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MONOGRAPH SERIES
FOREWORD

In 1993 the Mineralogical Society of America (MSA) began publishing its Monograph
Series with a major work by Frank S. Spear, entitled Metamorphic Phase Equilibria and
Pressure-Temperature-Time Paths. MSA’s second monograph was a reprinting of a
stightly revised version of the 1971 book, Crystallography and Crystal Chemistry, by
F. Donald Bloss.

This volume by Michael O’Keeffe and Bruce G. Hyde is the third contribution. As
Series Editor, I was responsible for obtaining reviewers. Mike O’ Keeffe prepared the entire
camera-ready text and the figures which were all drawn specially for the book. As noted in
the Preface below, a second volume, Crystal Structures II. Inorganic Materials is
anticipated-in the near future.

Paul H. Ribbe
Blacksburg, Virginia

PREFACE

This book (the first of two volumes) is devoted to the topic of the description of
structures, especially periodic structures, and their symmetries. Much of the material is a
prerequisite for serious students of solid state chemistry and related sciences {e.g.
mineralogy, materials science and solid state physics). Earlier drafts served as part of the
lecture notes used for some years for a course in solid state chemistry at Arizona State
University; the order of presentation of topics, occasional repetitiveness and the sometimes
hectoring tone to some extent reflect this origin.

From a chemist’s point of view, probably the most fundamental picce of information
about a chemical compound is the way its atoms are arranged in space. For small molecules
this information can be fairly readily assimilated, but the task becomes increasingly difficult
for macromolecules, as any student of biochemistry can attest. For crystaliine solids (which .
are really “infinite” molecules) the difficulty is equally great, and requires leaming the
methods appropriate to describing infinite periodic objects. These methods are generally
unfamiliar to those who are not professional crystallographers (a fact that greatly hinders
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the development of solid state chemistry) and one of the primary aims of this book is to
provide a usable introduction to them. This leads inexorably to a discussion of symmetry
(translation is a symmetry operation) so we devote the first three chapters to an introduction
to point and space symmetry groups using crystallographic conventions.

These three chapters are intended to introduce the language of space groups, and are
neither rigorous nor complete. The goal is to enable the reader to be in a position 1o be able
to extract and understand useful information from the crystaltographic literature that is the
primary source of information about the structure of solids and which contains enormous
quantities of buried treasure,

Chapter 4 treats crystal geometry and includes a discussion of transformations of
coordinate systems {unit cell transformations). This topic is essential to aspects of crystal
chemistry such as describing structural relationships. The chapter also contains a
compendium of formulas useful for crystallographic calculations. They are given without
proof, but the derivations are, for the most part, elementary and to be found in standard
crystallographic texts.

Chapters 5-7 are devoted to the description of simple geometrical patterns that anderlie

‘crystal structures. The development proceeds from simple to more complex: polyhedra,

clusters of polyhedra, plane patterns, layers of polyhedra, sphere packings, cylinder

‘packings, nets and infinite polyhedra. Many examples are given of the occurrence of these

patterns in crystal structures. Most of the more common binary and ternary crystal
structures are introduced along the way and, to enhance the value of the book as a self-
contained text, we summarize them and their occurrence in chemical compounds in
Appendix 5 at the end. (The second volume of this series, which is longer than this one, is

" devoted to a more complete account of crystal structures.)

Each chapter ends with sections entitled “Notes™” and “Exercises.” The former are often
extended footnotes, somewhat peripheral to the main theme, but considered usefal or
amusing (or both); they often contain useful reference material or refer to some meore-
advanced topics. The Exercises are “homework”, designed to provide a diagnosis of the
understanding of the material in the chapter and also often contain useful results,

The first four appendices are “Notes™ that became too long for inclusion in individual
chapters. We hope that they will whet the appetites of more-adventuresome readers. The
relegation of some material to Notes and Appendices necessitates some cross referencing. .
This seems to us to be a smali price to pay for having a book that can serve both as a
textbook for courses and as a general reference. A book with these aspirations has of
necessity a split personality. In Chapters 5-7, some sections could well be omitted in a
formal course at the instructor’s discretion. The same is true of the material in the Notes.

Ne novelty {except perhaps for the errors) is claimed for the first four chapters, although
we hope that even some experienced readers might find one or two items that provide food
for thought. The later chapters do (we believe) contain some material of interest that has not
been published before.

Although the book has a distinet crysiallographic fiavor, it is definitely not a textbook on
crystailography and we do not discuss, except peripherally, topics such as quasicrystals
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and incommensurate crystals that are currently of active concern to inorganic crystailo-
graphers and sometimes even the occasion for controversy. .

We have spent some years on the study of structures, a delightful pursuit that would not
have been possible without the generous support, for which we are indebted, of our
respective institutions. M. O'K. aiso gratefully acknowledges the support of the US
National Science Foundation which has funded a program of research in crystal chemistry
for a number of years, We came to the study of crystal structures indirectly and in complete
ignorance. Over the years we slowly. collected a body of information needed to pursue
research in the field. We often wished that someone had provided us with this material, and
the present text attempts to provide such a package for students who may be in the position
we were in 40 years ago.

The iext has benefited particularly from the sure touch of Paul Ribbe, who read it in its
entirety, identified errors, solecisms, and infelicities, and also made valuable suggestions
for improving the presentation. We owe him special thanks.

The book could not have been written without the seemingly infinite patience and
forbearance of our wives, Lita O’ Keeffe and Marie Hyde, and we dedicate it to them.

Michael O’ Keeffe
Tempe

Bruce Hyde
Canberra
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A Note to the Reader

Matrices are represented by bold capitals thus: A; and often written row-by-row on one
line as (@11 a12 @13/ 671 a22 az3 / asy asp as3). Atis the transpose of A. Column vectors
are lower case as: a. The corresponding row vector is a% The magnitude of ais o, E is &
unit matrix (with elements e; = 1, e = 0).

Bold face is also generally used for names of structures. Thus bee refers to the
arrangemient of points on a bedy-centered cubic lattice and NaCl refers to the structure of
NaCl and all iso-structural compounds. o

Braces around an atom symbol indicate that reference is being made o its coordination
polyhedron. In quartz GeOs, the coordination of Ge is a {Ge} Oy tetrahedron, i.e., a
Ge-centered Oy tetrahedron. :

Prefixed lower case Roman numeral superscripts in chemical formulas refer to
coordination numbers as in ¥Si,iN#0, Upper case Roman numerals in parentheses after
cherical symbols refer to oxidation states as in Ag(IDAg(IINO;. Arabic numerals in
parentheses refer to an arbitrary numbering to distinguish crystaliographicalty-distinct, but
chemically-identical, atoms as in By0(1)20(2),

The notation (Ax) after interaiomic distances or angles means that there are N equivalent
{symmetry-relaied) distances or angles of the same magnitude (read “N times™). Thus the
lengths of the six Ti-O bonds formed by a Ti atom in rutile TiO; are 1.948 (4x) and 1.980
(29 A (1A=10101m)

We sometimes want to distinguish between compounds with (a) bonds formed between
electropositive and electronegative elements (such as metal oxides and halides) (b) bonds
between electronegative elements (such as in diamond) and (¢) bonds between
electropositive elements (as in brass, CuZn). For want of better terms we call these (a)
ionic, (b) covalent, and (c) intermetallic. The use of these terms should not be construed to
mean that we think that any particular theory of bonding is or is not applicable. Indeed they
are merely labels of convenience, and in this book we go to some pains to describe
structures and to resist, as far as is humanly possible, the temptation to interpret them. The
reader is free from such constraints, of conrse.

We draw attention to the fact that conventions in crystallography are occasionally subject
" to change so that readers of the older literature can be misled. For example the short
symbols for some cubic point groups and space groups were altered some years ago (see
§ 3.3.6). The method of describing unit cell transformations requires some care (see
§4.7.5). Our own view on conventions is that it is not 5o important that they should be
logical (which, of course, is desirable), than that their users be consistent, and that changes
should be made only for very compelling reasons. :

Students of solid state chemistry would be well advised to obtain (or write!) a computer
program that calculates distances and angles in crystal structures and another that assists in
making drawings. On occasion, stractures of lesser interest are simply presented as lists of
coordinates—it is often tedious to convert these to drawings or models entirely by hand
(although we have done just that for many years). Several good programs that do one or
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another of these things are now available cogmerciauy. At ASU and ANU we use a
prograr, EUTAX, that will, among other things, do most of the numerical exercises
presented herein.} ‘ L o o ot "

Many molecular graphics programs can !:)e tnck.ed into accepting fragments of crys
structures as molecules. Usually all coordinates will have to_ be entered explicitly so we
generally give all the coordinates of symme.try-rglated atoms in crystal structures. For lihls
purpose we use a condensed notation explametzl in § 3.4. For some comcnts on c.h—awmg
structures see § 4.6, All the drawings in this book were mgde using & Macmtosp
computer and Cricket Draw® with, in the case of strcture drawings, the help of Cg.rtesxan
coordinates generated by EUTAX, . .

At several places we give advice on the construction of modfsi_s. Qur experience is that
the best way to learn a structure is fo make a model of it (faﬂmg_that, at [east 1:nal§e a
drawing or two). One should then look at it rep&lsatedly‘, especially down principle
symmetry axes, until it can be visnalized clearly w1t_h one’s eyes .C}?SGG' Contraq toa
common belief, learning three-dimensional structures is a skilf not c;hffxcult to acqm.re but,
like that of riding a bicycle, requires some initially frustrating practice. The rf;w.ard is that,
not only will a knowledge of crystal structures be acqgired, but also one will learn to
appreciate the sometimes stu_nning beauty of three-_dtmensmna‘l structures. o

We entreat the reader working alon@ not to be discouraged if some m‘aterlal is difficult to
understand at first reading. The bock is not “bedside” reading but is mtem_ie(_i to be. read
with pencil and paper at hand to verify the statements made. The l-lavel of difficulty is not
aniform and we include some material {especially in the Notes) in condensed form for
future reference if needed. Our advice (we follow it ourselves con§tantly) to those
confronted with a topic that appears incomprehiensible, is simply to read_ it, to ¥ead on, and
then to requrn to the topic later. Be aware also that virtualfy every book (including th}s one)
has seme errors (M. O'K, would be very grateful if informed of these). If all t?lse fails, get
another book! Readers new to the subject who do not have such difficulties have our
unstinted admiration. o

The Exercises in many instances illustrate important aspects of crystal chem.lst‘ry. (We
call them Exercises to emphasize that a solid state scientist who aspires to obtain some
virtuosity needs to exercise constantly, just as does a violinist or a tennis player.) Some of
them are cast as statements; one should interpret these as a requirement to demonstrate the
validity of the statemnents made. Yet others simply present i.nterestin.g si}'uc_t_ures for the
reader to explore. The lazy reader who is unwilling to do this may stilf find some of the
results useful and should at least read them. Some Exercises will be found simple, some
are more challenging. Sometimes we give hints and partial answers and some are answerejd
later in the text. We emphasize though, that it is not sufficient to do a problern andl olbtam
the correct answer, One must do a problem, et the correct answer, and know that it is the
correct answer. After all, this is the situation faced by a practicing scientist (and by us in
setting the Exercises).

VA Macintosh® version of this program is available from EMLab Software, 16203 S. 26th Place,
Phoenix AZ 85048, A Windows® version is pianned.



The book contains crystallographic data for two kinds of structure. Data of the first kind
are found mainly in Chapters 6 and 7 in which we describe sphere packings and nets. Tn
these cases the coordinates and unit cell parameters given are such as to have unit distance
between sphere centers, or between the vertices of nets. These data can easily be
recognized because the unit ceil parameters are dimensionless. In most instances they have
been calculated specially by us and published herein for the first time. On the other hand
crysiallographic data for real compounds are given throughout the text (specially in
Exercises and in Appendix 5). In this second case unit cell edges are invariably given in A
and the data refer to structures published in the open literatore. All these data come from
one or other of the data bases listed in Section D of the Book List (p. 446); these (or similar
sources) should be consulted for references to the original literature. The formula index
contains a complete listing of compounds for which crystallographic data are given.

1.1
12
1.3
14

1.5

1.6
1.7

—
= D

2.1

2.2

—_

TABLE OF CONTENTS
Preface
A note to the reader
SYMMETRY IN TWO DIMENSIONS

Point symmetry operations in two dimensions
Coordinate systems and symmetry operations
Translatienal symmetry: lattices and unit cells

Allowed rotational symmetries of lattices

Unit cell coordinates: describing structures

Glide symmetry '

Two-dimensional space groups

1.7.1 Obligue system

1.7.2 Rectangular systern

1.7.3  Square system

1.7.4 Hexagonal system

1.7.5 Synopsis of the two-dimensional space groups
Construction and interpretation of space group symbols
Using the Infernational Tables

Notes

1.10.1 Symmetry operaiions

1.10.2 Groups

1.10.3 Two-dimensional groups and decoration
1.10.4 Matrix manipulations

Exercises

THREE-DIMENSIONAL POINT GROUPS

Point symmetry operations

2.1.1  Inversion in a center

2.1.2  Rotation plus inversion; axes N

Enumeration of the point groups

2.2.1 Pure rotation groups: dihedral groups N2(2)

2.2.2  Groups Nmim)

2.2.3  Groups Nim

2.2.4  Groups Nm/m2/m

2.2.5 Groups 3m, 42m and 6m2 :

2.2.6 Summary of the non-cubic erystallographic point groups

ix

vi

1
i1
14
14
15
18
19

21
21
22
24
24
24
25
26

28
29

32
32
35
36
37
38
40



2.2.7  Cubic and jcosahedral rotation groups
2.2.8  Cubic and icosahedral groups m3, m3m, 33m and w335
-2.3  Point groups by system ’
2.4 Coordinate systems and the order of symbols
2.5 Notes
2.5.1 Rotations
2.5.2  Groups of symmetry operations and thejr orders
2.5.3 Derivation of the point groups
2.5.4 Curie’s law, Friedel’s law, Laue classes, op
2.5.5 Cubic and jcosahedral groups; generators
2.5.6  Non-crystallographic point groups
2.5.7 Symmetry and relations between pelybedra
2.5.8  Antisymmetry: magnetic or black-and-white groups
2.6 Exercises

tical activity and polarity

3 THREE-DIMENSIONAL SPACE GROUPS

3.1 Three-dimensional lattices
3.2 Glide and screw axes
3.2.1 (Glide
-3.2.2  Screw
3.2.3  Comparison of screw and glide
3.3 Three-dimensional space groups
3.3.1 - Triclinic space groups
3.3.2  Monoclinic space groups
3.3.3  Orthorhombic space groups
3.3.4  Tetragonal space groups
3.3.5 Trigonal and hexagonat space groups
3.3.6  Cubic space groups
3.3.7 Space group and crystal class
3.4 Using the International Tables
3.5 Sub- and super-groups of space groups
3.6 Symmetry and the quartz structure—a case study
3.7 Notes
3.7.1  Additional symmetry elements in the unit cell
3.7.2  General and special positions and lattice complexes
3.7.3  Matrix representations of symmefry operations
3.7.4  Alternative origins and unit cells
3.7.5 Standardized descriptions of crystal structures
3.7.6  Other symmetry groups with translations
3.7.7 The occurrence of symunetry groups

3.7.8. Incommensurate crystals, quasicrystals and non-classical symmetries
3.8 Exercises

40
42
45
45
47
47

48 -

49
50
51
52
53
54

55

xi
LATTICE GEOMETRY
Directions in a crystal 99
4.1.1 General 99
4.1.2 Directions in hexagonal crystals ' 100
Planes and Miller indices 101
Relations between zones (directions) and planes 102
Unit cell transformations i 103
4.4.1 General- 103
4.4,2 Rhombohedral to hexagenal and vice versa 104
4,43 Cubic to hexagonal 107
4.4.4 Hexagonal to orthohexagonal 108
- Crystallographic calculations : 108
4.5.1 Unit cell volume and reciprocal lattice parameters 108
" 4.5.2 Tnteratomic distances and the G matrix ) 110
4.5.3  Angles 111
4.5.4 G matrix and lattice parameters for transformed cells 112
4.5.5 Cartesian coordinates 112
4.5.6 Distances between planes 114
Drawing crystal structures and using cell transformations 114
4.6.1 Orthographic and clinographic projections 114
4.6.2 Examples of ciinographic drawings (Zn8 and CaFy) 116
4.6.3 Projections using orthohexagonal cells (NaCl, NiAs and TiP) 118
4.6.4. Further examples of projections (ZnS again) 120
4.6.5 Drawing monoclinic structures 122
Notes 125
4.7.1 Orientation of direct and reciprocal lattices 125
4.7.2 Bragg and Miller indices 123
4.7.3 More equations for triangles and tetrabedra 126
4.7.4 Some matrix expressions written out explicitly 127
4.7.5  Cell transformations in International Tables Vol. A 128
Exercises 128
POLYHEDRA AND TILINGS
Polyhedra ‘ 132
5.1.1 Regular polyhedra : 132
5.1.2 Combinations of octahedra and tetrahedra 135
5.1.3  Archimedean polyhedra 136
5.1.4 Prisms, antiprisms and capped prisms 139
5.1.5 Catalan polyhedra: the thombic dodecahedron, bipyramids and pyramids 141
5.1.6 Deltahedra and the bisdisphencid 141
5.1.7 Frank-Kasper polyhedra and intergrown polyhedra 143



5.1.8  Relationships between polyhedra with eight vertices
5.1.9  Tammes’ problem and coordination poiyhedra
5.1.10 Polyhedra with divalent vertices
3.2 Polyhedral clusters
5.2.1 Clusters of tetrahedra
5.2.2  Clusters of octahedra
5.2.3  Octahedra plus tetrahedra: Keggin and spinel units
5.2.4  Edge-capped clusters .
5.2.5  Clusters of truncated tetrahedra and icosahedra
5.3 Circle packings and tilings of the plane
5.3.1 Regulartilings
5.3.2  Archimedean tilings
5.3.3  Relationships between tilings
3.3.4 Tilings including pentagons and “bronzes”
5.3.5 Some 3-connected boron pets: AlBy, YCrBy4, ThMoBy4 and Y-ReB
5.3.6 Some boron-carbon nets ' e
5.3.7  Polyatomic tilings: self-dual nets
5.4 Layers of tetrahedra and/or octahedra: sheet silicates
5.4.1 Layers of tetrahedra and octahedra
5.4.2 Sheet silicates (phyllosilicates)
5.5 Aperiodic tilings and quasicrystals
3.6 Notes
5.6.1 Relationships between polyhedra and “psendorotations”
5.6.2 Polyhedra, points on a sphere, and related topics
5.6.3 Constructing polyhedra
5.6.4 Schlegel diagrams and adjacency matrices
5.6.5 Coordinates for drawing polyhedra and nets
5.6.6 Names of polygons and polyhedra
5.6.7 The shapes of crystals :
3.6.8 NagPtyGeq: a structure with steilae quadrangulac
5.6.9 CooSg: a structure with stellae octangulae
5.6.10 Enumeration of Archimedesn polyhedra and tilings
5.6.11 Euler’s equation applied to plane nets
3.6.12 Transformations between patterns: common unit cefls
3.6.13 Pseudorotations and twinning of nets
5.6.14 Symmetries of structures derived by stacking equivalent nets = -
5.6.15 More structures with dual nets: FeoP
5.7 Exercises

6 SPHERE AND CYLINDER PACKINGS

6.1 The densest packing of spheres
6.1.1  Stacking of close-packed layers

144
146
147
149
150
152
157
158
160
163
164
165
167
168
172
173
175
131
181
184
187
190
190
190
191
191
193
194
194
195
196
197
198
199
202
203
204
205

208
209

6.2
6.3

6.4

6.5
6.6

6.7

6.8

6.1.2. Hexagonal eutaxy (hep)
6.1.3 Cubic entaxy (ccp)
6.1.4 Other eutactic (cp) arrangements
6.1.5 Patterns of filling interstitial sites in ep arrays
6.1.6 Stacking incomplete ¢p layers (honeycomb and kagome}
6.1.7 The “size™ of interstitial sites

Body-centered cubic (bee)

Sphere packings and relationships between them

6.3.1  1ll-coordination

6.3.2 10-coordination (bet) and a relationship between ccp and bee
6.3.3  Another 10-coordination: C-centered orthorhombic (cco)
6.3.4 8-coordination: packing of trigonal prisms

6.3.5 Another 8-coordination: the J lattice complex

6.3.6 Another 8-coordination; the pyrochlore packing

6.3.7 Another 8-coordination: the S lattice complex

6.3.8 7-coordination and a relationship between FeSi and NaCl
6.3.9 6-coordination: the T lattice complex and cristobalite
6.3.10 Another 6-coordination: the ¥ lattice complex

Sphere packings with cube and trigonal prism sites

6.4.1 Non-close-packed stackings of 30 nets

6.4.2 Non-close-packed stackings of 4% nets

6.4.3 Stacked 32.4.3.4 nets

A summary of sphere packings

Some packings of two kinds of spheres

6.6.1 CusAu and NizSn

6.6.2 CuZn (f-brass) and MoSiz

6.6.3 MgCuy
6.6.4 Cr3Si{al3)
Cylinder (rod) packings

6.7.1 Cylinders with parallel axes
6.7.2 Cylinders with axes in parallel planes

6.7.3 Cubic cylinder packings .

Notes :

6.8.1 Symmetries of arrays of closest packed spheres

6.8.2 Neighbors, coordination sequences, and identifying packings
6.8.3 Close packing or polyhedron packing? An uasolved problem
6.8.4 Moreon the relationship between bec and hep: AuCd
6.8.5 More sphere packings

6.8.6  Sphere packings with icosahedra; WALz and AuZn3

6.8.7 Cubic invariant lattice complexes -

6.8.8 Common cubic unit ceils for arrays

6.8.0 Packing of two sizes of sphere: “kissing” numbers

6.8.10 The occurrence of cubic cylinder packings

Xiid

213
213
214
217
. 221
224
225
227
128
229
231
233
234
236
237
238
240
242
243
243
248
253
255
256
256
257
258
260
262
262
263
265
268
268
269
270
27
272
277
281
282
283
284



Xiv

6.9

7.

—

Exercises
NETS AND INFINITE POLYHEDRA

Introduction

7.1.1  Circuits, rings and Schlifli symbols
7.1.2  Schlifli symbols for 4-connected nets
7.1.3  Coordination sequences

 7.1.4  Further definitions

7.2
7.3

3-connected nets

4-connected nets

7.3.1 Diamond, lonsdaleite and their polytypes

7.3.2  Two more uniform nets, 66

7.3.3  Nets derived from 63: CrBy

7.3.4  Two netsrelated to CrBg with zig-zag rods

7.3.53  SrAly, cancrinite, and related nets with double zig-zags

. 7.3.6  Some nets derived from 4.82 with double crankshafts

7.4

7.5

7.6
7.9
7.8

7.3.7  Another net with double crankshafts: gmelinite
7.3.8  Alternating “up-down” nets

7.3.9 Feldspar and coesite

7.3.10 Sodalite

7.3.11 NbO and quartz

7.3.12 More quasi-regular and/or uniform nets: ¥-Si
7.3.13 Silica-and water nets: keatite and moganite
Nets and infinite polyhedra

7.4.1  Linde A: an infinite polyhedron 42,62

7.4.2  Zeolite rhe: infinite polyhedra 43.6 and 4.8.4.8
7.4.3  Zeolite ZK-5: infinite polyhedron 43.8

7.4.4  Faujasite: a second infinite polyhedron 43.6
7.4.5  An open structure W8, and a related zeolite
Rare and dense 4-connected nets

7.5.1 Two dense nets

7.5.2  Rare sphere packings

Clathrate hydrates, foams and grains

A summary of the simpler 4-connected nets

Zeolite nets

7.8.1 Zig-zag structures

7.8:2  Crankshaft structures

7.8.3  Saw-tooth structures

7.8.4  More up-down structures

7.8.5  The “ABC-6” family

7.8.6 Pentasils (silicalites), clathrasils and related structures
7.8.7 Fibrous zeolites i

285

289
290
292
293
294
295
298
209
302
303
305
366
308
310
311
313
315
3i6
3i9
321
323
323
324
325
326
327
328
329
330
333
337
337
338
341
343
346
347
349

352

7.8.8 Zeolite net nomenclature and index
7.9 5-connected nets
7.10 Nets with mixed connectivity

7.10.1
7.10.2
7.11 Notes
7.11.1
7.11.2
7.11.3
T.1L.4
T.11.5
7.11.6
7.11.7
7.11.8
7.11.9

(3,4)-connected nets
(4,6)-connected nets

More 3-connected nets

Model building

Identifying nets

Diameond and SiC polytypes

Two more nets derived from 6% “C” and “I¥” phases
Nets in CdP; and CsAsz .

More on the moganite, quartz, and related nets
Stereo pictures of nets: ¥* and clathrate hydrates Fand I

Anion positions and the possibility of open zeolite frameworks

7.11.10 References
"7.12 Exercises

APPENDICES

Al More infinite symmetry groups

Al.1 Layér groups

Al.2 Rod groups =

Al.3 Examples of layers and rods

A1.4 One- and two-dimensional “rods” (bands)

Al.5 Point groups of infinite order and the symmetry of vectors
Al.6 Table oY layer and rod group symbols -

A2 A glimpse into higher dimensions

AZ2.1 Introduction: polytopes

A2.2 Four-dimensional polytopes and honeycombs
A2.3 Four- and higher-dimensional lattices

A2.4 Symmetry operations in four dimensions

A2.5 Numbers of crystallographic symmetry groups
A2.6 Generalization of Euler’s formula for polyhedra
A2.7 References i

A3 The

topology of polyhedra, nets and minimal surfaces

A3.1 Introduction
A3.2 Finite polyhedra

hAY

353
354
357
357
360
362
362
364
365
365
367
368
369
370
372
373
375

381
383
383
384
386
389

393
394
395
397
401
401
402

403
403



Xvi

A3.3 Infinite polyhedra

A3.4 Space filling by polyhedra: nets and ring sizes
A3.5 Coordination sequences and topolagical density
A3.6 Enumerating and identifying nets

A3.7 Curvature and periodic minimal surfaces

A3.8 Some conjectures about aumibers and sizes of rings
A39 References

A4 Large polyhedra -

A4.1 Introduction

A4.2 5-6 polyhedra

Ad.3 Fullerene polyhedra

Ad.4 Tcosahedral polyhedra

A4.5 Space filling packings of 5-6 polyhedra
A4.6 Large coordination polyhedra

A4.7 Models of large polyhedia

A5 Crystal structure data

A3l Introduction

A5.2 Elements

AS5.3 Composition AR (4X)

A5.4 Composition ABy (AX; and A2X)
A5.5 Other binary structure types

AS5.6 Ternary structure types

A3.7 Crystallographic data

Tables of 3-dimensionzl symmetry group symbols

Crystallographic point groups

Monoclinic space group symbols for various settings
Orthorhombic space group symbols for various settings
Tetragonal and trigonal space groups

Hexagonal and cubic space groups

Book List
Indices

" Formula iﬁdex
Subject index

404
409
411
412
413
416
418

419
419
421
424
427
428
429

430
430
431
432
433
434
435

440
441
441
443
444

4435
447

447
449

A TP se

CHAPTER 1

SYMMETRY IN TWO DIMENSIONS

1.1 Peint symmetry operations in two dimensions

The concepts of symmetry, symmetry operations and symmetry elements play
essential roles in the description of the structure and properties of matter, and it is very
difficult to understand the crystallographic literature without some knowledge of symmetry
theory and its jargon. In this and the next two chapters a brief account is given of the
symmetries of objects with particular emphasis on the approach and symbolism that has
been adopted as standard by crystallographers. No attempt is made Lo be e1ther rigoTous or
complete—that would take s too far afield.

For pedagogic reasons we begin with a discussion of the symmetries of two-
dimensional objects. In this case it is not too difficult to give an account of the various
symmetries that are possible in a way that is plausibly complete, We can then proceed to a
discussion of three-dimensional symmetry using the analogy to two dimensions as a prop
1o understanding. Two-dimensional symmetries are often encountered in practice (the
surface of a crystal and the irmage of a crystal structure observed in an electron microscope
are two-dimensional, for example).

A square confined to a plane looks exactly the same if it is rotated 90° around the point at
its cenier-—we say that this operation, which leaves the object unchanged in aspect, is a
symmetry operation. Thus consider the shaded square shown below (Fig. 1.1). Rotating
the sguare about its center point (the small black square) by 90°, 180° (= 2 x 90%) or 270"
(= 3 x 90%) leaves it unchanged. Note that the fourfold repetition of rotation by 90° is
equivalent to rotation by 360°. Any object is left unchanged after a rotation of 360" about
any point and this operation is called the identity operation. We generally refer to a
symmetry element that entails rotation by 360°/N (N is an integer) as N-fold.

Fig. 1.1. Symmetries of a square.

The point at the center of the square is the location of a 4-fold rotation point and this
one of the symmetry elements of the square. Distinguish between the symmetry element
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and the symunetry operations (in this case repeated rotations by one-fourth of a circle, by
convention! anticlockwise, about a point). Note also that the application of any symmetry
operation on a finite object will always leave at least one point unmoved; for this reason
such symmetries are referred to as point operations (or point isometries).

The square has other symmetry elements. Reflection of the square in the vertical line
(labeled “17 in the figure) going through the center will again leave the square unchanged.
The vertical line is a mirror line. There is another mirror line (labeled “2”) at right angles to
this (i.e. horizontal) as the square has 4-fold rotation symmetry.

There is also a second set of mirror lines among the symmetry elements of the square;
these (labeled “3” and “4” in the figure) are at 45° to the first set. The reader might try to
show that these are generated by combinations of 4-fold rotations and one or other of the
first set of mirrors. (We will find a simple way to show this later.)?

Repeated application of any point symmetry operation will always eventually result in
the identity operation (thus: two successive teflections in the same mirror ling or four
successive rotations of 90° about the same point). For mathematical reasons it is important
to always consider the identity as one of the symmietry elements of any object.

We have identified the entire set of operations of the symmetry elements of the square. It
forms a representation of a mathematical group3, and is therefore called the symmetry
group—or in this case the point symmetry group because at least one point is left invariant
by all the symmetry operations.

It is easy to show {we do it below) that in a periodic object {such as a crystal) there is a
restriction to point groups that include only 1-, 2-, 3-, 4- or 6-fold rotation symmetry
elements, There are ten of these groups in two dimensions; they are called the
erystallographic point groups. We enumerate them and show patterns with each of the
symmetry groups in Fig. 1.2. The patterns are generated by the action of all the symmetry
operations of the group on an asymmetric object (in this case a 7). _

There are five groups with only rotation points (we include the group that contains oaly
the “one-fold” rotation = identity}. A rotation point is symbolized by a number equal to the
order of the rotation. For the groups without mirrors, these numbers become also the
symbols for the groups which are therefore 1, 2, 3, 4 and 6. These are called the pure
rotation groups, as the symmeiry operations are rotations only. A pattern with pure
rotation symmetry will be different from its mirror image and so can be said to have a
hand., (¥ the object is left-handed, its mirror ifnage is right-handed and vice verse)

Additional groups are obtained by adding mirror symmetry to the pure rotation groups.
The simplest such group is just that obtained by addition of a mirror line (symbol m) to
group 1 to give group 1m. This is the symmetry group of 4 plane object that has but one
mirror line. An example is an isosceles triangle or the letter V. Note that group lm consists
of two operations: reffection in the mirror line and the identity 1.

IThis is the convention in erystallograghy. Many computer graphics programs consider positive
rotations te be clockwise,

AFor example rotation by 30" anticlockwise foilowed by reflection in the horizontal mirror is equivalent
to reflection in the mirror line running from top left (0 bottom right,

3The reader unfamiliar with group theory may find the Notes (§ 1,10.2) for this chapter useful,
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If the symmetry group of an object contains mirror lines, the object is the same as its
mirror image and thus will not have a hand. The reader should compare the patterns on the
left of Fig. 1.2, which have a hand, to those on the right, which do not.

Next we combine a mirror with & 2-fold rotation (see Fig. 1.2 again). We find in fact
that combination of a 2-fold rotation and a mirror results in a second mirror line at right
angles to the first, so the group is symbolized 2mm to indicate the presence of the two sets
of mirror lines (each set consists of one line). Conversely, if we had started with two
mirror tines at right angles we would find that we generated a 2-fold rotation point at their
intersection.! This is the symmetry group of a rectangle or of the letter H,

Proceeding in this way we next generate group 3m from a mirror and a 3-fold rotation.
This is the symmetry of (for example) an equilateral triangle. Combining a mirror with 2
4-fold rotation produces the symmetry group of the square which we have already
discussed, The symbol is 4mm with two m's to signify the presence of two sets (of two
each) of mirrors. In each set the two mirror lines are related by symmetry. Thus (see Fig.
1.1) a quarter turn takes mirror 1 into mirror 2; mirror lines 3 and 4 are similarly related.
On the other hand there is no symmetry operation in the group that converts either mirror 1
or 2 to mirrors 3 or 4—this is why we say there are two sets of mirror lines.

Finally we combine a mirror with a 6-fold rotation. Again we get in the symmetry group
two sets (now of three each) of mirrors. Accordingly the symbol of the group is 6mm. A
regular plane hexagon has this symmetry, The location of the mirror lines is indicated in
Fig. 1.3 below in which the two sets of mirrors are shown as dashed and dotted lines
respectively. As in 4mm, we have a syminetry operation (now rotation by a multiple of a
sixth turn} to relate mirror lines in a set, but there is no symmetry operation in the group
relating mirrors in one set to any of those in the other set. (Mirror lines of one set are at 30°
to those of the other set, i.e. related by a rotation of 360°/12; but rotation by 1/12 of a circle
is not a symumetry operation of the group). )

Fig 1.3. Dlustrating 6mm, Dotted and broken lines indicare the location of the two sets of mitrars.

Lifting the restriction to crystallographic symmetry (1-, 2-, 3-, 4-, or 6-fold rotations)

" we get non-crystallographic point groups. These are rotation groups ¥ with N =5 or > 6,

and the point groups Nm with & > 3 and odd (a reguiar pentagon has symmetry 5m), and
Nimm with N > 6 and even {a regular octagon has symmetry Simm).

IThe three-dimensional occurrence of this phenomencn is familiar to those who have looked at themn-
selves in two mirrors at right angles. If you bave never done this please (ry!
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1.2 Coordinate systems and symmetry operations

Let us consider a Cartesian coordinate system with the x axis pointing down the page
and the y axis horizontal as in Fig. 1.4. Further, let the origin be at the 4-fold rotation point
of 4mm. Three of the symmetry elements of that group are indicated: the 4-fold rotaticn
point by a square and two mirror lines by heavy lines.

X, ¥

Fig, 1.4. NNustrating the effects of rotations and reflections on a point (see text).

Imagine now the operation of a quarter turn (90° rotation anti-clockwise about the origin)
on the point x,y. The point will be translated to a position -y.x. This means that the new x
coordinate is equal to minus the old y coordinate and the new y coordinate is equal to the
old x coordinate; thus if the original point had coordinates 0.2,0.1 the new point would
have coordinates —0.1,0.2. The transformation can be represented by multiplying the
column vector (x fy) {representing the coordinates x,¥) by a matrix to give new coordinates

x'yh
Y (0 =1Yxy (¥
ol 1 0yl lx
The matrix can be written on one line as (0 1/ 1 0), with I representing —1, and this is a

convenien{ way of representing the symmetry operation. The matrix corresponding to
reflection in the diagonal mirror is (01 /1 0).1 This transforms the point x,y to y,x as

! The reader who is not entirely familiar with mairices and their multiplication is well advised to work
out the examples given here and subsequently, See the Notes at the end of the chapter (§ 1.10.4) for help
with manipulating matrices.
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shown in the figure. Finally the operation of reflecting in the horizontal mirror transforms
%y to T,y with the correspondiag matrix (1 0 / 0 1). We may now verify by matrix
multiplication that rotation by 90° followed by reflection in the horizontal mirror is
equivalent to reflection in the diagonal mirror shown in Fig. 1.4:?

Ao/0DOT/ 10 G/M=©1/100x/y) =15

as should be obvious from an inspection of the figure.

Instead of using the matrices to represent the symmetry operations, we could use the
transformed coordinates themselves. The resulting coordinates are sometimes known as the
Jones symbol. We list in Table 1.1 the matrices and coordinates for all the operations of
4mm. Reference to Fig 1.2 shows that the original asymmetric object is transformed to
eight such objects, so there are eight symmetry operations (eight is the order of the group).
It is common to symbolize an anticlockwise rotation by a quarter of a circle by 4! or 4+,
rotation by two quarters of a circle (= one half circle) by 42 {= 2V) and by three quarters of
a circle by 43 or 4-, The last case emphasizes that rotation anticlockwise (the positive sense)
by 3/4 of a circle is equivalent to rotation clockwise (the negative sense) by 1/4 of a circle.

Table 1.1. Symmetry operations of group 4mm.

operation matrix coordinates
identity = 1 (10/01) Xy
90° rotation = 41 i/0 V.
180° rotation = 42 = 21 (10/01) %7
270° rotation = 43 01/10 %
reflection in horizontal mirror 10/01) )
reflection in vertical mirror (10/0D %y
reflection in mirror 3 (Fig. .1) (01/10) ¥, x
reflection int mirror 4 (Fig. 1.1) ©i/io ¥.%

In crystallography we does not always use coordinate axes at right angles. In the case of
3-fold or 6-fold symmetry, it is more convenient to take axes inclined at 120° to each other
as shown in Fig. 1.5. The figure illustrates the effect of 3-fold rotations on a point x,y from
the rotation point taken as origin. The long and short dashed lines have lengths equal to the
magnitudes of x and y respectively. Note that to get to the point x,y from the origin, we
translate by a distance x paralle] to the x axis and then by a distance y parallel to the y axis.

It should be obvious from the figure that after rotation by one-third of a circle {1207)
about the origin, the new x coordinate is equal to -y, and that the new y coordinate is equal
to x—y. We therefore write the coordinates of the new point ¥,x—y. If the original point
were at x = 0.4 and y = 0.1, the coordinates of the point generated by the rotation of 1/3 of

INote that the order of matrix multiplication is important, Reversing the otder of the two matrices is
equivalent to reversing the order of carrying out the two symmeiry operations. (What symmetry operation
does one get then?)
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a circle (anticlockwise} would be x = —0.1, y = .3, Repeating this operation takes Fa—y Lo
y-x.% (le. -0.1,0.3 10 -0.3,-0.4).

Fig. L.5. Miustrating 2 coordinate system with axes (x and y) at 120°,

The symmetry operations of point group 3 can hence be represented as shown in Table
1.2. As there are three symmetry operations, the order of the group is three.

Table 1.2, Represenmti.ons of the symmetry operations of group 3.

operation matrix coordinates

identity = 1 (10/01) X,y
120° rotation =31 =3+ (01/11T) Fx-y
240 rotation=32=3 (11/10) y-x%

© It is important to note that the matrices and {transformed) coordinates only have the
particular form given for the pacticular basis (coordinate system) chosen. A recommended
exercise (see Exercise 7 at the end of the chapter) is to find the corresponding matrices and
coordinates for a 120° rotation using a Cartesian basis (axes at right angles).

Even with axes at 120° we have to be careful when we consider the point group 3m.
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There is more than one way we can orient the axes with respect to the mirror lines.! There
are two ways that prove to be useful in practice as shown in Fig. 1.6. On the left there are
mirror lines parallel to the x and ¥ axes; on the right they are perpendicular to the axes.
Now it is important to realize that the erystallographer's symbols for symmetry groups not
only signify the symmetry elements present, but also their orientation with respect to a
coordinate system. Accordingly the symbols in the two cases above are different viz, 31m
and 3m1. (The full significance of the symbols will be made clear later—for now it is
important to note that the two symbols refer to the same point group with the coordinate
axes in two different orientations with respect to the mirror lines.)

¥k

3im Iml

Fig 1.6. Illustrating two orientations of the x and ¥ axes with respect to the symmetry elements (mieror
tines) of 3m. :

For the record note that the three mirror reflections operating on x,y give

for3lm: Xy-x; x-35; ¥
for 3ml: xax—y; y-x,y; 7.%

These, combined with the three points produced by the 3-fold rotation point {given in
Table 1.2} produce a total of six peints, so the order of the group is six.
1.3 Translational symmetry: lattices and unit cells

We now turn our attention from finite objects to infinite objects with rransiational
symmetry. The first important concept that we need is that of a lafrice. A lattice is an

infinite array of points each of which is identicatly surrounded. In two dimensions 2 lattice”

is generated by repeated translations of a point by two non-collinear vectors a and b, Thus
starting from an arbitrary origin we generate a fattice as the infinite set of points at the end
of the vectors ma + nb where m, n are positive, negative or zero integers. The lattice is
completely determined by the magnitudes, a and b, of the vectors a and b and the angle y

1in a periodic object (crystal) there is transiational symmetry and we use axes parallel to translation
vectors, so the orientation of the axes is determined by the crystal lattice.

Symmetry in Two Dimensions 9
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Fig 1.7. The five 2-dimensional Bravais lattices.

The parallelepiped defined by a and b is the basic repeat unit of the lattice and is known
as the unit cell. As illustrated in Fig. 1.7(a), more than one unit cell (with corresponding
lattice vectors a and b) ean be chosen with lattice points only at the comers. Such unit cells

Ihe term “lattice” is widely abused. Crystallographers, in particular, become very upset when lattice is
used to mean structure as in "the diamond lattice” or "the wurtzite lattice" (in neither case do all the atoms
fall on lattice points). Such usage is considered a gross solecism. However terms such as lartice dynamics
and lattice defects are in such common usage that one cannot avoid them. The word “lattice” is also used
in a quite different sense by mathematicians. :
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contain one lattice point per cell (each point at each of the four corners is shared by four
cells), so no matter how they are chosen each cell has the same area. Usually the shortest
pair of vectors with ¥ = 90" are chosen as shown by the shaded parallelogram. The
quantities g, b and yare referred to as the unit cell parameters.

Lattices are classified by their symmetries. Every point in a general two-dimensjonal
lattice is a site of 2-fold rotation symmetry (remember that a lattice extends to +o= in both
directions). For some special relationships of the unit cell parameters, the lattice points are
at points of higher symmetry. This is illustrated in Fig. 1.7 which shows the different two-
dimensional lattices (known as Bravais lattices). The lattices shown in (b) and (¢) also
have mirror symmetry (the points are at sites of symmetry 2mm), that shown in (d) has
4-fold rotational symmetry and that shown in () has 6-fold rotational symmetry. After we
have discussed space group symmetry we will See that the lattices {b} and (c) have different
space groups (p2mm and cZmm respectively), and hence are classified as different Bravais
lattices, Every two-dimensional lattice has one of only five possible space group
symmetries and thus is one of the Bravais lattice types illustrated.

The point symmetry operations that leave a lattice invariant (and one lattice point
unmoved) form the point symmetry group of the lattice. As lattice translations leave the
lattice irtvariant (the lattice extends infinitely) the translations are also symmetry elements
and the full symmetry group {space group) includes the infinite number of translations.

The constraints on a, b and yin the five lattices, and names descriptive of the shape of
the unit cefls are listed in Table 1.3. The table also lists the symumetry at a lattice point.

Table 1.3. Properties of the two-dimensional Bravais lattices.

constraints system point symmetry

() none oblique 2

(b} ¥=90° rectangular 2mm
@ a=h rectangular Zmm
(b a=b y=00 square 4mm
&) a=bh,y=120 hexagonal 6mm

1t may be objected that the unshaded unit cell in (c) is not rectangular, and that is true,

. but we can take an alternative unit cell that is rectangular (shown shaded in the figure) with

lattice points at the corners and one at the center. Most commonly this is done and the

constraint for lattice (c) above could have been stated as y= 90° for a cell with lattice points
at the corner and in the center.

Note that the unit cells with only one lattice point per unit cel] are primitive. On the
other hand the rectangular unit cell shown in (c} contains two lattice peints {one
corresponding to the corners, and the one at the center) and is called centered. The unit cell
parameters for the centered cell in (c) have a = b, ¥= 90" as in (b) but, as noted above, the
two lattices have different space group symmetries. Two-dimensional lattices represented
by a primitive cell are symbolized by p and that conventionally represented by a centered
cell is symbolized by c.
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The terms obligue, rectangular, square, and hexagonal refer to the crystal system.
Clearly there are four crystal systems in two dimensions.

1.4 Alowed rotational symmetries of lattices

We pause now to prove the assertion that the only rotational symmetries allowed in
periodic structures are 1-, 2+, 3-, 4- and 6-fold rotations. Certainly one ot more of the
lattices (a)-(e} of the previons section have one or more of these symmetries (note that e.g.
a 6-fold symmetry includes 1-, 2- and 3-fold). ‘ o

A proof, which is very old, proceeds as follows, We take an arbitrary lattice and identify
the shortest lattice vector a. Now consider two lattice points A and B separated by a (see
Fig. 1.8). Let there be N-fold rotation points at A and B. Let B’ be the irilage of B after
rotation by 360°/N about A, and A’ the image of A after rotation by -360°/N about B. A’
and B' must also be lattice points, The distance B'A’ is equal to ¢[1-2cos(360°/N)] and
must be equal to 0, a or >a (if B'A’ < a then a was not the shortest lattice vector). We
consider each of these possibilities in tum:

B'A'=0: 1 = 2cos(360°/N)=0 N=6
BA"=a: 1-2cos(360°/Ny=1 N=4
BA'">a: 1-2cos(360°/My>1 N<4(ie 3,2o0rl)

Thus the only possible values of Nare 1,2, 3,4 0r 6. Q.ED.1

Fig. 1.8. Illustrating the proof that only 1-, 2-, 3-, 4- or 6-fold rotations are aflowed rotational
symmetries of lattices.

1.5 Unit cell coordinates: describing structures

Fora periadic structure we now know how to specify the unit cell. To compietely define
the structure the next thing we have to do is 1o specify what is in the unit cell.

The unconvinced reader is invited to cousider the case of N = 5.
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The reference coordinate system is always taken with the x axis parallel to a and the y
axis parallel to b. Usually the y axis is drawn horizontal and the x axis down the page so
that the origin of coordinates is af the top left corner of the unit cell. The scale of x is in
units of & (the magnitude of the vector a) and the scale of ¥ is in units of . In these terms
the coordinates of the unit cell corners are 0.0;0,1:1,0and 1,1. Note that x and y are
dimensionless; for example the distance from the origin at 0,0 to-a point x,0 is xz and a has
dimensions of {ength. :

Any point in the unit cell will be specified by x,y where x and y will be in the ran ge O to
<l. It is important to note that coordinates equal to, or greater than, 1 are not used, This is
because (for example) the existenee of a point at 0.y implies a point at Ly. Both these
points are shared with two unit cells so we would be counting points twice if we gave the
coordinates of both points. Likewise x,0 implies x,1 and 0,0 implies 0,1 and 1,0 and 1L

Semetimes crystallographers use negative coordinates such as X or ¥. These should be
interpreted as 1-x and 1-y respectively. It should be clear that adding (or subtracting) an
integer to either x or y will always produce an identical point in another unit cell (remember
that we have translational symmetry). The point in the reference cell will always have
0 <y < 1. It should be noted, however, that when Hlustrating unit cells of stmctures it
is conventional to show points (if there are any) on all edges and corners.

We now cosider some examples: A certain pattern has a rectangular unit cell with g =
1.73 (actually ¥3) and & = 2.0. There are three points per unit cell with coordinates A:
0,0.5 ; B: 0.5,0.25 ; C: 0.5,0.75. Fig. 1.9 shows (on the !eft) a unit cell with the points
plotted as circles (note. that the point at 1,0.5 corresponding to A is also shown). In the
center is part of the patiern obtained by repeating the unit cell, To make the pattern clearer,
on the right the points nearest to each other have been Joined together and the outline of the
unit cell omitted. This pattern is observed in layers of atoms in some crystal structures.

This example illustrates what is generally the case—although the pattern is completely
specitied by the shape and content of the unit cell, it can only be fully appreciated by
drawing a number of unit cells. :

o [+] o Q 4} o
b
e
O 0 — i
A
a e o ] ] o oo o
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O DR " ey e & S SR, S—

Fig. 1.9. Left: a unit cell of a pattern. Middle: nine unit ceils. Right: the same paltern with nearest
neighbors joined by lines. ’

A second example involves a hexagonal cell. Now b.= ¢ and ¥=120°. Points are at
0,0.5; 0.5,0 and 0.5,0.5. Fig 1.10 shows {on the left) a unit cell, in the center nine unit_

Symmetry in Two Dimensions 13

cells and on the right, the pattern outlined by joining nearest neighbors in the same wa%r as
in Fig. 1.9. This pattern is one that is encountered repeatedly in crystal cherms.try. tk is
often cailed the kagome pattern after the Japanese word for bampoo weaves used in basket
making. It is also very frequently encountered in ornamental designs.

Fig. 1.10. Left: a (hexagoral) unit cell of a pattern. Middle: nine unit celfs, Right: the kagome pattern
3.6.3.6.

Note that in the kagome pattern every point has the same surroundings in the sense that

. the polygons in sequence meeting at the vertex are hexagon, triangle, hexagon, triangle.

By contrast in the pattern of Fig.1.9 there are two kinds of poin.t; at one kind h(A) lt1he
sequence is the same as in kagome (hexagon, triangle, hexagon, triangle) but at t clot elt:
kind (B and C) it is hexagon, hexagon, trianglc,_tnangle. Both patterns are examples o
tilings or tessellations of the plane by a combination of regular po@ygons. o e
A digression on tilings: If the plane is covered completely by just one ‘km o tll']ergu a
polygon, we have a regular tiling. It is not difficult to prove thgt there are just Fhed 36.eth
these, The first, in which six triangles (3-gons) meet at fip()%nt, is oftep symgc.)hzc > ,d le
second, in which four squares {4-gons) meet at a pom@, is symbol{zed 4-, the third in
which three hexagons (6-gons) meet at a poin; is symbolized 63. (6Th1i last 1sﬁa[so kkrriown
as the honeycomb pattern, for an obvious reason.) The symbols 3 , 4% and 6° are known
ifli ols.! ‘
" llgfcgllgg;a?é?: similarly covered by more than one kigd of regular polygon, and all p(tJlmts
at which three or more polygons meet are of the same kind (related by symme?try), ;A;)e -aw;.
the semiregular or Archimedean tilings of the planc._The kz.lgome pattern (F1g.h1. _) :s ;:-e
this type and is symbolized 3.6.3.6 as the polygons in cyclu': order aI'(?U:nd e:ac %om e
3-gon, 6-gon, 3-gon, 6-gon. There are eight different semx-regu}ar tlh-r.lg.s, wcb ?scgnd
them later {Chapter 3). [t is also convenient to refer to them by their Schlifli symbols.
o %ir?asxlfznﬂoted that the pattern in Fig. 1.9 contains two kinds of point‘. The kagomg
pattern in Fig. 1.10 contains only one kind of point, as in this patiern the pomts._are r;latf
by symmetry. Thus starting from one point we can generate two more }Jy rotatmgda out a
3-fold point (there are 3-fold rotation points in the cenlers of all the trlan_g[es) an gei an
equilateral triangle of points. Repeating the pattern of three points by the translation vectors

‘e . 6
1 Afier the great Swiss mathematician, Ludwig Schlifli (1814-1895). Matherinam.::ans }vrtte 3% {for
example) as (3,6) as this allows easier extension to higher dimensions {as in Schlifli’s pioneering work),



14 Chapter 1

a and b recovers the pattern of points. This array of points however is not a lattice (this is
an important point)—a lattice is generated by translations alone.!

1.6 Glide symmetry

We have identified three kinds of symmetry operation: rotation, reflection and
translation. Tt transpires that we can combine two of these operations to give a new
symmetry operation: translation + reflection = glide. The translation direction and the
mirror line must be parallel to each other and to one of the. lattice translation vectors. The
symmetry operation is the compound one of first reflection in a line (a glide line) and then
translation parallel to the line by a distance d.2 Repetition of this operation will produce a
pattern that is periodic with a period 24. The vector of length 24 must therefore be a lattice
vector. Fig 1.11 illustrates nine successive glides of a triangle initially on the left: the glide
line is shown in the conventional representation as a dashed line. The symbol for a glide
line is g {(compare with m for a mirror line). If you walk in a straight line, and with a
uniform step, along a beach, your footprints will be related by glide symmetry.

o G S

- Y g Y ™

Fig. L.11. Tilustrating glide. The glide line is shown as a broken line.

1.7 Two-dimensional space groups

We are now in a position to enumerate the symmetry groups that are obtained in two
dimensions by combining the point operations with those that involve translation. We will
find that there are 17 such two-dimensional space groups. We first combine the point group
operations of rotation and reflection with translation and then consider the cases where
reflection lines are replaced by glide lines. Groups obtained by the combination of point
operations with translations are called symmorphic. Additional non-symmorphic groups
are obtained by replacing (where appropriate) mirror lines by glide lines. The diligent
reader will work through each example by letting the symmetry operations act on an
asymmetric object; Exercise 8 shows how to proceed. If this is done, patterns similar o
those shown in the different parts of Fig. 1.12 (below) will be obtained.

INote that points {or atoms erc.) related by laitice translations are often referred to as identical (a lattice
is an infinite array of identical points). Points that are related by symmetry operations other than pure
translations are sometimes cailed eguivalent. . )

2Actually in this case the order in which these operations is carried out is unimportant; oae could
transiate and then reflect. :
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1.7.1 Obligue system

We start with the simplest case in which there is translational symmetry only with an
oblique lattice. This is the symmetry of the pattern obtained from periodic trans'lauons of an
asymmetric object in two dimensions. The symbol for the:- symmetry group is pl. The p
symbolizes the lattice (primitive) and the 1 the associated point group. .

As already noted, an oblique lattice by itself has 2-fold rotation 5ymmeFry at thf: lattice
points, so it is also compatible with the pattern obtained by repeatin.g an 0b_|_ect (which may
be e:g. a collection of points) with 2-fold rotation symmetry by_ obhqge lattice vector's. Th-e
symmetry group consisting of the combination of the translations with 2-fold rotations is
symbolized p2. _

No other symmetries are possible with an oblique lattice so we have found thle two
possible space groups in the oblique systemn: pl and p2. Patierns with these symmetries are -
shown in Fig. 1.12 (a). Note that in the parts of Fig. 1.12; the patterns are ge.nerated by
the symmetry operations operating on a single asymmetric object {a scalene triangle) a‘nd
the number of such triangles per primitive unit cell is the same as the order of the point
group from which the space group is derived.!
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Fig. 1.12 (). Nlustrating the oblique and rectangular iwo-dimensional space groups. Each pattern has
different symmetry {which shoulld be identified). .

IThe device of using a scalene triangle as an asymmetric object is old [SB? e.g. L. ‘Weber, Zeits.
Kristallogr. 70, 309 {1929)] and patterns similar to those in the various parts of Fig. 1.12 are to be found
for example in Elementary Crystallography by M. I. Buerger [Wiley, New York (1963)}: The space
groups are deliberately lefi unidentified in the figure. The reader should provide the jabets. This is an easy
exercise, but it should be done.
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Fig. 1.13. This figure is continued on the next page (see the caption there).
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W\};

Tig. 1.13. The symmetry elements of the two-dimensional space groups. Light lines outline a unit cell.
Heavy solid lines indicate the location of mirror lines and broken lines indicate the positions of glide lines.
-, 3-, 4- and 6-fold rotation points are represented by "lenses”, triangles, squares and hexagons respectively.
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Figure 1.13,shows the location of the symmetry elements in one unit cell for the space
groups. In p1, there are only translations, but in p2, in addition to the 2-fold rotation points
at the corners of the cell, there are also 2-fold rotation points (whose locations are indicated
by the two-pointed symbols} in the middle of the edges and the center of the unit cell. Note

that all the symmetry elements of p2 are obtained by combining one rotation point with
translations.!

1.7.2 Rectangular system

The rectangular lattice p has mirror symmetry and the lattice transtations can be
combined with point group Im to give a symmetry group plml (often abbreviated to pm).2
The symmetry elements of this group consist of orthogonal lattice translations and a family
of mirror lines parallel to one of the axes. The spacing between the mirror lines is one-half
of the lattice repeat.

We can also combine the elements of 1m with the translations of the centered rectangular
lattice ¢ to get space group 11 (abbreviated symbol cm). Note in Fig. 1.13 that the space
group also contains glide lines interleaved with the mirror lines. These should be identified
in the appropriate part of Fig. 1.12. _

Point symmetry group 2mm is also compatible with a rectangular lattice, so we have
space groups p2mm and ¢2mm (often abbreviated to pmin and cmm respectively). These
are the space groups of the primitive and centered rectangular lattices respectively, Note that
they are different symmetries and in particular c2mm contains glide lines that are absent in
P2mm (Fig. 1.13 again). _

Now that we have mirror lines in the space groups, we must consider the possibilities
that arise when mirror lines are replaced by glide lines. Thus the mirror line in the
symmorphic group p1ml can be replaced by a glide line to give the non-symmorphic group

plgl (often abbreviated pg). Again the symmetry elements should be identified in Figs.
1.12 (@) and 1.13.

We remarked that the symmorphic group clm| already contains glide lines so there is
rot a new group “clgl” to be obtained by replacing the myirrors of ¢lm1 by glide.3

From the symmorphic group p2mm we get the non-symmorphic groups p2mg and p2gg

{often abbreviated pmg and pgg) as illustrated in Fig. 1.13.

As explained below, the symbol p2mg refers to the space group in which there are
mirror lines perpendicular to a and glide lines perpendicular to b. The group p2gm is the
same symmetry group but now the axis perpendicular to the mirror lines is b and the axis
perpendicular to the glide lines is a. Thus p2mg and P2gm are two different setrings of the

1A reminder that here, and throughout the rest of § 1.7, the reader who is unfamiliar with the material
will: () Verify that the patterns in Fig, 1,12 are indeed generated by the basic point group operations plus
translations. {b) Verify the existence of the symmetry elements shown in Fig. 1.13 from the patterns of
Fig. 1.12.

2The significance of the *17s in the symbol is explained below. The novice may well wish to reread this
section after reading § 1.8.

3The skeptical reader should nevertheless do the experiment. It will be found that replacing the mirror
lines in c1m1 by glide lires will produce wirror lines where the old glide lines were,
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same space group with the first arbitrarily chosen as the standard setti:&ig..This; illuslt:atfes
t ith relabeling of the axes, This is not much of a
mbols for space groups can change wi j
g;belZm in two di?:nensions, but we will need to devote careful attention to the analogous
uestion in three dimensions. o
1 It is important to recall that glide lines already exist in em and c2mm so there are no new

groups cg, cmg or c2gg. We have therefore identified all the rectangular space groups.

1.7.3 Square system

In the square system, we can combine the ranslations of the square lattice with the4poin(§
symmetries that inctude a 4-fold rotation, i.e. 4 a_nd 4mm,hgett;1ng spagt? ificgll:]pz fPlat?;;e
4m). It should be seen in Fig. 1.13 that the combin
B O T i igi tes a second 4-fold point at the center of
translations and a 4-fold point at the origin generate: o of
ints i i . The pattern of symmetry pdm
d 2-fold points in the middle of the cell eflges : -
tslkllivﬁfc:];:identiﬁeg in Fig. 1.12 (b) and the glide lines paralle] to the unit cell diagonals
in Fig. 1.13) identified. ‘ _
(Sh'?tv:’en;:isteice of one set of glide lines parallel to the s,.econd set of mirrors (szmbollhz:?t
by the second “m”) in pdmm means that although there is anew space group pdgm ( in
symbol p4g) there are not new groups pdmg or pdgg. Again 1denlt|fy t.hsz (sipa;‘iet E;osu;rare
Fji/g 1.12 () and locate the symmetry elements. We have now identified a q

space groups.

. Y.
Faesel Al R
OO I RS A
SRR A A
e e e o o e Sl P )
o oS S cle ol ol Sl S O T g

i try.
Fig. 1.12 (§). llustrating the square two-dimensional space groups. Ea¢h pattern has different symmetry

1.7.4 Hexagonal system

In the hexagonal system we can combine the translations of the hexagonal latiice with the
- poi etries 3, 3m, 6, and Gmm. . . .
pm:;ts ?{:I;;r:iy explained (see Fig. 1.6) 3m can be oriented in two ways with ;sr;-)ectt tSc; ;EZ
: i i he lattice translations) to give two aistinG

coordinate axes (which are parallel to ¢ . D Aistinet Spes
i tries are shown in Fig. 1. .

3m1 and p31m. Patterns with these two symmetries ; ; )
gl’?ggfefmine Whicjsuh is which {a) outline a unit cell, (b} 1dentnf3{ the mirror lines, p3m1 is
the one that has mirror lines normal to the cell edges (cgmgare F(lg. l:t?r};'les ibseviated 1

i 3, p6 and pbmm (som
The other symmorphic space groups are p3, po t t
pbm), Note agzin in Fig. 1.13 the presence of additional symumetry elemeg}ts, in particular
in mé hexagonal system we always have 3-fold points at 1/3,2/3 and 2/3,1/3.
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The groups p3m1 and p3 Im both alread ide li

. : 3 y have glide lines so there are no new

be :ﬁnlved by replacing mirrors by glides in these instances. Einally there are glgil;uﬁiéz
parallel to both sets of mirrors in p6mm so again there are no new groups to be obtained by

replacing the mirrors by glides.! We have theref, i
o L e o ore concluded the enumeration all the two-
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Fig. 1.12 (¢). Ntustrating the hexagonal two-dimensional space groups.

II * . -
n the centered rectangular Iaitice mirror lines and glide lines are interleaved throughout space. The

hexagonal lattice may be considered as a i
o Bveneine 2w o0 special case of a centered rectangular lattice (see Table 1.3,p. 10

oA,
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1.7.5 Synopsis of the two-dimensional space groups

Table 1.4 below summarizes the two-dimensional space groups. The final column lists
first the symmorphic groups and secondly the non-symmorphic groups obtained when
mirror lines are replaced by glide lines. Note that the system Is determined by the shape of
the conventional unit cell, or equivalently by the point symmetry at a point of the lattice
(Table 1.3). The point group from which a space group is derived is the class.

Table 1.4. Synopsis of the two-dimensional space groups {short symbols in parentheses)

system point group space group
(class} symmorphic m -g
oblique 1 pl
2 p2
rectangular 1m plml (pm) plgl(pg)
clml (cm)
2mm p2mm (pmnt) p2mg (pmg)
- p2gg (psg)
c2Zmm (cmmnt)
sqﬁare 4 4
4mm pamm (pdm) pagm (pdg)
hexagonal 3 ' p3
3m p3ml
p3lm
6 po
6mm - pémm (pbm)

1.8 Construction and interpretation of space group symbols

We now summarize the rules for constructing and interpreting space group symbols. It
is emphasized that the space group symbol both identifies the space group and specifies the
orientation of the reference axes with respect to the symmetry elements. In specifying the
direction of mirror or glide lines we actually specify the directions of the norrmals to themt
(for reasons that wili become apparent in Chapter 3). Note that in interpreting the space
group symbol, we have first to identify the system {oblique, rectangular, sguare or

hexagonal).
The first letter of a space group symbol refers to the lattice type and must he “p” or “¢.”
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In the oblique system we have either p1 or P2 as space group symbol.

In the rectangular system there are (in the long, or full, symbol) three places after the
lattice symbol. The first of these three places has a symbol which refers to the nature of the
rotation point and is either “1” or “2.” The next symbo! refers to the nature of the symmelry
line (“m” or “g”") normal to a (the ttormal to the mirror or glide line is parallel to a}. The last
symbol refers to the nature of the symmetry element normal to b and is either “1", “m” or
“g.” Note the use of “1” as a place marker to avoid ambiguity when no symmetry element
is present. The standard setting for pm is with the mirror planes normai to a hence the long
symbol plml; if for some reason we wished to label the axis normal to the mirror plane b,
the space group symbol would now be written plim,

In the square system the first position of the space group symbol is for the lattice (must
be p). The second is for the rotational symmetry (must be 4) the third (if present) is for
symimeiry elements along x and y (i.e. parallel to a and b—because of the 4-fold symmetry
these symmetry elements must be the same) and the fourth position (in the full symbol)

signifies the presence of symmetry elements at 45° to x and ¥ (i.e. along the directions
ath).

In the hexagonal system the first position of the space group symbol is again p. The
second indicates the rotational symmetry (3 or 6). The third position. signifies SyImmetry
elements along the x and y directions (which are at 120%), i.e. parallel to a and b and to the
third equivalent direction which is parallel to —(a+h). The fourth positions refer to
symmetry elements at $0° to x and y. Recall that the orientations of mirror lines are
specitied by the directions of their normals and note again the use of 1 as a place marker in
p3m1 and p31m. Accordingly in p3m1 the normals to the mirrors are parallel toa and b
[the mirror lines are normaf 10 a and b and —(a+b)]; in p31m the normal to the mirrors are
at right angles to a and b [the mirror lines are parallel to a and b and —(a+hb)].

1.9 Using the International Tables
Volume A of the International Tables for Crystallography (see the Book List) is the
standard (and indispensable) source of information about space groups.! Fig. 1.13 closely
follows the diagrams in that book which we often refer (o just as the International Tables.
The International Tables also gives the coordinates of the points in one unit cell
obtained by the operation of the symmetry operations of the space group on an arbitrary
point x,y, These are the coordinates of the general positions. The number of general

positions will equal the order of the point group multiplied by the number of lattice points
per unit cell (1 for p and 2 for ¢).

"Two points to note here about the Tables: (a) The two-dimensional space groups are there cailed “plane

groups”. (b) The shoet symbols (which are widely used elsewhere) are not used for these groups (see p. 16
of the Tables for more on this point). :
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There are also special positions in the unit cell. These correspong to ﬁoint; itgha; zirae
i i i irror lines. Thus consider the group pémm (see rig. 1.1J,
either at rotation pouits or N MUITOr 0 ' e ol
i igin is on a 6-fold rotation point and cpera |
L e o soneras sy 1o ints. Likewise the same point is also on the mirror
rotation will not generate any new paints. LIKewis s
i ts. In fact the symmetry opera
o the mirror planes produce ro new poin ct o perd
gizr&?c: no new pointg at all, This may be verified by substituting x =0 and y = 0 In the
inates of the general positions listed below: .
Cmg(tlkl:: special pisitions of p6mm are on the 3-fold points at 1/?{,2/?1 emg1 2;'?;,8 lflé;"l;‘;
i i i il produce only the othe!
operations acting on one of these points wi : 8 ma
ff?:i?eilugy sriﬁ)stimting x = 1/3 and y = 2/3 in the coordinates of the general pt:>s1tfaons.-tionS
Tn Table 1.5 below we give for pémm (short symbol p6m2j: fﬁst tltlg numi;;c;; I?atgsoséf 0
i i ! koff notation (a, b, etc.) and then the coo i
of a given kind, then the Wyc the cooTdmates o ned
iti ig. 1.13 to see that the positions 6 e correspond to points
positions. Refer to Fig. . : B arc
i i t sites of symmetry m. p
lie on one set of mirror lines and thus a : ; . ‘ -
;?kelwise arbitrary points on the second set of mirror lines and again fat snf;_s t:‘;f;, szurp;noizwarr:td
iti i i ints and at the intersection o s
Positions 3 ¢ are points on 2-fold rotation poins o T,
i i i Positions 2 b are on 3-fold rotation p
5o are at sites with point symmetry 2mm. : : o B e
i i « mirror lines so they are at sites with symumetry 3.
g;tie?iscgz: Smthr;ztry 6mm. The letters a, b, etc. have no splecxal s1gmﬁc'ance gxcep;rtaol
ser%e as (universally accepted!) labels. Bach space group will ha‘ve; specxalhartl vg:ﬁg !
sitions labeled from a (for the highest symmeitry pomts),. alphabctlca_lly t10 wha ethe o
?sonecessary for the general positions. The last entry in the table below 1s p
symmetry ateach kind of site. o

Table 1.5. Special and general positions of pGmm

wyckoff notation coordinates : symmetry
12f Xy I TAY  yRE X Ry ey b
TY 0N VX VX 5 YNY

Ge T ox2x; 28X a0 %,2% m
6d £0;0x;%%3;%0:0% ;xx m
3¢ 1/2,0;0,1/2; 12,172 2mmt
2b 1/3,2/3 5 213,143 Im
la 0,0 6mm

Having available the coordinates of the general and speci‘al positions afllao;:f:f 02;

considerable economly in specifying structure. Thus only t(;xe coordmz;ltc;s ogfigzrf: gxpﬁcmy

iti i oordinates need be .

i positions need to be given. In some cases no €oort by

'g[‘inr:;riopcompletely specify the positions of the pomts(;g thei lizgti;ri’ rﬂ?‘tltg;no tgizh?: ?mi)t

it i i i mnt), the

described above, it is sufficient to give the space group ' e O
i tions ¢. The points of the honey:

ameter () and to state that points are at posi : : :

;th}tfrir {(63) ang at b (sake a quick sketch). Another example using this space group 18

IRemember that x =—1/3 is equivalent to x = 2/3 etc.
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given in Exercise 3 at the end of the chapter.
In a space group with a centered lattice the existence of a point x,y implies the existence
of an identical point at 1/2+x,1/2+y because transtation by 172,172

$ a symumetry operation.
In the International Tables the positions of cm are given as shown in table 1.6.

Table 1.6. Special and general positions of cm.

0.0;1/2,1/2) +
4b  xy.xy
2a 0y

Thus the coordinates of the general pbsitions are xy ; Xy 3 V24, 124y 5 1/2-2,1/2+y
and the coordinates of the special positions a are 0,y ; 1/2,1/2+y (i.e. on the mirror lines at
x=0and x = 1/2).

1.10 Notes
1.10.1 Symmetry oper;ations

The symmetry operations we have discussed are special cases of general geometrical
transformations or mappings. They are those which preserve distances and angles and
hence the term isomerry. There are many mappings in which there is a one-to-one
comrespondence between the object before and after the transformation. A similarity
transformation is one in which angles, but not distances are conserved. It may be
considered as the result of an isometry followed by an expansion or contraction in scale.

Another transformation of interest is inversion or reflection in a circle. For examples of the
remarkable patterns that can arise from repeated reflections in a system of circles see
R. Courant & H. Robbins, Whar is Mathematics?, Oxford University Press, Oxford
(1941) p. 162,

1.10.2 Groups

Introductions to symmetry group theory! are F. A. Colton, Chemical Applications of
Group Theory, 3rd Edition, Wiley, New York (1990) and Boisen & Gibbs (Book List),

A group is a set of (at least one) things with the folowing properties.

*There is defined a binary operation symbolized by * such that o*f = ¥, where o, p
and 7 are all members of the group. In the case of symmetry operations,
operation [} followed by operation o, and Yisalsoas
general o+ and B+ot are not equal (but may be). If for e
o*f = Bt the group is said to be commutative or abe

o+ means
ymmetry operation. Note that in

very pair of elements in the group
lian.

INote that in this chapter we haven’t done any group theory (nor shali we in subsequent chapters). Al
we have done is to enumerase certain kinds of symmetry group.
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. o ros [8),‘
. #v) = (ook)y+y (this is the associative ru -
%:12?'8 ?xisfs al? elZment € in the group such that exct ~—l-l otjl:ie -t ‘? io;e(;; :i:ggal to any
. ds to the identity .
up. In symmetry groups € correspon . s
mﬁ‘ri:l:beraif ﬂ;fe%:;nfa in the group there is another B (thq inverse of o) suc?l t()ii_a:e (:UI? =
* Srs ayand B may be the same (for example two reﬂectlclms nl the :l:,amadn;)mmtatim o
?heai;en.tity) or different [rotation by one-third of a circle (3 = 3 )'f:;l oy:e (33; Rl
two-thirds of a circle (32 = 37), or vice versa, again results in the identity
WO _
- ' i implest
B {lz}l‘e number of distinct elements in the group is the order of the group. The simple: .
i of order 1) contains only &. ' e aron
Poiijfxiiﬁgfe(gf a finite group (of order thre_e) is the numbers O,dé;)in%hZu;fweehive:p_
operation * is defined as "addition modulo 3", Le. oxf = (o) mod(3).

) . — *)=72
050 =0 1#0=1 2%0
.0*1=1 . 1#1 =2 2%l =0
2=2  12=0  2e2=1

: i We can write out
72 are the inverses of each other.
corresponds to €, and 1 and . 5 [ each othe m wite o
theH:tf(ivoe relati&fnships as a “multiplication” table. “Multiplication r_efcrs t group
operation, in this case “addition modulo 3.

0 1 2
0 0 1 2
1 1 2 0

. . 3
This ‘roup has the same structure as (i§ isomorphic v\'nth) thebpozgtos_i/;ril;;l:tg agrcc?:é)l N
h egl‘ements are the identity and rotations by one-third anc.l Y oS o et
¥he?:: two sets of things with their appropriate group operation (*) fo
representatit?ns Ofl;mteszrgzgzzgﬁrg:;;ietry operations (see e.g. the case of 4mm Ttgblt;
e 1o ;e:entation of the same abstract group as do t.he. symetw operation
:ﬁ;;égﬁgsifr;i group operation now is identified as matrix multiplication.

1.10.3 Two-dimensional space groups and decoration

rrence of periodic patterns in decoration is familiar anc'l datefs ftrlfm ;t;f;ﬁlé% . é‘}

s ik ce of periodic patterns is the XIV century designs in the A. e

Gom Stl'lk_lﬂg Pain Morz recently, the Dutch artist M. C. Escher was inspire y.rl o

e Spailr:.;ce some remarkable periodic designs which have been used Cz}s zn Ca;ler’s

Aihai?lbra . Eigllography [C. H. MacGillavry, Symmetry Aspects _of M. mé E ;autifm
?:‘:iotinz'% B?c(zwings, Oasthoek, Utrecht (1965)]. Escher's art also provides so
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examples of repeated similarity transforms.

The Moors did not use all the two-dimensional space groups in the decoration of the
Alhambra. It is interesting that the explicit enumeration of the 17 two-dimensional groups
was only done after the 230 three-dimensional space groups were enumerated ’I‘lIl)e
symmietry groups of three-dimensional objects with translations in only two dimensiox'ls are
the -80‘ layer groups which are sometimes of use in crystal chemistry. We refer to these
again in Chapter 3 (see also Appendix Al).

1.10.4 Matrix manipulations

The reader entirely unfamiliar with matrix manipulations will have to consult one of the
very many eleme'ntary mathemnatics texts that deal with such matters, In this chapter we use
only 2 x 2 matrices such as A = (@11 @12/ az1 a27) and 2 x 1 matrices (2 rows and 1
column;.also known as column vectors) such as x = (x) / x2).

Multiplication of a 2 x 1 matrix by a 2 x 2 matrix give a new 2 x 1 matrix as in Ax = ¥
where y = (a“x1+5112x1 / AziXx1+azaxs). ’

Multiplication of a 2 x 2 matrix by a 2 x 2 matrix gives anew 2 x 2 matrix as in AB = C
where € = (ay1813+a;2h9 anbizrazba f anb) 1 +anby az bya+azpbis). Note that
the. order of multiplication is important and in general AB#BA (recall that the order in
which symmetry operations are carried out may be important).

1

1.11 Exercises

1. Circles of unit dial:neter are packed as closely as possible on a plane. A fraction /412
of the area of the plane is covered. The symmetry is pomm and the centers of the circles are
on the points of a hexagonal lattice. (Do this by packing coins of one kind on a table top.)

2.A hexagonal lattice can be described by a centered rectangular cell with b/a = V3. (The
centered cell is sometimes called orthohexagonal).

o ‘3. A pattern oiften encountered in erystal chemistry and in omament is the Archimedean
tlh_ng 3.4.6.4 which 'has symmetry p6mm. If the edges of the polygons are equal to [, the
unit cell parameter is a = 1+v3 and the points are in 6 ¢ (Table 1.5) with x = 1/(3+V3).

\'elliy by plottlng the pattcm. Iilnt. lf you hav& dlfﬁculty plottnl wit EX al axes sece
g ith he agOn S

4. The symmetry of the face of a conventional brick wall is c2nm,

3. A pair of parallel mirror lines separated by a distance d produces an infinite set of

mirror lines with spacing o and translational symmetry with period 2d (the barber shop
phenomenon). |

6. Use the matrices given in Table 1.1 to construct a multiplication table for 4rmm.
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7. Referred to Cartesian coordinates (axes at 90°), rotation by 120° about.the origin of a
point x,y gives a new point at ~xf2—3y/2, V3 2—yf2., The_ trace (sur_n _of diagonal terms)
of the matrix generating the new coordinates from the oldis -1, and is mdependennt of the
choice of coordinate system (compare the matrix given in Table 1.2 for axes at 120%).

8. In Fig. 1.14 (below) the broken lines represent two glide lines at rig_ht ar}glcs; tl"le
light rectangle represents a unit cell of edges a and b. Sm with an asymmetric cbject (IZ) in
the upper left comer of the cell and use the glide reflections and traflslauons (a e}nd )‘to
generate images of the original object. This process has been begun in the fi gure in whlqh
straight acrows represent franslations and the bent ones represent ghdfa reflections. In this
way we will generate all the symmetry elements of pgg (p2gg). Identify all the symn_letry
elements in the unit cell (objects of every pair must be refated by a symmetry operation).
Compare with Fig. 1.13 (in which the unit cell origin is taken at a different point).

L

_.‘....
B |

L
B |

Fig. 1.14. See Exercise 8.

9. The orders of the point symmetry groups can be found by gounting the numbers of
replicas of the asymmetric object that are in the patterns of Fig. 12 The nu.mber of
asymmetric objects (scalene triangles) in a unit celt of th&} patterns gf F1g. _1.‘12 will be t.he
same as the order of the point group of the space group if the cell is primitive, and twice
that if the cell is centered. Verify for each space group.

10. Many examples of rwo-dimensional patterns (tilings) appear in Chapter 5. Identify
the symmetry elements and verify their space groups.
was asked for the next letter in the sequence

next letter in the aiphabet with symmetry m {not
tFGH LS+ # % &, 016 7 (Answers:

Then there is the story of the crystallographer who
A,B,C,D,E... His response naturaliy was K as this is the
exactly in the font used here!). What are the symmetries o
1, 1, Lam, 2mm, 1, 2, dmm, 2, 8mm, 5m, 2.}



CHAPTER 2

THREE-DIMENSIONAL POINT GROUPS

2.1 Point symmetry operations in three dimensions

A major difference between point operations in two and three dimensions is that in three
dimensions there are rotation axes which leave lines invariant (instead of rotation points
that leave points invariant in two dimensions) and mirror planes which leave planes
invariant (instead of mirror lines which leave lines invariant).! Accordingly we expect a
new symmeiry operation in three dimensions that leaves a point invarjant.

This new symmetry operation is inversion in a point (discussed below). Tt is convenient
to consider the point symumetry operations of three-dimensional space as (a) rotation and (b)
rotation combined with inversion. The corresponding symmetry elements are often referred
to as proper and improper axes respectively. A proper operation acting on an asymmetric
object merely moves it through space whereas an improper operation also converts it into
its mirror image. Two successive improper operations convert an asymmetric object first
into its misvor image and then back again to the original form, so that a combination of two
improper operations is equivalent to a proper operation. We shall see that a mirror reflection
in a plane (an improper operation) can be considered as combination of a 2-fold rotation
plus inversion, )

As in the case of two dimensions, we are restricted to I, 2-, 3-, 4-, and 6-fold
SYmnelry axes in crystal symmetries. There are therefore five proper and five improper
axes for a total of ten different kinds of point symmetry element. We will se¢ that there are
32 distinct erystallographic point symmetry groups that contain combinations of these
sytuimetry elements. We will not actually demonstrate that the number of groups is exactly
32. We will describe 32 groups and ask the reader to accept that our enumeration is
complete. The dissatisfied reader is directed to § 2.5.3, '

Those trained in molecular chemistry wiil be familiar with point group symmetry, and
their task will be mainly to leamn new symbols for these groups, although some point group
symmetries do not have simple molecular examples. It will prove a rewarding exercise to
verify the symmetries of the polyhedra discussed in Appendix 4 {(some of which occur as
carbon molecules). Another useful exercise is to check off the point groups listed in Tables
21(§226)and 2.2 (§2.2.8) as they are described. In our experience the only way to
acquire a useful working knowledge of point group symmetries is to constantly practice
identifying the symmetries of objects such as molecules and polyhedra.2 Only when the

groups are well known is it possible to appreciate a rigorous mathematical treatment (which
we will not develep).

I1n one dimension the enly point symmetry element is a mirror point.

2We use several examples of polyhedra in this chapter, The reader unfamiliar with such objects will find
them described in § 5.1.
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The discussion of point symietries in terms of pure rotatlonland rgts::ve;z;ocr; a:;:? nl;
the approach that proves most nseful in crystallog{aphy. An ahter_natf;mm%pby mgiecular
ion-reflection axes, is embodied in the Schoenflies system that is fav Polecd
s r'c ¥ leads to a more elegant mathematical treatment the latter is a%so preferred by
Chctl;lii:lsz;tiacsi:nz The crystallographic system with its associzfted syrrllbohslm r(i—la:rruzzn;—’
?’Iaauguin symbols) is distinetly better for space groups and is mg;?; :3;1::1 e
A sy sou('l o CIbleinifS t?t&?r?i?ﬁigi:plﬁiw;:;t groups is given in the
fzgll:s I:ta?t?et:i(?c:; :gglﬁz;i?iaﬁds fgr non-crystallographic groups {those invaiving
i i 1,2,3,4o0r6)in § 2.3.6. ]
mt'?%znfiv(;fpo;d;;r?ii?;l?:nﬁgr;ro;icl,e l’ittlc difficulty. If coqrdinate axes are ti:h()se:llss?n tltl}ilé
the z direction is along the rotation axis, th_c xand y cgordmat_cs WI% at:lanes:i O}I"I;lc S siive
two dimensional case of rotation about a po1.nt, and z wili remain unc di%egt-j‘on posin®
sense of rotation is anticlockwise when viewed along the +z 10— .

discuss the improper operations individuaily.

2.1.1 Inversion in a center

: i i intat%y,7
jon i igi 11 convert a point at x,y.Z to a poln :
in a center! at the origin 0,0,0 will & ; .
h\c'ﬁfcsslsogf the coordinate systemn used. Fig 2.1 illustrates the inversion qf an a}fyng:;trn;
gebg::t through a center at the origin of coordinates (we_ always t?ke thc? ongi;lhgts th ::l e
it is present). Inversion is symbolized 1 (1-fold rotation plus n;lversxlon). 1euy e nse
- i if the inversion center were the only symm : 1
be the symbol for the point group 1 _ :  only symmetry cletet
i i bject. Objects that include an inve
ther than the identity) of the obj ' . ior
(szlmmetry are said to be centrosymmetric. Those that do not are acentric.

Fig. 2.1, Tllustraiing the inversion operation.

ith inversi in this context.
1 ter ts synonymous with inversion center in ) et care (@ 10
QE:geLi;TiE:ﬁging m{)lecules) other than erystais belonging to symmetry lgrﬁug_ll :r]en 1:‘8 1:;/ rare (try
ide:mif)}S some). A pair of shoes (or gloves) can be arranged so that the assembly has 1 sy
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Figure 2.1 also illustrates the choice of a ri
. right handed i is i
standard” choice). Interchanging any two ; [l g (o ponate axes (s s the

axes will change the hand of th i
Inter e coor
system unless the direction of one of the axes is also reversed. Cyclic permutat?onglsrﬁg

a8 x —y — z = x or the reverse will not change the hand of the coordinate system

2.1.2 Rotation plus inversion: axes N

pla€2f1 gz}x:;tl)ﬁag;nz_off f\dz-fpld rotationl w:'ith inv‘ersion is equivalent to reflection in the
s llusatd n Fig, 22 4 2-Foldrotarion s ough e e s o) PR
a point at x,y,z to ¥,¥,z. Inversion through a centef at 0‘300(1)‘1 %:?Hand pal‘al}_el e
The net result is to transform x,y,z to x,y, be bat this
reflection in the plane z =0. This symmetry
symboiizcd m (for mirror). In the figure i
axis shown, foliowed by inversion, is al
abf)ut the axis, and in either case equivale
axis. The orientation of a mirror plane is
normal to the plane.

| 2 ce YT o X,y.7
Z—it should be clear that this is equivalent to

element which could be symbolized 7 is in fact
t may be seen that rotation by 180° around the
s0 the same as inversion followed by rotation
nt to reflection in the plane normal to the 2-fold
always specified by giving the direction of the

Fig 2.2. (Left) Illustratihg that 7 is e
fol.d axis (arrow) to give a similar obj
object (black). (Right) showing the t

quwalf:m .to reflf:ction. An object (white) is rorated about the two-
ect which is the inverted through the center o give a mirror-image
WO symmetry-related points in projeetion along z.

an the right in Fig 2.2 a stylized view down the z axis
:h i?:j:; z::;o:z I;t:;lgla;; zd= (} xi, shsowE a3 an open circte and its reflection below the plane is
r fitled circle. Such diagrams are very useful to show th
symmetry elements and combinations of s N imporeant oo oot
. . : ymmetry elements. It is important to i
thalttth;]s cTcles in such dlagram§ really represent a general asymmetric ol‘;jccts. eosne
@ should be clear that an object (such as a chair) that has only one mirror plane (and the
entity) for symmetry ‘elements, has neither a 2-fold axis nor a center of symmetry. In
genera_l an N-fold inversion axis only contains a separate ¥-fold rotation axis and a se; rz;ate
mversion center for N odd. Indeed, as explained in the next paragraphs, 3 ;

is shown where the original

is the only

Three-Dimensional Point Groups 31

crystaliographic symmetry operation (other than 1 itself) that contains a separate i

Fig 2.3 shows the effects of 3, 7 and & axes on a point. The 3 operalion (rotation by
one-third of a circle followed by inversion) has to be carried out six times before the
original point is returned to. The reader should verify the separate existence ofa I anda 3
axis,! Tn the diagrams in Fig. 2.3, the symbol in the center is the symbol for the symmetry
element. The small circles represent a general asymmetric object and thus in these
examples, filled and open circles should really be replaced by asymmetric objects related
one to the other by inversion or reflection (Le. of opposite hand).

@

@
3 -6

Fig. 2.3. Illustrating the effects of 3, 4 or & axes (see text). Filled and empiy circles are points on

opposite sides of the herizontal plane {the plane of the paper). In & such points are superimpased in
projection and the heavier outline of the circle indicates the presence of a horizontal mimor plane.

A d axis (Fig. 2.3) generates four distinct points on repeated application; two above and
two below the plane. It should be clear that an object with only 3 symmetry is not -
centrosymmetric (but does have a 2-fold rotation axis).

A G axis generates six points (Fig. 2.3 again). Note again the absence of an independent
inversion center. This symmetry element includes a separate 3 axis and a mirror normal to
that axis (indicated in the figure by a heavier outline for the circle).

It should be obvious that in order to completely specify the position of a 3, 4 or 6 axis
we have to specify the direction of the axis and the location of the inversion point even
though 4 and 6 do not contain a separate inversion center.

A quick sketch should convince the reader that whether one rotates and then inverts, or
First inverts and then rotates, is immaterial. The combined operation is the same; ie. the
component operations commute.

A word on terminotogy is in order. We refer to an N ‘axis as N-fold as in “2-fold,”
“3_fold,” etc. More commonly perhaps (as in the International Tables) the usage
“twofold,” “threefold,” etc. is seen. We find our usage clearer in such phrases as “four
3_fold axes.” Other authors refer to I-, 2-, 3-,4- and 6-fold rotation axes as “monads,”
“diads,” “triads,” “tetrads,” and “hexads” respectively. A difficulty arises in the case of 3
and . As can be seen from Fig. 2.3 both these operations require six repetitions to
produce the identity yet we refer to the former as a “3.fold inversion axis” and the latter as a

I The reader is urged to, verify that {a) applying the rotation+inversion operation three times is equivalent
to inversion alone and (b} applying the combined operation four times is equivalent to rotation alone.
(Remember that rotations are by convention anticlockwise when viewed from the +z direction.)

2 A0 N-fold rotation axis with a mirzor normal ta it is written Nim so 6 is sometimes written as 3/m.
However this obscures the 6-fold nature of the axis and this notation should be avoided.
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“6-fold inversion axis.”! Crystals with parallel 3-fold axes {including 3y but without 6-fold
axes are classed as trigonal. Crystals with 6-fold axes (including 8) are classified as
hexagonal. 3 is also refetred to as an “inversion triad” and § as an “inversion hexad.” The
difficulty is compounded by the fact that in the Schoenflies system (see Exercise 17 3is
labeled Sg and & is Jabeled S3.

2.2 Enumeration of the point gi‘oups

There are 10 point groups corresponding to the presence of just one of the symmetry
clements we have described. These are 1,2, 3, 4, 6, 1, m, 3, 4 and 8. There are 22 more
(crystallographic) groups to be obtained by combining several symmetry elements. We will
not derive these groups very systematically, but it is worth seeing why there is only a
relatively small nuntber of them. The serious student of solid state science will get to know
them all intimately. The material in this section is rather condensed—the reader interested in
fully appreciating it would be well advised to have a pencil and paper at hand to make
sketches to verify some of the statements. We find sketches of the sort shown in Fig. 2.3
to be particularly helpful,

2.2.1 Pure rotation groups: dihedral groups N2(2)

We start by considering just those cases in which we have proper rotation axes only.
The groups in this case are the pure rotation groups. We will have to consider two
intersecting rotation axes inclined to each other. Combination of two such rotations always
produces a rotation about a new axis through the point of intersection of the first two axes.2
{(Remember we are considering point group symmetry so there must be one point at which
all symmetry elements intersect), It is important to recognize that we consider the rotation
axes to be fixed with respect to the coordinate system and only the rotated object to move.

Fig. 2.4 shows two 2-fold axes (labeled 1 and 2) lying in a plane and inclined at an
angle ¢. Rotation of the point a above the plane about axis 1 will produce point b below the
plane, Rotation of # about axis 2 will now produce point ¢ above the plane. It should be
clear that the transition @ - ¢ is equivalent to a rotation by 2¢ about an axis normal to 1
and 2 and passing through their point of intersection (small shaded circle in the diagram).

In general we consider rotation about an axis X, by an amount p1 followed by rotation
by an amount py about an axis X; inclined to X by an angle ¢;. This is equivalent to

1Curiouslyr, the International Tables (whick usually is our arbiter in such matters) names other
symmetry axes (p. 9) but avoids the issue for inversion axes as in “Inversion axis: ‘3 bar’™ for 3. The
fraction of the world population that cares, appears to he approximately equally divided into those who use
“bar three” and those who use “three bar” in speech for 3, We prefer the former, as “hat” is to be considered
as standing for “minus”, .

2As rotations are proper operations they will not change the hand of an asymmetric object. The
operation corresponding lo two rotations about axes infersecting in a point must be another proper
operation leaving that point invariant and thus can only be a rotation. The result of combining rotations
about axes without a common point will alse include a camponent of translation {also a proper operation).
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rotation by an amount p3 2bout a third axis X3 inclined to axes X; and .Xg by]angles of ¢
and ¢ respectively. These angles are related by an equation due to Rodrigues:

cos(pa/2) = costﬁrgsin(pi/Q)sin(pz/Q) — cos(p/2)cos{pa/2) 2.

Two additional equations are obtained by cyclic permutation of indices 1 -2 — 3 — L
This gives us three equations for the unknowns g3, ¢z and .

Fig. 2.4. Two 2-fold rotations about axes at an angle of ¢ to each other {about 1 to take a1 b, then
about 2 to take b to ¢) are equivalent 10 rotation (by 24) about an axis orthogonal to the 2-fold akes (a 1o c)-

i i i i imited (as they will be from now on) to
Fquation 2.1 is generat, but if the rotations are lm-ute w ‘
integral fractions of a circle so that 360°/p; = p; (an integer) then it is nqt difficult to s‘how
(see § 2.5.1) that all possible pure rotation groups are generated? by rotations such that:

1 (2.2)
R
;Ps> )

Fucther analysis shows that the possible solutions of Eq. 2.2 fall ir}to two classes:h {a) th:c
dihedral groups in which there is an N-fold axis with 2-fold axes ato right angles to tba}t axls
(ps =N, p1 = pp = 2 which gives in turn from Eq. 2.1, ¢3 = 360 {'ZA’). {b) the ci tct;nn
icosahedral groups in which there are more than one rotation axis of order greater tha
tw%onsider category (a) first. When ¢ = 360°/N with ¥ an i.nteger, the two 2-f01ci ax;s
generate a finite number of symmetry elements as shown in Fig. 2.5 for the case ¢3 = 45",

[This equation is ofien ascribed w0 Eufer. For a nice account both of the historical importa@ce c_Jf thi
equation and of Rodrigues see fcons and Symmetries by 8. L. Altmann (Oxford, 1992). For a derivation o

Eas. 2.1 and 2.2 see the Note § 2.5.1 at the end of this chapter. ) ' .
C§2Strictly speaking only two rotation axes are needed (o generate all the rotaions of the group: the third

rotation entering into the sum in Eq. 2.2 being generated by the other two.
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The 2-fold axes 1 and 2'in that figure generate the 4-fold axis which in turn generates the
other 2-fold axes shown (note that co-linear axes are really just one axis). The set of
symmetry elements form a group symbolized 422. The first position is for the principle

axis and the second and third positions in the point.group symbel are for the two sets of 2-
fold rotation axes.!

:

[ ]

[ ]

[ ]

1

L]

1

1

1 (x direction)

Fig. 2.5. Group 422. Arrows represent 2-fold rotation axes. See also Fig. 26.

222 32 422 622

Fig. 2.6. Tllustrating the symmelry elements of groups 222, 32, 422 and 622. Lines terminating in arrow
heads represent 2-fold rotation axes in the plane of the paper. Small circles are sets of points generated by
the group operations acting on an arbitrary point. Filled and open circles are on opposite sides of the plane
of the two-fold axes. The symbol in the center of the large circle is that for the N-fold axis {also a 2-fold
axis for 222) normal to the plane of the 2-fold axes.

Likewise there are groups 222, 32 and 622 generated by 2-fold axes at 90°, 60° and 30°.
N(’tf’ that there is only one distinet set of-2-fold axes in 32. This is becanse 2-fold axes
inclined to each other by 60° are also inclined to each other at 120°. These groups {together
with 422) are called the diftedral groups. It should be abvious that pure rotation groups
contain only proper operations and so do not contain a center of symmetry. In Fig. 2.6 the

1 - . . . . .
Cf. the discussion in § 1.1 of the sels of mirror lines it two-dimensional point groups sach as 4mm.
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location of the symmetry elements of these groups is shown. A set of points generated by
the symmetry aperations acting on an. arbitrary peint is also shown. Notice that (in contrast
to the case of Fig. 2.3} the filled and open circles now represent asymmetric objects of the
same hand.

2.2.2 Groups Nm{m)

In Fig. 2.7, the two 2-fold axes of Fig. 2.4 are replaced with vertical mirror planes. Kt
should be clear that two reflections i mirrors with normals in the same plane and at an
angle ¢ also produce a rotation 2¢. (The point b, which was a filled circle in Fig. 2.4, is
now an open circle in Fig. 2.7).

Fig. 2.7. Two reflections (in mirror 1 to take a to b,’then in mirror 2 to take b to ¢) are equivalent to
rotation about an axis along the line of intersection of the mirross (a to €). Compare with Fig. 2.4 above,

The result of having two mirrors at 45° is to generate group 4mm shown in Fig. 2.8
(which should be compared with Fig 2.5). : ' _

Analogously we can generate the groups 2mm (usually written mm2) from two mirrors
at 90°; 3m with mirrors at 60° (now just one set of mirrors related by 120° rotations); and
G from mirrors at 30° (giving two sets cach of three mirrors analogous to the two sets
of 2-fold rotation axes in 622).1 Fig 2.9 illustrates these groups in a way similar to Fig.
2.6. '

Symmetry mm2 is commonly encountered; it is for example, the symmetry of the water
molecule. If the writing were to be erased, a book would have symmetry mm2 also, The
{non-planar) NH; molecule has symmetry 3m. More generally Nm(m) is the symmetry of a
pyramid with a regular N-gon as a base. The groups Nm(m) do not contain a center of
symmetry (think of the pyramids).

L1t can be rewarding to experiment with two small rectangular mirrors hinged together at one edge with
sticky tape and inclined at different angles to generate these rotations.
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1 (x direction)

Fig. 2.8. Group dmm. b is the image of & obtained by reflection in line [ and ¢ is the image of b
obtained by reflection in line 2. a — ¢ corresponds to rotation by a fourth of a circle about the center point.

QfG~

Le; =]

mm2
ojo

Fig. 2.9. Mustrating the symmetry elements of groups mm2, 3m, dmm and 6mm. The heavy lines are the
traces of mirror planes normal to the paper. Compare with Fig. 2.6.

2.2.3 Groups Nfm

In the next set of point symmetry groups, mirrors are added normal to the rotation axes
of groups N giving groups Nfm. As we will see later, it is convenient to consider Nim o
be one symbol (because the N-fold rotation axis and the normal to the rmirror are in the
same direction).

1/m is the same as m 8o that is not a new group. 3/m is the same as 6, so that is not a
new group either. Thus the new groups are 2/m, 4/m and 6/m. Note that the combination of
an even order rotation axis (which contains a 2 axis) with a mirror plane normal to it
generates an inversion center at the point of intersection (refer back to Fig. 2.1) so that 2/m,
4/m and 6/m all contain such a center. In particular 2/m is of order 4: the Symmetry
operations being the mirror reflection, the 2-foid rotation, the inversion and the identity.
Fig. 2.10 illustrates these groups in the same way as used in Figs. 2.6 and 2.9. It should
be apparent from the figure (compare with Fig. 2.3) that 4/m includes 2 4 axis, and that 6/m
includes 3 and 6 axes.

A useful mental exercise is to imagine a two-dimensional object (such as a letter S) with
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symmetry 2. Now give it some thickness in the third dimension by trgnslatiop normal to the
plane—the three-dimensional symmerry is 2/m. Repeat for pl_ar}e objects with symmetry 4
and 6. Although 2/m is an unusual symmetry for molecules, it is one of the most common
point symmetries of crystals (the crystal class).

Fig. 2.10. Illustrating, from left to right, symmetry groups 2/m, 4/m and 6."m.. Symbels have the same
significance as in Figs. 2.6 and 2.9. Note that in each case there is horizoatal mirzor plane whose presence
is indicated by the heavy outline of the large circle (contrast e.g. Fig. 2.9).

2.2.4 Groups Nim 2im 2im

Fig. 2.11. Group.4fmmm. The 4-fold r'c;tmion axis is vertical, arrows show the location of 2-fold rotation
axes and midrror planes are shaded.

The next set of groups is obtained by adding mi_m:xr planes normal to rotation axes in
N22 giving Nim 2/m 2/m. Again it is helpful to consider N/m as one symbol correspon«?Il‘Eg
to a single axis. The possibilities here are 2/m 2/m 2/m, 4/m 2/m 2/m and 6/m 2/m 2/m.. 1 e
symbols for these groups are often abbreviated mmm, 4/mmm and G/mm_m respectively.
mmm is the symmetry of a brick with three different edge lengths. 4/mmm 15 the symmeiry
of a right square prism (a brick with a square cross sechn). The arrangement of symmetry
elements of this group is illustrated in Fig. 2.11 in which 2-fold axes are shown as arrows
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and mirrors as planes. 6/mmm is the symmetry of a right hexagonal prism; a diagram
representing its symmetry elements would be similar to Fig. 2.11 but there would be six
 mirror planes intersecting in the 6-fold axis and six 2-fold rotation axes in those planes and
" normal to the 6-fold axis. : .
Fig. 2.12 illustrates the symmetry elements of these groups in a projection down the
principle axis in a way that should now be familiar (compare Figs. 2.6, 2.9 and 2.10).

mmm 4/mmm

Fig. 2.12. Hlustrating symmetry groups mumun, 4/mmm and 6/mmm. Note the presence of a mirror plane
in the plane of the paper.

As a 2-fold axis normal to a mirror generates a center of inversion, these groups all
include a center of symmetry among their symmetry elements. Indeed the groups may
alternatively be generated by adding an inversion center to 222, 422 and 622. I a center is
added to 32 the group 3m is generated as discussed in the next section.

2.2.5 Groups 3m, 82m and 6m2

There are no new (in the sense of not being already encountered above) symmetry
groups to be obtained by adding mirrors normal to inversion axes (do Exercise 11 to verify
this staternent). But we gef new groups by adding mirrors with their normals perpendicular
to the  axis 5o that the mirror planes contain the N axis. This procedure also generates 2-
fold axes normal to the N axis.

The case of N = 2 corresponds to mirror planes at right angles (recall that 2 = m) and
generates mm2, which is not new. :

The other possibilities (N = 3, 4 or 6) generate 32/m (often abbreviated to 3m), 32m and
6m2 which are new.! The reader is urged to demonstrate this by starting with a N axis (N
=3, 4, or 6) and a mirror plane containing this axis and to allow the symmetry operations
of these symmetry elements to operate on an arbitrary point (i.e. one not on the mirror
plane) and identify the generated symmetry elements. If the roto-inversion axis and the
mirror plane are vertical yon should generate diagrams like those in Fig. 2.13, in which the

1The significance of the order of the symbols in the last two groups is explained below, For the
moment note that in 42m and &m?2, the 2 and the m respectively refer to 2-fold axes and to mirrors with
normals not parallet to the 2 axes as illustrated in Fig. 2.13.
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symmetry elements of these groups are shown in projection. Note aiso the symbols used to
represent 3, 4 and 6 axes (compare Fig. 2.3).

im _ 42m 6m2

Fig 2.13. Hlustrating groups T, &2m and Bm2. Mirror planes are shown as heavy lines and 2-fold axes as
lighter lines. terminating with arrow heads. See also the legends of Figs. 2.6 and 2.9.

An example of 3Im symmetry is the ethane (C2Hg) molfacule in its st_aggered
conformarion (Fig. 2.14, right). A right triangular prism and eclipsed e:,thane (Fig. 2'.14,
left) have symmetry 6m2. A tetrahedron with only one pair pf opposite edges at right
angles! (see Fig, 2.15) has symmetry 42m. A baseball or tennis ball (taking into account
the seams, but not any other markings that may be on it} also has symmetry 42m.

Fig. 2.15. Tetrahedra with symmetry #2m. The 4 axis runs up the page.

3 already contains a center of symmetry, therefore 3m does also. It should be clear from
the pattern of points in Fig. 2.13 as well as Figs, 72.14 and 2.15 that 42m and 6m2 do not

include a center of symmetry.

L¥his is a necessary, but not a sufficient, condition for a esrahedion to have 42m symmeiry,
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2.2.6 Summary of the non-cubic crystallographic point groups

Table 2.1 lists the 27 crystallographic point groups we have enumerated so far. The
colqmns in the Table correspond to the order in which the groups have been described in
the indicated sections. A feature of these groups is that they contain at most one N-fold axis
for N> 2. For an extension of the table to non-crystallographic groups see § 2.5.6.

Table 2.1. The non-cubic crystallographic point groups. $ymbels in parentheses are short symbols
comresponding to the iong symbols immediately above them.

N N 1 N22) | Nm(m) Nim Nim2im2im N+m
§12.1 §2.1 ] §221) §222 | §223 §224 §225
1 i
2 m 222 mm?2 2im 2Umm2im
(rnmm)
3 3 32 Im 32m
Bm)
4 3 422 dmm 4/m Am2imdim 42m
(dfmmm)
g [ 622 | Gmm 6/m 6im2im2Im 6m?2
(6/mmm)

2.2.7 Cubic and icosahedral rotation groups

The dihedrat rotation groups result from the solutions of Eq. 2.2 (p. 33) with p;, ps and
p3 equal to 2, 2 and N. Three other possible solutions for p, pn.pyare 2, 3,3;2,3,4
and 2‘, 3, 5 and these will lead to three new pure rotation groups. The last possibili’ty
containing 5-fold rotations will not give rise to a crystallographic point group, but is of
sufficient interest to detain us briefly. o

Consider the case p; = 2, py =3 and p3 = 3, i.e. p = 180°, p3 = p3 = 120°. Equation
2.1 shows that ¢y = cos~1(1/3) = 70.53" and that ¢ = @3 = cos-1(173) = 54.74°. 1t is
remarkable that starting with two of these three rotation axes (at the angles indicated!} we
generate 2 finite group with four 3-fold and three 2-fold axes. Their orientations can be
v?sualized with reference to a cube (Fig. 2.16). The 3-fold axes are parallel to the body
dlagvf)na_ls and the 2-fold axes parailel to the cube edges. Of course ail the rotation axes have
& point in commen. This symmetry group, symbolized 23, is in fact one of the five cubic
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Fig 2.16. Group 23. 3-fold rotation axes are symbolized by “3” and 2-fold by *2.”

Now consider the case p; =2, pz =3 and p3 = 4, i.e. p) = 180°, pp = 120” and p3 =
90°. Equation 2.1 shows now that ¢ = cos 1(1Af3) = 54.74°, ¢, = 45" and ¢3 =
cos-1(¥23) = 35.26°. Again we get a finite group, this time containing three 4-fold axes,
four 3-fold axes and six 2-fold axes, and again the axes are oriented along principle
directions of a cube. The 4-fold axes are parallel to the cube edges (i.e. as the 2-fold axes in
group 23, Fig. 2.16), the 3-fold axes are parallel to the body diagonals (as in 23) and the 2-
fold axes are parallel to the face diagonals as shown in Fig. 2.17. This second cubic group
is symbolized 432. As discussed below, the order of the numbers (such as 23 or 432} in
the group symbol indicates the orientation of the rotation axes.

Fig 2.17. Thé 2-fold axes of group 432 {compare Fig, 2.18).

The last pure rotation group has py =2, py =3 and p3 = 5. The generated group has six
5-fold, ten 3-fold and fifteen 2-fold axes. Their orientations can be related to a regular
icosahedron (see Fig. 2.18), The 5-fold axes are along the directions joining the six pairs
of opposite vertices, the 3-fold axes are along lines joining the centers of the ten pairs of

1A point group is cubic ifit contains exactly four 3-fold axes among the symmetry elements.
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opposite faces and the 2-fold axes are along lines joining the midpoints of the fifteen pairs
of opposite edges. The smallest angle between 5-fold axes is 63.43°, the smallest angle
between 3-fold axes is 41.81°, and the smallest angle between 2-fold axes is 36°. The
smallest angle between a 2-fold and a 3-fold axis is 20.90° and between a 2-fold. and a 5-
fold axis it is 37.38". The group is the icosahedral rotation group, often symbolized f; we
will also use the symbol 235. Note that although, for simplicity, we use an icosahedron to
illustrate the orientation of the axes of 235, the icosahedron has additional symaetry
elements (mirror planes and a center). For more on this group (including the angles
between axes) see Exercises 15 & 16, and see Appendix 4 for some examples of objects
with symumetry 235.

Fig. 2.18. The location of some of the symmetry axes of group 235 shown with respect o an
icosahedron. For a regular icosahedron the axes marked “2" are 2/m, those marked “3” are 3, and those
marked “5” are 5.

2.2.8 Cubic and icosahedral groups w3, m3m, 83m and m33

The remaining symmetry groups to be considered are obtained by adding mirrors to the
icosahedral and the two cubic rotation groups in a way that is suggested in Table 2.2 below
in which the last two groups are icosahedral. The results (with short symbols! in
parentheses) are: 4/m3 2/m (m3m), 2m3 (m3) 43m, and 2/m35 (m33). Underneath each
Hermann-Mauguin symbol is the Schoenflies symbol.

We generate 2/m3 (short symbol m3) by adding a center to 23. The combination of a
center and a 2-fold axis generates mirror planes normal to the 2-fold axes and converts 3 to
3. ‘ :
Simitarly 4/m3 2/m (short symbol m3m) is generated from 432. In.this case we generaie
mirror planes normal to the 4-fold and 2-fold axes of 432 and again convert 3 to 3,

The final cubic group #3m is obtained as a subgroup of m3m and is not centro-
symmetric. )

The group 2/m33 is similarly obtained by adding a center to the icosahedral rotation

IThe short symbols follow the usage in Volume A of the International Tables (1983). Previcusly, the
bar was removed over the 3 in m3 and m3m so in the older literature the short symbols were written as m3
and m3m respectively,
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group 235. The 2 axes become 2/m and the 3 and 5 axes become 3 and 3 respectively. This
is the group of ail the symmetries of a regular icosahedron (Figs. 2.18 and 2.25) and is
also symbolized Ip.

Table 2.2. The cubic and icosahedral poiat groups.

rotation group plus center other group
23 2m3 (m3)
T . Th
432 4m3 Lm (m3m) 43m
0 Op T4
532 2m33 (m33)
I in

We now adduce examples of familiar objects with these cubic symmetries.

A3m is the symmetry of a reguiar tetrahedron or of the molecule CHy. The tetrahedron
has three 4 axes along the lines joining the centers of opposite edges and four 3 axes allong
the lines joining the vertices to the centers of opposite faces. There are also six mirror
planes, each of which contains an edge and the center of the opposite edge. -These
symmetry elements should be identifiable in Fig. 2.19 which shows (Eron} left to r.;ght') a
clinographic projection of a regular tetrahedron, a projection down & 4 axis, a projection
along a 3 axis'and a projection normal to a mirror plane.! Objects with 43m symmetry are
often said to have tetrahedral symmetry. Note the absence of an inversion center and the
Fact that 4 includes a 2 axis.

Fig. 2.19. Different views of a tetrahedron.

Fig 2.20 shows how the six mirror planes of 43m are arranged with zespect to the
framework of a cube. The 4 axes are parallel to the cube edges and the 3 axes are parallel to

1There is really no substitute for holdiag a model of a polyhedron and identifying its symmetry
elements. The reader who finds cubic symmetry difficult is urged to make models of a tetrahedron, an
octahedron and 2 cube by taping or gluing together equilateral triangles ot squares of light cardboard.
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the body diagonals. The same set of mirror planes also cccurs (together with others parallet
to the cube faces) in m3m.

Fig. 2.20. The mirror planes of 33m.

4/m3 2/m (abbreviated to m3m) is the symmetry of a cube itself. A regular octahedron
and an octahedral molecule such as SFg also have symmetry m3m. Objects with this
symmetry are said to have octahedral symmetry. Fig 2.21 shows different views of an
octahedron similar to those of the tetrahedron in Fig. 2.19. Second from the left is a view

down a 4/m axis, third from the left is a view down a 3 axis and on the right is a view
down a 2/m axis.

(a) {b) (© {d)

Fig. 2.22. (a) A cube with parallel markings (light lines) on each face (opposite faces are marked in the
same direction) to produce an object with m3 symmaetry. (b} A projection on a cube face {down a 2/m axis
of the marked cube). (c) A view down a body diagonal (3 axis). () A projection down a face diagonat (note
the absence of a 2-fold axis rormal to the paper in this projection).
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To summarize the symmetry elements of m3m {the most complex of the crystallographic
point groups-—the order is 48): there are three 4/m axes (by this is meant a 4 axis with a
mirror plane normal to it) paraflel to the edges of a reference cube, four 3 axes parallel to
the body diagonals of the cube, and six 2/m axes parallel to the face diagonals of the cube.

m3 is quite a common symunetry in crystals but rare for molecules. Crystals of pyrite
(“fool’s gold” = FeS3) often crystallize as spectacular cubes but if examined closely,
striations will be noticed on the faces. Fig 2.22 shows schematically how these markings
remove the 4-fold axes of the cube and also eliminate the symmetry elements paralle] to the
face diagonals. The pyritobedron described on p. 195 (Fig. 5.68) has this symmetry.

2.3 Point groups by system

" In the next chapter we will discuss three-dimensional lattices and unit cells. We will
identify crystal systems just as in two dimenstons, and find seven of them (see Chapter 3).
For reference the point groups are listed by system in the tables at the end of the book
{p. 440). Also given in the list is the Schoenflies symbel for each group.

A crystal symmetry is obtained by combining translations with point symmetnes The
point group of the crystal is its class. If the crystal point group contains an inversion center,
the crystal will be centrosymmetric. The table lists the space group numbers corresponding
to each class and also indicates whether that class is centrosymmetric.

2.4 Coordinate systems and the order of symbols

The symbols for the point groups assume a reference coordinate system which may
differ from one crystal system to another. In a crystal, the axes are always chosen parallel
to lattice vectors and this determines the reference coordinate system used. This in tumn
determines the symbols of the derived space groups, so it is very well worth the little effort
it requires to memorize the system, Remember that the orientation of a mirror plane is
specified by the direction of its normal.

In the triclinic system there is at most an inversion center which is at the origin of
coordinates. Triclinic point groups are § and 1.

In the monoclinic system there is a unique 2-fold axis. The point groups are 2, m and
2/m. Coordinates are usually chosen so the y axis is parallel to the 2-fold axis (normal to
the mirror in m). Occasionally other choices are made: then symbols for the symmetry
elements paralle! o the x, y, and z axes are used, as illustrated for 2/m. (1 means no
symmetry paratlel to that axis and acts as a place marker).

2/m parallel 10 x 2/ml1
2/m parallel to y 12/m1 (or just 2/m)
2/m parallel to z 112/m
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In the orthorhombic system there are three mutually péxpendicular 2-fold axes. The
axes (parallel to the symmetry axes) are also mutually at right angles.The point groups are
222, mm2 and mmm. The first position in the symbol for the group refers to a symmetry
element paralle] to x, the second paralle! to y and the third parallel to z. Tt should be clear

that ?mm, r.an and mm?2 refer to the same point group but with the direction of the 2-fold
rotation &xis labeled x, y and z respectively.

.In the tetragonal system there is a unique 4-fold axis and the z axis is always chosen to
coincide with it. The first position of the point group symbol is the symbol for this axis (4
or 4). The x and y axes (at right angles to each other and to z) are equivalent by symmetry
and the second position of the point group symboal is the symbol for symmetry elements (if
presept) along x and y. The third position refers to symmetry elements at 45° to x and .

- Note in particular that 42m can-also (with a 45° rotation of the coordinate system about 2}
be written 4m2, so there are two different symbols for the same point group.

Tetragonal point groups are 4, 4, 4im, 422, 4mm, 32m, and &/mmm.

lIn-the trigonal and hexagonal systems there is a unique 3-fold or 6-fold axis and the z
axis is always chosen to coincide with it. The first position of the point group symbol is
occupied by the symbol (3,3, 6 or 6 ) for this axis. The x and y axes are chosen at right
angles to z and at 120 to each other, so that the x and y axes are equivalent by symmetry.
The second position of the group symbol is then taken by the symbol for symmetry
f:lements parallel to x and y [and to the third equivalent direction at 120° to both x and ¥
1.e. ~(x+y)]. The third position is reserved for the symbol for symmetry elements at right

angles to x or y. Fig. 2.23 should make clear the directions referred to in the second and
third positions.

Fig. 2.23. The directions corresponding to the second {solid lipes) and third {broken lines) positions in
the symbols for the rigonal and hexagonal symmetry groups. )

Note that 3m can also be written as 3m1 and (with a 30° rotation of the coordinate
%)éstem about 7} as 31m (see Fig. 1.6). Likewise 32 can be 321 or 312 and 6m2 can also be

m.

Some trigonal crystals can he referred to 4 rhombohedral unit cell with equi-inclined
axes. We defer a discussion of that case uniil later (Chapter 3). :

Trigonal point groups are 3. 3. 32, 3m and 3m.

Hexagonal point groups are 6, 8, 6/m, 622, 6mm, 6m2 and &/rmmn.
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In the cubic system we always use axes at right angles to each other. Imagine these
axes imbedded in a cube with the origin as the center and x, y and z parallel to the cube
edges. The first position in the peint group symbol refers to symmetry elements parallel to
x, y and z. The second position refers to symmetry elements parallel to the four body
diagonals (so the second symbol will always be 3 or 3—this is diagnostic of a cubic
group). The third position refers to symmetry elements (either 2, m or 2/m) parallet to the
six face diagonals if they are present.

Cubic point groups are 23, 432, m3, 43m and m3m.

2.5 Notes

72.5.1 Rotations

Eq. 2.1 is derived by Boisen & Gibbs (see Book List). A vseful expression in this
regard is that for the Cartesian rotation matrix which determines how a point x.y.z is
transformed by rotation about an axis. Let i, j and k be unit vectors in the x, y and 2
directions respectively. A unit vector from the origin is given by r = fi + mj + nk where
P+ m2+n2=1.(, mand n are the direction cosines of r.) Consider a rotation by an
angle p about this axis; the new coordinates x', ¥" and z" are given by: :

x’ Hl=c)+c Im(l—-cy—ns I(l—c)+msY x
yi=imi{l-ci+ns mm{l—-c)+¢ mn(l-cy-Isly (2.3}
7 rl(l—c)—ms mn(l-c)+Is mu(l-cy+c Nz

Here ¢ = cosp and 5 = sinp and, as a mnemonic aid, 12 is written as il etc. For the
special case of rotation about the 7 axis (I =m =0, n = 1), the matrix greatly simplifies to
(c—-s 0/s ¢ 0/0 0 1). Note that the inverse of a rotation matrix {corresponding o
rotation in the opposite sense) is the transpose of the original matrix. .

For a roto-inversion, change the sign of all the matrix elements. For reflection (2),
¢ =-] and s = O and remember that /, s, and n are the direction cosines of the normal to
the mirror. Thus for reflection in the plane z = 0, the matrix s (1 00/010/00 1.
{Compare with (100/0 10700 1) for a 2-fold rotation about z.]

If we imagine the three rotation axes (X1, X2 and X3; § 2.2.1) to intersect 2 unit sphere
and the points to be connected by arcs of great circles, then the surface of the sphere is di-
vided into congruent spherical triangles. This is illustrated in Fig. 2.24 which shows two
2-fold rotation axes separated by an angle of pi2 in a horizontal plane. The generated
rotation axis is a 360°/p—fold axis. It should be clear that the angles of the spherical triangle
(heavy outline) are 180°/2 (twice) and pf2. If 360°/p is an integer, the sphere can be exactly
covered by triangles congruent to the one shown.

Maore generally, the spherical triangles on a unit sphere corresponding to any rotation
group will have sides equal to ¢, ¢ and @3 {the angles between the axes) and angles
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Pi/2. p22 and py/2 (using the same symbols as in Eq. 2.1). As p1/2 = 180°/p; and so on,
Eq. 2.2 then follows from the fact that the sum of the angles of a spherical triangle must be
greater than 180° (i.e. p1/2 + p2/2 + p3/2 > 180°)..

Fig. 2.24. See text.

Equation 2.1 refers to rotation axes fixed with respect to the coordinate system. Usually
when tilting something, such as a crystal on a goniometer stage, by sequential rotations, the
rotation axes move with the crystal, The net rotation is usually described in terms of
rotations by Euler angles about such moving axes. A useful text is Mathematical Methods
Jor Physicists [3rd ed. Academic Press, New York {1985)] by G. Arfken who warns that
“There are almost as many definitions of Euler angles as there are authors.”

2.5.2 Groups of symmetry operations and their orders

A group of symmetry operations consists of all the operations associated with the
symmetry elements. Thus the group 4 consists of four members: a quarter-turn (4! = 4+),
two quarter-turns (42 = 21), three quarter-turns (42 = 4°) and four quarter-turns (44 = 1).
Any combination of these will produce another. As there are four symmetry operations the
order of the group is four.

The order of 1 is two (the two symmetry operations are the identity and the inversion).
Reference to Fig. 2.3 (p. 31) should make it apparent that the order of 3 is six, the order of
4 is four and of 6 is six.

The group 2/m consists of four elements: a half-turn (21), two half-turns (1), reflection
(#) and also an inversion (I} which is the result of combining the rotation with reflection
(and of course a reflection is the result of a half-turn combined with inversion).

The group 4/m requires a little more thought. The 4-fold axis along z will generate four
points with the same value of z. Reflection in the plane z = 0 will generate four more for a
totaj of eight so the order of the group is eight. The symmetry operations are the four
rotations 41, 42 (= 21), 43, 44 (= 1) and the result of combining these with the mirror
reflection which are: (4! then ) = 43, (42 then m) = 1, (43 then m) = 71, (44 then m) = m.

Now consider the group 23, There are three 2-fold axes and four 3-fold axes. In
enumerating the different symmetry operations, we agree not to count the identity for a
moment. The symmetry operations are 2! in three different directions and 37 and 32 in four
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" directions for a total of 3 + 4 x 2 = 11 different rotations. Counting also the identity we see

that the order of the group is 12.

The largest erystallographic point group is m3m for which the order is 48. The full
symbol is 4/m32/m. There are three 4/m axes, four 3 axes and six 2/m axes. We agree now
not to count the identity and the point of inversion until we have counted the other
operations. Besides the identity and inversion each 4/m contains six operations {see above)
50 we get 3 x 6 = 18 distinct operations from the three of them. A 3 axis contains six
operations which again iniclude the identity and inversion (34 = 1) which we agreed not to
count for the moment, s from the four 3 axes we get 4 x 4 = 16 new operations. From the
six 2/m we get (counting only the m and 21) 6 x 2 = 12 new operations. Adding in the
identity and inversion we find 18 + 16 + 12 + 1 + 1 = 48 {or the order of the group.

The order of 432, 6/mmm, 33m and m3 is 24 in each case: all other crystallographic
groups are smaller (their order is a divisor of 48), The order of 235 ([} is 60 and the order
of m335 (I} is 120.

1t is worth noting that 432 and 43m are isomorphic to each other {as are several other
sets of groups) so they do not represent different abstract groups.:

2.5.3 Derivation of the point groups

The enumeration of the crystallographic point groups can be done starting from the
eleven pure rotation groups. The eleven centrosymmetric groups are then obtained by
adding an inversion center (in mathematjcal terms this corresponds to group multiplication
of the rotation groups by the group 1). Ten subgroups of the centrosymmetric groups that
do not contain a center, but that do contain elements other than pure rotations, can then be
found. This scheme is outlined in Table 2.3.

TFable 2.3. The crystallographic peint groups as pure rotation groups,
centrosymmetric groups and other groups.

rotation group | centrosymmetric group | other groups
1. i
2 2/m m
3 3
4 d/m 4
6 6/m [3
222 mmm mnt2
32 . 3m 3m
422 Afmumm 4mm 42m
622 6/mmm Grmm Gm2
23 - m3
432 m3m 43m
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A good aécount of the derivation of the groups in this way is given by M. B. Boisen &
G. V. Gibbs, Amer. Mineral. 61, 145-165 (1976). For the more mathematically inclined
Geometry and Symmetry by P. B. Yale [Dover, New York 1988] is recommended.

2.5.4 Curie’s law, Friedel’s law, Laue classes, optical activity and polarity

Curie's law states that an effect cannot have lower symumetry than its cause so that any
asymmetry of an effect must be found in its cause. Thus the result of an experiment can
give information about symmetry, but symmetry arguments should not be used to predict a
priori the result of an experiment.! In X-ray diffraction it is often found that the three-
dimensional diffraction pattern is of higher symmetry than that of the crystal (but never of
lower symmetry). In the absence of anomalous dispersion the diffraction pattern is in fact
always centro-symmetric (Friedel's law). The point group of the diffraction pattern is
therefore that obtained by adding a center of symimetry to the point group of the crystal and
the apparent crystal class is that of one of the centrosymmetric groups. The Laue Classes
are comprised of those groups that result in the same centrosymmetric group when a center
is added. In Table 2.3 (p. 49), each Laue class consists of a centrosymmetric group and the
non-centrosymmetric {(acentric) groups on the same line (thus one of the sleven Laue
classes consists of groups 422, dmm, 42m and 4/mmm).

The enantiomorphous groups consist of those in the first column of Table 2.3. Crystals
belonging to these classes will have lefi- and right-handed forms (that cannot be
superimposed on their mirror images). They will also be optically active {rotate the plane of
polarized light). Conlrary to a belief popular among chemists, enantiomorphism is not a
necessary condition for optical activity, which may also be found in crystals of classes s,
mm2, 4, and 42m. In these latter cases, both left- and right-handed rotations will occur.

The acentric crystal classes are often referred to as polar by crystallographers, but this
term is correctly given a more restricted meaning: those classes in which a spontaneous
electric polarization is possible.? In this more restricted sense (which we use subsequently)
the polar classes are 1, 2, m, mm2, 4, 4mm, 3, 3m, 6 and Gmm. In all but 1 and m, there
is a definite polar axis: b in class 2, ¢ in the rest. :

In piezoelectric crystals (quartz is a notable example) a polarization can be induced by
stress; piezoelectricity is possible in all acentric classes except 432.

Good references to symmetry constraints on crystal properties are Physical Properties
of Crystals by 1. F. Nye (Oxford, 1955) and Tensors and Group Theory for the Physical
Properties of Crystals by W. A. Wooster (Oxford, 1973).

ICrystallographers, who are otherwise admirable people, sometimes put the cart before the horse, and
say that a certain structural feature (such as an 180" bond angle) is reguired by symmetry. The structure,
and its symmetry, is determined by the often inscrutable interplay of interatomic forces, and if these dictate
a certain symmetry, sa be it. .

28ee the discussion in the Inrernational Tables A, p. 782. The polarization is defined as dipole moment
per unit volume. .
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- 2.5.5 Cubic and icosahedral groups; generators

Objects with symmetry 43pm and mgrg are coml_nonly found. Four ‘points at the vertices _
of a regular tetrahedron have symmetry 43m and six points at the. vertfces of an octahedron
have symmetry m3m. By contrast a minimum of twc‘h.n:: points is requ:rgd make an
arrangement with symmetry 23 or m3 so it is not surprising that this group is not oftc_n
encountered in molectlar chemistry; as a minimum a molecy.llle of the form 412 ag ABypis
needed—a possible candidate is neopentane, C(CHa)4. A minimum of 24 poth is neec}ed
to make an arrangement with symmetry 432—the vertices of a sanb cube (3*.4) provide

“the simplest example (see Fig. 2.26). Very few examples of crystals in this class are

kpown (f-Ma is one). Twelve points at the veftices qf & regular icosahedron ha_ve
symmetry m33 (I4) but a minimum of 60 points is required to generate a pattemlwnh
symmetry 235 {I) so examples of molecnles with this symimetry are also hard L fmt_i. Tbe
snub dodecahedron, 34,3 (§ 5.1.3, p. 136) with 60 vertices is the simplest object wﬁh thfs
symmetry. Further information (and other useful information about subgroup relations) is
to be found in a classic paper by H. A. Jahn & E. Teller, Proc. Roy. Soc. (London),
1937). _

Az’lﬁi}é gfr?ln{‘letry glements of 432, 43m and m3 are ail to be found in m3m so they are all
subgroups of m3m. The symmetry elements of 23 are contained in all the other cubic
groups so they are atl supergroups of 23. The cubic subgroups of m35 are m3 and 23 and
23 is also a subgroup of 235. The group hierarchy is therefore:

order .

120 m35
N

60 —— 2335
48 —— m3m
S 1IN L
24— 432 43m_ m3
2 — 23

We mentioned in § 2.2.1 that rotations about two axes at an angle and th.rough a
c¢ommon point would generate all the pure rotation groups. The two rotations are
generators of the group. We can specify the orientation of an axis through the origin 0,00
of a Cartesian coordinate system by giving the coordinates of another point. Thus in group
23 we can take as generators a 2-fold rotation about an axis passing through },0,0 and a 3-
fold rotation about an axis passing through 1,1,1. We can label positive rotations about the
these axes as 27(100) and 3+(111) respectively. The ten other operations of the group are

IIn Appendix 4 we mention a possibie “fuilerene” molecule Cja0 w_ith symmetry . However,
theoretical studies indicate that this molecule will undergo a Jahn-Teller distortion to lower symmetry.
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then generated as combinations of these two. Thus a rotation first about the 3-fold axis and
then about the 2-fold axis is equivalent to a positive rotation about a 3-fold axis passing

through —1,1,-1. We can symbolize this as 2+(100)*3+(11 1y = 3+(111). Other examples
are: ‘

2RI =1
3+(111)*3"‘(‘1 11} =3-(11D '
F(I1D=3+(111) = 3H(111)#3+(111)*2+ 100)*3+(111) = 2+(001)

The other cubic and icosahedral groups are similarly generated starting from two
generators. Particularly convenient sets involving a 3-fold and a 2-fold axis are given
below. Note that the orfentation of mirror planes through the origin are specified by 2 point
on the normal to the plane from the origin and that g = (3=v5)/2.

m33 3+(1q0) m{100)
235 3+(140) 2(100)
m3m 3111 m{100)
432 1D 2A110)
43m 311 m(110)
23 1D 2(100)

2.5.6 Non-crystallographic point groups

Molecules with a non-crystatlographic symmetry are common and their symimetries are
almost invariably described by the Schoenflies symbol. Right prisms with a regular N-
gonal base have symmetries Dy in the Schoenflies notation, C7p (see Appendix 4) is an
exa.mple of a molecule with D5, symmetry. A special case of interest is a cylinder for
which N = e and for which the symmetry is D..p. Linear molecules with a center of
symmetry such as Oz or CO2 have this symmetry. So does a cricket ball {a ball with an
equatorial seam).

Pyramids with a regular N-gon base have symmetry Cyy in the Schoenflies notation. A
cone s the special case with N = co and has symmetry C..,. A linear molecule without a
center such as CO also has this symmetry, :

_ Other group symbols worth knowing about include K, for the symmetry of a sphere. Cy;
{3) is sometimes labeled Sq and Dy is sometimes labeled V.,

The symmetry of an antiprism with a regular N-gon base is Dy, in the Schoenflies
notation. The symumetry of a regular square antiprism (§ 5.1.4, p. 139) contains 2 § axis
and may be written §2m Dy, in Schoenflies notation). Thus the only regular antiprism that
can oceur in crystal structures is the triangular antiprism (symmetry 32/m = Dag) although
figures approximating square antiprisrus are rather common. Ferrocene, Fe(CsHs)z,
should be familiar (to chemists at least) as an example of a molecule with the symmetry of a
pentagonal antiprism (Ds,).

"To generalize Table 2.1 to axes of arbitrary order ¥ and to show the correspondence to
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the Scheenflies notation we have to consider three cases (here n is an integer): {a) The order
of the axis is 4n. (b) The order of the axis is 4n+2. (¢) The order of the axis is 2n+1. The
first two cases (N even) result in identical Hermann-Maugin symbols, but require different
Schoenflies symbols when there is 2 N axis (see exercise 17). Table 2.4 below gives the
Hermann-Maugin symbol with the corresponding Schoentlies symbol directly wnderneath
under the same headings as in Table 2.1. Table 2.4 combined with Table 2.2 (p. 43) gives
a complete listing of all the finite point symmetry groups in three dimensions, .

What happens as N goes to infinity? See Appendix A.1 (§ Al1.5) for the surprising
answer.

Table 2.4. Point symmetry groups other than cubic or icosahedral.

N=| N N NX2Y | Nmim) | Nim |Nim2im2im N +m

an | N | N | N22 | Nmm | Nim |Nim2m2im | N2m
G | Sw Dy | Cw | Cwn Dy |Dnind

4n+2 | N N N22 | Nmm | Nom  |Ntm2imZim | N2m

Co |Cnnw | DPn Chy Cin Dyn Dyinon
2n+l | N N N2 Nm N2m
Co | Chi Dy Civy Dyd

2.5.7 Symmetry, and relations between polyhedra

We take axes oriented as described in § 2.4 for cubic symmetry. The operations of m3
on an arbitrary point x,y,z will produce a pattern of 24 points with symmetry m3. If the
point is on a mirror plane (e.g. 0,y,2) only 12 points are produced. For special v_alues of y
and z the symmetry may be higher. Thus if the point is 0,1,1 the vertices of a
cuboctahedron (symbol 3.4.3.4) are produced with symmetry »3m. If the point is 0,1/7,1
f7is the golden ratio (1 + \f5)12 = 1.6180] the vertices of a regular icosahedron _(_35) are
produced with symmetry m35. This illustrates that m3 is a subgroup of both m3m (the
symmetry of the cuboctahedron) and m35 (the symmetry of the icosahedron).

Fig. 2.25 shows on the left a cuboctahedron and in the center 2 regular icosahedron. The
{Si}Cry2 icosahedron in the Cr3Si structure (§ 6.6.4) is obtained from a point at 0,1/2,1
and is illustrated on the right in the figure, The darker-shaded triangles are normal to 3-fold
axes in each case.

The operations of 432 applied to a point x,y,1. will produce a snub cube (3*.4, see Fig.
2.26) if x is the solution of x3 + x2 + 3x = L and y = (1 - x)/(1 + x). [The solution of the

. first equation is x = ¢ — 8/9g ~ 1/3, where g = (26/27 + Na4NIH3 giving x = 0.2956, ¥
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=0.5437.] Interchanging x and y produces the mirror iﬁlage ‘polyhedron.

Fig, 2.25, Relatioriship between a cuboctahedron (left) and an icoszhedron (see text),

Fig 2.26 shows on the left 2 snub cube and on the right its enantiomorph. In the center is
an intermediate case with x =y =V2 — 1 = 0.414. This polyhedron is a rhombicub-
octahedron (symbol 3.43) and it is centrosymmetric (symmetry m3m). This illustrates that

432 is a subgroup of m3m. In the diagram the triangular faces normal to 3-fold axes are
darker shaded.

Fig. 2.26. Relationship between a rhombicuboctahedron (center) and a snub cube (see text).
2.3.8 Antisymmetry: magnetic or black-and-white groups

We have been discussing transformations of a point whose position is described by three
coordinates (x, y and z). Stdents of quantum mechanics will know that in addition to
positional coordinates an electron has a fourth {spin) coordinate that can take one of twa
values (commonly signified & and B or 4 and T). We could consider the set of symmetry
operations that change not enly coordinates, but which also change rto f and vice versa.
Such an operator is called an antisymmetry operator. The discussion is often in terms of
black-and-white symmetry groups in which the antisymmetry operation changes black to
white or magnetic symmetry groups in which the antisymmetry operation reverses. the
direction of magnetization.

Let us signify an antisymmetry operation by underlining; so that for example an
antimirror is # and an anti-2-fold rotation is 2. An antimirror reflects in a plane and
changes black to white and vice versa. The symmetry operation 3 cannot occur as it will
repeatedly change a black point at a given place to a white point at the same place and then
back to black and a given point must be either black or white (but not black and white). In
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fact there is an antisymmetry operation corresponding to all the crystallographic point
operations except'1 and 3 (the only ones of odd period}. ‘ '

Some simple binary crystal structures AB have antisymmetry in the sense that
interchanging A and B produces the same structure. Examples are the structures of CsCl,
NaCl and the polytypes of SiC. )

As well as the classical group 2/m there ate the black and white groups 2/m, 2/m and

- 2/m. In all there are 58 crystallographic antisymmetry groups for a total of 90 (= 58 +32)

crystallographic black-and-white (or magnetic) point groups. .
1f the fourth coordinate can have a finite number (>2)-of values the polychromatic
symmetry groups are obtained. If the fourth coordinate can have any value we have of
course reached four dimensions. ) . ]
A good place ta start reading about such groups is Shubmkov. & Kopstik (Book Llst_).
Magnetic space groups are obviously of interest in the description of ordered mggnetlc
structures in solids.

2.6 Exercises

1. A right triangular prism with equilateral faces has symmetry 6m2. Locate the
symmetry elements. :

2. The square antiprism (see § 3.1.4, p.139) has symmetry Dgg . It has a 8 axis. What
are its other symmetry elements?

3. Another common 8-coordination figure is one with atoms at the vertices of a bis-
dispheroid (see § 5.1.6, p. 141). The symmetry of this figure i3 42m and there are two
sets of bonds with bonds of one set unrelated by synumetry to those of the other set. Locate
the 2-fold axes in this polyhedron.

4. Show that adding an inversion center to 622 will produce 6/mmm.

5. For 2-fold rotations about the x, y and z directions respectively the matrix in Eq. 2.3
becomes:

(oo/soiosool), (100/010/0010), (100/010/001)
Thus the transformed coordinates for 222 are x,v,2; %.5.7 3 %.Y.7 3 T,¥,2
_ 6. For a rotation by one-third of a circle about a body diagonal in the_ +X, 1Y, 2
direction the matrix in Eq, 2.3 reduces to (00 1/ 100/ 0 1 0). For a two-thirds rotation

the matrix becomes (0 1 0/00 1/ 1 0 0). Operation of these matrices corresponds to cyclic
permnutation of the coordinates. s
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7. The transformed coordinates for the operations of group 23 are now easily derived
from the matrices (given above) for the identity and rotations about the three 2-fold axes
followed by rotations about a 3-fold axis. They are:

XD 5 LY 5 Dok 3 ENFAS A RSN gt ]
EyI TRy »I.X; X¥.z:zX5:7.0%
8. For each of the Symbols given in Exercise 7 identify the symmetry operation that
generates it from x,y,z. Incidentally, we have confirmed that the order of 23 is twelve.

9. Multiplying the matrices corresponding to the symbois in Exercise 7 by the identity:
{100/010/00 1)and by the inversiom: (1 00/010/00 1) will now produce the

symbols for m3. They are simply the twelve given above plus the ‘twelve obtained by -

changing the signs of ail coordinates.

10. Still with Cartesian coordinates, a mirror in the plane x = y will interchange x and y
coordinates of a point and leave z unchanged (cf Fig. 1.4) so the matrix representation of
this symmetry operationis (010/100/001), Multiplying the coordinates of Exercise 9
by this matrix (interchanging the first two coordinates in each triplet) and by the identity
will now produce the transformed coordinates for m3m. They are all the 48 permutations of
Fx,ky bz

11. VYerify the assertion that adding mirrors normal to inversion axes will not produce
new groups, In particuar “3/m” = 6/m and *“A/m” = 4/m. What is “6/m™? A simple way to
do this is 1o construct diagrams like those shown in Fig. 2.3 and 2.10. (Hence 4/m
includes 4, and 6/m includes 3.)

12. Show that successive reflections in mitror planes normal to Cartesian x, y and z axes
is equivalent to inversion through the point in common to the three mirror planes. {Three
improper operations combine to produce another improper operation). In optics such a
configuration of mirrors is known as a corner cube.

13. We have seen that combinations of rotation by a 1/2 circle (p1= 180"y and by 1/3
circle (pa = 120°) can result in rotation (ps) equal to 360°/N, where N =2, 3, 4 or 5. Find
the angles between the three rotation axes in each case. Hint: from Eg. 2.1, cosgy =
{2M3)cos(pyi2).

[4. If you don’t have one, make ot borrow a model of a regular icosahedron (which has
symmetry fz). Convinee yourself that the lines joining opposite vertices are 5 axes, the
lines joining the centers of opposite faces are 3 axes and the lines joining the mid-points of
opposite edges are 2/m axes. We therefore write I, as 2/m35 (short symbol #33).

15. The smallest angle between two 3-fold axes in J = 235 (or I = m335 is 63.435° =
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imn'l(ll 7y where t={1 + V5)/2. The combination of a fifth wrn about each these two axes
is a third turn. .

_With three of the 2-fold axes of 235 aligned along nCartesxan x,yandz axes (as 'for
23)1,6a 5-fold axis is in the yz plane at tan-1(1/7) = 31,717 from z. The /Cz'arteejlalr} ;clcau:;;
matrix (BEq. 2.3} for a fifth turn about this axis is R = (¢1-¢2 172 /_cz Ih (,1-12 L - 10 . 223
where ¢y = cos(mS)y = (-1Y2 and o2 = czsézrég))éﬂﬁéTliinsif{%Tuﬁ}g ‘; i; Pm}:i?;:e o

i multiplying by powers of JRZ BRI RERI= . . -
Efaizgﬁijd) (l:)gordinatisy fo% Zg{sp{gr this Orientation_ of Cartesian axes. Addmgggan EY;{S::;
(reversing the signs of all coordinates} will result in the 120 symbols for m35. [Hint:
the drawing of an icosahedron in Fig. 2.18.]

17. Instead of vsing rotation + inversion axes N, the poi.nt groups can be gensrz:irdl
ﬁsing rotation + reflection axes Sy which }nvol\re N-fold sotation followt:zd by re Zt; ;2: i
a plane normal to the rotation axis (this is the Schoenflies syste-m). The corresp
between the Sy symmetry elements and the N symmetry elements is:

SiomEd: Kol Hed el sol

Generalize for Sy. (Hint: there are three cases to consider, N = 4n, N =4n+2 and N =
2n+1, where n is an integer).

18. What is the result of combining 1/6 turns about intersecting axes at right angles?



CHAPTER 3
THREE-DIMENSIONAL SPACE GROUPS

We now proceed to generate three-dimensional space symmetry groups by a procedure
analogous to that followed in the case of two dimensions. Three-dimensiona] lattices are
described and then the symmetry operations (glide and screw) that combine poing
operations with translation are discussed. Finally it is shown how the three-dimensionat
space groups arise. No effort is made to be systematic or complete (there are 230 three-

dimensional space groups}, however the ideas invalved should be clear to the those wha
have read and understood Chapters 1 and 2.

3.1 Three-dimensional lattices

A unit cell of a three-dimensional lattice has edges that are three non-coplanar vectors a,
b and ¢ with magnitudes g, b and c. The angle between a and b is 1, that between b and ¢
is crand that between ¢ and a is f. The unit cell of the lattice is specified by the parameters
a, b, c, o, fand ¥ There are 14 three-dimensional Bravais lattices each having a different
space group symmetry {compare five in two dimensions).

As in the two-dimensional case, centered cells are sometimes chosen for convenience!
(see Fig. 3.1 bejow). Symbols are given to the lattices according to the kind of centering
(recall the symbols p and ¢ for two-dimensional lattices), These are given in Table 3.1,

Table 3.1. Symbols for three-dimensional lattices. 7 is the number of lattice points per unit cell

symbol name description : n
P primitive lattice points at corners only 1
R rhombohedral lattice points at comers only 1
A A-centered fattice points at corners and centers of b,e faces | 2
B B-centered lattice points at comers and centers of a,¢ faces | 2
C C-centered lattice points at corners and centers of a,b faces | 2
I body-centered | lattice points at corners and body center 2
F face-centered lattice points at corners-and all face centers 4

The symbol R is reserved for the Iattice having a primitive cell of a particular shape
(a=b=c, a= = as explained below,
The 14 Bravais lattices are divided into seven crystal systems according to the

'We emphasize that a primitive cell ean always be used for any latiice. The advantage of using centered
cells is that it allows the use of orthogonal axes where they would not otherwise be possible.
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-'constraints on the unit cell parameters imposed by symmetry. These are sumimarized in

Table 3.2. The parameters ace considered to be able to take any valuf: within the cogstrajnts
imposed. Note that there are 15 entries in the table. The reason is that the laitice for a
crystal with trigonal symmetry and o= f = 90°, y=120°, a = b is the same as that for a
hexagonal crystal. The other lattice (R) listed as trigonal is often referred to a centered
hexagonal unit cell.} :

cubic (P, I, F) E
) P

tetragonal (, 1) 7
orthorhombic (P, I, F, C)
monoclinic (P, C}
triclinic (P)
C

F
hexagonal m
P -

Fig. 3.1. Primitive and centered it cells for lattices (see text),

Conventional unit cells for lattices are shown in Fig. 3.1 in which the shape of the unit

IDjifferent definitions of crystal system are found. If the classification is by .thg symmetry of tl:; lattice,
then the hexagonal and trigonal symmetries with a pr'imitivc hexagonal latr.fce (¢} bal&ng] to e;z:;j
system, but there is a separate system for symmetries with a rhombohedral l.amce (R). In the n.rc»:_m:z!l o
Tabies the classification {(adopted here) is by space group symmetry. _Tngona} symmetries (inchuding
rhombohedral) possess only 3-fold axes (all paraltel}—hexagonal symmetries centain 6-fold axes.
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cell is not necessarily cubic; for example a cell with just one face centered cannot have cubic

symmetry. The data for the space groups in the International Tabies refer to these cells.

Tahle 3.2, The three-dimensional Bravais lattices.

system constraints lattices
triclinic ' none -P
monoclinic a=y=90 PC
orthorhombic a=fl=y=90 P, C:, ILF
tetragonal | o= f=v=90" a=b BT
[njigonal a=0=90, y=120",a=h I;]
trigonat a=b=c,a=8=y R
hexagc_:)nal a=F=90", y=120°,a=bh P
cubic =fl=y=90,a=b=¢ BPIF

A monoclinic lattice has 2-fold axes in one direction only and the s i

for mo:‘mclinic cells is with b parallel to the 2-fold axes. Irsl(owever o:ﬁ:fgiﬁiiﬁ:g:f:;
in the Ilteratu{e. The conventional choice of axes for a centered monoclinic cell is such that
the a,b fa?e {i.e. the face containing a and b) is centered, so that the lattice symbol is C
However interchanging the names of a and ¢ (and reversing the direction of b to maintain a;
right-handed coordinate system) will esult in the b.e face being centered and the latrice
symbol_ now becomes A. Yet another choice of axes will give a body-centered cell as
shown in Fig. 3.2, This means that the same lattice can have different symbols (4, C, or
1) according to the labeling of the axes and/or choice of unit cell vectors. T

Fig 3.2. Three choices of unit cell for a centered monoclinic lattice. b is normal to the plane of .the paper

Open circles are at y = 0 and filled circles are at i
( y=1/2. On the top left is a C-cent i
is a body-centered (1) celi and below is an A-centered cell. ’ " cemicred cell, a the top right

The coordinatg axes for conventional choices of cell for orthorhombic lattices are
mutually perpendicular. '.I‘he one-face-centered orthorhombic lattice is normaily labeled C;
this means that the ¢ direction is normal to the centered face. It should be clear thaE
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relabeling the axes can again result in the lattice being B or 4.

Rhombohedral crystals are often described using a centered hexagonal cell (ie. one with
=B =90, y= 120", a = b) with lattice peints at 0,0,0 {the unit cell corners) and at
1/3,2/3,2/3 and at 2/3,1/3,1/3. We will discuss this again, but note now that the R Jattice
does not have 6-fold symmetry (the symmetry at the points of the lattice is 3m) even though
the cell is referred to as “hexagonal.” In the bottom of Fig. 3.1 we show on the left a
primitive hexagonal cell and on the right we show (heavy lines) a primitive rhombohedral
cell with a centered hexagonal cell lightly outlined (for more detail see Figs. 4.4 and 4.5);
the hexagonal cell contains three lattice points {filled circles). '

The cubic F laitice can be described using a primitive thombohedral cell with o= 607,
and the cubic 7 lattice by a primitive rhombohedral cell with &= cos-H{-1/3) = 109.47°.

Tahle 3.3. Names and extended symbols for Bravais iattices.

symbol  point symmetry name
I. aP -1 primitive triclinic (anorthic)
2. mP 2/m primitive monoclinic
3. mC 2/im one-face-centered monoclinic
4, oF mmm primitive orthorhombic
5. oC nrnm one-face-centered orthorhombic
6. of mmm hody-centered orthorhombic
7. oF - mmin (all) face-centered orthorhombic
8. P 4fmmm primitive {etragonal
9. 4/mmm body-centered tetragonal
10. P Simmm primitive hexagonal
1t. kR Im thombobedral [using a hexagonal cell]
12. <P m3m primitive cubic
13. ol m3m body-centered cubic
14, ¢F m3m {all) face-centered cubic

Lattices are sometimes given extended symbols that consist of first (in lower case) a
letter that indicates the unit cell shape and then a symbol (upper case) that indicates the
centering. Using (s system! the symbols for lattices are given in Table 3.3 which also
lists the point symmetry at a lattice point. The space group symmetry of the lattice (see
Exercise 3) is simply found by combining the lattice symbol with the point group symbol
{so that for example the face-centered cubic lattice has symmetry Fm3m). Note that every
laitice 1s centrosyrumetric.

1 An example of the use of this system is in Pearson’s Handbook of Crystallographic Data for
Intermetallic Phases (sez Book List). In this work structures are classified by a Pearson symbol which is
ome of the lattice symbols followed by the number of atoms in the unit cell. Thus the rutile structure
(8 3.4) is found under the heading tP6. The Inorganic Crystal Structure Database (Book List) can also be
searched by Pearson symbol. .
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Note that in Tabie 3.3 above, trigonal is subsumed under hexagonal. Iﬁ practice there is

usually no problem with distinguishing trigonal and hexa i
L . . onal symm
is a wish to avoid ambiguity the following are useful: ¢ ymmetries, but when there

hexagonal {sensu lato) includes trigonal symmetry
hexagonal (sensu stricto) only symmetry groaps with a 6-fold axis

3.2 Glide and screw axes

. Just as in t.wo du_nensmns, before obta_ining space groups by combining translational
ymmetry with point symmetry operations, we have to consider the possibility of
compognd symmetry operations that are combinations of point symmetry operations fvith
translat%on. .Two cases are recognized. These are: glide, which we met in two dimensioas
and wh;chl is a combination of reflection and translation; and a new operation, that f
screw, which is a combination of rofation and transiation. i e

3.2.1 Glide

Glide combines reflection in a i i
plane (the glide plane) with translation. The translati

. " - ) t Dn
m;ls(t1 be pargﬂe? to the ghc{e plane and in a direction paraliel to a lastice vector. The m;g—
3: ude ?f the glide ?ranslano:'l must be one-half that of the corresponding lattice vector so
th:t f?:stiol? o: ;h;ighde operagon twice will transform a point to an identical point related to

! y @ lattice vector. Figure 3.3 illustrates the glide symme i

Fig. 1.11, p. 14 and also Fig. 3.8, p. 67). s ’ : 1 operation (compare

— X
Lyz o x+l2, -z
® = g glide

X -y, oHl2 X2, -y, 24102
® ®

z .
/ ¢ glide \n glide

Fig. 3.3, IIlustratingr tide ini i .
glide in the monoclinic system (b is normal to the i ig i
. i page). The glide plane ig
51:2[\1: of the paper and the coor.dmates of points produced by one operation of each of E, A afld ] glic‘{: ::
n (open circle to a filled circle). The origin has been chosen so that the glide plancisaty =0

If the glide is parallel to a, b, or ¢ the s i
: . b, ymbol for the glide plane that appears in a spa
grct);:p syx_nbol isa, b ore respectively. This case is called awial glide. A prrt:ner possiblzli(t:;
:15+ ;t milth (e.g.? 2 glide plane paraltel to the a,b plane, the glide is along the direction
L b (also a lattice vector!). The glide translation is then (a%b)/2 and the symbol is
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Likewise if the glide plane is parallel to the a.¢ plane, the glide translation may also be
(a+ )2 and if the glide plane is paraflel to the b,c plane, the glide translation may be
(b + ¢)/2. The symbol is n in each of these cases also as the direction of the glide
translation {now called diagonal glide) is clear from the orientation of the gide plane.

In lattices with centered cells there are primitive lattice vectors shorter than those defining
the unit cell edges. The glide direction may be along a primitive cell vector such as
(a+ b)2 etc. (face-centered cells) or (at b X ¢)/2 {body-centered cells). In these
instances the magnitude of the glide vector is one-half that of the primitive-lattice vector and
the symbol is d. Glide of this sort is called diamond glide as it is one of the symmetry
elements of the diamond structure (which is face-centered cubic).

3.2.2 Screw

Screw axes are 2 combination of proper rotations with transiation. The translation must
be along the rotation axis (why?). Let the axis be ¢; the combined operation is then a
counterclockwise rotation about ¢ foilowed by a translation t along the +c direction.! Now
consider an N-fold screw axis. Repeating the screw operation N times must result in the
transformation of a point to an identical point separated from the original one by re, where
n is an integer less than N.2 Thus we have at once that Nt=neort= {(niNYe. The
symmetry element corresponding to these symmetry operations is called an N, screw axis.
Figure 3.4 ilustrates the case of a 31 axis (N =3, n=1}.

o+, 4L
Q

QO z, 73t 7+6t

&
7421, Z45¢

Fig. 3.4. lllustrating the effect of six applications of a 3 screw axis with translation ¢ on a point
originally with height z. The z axis is normal 10 the page with the +z direction up.

In general then we have screw axes Ny withl €n<Nand N =2,3, 4, 6. The

I As in the case of glide, the order of carrying out the components of the combined operation is
snimportant, ’

2This should be obvious from the definition of an M-fold axis. For 2 point symmetry element, carrying
out the N-fold operation N times is equivalent to the identity operation. For the corresponding screw axis,
carrying out the operation N times must be equivalent to a lawtice translation, as we consider points
separated by a lattice eranslation (which may be a multiple of a primitive transtation} atso to be identical,
The case of 2 = N is the same as a pure rotation followed separately by a latice translation.
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possibilities are:

2 2]
3> 31, 32
6+ 61,69, 63, G4, 63

Rec’all that Fhe trapslation is niN of the lattice repeat vector along the axis.

Let s examine 31 and 3; in more detail. Referred to ases with z along the screw direction
and w1t'h x and y at right angles to z, and at 120° to each other {compare Fig. 1.5,p. N
successive applications of 3| along the axis z = 0 will send a point at x,y,z to 3 X—y z,+1.13 :
yf-x,x,z+2/3 ; x.y.z+] (note that, as usuai, we are measuring z in units o,f th(; repeaz
distance .c). The fourth point is identical to the first as it is just a lattice transiation ¢ away.

3z acting on x,,z will give ¥ox—-y.z42/3 ; y-x,X,z+4/3 ; x,v,24+2. But note that we can
always add or subtract an integer from the z coordinate so we could equally express the
new’coordinates as¥a—y,z+2/3 | y—x.%,2+1/3 ; x,y,z+1.

_F;g. 3.5 shows schematically a plot of these points. If the ¢ axis were to be ascended by
using successively higher points of 3; as steps, the path would be counterclockwise and a

right-handed screw. Conversely, ascending 39 i i i
‘ . 2 in the same way would result in clock
motion along a left-handed screw. ' e

—

sy
3,3

Fig. 3.5. Tlustrating the operations of 3 i jon i
ustr 1 {left) and 3, (right). The bottom portion is a projection dow
¢. Numbers indicate heights in multiples of ¢/3. Notice the symbols for 3-fold screw axes. P "

The same discussion would hold for 41 and 44 (Fig. 3.6) except that now we use a
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quarter turn and it takes four steps up the staircase to go up a height c. 4y is right-handed
and 4 is left-handed. What about 427 Reference to the figure shows that at each point there
are higher steps at the same height on the teft and on the right so the ascent could be either
clockwise or anticlockwise and 44 does not have a hand.

2 ' 0,4 2
1 2 3
3 2 1
0.4 0,4 0.4
4 4y 4y

Fig. 3.6. Hlustrating 4-fold screw axes. The numbers are elevations in multiples of c/4. Note that 41 and
43 include a 21 and that 4 includes a 2 axis. Notice also the symbols for 4-fold screw axes.

For 6-fold screws the possibilities are 61, 67, 63, 64, 65 (Fig. 3.7). 6; and 65 give right-
and left-handed stairs refated as irror images (analogous to the pairs 31, 3z and 41, 43)
but now there are six steps for each revolution. 63 is neutral (analogous to 21 and 432). 6
and 64 show a new feature: the points fall on two intertwined circular belices {double
helices) as shown in Fig. 3.7. 67 is ight-handed and 64 is left-handed.!

Some properties of screw axes (which also should be verified from the figures) are:

41, 43, 61, 63 and 65 axes (only) include a 2 axis.
45, 67 and 64 axes (only) include a 2 axis.

6; and 65 axes include a 3 axis.

61 and 64 axes include a 31 axis.

A 63 axis includes a 3 axis.

Potnis generated by 6; or 64 lie on a double helix.

Also to be noted is that there can be a mirror normal to 21, 42, and 63 but not to 33, 33,
4y, 43, 61, 62, 64, and 65 as the latter group have a hand.
1t is important to realize that our labels “left-handed” and “right-handed” are arbitrary,

" just as they are for right- and left-handed nuts and bolts and coordinate systems. We could

have used terms such as “positive” and “negative” (as in electricity) or even “north” and
“south” (as in magnetism). Indeed, when talking about pure rotations, we used the terms
“positive” and “negative.” Thus we saw that the “right-handed” screw 6; contains a “left-

1A “spiral” (better “helical™) staircase is a familiar example of an object with a screw axis. If the
staircase continued indefinitely the axis would be Ny (right-handed) or Ny.1 (feft-handed). The famous
“miraculous” staircase in the Loretto Chapei in Santa Fe, New Mexico is 165, There is a nice double helix
stairway in King’s Park, Perth (Western Australia) that is 567
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har-:decl” screw 3z. Our stair climber could have ascended the 37 screw in an anti-clockwise
(‘_‘nght handed”) sense if he took not the next highest step (up ¢/3) but the step in the other
direction {up 2c/3—see Fig. 3.19, p. 87).

3
4 2
64
5 1
0
3
2 4
65
1 s
0
3
0 0
63
3 3
0

Flg 37 TiHustrating six-fold screw axes. The nrumbers are elevations in multiples of ¢/6. The double
heh:ce,s_m 6_2 and §4 are suggesied by heavy lines in the sketches in the top left (which correspond to the
projections immediately below them). ¢ is the repeat vector along the screw axis.

In this connection we quote from a famous lecture by Weyll: “the inner structure of

space does not permit us, except by arbitrary choice, to distinguish a left from a right

- serew...on [this fundamental concept] depends the entire theory of relativity....” If we
were to pursuc the subject here we would soon find ourselves in deep water.

Notice also that an asymmetric periodic obiect may well have screw axes of opposite
hand as symmetry elements. An example is the cylinder packing labelled §-Mn in § 6.7.3
{p. 265). I41 is discussed as an example of a space group with 4 and 43 axes in § 3.34
(p- 74). For more on screw axes and the “hand” (left or right) of crystals see § 3.6.

IChapter 1 in Symmetry by H. Weyl [Princeton University Press (1952)]. This was written before the
“non-conservation of parity” was discovered. On the latter topic in connection with hand, a readable account,
that discusses Weyl's lecture, is Chapter 3 in Elementary Particles by C. N. Yang [Princeton University
Press (1962)).
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3.2.3 Comparison bf screw and glide

In our illustrations of the effect of symmetry operations, for simplicity we show their
effects on a point (a small circle). The reader should mentally replace the point with an
asymmetric object, In Fig. 3.8 we contrast the effect of glide (arbitrarily labeled @) with the
effect of 4 21 axis on an asynunetric object (a scalene triangle that is black on one side and
white on the other).

Fig. 3.8. Contrasting glide with 2j. Figures marked “+” are above the plane of the paper, and those
matked “-" are below. .

3.3 Three-dimensional space groups

- We now consider how the space groups arise. We will consider just some of the simpler
possibilities-—our aim is to suggest how to proceed rather than to be rigorous. We
emphasize that the immediate goal is that of being able to interpret (and use) space group
symbois. The reader will find it helpful to work through the examples provided. It would
also be very useful to have International Tables A at hand.

3.3.1 Triclinic space groups

In the triclinic system we have just a primitive lattice (P) to combine with the point
groups with 1-fold axes. The only possibilities are therefore P1 and P1.

' 3.3.2 Monoclinic space groups

In the monoclinic system we have to combine the P and C lattices with the point groups
that have just one 2-fold axis (2, m and 2/m). We then get the symmorphic groups P2,
Pm, PZim, C2, Cm and C2/m.

The next thing to do is to consider the possibilities that arise when 2 axes are changed to
21 axes and/or when mirrors are changed to glide. In the latter case we note that the mirror



68 - Chapter 3

planes are necessarily normal to b so that the glide planes are either a, nor ¢c. However the
labeling of the axes normal to b is arbitrary, so we adopt the convention (not universally
adhered to) that the glide, if present, is ¢ (see Fig. 3.12 below for the choice of axes that
converts Pc to Pr or Pa). The distinct cases are listed in Table 3.4,

Table 3.4, The monoclinic space groups.

class P lattice ] Clattice

2 P2 P2y 2

" Pm Pc Cm
2/m Pm  PLym Ple P2ijc | Cm Clc

Thc_a reader interested in confirming that this is indeed a full list might note that the
fzombmation of a C lattice with 2-fold rotation axes generates 2] axes paralle! to and
interlaced with the 2 axes. Thus (see Fig, 3.9} C2| is the same as €2,

In Fig. 3.9, the two black triangles at the top left (at height y shown as “+™) are related
by a 2-fold rotation axis. The pair to the right (at 1/2+y) are generated 'by C centering
[(1/2,1/2,0)+]. On the right the figure shows the symmetry elements generated by the
combination of 2-fold rotations (symbolized by ellipses) and primitive unit cell translations
[(azb)/2 and ¢]. Note the 2; axes (symbolized by ellipses with two arms)—the reader
should verify their existence in the pattern on the left in Fig. 3.9. The same pattern and

symmetry elements would have been generated by starting with a 2| axis and primitive unit
cell translations.

+ 112+ +
4 Y/

bt
/0/ N /o/ e
4 =

172+

Flg 3.9. Niustrating a unit cell of space group C2. b is the unique axis normal to the paper, a is
horizontal and ¢ runs down the page. Left: The pattern generated by 2-fold rotations, ¢ centering and unit
cell translations. Right: The generated symmetry elements.

_ We now consider space group C2/n (a rather common symmetry for crystals). Fig. 3.10
11}ustrates this space group in much the same way as Fig, 3.9 illustrated C2. A major
difference is that a mitror plane at y = 0 generates pairs of triangles above and below the
p_lane and superimposed in the projection down b (and shown as gray triangles). This
situation is symbolized by giving elevations as %. The € centering operation produces
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corresponding triangles at elevations 1/2%. Note that there is also a mirror plane at y = 1/2.
On the right the mirror plane is symbolized by a heavy bent line with arms parallel to the
cell edges; by convention no elevation is shown for mirror planes at heights 0 and 1/2. Also
on the right the generated centers are shown as small open circles. Those with no elevations
marked are at y = 0 and y = 1/2 and the site symmetry at these points is 2/m. The other
centers with elevations marked as “1/4” are at y = 1/4 and 3/4 and the symmetry at these
points is 1. In a centrosymmetric crystal there are always eight centers per primitive celt (so
in this case there are sixteen in the centered cell of twice the volume}. It should be seen that
C2/m also contains glide planes normal to b. These are symbolized in the same way as the
tnirror planes but with an arrow bead pointing in the glide direction which can be seen to be
a. These planes are at 1/4 and 3/4 (again by convention the elevation is just given as 1/4).
The reader should verify the presence of the a glide operation noting that reflection in a

plane at y = /4 will transform an elevation “+” to “1/2-" and so on. When we discuss

subgroups of space groups, it will be seen that knowledge of the existence of the extra
symmetry elements (21 axes and  glide in this example) is very useful.

i fbit i
. /o ch ¢1;,4°
A!: Q—gm'o“‘“cfff

C2im
4 F
* 112+

Fig. 3.10. Ilustrating a unit cell of space group C2/m. b is the unique axis normal to the paper, a is
horizontal and ¢ runs down the page, Left: The pattern generated by the 2/m axis, C centering and unit cell
translations, Right: The generated symmetry ¢lements.

Although C2/m contains glide planes, they are a glide, and C2/c is a distinct space
group. Fig. 3.11 illustrates C2/¢ in the same way that Fig. 3.10 illustrated C2/m. Now
triangles do not superimpose in projection with their mirror images, which are generated by
the ¢ glide plane at y = 0. The mirror images of black {riangles are shown as white triangles
and vice versa, The reader shoutd work through this example as for C2/m discussed in the
previous paragraph. Note now the existence of n glide planes (as indicated by the direction
of the arrow) at y = 1/4 and y = 3/4. In contrast to C2/m, in C2/c the 2-fold axes do not
intersect centers and there are no mirror planes (only glide planes).

Even with b unique the three possibilities of choosing a and ¢ (see e.g. Fig. 3.2) result
in a variety of possible symbols for monoclinic space groups that are centered and/or have
glide planes. Thus C can become A or [. In a similar way a glide ¢ can become a or 1 as
itlustrated in Fig. 3.12.

Because there can be ambiguity about which axis is chosen as the unique axis it is a
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commen practice to use extended symbols with 1’s as place markers (cf. § 2.4, p. 45) and
the symbol is to be interpreted the same way as that for an orthorhombic symmetry group.
Thus with b unique P2 becomes P121 (2-fold axis parallel to ) and with ¢ unique it
becomes P112 {2-fold axis parallel (0 z). Pc is written Picl or Plla and so on.

Fortunately the International Tables (vol. A) considers all these possibilities, The various
symbols encountered for monoclinic space groups are listed in the tables at the end of this
book. The different choices of axes are referred to as different settings of the space group.

Ly
e, 3 T ‘

* iy POXS " I . ’ 4 . ‘ i .
IV ‘V /J T I
e/ (N . Vb

(L-—O———O-——-O—-—d/
4 e

¥ig. 3.11, Tlustrating a unit cell of space group C2/c. b is the unique axis normal to the paper, a is
horizontal and ¢ runs down the page. Left: The pattern generated by the '2-ax15, c glide, C centering and unit
cell translations. Right: The generated symmetry elements.

0O
O
O
@]

Fig. 3.12. Mustrating three choices of unit cell for Pc. b is the unique axis normal to the plane of the
paper and the glide plane is in that plane. The glide vector is &/2 (Pe) = a/2 {Pa) = (a + /2 {Pn).

3.3.3 Orthorhombic space groups

In the orthorhombic systemn there are three axes at right angles with 2-fold symmetry
elements along each axis. The point groups to consider are therefore 222, mm2 and mmm.
There are also four types of lattice (P, C, F and I) to consider, so the number of
possibilities becomes much greater (it turns out that there are 69 distinct orthorhombic
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space groups). Thus in contrast to the monoclinic pair P2 and P2y, we have P2232, P222;,
P212;2 and P2;2321.! Mirrors can become glide (a, b, ¢, n, or d). Becauose of this
complexity it would take us much too long to systematically generate all the ortherhombic
space groups in the manner suggested in the monockinic case,

x Pnam ¥ Pmnb z Pcmn

Fig 3.13. Different settings of the space group Pama. The ﬂiagrams show the orientations of the # glide
plane {shaded, front face), the axial glide plane (unshaded, top face) and the mirror, m (black face} with
respect to the axes. The arrows show the directions of the axes for a right-handed system.

. Again we have to adopt some conventions for the labeling of axes. These are outlined in
the International Tables and will not be given here. The conventions adopted there we call
the standard setting; it is important te recognize that other settings are often chosen.2 The
significance of the order of symbols in a space group symbol is the same as that given in
§ 2.4 for point groups except that the first symbol represents the lattice type. Thus in the
symbol Prma the “F” tells us that the lattice is primitive. The next three symbols indicate
that there are respectively: an n glide plane normal to x, 2 mirror plane nonmal to y and then
an g glide plane normal to z. As there are six possible permutations of the x, y and 7 axes,
this space group can have six different symbols: Pnma, Pbnm, Pmcn, Pnam, Pmnb and
Pcmn. Fortonately a concordance of symbols is given in the International Tables (see
also the Tables at the end of the book). Figure 3.13 illustrates the arrangement of the

INote that when there is an "odd man out" it is labeled the ¢ axis in the standard setting. Thus P222)
not 2122 ere. similarly we have Pmm2 and not Pm2m cte. as the standard setting.

2Mineralogists {and some others) often use the convention that ¢ < a < &. Another recommendatmn
which we prefer, is to use standard settings, and to use @ < b < ¢ when there is flexibility of cholce of all
three axes (as in Prmmm etc.) and a < b in cases such as Prmm?2 where two axes can be chosen arbitrarily.

3The orientation of glide planes (as that of mirror planes) is given by the directions of their normals.
Thus the direction of the normal to the n glide plane is parallel to the x direction (the » glide plane is
normal to the x direction as stated),
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symmetry elements with respect to the axes in this particular case.!

The full symbol for Prina is P21/n21/m21/a. If the inversion center is removed one of
the acentric space groups P212,2y, Pam2y, Pn2ia or P2ima (see § 3.5) is obtained. It is
not uncommon for materials with closely related structures to have one or other of these
symmetries. Note that the standard settings for the last three groups (which are polar) result
in the symbols Prm21, Pra2| and Pmc2;,

Fig. 3.14 shows how the symmetry elements of Pama are illustrated in the
International Tables in the standard orientation of a down the page, b horizontally on the
page and ¢ norinal {o the page. Light lines outline a unit cell and small circles show the
tocations of 1 points (centers) at z = 0 and z = 1/2. The full heavy lines represent the traces

of mirror planes normal to b and the dot-dash lines represent the traces of » glide plancs

normal to a. The bent arrow at the top right shows that there is a glide plane at z = 1/4 (i.e.
normal to ¢) with the glide direction along the arrow (i.e. @). As the spacing .between
mirror or glide planes is half the translation normal to them, there is also 2n a glide plane at
z = 3/4. The ovals with two arms represent 2 axes parallel to ¢, and the arrows with half

heads are 2; axes in the plane of the paper. Those parallef to b are at z = 0 (and necessarily -

also at g = 1/2), and those parallel to a are at z = 1/4 (and at z = 3/4),

1/4 1/4 1/4
¥

—_—

O -

L"—O—m-u—o

7
¢
7
3
S

Fig. 3.14. The symmetry elements of Pama. For an interpretation see iext.

—_—

Recall that monoclinic space groups with centered cells have additional symmetry
elements that do not appear in the space group symbol. Thus C2 ajso has 2y axes, and
C2/m also has 2; axes and g glide planes. Similarly orthorhombic space groups with
centered cells have additional symymetry elements that do not appear in the space group
symbol, In the Jnternational Tables a useful table (Table 4.3.1) lists these extra symmetry
elements as in the following examples: Cmcm Immm

b nan nonn
This means that in Cmem, pormal to a there are also b glide planes, and normal 10 b and

ISymmetry Prma is particularly common, occurring for more than 8% of inorganic structures. For
more on the occurrence of particular symmetry groups see § 3.7.7 (p. 94).
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¢ there are also n glide planes. Likewise in Immm there are # glide planes normal to all
three axes. We could write Cimem as Chnn or even. Cmcn, ete. and write fmunm as fnnn.
Fortanately practical, if arbitrary, rules were long age decided on for preference of symbols
{e.g. m has preference over glide). Fortunately also, in this instance, the rules are
universally obeyed by crystaliographers.! But note that with permutation of axes the
symbols of the other symmetry elerents may also change as in (for example) two different
settings of Cmen: Cmcm Amma

' bnan noen

3.3.4 Tetragonal space groups

In the tetragonal system there is normally no ambiguity about the choice of axes. The z
axis is always parailel to the 4-fold axis, and x and y are normal to z and to each other. The
symboel for the space group is again a symbol for the lattice type followed by a three-
position symbol derived from the point group symbol (see § 2.4). Thus with a body-
centered lattice there are in the class 4/mmm (among others) the space groups I4/mmm and
H41/amd,

In the class 42m there are two distinct space groups PAm2 and P42m. In the first of
these the mirror planes are normal to x and y, and 2-fold axes at 45° to x and y; in the
second the mirrors are normal to directions at 45° to x and y, and the 2-fold axes along x
and y. (Compare the positions of “2” and “#7” in the space group symbols.) Recall that the
orientation of the axes is determined by the lattice translations.

Fig 3.15. A body-centered tetragonal lattice (projected down ¢) with four unit cells indicated with light
iines and a face-centered cell {heavier lines, shaded). Open circles are lattice points 4t z = 0 and filled circles
are lattice points at 7 = 1/2.

Occasionally a body-centered tetragonal crystal is described in terms of a face-centered
tetragonal cell of twice the volume. As shown in Fig. 3.15, the x and y axes are rotated by
45 when the cell changes. The last two symbols in the space group symbol have thea to be
interchanged. Thus [42m becomes F4m2 and [Am2 becomes F42m. Sometimes the

1But see P. M. de Wolff er af,, Acta Crystallographica A48, 727 (1992) for proposed changes to five
ortherhombic space group symbols. Althongh logical, we hope these suggestions are not adopted.
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change is more subtle: [4)/amd becomes F4y/ddm.}

There are primitive tetragonal space groups P4, P41, P45 and Pds, but only two
corresponding body-centered tetragonal groups J4 (which contains an equal density of 43
axes) and J4y {which contains an equal density of 43 axes). This means that an acentric
structure that has symmetry /41 (and hence has distinct right- and left-handed forms) will
have both 4, and 44 axes, but the arrangement around the two axes will not be related by
mirror symmetry. Contrast the situation in the centrosymmetric space group I41/a where
there are again 41 and 43 axés but they are now related by the a glide operation. '

3.3.5 Trigonal and hexagonal space groups

In the trigonal and hexagonal systems one setting is usually adopted. Except as noted
below for crystals with a rhombobedral fattice, the z axis is taken paraHel to the 3- or 6-fold
axis. The x and y axes are perpendicular to z and at 120° to each other. Again the
significance of the last two positions of the space group symbol is the same as for point
groups (§ 2.4). Thus in P31m the normals to the micrors are at 90° to the x and y axes
(i.e. the x and y axes are parallel to the mirrors) whereas in P3m1 the normals to the
mirrors are parallel to the x and y axes {(compare p31m and p3m1 in Fig. 1.13). Note also
the two distinct space groups Péa/mumc and PS3fmem.

In the case of thombohedral erystals the 3-fold axis is along a body diagonal of the
primitive unit cell—parallel to a + b + ¢. The lattice symbol is now always R, Thus we
have the space groups R3, R3, R32, R3m, R3¢, R3m and R3c. It is worth noting that the
R lattice already contains both 3 and 37 axes.?

Rhombehedral crystals are very often described in terms of a hexagonal unit cell with
three times the volume and with ¢ paralle! to the 3-fold axis as described in § 3.1 and in
more detail later (§ 4.4.2, p. 104). In this case the space group symbol is unchanged. The
nature of the cell chosen is always clear from the parameters given (a and ¢ for a primitive
cell; 4 and ¢ for a hexagonal cell). 1t never hurts to be explicit however.

3.3.6 Cubic space groups

In the cubic system there is a universal choice of axes. In the space group symbol, after
the symbol for the lattice, the significance of the positions is the same as given for the point
groups (§ 2.4, p. 47). Thus in the class m3m there are (for example) Fd3m and Ia3d. It
might be noted that in the older literature these symbols are Fd3m and Ia3d respectively
(i.e. the bar aver the 3 is dropped just as in the short symbels for the point groups). The
full symbols for these space groups are F41/d32/m and I41/a32/d. Other points to notice
include the fact that there are four separate groups P432, P4(32, P4232 and P4332 but
only groups /432 and F432 (both of which already contain 47 axes) and /4,32 and F4,32

IThe =z glide planes normal to the 4-fold axis have translations alternately a/2 and b/2 in the I cell.
These directions become (a+ b)/4 in the F cell so now the glide is 4 instead of a.

2Thus there are not separate space groups R3| or K32, Contrast the three separate space groups P3, P31
and P33, ’
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(both of which already contain 43 axes)—cf. the discussion of tetragonal groups above.

The group 723 also contains 2; axes but there is nevertheless a separate group 121.3
which also contains 2 axes. The difference between them (a8 discussed below) is that in
123 the 2 axes all intersect (as do the 2 axes) in 7213 they do not. In this case the symbols
for the two space groups have to be assigned arbitrarily. i

i SRR
AR KR

i /‘XK’;/ — 4
123
| S RO B

X
/| - ] - 14
X X
Fig 3.16. The symmetry elements of /23 and /213. The meaning of the symbols is explained in the text .

(§ 3.3.6).
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In addition to the 3 or 3 axes in four different directions, the cubic space groups have 3;
and 37 axes each in four different directions. Their location will depend on the space group.
There are two different cases to consider. In the first case the 3 or 3 axes intersect (at the
origin) and the 31 and 37 axes intersect in pairs. In the second case the 3 or 3 axes do not
intersect, and in fact there is no intersection of any of the three-fold axes.

Figure 3.16 Hlustrates this point for /23 (first case) and 1213 (second case), To interpret
the figure, note that x is down the page, ¥ is horizontal (left to right) and z extends up out
of the plane. 3-fold axes (shown as short lines through triangles) intersect the plane z = 0 at
the points shown as small filled circles and go upwards from there parallel to body
diagonals. Triangles represent 3 axes and triangles with arms represent screw (31 or 32)
axes. Thus in 1243, 3; axes along! [111] intersect the plane z = 0 at 1/3,2/3,0 and 37 axes
along {1117 intersect the plane z = 0 at 2/3,1/3,0. 2-fold axes are symbolized as described
above (§ 3.3.3, p. 70 and Fig. 3.14); those parallel to the plane of the paper age either at 7
=0 and 1/2 {no height shown) or at z = 1/4 and 3/4 (height shown as 1/4),

Note also that in 1243, the 2 axes do pot intersect with themselves or with any of the
3-fold axes. The same is true of the 2¢ axes, but the 2 and 2; axes do intersect. Cubic
crystal structures with space groups that have non-intersecting symmetry axes are often
rather hard to understand and depict, but can sometimes be described as based on packings
of cylinders whose axes are along non-intersecting symmetry axes {§ 6.7). In space groups
with non-intersecting 3-fold axes there is no site of cubic point symmetry {which can only
be at a point where four 3-fold axes intersect). :

The locations of the symmetry elements in cubic groups are shown in a similar way in
the International Tables. Tt is rewarding to leamn the symbolism and to practice reading the
diagrams. .

Two choices of origin are made for centrosymmetric space groups in which the
intersection of 3 or 3 axes is not at an inversion center. The first choice is at the intersection
of the 3-fold axes and is therefore at 2 site of cubic symmetry (33m, 432 or 23). The
second choice is at a site of inversion symmetry; see § 3.7.4 (p. 91) for details.

3.3.7. Space group and crystal class

It should be obvious that to obtain the crystal class (the point group from which the
space group was derived) from the space group symbol, one should (a) drop the lattice
symbol, (b} drop all subscripts, and (c) change all glide symbols to “m.” Thus I4famd —
Hmmm, P21/c —» 2/m ete. If the point group is centrasymmetric then the space group is
also (do Exercise 4).

3.4 Using the International Tables

The International Tables provide a wealth of information about the space groups
including the nature and location of ail symumetry elements in the unit cell. The tabies

liye explain notation such as [111] ina the next chapter. {111] refers to the direction from 0,0,0 to L3, 1.
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“should also be consulted for the symbols for symmetry elements, All that are needed for

our immediate purposes are the coordinates of equivalent points in a unit cell. Our first
example is for P21/c; the special and general positions are given with ‘Wyckoff notation (a,
b, etc.} in Table 3.4. Note that the origin of coordinates is taken on a center of symmetry:

Table 3.4. Special and general positions of P2y/c.

general: de Y2 XYL R4y 12~z k12, 11242
special 24 U012 12,120

2¢  00,1/2:;0,1220

2 11200 1/2,1/2,172

Za 0,0,0:0,1/2,122

Tt is important to recognize that in order to derive the general positions (4 ¢ in this
example) the location of the symmetry elements in the unit cell must be known. Fortynately
this has been done for every space group in the International Tables. The syminetry

operations are in the present case:

inversion through the origin xy.Z = 5.7
¢ glide about plane aiy = 14 ! X,¥,2 = %,1/2-y.1/2+z
rotation about 21 along x =0, z = 1/4 x¥,2 = _7:,1/2+y,1/2—z

The structure of AgO has symmetry P21/c and a crystallographic description of AgOis:

AgO P2l/c,a =5859, b =3.484, c = 5.500 A, B = 107.51°
Agll)in 2 a; Ag(2) in2d; Oin 4 e, x=0.296,y=0345 7= 0222

Tt may be seen that there are two kinds of Ag atom in the structure. When atoms of a
given element appear on sites that are not related by symmetry, we say that they are
crystallographically distinct and distingaish them by numbering. We translate the gbove
description as follows: There is one kind of Ag atom at positions 0,0,0 and {),1/’2,1/2 i the
unit cell and a second kind of Ag which is at 1/2,0,1/2 and 1/2,1/20. Tn AgQ it twms out
that the compound is really Ag(MAg(IINOz and that Ag(1} is Ag(T) and Ag(2) is Ag(lIl).2

The O positions in the unit cell are obtained as: :

0.296, 0.345, 0.222
0.704, 0.655, 0.778
0.704, 0.845, (1278
0.296, 0.155, 0.722

0.296, 0.345, 0.222
-0.296,-0.345,-0.222
-0.296, 0.845, 0.278

0.296, 0.155, 0.722

[LETE T}

Ltompare this case with Fig. 3.3 where rhe glide plane is at y =0. . . . .
2Be sure to note that Arabic numerals (1 and 2 in this instance) are used as arbitrary identification
pumbers, but Roman aumerals (1 and T in this case) refer {0 oxidation states which are inferred from

structural details (see Exercise 4.7.3),
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In the first column the values of x, y and z have been substituted into the expressions for
the 4 ¢ positions; in the second column. 1.0 has been added to any negative coordinates to
bring the atoms all into the same unit cell (i.e. sothat 0<x<1,0<y < 1,0<z< 1)

As a second example we take a crystaliographic description of the muiile form of TiOg.

Ti0y Pdolmnm, a = 4.594, ¢ = 2.958 A
Tiin2a:0indf, x=90305

We recognize the symmetry to be tetragonal. Turning to the International Tables we
find for this space group that 2 a correspond to 0,0,0 and 1/2,1/2,1/2, so this is where the
Ti atoms are located in the unit cell. The 4 fpositions are given as x,x,0 : %0 ;
U24x,1/2-x,1/2 ; 1/2-x,172+x,1/2. Proceeding as for the O atoms in AgO we determine
the coordinates of the four O atoms in the wnit cell of rutile are:

0.305, 0.303, 0 ; 0.695, 0.695, 0 ; 0.805, 0.195, 0.5 ; 0.195, 0.805, 0.5

Sometimes there is a remarkable economy in this type of description. For example the
structure of spinel, MgAl;O4 has 56 atoms in the unit cell, yet it is completely specified by
symmetry information and just two numbers (a and x):

MgAly0y4 Fdim, a = 8.080 A
Mgin8a Alin 164 Oin32e x=10.262

From the International Tables we find that the coordinates of 32 e are:

(0,00 ; G172,1/2 5 120,112 ; /212,00 &
xxx s x 1/4-x,1/4—x ; Vd=xx,1/d—x ; Ud-x,1/d—x.x
XX X345x,3004x 5 MA+x, T 3 4x ; 314+x,3/44%,%

The interpretation of this is that to the coordinates in the second and third lines above, we
must add in turn 0,00 : 0,1/2,1/2 ; 1/2,0,1/2 and 1/2,1/2,0. The last three guaniities are in
fact primitive fattice translations for & face-centered cell (Fd3m is face-centered cubic). The
coordinates of O in the unit cell are then (please verify, noting that ¥ = 1—x = 0.738; 1/4-x
=-0.012 =0.988; 3/4+x = L.012 =0.012; etc.):

0.262, 0262, 0.262
0.262, 0.988, (.988
0.988, 0.262, 0.983
0.988, 0.988, 0.262
0.738, 0.738, 0.738
0.738, 0.012, 0.012
0012, 0.738, 0.012
0.012, 0.012, 0.738

0262, 0.762, 0.762
0.262, 0.488, 0.488
0.988, 0.762, 0.488
0.988, 0.488, 0.762
0.738, (.238, 0.238
0.738, 0.512, 0512
0.012, 0.238, 0.512
0012, 0.512, 6.238

0.762, 0.262, 0.762
0.762, 0.988, 0.488
0.488, (.262, 0.488
0.488, 0.988, 0.762
0.238, 0.738, 0.238
0.238, 0.012, 0.512
0.512, 0.738, 0.512
0.512, 0.012, 0.238

0.762, 0.762, 0.262

0.762, 0.488, 0.938
0.488, 0.762, 0.988
0.488, 0.488, 0,262
0.238, 0.238, 0.738
0.238, 0.512, 0.012
0.512, 0.238, 0.012
0.512, 0.512, 0.738

The metal atom positions are found from the International Tables by obtaining the
coordinates for positions 8 a and 16 4. These are:
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0,00, 0,1/2,1/2; /2,012 ; 1/22,1/2,0) +
8a 1/8,1/8,1/8 ; 7/8,7/8,7/8
164 172,172,172 ; 12,14,1/4 5 U4,12,V/4 5 1414102

We now know where all the atoms are, but are not really much wiser about the structure.
In fact the situation of the would-be crystal chemist at this peint may be likened to that of a
student of architecture who is given coordinates of bricks, rather than an architectural
drawing. Accordingly, the next steps are to draw the structure {or make a model), to find
nearest neighbors and coordination numbers and to calculate bond lengths and angles.

Because we realize that it would be tedious for the reader to have to reach for the
International Tables every tfime that he/she wants to draw or do calculations on a structure
(which we hope is often), we usually give explicitly the coordinates of special and general
positions of a space group when reporting a structure. Especially for cubic groups it is
desirable to have some concise way of doing this. We use the following conventions.

1. The origin is always taken at a center of symmetry if present.

2. % means plus gnd minus
+ {x,y.2) means x,y,z and X,¥.7
+x,y,z means x,y,z and %,y,z
T (Er.y.z) means £y, s T.Y.2 1 X¥.05 x50

3. Centering is expressed as a letter followed by + or
I refers to (0,0,0 ; 1/2,1/2/12)
F refers to (0,0,0; 0,1/2,1/2; 1/2,0,1/2; 1/2,1/2.0)
A refers 1o (0,0,0; 0,1/2,1/2)
B refers to (0,00 ; 1/2,0,1/2)
C refers to (0,0,0 ; 1/2,1/2.
R refers to (0,0,0 ; 1/3,2/3,2/3 ; 2/3,1/3,1/3)

4. Cyclic permutation is expressed as {...)x
(%.y,2)K Means x,,2 ; LX.Y ; ¥,2.X
(This corresponds to the operation of a threefold axis through the origin and along
[111])

We now give examples (crystal structure information is usvally given in this format
subsequently): 1

MgAl;04 Fdim, a =8.080 A
Mgin 8 a: F £ (1/8.1/8,1/8) )
Alin 16 d: F+ (2,142,102, (142,174, 14%%)
0 in 32 e: F& (xxx (x,1/4-x,1/4-x)x), x = 0.262

IThe first line always has the space group and lattice parameter(s),
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Ca3Al;8i301g Ia3d,a=11.846 A
Cain 24 ¢: 7+ (1/8,0,1/4 ; 5/8,0,1/4)x
Alin 16 a: 7'+ (0,00 ; 14,174,114 5 (0,1/2,1/2 ; 1/4,3/4,3/4)x))
Siin 24 4 [+ (3/8,0,1/4 , 7/R.0,l/4)x
Qin96 & I+ (a2 V2-x,12+y 2 x,1/2-y,1/242 5 1242y 12—
Lid+x, 11442, 1144y | 340, 1/4-2, 34~y | 3/d—x3/4+2,114—y ;
1/4-x,3/4~2,31447)K, x = -0.0381, y = 0.0449, z =0.1514

Ca3Al25i3017 is one of a large group of natural and synthetic materials known as
garmets. Note that although this is a complex structure with 160 atoms in the unit cell, most
of the structural information is contained in the symmetry and only four numbers (a, x, v,
) are necessary to specify the structure. For the O atoms in the structure we get 96
coordinate triplets. Any one of these could be given as the coordinates of thé typical atom.

Which to choose? Often the choice is that which corresponds to a minimum of x2+y2+z2.

In a evbic erystal this is an atom closest to the origin. In the case of CazAlSizOq2all six O
atoms closest to an Al atom at the origin (Al has six equidistant O neighbors) have at least
one negative coordinate, and the coordinates given abave for Q are the coordinates of one
of them. It might be verified that x, ¥, z = 0.0381, 0.0449, 0.6514 are also coordinates of
one of the O atoms obtained from the first by I + (1/2-x,1/24y,z) and could equally have
been given (and often are: some authors avoid negative coordinates and use the smallest set
of positive coordinates) as the O coordinates to generate the other 95. Remember that you
can always add an integer to, or subtract an integer from, any coordinate.

3.5 Sub- and super-groups of space groups

A subgroup H of a group G is one that contains some, but not all, of the elements of G.
Conversely G is a supergroup of H. The nmumber of elements in the supergroup is always
an integer (n) times that of the subgroup. In the jargon, n is the index of H in G. If n is
prime then H is a maximal subgroup of G.

The International Tables give information on subgroups and supergroups of the space
groups that is of interest in many contexts, For example a small distortion of a symmetrical
crystal structure may result in a lower symmetry which is a subgroup of the parent
structure. Knowing the possible symmetries can be an invaluable aid to determining the
structure.,

The full symbol for Prma is P21/n21/m21/a and the point group is 2/m2/m2/m with
order 8. Systematically removing half of the symmetry elements will result iit a space group
with point group of order 4 that is a subgroup of 2/m2/m2/m (i.e. mm2, 222 or 2/m).
There are eight possibilities which are given in the Tables. We give first the symbol for the
axes labeled as for Pruna and in parentheses the symbol in the standard setting.

These are the maximal subgroups of Prma. In this instance each point group has an
order (4) half that of the parent so the index is 2. Lower order subgroups are subgroups of
the maximal subgroups and so on until finally P1, which is a subgroup of every space
group, is reached.
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Pnm2| {(Pmnly)
Pn2;a (Pna2p)
P2yma (Pmc2) .

P21212; (P212121)
Pi121/a (P2y/c)
Pl12y/ml - (P2y/m)
P2i/nll (P2y/c)

In the above example, the subgroups retain the same lattice translation symrmetry; such
subgroups are called translationengleiche (“translationally equivalent”—gleich means
“equal™ or “same” in German) or ¢ subgroups. #, is used to denote a translationengleiche
subgroup of index n. )

Another kind of subgroup is possible for space groups with centered lattices in which
the centering is lost but the point group (crystal class) remains the same—these subgroups

‘are called klassengleiche (“same class™) or k subgroups, Thus for Crmem we find listed 2s

maximal subgroups, eight 7 subgroups with a C lattice and eight k subgroups with a P
lattice. An examiple of the latter is Pbnm (standard setting Prma). That Pbnm is a
subgroup of Cmcm is by no means cbvious unless it is knowa that Cmem has b glide
planes normal to a, and n glide planes normal to b (and so could also be written Chrm as
explained in § 3.3.3, p. 72). Providing such information is yet another invaluable service
provided by the International Tables. ky is used to denote a klassengleiche subgroup of
index a.

The reader is urged to use Fig. 3.10 (p. 69) to see that the t; subgroups of C2/m are C2,
Cm and C1. In the last case the symrmelry is triclinic and with the conventional (primitive)
cell the symbol is PI. '

Similarly it should be apparent that the ko subgroups of C2/m are P2/m, P21/m (C2/im
contains 21 axes), P2/a (C2/m contains a glide), and P2y/a. In the last two cases
interchanging the labels of the a and ¢ axes gives the “standard” symbols P2/c and P2i/c
respectively.! '

A special kind of k subgroup is an isomorphic subgroup (or i subgroup for short). This
is one that has the same space group as its parent, but because some of the translational
symmetry has been lost, the unit cell is enlarged. An example is given below.

In Chapter 6 we discuss how symmetrical, low-density sphere packings can be
smoothly distorted into denser, lower-symmetry forms. The space group of the latter will
be a subgroup of that of the low-density parent. An example is the distortion of an
I1-coordinated sphere packing (described in § 6.3.1) with symmetry Pdo/mam {full
symbol Pdo/m?2/ndim) to a denser version with symmetry Pnnm. The International
Tables lists as a ¢ subgroup of Pdo/m21/m2/m the non-standard space group P2/m2¢/nl,
This symbol is to be interpreted as if it referred to tetragonal symmetry (the symbol is
called the “tetragonal version™): thus parallel to z we have 2/m, and parallel to x and y we
have 21/n. We see that in fact there are 2-fold axes along x, ¥ and z and the symmetry is

UFor a detailed discussion of the subgroups of C2/m (inciuding isomorphic subgroups with a doubled ¢
anis) see § 7.13 of Geomerrical and Structural Crystallography by J. V. Smith (Book List).
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actually orthorhombic. The “orthorhombic version” of this space group symbol is
P21/n21/n2im (short symbol Prnm). The symmetry of the distorted strueture is thus
shown to be indeed a subgroup of the parent structure.

The symmetries of the structures of rutile (TiO,) and CaCly are the same as in the above
example, and indeed the anion arrangements are refated in much the same way as the two
sphere packings. .

Another structure related to that of mutile is the trirutile structure such as that of tapiolite,
TazFeQg. In this corpound the Ta and Fe atoms order in layers along ¢ in a sequence
FeTaTa..,, compared with TITITL.. in rutile, thus tripling ¢. The space group remains the
same so this is an example of ordering producing an isomorphic subgroup. The space
group of trirutile is a subgroup of that of rutile because 2/3 of the translations (along ¢)
have been lost; accordingly the index of the subgroup is 3 (it is an f3 subgroup).

Another example of a parent structure being reduced in symmetry is provided by the
structure of sodalite, NagAl38i301,C1. We consider just the (ALSi)Og part of the structure
which consists of a framework of {Al,Si}04 tetrahedra sharing corners, and for the
moment we consider the (AlSi) atoms to be disorderzd in a random manner. In its most
symmetrical arrangement the O packing is as described in § 6.8.5 with symmetry Im3pm,
but as discussed in that section, can distort to a denser arrangement with symmetry [43m
which is a #; subgroup of Im3m. Tn both cases the tetrahedron centers (disordered Si,Al}
are at the same positions: 7 & (1/4,0,1/2)x. Ordering of the Si and Al atoms into two sets
+(1/4.0,1/2)x for one atom and =*( 1/4.1/2,0)x for the other removes the body centering and
reduces the symmetry further to P43n: a k; subgroup of 133

A phase transition in KHyPQq4 has been intensively studied.! The room temperature
phase (with disordered H atoms) has symmetry 324 and the low-temperature phase (in
which the H atoms are ordered) has symmetry Fdd2, If the high temperature phase is
described by a doubled cell as shown in Fig, 3.15, the space group symbol becomes F4d2
and the unit cells of both phases have very nearly equal dimensions.2 The H ordering
reduces the 4 axis to a Z axis and removes the 2 axes normal (o ¢. The space group symbol
written as if the system were still tetragonal (it is actually orthorhombic) is now F2d1
(“tetragonal version””) which becomes Fdd2 (“orthorhombic version™). Note that both the
last two symbols imply that the 2-fold axis is parallel to ¢. Note also that the transtations of
424 are retained in Fdd? so the latter is a translationengleiche subgroup of the former, For
comments on coordinates in these structures see § 3.7.4.

There is something apparently paradoxical in the observation that ordering reduces
symmetry and disordering increases it. One’s intuitive idea is surely that high symmetry is
associated with “orderly” patterns. The solution to the paradox lies in recognizing that the

IThe interest in this material stems in part from the fact that at low temperatures it has a spontaneous
polarization which can be reversed by an electeic field (i.e. it is ferroelectric), The elucidation of the rola
of ordering of H atoms in producing the ferroelectric phase was one of the early big successes of neutron
crystallography [G. E. Bacon & R. $. Pease, Proc. Roy. Soc. {London), Ser A 220, 397 (1953) and 238,
359 (1955)],

%For the room temperatare phase with the F3d2 cell a = 10,54, ¢ = 6.98 A. At 77 K the Fdd? strocture
has a = 10.54, b = 046, ¢ = 6.92 A,
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symmetry we talk about in crystals is the average symmetry as revealed, for example, l:':y
diffraction of radiation from a large volume (many unit cells) of the crystal. Thus in
disordered sodalite the tetrahedral sites are occupied on average by one half Al and one l?alf
Si and thus are considered equivalent and related by symmetry.! In the ordered version
there are two sets of sites, one occupied by Al and the other by Si, and there cannot be a
etry operation relating the two sets.
Syr'i'mlirt;yis I;f:)me interest in knowing which cubic groups have non-intersecting 3-fold
axes. These will be the symmetry groups of cubic structures constructed of non-
intersecting rods of atoms aligned parallel to the cube body diagonals (§ 6.7.3). In F}%e table
below the groups in each column are subgroups of the ones above thnlam. In addition the
groups in the center column are subgroups of the ones in the left and right columns of the

row above.

/ Ia3d

|
Ia3 ©I43d 14432

| [ i
Pa'z;\, nA3 /P4132, P4s32

i /

P23

3.6 Symmeiry and the quartz structure—a case study

The ¢-quartz form of SiO; is an important mineral (comprising about 15% of .th-e
continental crust of the earth), it also has valuable physical properties (for example it is
piezoelectric) that are a consequence of its symmetry. The structure is based on a
framework of corner-sharing {Si}Oy4 tetrahedra and has occasioned a great deal of
discussion, here we just focus on the symimetry aspects. The discu.ssionlillustre.ates' several
topics: the use of non-standard origins, subgroup-supergroup relationships, twinning, and
the relationship between the hand of enantiomorphs and symmetry.

We start with a description of the structure of the high-temperature or S-quartz form.

Bquartz P6722,a =501, c=552A
. ) 8iin 3¢ (1/2,0,0 ; 0,1/2,2/3 5 1/2,1/2,1/3) )
Oin 6 (626,12 1 205,16 L x,5,5/6 3 25,12 5 2o, 16 ¥ x,5/6), x =0.208

We recognize the symmetry to be hexagonal and the crystal class (622) to ]?E one of_' the
enanttomorphous classes so that quartz exists as left- and right-handed forms (in essentially

10nly crystallographers teally believe in fractional atoms. In a disordered cr)istal there may be no
symmeiry at all on an atomic level (i.e. on a specific as opposed to average site). In part_lctlxlar the
microscopic translational symmetry is lost (if a translation is from a Si atom to ar Al atom it is not a
SYTIMELTY OpeIation).
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equal amounts as the - form in nature). As discussed below, the form we have described
is called right-handed.! The left-handed enantiomorph has symmetry P6422, The
description of that structure is;

Bquartz P6422,=501,c=552 A
Siin3e: (12,00 0,1/2,1/3 3 U2,1/2,2/3)
Oin 6 i (624,12 ; 265,56 ; 53,146 ; F.28,112 ; 20,x,5/6 ; £.x,1/6), x = 0.208

The only difference from the right-handed form is that we have replaced all the z
coordinates by 1-z. This corresponds to reflection in an imaginary mirror plane at z = 1/2,
so that the two enantiomorphs are related as mirror images as expected.

el 4
11356 0.1 11336 0,1/

0,1{2 \ 1 1356
/ 156,22

1/6?.'3-*—-——"——'—'——.«

= > §
S Y .

Fig. 3.17. The location of some of the symmetry elemepts of P6322 and P3521. ¢ is vertical out of the
plane of the paper, and numbers represent elevations in fractions of ¢. The locations of 2| axes
perpendicular 10 € are not shown. Note that the origin chosen for 3321 in ot the same as that in the
International Tables. :

As well as the 63 axis (represented by a hexagon with three arms) at 0,0,z, P6222
contains 3 axes (represented by triangles with three arms) at 1/3,2/3,z and 2/3,1/3,z as
shown in Fig, 3.17. In the structure of right-handed quartz the {Si}Oy4 tetrahedra spiral
around the 33 axes as shown in Fig. 3.18. We earlier described a 3; axis as “left-handed”
and indeed the P6322 (right-handed) enantiomorph of quartz is sometimes described as
“structurally left-handed.” On the other hand, the 6; axis was described as “right-handed”
and if we focus instead on the helix of tetrahedra around that axis we would say that we
have a right-handed structural unit;-so it is not appropriate to refer to a structural “hand.”
Why then do we call the P6p22 form of S-quartz “right-handed”? The answer lies in the
fact that the hand of a crystal is determined from its optical activity (rotation of the plane of
polarization of light); clockwise rotation (when viewed looking towards the light source,
i.e. light coming to the viewer) being called right handed (this is the Biot convention) or

Ut is sometimes said that X-ray diffraction cannot distinguish between enantiomorphs of a crystal, This
is not true when anomalous dispersion (absorption) is taken into account, and the absolute configuration of
a number of enantiomorphic crystais has been determined by this technique, For an evaluation of the
literature see A. M. Glazer & K. Stadnicka, J. Appl. Crystallogr. 19, 108 (1986).
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dextrorotatory (+). This is the sense of the rotation of the plane of polarization of light
when passing through a slice of P6722 quariz in a direction parallel to ¢. (Rec.all t-hO}lgh
that in a right-handed screw the rotation is anticlockwise when the translation is in a
direction towards the viewer.) The opposite of “dextrorotatory” is “levorotatory” (~-).!

Below about 573 °C, the f form transforms to ¢-quartz, the main difference in the low-
temperature structore (Fig. 3.18) being that the Si-O-5i angle is dlecreased by rotating the
{81} Q4 tetrahedra in a concerted way about 2-fold axes perpendicular to ¢. In the P6;22
enantiomorph this destroys the 2-fold rotation axis contained in the 6;-axis at 0,0,z and the
latter is degraded to a 3; axis. The symmetry of the crystal becomes P322}. Reference to
Fig. 3.17 shows that the 37 axes at 1/3,2/3,z and 2/3,1/3,z remain. P3221 35215 subgro_up
of P6222. A description of right-handed o-quartz often seen is (note that we do not give
the Wybkoff symbols for the positions for reasons to become apparent later):

orquartz P3721,a=492,c=541 A
Siat (x,0,0;90x2/3,5.%1/3), x=0470
O at {x,2,2; y-=.3, 1347 ; ¥.x—9,203+7 ; x-y.5 .7 ; ¥.20,203-z ; ¥ ,y—x,1/3-2)
x=0415,y = 0.266, 7 = 0.119

Fig. 3.18. Top: the oxygen atom positions in S-quartz (P6222). Bottotn: on the Iefl oxygen atom
positions in &) and on the right o twins of e-quartz (P2521). The projection is aIlong cand Oa ictr.ahedra
are outlined, Silicon atoms (not shown) center the tetrahedra. In order of increasing depth of shading the
tetrahedron centers are at z =0, 1/3 and 2/3.

ISee the discussion by Glazer & Stadnika (op. cir. previous footnote), The sign of lhfj. optical acfr.ivjty
associated with a helix of polarizable atoms depends on the orieatation of.the axis of maximum
polarizability with respect to the helix. If the polarizability of the atoms were to be isotropic there would be
no optical activity. For an account of the confusing history of the descrqlanon of the quartz structure see P.
1. Heaney in Silica [Reviews in Mineralogy 29 (1994), p. 1-40]. According 1o }_Iea.ney dextrorotary quartz
is morphotogically right-handed {i.e. a macroscopic crystal of dextrorotary quartz is right handed).
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It should be apparent that if xg; = 0.5 in a~quartz, the silicon atoms in the - and B-
forms would then be in the same positions. In Table 3.5 below, the oxygen atom positions
(rounded off for simplicity) in f-quartz are listed in the first column, and those given above
for a-quartz are listed in the second column. These differ only slightly. The oxygen
positions in the two structures would be exactly the same if x,y,Z in the P3221 form were
0.416,0.208,0.167.

Rotating the ex structure (by 180°) around a 2-fold axis (now nonexistent in the crystat)
along 0,0,z will change the sign of the x and y coordinates to give the coordinates in the
third column of the table. They correspond to substituting x = 0.585, y=0784,2=0119
for the oxygen positions given above for P3521. We have of éourse exactly the same
structure, but in a different orientation.

As B-quartz is cooled to transform it to the ¢ form, these two orientations (which we call
o) and o) nucleate at random points in the crystal. In the region of the interface where
domains of o and o eventually meet, presumably there is an average structure, which is
just a stranded element of S. When a crystal is composed of two parts related by a
symmetry operation that is not a part of the structure (in this ¢ase a 2-fold rotation axis
along 0,0,z), we say that it is composed of twins and the phenomenon is known as
twinning. Quattz can be twinned in a number of different ways, the exaimple we have just
discussed is known as Danphiné twinning, The situation where left- and right-handed

forms are intergrown is known as Brazil twinning-—here the twins are related by reflection

{which again is not a symmetry element of the structure).

Table 3.5. Oxygen atom positions (x,,z) in right-handed quartz.
Replacing all the z coordinates by Iz will give coordinates for lefi-handed quartz.

B (24} o
0.21, 0.42, 0.50 0.27, 0.42, 0.55 0.15, 0.42, 0.45
0.58, 0.79, 0.17 0.58, 0.45, 0.21 0.58, 0.73, 0.12
0.21, 0.79, 0.83 0.15, 0.73, 0.88 0.27, 0.85, 0.79
0.79, 0.58, 0.50 0.85, 0.58, 0.45 0.73, 0.58, 0.55
0.42, 024, 0.17 0.42, 0.27, 012 0.42, 0.15, 0.21
0.79, 0.21, 0.83 0.73, 0.15, 0.79

0.85, 0.27, 0.88

We haven’t finished our story. For inscrutable reasons the origin of coordinates in
P3221 is chosen differently in the International Tables—it is displaced by 0,0,1/3 from

the position used above to describe a-quartz. Thus the 2-fold axis in the x direction runs
along x,0,00 in P6222 but, with the origin chosen for P3221 in the International Tables
the same axis runs along x,0,-1/3. The “non-standard” origin is almost invariably chosen
by quartz aficionados {(who are legion) as it makes the relation between the - and Forms
transparent. Unfortunately they do not always make this clear to outsiders.

In the International Tables the relevant positions in P3;21 are given as:

Siin3a (202730213 ;30
Oin 6 c: (2,2 Fa-y,2+23  y2,T.2+13 ; 0.7 5 x-3,7, 1031 ; Ty=x,2/3-2)
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To describe right-handed ¢-quartz using this origin we can use the same valueﬁ of x and
v and subtract 1/3 from (or add 2/3 to) the value of z given above (0.119). Specifically for
o we have for 8i: x = 0.470 and for O: x = 0.415, y = 0.266, z = 0.786. For oz we have
for Si: x = 0.530 and for O: x = 0.585, y = 0.734, z = 0.786.

To describe left-handed or-quartz using the origin given in the International Tables for
P3121 use the coordinates in the previous paragraph but with z replac:ed by 1-z. .

Many framework silicates have analogs in which 251 are replaced, in an ordered fashion,
by Al and P. The analog of quartz is the berlinite form of AIPO, in which Al and P alternate
along the three-fold helices of the quartz structure. If the helices in the parent structure were
37 the symumetry along the helix of ordered atoms becomes 31 (with a doubled ¢) a5

illustrated in Fig. 3.19.

Fig. 3.19. Ordering on a 32 helix (shown on the left) produces a strueture with a 3 axis {on the right)
and with doubled repeat distance.

In right-handed @-quartz the silicon atoms are in positions 3 a of P32t %,%,0; 0.x,1/3;
x,0,2/3 with x = 0.47. If the ¢ axis repeat is doubled these positions become:

X.%,0 0,x,1/6 x.0,1/3 x,%,1/2 0.x.2/3 x,0,§/6
Si Si Si Si Si St
Al p Al P Al P

The Ai positions are in fact 3 @ of P3121 and the P positions are 3 b of P3121. In AIPO4

xa = xp = 0.46. : . .
P3121 is seen to be an isomorphic subgroup of index 2 Of_ P§‘221 (ar_:d vice versa).

Note that as P3221 quartz is optically right handed, P3{21 berlinite 1slalso right handed.
One of the major uses of quartz is as a piezoelectric oscillator in walches and other

timing devices. It would be ironic if digital clocks using quartz oscillators entirely replaced
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traditionz-il clocks with their analog display of time, so that future generations lost sight of
the meaning of the term “clockwise.”!

3.7 Notes
3.7.1 Additional symmetry elements in the unit cell

Let there be an inversion center at X0,Y0.20- A point at x,y,z will be transformed to
2xg-x,2.yo~y,229-z by the inversion operation. Inversion centers with coordinates obtained
by adding 1/2 to xp and/or yg and/or z will produce points with the same coordinates with
_1 added on to the new values of x and/or y andfor z (i.e. in adjacent unit cells). In particular
if there is an inversion center at 0,0,0 there will also be centers at 1/2,0,0 ; 0,1/2,0 ¢
0,9,1!2 s 0,142,172 5 142,0,1/2 ; 1/2,1/2,0 ; 1/2,1/2,1/2. These operating on a given point
will always produce points identical with respect to a lattice translation. Thus the spacing of

inversion centers is always one-half that of the primizive lattice translations and there are

always exactly 8 per primitive cell.

Similar reasoning shows that mirror and glide planes are always spaced at intervals of
one half the shortest lattice translation normal to the mirror and that the spacing between
2-fold axes is one-half of a lattice translation vector.

When elevations are given for centers, 2-fold axes, and symmetry planes in the
Internationai Tables, 1/2 should always be added to these clevations, Note that when no
elevation is given it is implied to be zero and 1/2.

Trigonal and hexagonal space groups will always have a 3- or 6-fold axis along
1/3,2/3,z and 2/3.1/3 z in addition to the one at 00,7,

.In tetragonal space groups there are atways 4-fold axes of the same kind (4, 41, 4 etc.)
with axes displaced by 1/2,1/2,0. Be aware that the origin is not always chosen on a 4-fold
axis in tetragonal space groups. ‘

3.7.2 General and special positions and lattice complexes

(..?aneral positions are points at which there is no symmetry. The coordinates of general
pOS}t'lons completely specify the space group. I T is a point group then the general
posmo-ns of the space group PT also provide the coordinate symbols for the point group
operations. The number of general positions in the primitive cell is the order of the point
group. The maximum number of general positions will therefore be 4 x 48 = 192 for a

lPeEzoelectriciLy is the production of electric polatization by an applied mechanical stress. It can occur
f(?r alll non-centrosymmeliic crystal classes other than 432. In class 321 (that of @-quartz) the a and b
-directions are polar and reversing their directions reverses the sign of the piezoeleciric coefficents. Recall
ﬂ%}t the forms that we have called ¢ and @7 are related in just this way (replacing x and y in one by X and
¥ 1n the other) so that a crystal composed of equal amounts of each form would not be piezoelectric. To
exploit the piezoelectric properties of quartz one must therefore avoid having both forms present (i.e.
Dauphing twinning—often called electrical twinning in this context). By convention the piezoelectric
coefficients are referred to the @ form. '
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face-centered cubic cell in class m3m.

Points lying on mirror plancs, but otherwise unrestricted, will have two degrees of
freedom (will be bivariant) and will thus have coordinates of the sort x,y.zp, where zgis 0
or a simple fraction (the mirvor plane is 2 = zp), or x,x.Z (the mirror plane is x = y), etc.
The site symmetry at such a point will be m and there will be only cne-half as many such
points as general positions.

Points lying on rotation axes will have only one degree of freedom {(zmivariant) and wilt
thus have coordinates such as x,0,0 or x.x.x, etc. There will be at most one-half as many as
there are general positions, but there may be less if the axis also coincides with the
intersections of mirror planes and/or the order of the rotation axis is greater than 2. The site
symmetry will now be N or Nm(m). As univariant points lie on a rotation axis the
coordinates can be construed as specifying the line of intersection of two planes. Thus
1,00 is the line of intersection of the planes y = 0 and 7 = 0; likewise x,x.x fepresents the
intersection of the planes x = y and y = z. : .

Points lying on centers, or at the intersections of rotation axes, or the intersection of a
rotation axis and a mirror, will have no free parameters (invariant). The site symmetry at
such points will be one of the crystallographic point groups (it must of course be the same
as, or a subgroup of, the crystal point group).

The fact that a point lies on a glide planc or a screw axis does not on the other hand
reduce the number of points as the translational component will always take a given point to
a new position, Thus (to take a random example) there are no special positions for Pca2;
because it contains ne point operations (those that leave at least one point invariant).

Sets of symmetry-related points are semetimes called lattice complexes (but the term is
sometimes used differently, so beware).

There is special interest in the cubic invariant lattice complexes which crop up in many
different contexts, and they have been given symbols in the International Tables although
these have not yet achieved wide currency (they are given in § 6.8.7). As an example, the
positions 8 a of Fd3m (symbol D) are the positions of the atoms in the diamend form of
carbon, silicon etc. as well as in a large number of cormipounds (Mg in MgAlOy cited
above). The positions 16 4 of the same space group (symbol T}, which are the Al positions

in MgAlyQy, are also the Cu positions in the important structure type MgCu; (§ 6.6.3).
Many other examples of the recurrence of cominon motifs will be adduced in later chapters.

3.7.3 Matrix representations of symmetry operationst

A symmetry operation acting on a point x,y,Z produces another point at x',y",2". Using
the conventional coordinate systems, the set of new points in a unit cell resulting from all
the symmetry operations in a space group are given as the general positions in the
International Tahles. Let x be the column vector (x /¥ / z) and x' be the columm vector
(x'/y7z", then x' = AX + t where A is the matrix correspending to a point symmetry
operation about the origin and t is another column vector {£x/ 1, / ). i.e.:

IThis note is not for those who are uneasy with matrix manipuiation; as we do not use the results later
it may be omitted. See § 4.6.5 for some help with matrices.
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This equation is sometimes expressed in terms of a four-dimensional matrix:

)

x a4y hy 4y 1

L

Yi_ 1% n Gy f,
’

Z f:
1

Ay Gy dy
0 ¢ 0o 1

— e W M

A compact symbol for the above matrix i "= i
s the o opgm;g,—, atrix is {Alt} such that x' = {Alt}x. {Alt] is known
With conventional choices of bases all the elements of A are #1 or (1. The nature of the
symmelry operation can be found as follows [H. Wondratschek & J. Neubtiser, Acta
Crystallogr. 23, 349-352 (1967)): Let 1 be the trace (sum of the diagonal elcment53 of A

g:ld A the determinant of A, then the point symmetry element is determined as shown
ow:

TA = 3 -1 0 1 2
A= 1 2 3 4 6
A=-1 1 m k3 3 %

The space group operation is identified as follows;
If A = 1 there is an N-fold rotation or screw axis along axis g given by the solutions of

(A —E)qg =0 (E is the identity matrix)
with translation d (parailel to q) given by
' d = (1/N)Bt .(BsAN-l +ANI L E
points x on the axis are the solutions of

(A -E)x=(B/N-Ex.

If A =1 then there is:
(a) TA =3 an inversion center,
(b) TA =-1 a misvor or glide with transiation d given by

d= (1/2)(A_ -Exit

Three-Dimensional Space Groups 91

and the points x on the plane are the solutions of
(A ~E)x = (1/2)(A - EXt
(é) TA =0, 1 or 2 there is a3, 4 or 6 axis along q given by
A+E}q=0
and the inversion point X is given by the solution of:
A-Ex=-t

It will be found that working through one or two examples (see ¢.g. Exercise 2) will
make the above clear.

The inverse problem of finding the matrix corresponding to a given space group
operation is easily solved from the above equaticns. For a clear and thorough exposition
see M. B, Boisen & G. V. Gibbs, Canadian Mineralogist, 16, 293 (1978).

3.7.4 Alternative origins and unit cells

There are advantages to taking the origin at a center of symmetry in space groups that
have them. Computer programs that generate space group coordinates often do it for a
centric space group by adding a center to an acentric space group by also reversing the sign
of all the coordinates (in getiing Prmm from P222 for example). They then require that
you use such an origin. Properties such as the electron density distribution [p{x.y,2)] of at
centrosymmetric crystal become an even function [p(x,.7) = p{-—x,~y,~z)] if the origin is
taken at a center. Expression of p(x,y,z) as a Fourier series requires only cosine terms in
this case.

Why then ever take an alternative origin? Consider the diamond structure. The symmetry
is Fd3m and with origin at the center (half way between two neighboring C atoms, site
symmetry 3m) the C atom positions are 8 a: F  (1/8,1/8,1/8); however if the origin is
taken on an atom (with site symmetry 43m) the coordinates are (again 8 @) F + (0,00 ;
1/4,1/4,1/4). Now consider the cubic form of SiC. The structure is derived from that of
diamond by replacing haif the C atoms by Si destroying the inversion center and the

" symmetry is now F43m (an acentric subgroup of Fd3m). The point that was the old

inversion center now has symmetry 3m and the natural origin is the site of 43m symmetry
where the atoms are located, and which is chosen as the standard origin for Fa3m. The
description of the structure is: Siin 4 @ F + (0,00} and C in4c: F +(1/4,1/4,1/4). The
relationships between the two structures are more readily apparent if the origin is chosen at
the site with 43 symmetry in both cases. '

When alternative origins are given, the first choice used in the International Tables is at
xp.y0.Ze from an inversion center (the second choice is on the center). To convert
coordinates appropriate for the first choice to those appropriate for the second choice,
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*0,¥0.2 must be added to the first set. Values of xq,y0,20 are given in Table 3.6 below.
See § 3.6 (p. 86) for choice of origin in P3;21 and P3521.

Table 3.6. Coordinates xp,¥0.20 t¢ add to convert from origin “choice. 1” to “choice 27 in the
International Tables

Pnnn 1/4,1/4,1/4
Phan, Pmmn 1/4,1/4,0
Ceea B i 0,1/4,1/4
Fddd, Fd3, Fd3m ~1/8,~1/8,~1/8
Pd/n, PAinmm, P4{5:cc -1/4,1/4,0
Pdnyfn, Pdinne, PR3, Pnl3n, Pnim —1/4-1/4,-1/4
Hila 0,-1/4,-1/8
My lamd, 141/acd 0,1/4,-1/8
Pafnbm -1/4,~1/4,0
Pdginbe, PAyinnm, PAglnme, Pdzincm -1/4,1/4 ~1/4
Fd3c -3/8,-3/8,--3/8

_ A more subtle (and maddening) cause of confusion can arise in some polar space groups
(1.c_. _those belonging to one of the polar crystal classes—see § 2.5.4). The general
positions of Fdd? (class mm2) are given in the International Tables as:

F+ (3.2 %,5,0; Vdex, Ud—y, 1/d+z ; 1/4-x,1/4+y,1/4+2)

The second position is generated from the first by rotation about the 2-fold axis parallel

to ¢ and passing through the origin. The next two positions are generated from the first two

by diamond glide: reflection in the plane y = 1/8 followed by translation by a/d+c/4.

One of the most studied of all crystals with this symmetry is the low-temperature phase
of KHyPOy4. For reasons of their own, people who work with this material reverse the ¢
component of the glide (so that it is a/4 — ¢/4) and the general positions become (with —1/4
replaced by 3/4): '

F 4 (0,y.2 ;5,525 Vdtx,1d=y,3/442 ; 1/d, 1d+y 34+7)

To use their coordinates with the positions given in the Interational Tables the sign of
all values of z must be reversed This is simple enough to do if you are told, but
compilations of structural data often neglect to make clear the choice of direction of z. The
same problem can arise in Mymd and /44 which are polar supergroups of Fdd2.

The high-temperature phase of KHzPOy is often described as having space group F4d2
which is 7424 using with a doubled cell (see Fig. 3.15).! Your computer program gnite
posstbly does not recognize F4d2 either! We explain in Chapter 4 how to transform
coordinates when a unit cell is transformed. To transform coordinates x,y,z for a face-
centered tetragonal cell to x',y'.z' for a body-centered tetragonal celi use x' = x-y, ¥ =

" ! The reason for this is that the unit cells and coordinates of bath phases are then very nearly the same.
ee § 3.5,
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" x+y, 7' = z. You may still have to be careful about choice of origin!

Occasionally a primitive tetragonal crystal is described by a similar doubled cell which is
now C centered. The same rufe applies.

3.7.5 Standardized description of crystal structures

Frequently crystal structures are determined and not recognized as the same as one
previously determined for a different compound (for an example see Exercise 11). Among
the reasons for this are choices of different settings of axes and choice of different origins
as described in § 3.7.4, or (less frequently) assignment of a wrong space group. ‘

Even if the “standard” settings of the fnternarional Tables are chosen there can still be
freedom of choice of axes; for example space group Pmmm has the same symbol for any
permutation of the axes. There can also be freedom of choice in assigning atoms to
Wyckoff positions: for example in the structure of PtS with symmetry P4;/mme, the Pt
atoms occupy the positions 2 ¢, The S atoms can be placed in either 2 e or 2 fresulting in
identicat structures but described with different origins.(in both cases on a center).

With an increasing number of structures being published and entered into computer
databases, it is important that they be reported in as “standard” as possible a way. Sensible
proposals for this and a computer program to implement them have been described
[E. Parthé & L. M. Gelato, Acta Crystallogr. A40, 169, (1984); L. M. Gelate &
E. Parthé, J. Appl. Crystallogr. 20, 139 (1987)]. Unfortunately relationships between
structures of different symmetries are sometimes obscured if standard descriptions are
used. In those cases it would seem appropriate to use two descriptions.

To illustrate that this is not a trivial problem for non-crystallographers we recount an
anecdote about the crystal structure of zircon (ZrSiQ4), Two structure determinations in
essential agreement wers reported, but with different choices of origin (see Exercise 10). A
structure simulation was subsequently carried out (by a third party) to determine which was
correct! The reader is urged to do Exercise 11 {taken from Parthé & Gelato) which provides
a more subtle exarnple.

3.7.6 Other symmetry groups with translations

The enumeration of the classical space groups was performed 100 years ago. Most of
the credit goes to E. S. Fedorov (Russia) and A. M. Schoenflies (Germany) who worked
independently, but it should be noted that the final correct tally was only achieved by cross-
checking each other's work. We should also mention in this connection the remarkable
work at the same time of W. Barlow (England} who a (possibly apocryphal) tale has
arranging hundreds of gloves (asyrmetric objects!) on racks to simulate the space groups.!

The symmetry groups of three-dimensional objects with only two-dimensional

PBarlow (who has been called “one of the last great amateurs of science™) also contribmed greatly 10 our
knowledge of sphere packings and invented some simple crystal structures, such as those of NaCl and CsCE
This last work was just what W. H. & W, L. Bragg needed for their carly investigations of crystal
structures (that of NaCl was the first determired). The proof in § 1.4 is atiributed to Batlow,



94 Chapter 3

periodicity (layers) or one-dimensional periodicity (rods) are sometimes of interest, The
restriction to 1-, 2-, 3-, 4- or 6-fold rotations does not apply with one-dimensional
periadicity, so the rod groups subject to that restriction are called crystallographic (as for
the point groups). As the crystallographic one-dimensional and two-dimensional groups are
also subgroups of space groups, information about them is implicit in the Inzernational
-Tables. Appendix I lists these groups and gives some hints for using the Tables to obtain
the general and special positions for these groups and to locate their symmetry elements.
Layer groups are of special interest to electron microscopy and we use the rod groups in the
discussion of cylinder packings in Chapter 6.

3.7.7 The occurrence of symmetry groups

Experienced crystallographers often have a knack of knowing what kind of structure to
expect once they know the symmetry and unit cell parameters. It is useful therefore to have
some ideas about the factors determining the occurrence of symmetry groups.

Organic and many inorganic melecules are often assembled with great skill piecewise
and are genmerally of low symmetry {and metastable). The crystals they form have

_ Symmetries suitable for efficient packing of such molecules; generally this requires the
absence of pure rotation axes and mirror planes, but allows a low density of screw axes
and glide planes. Thus in a survey! of about 40,000 organic crystal structures it was
observed that about one third have symmetry P2 /e but there was not a single example of a
structure with symmetry P2/m. Only 64 examples of cubic symmetry were found and
almost a third of these had symmetry Pa3 which is a favorable symmetry for packing of
molecules {like CO; and “congressane” (8 5.1.10)] with large quadrupole moments. The
same symmetry is found for pyrite, FeSy, which contains S groups.

The inorganic crystals with which we are largely concerned in this book are very often
the stable configurations (at a given temperature and pressure) of combinations of atoms in
predetermined ratios and generally have higher symmetries. Pearson’s Handbook (see
Book List) contains about 50,000 inorganic structures and about 2500 structure types. The
distribution of symmetries among the latter and the more common space groups {in percent)
are:

{riclinic 2.8

monoclinic 20.1 C2Um 6.1 P2 /e 5.5
orthorhombic 297 Prma 6.1 Chicm ER|
tetragonal 151

trigonal 10.7 Rim 3.7

hexagonal 12.1 P6y/mme 4.3

cubic 9.5

About three-quarters of the structure types are centrosymmetric. Of course some
structure types have hundreds of representatives (they are usually of high symmetry) and
many others have just one. With reference to the above table, note that Cmem is a maximal

ISee the article by A. J. C. Wilsen in fnternational Tables C, p. 792.
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subgroup of index 3 of P63/mmc and that Prma and C2/m are maximal subgroups of order
2 of Cmem. Likewise P21/c is a maximal subgroup of index 2 of Pnma and C2/m is a
maximal subgroup of index 3 of R3n. The most common cubic symmetries are Fm3m and
Fd3m (both supergroups of R3m).

The presence of high symmetry means that apparently complex structures (such as
spinel and garnet; see § 3.4) can often be described by just a few parameters and
appreciation of possible reasons for adoption of a particular symimetry can be a great aid to
understanding such structures. For this reason we spend some time on the symmetries of
sphere and cylinder packings in Chapter 6 (see especially § 6.2.1 and 6.8,10). For the
symimetries of certain types of layer structure see § 5.6.14.

3.7.8 Incommensurate (modulated) crystals, quasicrystals and non-classical
symmetries!

We should mention that in this book we are only concerned with structures that have
symmetries described by one of the classical symmetey groups, in particuslar for “infinite”
solids the symmetry is one of the 230 space groups. Corresponding to the lattice of these
structures there is a reciprocal lattice (§ 4.5.1) in the space (reciprocal space or Fourier
space)} of the diffraction pattern of the structure. The diffraction pattern is conveniently
indexed in terms of three non-coplanar reciprocal lattice vectors. The reader should know
however, that the diffraction patterns of many solid materials (incommensurate crystals and
quasicrystals) cannot be so indexed, but require more than three {(sometimes as many as
§ix) vectors to be indexed.

A simple kind of incommensurate crystal structure can arise as in the following example.
Consider a structure of NayCO3 composed of Na atoms and CO3 groups in well-defined
positions in a unit cell and described by a conventional space symmetry group. Now
imagine the structure to be modulated by rotations of the CO3 groups by an angle whose
magnitude depends on distance along an axis and with a periodicity different from, and
incommensurate with, the basic lattice periodicity. In addition to the basic unit cell and its
corttents, we have also to specify the modulation function to describe the structure.? The
diffraction pattern will have main diffraction spots at positions specified in terms of three
reciprocal lattice vectors corresponding to the underlying lattice and satellite reflections
whose positions relative to the main reflections are specified in terms of a fourth vector,
and four numbers will be required to index the spots of the diffraction pattern. In this sense
it may be considered “four-dimensional.”

We mention quasicrystals briefly in § 5.5. The diffraction patierns of these have “non-
crystallographic” symmetries. The first to be discovered (and many others subsequently)
have icosahedral diffraction patterns that require six digits for indexing.

For crystallographic purposes it is sometimes convenient to consider such structures as
projections onto three dimensions of higher dimensional structures with symmetries of

!Some acquaintance with X-ray diffraction is required to fully appreciate the content of this Note.
2NagCO3 was one of the first incommensurately-modulated crystals discovered, The situation in the real -
crystal is a little more complicated than we have described.
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higher dimensional space groups (see Appendix 2).

A recent interesting development is the recognition ihat the symmetriés of diffraction
patterns are not restricted to “crystallographic” symmetries (1-, 2-, 3-, 4- and 6-fold) axes.
That restriction in real space came about (§ 1.4) because we restricted ourselves to lattices

in which lattice points could not come arbitrarily close to each other—this is an eminently

sensible restriction in real space, as atoms (which must be related to identical atoms by 2
lattice transiation) can not approach arbitrarily close to each other. In reciprocal space,
however, there is no physical reason for such a restriction and if it is lifted, axial symmetry
groups with an N-fold axis with arbitrary &, and icosahedral groups are allowed, it turns
out that the derivation of symmetry groups starting from reciprocal space is in many ways
much more simple and elegant than the traditional way hinted at in this chapter, and it is
quite possible that future texts will adopt the reciprocal space approach when the details are
fully worked out. Key references are D. A. Rabson et al., Rev. Mod. Phys. 63, 699
(1991) and N. D. Mermin, Rev. Mod. Phys. 64, 3 (1992). In these papers the 230 space
groups are derived very elegantly, as are the 11 icosahedral space groups of reciprocal
space. Note that there are no real space lattices corresponding to the icosabedral cases, so
the term “reciprocal” lattice is unformmate.

Despite the above remarks, we emphasize that in this book we are interested primarily in
real space structures {arrangements of atoms in space) and that we use the language of
space groups simply for a convenient, and succinct, method of describing such structures;
and for this purpose a real space description is most intuitive. We also recognize that,
unless one is completely familiar with Fourier transforms and their properties, working in
reciprocal space can be somewhat daunting. Finally we observe that although the
occurrence of incommensurate and quasi-crystals is being found to be quite common, at
present structural details, on the level available for conventional crystals, are available in
only a few cases. :

3.8 Exercises

1. By choosing new axes P21/c {§ 3.4, p. 77) becomes P2y/n. The coordinates of
general positions now are (verify from the International Tables):

2 BT 5 V24x, 12,1242 5 1/2-x,1/24y,1/2—2
2. The general positions of Pnma (full symbol P2y/n21/m2/a) are
T (g s V240 12-y, 127 5 8,124y, 5 1/2-23,1/2+2)
.From these the locations of the 2 axés parallel to x,y and z and the locations of the
mirror and glide planes can be found. For example, x,y,z — X,1/2+y,7 corresponds to

_ operation of a 2y axis passing through the origin and parallel to v,
The spectal positions can be generated by appropriate substitutions for the general
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positions. Thus y = 1/4 (or y = 3/4) will generate positions 4 ¢ on the mirror planes. There
are eight inversion centers in the cell (see Fig. 3.14, p. 72); substitute their coordinates for
the general positions to generate 4 ¢ and 4 b.

3. The symmetries of the Bravais lattices are (identify each lattice):

ri, Pllm,_lem,_Pmmn}_, Cmmm, Immm, Fmmm, P&lmmm, I4/mmm, R3m,
P6/mmm, Pm3m, Im3m, Fm3m.

4. For the following space groups determine (g) the Bravais lattice, (&) the crystal
system, (c) the crystal class, (¢) whether there is a center of symmetry. (Use the
International Tables to check your answers).

la, Ceca, Amm2, I41/a, Panc, I41/aed, R3¢, P31c, P6ame, a3, Fdic

5. Draw a projection down ¢ of the rutile structure (§ 3.4, p. 78). Show that Ti has six
near O atoms and O has three near Ti atoms. Shade in the {Ti}Og polyhedra to see how
they are connected. You should draw af least 4 unit cells. {Hint: see Chapter 4 for advice
on drawing structures. ] '

6. Show that the following sets of points in a cubic unit cell all describe a face-centered
lattice with a different choice of origin:

(a) 0,0,0;0,1/2,1/2 5 1/2,0,1/2 ; 1/2,1/2.0
by 0,0,12:;0,1/2,0; 142,00 ; 1/2,1/2,172
() 1/4,1/4,1/4 ; 1/4,3/4,3/4 ; 3/4,1/4,3/4 ; 3/4,3/4,1/4
(d) 3/4,3/4.3/4 ; 3/4,1/4,1/4 5 1/4.3/4,1/4 ; 14,144 3/4

7. Show that the Al atoms in the structure of CazAl2Sia0ys structure (§ 3.4, p. 80) lie
on points of 2 body-centered lattice described by a cell with doubled edge (so the cell
contains 16 lattice points rather than 2).

8. The crystal structure of Cuz O {cuprite) is cubic with:

Cuat 0,0,0;0,1/2,1/2; 1/2,0,1/2; 1/2,1/2,0
Oat 14,1414 344374 314

The Cu atoms fall on the points of a face-centered lattice, and the O atoms falt on the
points of a body-centered lattice. The lattice of the structure is primitive (in fact the space
group is Pr3m). What is the coordination of Cu by O and of O by Cu (Le. how many
nearest neighbors and how are they arranged)?

9. The crysta! structure of cuprite was one of the first determined. From the unit cell
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parameter (@ = 4.26 A) and the density (p = 6.1 g cm-3) show that there must be 4 Cu and
2 O atoms in the unit cell. Now get a copy of the International Tables and show, by
climination, that the only possible cubic symmetry is Pn3m (in which case the structure
must be that given in Exercise 8) or PZ3m.} (Why can P23, P4332 and Pn3 be muled
out?), [Hint: begin by eliminating all space groups in which positions a (which have the
lowest multiplicity) consist of more than 2 points].

10, The structure of zircon, ZrS104, has been described as:

HMilamd, a = 6.607, c = 5.982 A. Origin at 32m
Zrinda: [+ {0,0,0;0,1/2,1/4). §iin 4 b: 7 4 (0,0,1/2 ; 0,1/2,3/4)
Oin 16 k: T+ (0kx,z ; £x,07 0,1/245x0,1/d-7 ; 4x,1/2,1/4+2), x = 0.1839, 7 = 0.3203

Transforming to an origin at & center (see § 3.7.4, p.91):

Zrin 4 a: [ £ (0,3/4,1/8). Si in 4 b: [  (0,1/4,3/8)
Oin 16 ke 1k (0.2 3 0.12x2 3 Udx, 143442 5 34-x, 14, H417), x = 00661, z = D.1953

11. An important structure type is that of CeCus; KHgy has been described as having the
same symumetry:

CeCug Imma,a =443, b=706,c=748 A
Ceind ¢: 1£(0,1/4,2), z = 0.538
Cuin B I £(0y.2: 0,1/2-y.2),y = 0.051, z = 0.165

KHg; fmma,a=8.10,b=516,c =877 A
Kindc:11(0,1/4,2), 7 =0.703
Hg in 8 iz & (£x,1/4.2), x = 0.190, z = 0.087

Plot both structures in projection down the shortest axis and thus show that they are
essentially the same (except for a change of scale).? An exactly equivalent description of the
structure of KHgy is (compare with that given for CeCuz): a =5.16, b= 8.10, £ = 8.77 A.
Kinda,z=0457, Hg in 8 h, y = 0.060, z = (.163. [Hints: for some help with drawing
structures see Chapter 4. These structures are nicely illustrated if the four shortest Cu-Cu or
Hg-Hg bonds are drawn in (two of these superimpose in projection)—see § 7.3.5]

12. Use the International Tables A to find the maximal non-polar ¢ subgroups (H) of
G = Pm3m. [Hint: they will be found as maximal subgroups of maximal subgroups; the
two highest symmetries have index © and 8 in G respectively. For the polar crystal classes,
see p. 50.] These are the possible symmetries of the polar structures formed when a cubic
perovskite (such as BaTiOs or SrTi0s) deforms to polar structures at low temperature.

1Systematic absences in the powder pattern immediately point to Pn3m. Specifically, reflections with
indices AkQ are absent for k + k odd {100, 210 etc.).

2This example is taken from Elements of Inorganic Structural Chemisiry by E. Parthé (available from
K. Sutter Parthe, 49 Chemin du Gué, CH-1213 Petit-Lancy, Switzerland).

"CHAPTER 4
LATTICE GEOMETRY

In this chapter we explain how the directions of lines and the orientations of planes in 2
crystal are specified. The description necessarily involves reference to the coordinate
system and if alternative unit cell descriptions are used the description of directions and so
on. will change, s we next discuss unit cell transformations. Next we give a compendium
of formulas useful for crystallographic calculations. Finally we present some commems
and hints on drawing crystal structures.

4,1 Directions in a crystal
4.1.1 General

A direction in a crystal is specified by three integers w,v,w and is written [ow]. The
direction is then that of the vector ua + vb + we where a, b and ¢ are the unit cell (lattice)
vectors. Normally u, v and w are integers that have no common factors other than 1 (i.e.
they are coprime). Thus the direction of the x-axis is [100], that of the y-axis is [010] and
that of the z-axis is [001]. Nate that {1001 refers to the -x direction. Fig. 4.1 illustrates
these and some other principal directions. In the figure the shape of the unit cell is to be
considered quite general (i.e. not necessarity a cube) and the heavy lines meet at the origin;
the filled circle is a point at 0,1/2,1. In crystallography the symbol [avw] is often said 1o
represent a zone axis and all planes parallel to [ww] are said to fall in that zone.

(001}

z 0121
[101] UHT o

y [010]

x [100] [£10]

Fig. 4.1 Directions in a crystal.
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The set of equivalent (symmetry-related) directions in a crystal is réprescnted <UYWS,
Thues in a centrosymumetric cubic crystal <i11> represents the family of specific directions
along the body diagonals:

fyi1y, tiay, 1y, (2219, [F113, [110], (111 and (111)
For the same symmetry, <100> is similarly the set:
[100], [010], [0011, (1001, f010] and (0011.

In the jargon <uvw> is a form of zone axes.

Often [uvw] is used to represent not only & direction but is considered 1o have a
_magnitude associated with it. Usually the context makes. this clear. Thus a vector of
magnitude a/2 along the x direction is written 1/2[100}, and 1/2[111] refers to
{a+b - c)/2. Vector sums can be expressed as (e.g.} V/6[112} + V6[110] = 1/3[111]
which is shorthand for (~a+ b + 2¢)/6 + (—a + b)/6 = (-a + b + ¢)/3.

4.1.2 Directions in hexagonal crystals

In the hexagonal system two systems are used for specifying directions. The first uses a
four index symbol which we write {UVJW]. The corresponding direction is that of the
vector Uag + Vag + Jaz + We where aj is the x direction, a3 is the y direction (at 120° to
each other) and a3 = -(ay + az) is the equivalent direction at 120 to both a1 and a3 (and at
90° to ¢) as shown in Fig. 4.2. An important point is that as ay, a2 and a3z are not
independent there are many choices of U, V and J that correspond to the same direction.
The choice made is such thar J = —(U + V). Although, as we will see, there are
advantages to this system, it is not infuitive. Thus (see again Fig. 4.2) the y direction
{parallel to ap) is [1210] and the vector az = 1/3[12]0].

a3

[-12-10}
ay

[01-10}
4 \
{2-1-10} [11-20]

[10-10]

Fig. 4.2. Directions in hexagonal crystals.
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Three-index symbols [vw] can also be used for directions in hexagonal crystals. These
are also sometimes written as {uv.w] or [uvOw] which can be confusing and definitely
should be avoided, The four-index symbols are easily obtained from three-index symbols
based on a cell with dimensions ay, ay, ¢ as follows:

U=(Qu-W3;V=@v-wf3;J==U+V); W=w 4.1)
Note that ¢, V, J and W should be converted to the smallest possible integers by
multiplying or dividing by a constant factor if necessary. Qur recommendation is to use

three-index symbols for all calculations (see e.g. sections 4,3 and 4.4) and to convert at the
end to four-index symbols (to avoid ambiguity) for commmunication.

4.2 Planes and Miller indices

(@) (110) ) {(1-10) =(-110y - (£) top (0O1), side (BLD)
front (100)

Fig. 4.3. Miller indices for planes.

The orientation of planes relative to a coordinate system defined by translation vectors a,
b and ¢ is given by three integers A, k, I (known as Miller indices) and written (hk{). The
significance of these numbers is that the intercepts of the plane with the reference axes (in
units of &, # and ¢ respectively) are in the ratio 1/h : 1/k : 1/l Again (as for the indices
representing directions).h, k and [ are integers with no factor commen to all three. Note that
4, kand { specify only the orientatior of the plane, not its location. Thus all parailel planes
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have the same Miller indices.! Planes which intersect lattice points are referred to as lattice
planes or net planes. The equation of the plane in the latiice coordinate system is hx + ky +
Iz = constant. (hki) specifies the orientation of the plane and the constant specifies its
position relative to the origin.

Figure 4.3 provides a number of ¢xamples of low-index planes with respect to a unit cell
which may be triclinic. In (a) the plane intercepts the axes at 171, 1/1, 1/1 so its indices are
{111). In {b) the intercepts are 1/2, 1/2, 172 so after factoring out a common 2, the indices
are again (111). In () the intercepts are 1/1, 1/2, 1/2 so now the indices are (122). In (d)
the plane is parallel to ¢ so the intercept with that axis is at infinity (1/ec = 0). The plane
shown is in fact (110). Part (e) of the figure shows a plane with intercepts either at 1/1,
1/-1, 140 or 1/-1, 1/1, 1/0 according to whether the origin is taken at one or other of the two
filled circles shown. These planes are of course the same and thus should have the same
indices which we could write either as (110) or (110). Part (f) shows planes (100) 010)
and {001); they are parallel to the faces of the unit cell.

A form of planes (a set of planes related by syrnmet.ry) is represented by braces as in
{Rki}; thus the faces of & cubic unit cell are {100}.

Hexagonal crystals

As for directions, four-index symbols are usually used for the orientation of planes in
the hexagonal sysiem. There is little chance for confusion now 25 a plane that intercepts a;
at 1/% and ap at 1/k will inevitably intercept ag at 1/i where { = -(h+k). Accordingly the
three-index symbol (kkf) becomes the four-index symbol (hkil) with i = -—(h+k) The
superfluous i is sometimes replaced by a point as in {hk.D).
4.3 Relations hetween zones (directions) and planes

(@) The zone law: A piane (hkl) lies in the zone [uvw] if:

hu+kv + w =0 (4.2)

thus both (110) and (101) lie in the [111] zone.

(b) The zone [vw] corresponding to the intersection of planes (k1) and (hakaly) is
given by:

u =k~ kly s v=Uhho - bhy s w=hik - kol 4.3

thus the intersection of (110) and ( 10D is[111] [compare (a) above].

FAuthors of elementary texts often seem to us to get this point wrong, confusing Miller indices with

Brage indices which are discussed below (§ 4.7.2). Explicitly for example: no distinction should be made
between a (222) and a (111) piane.
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(¢} Some perpendicuiarity conditions in different sysiems:

orthorhombic: [100], [010] and [001] are perpendicular to (100), (010) and (001)
respectively.

.tetragonal'. [001] is perpendicutar to {001) and [pg0] is perpendicular to (pg0).

hexagonal: [0001] is perpendicular to (0001) and [pgi0] is perpendicular to {pgi0).! In
the three-index system one bas [2p+g p+24 O} perpendicutar 1o (pg0) or equivalently, [pg0]
perpendicular to (2p-g 2g-p 0).

More generally (four-index system) [p q { (3a%/2c¢)] is normal to (pgil).

rhombohedral: [111] is perpendicular to (111} (but if a hexagonal cell js used, see
above). .

cubie; [pgr] is perpendicular to (pgr).

4.4 Unit cell transformations
4.4.1 General

There are many reasons why it would be desirable to describe a crystal siructure with a
unit cell other than the one provided. For example the original investigator may have
chosen a "non-standard” setting of the axes, or a rhombohedral crystal might be more
conveniently described using a hexagonal cell rather than a thombohedral one. Sometimes
structural relationships are made more evident using unconventional celis (such as a
hexagonal cell for a cubic crystal).

Let a "new" unit cell defined by translation vectors a'. b', ¢’ be derived for a structure
with an "old” cell defined by a, b, ¢. The relationship between the new and old cells is
given by (using the notation of the 1965 International Tables, Vol 1):

a' =sy1a + 52b + 5130 a=311a'+t12b' + ty3¢’
b’ = 5214 + $92b + 533C b =13)2" ¥ 220" + 123¢'
¢' = 5312 + 532b + §33¢ ¢ =tya' + 1a33b' + 133¢' (4.4)

Let 8 be the matrix of coefficients si;and T the matrix ;.2 Then 8§ and T are the

IThis is one of the advantages of the 4-index system.

2Note that Boisen & Gibbs (Mathematical Crystallography in Book List) use 8 and T matrices that
are the transposes of ours. The newer Internafional Tables {volume A) uses P and ¢} that are also the
transposes of our § and T. These authors consider (more logically) the set of lattice vectors tobe a1 x 3
(row) vector rather than as a 3 x 1 (column) vector. The system and notation we use appears to us to be
simpler and is also to be found in most texts. This point is addressed in § 4.7.5 (p. 128).
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inverses of each other (i.e. 8T = TS = E). As the new and old ¢ells are both unit cells the
elements of the matrices will be rational numbers.

The ratio of the volumes of the new and old unit cells is det(S) and lkewise the ratio of
the volumes of the old and new unit cells is det(T). Should the determinants be negative,
the hand of the coordinate systemn has been changed in the transformation.

When the coordinate system is changed the indices representing the orientation of planes
and directions will also transform, as will the coordinates of points in the unit cell. The
rules for the transformations are as given below (Tt, 8t are the transposes of T and S
respectively):!

new from old old from new
a, b, c s : T
(hkD) s T
[tvw] Tt St
Y2 Tt St
a* b* c* Tt St

The table shows that axes and indices of planes tragsform the same way as each other,
and that coordinates of points and indices for lines also transform the same way as each
other but using the transposed reciprocal matrix. The bottom row shows for completeness
how reciprocal lattice vectors (discussed below) transform.

In calculating coordinates of points (e.g. atom positions), it must be taken into account
that if the new and old unit cells have different volumes, the number of points in the cell
will change accordingly. How this is handled should be clear from the examples below. To
caleulate the length of the new axes, note that e.g. a' = s;;a -+ s1zb + 53¢ so that &' is the
distance from 0,0,0 to §(1.512,515 in the old coordinate system. Likewise of is the angle
between [s21 523 523] and [s31 537 $33] (again in the ofd coordinate system). Calculating
distances and angles is discussed in § 4.5.2 and § 4.5.3 and a general expression for unit
cell parameters of transformed cells is given in § 4.5.4 (p. 112).

4.4.2 Rhaombohedral to hexagonal and vice versa

Rhombohedral crystals are often referred to hexagonal axes and the hexagonal cell is
three times the volme of the rhombohedral one. Fig. 4.4 shows the relationship of the
thombohedral cell to the hexagonal one. The filled circles in the figure are at 0,0,0; 1,0,0;
1,1,0 and 0,0,1 in the rhombohedral cell and at cell corners (0,0,0 ; 1,0,0 ; etc.) ;
23,1/3,143 5 1/3,2/3,2/3 in the hexagonal cell (see also Fig. 4.5). The open circles are the
remaining corners of the rhombohedral cell that are in adjacent hexagonal cells. It may be
seen that if the rhombohedral cell is rotated by 60° about ¢ the hexagonal cell contains

Iz simple derivation (using the same notation) of these rules is given by A, Kelly & G. Groves
Crystallography and Crystal Defects, Addison-Wesley (1970,
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points at 1/3,2/3,1/3 and 2/3,1/3,2/3; this is.the so-called reverse setting which is not used.
The setting used here (Fig. 4.4} is the “standard” one and is called the obverse setting.

Zp

*h

Fig. 4.4. The relationship between centered and primitive rhombohedral cells.

*h

Fig. 4.5. The poinis of Fig. 4.4 projected down ¢y (the ¢, direction).

Figure 4.5 shows the same rhombohedral and hexagonal unit cells in projection along



106 Chapter 4

the 3-fold axis. It should be observed that:

ah':ar"hr
by, = by —¢,
cp=ar+ byt oy

The {ransformation matrix is therefore S=(110/01 1/ 1 1 1) (thombohedral —
hexagonai). Likewise:

ar=2ap/3 +bp/3 + /3
b, = -ap/3 + bp/3 + ¢4/3
¢y =—ap/3 -2by/3 + /3

soT=(2/3 1/3 1/3/-1/3 1/3 1/3 /173 <2/3 1/3) is the corresponding inverse matrix,

The relations between the unit cell parameters in the two cells are:

a, = (%)ﬁﬂﬁaﬁ +c})
o =2sin™ 3
2:;3-1—((:,?/61:)

a, = 2a sin(e/2)

¢, =a,/(3+6cos0x)

As we use Tt to transform coordinates, a point with coordinates x,y,z in the
rhombohedral celi will have coordinates (2x-y—z)/3, (x+y-2z)}/3, (x+y+z)/3 in the
hexagonal cell. Note that 1,0.0 transforms to 2/3,1/3,1/3; 0,1,0 transforms to —1/3,1/3,1/3
= 2/3,1/3,1/3 and 0,0,1 transforms to -1/3,-2/3,1/3 = 2/3,1/3,1/3. 1,1,0 transforms to
173,2/3,2/3 and so on. Examination of all the possibilities shows that the Thombohedral
lattice points correspond to 0,0,0 or 2/3,1/3,1/3 or 1/3,2/3,2/3 in the hexagonal cell.
Accordingly, these quantities must be added to the new coordinates of each point calculated
from the original x,y,z (recall that the hexagonal cell volume is three times that of the
thombohedral cell). The transformations may be summarized (note that we use three-index
symbols for hexagonal):

rhombohedral —» hexargonal

xyz - (00,05 23,1U3,1/3; 132323 +
(Qr-y=2)/3, (rty-20)/3, (xay+2)/3
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[wvw] — UBD[2u—v—-w utv-2w u+v+w]
(thus [111}; becomes 1/3{003]h = (001

(hkly - (h=k. b~ htle+l)
[thus (111} becomes (003}, = (001)y etc.]

hexagonal -» rhomhbohedral
X, - X+, YT, Y2

[uvw] — [u+w vew—u w—vl
" {thus [001]}, becomes [111];)

Gkl) = (U3 2tk —herlerl ~h2kw])
[thus (00 1)y becomes (1/3 1/3 1/3) = (111), etc.]

When transforming from hexagonal cell to a rhombohedral one, and the new coordinates
are expressed modulo 1, it will be found that sets of three points in the hexagonal cell
reduce to-one point in the rhombohedral cell.

4.4.3 Cubic to hemgonal

Cubic crystals may be considered as special cases of rhombohedral symmetry, the P, T,
and F cells having primitive rhombohedral cells with o= 90°, 109.47°, and 60°
respectively. They can also be transformed to hexagonal cells (among other things this is
very useful for drawing cubic structures projected down a 3-fold axis). _

For the primitive cubic cell the transformation is exactly the same as outlined above. The
centered cells should first be transformed to primitive cells before being converted to
hexagonal ones. It should be clear that the final hexagonal cell will contain 3/2 times as
many atoms as a body-centered cell, and 3/4 times as many atoms as the face-centered cell.
For convenience the § and T matrices are:

face-centered - primitive S=(01721/2/1201/2/1221/20)
T=(111/111/111)

face-centered — hexagonal ~ S=(-12120/0-1/212/111)
T=(43-231/3/23-2313712343113)

body-centered — primitive S=(-121212/712-1/2 1/271/2 1{2-U2)
T=(011/101/110)

body-centered — hexagonal  S=(110/011/1/2121/2)
T= (2313237 1/3=13237 173213 213)



108 Chapter 4

In the hexagonal description of cubic cells the axes are (with subscript ¢ for cubic and &
for hexagonal): :

primitive an=V2a.  cplap=V(3/2)=1225
body-centered ap= \)2ac cylap = 1)(3/8) =0.614
face-centered an=adN2  cplap =6 =2.449

4.4.4 Hexagonal to orthohexagonal

Hexagonal crystal structures are sometimes conveniently illustrated in projection normal
to €. A good way to do this is to transform to an orthohexagonal cell as shown in Fig. 4.6
(old cell in light lines, new ¢ell in heavier lines). Asa’'=a+b,b'=-a+b,c' =¢, the
transformation matrices are § = (1 10/110/001), T=(L/2-1/20/ /2 1720/ Q0 1).
The unit cell parameters are @' = a, »' = ¥3b and ¢’ = c. Notice that the new cell is C
centered (Fig, 4.6) so that 0,0,0 and 1/2,1/2,0 must be added to each x',¥',z".

Fig. 4.6, Tlustrating derivation of an orthohexagonal celt (heavy lines) from a hexagonal cell.

To plot normal to ¢ usually project down a' (the short axis) of the orthohexagonal cell
[this is on {1120) of the hexagonal cell]. Note that the same transformation is usefol for
plotting a cubic or tetragonal structure on (110} (f.e. along [110]).

1f the original cell were rhombohedral, it should first be converted to a hexagonal cell
and then to an orthohexagonal cell. The combined operation rhombohedral —
orthohexagonal is described by S=(101/121/11 0, T=(1/2 -1/6 1/3/01/3 1/3/
~1/2 -1/6 1/3). Now the new unit cell is six times larger and (0,0,0 ; 1/2,1/2,0 ; 0,1/3,1/3 ;
1/2,5/6,1/3 ; 0,2/3,2/3 ; 1/2,1/6,2/3) must be added to the new coordinates.

See § 4.6.3 for some worked examples and for 2 transformation from face- centered
cubic to orthohexagonal.

4.5 Crystallographic calemlations
4.5.1 Unit cell volume and reciprocal lattice unit cell parameters

The volume of a unit cell is given by
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= abcV(1 + Zeosacosfeosy— cos2a— cos2f — cos2p) (4.5}

Special cases are:
Monoclinic V= gbcsinf}
Orthorhombic V= abc
Hexagonal - V=+3a2c/2

For many reasons it is convenient to define a lattice reciprocal to the lattice of a crystal.
Let a lattice be defined by vectors a, b and ¢; then we define reciprocal lattice vectors a®*,
b* and ¢* such that a* is normal to the be plane (i.e. the plane containing b and ¢}, b* is

perpendicular to the ac plane and ¢* is perpendicular to the gb plane.! The defining

relationships are:

aa*=1 ba*=0 ca*=0
ab*=0 bbt=1 cb*=0
a.c*=0 b.e*=0 cc¥*=1 (4.6)

From these equations it follows that the dimensions of the reciprocal lattice vectors are
1/distance (units e.g. A-1).

The volume of the reciprocal lattice unit cell is V* = 1/V.

The magnitudes of the reciprocal lattice vectors and the angles between them (¢*, f*
and ) are

a* = bcsinoyV
b* = acsinfilV
c* = absinyfV

cosa* = {vosficosy~ cosa)/sinfsiny
cosfi* = (cosacosy— cosf)/sinasiny
cosy* = (cosacosf— cosp/sinasing 4.7)

There is a set of equations analogous to Eq. 4.7 obtained by interchanging starred and
unstarred quantities. Note the simplification if ¢ = f = y= 90°; when a* = l/a, b* = /b,
cF = H/e, of = f* = v* = 90°. Other useful special cases are:

Monoclinic: a* = 1/(asinf), b* = Ub, ¢* = 1/{csinf), §* = 180°-8
Hexagonal: a® = 2/(¥3a), ¢* = l/c, ¥ = 60°

The lattice reciprocal to bec is foo and vice versa. This may readily be confirmed by
{inding the reciprocal unit cell parameters of the primitive cells.2

U1t is virtually impossible to do practical crystallography without reference o the reciprocal lattice. The
direct lattice 2nd reciprocal lattice are related as Fourder transforms.
2Thus find the reciprocal latlice parameters if a=b=¢, = f=y=60".
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4.5.2 Interatomic distances and the G matrix

We often need to calculate the distance between points x(,y|,z; and x4,y3,2; (e.g. to
determine bond lengths in a structure). Let §x = {(x2=x1), 8y = (y~y1) and 8z = (z3-21)
then the distance d between the points is given by:

d?= (8x)2a2 + (8y)22 + (82)2¢2
+ 2(8x)(8y)abeosy + 2(8y)(dz)becosa + 28z)(Bx)cacosf  (4.8)

Remember in using Eq. 4.8 to keep the signs of 8z, 8y and dz. For hand calculations it
is worth taking into account the simplifications that arise for more symmetrical unit cells.

cubic &2 = a2[(8x)2 + (8y)2 + (82)2]
tetragonal 2 = a2[(3x)2 + (6})2] +¢2(8z)?
orthorhombic a2 = a2(8x)2 + b28y)2 + c2(5z)2
hexagonal a2 = a2[(8x)? + (§y)2 - (Bx)(By)] + c2(Bz)2
thombohedral d? = a2[(8x)2 + (8y)? + (82)2 + 2{ (8x)(8y) + (8y)(Bz) + (Bz)(Bx) }cosar]
moneclinic 42 = (Jx)2a2 + (8y)262 + (87)2¢2 + 2(82)(8x)cacosf
Equation 4.8 is conveniently expressed in matrix notation as follows. With

a’ abcosy accosf
. G =| abcosy ¥ beeosor (4.9)
accos i bceoso c?

If & is the column vector (8x / 8y / 8z) and &t the corresponding row vector (i.e. the
transpose of &) then Eq. 4.8 may be written:

d? = $Gé (4.8a)

The matrix G* = G- {the inverse of G) is obtained by replacing the parameters in Eq.
4.9 by reciprocal unit cell parameters. G and G* are known as the metric tensor and
reciprocal space metric tensor tespectively (G is also called the Niggli matrix).

a2 a*b¥cos y* atc*cos f*
£
G™=| gtprcos y* p*? b*c* cos o
a*c*cos B* brc* cos ot c*%
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Note that the unit cell volume is simply given as V2 = det(G) and that V*2 = det(G™).
4.5.3 Angles

The simplest way to calculate angles (especially if distances have already been
calculated) is to use the cosine formula for the angle A between sides b and ¢ of a triangle
with opposite side a:

cosd = (b2 + c2 - a)/2bc 4.10)

A simple, if inelegant, way to calculate the dihedral angle ABCD (ie. the angle between
planes ABC and BCD intersecting in BC) is to find the perpendicular equations of the
planes ABC and BCD in Castesian coordinates from which the angle between them is easily
obtained (see below). Often the interest in dihedral angles lies in molecular chemistry when
Cartesian coordinates are used. A familiar example is that of hydrogen peroxide where
interest focuses on the H-O-0-H dihedral angle.

If the Miller indices of the planes are given and if g is the column vector (hi /&y 7 1) and
h is the column vector (ks / k3 / ), the angle between the planes (Rykf)} and (hokyly) is ¢
given by

cos = gtG*h/V(gtG*g)-(htG*h)] (4.11)
In the case of a cubic crystal the above formula simplifies to
cosg = (hhy + kiko + [N 2 & 2 + 12)(ho? + kp? + 1)) {4.12)
Likewise if the indices of directions are given! and if u is the column vector Gy v/
wy) and v is the column vector {ua / vz / wy), the angle between the lines [u v w;] and
fuzvaws] is @ given by:
cosg = utGvA[(atGu) - (viGv)] (4.13)
In the case of a cubic crystal the above formula simplifies to
008 = (wyitz + vevy + wiwdNI(2 + 012 + w (s + 12 + wed)]  (4.14)
If the solid angle at a vertex I of a tetrahedron ABCD is wanted, it is simplest to
calculate the angles o= ZCDB, = ZADC and y= £ADB. The solid angle at D is then
¥ given by:

tan{@/4} = [tangtan(c - a/2)tan(o ~ §/2)1an(c — 7/2)]172 (4.15)
where o= {a + [+ /4

INote that UV WL, #2,v2,w3 do not have o be integers.
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4.5.4 The G marrix and unit cell parameters for transformed cells

Let 2 new unit cell (primed quantities) be obtained from an old one using the
transformation matrix S as described in § 4.4. The new G' matrix is given in terms of the
old by (see p. 128 for a derivation):

G' = SGSt C(4.16)

As g11' = a2, g2y’ = b2, g3z’ = ¢'Z, and g;)' = a'b'cosy, g31' = a'c’eosf’, g’ =
b'c'cose the new unit cell parameters are readily obtained from the elements of the G'
matrix. The elements of G* are:

k]

3 ’ N
8= Zz.gksﬂgw _ (4.16a)

k=] I=1
4.5.5 Cartesian coordinates

Sometimes it is convenient to transform from crystal coordinates to Cartesian
ceordinates; for example, for drawing structures, for calculating volumes of poiyhedra, etc.
We take the Cartesian axis x. to be along the crystal x direction (i.e. parallef to a), The y,
axis (perpendicular to xc) is in the ab plane and the z, axis normal 1o x, and y,. Then:

X, a bcosy ccos x
Y. |=|0 bsiny —ccosa’sinff]y 4.17)
Z, 0 0 /e z

A useful spectal case is for 2 monoclinic erystal for which o= y= 90°. The matrix then
becomes {a 0 ccosB/ 0 b 0/ 0 0 csinfl). Writing out Eq. 4.17 for this case:

Xe = ax +czeosfl; yo = by ; 7o = czsinf (4.18)

It may be convenient to change the relative orientations of the Cartesian and crystal axes
according to the task at hand as described in § 4.6.1. The following table gives six choices
that we find useful. To use the table, notice that each quantity on the right in Eq. 4.17
appears on the top row of the table, For the indicated orientation of Cartesian axes replace
that quantity by the corresponding entry underneath in the appropriate row.

&

Xz along a, yo inab plane @ b c, c* o g v X ¥ z
Xq along a, v inac glane  a c b, b* o ¥y B x H ~y
X along b, yo in be plane b ¢ a, a* Jisg Y @ ¥ z x
X. along b, y, in ba plane & a ¢ c* Ji a ¥ ¥ x -z
X¢along ¢, yo in ca plane ¢ a b b* g a B z x ¥
X; along ¢, yp inch plane ¢ b a, a* 1 8 « z ¥ -
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Some expressions valid in Cartesian coordinates follow.
The plane through three points x1,y1,2) ; X2,¥2,22 ; X3,¥3,23 Is given by:

x y z 1
. .
R T} =0 (4.19)
X ¥ 2z 1
b O A |
This cam be written
Ax+By+Cz=D (4.20) -
with
Y4 1 REE A | 5 oy 1 N %N g
A=ly, z L B=-x, z; L1, C=lk, » 1D=|x, » 2 (4.2
y, z 1 X, z; | x v o1 XY, L

Equation 4.20 can be written in the form (the perpendicular equation):
Ix+my+nz=p (4.22)
Here p is the length of the perpendicular from the plane to the origin and /, m and r are the
cosines of the angles of this line with the x, ¥ and 7 axes respectively. If s is the sign (£1)
of Din Eq. 4.21 and @ is (A% +B2 + C2)"1/2 then:
I=3A0 m=5BQ;n=5C0;p=sDQ (4.23)
The dihedral angle between two planes Iix + my + 1z = 0 and lpx 4+ moy + mz=01s

6= COS‘E(fllg + mymy + nyng) (4.24)

The volume of a tetrahedron with vertices x;,v;,z; (i = 1,2,3,4) is:

o o» o5 1
1
y=ll? % & (4.25)
6lx, ¥ oz 1
% Ve 7y L

In Eq. 425 the double lines indicate that the absolute value of the determinant is to be
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taken. Note that Eq. 4.19 follows from Eq. 4.25.

4.5.6 Distances between planes

Let h be the column vector {1/ &/ 1) where 1/k, 1/k and 1/] are the intercepts of a plane
with the crystal axes in units of @, b and ¢ respectively. The equation of the plane in the

lattice coordinate systera is hx + ky + [z = 1. The perpendicular distance from the origin to
the plane is then dyy which is given by

dpir = 1N(HtG*h)  (4.26)

This also gives the interplanar spacing between Jamilies of planes with Bragg indices

ikl (see § 4.7.2), As such it is useful to have the simplified forms for the more symumetrical
unit cells: : .

ciibic dpg = a2 + 12+ 1)
tetragonal dut = INI(H2 + I2)a? + 2/c2)
orthorhombic dnit = WN(EHG2 + Kb + R/c2)

hexagonal dpit = IN[A(H2 + Bk + k2)/3a2 + [2/c2)

4.6 Drawing crystal structures and using cell transformations
4.6.1 Orthographic and clinographic prajections

By far the best way to “learn” a structure is by building a model; failing that it is good to
draw it oneself. Many complex crystal structures can only be appreciated if a good model
or drawing is available. ,

If a structure is to be communicated, at least one good drawing is essential, and this
requires that a three-dimensional structure be prajected onto the two dimensions of a page.
Finding the best way to do this is a major problem. We have no patience at all with the
crystallographer who determines a beautiful structure and then presents it as a projection of
a unit cell with circles of different sizes representing the positions of different kinds of
atoms. For some simple low-coordination structures “ball-and-stick” drawings may be
satisfactory, but it is always almost always better to outline coordination polyhedra and to
shade them in. It is 2 rare structure that does not profit from being drawn in more than one
way; for example many “jonic” structures are usefully illustrated separately in terms of both
anion coordination and cation coordination polyhedra. Tt is better to draw 00 many unit
cells than too few.

Computer programs for drawing structures automaticaily are available. These will satisfy
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many people, but we have yet to find one that does all that we want. Particularly if it is
wanted to present a structure in a novel way it will be found ugeful to be.able to draw
structures oneself using a drawing program, and the rest of Ih.IS section is devoted to
providing some guidance in this respect. It will be found essential to use 4 program that
atiows translation of duplicated objects by precise amounts to simulate plotm}g.l‘

Many complex stractures are most readily (and often best) shown as a pro;ecnop down a
principle axis (orthographic projection). Usually if there is more than one such axis (as e.g.
for an orthorhombic crystal}, the shortest axis is most appropriate. Sometxm‘es all atoms are
on a set of mirror planes so a projection normal to those planes is approprlatc-—mtl.]e atoms
will be at one of two heights separated by half the repeat distance along that axis. Some
hexagonal structures with large c/a are best drawn in projection normal to ¢. In.that case
transform to an orthohexagonal cell using the transformation for axes described in § 4.4.4

" (p. 108), and project along the new a axis (equal in length to the old a). Other unit cell

transformations that are wseful in preparing drawings are described '1_n §4.6.3.

Sometimes, particularly when dealing with cubic structure:?, it may be fo.tmd that
projections along a principal axis are confusing, as atoms in a unit Cfall are superimposed,
Then it is best to make a clinographic projection in which the. view point is tjltec! away from
a principal axis. The way to do this is first to obtain FIartesmn coordinates as in Eq. 4.11.
This involves just a simple scaling if the crystal is cubic, teuag?nal or orthorhombic.

Now imagine the Cartesian coordinates so that x¢ is honzonta_l on the paper (the H
direction) and y. is vertical on the paper (the V direction); the Z¢ axis is coming out_of tk}e
paper (the O direction). The view is now along z.; we want to E‘llt away from this. Fiest tilt
the coordinate system by an angle & clockwise about the y, axis and then by an amnount ¢
anticlockwise about an axis normal to y, but in the plane of the paper (Fig. 4.7): Good
choices of tilt angles are 8 = 20° and ¢ = 10°.2 The new coordinates f01: plottiqg the
structure on paper are now f horizontal and V vertical on the paper. The points projected
on the paper are really a distance O above that plane, H, V and O are given by:

H= =x,.c088-z51n8 )
V = ~xsin8sing + y.cos — 2.co868ing
0 = x.sinfcosg + ysing + z.cosfeosd (4.27)

LMost modern computer graphics programs have far too many “bells and whist!es" to be useful in this
context. All that is needed is the capability to draw (and duplicate) in black and white, simple objects such

" a3 lines, circles and polygons and fo add shading and to control which objects are in front of which. All the

drawings in this book were made using the original (1988) Cricket Draw® on a Macintosh® computer
using coordinates generated by EUTAX. The drawing instructions that follow assume that the reader has
such a program available. . . _ )

2Iml;gine that we are looking at the coordinate axes in a three-dimensional world wuh. the view along z,
and with ¥, vertical. The rotations are equivalent te moving our point of view to lht:’nght an'd up..Long
ago many authors chose 6= tan (/) = 18.5' and ¢ tan 1 (1/6) = 9.5" as a “smnc_lard. For a t_:hscussmn of
drawing macrescopic crystals (still an important agpect of mineralogy) see Sr.nlth (Bo?)k LlS't). _Anothcr
good discussion is given by de Jong (Book List). The brain soon gets used to ch.nograph.;c projections at a
certain angle. You have reached this stage when it is found that such illustrations leok almost
incomprehensible when viewed upside down.
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Some authors prefer a perspective drawing with paratlel lines not parallel on the page;
except for very simple structures or stereo pairs this tends to make the illustration less clea;
(m‘contrast fo e.g. architectural drawings) and, except in stereo pairs, we use drawings in
which parallel lines in the structure are parallel on the page (“view from infinity™), Notice
although parallel edges are parallel on the paper in the projection of a cube {Fig. 4.7) none
of the angles between edges is 90°; most drawings in the older literature incorrectly show

the front face of a cube seen in clinographic projection as a rectangle, indeed commonly as
a square.

Lo

Fig 4.7. Obtaining a clinographic projecti i i
: btain, projection of a cube by rotation from a symmetry axis. Middle: ¢ =
10°, 8= 17" ; Right: ¢ = 10°, 8= 23°. The filled circle is at the cube body center. ?

Apprm_;imgtions to stereo pairs can be made by using two different values of § (the pair
of cub?s in Fig. 4.7 have = 17" on the left and & = 23" on the right), but many people
hgve difficulty merging the images.? In our experience, stereo pairs are most effective for
stlf:k models. Some steteo pairs of this sort are presented in § 7.11.8; if only one of each
pair shown there is viewed it will be found to be rather uninformative.

I?or non—_cubic crystals, it is necessary first to decide the point of view. Thus it must be
dec_lded Wh.lch crystal plane wiil be parallel to the plane of the paper and which axis will be
honzionta'I in that plane before tilting by 8 and ¢. In practice this means choosing one of
the six orientations of Cartesian axes with respect to the crystal axes discussed in § 4.5.5.

4.6.2 Examples of clinographic drawings (ZnS and CaFy)

We now go through the steps of drawing a simple structure, that of sphalerite ZnS, The
procedure is more complicated to describe than to implement, as readers who work through
the f:xample'wilI find. The structure is cubic with symmetry Fi3m, a = 5.436 A. Zn atoms
areind e F +(1/4,1/4,1/4) and S atoms in 4 a; F + (0,0,0). In this case (a cubic structure)

; We l:lave erred several ti‘mles in the past in this respect. But we are in very distinguished company.

) Making 4 irue stereo pair is rather subtle. The reader is invited to merge the two images on the i ght of
Flg. 4.7 (holding a piece of opaque paper perpendicular to the page so that each eye can only view one
image helps}. Most viewers will see the back face and circles of the cube as much larger than the front ones
3::‘: 'thoug{:h the;ff are drawn exactly the same size-—the brain is adding perspective that is absent in the

ings. For references to drawing true stereo ima i 1 ii
(PR, A, o, B Cgpenhagm ;)1 lgr;lo)g.es see C. K. Johnson in Crystatlographic Computing
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to get Cartesian coordinates we simply have to multiply all the atomic coordinates by a. To
make a clinographic projection we will take a horizontal and b vertical and then rotate by 8
=20° and ¢ = 10°. Coordinates {H, V, and () for plotting are then calculated as described
in the previous section (Eq. 4.27).! For simplicity we take a scale of 1 cm =1 A for
plotting {the drawings shown below have been subsequently shrunk to fit the page).

The first thing to do is to calculate the unit cell dimensions on the scale of the plot. The
point at 1,0,0 has Cartesian coordinates (in A) 5.409,0,0. We then cafculate H =
5.409¢0520° = 5.083 cm, V = —5.409:in20"in10° = —0.321 cm. Although not needed for
plotting it is usefirl to record the “out” coordinate O = 3.409sin20°cos10° = 1.822 to keep
track of what is in front of what in the drawing. The coordinates of this point and the points
0,1,0 and 8,0,1 are listed betow. Tt shoutd be clear that adding the three sets of coordinates
will give the plotting coordinates for 1,1,1 and so on. The calculation of $ atom plotting
coordinates from those (1/2,1/2,0 etc.) in the unit cell proceeds similarly and they are also
listed.

X ¥ z X Ye Ze H v o

1 o 0 5.409 0.0 0.0 5.083 -0.321 1.822

0 1 0 0.0 5.409 0.0 0.0 5.327 0.939
.0 0 1 0.0 0.0 5.409 -1.850  -0.883 5.006

1 1 1 5.409 5.409 5.409 3.233 4.123 1.767

[\ O 0 0.0 0.0 0.0 0.0 0.0 0.0
172 vz 0 2.705 2.705 0.0 2.541 2.503 1.381
172 0 172 2.705 0.0 2.705 [.616 -0.602 3414

0] 2 12 0.0 2.705 2,705 -0.925 2322 2.972

The top row in Fig. 4.8 shoiws some stages in the drawing of the structure. On the left,
the S and Zn atoms are shown as open or filled circles plotted with the appropriate values
of H and V relative to the origin of coordinates. Notice that S atoms are at the comers and
face centers of the cell so we actually show 14 atoms. In the middle, Zn-S bonds are drawn
in to make a ball and stick drawing. Notice the use of broken lines as depth cues.? On the
right the same pattern is shown as {Zn}Sy tetrahedra sharing corners. The “tetrahedra” of
the drawing are actually two triangles corresponding to the two visible (front) faces of each
tetrahedron. It is generally best to consider coordination polvhedra to be opaque so the
centering Zn atom and the back faces are omitted. We often (as here) shade the visible faces
of polyhedra with a density that varies from one side to the other as this allows overlapping
polyhedra to be more easily differentiated. _ :

Notice that the structire is thé same if the Zn and § poesitions are interchanged (this just
corresponds to a shift of origin by 1/4,1/4,1/4) so the figure on the right could equally be
illustrating {S)Zny tetrahedra.

IEUTAX will calculate &, V and ¢ for a specified orientation and scale. However this program
recognizes that most computer drawing programs consider the positive direction of vertical coordinates as
down the page, and reports V coordinates as the negative of those given here.

2In the drawings shown , we actually have slightly thicker opaque white lines immediately behind black
lines, so the white lines occlude biack lines that are in turn behind them. All computer drawing programs
that we have examined keep track of which objects are behind which, and usually allow changing the order.
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The structure of fluorite CaFy can be Hlustrated similarly. The structure is cubic: Fm3m,
a=5463 A Caatoms are in 4 a: F + (0,0,0) and F in 8 ¢: F + (1/4,1/4,144), Again we
show metal atoms as filled circles. A ball and stick drawing on the bottom left of Fig. 4.8
shows that F atoms are in {F}Cay tetrahedra. These polyhedra are shown in the center
where it may be seen that tetrahedra now share edges.

As there are twice as many F atoms as Ca atoms, the latter must be in eight coordination.
This is not immediately apparent from the ball and stick drawing, so parts of adjacent unit
cells need to be added as shown in the figure on the bottom rj ght, which shows that the Ca
atoms are in {Ca}Fg cubes (shown here as three differently shaded quadrilaterals). The
question of how much to include is always tricky—too little does not show all aspects of
the structure, and too much leads to too great an overlap of the component parts. '

Fig. 4.8. Aspects of the structures of sphalerite, ZnS {(1op} and fluerite, CaF; (bottom). See the text for
discussion, . '

4563, Projections of some structures with octahedral coordination: NaCl, NiAs and
TIP. Using orthohexagonal cells for cubic and hexagonal structures :

In this section we consider three structure types of composition AX in which metal
atoms are {A}Xg octahedra. For the purpose of illustration we use idealized versions of
NaCl, NiAs and TiP (recall that bold face formulas refer to structures not compounds)
with regular octahedra of unit edge. The structures then are:

NaCl Fm3m, a = 1.414 yNaind b: F+(0,01/2);Clinda: F + 0,0,0)
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NiAs Péyimme, a = 1.0, c = 1.633 ; Niin 2 a: (0,0,0 ; 0,0,1/2) 5 As in 2 : £(1/3.2/3,1/4)

TiP  P6amme,a=1.0,¢=3266; Tiin4F £1/3,23,z ; 1/3,2/3,1/2-2), 2 = 0.125
P(i) in 2 a: (0,0,0 ; 0,0,1/2) ; P(2) in 2 d: £(1/3,2/3,114)

In these structures there are layers of octahedra sharing edges. In NaCl the layers are

" normal to [111}, in NiAs and TiP they are normal to ¢. To compare the three structures

we will project them in a similar way in each case. For the hexagpnal structures we project
normal to ¢; specifically along a of the orthohexagonal cell described in § 4.4.4.

For NaCl we convert from fec to hexagonal by 81 = (~1/2 1/20/0-172 12/111)
(p. 107) and then from hexagonal to orthohexagonal by S2=(110/1 1 0/001). In fact
we do not need to do each transformation individually. but instead transform by §=8281
=(—1/201/2/1/21 1/2/1 1 1); the inverse matrix, T = (1 1/3,1/3/0-2/3 1/3/ 1 1/3 1/3).
The final cell has 3/2 the volume of the original and contains 6 Na and 6 Cl.

Fig. 4.9. Top; projection of NaCl normal to [111] (vertical on the page_) showing {Na}Cls octahedra.
Bottom; NiAs {left) and TiP (right) as {Ni}Asg or {Ti}Pg octzhedra projected on (1120). See text.



120 Chapter 4

The hexagonal cell has gp = a2 = 1.000, and cp = \i'6ah = 2.450; and the
orthohexagonal cell has a, = ap = 1.000, by = V3ay = 1.732 and ¢, = ¢, = 2.450 (see pp
107-108). We get the Cl coordinates using (x'/ y' /2) = THx / y / 7). (specifically, in this
case, X' =—x+z, ¥' = x/3-2y/3+2/3, 7' = x/3+y/3+2/3.) The set (/2,00 ; 0,1/2,0 ;0,012
; 142,1/2,1/2) in the cubic cell transform to (1/2,1/6,1/6 ; 0,2/3,1/6 ; 1/2,1/6,1/6 ; 0,.0,1/2)
with due allowance for the equivalence of —1/2 and 1/2, ~1/3 and 2/3 etc. Thus we have
three distinct new coordinate triplets. Recailing that the orthohexagonal cell is C centered,

we find the other three Cl atoms in the cell by adding (1/2,1/2,0) to the coordinates of the

first three. These, and the transformed Na coordinates, are listed below {notice that the new
Na and €I coordinates differ by 0,0,1/2)." Also listed are plotting coordinates using the
scale b = 3 cm; these are simply obtained as H = 5y, V= Szc/b = 7.0712.
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projecting wurtzite down ¢ and sphalerite down [1117 of the cubic cell.

To calculate coordinates for plotting a hexagonal structure down ¢ we take a sc:_a.le fora
(say a = s cm). Then plotting coordinates are horizontal H = s(y — x/2) and vertlcz_ll V=
V3s5x/2 (see Fig. 4.10). In wurtzite, Zn anod S atoms with the same x and y coordinates
differ in efevation by &c = 0.375¢ = 2.35 A (Zn below S) so we just plot the ‘S atoms and
make a mental note that the Zn atoms are underneath thern, The plotting coordinates for the
unit cell corners and S atoms are given below.

H = s(y-x/2)

V =\Bsx2

Ma Cl
x ¥ z H Vv X ¥ z H 14
0 0 1] ¢] o 0 0 w2 1] 3.536
172 172 t] 2.5 0 112 172 12 2.5  3.536
1] 173 113 1.667 2.357 0 73 5/6 1.667 3.892
12 56 13 4.167 2357 172 56  5/6 4.167 5.892
0 2323 3333 4714 0 213 L6 3333 L1i79
112 e 23 0833 4714 i2 1/6 L6 0.833 1.179

Transformed coordinates and H and V for the other two structures are obtained in a
similar way using first a transformation from hexagonal to orthohexagonal.

InFig. 4.9 we show, at top left, a transformed unit cell of NaC{ with b horizontal and ¢
vertical, Also shown are the positions of the Na atoms (large circles) and Cl atoms (small
circles). The elevations of all atoms are either x = 0 {open circles) or x = 1/2 (filled circles).
On the right of that we show a little more of the structure with the {Na}Clg octahedra
outlined. Those with centers at x = 0 are lighter shaded than those at x = 1/2. On the top
right just the [Na}Clg octahedra are shown. In the bottom half of the figure NiAs and
TiP are similarly depicted. )

Notice that NaCl is the same if Na and Cl are interchanged, so Fig. 4.9 also depicts the
arrangement of {Cl}Nag octahedra. In contrast in NiAs there are {As}Nig trigonal
prisms and in TiP there are both {P) Tig octahedra and triangular prisms. These aspects of
these structures are met again in Chapter 6,

4.6.4. Further example of projections of crystal structures. ZnS again

Zn8 occurs in two forms known as sphalerite and wurtzite. Sphalerite was discussed
and the structure given in § 4.6.2. Wurtziie is hexagonal, space group P63mc, a = 3,823,
c=6.261 A. Zn atorns are in 2 b: (1/3,2/3,2,; 2/3,1/3,1/2+7) with z = 0.0 ; S atoms are in 2
b with z = 0.375.1 In both structures there are {Zn}S4 tetrahedra linked by sharing
corners, but the topology of linkage is different. We will illustrate the difference by

INotice that this is an example of a polar structure, In particular z only enters as +z so the position of
the origin on the z axis is arbitrary and it tvas been chosen so that the Zn atoms are at z = 0 and z = 1/2.

Fig, 4.10. Plotting coordinates H and ¥ for a point {x,v,2) in a hexagonal cell with scale o =s.

Now the sphalerite structure is transformed to a hexagonal cell (§ ft-.4.3, p. 107) for
which it is found that a = 3.825, ¢ = 9.369 A. The atom coordinates in this new cell are for
Zn: R+ (0,0,1/4) and for 8: R + (0,0,0). Notice that Zn and S atoms with the same x and y
coordinates differ in elevation by & = ¢/4 = 2.34 A but now with S beiowl' Zn, In order to
compare with wurtzite we would like to have Zn below S (cf. th_e previous paragraph)
accordingly we reverse the direction of z and, to avoid changing hand of the.axes,
interchange x and y. The S coordinates are now (00,05 2/3,13,2/3 113,213, 13) with Zn
underneath by & = 1/4) The S coordinates are also given in the table below.

The plotting coordinates (H and V) in the two structures are (with s = 3 cm) are:

wurtzite sphalerite i v
H v atom x ¥ z

wom g Ji) : -2.500 4.330 0 i -2.500 4.330
1 Q 5000  0.000 1 o 5000 0.000
1 1 2.500 4.330 1 1 2.500 4330
5 173 2/3 0375 2500 1433 S 0 4] 0 0.000  0.000
s 213 1437 0.875 0.000 2.887 5 113 2/3 173 2.500  1.433
s 23 1/3 213 0.000 2.887

When the wurtzite strocture is first plotted (Fig. 4.11, top left) the unit cell is outlin_ed
and the positions of two S atoms in the cell are plotted with a filled circle for the atom with
z = 0.875 and an open circle for the atom at z = 0.373. The Zn atoms below_ these two S
atoms are in tetrabedra pointing up (see e.g. Fig. 2.19) and their other three neighbors form
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a triangle at a lower elevation. The two tetrahedra are drawn in the figure. Notice that the
darker tetrahedron around the Zn atom with z = 0 has three S atoms at the base with

elevation 0.875—1 = ~(.125. More of the structure is drawn on a smaller scale at the bottom
left of the figure.

{

Fig. 4.11. The wurtzite (left) and sphalerite (right) forms of ZnS as { Zn}S4- tetrahedra. K

The drawing of sphalerite proceeds similarly. Now there are three § atoms in the cell at z
=0, ?/3 and 2/3 and these are shown as open, shaded and filled circles respectively in the
top right of Fig 4.11. The tetrahedra about the three Zn atoms in the unit cell are also
drawn. A larger portion of the structure is shown on a reduced scale underneath,

We will discuss these structures again in Chapters 6 and 7.

4.6.5 Drawing monoclinic structures

Often mor'loclinic structures are drawn in projection down b (which is normal to a and ¢)
—see Exercises 6 and 7 at the end of this chapter. Cartesian coordinates are given in
equation 4.18 (p. 112). All that is necessary to do is to scale by a suitable amount: Thus if
the scale chosen is a = s, the plotting coordinates for a horizontal are H = (sla)x, and V =
(s/a)zc. If it is wanted to have ¢ horizontat on the page (Fig. 4.12) then the roles ;f aand ¢
and of x and z must be interchanged in the formulas for H and V., Explicitly:
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a horizontal:  H = sx + (szc/a)cosf V = (szcla)sinf
c horizontal:  H = (szc/a) + sxcosf V= sasing
a x
X
c
a
< z
c

Fig. 4.12. Two orientations of a menoclinic cell projected down b (the positive sense of b is up out of
the page in both cases), In the orientation on the left the coordinates H and V are to the ri ght and down the

- page. In the orientation on the right the coordinates H and V are to the right and up the page.

For a projection of a monocknic structure on (100) or {001), Cartesian coordinates
should be calculated, but with the tilts @ and ¢ set equal to 0 in calculating & and V. An
example of such a projection is to be found in Fig. 7.28 (p. 314).

Occasionally a projection down a or ¢ [note: this is rot the same as projection on (100)
or (D01)] is required. Such projections should be carried out just like clinographic
projections. The cell in projection is rectangular: for a projection down a it has projected
dimensions (i.e. on the page) b and esinfl and for a projection down ¢ it has projected
dimensions & and gsinf. The following table of tilts (8 and ¢} may be useful (as always
we agsume that 2, b and ¢ form a right-handed coordinate system):

Projection downa b horizontal 8=0 ¢=90"-8

b vertical 8=90-8 ¢=0
Projection down ¢ b horizontal =0 ¢=F-90"
bvetticl  §=90-f ¢=0

To illustrate some of these points we use the structure of MnB4 which was reported as:

MnB4 C2m, a=5503, b=5367.c=2949 4, f=12271°
Mnin2Za C+ (D00, Bin8j; €k (rty2), x=0200,y=0343, 7= 0.197

First we project down b, i.e. on (010), with ¢ horizontal and a scale @ = 5 cm. We
calculate plotting coordinates H and V using the expressions given above. Thus for Mu at
0.0,0 we have H = 0.000, V = 0.000 and for Mn at 1/2,1/2,0 H = -1.350, V = 2.104. For
B at 0.200,0.343,0.197 we find H = -0.013, V = 0,841 and so on (the reader may wish to
verify these numbers and continue the calculation). In Fig 4.13 we have plotted the atoms
in the unit cell and some in adjacent unit cells. For the atoms in the unit cell, elevations in
multiples of #/100 are indicated (notice that pairs of B atoms superimpose in projection).
The B atoms {orm a network in which each is bonded to four neighbors; three of the bonds
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are drawn in, the fourth joins pairs of atoms at y = 0.34 and y = 0.66 (open circles labeled
*34} or pairs of atoms at y = 20.16 (filled circles). Thus we see that the B atoms are on
puckered 63 2-dimensional nets that are linked by bonds "up” or "down" to similar nets to
form the three-dimensional network. Mn atoms (shown as larger circles) are in the cavities
of the B {ramework.

Fig. 4,13, The structure of MnBy (large circles are Mn). Left projected down b. Middle: showing a body-
centered (/2/m) cell, Right: projected down c. See the text for further details. '

Just a quick glance at Fig. 4.13 shows that the structure appears to be close to
orthorhombic symmetry. In the middle of the figure a body-centered cefl obtained by the
Fransformation S=(101/010/001)is indicated. T=(101/010/00 1) is the
inverse matrix. The description of the structure using this cell is:

MnB, P2Um, & = 4.630, b = 5,367, ¢' = 2.949 A, F = 90.31° |
Mnin2 i [+ 0000 Bin 8/ I (2,00, 2 =0.200, ¥ = 0_34;Li= 0002

A_ctually the.‘. atoms are less than 0.01 A away from positions with symmetey fmmm; all
that is needed is for § to be 90° and 7' to be 0. The description would then be:

MaB, fmmm, & = 4.630, b' = 5367, ¢ = 2.949 A
Mnin2a: 7+ (0,0,0);Bin 8 n: Ik (x' +y,0), 1" = 0,200, ¥ = 0.343

With this description of the structure, it is seen that the short axis {¢') is a Symmetry axis
anc.{ a projection of the real structure down the corresponding ¢ axis should be rewarding.
This is made on the same scale {¢ = 5 cm) as the original drawing. The anit cell edges in
the drawing are b = 4.876 cm and asinf§ = 4.207 ¢m. The height of ¢ out of the page is
2.67% em. B atoms (in the original unit cell) have elevations 0,013, -0.010, 1.341 and
-1.363 cm. These correspond closely to elevations of z = 0 and +1/2 (£1.34 cm), and they
are shown as open and filled circles in the drawing on the right side of the figure.

The B arrangement is a 4-connected net that we discuss in Chapter 7 (sce § 7.3.3). In its
most symmetrical form the net is tetragonal; it is named for CrBy which is reported to be
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orthorhombic, and it does seem likely that MinB4 is really orthorhombic also.!

4.7 Notes
4.7.1 Orientation of direct and reciprocal lattices

For crystals with orthogonal axes {cubic, tetragonal and orthorhombic) the reciprocal
lattice vectors a®, b® and ¢* are parallel to the direct lattice vectors a, b and ¢. For
hexagonal crystals ¢* is parallel to ¢ and now a* and b* are not parallel to 2 and b
(although these last four vectors are in the same plane) as shown in Fig. 4.14. Note that a*
is perpendicular to b and that b* is perpendicular to a. In monoclinic crystals b* is paralle]
to b and normat to a and c.

b{ay)

afap)

Fig. 4.14. The relative orientations of direct and reciprocal lattice vectors for a hexagonal lattice. y* =
60",

4,7.2 Bragg and Miller indices

Many text books do not distinguish between Miller indices of a plane and Bragg indices
of a family of planes. In the Bragg condition for diffraction, which we write (A is the
wavelength and 26 is the diffraction angle):

(28inBY/A = Vdpy

dpy is the spacing between a family of parallel planes. It is the perpendicular distance from
the origin to a plane that intercepts the axes at 1/k, 1/k, 141, where now k, k and } may have
a common divisor and are written without parentheses as in 222, 1/dpy is better thought of
as the distance from the origin in reciprocal space to a reciprocal lattice point Aa*+kb¥+[c*
(i.e. the length of a reciprocal lattice vector). Thus dyi1 = 2d222. On the other hand Miller
indices only give the orientation of a plane, and (222) = (111).

11t appears that many more structures than might be expected are reported with the wrong symmetry.

- For some typical corrections and a discussion of the importance of knowing correct space groups see R. E.

Marsh & I. Bernal, Acta Crystellogr. B51, 300 (1995), This paper should be required reading for nen-
crystallographers who wish to interpret the details (bond tengths, aagles, etc.) of crystal structures.
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4.7.3 More equations for triangles and tetrahedra

Some occasionally useful resuits for triangles and tetrahedra include:

The medians of a triangle join the vertices to the midpoints of the opposite edges. They
all intersect at a point, the centroid, which divides them in the ratio 2:1.

For a triangle with edges g, & and ¢, and opposite angles A, B and €, and with
§ = {a+b+c)/2:

The diameter of the circemscribed circle is:

afsind = bfsinB = c/sinC
The perpendicular from C to AB is:
h = el{cotA + cotB) = 2N[s(s ~ a)(s - b)(s - O)Vic
The area is given by:
area = het2 = ls(s - a)(s - bYs -~ c)}

The medians of a tetrahedron join the vertices and the centroids of opposite faces. They
all intersect at a point, also cailed the centroid, which divides them in the ratio 3:1. The
bimedians join the midpoints of opposite edges. They also pass through the centroid
which bisects them. _

For a tetrahedron of sides a, b, ¢, d, e and f with a, b, and ¢ meeting at a common
vertex P the length ! of the median from P is given by:

2 = (a2+b24c2)3 + (d2+e2+f2)9 N

A circumscriptible tetrabedron is one defined by the centers of four spheres, each in
contact with the other three. If the radii of the spheres are 1/p, 1/g, 1/r and 1/s, the volume
is:

V= [(p+q+r+s)2-2(p2+q2+r2+s2)]V23pgrs

Consider a tetrahedral unit AXX;X1X, (i.e. [A}X4), There are six angles 6 between
the vectors AX; and AX; (i #j = 1,2,3,4). These are related by:

1 cos, cosB, cosd,
osf, 1 costy cosb,|
cosB, cosd, 1 cosd,)
cos8, cosf, cosd, 1

Special cases that often arise (with symmetry) are:
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(a) 42m (Dzd) tha=ba= B;03= 013 = 3= by =t cosfi = ~(1 + 2cosc)
(B 3m(Csy) Gpa=0G13=014= ;= Oyy=03u=f sing = (23)sin(f/2)

For a square-pyramidal group AX;X,X;3X,X5 with X; at the apex and with 4-fold
symmetry 4mm (Cay) 5o that 812 = 013 = 614 = ;5 = g and 813 = Gy = Oa5 = Bo5 =
sing = \2sin(f/2).

4.7.4. Some matrix expressions written out explicitly

Our experience is that many people (such as ourselves) like to have matrix expressions
written out explicitly in a handy place. Here are some involving the 3 x 3 matrices used in
this chapter. :

1. Ax gives another vector [here x is the column (x; 7 x3 / x3)}:

By 85 G304 G ¥ T,y tha
LIRS PRCE =| Gy ¥ 1 g%y T X

X
2
gy Gyy b33 )\ Fy) \hy By ¥ Q%+ Bk

1373

2. det A (the determinant of A which is scalar):

S S E A ] PN Gpn t Gay+ 8,10, .G
i & 11%2%3 T fp%hafy T Gt
Gyy B3 B3

) oy Gag| T A3 T Gt B3y T Gyt

3. A1 (the inverse of A, another 3 x 3 matrix):

. Gygfhay = fp3thy  Giqfyn~ dpthy Gty T Gy,

-1 — —_ -

A =57 G3% )~ By Ay T Ay A% T 4%,
Gyifhq 7 032y H903 7 By H e T oty

4. At(the transpose of A}): interchange rows and columns. In particular the column x =
(x1 / x9 / x3) becomes thé row xt = (x| x; x3).

3. x!'Gy (a scalar; here G is 2 symmetric matrix with g;; = g):

XGY = g,%) + 8p0)s + BuXe¥y
+ 8 (% Ys + 1Y)+ g3y + X330+ Bn(B)s + %33,)

6. AB = C (multiplication of two matrices gives a third). The elements ¢;; of C are:
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cij = aitbyj + aigkyj + aisby.
7. (AB)! = BtAt,

To derive Eq. 4.16 relating the G matrix for a new cell to the G matrix for an old cell,
we start with Eq. 4.8a for a distance between two points:

d2 = 8Gd . (483

Now to express old coordinates in terms of new we use St so that § = St5* and using
7 above, 8t = §'tS. Substituting in Eq. 4.8a we get:

42 = 'S GSY {4.80)

but as the distance between two points is independent of the coordinate system, we must
have:

dz = §"tG'S’ (4.8¢)

Comparing Eqs. 4.8b and 4.8¢, we see that G' = SGS* which is Eq. 4.16. The
elements of G' were given in Eq. 4.16a (p. 112).

4.7.5 Unit cell transformations in International Tables Vol. A

For good reasons that we won’t go into, in the International Tables volume A, the
triplet of lattice vectors is written as a 1 ¥ 3 row matrix (a b ¢} and the transformation to a
new cell expressed as (a' b' ¢") = (a b ¢}P. This means explicitly (with pj-the elements
of P) that a' = pyia+pab+psie, b' = prza+panb+psze, ¢ = prsatpasb+piac In Eq.
4.4 we write (a'/b'/¢')=8(a/fb/c) so that a' = sy a+s12b+s13e, b’ =
Sppa+spb+saac, ¢ = syja+sqobtsyse It should be clear that the matrix P is the tratspose
of 8. With this convention G' = PUGP. The inverse transformation is written as (a b ¢)
= (a' b’ ¢")Q and likewise Q is the transpose of our matrix T.

As there are two systems current, it is advisable, when specifying transformation
matrices, always to specify also whether the transformation is effected by multiplying the
column of lattice vectors by the matrix (i.e. using 8), or whether it is effected by
multiplying the matrix by a row of lattice vectors (i.e. using P). In this book, as in virtually
all the literature up to the present time, we use the first system.

4.8 Exercises

1. A good way to check computer programs for crystallographic calculations is to take a
simple cubic structure and transform to a triclinic cell.
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The transformation $ =(210/13 1/1 1 1) applied to a cubic cell with @ = a. will
produce a ten-times larger unit cell with a = V5a¢, b = Vilag, ¢ = Vi, a =
cos 1 [-V(3/11)], B = cos'1(-1/15) and = cos!(-1/55), Interatomic distances, angles etc.
in the new cell can be calculated and compared with the known values in the cubic cell.

fThe inverse mawix is T = (0.4 0.1 -0.1/-0.20.2-0.2/0.20.3 0.7.]

Show that the coordinates of original lattice points 0,0,0 ; 0,0,1 ; etc. (referred to the old
cell} are in the new cell (there must be ten such points):

0,0,0; 04,0.1,09; 0.2,03,0.7 ; 0,0.5,05 ; 0.8,0.2,0.8
0.6,0.4,0.6 ; 0.4,0.6,0.4 ; 0.2,0.8,0.2 ; 0.8,0.7,0.3 ; 0.6,0.9,0.1

Show that the old [111] and {111) become [232] and (151) respectively in the new cell,

2. The general and special positions of space group Cmc2) are

8h - CH+lxayz iy, x5 124z, x5, 12+2)
4a C + (0,2 0., 12+

As the z coordinate appears only as +z or as 1/2+z in cach case the position of the origin
on the z axis is arbitrary.
SiaN2O has this space group:
SigN20 Cmc2y, a = 8.872, b =5491, c = 4850 A.
Si8inb x=0.1767y = (LI511, 2= 02815
N8ink x=02191,y=0.1228, = 06267 ; O4ina,y= 02127,z =0.230

Plot the structure as a projection on {001). It is made up of vertex-sharing {Si}N3O

_ tetrahedra which should be sketched in (cf. Fig. 4.11).

Calculate the Si-O and Si-N bond lengths. What are the coordinations of N and O by 5i?
The high-pressure phase of B204 was reported to have space group Cem2y:

B203 (HP) Cem2),a=4613, b=7303 and ¢ = 4.129 A,
Bin8b, x=0161,y=0165z=0436
CO(i)in4a,x=0248,2=05.02) in 8 b, x =0.370, y = 0.291, ; = 0.580

By appropriate transformation of axes (and coordinates) and shift of the origin show that
these twao structures ave essentially the same. [Transform from Cem2; first.]

3. The structure of AgQ is given in § 3.4 (p. 77). Show that if the cell is transformed
according to § = (1/20-1/2/1/2 -1 1/2/ ~1/2 -1 =1/2) the new cell is “almost” metrically
cubic with a = 4,38 A, b=c=4.84 A, a =879, B=926 and y= 87.4°. The Ag
atoms are arranged in a face-centered array if no distinction is made between the two kinds
of Ag atom, but the new cell is not a true unit cell as it does not contain the same kind of Ag
atom at every corner of the unit celk.

For comparison note that in AgyO (which has the Cuy0 structure Exercise 3.6) Ag is
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exactly on the points of a face-centered cubic lattice with a = 4.74 A. The change in volume
in adding twe O atoms to the unit ceil in going from Ag,0 — AgO is only 0.6 A3.

Show that in AgO, Ag(1) is bonded to two Q atoms in a linear arrangement and that
Ag(2) is bonded to four O atoms in an approximately square planar arrangement. {Calculate
Ag-O bondlengths and O-Ag-O angles). [It is helpful to recognize that the Ag atoms are on
inversion centers].

4, The zircon (ZrSiOg) structure was given in Chapter 3, Exercise 8, and that of rutile
(TiQ7) was given in § 3.4.

Zr is 8-coordinated in zircon. Draw the coordmatmn polyhedron in clinographic
projection.

Bragg, Claringbull & Taylor (Book List) state: “The structure of zircon...was first
wrongly interpreted...as being similar to [that of] rutile” and “there is no relation between
the two structures,” Plot the cation positions in rutile in a projection on (110) and compare
with a projection on (100} (on the same scale) of the cation positions in zircon. Be sure to
draw several unit cells.

When you have finished read Hyde & Andersson (Book List) p. 285-288.

5. Data for MgCly are:

MgClz R3m, ay= 6252 A, o= 33.81°
Megin1a:0,0,0;Clin2 ¢+ (xxx), x=02378

Show that Mg has six Cl neighbars at the vertices of an octahedron. Calculate all the
edge lengths of the octahedron.
" Transform to 2 hexagonal cell and plot the structure projected on (1130). The MgClg
octahedra share edges to form layers normal to ¢. Outline these layers (cf. NaCl, p. 119).

.

6. Here are two monoclinic stractures to draw in projection down b.

B-Gaz0s CUm,a=1223,6=304,c =580 A, B=103.7°
All atoms are in 4 i C t (x,0,z) with:

Ga(1) Ga(2) (1) 2 o
x= 0.0904 0.3414 0.1674 0.4957 0.8279
z= 07948 0.6857 0.1011 0.2533 0.4365

NaCuOs C2im, a =6.351, b =2.747, ¢ = 6.103 A, B = 120.77"
Nain2d:C+(012,1/2);Cuin2a: C+(0,0,0); Oin 4 i: 0.333,00.777

Determine the coordination of all the atoms and illustrate as cation-centered polyhedra.
[Hints: See § 4.6.5 for a discussion of how to draw monoctintc structures. In GazOs one
Ga is in octahedral coordination and the other is in tetrahedral coordination by oxygen (i.e.
{Ga}Og and {Ga}O4). In NaCuOy, Cu is in square planar {Cu}04 groups and Na is in
{Na}Og octahedra.]
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These structures are examples of an interesting phenomenon: suerprisingly many
monoclinic crystals can be described by an almost {metrically) orthorhombic cell.
Transform the f-gailia cell by S=(201/010/00 1) and find the new unit cell
parameters [you should find o = ¥ = 90° and § = 89.98" (= 90" within the precision of
the unit cell parameters given)]. Your drawing should also convince you, however, that the
structure is rot orthorhombic. If it were orthorhombic there would be mirror/glide planes
and/or 2-fold axes paraliel to a and c. (Contrast the situation in MnBa, § 4.6.5.)

Repeat with the appropriate § for NaCyO7. Compare your strueture drawing with that
for MgCly (Exercise 5). You should have similar iayers of {Mg}Cls and {Na}Og octahedra
sharing edges.

7. Another monoclinic structure that is nice to plot in projection down b is that of
LigAlg. All atoms lie at y = 0 and y = 1/2. A good way to illustrate the structure is to use
large and small circles for Li and Al and to use open and filled circles for y =0 and y = 1/2.

LigAlg Clm, a = 19,155, b = 4.499, c = 5.429 A, B=107.67
Lil)in2 a C +(0,0,0)
Li{2}in 4 i: C & (x,0,2), x = 0.0863, z = (.531
Li(3) in 4 {, x = 0.2326, z = 0.622 ; Li(4) 1n4: x=0.3080,z = 0.144
LS in 4 £, x= 04564, z = 0239
Al{l}in 4 i, x = 0.1503, z = 0.087 ; Al(2) in & {, x = 0.3853, z = 0.706

The f-brass structure of alloys AB has symmetry Pm3m with A at 0,0,0 and B at
1/2,1/2,1/2. Transform this structure by § = (44 1 /1 1 0/-0.5 -0.5 3/2) using a = 3.25
A for the cubic cell and plot down the new b axis usmg a similar convention to illustrate
atoms. You should discover that the LiqAlg structure is closely related to that of S-brass.

8. A triclinic structure to test computer programs for transformations is that of kyanite,
AlLSiQs, which has symmetry P1 with ¢ = 7.126, b = 7.852, ¢ = 5.572 A, @ = 89.99°,
B=101.11°, = 106.03". The unit cell volume is 293.56 A3.

It is claimed that the structure is based on a cubic packing of O atoms.

Show that the transformation 8 = (0.4 0.1 -0.4/0 0.5 0/ 0.4 0.1 0.6) indeed gives a
subcell (not a unit cell?) of 1/5 the volume with o' = 3.8627, B' = 3.9260, ¢' = 3.8744 A,
of = 90.02°, f =92.14°, ¥ = 90.03" that is “nearly cubic.”

The inverse matrix S1is T=(1.5-051/020/1 0 1),

9. Cartesian coordinates for a regular tetrahedron are 1,1,1 (~1,-1,1)x. Calculate:
{a) the edge length
(b) the volume
{¢) the dibedral angle
(d) the solid angle at a vertex
{e) the distance from a vertex to the centroid (at 9,0,0)
(£) the angle subtended at the centroid by an edge.
Repeat for an octahedron. Cartesian coordinates for the vertices are: {+1,0,00%.



CHAPTER 3
POLYHEDRA AND TILINGS

Chaprers 5-7 are devoted to a description of simple geometrical structures that are
frequently important components of crystal structures. They often arise in a purely
mathematical context and we generally consider them from this point of view, deferring
most of the crystallographic aspects until later. We believe that “knowing” these basic
structures is essential to understanding crystal structures and structural relationships.

We start with a description of some simple polyhedra, most of which are encountered in

- crystal chemistry, Finite polyhedra are closed figures with polygonal faces. The polygons
are in general not regular and in fact only a very small subset of all polyhedra can be made
with regular polygonal faces. In crystal chemistry the interest in polyhedra arises mainly
(but not entirely) because their verstices represent the positions of atoms in the coordination
sphere of a central atom. For this reason we generally place small spheres (which appear as
circles in the drawings) at the vertices for emphasis. We use the terms “large” and “small”
polyhedra in a relative sense to mean those having many or few vertices respectively.

There is a sense in which a tiling of the plane by polygons is a special case (with an
infinite number of vertices) of a polyhedron so we consider such patterns in this chapter
also. The vertices of such tilings often correspond to the positions of atoms in a plane of a
crystal structure.

5.1 Polyhedra

A number of polyhedra have been met already in Chapter 2. A more sysfémg’g_listing of
common convex polyhedra is now given. Convex polyhedra are those for which all
dihedral angles (angles between faces) are less than 180° when viewed from inside. The
discussion is by no means complete; other (coordination) polyhedra will be met
subsequently. Some large polyhedra have attracted interest as molecular forms of carbon
(“fullerenes™) and as the shapes of viruses; these polyhedra are discussed in Appendix 4.

5.1.1 Regular polyhedra

Most important and well known are the regufar polyhedra, These are polyhedra with all
vertices related by symmetry and with all faces congruent regular polygons.! It is trivial to
show that there are at most five of these and that all possibilities can be realized. The faces
must have fewer than six edges, as three regular hexagons meeting at a point must ali lie in
the same plane. In fact if # regular N-gons meet at-a point the angles of the polygons must
be less than 360°/z, The possibilities are given in Table 5.1. In the table the symbol N is

IWe sestrict the discussion to convex polyhedra and thus exclude the four beautiful Kepler-Poinsot
polyhedra which are constructed with intersecting faces.
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the Schldfli symbol for the polyhedron. The regular polyhedra are also known as the
Platonic solids. :

Table 5.1 The regular convex polyhedra
#t is the number of faces meeting at a vertex and ¥, E and £ are the numbers of vertices, edges and faces.

faces n name symboi V. E F | symmetry
triangles | 3 tetrahedron 33 4 & 4 13m
triangles | 4 octahedron ¥ 1 6 12 8 m3m
tiangles | 5 | icosabedron 33 1230 20} "m35
squares | 3 cube 43 8 12 6 m3m
pentagons | 3 | dodecahedron 53 20 30 12| m35

We have already met the tetrahedron, cube and octahedron but they are illustrated again
in Fig. 5.1. In the figure a cube is shown on the left, Next an octahedron is shown
inscribed in a cube; the vertices of the octahedron center the faces of the cube. A second
polyhedron obtained by centering the faces of a polyhedron is said to be the dual of the first
so the octahedron is the dual of the cube. It should be apparent that the polyhedron with
vertices centering the faces of the octahedron is a cube (now smaller) so the cube (43) and
octahedron (3%) are the duals of each other. In general p9 is the dual of gP. The right half of
Fig. 5.1 shows a tetrahedron inscribed in a cube in two different ways. It should be
apparent that the dual of the tetrabedron on the left is a (smaller) tetrahedron with the same
orientation as the one on the right so that the tetrahedron (33) is self dual.

Fig. 5.1, From left to right: a cube, an cctahedron and teirahedra in two different orientations. Broken
lines are edges obscured by the front faces, and dotted lines outline 2 cube.

The relationship to a cube allows an easy determination of some useful metrical
properties of the octahedron and tetrahedron. Recall first that for a cube of unit edge, the
length of a face diagonal is V2 and the length of a body diagonal is V3. The reader should
verify that for a tetrahedron of unit edge, the distance from the center to 2 vertex is V(¥/8).
The distance from a vertex to the center is 3/4 of the distance from a vertex to the center of
the opposite face, so the perpendicular distance from a vertex to its opposite face (the
“height” of the tetrahedron) is V(2/3) = 0.8165. This last result is sufficiently useful that it
(inciuding the numerical value) is worth committing to memory. The volume of a
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tetrahedron of unit edge is 1/(6v2).

For an octahedron of unit edge, the distance from the center to a vertex is 12, and the
distance between opposite vertices is twice that, i.e. V2. Less obvious is that the
perpendicular distance between opposue faces is the same as the height of a tetrahedron
with unit edge which, we repeat, is ¥(2/3) = 0.8165. The octahedron volume is 112/3 four
times that of a tetrahedron with the same (unit) edge length.

The angle between the faces of a tetrahedron {the dihedral angle) is cos~1(1/3) = 70.53°
and that between adjacent faces of an octahedron is the supplementary angle cos"!(-1/3) =
109.47°. Opposite faces of an octzhedron are parallel.

An icosahedron and a dodecahedron are illustrated in Fig. 5.2. Both have the same
symmetry: m35 = Ip. We already remarked that 3 is a cubic subgroup of m335 and
illustrated that point using the icosahedron in Fig. 2.25. In the illustration of the
dodecahedron, - eight of the twenty vertices are shown as filled circles—these lie on the
vertices of a cube. Of course all the vertices are equivalent, and four other sets of eight
vertices forming a cube could have been picked out. Note an important distinction. The
operations of m3 relate all the vertices of an icosahedron to each other, but only sets of
eight of the twenty vertices of the dodecahedron are so related. This is is because the
vertices of the icosahedron are on 5-fold axes, but in the dodecabedron the 5-fold axes run
thmugh the centers of pairs of opposne faces and vertices on 4 given face are related by a 3-
folcl axis which does not exist in m3. In the dodecahedron the vertices are on 3 axes.

Fig. 5.2. An icosahedron, 33 (left), and a dodecahedron, 53 (right). Broken lines are edges obscured by the
front faces.

Figure 5.2 should also make it apparent that the icosahedron (33) is the dual of the
dodecahedron (53). Likewise the dual of the icosahedron is a {smaller) dodecahedron. For
an icosahedron of unit edge, the distance from the center to a vertex is SUA[(1 + V508 =
0.9511; i.e. slightly less than the edge length.

A note on terminology: The term “tetrahedron™ refers to any polyhedron with four faces
(which are triangles but not necessarily equilateral ones). Sometimes the term is used to
refer specifically to a regular tetrahedron; this is particularly the case in such usage as
“tetrahedral symmetry” which usually refers to the point group 43m (T4) which is the
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symumetry of a regular tetrahedron, but strictly refers also to 23 (T) and m3 (Ty).!

Similarly, the term “octabedron” strictly refers to any solid with eight faces, of which
there are 257 (!) distinct examples, but it is often used only for the polyhedron with all
triangular faces.2 “Qctahedral symmetry” likewise useally refers to ri3m (0)) which is the
symmetry of a regular octahedron, but strictly should refer also to 432 (0). We will
sometimes use terms such as “distorted octahedron™ when we wish to emphasize the
departure from regularity of the polyhedron with all triangular faces (3%).

For many chemists the term dodecahedron refers, not to the regular dodecahedron, but
to a polyhedron with twelve iriangular faces (for which we prefer the term
“bisdisphenoid™).? The dedecahedron with twelve rhombic faces appears conspicuously
later (we call it the rhombic dodecahedron). A regular dodecahedron is often called the
pentagonal dodecahedron to distinguish it from the millions of other dedeczhedra.

5.1.2 Combinations of octahedra and tetrahedra

Capping two opposite faces of a regular octahedron with two tetrahedra with equal edge
lengths will produce a thombohedron as shown in Fig. 5.3. The angles of the faces are 60°
and 120" and three angles of 60° meet at two of the vertices. We note that a thombohedron
has symumetry 3rm and that the two opposite vertices where three equal angles o meet are on
the 3 axis. If @ < 90° the rhombohedron is called acure {or prolate), and if o > 90° the
rhombohedron is termed obtuse (or oblate). If a = 90° the thombohedron is a cube of
course. The rhombohedron with ¢ = 60° will be met many times; it is the primitive cell of
the face-centered cubie lastice.

Fig. 5.3. Left: a 60° rhombohedron produced by capping two opposite faces of an octahedron with
tetrahedra (compare with Fig, 5.1). Middle: a stella octangula produced by capping all the faces of an
octahedron with tetrahedra—fitled circles ate the octahedron vertices. Right: a stella quadrangula obtained by
capping all the faces of a tetrahedron—fitled circles are the vertices of the central tetrahedron.

IPlease note that Ty refers to a symmetry group and is not shorthand for the word “tetrahedral”. Thus an
atom at a site with Ty symmetry may, or may not, be four-coordinated; and conversely an atom with four
nexghbﬁrs at the vertices of a tetrahedron may, or may not, be at a site of Ty symmetry.

2Some readers will be familiar with “Diirer's octshedron™ which is a conspicuous feature of the
celebrated engraving Melencolia [ (1514). This polyhedron is an acute chombohedron with the two acute
vertices truncated and has two triangutar faces and six pentagonal ones. Truncated tetrahedra and hexagonal
pnsms discussed below, arc other familiar examples of octahedra in this general sense.

3 Another polyhedron with twelve triangular faces is the hexagonal bipyramid (see § 5.1.5).
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Similarly capping all the faces of an octahedron with tetrahedra will produce the
polyhedron known as a stella octangula shown in the middle of Fig. 5.3.' As the shading
in the figure suggests, the steila octangula can also be considered as two interpenetrating
larger tetrahedra. '

Also shown in Fig. 5.3 is the polyhedron obtained by capping the four faces of a
tetrahedron with tetrahedra. By analogy it is called a stella guadrangula; it is of some
interest in crystal chemistry.? See § 5.2.4 and § 5.6.8 for some examples of its occurrence.

Other combinations of tetrahedra and/or octahedra will be met subsequently (§ 5.2). Of
great importance in crystal chemistry is the fact that regular octahedra and tetrahedra with
equal edges and in the number ratio of 1:2 can be packed together to fill space; this is a
topic covered in Chapter 6.

5.1.3 Archimedean polyhedra
Table 5.2, The Archimedean polyhedra other than prisms and antiprisms,

V, E and F are the numbers of vertices, faces and edges. The numbers ¥ in the Schliifli symbol represent in
¢yclic order the polygons (N-gons) meeting at a vertex.

Schlifli symbol name vV E F | symmetry

3.62 truncated tetrabedron 12 18 8§ 43m
34.3.4 cubectahedron 12 24 14 m3m
4.62 truncated octahedron 24 36 14 m3m
3.82 truncated cube 24 36 14 mam
3.43 rhombicuboctahedron 24 48 26 m3m
3.4 smiib cube 24 60 38 ) 432
3.5.3.5 icosidodecahedron 30 60 32 |\ m33
4.6.8 truncated cuboctahedron 48 72 26 \m§m
3.102 trancated dodecahedron 60 90 32 m33
5.62 truncated icosahedron 60 90 32 m33
3454 rhombicosidodecabedron 60 120 62 m33
345 snub dodecahedron 60 150 92 235
4.6.10 truncated icosidodecahedron 120 180 62 m33

Polyhedra with equivalent (i.e. symmetry-reiated) vertices but with more than one kind
of regular polygonal face are refetred to as semi-regular or Archimedean. These consist of
the infinite families of regular prisms and antiprisms together with thirteen others. Prisms
and antiprisms are discussed in the next section; the remaining polyhedra, all of which have
either cubic or icosahedral symmetry, are listed in Table 5.2, together with the number of
vertices (¥}, edges (F) and faces (F). These quantities are related by the Euler condition for

1So christened by the great geometer, astronomer and mystic, Johannes Kepler (1571-1630).
28ee Hyde & Andersson (Book List) p. 342,
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finite polyhedra V - £ + F = 2. Of the polyhedra in the table, the cubic ones are the most
important in crystal chemistry, but some of the others are also met. Some are conveniently
derived by cutting off {truncating) vertices of simpler polyhedra in a symmetrical way and
hence their names.

The rhombicuboctahedron (3.4} is sometimes called the small rhombicuboctahedron
and the truncated cuboctahedron (4.6.8) is sometimes called the great
rhombicuboctahiedron. We find it easier to remember, and to recall mentaily, these
polyhedra from their Schiéfli symbois rather than from their often cembersome names,!

The cuboctahedron (3.4.3.4) was introduced in Fig. 2.25 (p. 54) where we saw that it
was simply related to the regular icosahedron. Tt is illustrated again in Fig. 5.4 together
with its dual, the rthombic dedecahedron, which we will describe in § 5.1.5 below. The
cuboctahedron and its relative the “twinned cuboctahedron™ are discussed further when we
consider sphere packings in Chapter 6. An important property of the cuboctahedron is that
distance from the center to a vertex is equal to the edge length. It is also an example of a
guasiregular polyhedron, which is one in which all edges and vertices (but not faces) are
equivalent. (3.5.3.5 is the other quasiregular polyhedron.) As the edges are ail eqmva[ent
there is only one dihedral angle which is cos-1(-1/43) = 126.26".

Fig. 54. Right a cubogtahedron (3.4.3.4). Lefl: a rhombic dodecahedron, the dual of the cuboctahedron,
Broken lines are edges obscured by the front faces.

The remaining cubic Archimedean polyhedra are illustrated in Fig. 5.5. They are
sufficiently important that it is worth learning their names and shapes.

The truncated tetrahedron (3.62) is an important 12-coordination polyhedron. It occurs
particularty in structures of intermetallic compounds (see § 5.2.5). The reader with
polyhedra at hand may like to verify that four regular octahedra and seven regular tetrahedra
{all with equal edge length) can be combined to make a truncated tetrahedron.

The snub cube (344} occurs in left and right-handed forms: Fig. 2.26 (p. 54) illustrates
both and their relationship to the rhombicuboctahedyon (3.43).

Truncated octahedra (4.62) have the interesting property that they can be packed together

LA reminder that the numbers & in the Schisfli symbol represent in cyclic order the polygons (N-gons)
meeting at a vertex. Schldfli symbols are most useful for polyhedra with just one kind of vertex and we do
no:lt, use th:m for polyhedra such as the rhombic dodecahedron (F:g 5.4) with two different kinds of vertex
{47 and 4%).
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to fill space as discussed in Chapter 7. In such an array the centers of the polyhedra fall on
a body-centered cubic lattice and the surface of a polyhedron encloses all points in space
closer to the lattice point at its center than to any other lattice point, so it is the Voronoi
polyhedron associated with the lattice point. In a terminoilogy used by physicists, it is the
Wigner-Seitz cell of the body-centered cubic lattice. The dihedral angles are cos-1(-1/3) =
109.47° between square and hexagonal faces and cos 1(=1/~3) = 125.26° between
hexagonal faces. : ‘ :

We meet the truncated cuboctahedron (4.6.8) later also in connection with polyhedron
packings and in zeolite structures. It is the largest polyhedron with equivalent vertices and
cubic symmetry (the number of vertices is 48—equal to the order of groap m3nt).

Fig. 5.5. Six of the cubic Archimedean polyhedra. Top left: thombicuboctahedron (3.4%). Top middle:
snub cube (3*.4). Top right: iruncated octahedron (4.62). Bottom left: truncated tetrabedron (3.62). Bottom
middle: truncated cube (3.82). Boitom right: truncated cuboctahedron (4.6.8). In each polyhedron faces
refated by symmetry have the same depth of shading. For 3.62 (only) edges obscured by the front faces are
shown as broken lines.

The six beautiful icosahedral Archimedean polyhedra are fllusirated in Fig. 5.6. It will be
found that models of them are useful aids to appreciating icosahedral symmetry. Most
familiar will be the truncated icosahedron (5.62) which represents the structure of Cgp;? it
may also be familiar as the structure of a soccer ball (balls based on 3.5.3.5 are also
sometimes seen). It should be apparent that 34.5 is related to 3.4.5.4 in the same way as
344 is related to 3.43. Note that 34.5 with symmetry 235 (= I) is enantiomorphic.

INote that there two distinet edges in the truncated icosahedron; one (66) that is common to hexagons
and a second (65) comnon to a hexagon and a pentagon. In Cgg the 66 boad is significantly shorter than
the 65 bend. The symmetry remains icosahedral of course.
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Fig. 5.6. The icosahedral Archimedean poiyhedra. Top left: truncated dodecahedron ¢3.102). Top middle:
rhombicosidodecahedron (3.4.5.4) Top right: snub dodecahedson (34.5). Bottom left; icosidodecahedron
(3.5.3.5). Boitom middle: truncated icosahedron (5.62). Bottomn right: truncated icosidedecahedron {4.6.10).
In each polyhedron, faces related by symmetry have the same depth of shading.

5.1.4 Prisms, antiprisms and capped prisms

The remaining semiregular solids are prisms and antiprisms. The serniregular prisms are
right prisms with two faces that are N-gons and N square faces (symbol 42.4). The
triangular (or frigonal) prism should be familiar. It has Schlifli symbol 3.42, Note that the
triangular prisms encountered as coordination figures in solids usually have rectangular
faces that are not square: {see the Note § 5.6.2 at the end of this chapter). A cube is a square
prism. The term “prism” is almost invariably used by crystal chemists to mean “right
prism” (i:e. that all the quadrangular faces are rectangles).

Fig. 5.7. From left to right: a square antiprism (37 .4), a pentagonal antiprism (32.5} and a hexagonal
antiprism (33.6). Edges obscured by the front faces are shown as broken lines.

Antiprisms conclude the enumeration of the semiregular solids. They have two N-gon
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faces and 2N triangutar ones (symbol 33 N). The regular octahedron is a triangular
antiprism. The square antiprism (33.4), pentagonal antiprism (33.5) and hexagonal
antiprism (33.6) are illustrated in Fig. 5.7. Note that they have non-crystallographic
symmetries (see § 2.5.6, p. 52). The symmetry of a square antiprism is 8m2 = D4y, that of
a pentagonal antiprisim is 32/m (short syrbol 5m) = Ds, and that of a hexagonal antiprism
is 12m2 = Dgg. ' :

Sometimes coordination figures (particularly for 6- or 8-coordination) are encountered
that are intermediate between prisms and antiprisms. We refer to such solids as
metaprisms. Fig, 5.8 illustrates the case of 6-coordination. Square metaprisms are also
commeon coordination figures. The symmeiry of metaprisms with 2N vertices is N2 for ¥
odd and N22 for N even.

Fig. 5.8. Left: a trigonal antiprism (symmetry 3m) with the bottom face the same as the top one but
rotated by 60°. Middle: a trigonal metaprism (symmetry 32} with bottom face the same as the top one but
rotated by 30°. Right a trigonal prism (symmetry 6m2).

The process of adding an exira vertex outside a polyhedron is usually known as
capping. Examples of particular interest in chemistry are coordination figures obtained by
capping the rectangular faces of trigonal prisms, According to whether there are one, two
or three such extra vertices, the polyhedra are referred to as monocapped, bicapped or
tricapped trigonal prisms respectively. A tricapped trigonal prism is illustrated in Fig. 5.9 in
two ways; first as the full polyhedron and secondly with the “capping” vertiees treated
separately, as is often done for clarity in crystal structure drawings. As already remarked,
the rectangular faces are generally not square, but elongated along the direction of the 6
axis. The symmelry is 6m2.

Fig. 5.9. Two illusiwations of & tricapped trigonal prism with all distances from the vertices ta the center
equal and with ail edges not paratlel to the 6 axis equal,

Capping the two pentagonal faces of a pentagonal antiprism results in an icosahedron.
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5.1.5 Catalan polykedra: the rhombic dodecahedron, bipyramids and pyramids

The Catalan solids (named after the Belgian mathematician) are the duals of the
Archimedean polyhedra. The Archimedean polyhedra have all vertices equivalent, so the
Catalan polyhedra have all fuees equivalent. The Archimedean polyhedra are generally of
interest as symmetrical coordination polyhedra, whereas the Catalan polyhedra are more
relevant to the external shapes of symmetrical crystals. As our interest is mainly in the
?nternal ’structure of crystals we only mention here some Catalan polyhedra of special
interest.

The most interesting to us is the dual of the cuboctahedron. This is the rhombic
dodecahedron (Fig. 3.4, p. 137) which has twelve faces that are rhombuses with
alternating angles of cos 1(=1/3) = 109.47" and cos-1(1/3) = 70.53°. The cuboctahedron has
14 faces and 12 vertices whereas the rhombic dodecahedron has 12 faces and 14 vertices.
Both polyhedra have 24 edges that are all equivalent in each case, The dihedral angles of
the rthombic dodecabedron are thus all the same (and equal to 120°), and it is another a
space-filling polyhedron. When packed together to fill space, the polyhedron centers fall on
the points of a face-centered cubic lattice. It is the Voronoi polyhedron (Wigner-Seitz cell)
of the face-centered cubic lattice.

The duals of the right prisms are the bipyramids. A cube is a special case of a square
prism and an octahedron is a square bipyramid. A pyramid is of course half of a bipyramid.
Pyramids are self dual (a tetrahedron is a triangular pyramid). The two distinct polyhedra
with five vertices are the trigonat bipyramid and the square pyramid; Fig. 5.10.

Fig. 5.10. The two polyhedra with five vertices, Left: a square pyramid. Right: a triangular bipyramid,

5.1.6 Deltahedra and the bisdisphenoid

Another class of polyhedra that we consider in this chapter is that of deltahedra. These
are convex polyhedra in which all faces are equilateral triangles.”Some have been met
before. The maximum number of triangles meeting at a vertex is five and the minimum is
three, The minimum number of vertices is four {in the regular tetrahedron) and the
maximum number is twelve (in the icosabedron). In Table 5.3, V3, V4 and V5 are the
numbers of vertices at which 3, 4 or 3 triangles meet.

1The Catatan polyhedra are described in detail by Cundy & Rollett (Book List). A good account in the
context of crystal shapes is given by J. V. Smith (Book List).
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Table 5.3. The eight convex deltahedra

vertices | V3 Va Vs faces edges name
4 4 0 0 4 6 tetrahedron
5 2 3 0 6 9 trigonal bipyramid
6 0 6 0 8 12 octahedron
7 o 5 2 10 15 pentagonal bipyramid
8 o 4 4 12 18 bisdisphenoid
9 0 3 6 14 21 tricapped trigonal prism
10 0 2 8 16 24 bicapped square antiprism
[i1? g 1?7 10? 18?7 277 impossible!]
12 0 ¢ 12 20 30 icosahedron

The reader should observe the regularity of the numbers of vertices, edges and fgces,
and is invited to prove the impossibility of the deltahedron with eleven faces (not an entirely
trivial task). The polyhedron with ten vertices is obtained by capping each of the two
square faces of a square antiprism with a square pyramid. )

The boron atom skeletons of the closo borane anions B,H,?- are close to ideal deltahe:?ra
for 6 = n = 12, except for n = 11; however B1H; 12+ does exist, as a poly'hedron with
irregular triangular faces in which Va =2, V5 =8, and Vg = 1. The isoelectronic carboranes
B, _2CyHy, are isostructural, . _ o )

The bisdisphenoid is an interesting pelyhedron with symmetry &'12m tlz;at is illustrated in
Fig. 5.11. We will use this term for dodecahedra (= 12 faces!) with thxs' symmetry cven
when the faces are not equilateral triangles. It is a rather common 8-coordination figure.

Fig 5.11. Left: A bisdisphenoid. The 4 axis is vertical and the faces are equilateral uiaflglfas. In the center
and on the right the lwo sets of four vertices on “elongated” and “squashed” tetrahedra are indicated.

The term sphenoid {which comes from the Greek word for a wedge) rf:fers toa ﬁgurc
with inclined planes meeting at an edge. A tetrahedron can be decomposgd‘mto two pairs of
such sphenoids and is sometimes called a disphenoid. The origin of t%xe term
bisdisphenoid come from the fact that a bisdisphenoid can be decomposed into two
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tetrabedra, one “clongated” and one “squashed” as indicated in Fig. 5.11. It should be
apparent that the distance from the vertices of the squashed tetrahedron to the center is less
than the distance from the vertices of the elongated tetrahedron to the center. In the
bisdisphenoids occurring in crystal structures, the distances from the vertices to the center
are often (approximately) equal; the faces can no longer be equilateral triangles in this case.

If we remove the restriction to convex polyhedra, there are many other possibilities for
deltahedra; one of them is the polyhedron constructed from two inter-penetrating icosahedra
{shown in Fig. 5.12) which has six triangles meeting at some of the vertices.

Fig. 5.12. Frank-Kasper and related polyhedra. On the left is shown on the top a truncated tetrahedron and
on the bottom the Friauf polyhedron (Vg = 4) obtained by capping the hexagonal faces of the truncated
teteahedron. In the middle on top is shown the 15 vertex polyhedron (Vi = 3) and underneath it is the 14
vertex polyhedron (Vg = 2) obtained by capping the hexagonal faces of a hexagonal antiprisnt. In these four
drawings, 6-coordinated vertices are shown as filled circles and equilateral iriangles are darker shaded. On the

rigit are shown top: intergrown icosahedra {capped pentagonal antiprisms) and bottom: intergrown capped
hexagonal antipeisms.

3.1.7 Frank-Kasper polyhedra and intergrown polyhedra

If the restriction to equilateral triangles is lifted, there is an infinite number of polyhedra
with triangular faces. These are often referred to as simplicial polyhedra. Of special
interest are those in which either five or six triangles meet at a vertex. Let the number of
such vertices be Vs and Vg. It is easy to show that Vs = 12 in every case. “Geodesic”
domes are parts of such polyhedra. Their duals have faces that are either hexagons or
pentagons, and three meet at every vertex; for these latter polyhedra there must be exactly
twelve pentagonal faces—see Exercise 6 and Appendix 4.

The Frank-Kasper polyhedra (Fig. 5.12) are the four simplest simplicial polyhedra with
Vs = 12; they are found as coordination figures in dense intermetallic structures. Vg = 0
corresponds to the icosahedron (12 vertices). As a periedic sircture cannot have 5-fold _
symmetry axes, icosahedra in erystal structures will not be strictly regular, but they often
come surprisingly close. The next case, Vg = 1 cannot be realized. The next three



144 Chapter 5

possibilities, V¢ = 2, 3, and 4, can be realized and have 14, 13, and 16 vertices
respectively. They are the only possibilities not having contiguous 6-coordinated vertices.
The edges meeting at a 6-coordinated vertex must be longer than the other edges if the
polyhedron is to be convex.

The polyhedron with 14 vertices is made from a hexagonal aniiprism by capping the
hexagonal faces. The polyhedron with 16 vertices is similarly derived from a truncated
tetrahedron (3.6%) and is often calted a Friauf polyhedron (it is a conspicuous feature of the
structures of the intermetallic phases known as Friauf-Laves phases—see § 6.6.3). The
polyhedron with 15 vertices (see Fig. 5.12) has 6m2 symmetry (the same as that of a
trigonal prism) and is sometimes calfed the [-phase polyhedron (after the structure in
which it was first identified). The 16-, 15-, and 14-coordinated polybedra are sometimes
symbolized P, 3, and R respectively.

“lonic” crystal structures are typified by the fact that generally the coordination of cations
is entirely by anions and vice versa. These structures can be described in terms of
catenated (vertex-, edge-, or face-sharing) coordination polyhedra. It may be recalled, for
example, that we described the quartz structure in terms of comer-sharing {31}(4
polyhedra in & 3.6. These structures are characterized by generally low coordination
numbers (average for all atoms < 8},

On the other hand, in intermetallic structures, coordination numbers are generally higher
(= 12) and usually include coordination of like atoms by like. If they are to be described in
terms of coordination polyhedra such as the polyhedra of this section, it will be found that
the polyhedra must interpenetrate each other. Fig. 5.12 illustrates intergrowths of two

icosahedra and also of two bicapped hexagonal antiprisms. The vertices i the interior of—_

the intergrowths are (approximately) at the centers of icosahedra and bicapped hexagonal
antiprisms respectively, and thus serve as both the center of one polyhedron and as ithe
vertex of another. In intermetallic crystal structures there is a continuous intergrowth
{rather than just the pairs discussed here) which makes such structures particularly difficult
to iliustrate satisfactorily. In MgCuy, for example (§ 6.6.3), there are intergrown
{Mg}CuyzMgy Friauf polyhedra which produce, mirabile dictu, for the Cu coordina-
tion {Cu}MggCug icosahedra.

Simpiicial polyhedra can be considered as made up of (irregular) tetrahedra with one

vertex at the center and the other three on a face of the polyhedron. In this way, the
icosahedron can be decomposed into 20 tetrahedra and the Friauf polyhedron similarly
decomposed into 28 tetrahedra. Structures which can be described as a packing of imregular
tetrahedra are often described as “topologically close-packed.”

5.1.8 Relationships between polyhedra with eight vertices
We mentioned earlier the fact that there are 257 topologically distinct octahedra. Their
duals will be the 257 distinct polyhedra with eight vertices.! Some other symmetrical

arrangements that we have met and that often occur in crystal (and molecular) structures are

LA complete catalog of pelyhedra with < § vertices is given by D. Britton & I. D. Dunitz, Acta
Crystatlogr. A29, 362 (1973).
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the cube, square antiprism, bicapped trigonal prism and hexagonal bipyramid. Often in
polyhedra representing coordination of a central atom, the distances from the vertex atoms
to the central atom are approximately equal, so the vertices are approximately on the surface
of a sphere. As the number of vertices increases, conversion from one polyhedron to
another will generally involve smaller displacements of vertices. Because 8-coordination is
rather common, and the possibilities large, the relationships between the possible
coordination polyhedra have been the subject of some discussion.! We describe some
important cases briefly here.

The relationship between a cube (square prism) and square antiprism should be obvious.
The intermediate case, a square metaprism, with peint symmetry 422, is commeonly
encountered in crystals.

The relationship between a cube and 4 hexagonal bipyramid is also very simple. Fig.
5.13 shows a cube viewed down a body diagonal. The six vertices not on the diagonal
project as a hexagon; they are in fact on a skew hexagon with 90° angles. Converting these
angles to 120" will produce a planar hexagon and the vertices will correspond to a
hexagonal bipyramid. The “waist” edges of the hexagonal bipyramids must be shorter than
the other edges; if the edges were all equal, the polyhedron would collapse to a two-
dimensional figure. The {V}Og coordination in the structure of Y;Tiz07 is an example of
coordination irtermediate between a hexagonal bipyramid and a cube.

Fig. 5.13. The relationship between a cube and a hexagonal bipyramid,

Less obvious are the relationships between a square antiprism, a bisdisphenoid and a

. bicapped trigonal prism, but in fact these three polyhedra are very closely related as shown

in Fig. 5.14. Converting the two square faces of the antiprism to pairs of triangles
produces the topelogy of the bisdisphenoid and only small displacements of the vertices are
necessary to produce 42m symmetry. Note that the 4 axis of the bisdisphenoid is parallef to
one of the 2-fold axes of the antiprism. Similarly, converting just one of the faces of the
square antiprism to a pair of triangles converts it into a bicapped trigonal prism.

The conversion directly from a cube to a bisdisphenoid is also important and should be
obvious when it is recalled that the vertices of a cube are the same as the convex vertices of
a stella quadrangula (Fig. 5.3) which can be considered as two interpenetrating regular
tetrahedra. Converting one of these tetrahedra into a squashed tetrahedron and the other into

1See especially D. L. Kepert, [norganic Stereochemistry [Springer-Verlag, Berlin (1982)].
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an elongated one will produce a bisdisphenoid (compare with Fig. 5.11).

Fig. 5.14. Top: the relationship between a s ipri isdi id {ri

. quare antiprism (left) and a bisdisphenoid (right). Note th

the 4 axis of the bisdisphenoid is horizontal, Bottom: the relationshi iprism (1ot and
: . : ip betwe i

& bicappod g o p between a square antiprism (left) and

- It should be emphasized that, in the context of crystal or molecular structures, the use of
polyhedra to describe the positions of atoms is purely for convenience. In a cryst;l there are
fnlﬁ atoms anfi (less surely) bonds. On the other hand, the salient features of a polyhedron
ﬂ: et ct:y th/:l z;rt;:éiu ie;c.:es {hence the term polyhedron) which are really of little importance in

In particular, to illustrate structural relationships, it is often fruitful to chose one or
anotht?r pglyhf-:dron to describe a particular structure element, and even to describe the same
coordmanop in more than one way. In the garnet structure, Ca is eight coordinated by O
and has a site symmetry 222. This symmetry is a subgroup of that of a cube (m3m), a
square m!:tlapnsm (422), a bisdisphenocid (42m) and a bicapped trigonal prism (mm2). It’ is
not surprising therefore, that different authors describe the coordination figure differently

[as eg a ‘-‘twtisted cube,” “distorted square antiprism,” or “distorted dodecahedron”
{meaning bisdisphenoid)].

5.1.9 Tammes’ problem and coordination polyhedra

In his study of pollen grains (which are approximately sphcriéal), the biologist P. M. L.

e
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Tammes concluded that the orifices on their surfaces are arranged so that there is a
maximum number, subject to the constraint that the distance between them 15 not less than
some minimum amount. ¥t might be supposed that similar considerations also apply to
packing coordinating atoms around a central atom. The mathematical expression of
Tammes’ problem is to find the arranpement of points on the surface of a sphere so that the
shortest distance between pairs of points is as large as possible. Solutions of Tammes’
problem, particlarty its generalization to arrangerments of points in space, are here referred
to as ewractic arrangements. |

The general problem s difficult and most results have been obtained numericatly.? For
four points the solution is provided by the vertices of a regular tetrahedron, and for six
points by the vertices of a regular octahedron.

The solution for five points is provided both by the vertices of a trigonal bipyramid and
by the vertices of a square pyramid with all cdges equal (i.e. half a regular octahedron).
Note that in this case the shortest distance is V27, where 7 is the radius of the sphere; the
same result is obtained for an octahedron, so there might as well be six points on the
surface of the sphere rather than five.3 It is noteworthy that 4- and 6-coordination are much
more commonly found than 5-coordination of cations in crystals. When 5-coordination is
found, the square pyramid and trigonal bipyramid occur with comparable frequencies.*

For eight points the solution to Tammes’ problem is provided by the vertices of an
Archimedean square antiprism (nos, as is occasionally claimed, a cube). For nine points
the figure obtained is that of a tricapped trigonal prism. We may note also that for twelve
points the solution to Tammes’ problem is provided by the vertices of a reguiar icosahedron
and for 24 points by the vertices of a snub cube {3%.4), See also the Notes (§ 5.6.2) for a
discussion of related problems.

5.1.10 Polyhedra with divalent vertices

In the polyhedra considered so far at least three edges meet at a vertex and each pair of
contiguous edges (an angle) is part of only one face. However for some purposes it is
convenient to generalize the concept of polyhedra to include those in which only two edges

IFrom the Greek for “well-arranged”. We thought that we had invented the word, or rather that it was
cotned for us by Marie Hyde who knows about such things, but subsequently we found that it had been used
earlier by Schlafli in a mathematical context {see H. 8. M. Coneter Regular Polytopes, rd Edition, Dover,
New York (1973) p. 251] and it is in the Oxford English Dictionary. As the term has now gained some
currency in the sense we use it, it 1S retained.

?Recent papers willl extensive results are B. W. Clare & D. L. Kepert, Proc. Roy. Soc. {London)
A405, 329 (1986); D. A. Koutwilz, Acta Crysiallogr. A47, 158 (1991).

3The distances between vertices expressed as multiple of r are: for the trigonal bipyramid, V2 (6 V3
(3x) and 2; for the square pyramid, V2 (8 and 2 {2x) and for the octahedron V2 (12x) and 2 (3%).

4Molecular chemists are used to considering non-bonding valence electrons as well as ligands when
discussing coordination figures, Compare PF5 (trigonal bipyramid, no non-bonding valence electrons) with
CIFs {square pyramid with the non-boading electron pair completing an octahedron around Cl). In
crystalline PO Pb has 4 O atoms in a square on one side of Pb with a lone pair completing a square
pyramid,
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meet at some vertices and the angles containing such vertices are part of two faces. We note
two points about such polyhedra: () some of the faces are of necessity non-planar if angles
of 180" are excluded, and (b) the number of vertices, edges and faces are still related by
V-E+ F=2. We just give some simple examples here.

Polyhedra with divalent vertices can be derived in a formal way by inserting vertices in
edges of conventional polyhedra. In Fig. 5.15 we show how polyhedra with six and eight
vertices are derived in this way from a tetrabedron. The new polyhedra are facially-regular
and, as there are four faces, they are also tetrahedra. The first (an the left in Fig. 5.15) is
encountered as a building unit in the fibrous zeolites (§ 7.8.7); as it has four 4-cornered
faces we call it a tetragonal tetrahedron. The second polyhedron (on the right in Fig. 5.15)
has four 5-cornered faces so we call it a pentagonal tetrahedron. It occurs in the molecule
As484 (realgar) with 3-coordinated As ({As}AsSq) and 2-coordinated S {{S} Asg).

Tig. 3.15. On the left are two drawings of 2 tetragonal tetrahedron and on the right two drawings of a
pentagonal tetrabedron. In each case the righ-hand member of the pair shows enly the polyhedron edges.
Vertices shown as open circles are divalent,

The next polyhedron in the series is a hexagonal tetrahedron with ten vertices shown in
Fig. 5.16. This is an important geometry in structural chemistry. If CHy units are at the six
2-coordinated vertices, and CH wnits at the four 3-coordinated vertices, the hydrocarbon
adamantane, CigH ¢ results. If the CH proups are replaced by the isoelectronic N,
hexamethylenetetramine, N4(CHa)g is produced. P4Og has the same structure.

Fig. 5.16. From the left are: two drawings of a hexagonal tetrahedron, two such polyhedra sharing a face,
a cluster of five hexagonal tetrahedra. Compare Fig, 5.15.

If a wire model of the hexagonal tetrahedron framewaork is dipped in a soap solution and
withdrawn, the soap film will form a curved surface on the faces of the polyhedron.
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Remarkably, such a polyhedron with curved faces is a space-filling solid.! In Fig. 5.16
two such tetrahedra are shown sharing a face and also a cluster of five tetrahedra sharing
faces.? In fact the structure of vertices and edges obtained by filling space with hexagonal
tetrahedra is just that of the atoms and bonds in the diamond form of carbon, and Fig. 5.16
should be compared with Fig. 7.10 illustrating the diamond structure. Much of the interest
in polyhedra with divalent vertices is as building units of three-dimensional nets.

Another example of a tetragonal tetrahedron is shown in Fig. 5.17. Four 2-connected
veriices are on a square of edge 4, and the 4-connected vertices are a distance J apart so that
the edge lengths are N2df2. If all vertices were 4-connected the polyhedron would be a
squashed octahedron. The figure shows curved surfaces such as might be made by a soap
filmy on the framework. Such a polyhedron is also space-filling (the packing requires three
different orientations of the tetrahedra). The vertices are on the points of a body-centered
cubic lattice and, as discussed in § 6.2, the centers of the polyhedra are at the “octahedral”
sites of a body-centered cubic sphere packing.

Fig. 5.17. A space-filling tetragonal tetrahedron with curved faces.

5.2 Polyhedral clusters

We arc interested in polyhedra because their vertices often represent the positions of
atoms coordinating a central one. In this way we can reduce a group, such as {M}Xg to a
single entity such as an octahedron or a trigonal prism. In many structures it is convenient

13uch polyhedra appear to have been first described by P. Pearce in Chapter 8 of Symmetry in Nature is
a Strategy for Design IMIT Press (1978)]. A beawtifully illusirated systematic account of them and their
packings is given by §. T. Hyde & S. Andersson, Zeits. Kristallogr. 168, 221 (1984).

2This topic provides an excuse for some free-association historical notes: Hexamethylenetetramine was
the first organic compound to have its stucture determined by X-ray diffraction {R. G. Dickenson & A. L.
Raymond, J. Amer. Chem, Soc. 45, 22 (1923}]. Dickenson was the first person to get a Ph.D. degree from
the California Institute of Techrology (in 1920); in 1922 he took on a gradnate student named Linus
Pauling who was to be a major force in structural chemistry for more than the next half century (Nobel
prize in Chemistry, 1954). The hydrocarbon correspending to the two face-sharing polybedra (C14H3q) is
known as congressane as its structure served as the emblem of the XIX congress of the International {nien
of Pure and Applied Chemistry (1963). Its structure was solved “by inspection™ from X-ray data by the
famous team of I. .. Karle and J. Karle in 1965, J. Karle went on to share the Nobel prize in chemistey
with H. Haupiman in 1985 (for the development of “direct methods” of X-ray diffraction analysis).
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e continue the process and consider the structural units to be groups {clusters) of
polyhedra (which may or may not be centered). This approach allows us to describe the
structures of complex crystals in a hierarchical way: we first describe how atoms form
coordination polyhedra, then we describe how the polyhedra are assembled into clusters,
and finally we describe how the clusters are linked in the crystal. A similar procedure is
familiar to molecular chemists who are long used to replacing funciional groups {ciusters!)
such as, for example, -CgHs by -Ph and CsHs by Cp.

In this section we describe some simple examples of clusters, that are often found in
crystal structures and give some examples of their occurrence.

5.2.1 Clusters of tetrahedra

In § 5.1.2 (Fig. 5.3) we introduced the stefla quadrangula which may be derived by
fusing tetrahedra to the faces of a central tetrahedron, and the stella octangula which is
similarly derived by capping the faces of a central octahedron with tetrahedra.

The composition of the stella octangula can be written AgBg with the six vertices A
forming an octahedron and the eight capping vertices B at the corners of a cube. This is 2
configuration frequently found in crystal structures. A notable example is as the MogSg
chuster in PbMogSg (one of the so-called Chevrel phases). The same cluster is often found
in Nb and Mo halides; in Nbgl, Nbglg clusters are linked by Nb-1-Nb bonds to produce
overall stoichiometry Nbglgls/y = Nbglyy.

If just four (norn-adjacent) faces of an octazhedron are capped with tetrahedra a
“supertetrahedron” as shown in Fig. 5.18 is produced. If the small tetrahedra are centered
by T and the octahedron vertices are X and the capping vertices ¥, the stoichiometry is
T4XY4. A molecular example is provided by the molecule GeqSgBry. These units are also
familiar as P401¢ and P4S1q molecules, and as the complex anions [P4N10]0" in LisPyN5
and [Si4S10]4- in Nay8izSs.1

Fig. 5.18. A “supertetrahedron” cluster of four tetrahedra.

Joining supertetrahedra (with ¥ = X) into a three-dimensional network by sharing the
four ourer vertices resuits in stoichiometry T4XeXa = TX5. This is the situation in

INote that P4019 and [PaN1g]1% are isoelectronic as are P48 10 and [$iS10]%. In every case there are
80 valence electrons.
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compounds such as Znl and Be(NHp)2. . ‘ .
Clusters of condensed {T}X4 tetrahedra sharing vertices are very common in crystal
stroctures. A pair of such tetrahedra with one common vertex hgs stmch}ometry '_I'QX-;, and
is found in oxide chemistry {especially, but by no means exclusively) with 7= 8i, P and §
(the compounds are often called pyrosilicgtes, pyrophosphates and ‘pyrosul.fates
tespectively). It is rare for the T-X-T link to be linear, but an exampie occurs in the mn_1eral
thortveitite, ScaSiz07. SiPyQ7 is an elegant example of a structure made of linked {S1}Og
octahedra and PoO7 double tetrahedra, CloO7 provides an cxan}pie of a neutral chuster. .
Larger clusters of tetrahedra are also common and we give some examples of their
occurrence in silicate minerals. Rings of n tetrahedra sharing V:ertlceg (Fig. 5.19) have
stoichiometry T,,Xay, ; for silicates the cluster has formal chargf:_ [S_1n03,1] s . o
Common stoichiometries are # = 3 {as in benitoite, BaTiSi3Og), .4 (as in kainosite,
Cag ¥2[Si4012KCO3)- HaO) and 6 (2s in dioptase, CtlaSiO’szO = Cu6816013-§H20). iy
Rings of corner-connected tetrahedra are “flexible” and the C(_)n_formatwn fol-m is
determined in part by the T-X-T angle which usually has a charactlensnc value for given T
and X (about 145° for 5i-0-5i apd 128° for Ge-O-Ge). _Flg. 5.19 }llustratcs sotme exltreme
configurations of three-membered and four-membered rings :md gives the T-X-T angles tfc:wr
regular teirahedra. Not surprisingly, three-membf:red rings are more commen for
germanates than for silicates. A special case is the linear chain (n = «) which occurs in
many impottant minerals (such as enstatite, Mg8i03).

151.8°

Fig. 3.19. Symmetrical configurations of rings of regular {T}X4 tetrahedra. Numbers are 7-X-T angles.

Double rings of tetrahedra are also common in silicates. These are madf:‘: by fu.rthz?r
corner sharing {o produce stoichiometry 12,Xsn. The n =4 member of this f_arm;yzés
obtained by fusing tetrahedra to the eight triangular faces of a cuboctahedson (Fig. 3.20,
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riddle) so that the T3 array is a cube. For regular tetrahedra the maXimum 7-X-T angle is

148.4°. A nice example of the occurrence of this cluster is as [SigO2018- vmits in steacyite,
KNaCaThSigOag. .

Fig. 5.20. Left: a 74T X7 cluster. Middle: a TX2q cluster obtained by capping the triangular faces of
a cuboctahedron with tetrahedra. Right: a similar cluster with alternating tetrahedra of two different sizes.

Many compounds with vertex-sharing teteahedra have two (or more) kinds of tetrahedra
of different sizes. For example, there known many analogs of silicates with a framework
such as AlPOy4 with alternating {Al}Q4 and {P}Oy tetrahedra. It is interesting that if the
centers alternate in a T43T"4X5 cluster as shown on the right in Fig. 5.20, the maximum
T-X-T" angle is siill 148.4" for regular tetrahedra.

A second kind of cluster (T4T'4X17) of eight vertex-sharing tetrahedra occurs in
NajoBe4SigOy7. This is shown on the left in Fig. 5.20; the {Be} 04 tetrahedra are the inner
ones (darker shaded). With regular tetrahedra (which must be congruent) the 7-X-T angles
are all 109.5°. _

With two six-membered rings of tetrahedra, the tetrahedron centers are on the vertices of
a hexagonal prism, the corresponding silicate anion is [Si;7030]12* which also is found in
complex minerals. _

Clusters of tetrahedra commonly occur in condensed structures such as zeolite
frameworks with overall stoichiometry 7X,. When describing the topology of such
structures, it is common to omit the arions and to represent clusters such as TeX2g and
T12X3p as cubes and hexagonal prisms respectively, and to describe the structure as a
linkage of such anits, Examples will be found in Chapter 7.

3.2.2 Clusters of octahedra

Discrete and linked clusters of octahedra are found in great variety in the chemistry of the
oxides of the early transition elements (particularly Nb, Mo and W) and we give only a few
simple examples of them here. The discrete clusters are usually anionic and referred to as
isopolyanions if they contain just one kind of metal atom (i.e. one metallic element) and
heteropolyanions otherwise. |

IFor a review of such species see D, L. Kepert, Chapter 51 in Comprehiensive fnorganic Chemistry,
Vol. 4. [Pergamon Press, Oxford (1973)].
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Face-sharing in extended clusters of centered polyhed{a is rather rare, but p.airs of
octahedra sharing a common face are rather Commosl 4s anions (e.g. [W2Clol* W’th two
{W}Clg octahedra sharing a face) and ‘such pairs linked by corpers are a conspicuous
feature of many structures. Usually in such a group M2Xg, the M aton.zs move (?ff center
to increase their mutual separation. Such displacements are only possible for pairs, so thgt
tonger chains of centered octabedra sharing faces are less common unless the,:’ clu.ster 8
stabilized by metal-metal bonding through the shared face. The “anlu-stmcture (w1Fh the
roles of metal and nonmetal reversed) is found in RbgO7 in which there are pairs of
[O}Rbg octahedra with metal-metal bonding between the clusters. . .

The dihedral angle of a regular octahedron is cos1(~1/3) = 109.47" so that if three meet
at a common edge, there will be a small gap between some of the faces.. However three can
meet at a common edge with three pairs of adjacent faces shared if the qctz%hedra are
distorted to make the angle between shared faces 120° (Fig. .5.21?. 'I‘ha? stoichiometry is
now M1X11. Such clusters (linked by sharing edges) may be identified in the structure of
NbsTes. The anti-structure cluster occurs in oxides suck_l as. Cs1103 and Rb7Cs1103.

Edge-sharing pairs of {M)Xg octahedra have stoichiometry M2X o and are rather
commen as diserete units {e.g. NbCls = NbaChig). ' . _

‘With more than two octahedra joined by edges, the number of distinct topologies rapidly
becomes rather large, but generally it is the most condensed (minimum value of XiM) and
symumetrical that are of greatest interest.! o o

With three octahedra joined by edges there are three p0551b111t1e§ as sl_xown m.Flg. 5.21.
The first two have stoichiometry M3X 4 and the third {on the right in the figure} has
stoichiometry M3X;3. This last occurs as, for example, [Te3Cl13]- and (condensed by

. further edge sharing) in Nb3Clg.

Fig. 5.21. Lefi: three distorted octahedra sharing faces and a common edge. Right: the three distingt ways
of linking three octahedra by sharing edges only.

For four octahedra joined by edges, there are eight possibilities with stoichiometn_es
ranging from MaX1g {five cases), through MaX 7 {one case), to MaXy6 (two cases). Fig,
5.22 illustrates the two MaX| g isomers. In the first the centers are coplanar, and_ fall on the
vertices of 2 60° thombus, so we call it the rhombic isomer. In the second isomer the
centers form a tetrahedron so we call it the tetrahedral isomer, The second cluster can also

Ior a discussion see P. B. Maore, Amer. Mineral. 55, 135 {1970).
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be described as consisting of four octahedra sharing faces with a central tetrahedron. It is
interesting that Te4Cly4 has the tetrahedral structure but Te4l16 has the structure of the
rhombic isomer [in these clusters Te is “off center” in the octahedron to givea3l +3

coordination often found for Te(IV) compounds]. The tetrahedral group is also found as
the anion [W4015]%-.

Fig. 5.22, The two T4X|g clusters of four edge-sharing octahedra. Left the rhombic isomer. Cenier and
right: two views of the tetrahedrz] isomer.

The M4X16 unit may be linked by tetrahedra in three mutually perpendicular directions to
give a cubic M4T3X 6 framework as shown in Fig. 5.23. Examples of compounds with
structures based on this framework are CsaMoyqP3019 (M = Mo, T = P) and minerals of
the pharmacosiderite family such as BaM4As302(OH)4-5H,0 (M = Al or Fe, T =As),
and K3Ge7015(OH)-4H0 (with M = ViGe and T = VGe),

Fig. 5.23. A part of the M7X1(, framework of pharmacosiderite.

In Fig. 5.24 we illustrate the most symmetrical and condensed cluster of six edge-
sharing octahedra with stoichiometry MgX;9 which we call, for reasons that should be
obvious, a “superoctahedron,” This is found as the anion [MogO10]2. Also shown in the
figure is a five octahedron cluster M5X 13 which is also a commen anion configuration.
Twao of the five-ociahedreon clusters can condense by sharing four vertices to produce the
configuration found in the [W19042]%- fon. Clearly the possibilities are endless.
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¥ig. 5.24. Left: A “superoctahedron” MgX1g. Center: a cluster MsX1g. Right: a cluster M10X22.

The structure of NboFs is a nice example of a th:e_e-dimensic.mgl structure built up fr?m
superoctahedra (for crystallographic data see Appendix 5). In this instance the cct:‘nt.ral anion
is missing so there are {Nb}Fs square pyrarni@s ar}d we really 'have a clus'tt?r o s$ squatre
pyramids (Fig. 5.25). The cluster composition is NbeF 12_F s where F' is on the 01111 er
vertices of the superoctahedron. Sharing these outer vertices proc_igces an open ‘t re-e.
dimensional network of corner-connected clusters with composition NbgFlzf 6/2h—
NbgFys. The formula is usually given as NbgF15 (rather than NbsFs) to emphasize the

oups in the structure )
pm’f‘iﬂ;;?sfhrizg g;e:scwiiption of this beautiful structure we note that the topolo_gy of the
corner-connected network of (super) octabedra is tha; of Re({)g gsec p. lta)grind in NbzFs,
tworks interpenetrate. Fig. 5.25 shows a fragment of one ne .

tW?I’ks:rlc:c? ;:ints concem?ng this structure might be might be notejd: (@ thcl Nb atoi'nslfor::.
an empty Nbg octahedron, a very common feature of the chemistry of niobium in low y
oxidation states, (b) we describe the NbgFj2 part of the cluster as an edge-cappe
actahedron cluster in § 5.2.4, and (c) the F atoms and the sites {empty) at the center of the
Nbg octahedra combine to form cep (§ 6.1.3).

Fig. 5.25. Four of the sorner-connected clusters of square pyramids in the NbgF |5 structure.

Frameworks of veriex-sharing octahedra with stoichiometry MXg = MX3 are rat?ler
important, and some will be discussed in § 5.3.4 and in Chapter 6. Here we call attention
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to a finite group, which may be considered as composed of four octahedra sharing non-
contiguous faces of a central octahedron. In Chapter 6 we call this a “pyrochlore” unit; it is
illustrated in Fig. 5.26. (Compare the supertetrahedron, Fig. 5.18.) As the dihedral angie
of an octahedron is 109.48°, the angle between the unshared faces of the outer octahedra
and the adjacent face of the empty octahedron is 360° — 2 x 109.48° = 141.04°; which is
close to the dihedral angle of a regular icosahedron (138.18°). This means that if the
remaining four faces of the central octahedron of the pyrochlore unit are capped with
Icosahedra, the assembly will fit together rather stugly. Such units are an important feature

of some intermetatlic structure types (with the icosahedra and octahedra very slightly
disterted so that they have common vertices).

Fig. 5.26. The “pyrochlore unit” of four vertex-sharing octahedra.

Finally, if three regular octahedra share a common vertex, but without edge sharing, the
shortest inter-octahedron distance between vertices is, of necessity, less than the
octahedron edge length. Such configurations occur in the structure of compounds such as
pyrite, FeSy, In this structure {FelSg octahedra have all their vertices shared in this way
{so the stoichiometry is FeSg3) and the short distances correspond to S-S bonds. The
octahedron edge lengths are 5...8 = 3.07 and 3.32 A and the S-S bond length is 2,18 A.
Fig. 5.27 illustrates a fragment of the structure (for crystallographic data see Appendix 5).

Fig. 5.27, Left: fragment of the pyrite, FeSy, structure showing three {Fe}Sg octahedra with a common

vertex. Heavy lines represent S-S boads. Right: the anion in Maus’s salt shown as {Fe}Og octahedra and
(8}0y4 tetrahedra.

Another example of three octahedra sharing a common vertex is provided by the
complex anion Fe30(S04)6(H20)35 (also shown in Fig. 5.27) which occurs in the mineral
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metavoltine and in the compounds known as Maus’s salts.! The {Fe}Og octahedra are
fairly regular with edge lengths of 2.73-2.90 A, The edge lengths in the {5)O4 tetrahedron
range from 2.31-2.37 A.

5.2.3 Octahedra plus tetrahedra: Keggin and spinel units

There are very many niobates, molybdates and tungstates {and some other related
oxides) of various dimensionalities that can be desc_:nbed as assemblies of {M]O4
tetrahedra and {M}Qg octahedra. An adequate description of. all knc?wn structur_es wo1:1id
require a rather large book, Here we describe two particularly interesting clusters involving

- four groups each of three edge-sharing octahedra about a central tetrahedron.

First we examine the M3X 3 cluster of Fig. 5.21 a little more closely_. The cluster has
symmetry 3m which means that the two faces normal ¢o the 3 axis are different, and have
3-fold symmetry as illustrated in Fig. 5.28.

Fig. 5.28. Two views of the M1X;1 cluster in projection down the 3 axis.

Examination of the figure will show (on the right) that one face of the cluster F:onsmts of
a centered hexagon of vertices, so that the cluster can cap he)_(agonal faces of a polyhedron,
but as the symumetry is only 3-fold this can be done in two different ways. The clusters we
now consider invelve capping of the hexagonat faces of a truncated tf:trahedron.

In the first case, the clusters of three octahedra share vertices with each other, to form
stoichiometry M12Xa0. In this structure, shown in Fig. 5.22, four central X atoms form a
tetrahedron which can be centered by a T atom to give stoichiometry M 127X 40.

This unit is vsually named after J. F. Keggin who first determined the .structure of
phosphotungstic acid which contains a [W12PQ4p]3- group.? The same grouping has been

1These have the general formula MsFe30(S04)6-rH20 with M = .Ll’ Na, K,‘ Rb, Cs, NH4:11<1]‘T1.
Those who object to trivial names might note thas Structure Reports lists the anjon under the heading
“iri -0%0- -U-sulphato-riferrate(TID) dihydrate.™ ' .
mg?rl;?sp\i;xgot?w X—riy diffraction in 1934yand wes a remarkabie four de force flor the tlgle; lqcatm%
light atoms () in the presence of heavy atoms (W) is diff?lcult even with the greatly improve hec;m%minr
available today. The formula for phosphatungstic acid is H3W121?04g-6H20 but it 1sfper aps 1eic:l
written (H5072)3W 2PQ4g as it contains HsO2% groups. These Provlde & rare exar{lplé oMa ;yt:;l;e;t @
(linear) hydrogen bond O-H-O, linking two water Iqolecules, with d(O-I—D =121 A [ .b . Br mm-kablé
Acta Crystallogr. B33, 1038 (1977)]. The record in 1995 for cluster. size appears to be a;eM"n .
toroidal exoanion with approximale 7-fold rotation symmetry and contatning 154 Mo atoms [A. Miiller
al., Angew. Chem. Int. Ed. Engl. 34, 2122 (1995},
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identified in numerous anions, particularly with M = Mo or W and with T = P, As or Si.
The M atoimns are at the vertices of a cuboctahedron. The complex mineral zunyite contains

condensed Al1304p units with the same structure, and the Oyg arrangement also serves as
structural units in some complex intermetallic structures.

Fig. 5.29. The Keggin cluster, M;27X40. On the left only six of the twelve octahedra are shown,
Compare Fig. 5.30.

If the three-octahedron wnits of the Keggin structure are rotated by 60°, they are then
joined by edge sharing in the more compact cluster shown in Fig. 5.30. The M atoms are
now at the vertices of a truncated tetrahedron. We call this structure, which has the same
stoichiometry as the Keggin structure, 2 “spinel unit” because the important spinel
{MgAl04) structure can be considered as made up of a condensation of such units. Partly
hydrolyzed Al salts have been found to contain [A1}304(0H)24(H20)12]™* units with this
structure. It is of interest that dehydration of hydrous alumina at low temperatures produces
so-called “yalumina” (used as a polishing powder) which has a spinel-related structure,

Fig. 5.30. The “spinel cluster.” On the left only six of twelve octahedra are showa. Compare Fig. 5.29.

5.2.4 Edge-capped clusters

Capping the edges of polyhedrz with additiopal vertices produces what can be
considered as clusters made of polyhedra and triangles. We can generate many useful
groupings in this way. Recall that in § 5.1.10 we derived polyhedra with divalent vertices
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by edge-capping polyhedra (tetrahedra). . o

yCaiping the six edges of an A4 tetrahedron with B produces a cluster A4Bg. This is
shown in twoe ways in Fig. 5.31, first as an edge-capped tetrahedron, 'fmd second_ as a Bg
octahedron with A centering four of the faces. The latter emphasizes 'the_trlangular
coordination of A by 8. An example of its occurrence is as the CugSg grouping in complex
anions such as [Cug(SPh)g]2-.

Fig. 5.31. Two views of an edge-capped tetrahedron.

Our second example is obtained by capping the edges of an Mg octahedron wﬂ:h X atgms
to produce stoichiometry MgX12 as shown in Fig. 5.32'. Iq the figure, tl}e capping vertices
have been placed so that M is in square planar coordination by X. This grouping is \;erf
common in the halides of early transition metals, both as neutral mf:)lt’:cules (as in PtC 2 g
PtsCl12) and as complex cations {as in [Nb5C112']”+, n=234) A mnylalr clusfte}rl, b]:\L:; wgt.1
more nearly equilateral triangles, forms the basis of an elegant description of the 1115 3
structure in which Mng octahedra share opposite faces to form columns and the non-share
edges (six per octahedron) are capped by further Mn.

Fig. 5.32. An edge-capped cctahedron,

inal examole of edge-capping we describe the build-up of the structural unit .of
}’-b}:;s: (f(;l'a sZng). Ii Fig. S.Z"TE where we start (top left) wi,t!h a Zay tetrabedron t;\d cap 11;.3
faces with Cu (at the vertices of an “outer tetrahedron Y to produce a C.lJ4 14 stetha
quadrangula. Next (top right) we cap the six edges of the Zr}4 tetrahedron with Cu (at he
vertices of an octahedron) to produce the cluster CuigZng. Finally (bottom left) we cap the
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12 outer edges of the stella quadrangula with Zn arriving at a cluster CujgZnyg. The crystal
structure is made up of a body-centered cubic array of such discrete clusters, It might be
noted that the 12 outer Zn atoms are at the vertices of a distorted cuboctahedron (bottom
right in the figure) with four small and four large equilateral triangle faces; the remaining
faces are rectangular instead of square. Such a distorted cuboctahedron (with tetrahedral =
43m symmetry) is met in other intermetalic structures (see e.g. Fig. 6.77, § 6.8.6).

Fig. 5.33. Build-up of the gamma brass structure (see text}.
5.2.5 Clusters of truncated tefrahedra and icosahedra

Some complex crystal structures (with over a thousand atoms per unit cell in some
instances) can be decomposed into clusters of truncated tetrahedra and/or icosahedra.l We
describe one relatively simple structure to illustrate the kind of groupings found.

The dihedral angle between the hexagonal faces of a truncated tetrahedron is the same as
that of a regular tetrahedron [cos }{1/3) = 70.53"] so with just a minor distortion a group of
five can share faces around 2 common edge (Fig. 5.34). We mentioned above that an
icosahedron can be considered as made up of twenty tetrabedra with a common vertex (the
center of the icosahedron). The tetrahedra have three edges of d {the edges of the

I For beautifully iltustzated descriptions of these structures in terms of ¢lusters of truncated tetrahedra and
icosahedra, see S. Samsen in {(a) Developments in the Structural Chemistry of Alloy Phases, B. C.
Giessen, ed. Plenum Press, New York (1969); (b) Srtructural Chemistry and Molecular Biology, W. H.
Freeman, San Francisco (1968). For alternative descriptions see also S. Andersson in Structure and
Bonding in Crystals, M. O'Keeffe & A. Navrotsky, eds. Vol 2. Academic Press, New York (1981) and B.
Chabaot, K. Cenzual & E. Parthé, Acta Crystallogr. A37, 6 (1981}
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icosahedron} and three of 0.95d (the distance from the center of the icosahedron to one of
its vertices). Perhaps less obvious is the fact that twenty truncated tetrahedra will fit around
a central icosahedron of edge d if nine of its eighteen edges are d and nine are 0.954. Fig,
5.35 shows an icosahedron sharing a triangular face with a truncated tetrahedron. The
longer edges of the truncated tetrahedron are those of the shared face and the opposite
hexagen.

Fig, 5.35, Left: a wuncated tetrahedron and an icosahedron sharing a face, Right: twenty truncated
tetrahedra arcund a centrat icosahedron.

Figure 5.35 also shows the complete assembly of twenty truncated tetrahedra sharing
faces with a central icosahedron. The twenty hexagonal faces form a regular truncated
icosahedron. The pentagonal faces of the truncated icosahedron are capped on the inside
producing depressions that are pentagonal pyramids. The cluster so far described contains
84 vertices (12 for the central icosahedron, 60 vertices of the truncated icosahedron and the
12 apices of the pentagonal pyramids,

This unit occurs in a number of intermetallic compounds (some approximate
compositiens are LisAlsCu, NagAus8n and LisZn3Ga) with the icosahedron and the 20
truncated tetrahedra centered, so the cluster now contains 105 atoms. Fo build up the
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crystal structure, the truncated icosahedron unit is put inside a truncated octabedron so that
eight of the hexagonal faces of the truncated icosahedron are coplanar with the (larger)
hexagonal faces of the truncated octahedron as shown on the left in Fig. 5.36. The
resulting unit (shown on the right in the figure) can now be packed to fill space with their
centers on a body-centered cubic lattice (see § 7.3.10 for a discussion of space filling by
truncated octahedra). To count atoms in the unit cell, note that there two units per unit ceil
and that 48 atoms (those in the hexagonal faces of the truncated octahedron) of each 105

atom cluster are common to twe units. Accordingly the number of atoms in the unit cell is
2 x (105 — 48/2) = 162,

Fig. 5.36. Ulustrating how a truncated icosahedron fits into a truncated octahedron with 48 of its vertices
in the hexagonal faces of the truncated octahedron,

Note that in increasing distance from the atom at the center of the cluster: this central
atom has 12 neighbors at the vertices of the central icosahedron, 20 at the vertices of a
pentagonal dodecahedron (these correspond to the centers of the truncated tetrahedra), 12
more at the vertices of a larger icosahedron (the apices of the pentagonal pyramids), and 60
at the vertices of the truncated icosahedron: all fitted into a truncated octahedron which is a
space filling solid.1 :

Of course in analyzing this fascinating structure more completely we would have to
inquire into the coordinations of all the atoms. It transpires that the near neighbors of each
atom fall at the vertices of one of the Frank-Kasper polyhedra.

The icosahedron is also a conspicuous feature of the structures of elemental boron and
boron-rich compounds. The most stable form of the element is the so called
“B-rhombohedral boron” which contains 105 atoms in the primitive cell. The truncated
icosahedron appears in this structure also. Fig 5.37 shows a central B}y icosahedral unit
Joined to twelve Bg pentagonal pyramids to give 2 Bgq unit.

How Kepler would have loved this structure! His concept of nested polyhedra, which so deluded him
about the sizes of planetary orbits, perhaps comes into its own here, We can’t resist quoting [A. Koestler's
translation in The Sleep Walkers, MacMillan, New York (1959)] from Kepler's Mysterium
Cosmographicum: “1 saw one symmeirical solid after another it in 5o precisely between the appropriate
orbits, that if a peasant were to ask you on what kind of hook the heavens are fastened so that they don’t
fall down, it will be easy for you to answer him.” Substitute “atoms” for “heavens,”

‘
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If an icosahedron is cut in half through a plane normal to a five-fold axis, the six vertices
of each half will form a pentagonal pyramid. In this sense a pentagonal pyramid i§ l?alif of
an icosahedron. In B-rhombohedral boron each Bgg cluster (one per primitive cell) is joined
to six others by making additional icosahedra from a juxtaposition of pentagonal prisms of
the neighboring Bgs units. The other six pentagonal prisms (around a waist of the cluster)
are united with By, units {also one per primitive cell) constructed from two.s?.ts of thiee
face-sharing pentagonal pyramids (Bg groups—see Fig. 5.37) and one additional atom.
The central icosahedron is therefore surrounded by an icosahedron of icosahedra.

Fig. 5.37. Lefu: the Bg4 cluster in f-rhombohedral boron. Top right: a B1p group made from three che-
sharing peniagonal pyramids. The By group in 8 rhombohedral boron is made from .1wo.B10 groups united
by an atom at a center of symmetry. Bottam right: a Bag cluster of thres Eace—_sha.ung icosahedra formed
when the Bq group is capped by pentagonal pyramids (one from each of three different Bgq clusters),

Note that although the structure of S-rhombohedral boron is usually described in terms
of linked and face-sharing icosahedra, the Bgg cluster also contains 20 truncated tetrabedra
as shown in Fig. 5.35. _

It is remarkable that so stable an element (its heat of atomization is second only to that of
carbon among non-metallic elements) should have so corr}plcx a structure—there are 15
crystallographicaily-distinct B atoms. Boron aiso has a simpler structure (known as o
thombohedral boron) in which all the atoms are at vertices of icosahedra.

5.3 Circle packings and tilings of the plane
An extremum problem of interest in crystal chemistry is related to the problem of “points

on a sphere” mentioned above (§ 5.1.9). Tt can be stated in the following way: What is‘thc
arrangement of non-overlapping equal circles on a plane such that the greatest posmbie_



164 Chapter 5

fraction of the area of the plane is covered; i.c. what is the closest circle packing?

The answer is familiar to anyone who has played with arranging coins on 2 table top.
Each circle is in contact with six others and their centers are at the points of a hexagonal
lattice. Equivalently we may say that the centers lic-on a 36 net. If the circles have radius r,
then their area is mr2 per circle; the edge of the hexagonal cell is 2r and its area is
(V3/2)(21)2. Thus the fraction of the plane covered is (area of circle/area of unit cell} =
w12 = 0.907.

In anticipation of similar guestions in three dimensions we may also ask about circle
packings in general. We define a stable circle packing to be one in which each circle has at
least three neighbors, with the points of contact not all on the same semicircle. We direct
attention first to arrangements of equivalent circles (i.e. related by a symimetry operation).

By a tiling of the plane we mean a covering of the plane, by (not necessarily convex)
pieces or iles. Our interest is mainly in periodic tilings by convex polygons (i.e. polygons
with all interior angles < 180°). In the context of crystal structures, the vertices of a tiling
correspond to atoms and the edges (sometimes) correspond to bonds between atoms. The

. pattern of vertices and edges of a tiling is often called a net, especially when the emphasis
Is on the topology of the structure. We tend to use the term “net” and “tiling” (or
“tessellation”) interchangeably in referring to two-dimensional structures. We have earlier!
given a comprehensive account of two-dimensional nets; in this chapter (only) we refer in
several places to that work as OKH for brevity.

3.3.1 Regular tilings

The sequence 33, 34, 35 of regular polyhedra with equilateral triangles as faces leads to a
consideration of the pattern 39. Six such triangles meeting at a vertex will lie in a plane (the
sumh of the vertex angles is 360°) and in fact we arrive at the tiling of the plane with
equilateral triangles discussed above. Thus a tiling of a plane can be considered a special
case of a polyhedron in which the sum of the angles at each vertex is 360",

Fig. 5.38. The regular tilings 35, 4% and 63. Broken Hines outline 2 unit cell of 63.

It should be apparent from a consideration of the possibilities that the only regular tilings
are 36, 44 and 62. These are illustrated in Fig. 5.38. Note that 36 corresponds to a

IM, O’Keeffe & B. G. Hyde, Phil. Trans. Roy. Soc. (London) A295, 553 (1980).
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hexagonal lattice, and that 4 corresponds to a square lattice. The vertices of 63, which we
have called the honeycomb pattern, do not form a lattice as there are two points in a
primitive cell (Fig. 5.38). The dual of 36 is 63 and vice versa and 44 is self dual.

5.3.2 Archimedean tilings

Tilings with one kind of vertex, but more than one kind of regular polyg?n as tile, are
called Archimedean, or semi-regular, by analogy with the names }Jsed for finite polyhedra.
The eight possibilities are listed in Table 5.4 and illustrated ifx f’1g. 5.39. In thfa table v, &
and f are the number of vertices, edges and faces per unit cell it is a good exercise to verify
these numbers from the drawings). These quantities are related by v-e+ f = 0. 1‘\150
listed in the table is the density (fraction of the plane covered) of the c1rc!e packing obtained
by placing equal circles in contact and with their centers at the vertices (another good
exercise is to verify these also).

Table 5.4. The Archimedean tilings. v, e and f are the numbers of vertices, edges and faces {polygons})
per unit cell.

symbol symmetry v e I density
346 po 6 13 9 0.7773
3842 cmm 4 10- 6 0.8418
32434 plgm 4 10 6 0.8418
3.4.6.4 pomm 6 12 & 0.7290
3.6.3.6 pomm 3| 6 3 0.6802
4.82 pimm 4 6 2 0.5390
3.122 pbmm 6 9 3 0.3907
4.6.12 pbmm 12 | 18 6 0.4860

Some properties of these patterns that are of interest are mcntioned here. 3%.6 exists in
enantiomorphic forms {recall the polyhedra 3.4 and 345 w1'th the same property). 3.6.3.6
has all edges equivalent so it is quasiregular (recall the quasnregula_r polyhedra 3.4.3.4 Fmd
3.5.3.5). The honeycomb, 62, can be derived from 3% by removing 1/3 of the vertices
{centering the hexagons in 63 recovers 36y, In a similar manner 3.6.3.3 can bt’j c!crwed
from 36 by removing 1/4 of the vertices, and 34 6 can be derived from 3% by omitting 1/7

ices. .
o til}lfev;fltals of the Archimedean tilings are tilings of the plane with one kind of (trregular)
tile and more than one kind of vertex. .

Tilings with one kind of vertex and composed of polygens with equa} edges cqrrcspo_nd
to packings of equivalent {i.e. symmetry-related) circles. As the ?bove list (c:‘).mbl.ned.mkt}i;
the regular tilings) is complete, we can immediately answer guestions such s thch_as th
least dense such circle packing?” Answer: 3.122. Unfortunately Nature is not so kind in
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simply providing the answers to similar questions (now concerning sphere packings) in
three dimensions.

We will find 32.4.3.4, 3.6.3.6, 3.4.6.4, and 4.82 particularly useful in describing the
patterns of layers of atoms in crystal structures and 4.82 and 4.6.12 figure prominently in
Fhe derivation of three-dimensional nets in Chapter 7. We met 3.6.3.6 in Chapter 1, where
1t was called the kagome pattern. 3.4.6.4 is ofter catled HTB as explained in § 5.3.4.

Fig. 5.39. The Archimedean tilings. Top row: 346, 33.42 and 32.43.4. Middle row: 3.4.6.4, 3.6.3.6
and 4.82. Bottom row: 3.122 and 4.6.12. Unit cells are outlined with broken lines.
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5.3.3 Relationships between tilings

Fig. 5.40. Tlustrating how 3.6.3.6 (filled circles) can be transformed into 36 (cpen circles) and vice
versa. Note how 38 is obtained by rotation {by 307) and dilation (by 153%} of the sides of the triangles of
3.6.3.6 (shown as lightly shaded in 36). The numbers of open and filled circles in the diagram are the same.

Fig. 5.41. llustrating how 32.4.3.4 (filled circles) can be transformed into 4% (open circles) and vice
versa, 4% is obtained by rotating (by 15%) the squares of 32.4.3.4, or alternatively by converting pairs of
triangles (thombuses) 1o squares. The numbers of open and filled circles in the diagram are the same.

It is of interest that the arrangement 3%.42 (to take an example) can be continuously
deformed to an arrangement with density arbitrarily close to that of 36 (which has the
highest possible density) while keeping five neighbors.! For this reason the intgresting
question is usually that of finding the least density for a given number of néighbors
(coordination number). It is a common mistake when considering the analogous problem of

IWe will see other examples of these kinds of wansformation later (Chapter 6). The present one is
accomplished by shearing every second fayer of 13 42 go that the squaras are (raasformed into rhombuses.
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Ppacking spheres in three dimensions to ask for the maximum density for a given number of
neighbors, whereas, for similar reasons, it is the least-dense arrangement that is of interest.

Fig 5.40 shows, for example, how 3.6.3.6 (the least dense packing of equivalent circles
with four neighbors, see Table 5.4, p. 165) which we met in Chapter 1, transforms to 36
(the densest packing of equivalent circles). This transformation, which can be effected by
totating triangular groups of vertices, will be found to occur in sequences of related crystal
siructures. :

Another transformation of importance relates 44 and 32.4.3 4, Now square groups of
vertices are rotated as shown in Fig. 5.41.

We have seen (§ 2.3.7, p. 53) that converting a square to a pair of triangles transforms
the polyhedron 3.4.4.4 (i.e. 3.43) to 34.4. and transforms the polyhedron 3.4.5.4. to 34.5.
The same operation converts the plane tiling 3.4.6.4 to 34.6. (see Fig. 5.72, p. 201).
These three transformations can equally be described by rotations of a polygon (square,
pentagon and hexagon respectively). We return to this topic in the Notes (§ 5.6.12).

5.3.4 Tilings including pentagons. and “bronzes”

The plane cannot be tiled with regular pentagons or with combinations of regular
pentagons and other regular polygons. However it can almost be covered with regular
pentagons, squares and triangles and this is good enough for nature, if not for
mathematicians. Fig. 5.42 shows, at the top, two such packings that almost cover the plane
(in the pattern on the left 96% of the plane is covered). At the bottom are tilings with
irregular polygons derived in an obvious way from these arrangements. There are two
kinds of vertex in each pattern. At the first, a 3-gon, a 4-gon and two 5-gons meet; if these
were regular polygons the sum of the angles would be 366°, larger than 360° by six
degrees. At the second kind of vertex, two 3-gons and two 5-gons meet and now the sum
of angles for regular polygons is 336°, smaller than 360° by 24°. As the two kinds of
vertex occur in the ratio 4:1, the sum of the excesses for the first vertices equals the sum of
the deficits for the second vertices. This is a useful general rule that allows us to see what
combination of vertices, and in what proportion, might occur in a tiling.

The tilings shown in Fig. 5.42 occur in a variety of contexts. The one on the left, which
has symmetry c2mm, we call the B-U30g net becanse of its occurrence as an O net in that
compound (it also occurs as atom layers in intermetallic compounds). This net can serve as
the “parent” of a targe number of derived triangle-quadrangle-pentagon nets (see OKH,
§ 10). The tiling on the right, which has symmetry pdgm, we call the MinzHgs net as the
Hg atoms in that compound fall on such a net.

These tilings have four edges meeting at each vertex; when we refer to them as nets we
say that they are 4-connected. In a 4-connected net with, per unit cell, n3 triangles, ng
quadrangles and ns5 pentagons, it is easy to show (see Notes, § 5.6.11) that n4 can have
any value and n3 = ns. In the two nets above a3 = ns =4 and ngq = 2. ‘

We digress for 2 moment on the structure of MngHgs (for crystallographic data see
Appendix 5) which serves to illustrate some instructive points. Adding translations in the
third direction and mirror planes (normal to this. direction) to the two-dimensional space
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group p4gm generates the three-dimensional group P4/mbm. In MnyHgs, whic.:h.has this
symmetry, the Hg atoms lie on the mirrer plane at z =0 on tht_e Mn;Hgs net; this is calI(’:d
the primary net of the structure. The Mn atoms are on the mirror plane at z = 1/2 and lie
over the centers of the Hg pentagons. The net of the Mn atoms, is called the secondary net,
and in this instance is 32.4.3.4 (which also has symmetry p4gm). Thus the MnaHgs
structure, and indeed many others, are succinetly described in terms of a stacking of
alternating primary and secondary nets. In many instances, the secopdary net is one of tt.:e
regular or simpler semiregular ones. Care should be taken to distinguish a d_ual net (in
which the centers of all the polygons of the original net correspond to vertices of the
derived net) from a secondary net (in which the centers of only the larger polygons of the
original net correspond to vertices of the derived net).

Fig. 5.42. Top: “almost” covering the plane with regular triangles, squares and pentagons of equal edge.
Bottom: the derived tilings {nets). On the eft is the B-U30g net and on the right the MnaHgs net. The
secondary net of the MinaHgs net is indicated with filled circles.

A new 4-connected net can be derived from a given 4-connected net by placing veriices
in the middle of each edge of the old net, and joining them by cdgcs‘ to make a quad.rang.le
surrounding the old vertices, which are then deleted. The reader is invited to do this with
the MnzHgs net illustrated in Fig, 5.42. The new net we call the TTB net for a reason

given below.
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To most people, the term “bronze” refers to the beautiful copper-tin alloy, but solid state
chemists also use the term to refer to compounds of variable composition invelving
{usually) alkali metal atoms combined with an early transition metal oxide. The tungste;
bronzes, MyW O3 (here M is an alkali metal) have been known for neatly 200 years, and
are so named for their striking colors and metallic lster. Their structures also illustrate a
use of plane nets in crystal chemistry, so we digress a little on this topic.

Fig. 5.43. Top left: a clinographic prejection of a fragment of a cubic array of corner-connected octahedra,
On the right of that the same structure (but with more ectahedra) is shown in projection. Top righi: the
hexagonal tungsten bronze structure seen in projection. Bottom left: 2 similar view of the tetragonal
tungsten bronze structure. Bottom right: The BagMgTa)g030 structure (large circles Ba, Mg not shown).

The structure of WO3 is based on a simple corner-connected array of {W}0g octahedra
as shown schematically in Fig. 5.43 [this structure in its most symmetrical (cubic) form is
usually called ReQO3]. When Na metal is added to W3, the metal atoms enter the cavities
(actually cuboctahedra) in the structure, in the position shown as a karge filled circle in the
figure. The structure, seen in projection down a cube axis, is illustrated in Fig. 5.43; the
shaded squares are octahedra seen in projection. Open circles are O atoms around the
octahedron “waist”; let’s imagine them to be in the plane of the paper. Small filled circles
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then represent O atoms above and below the plane completing the octahedron about W (not
shown). The Na atom positions, also above and below the plane, are shown by larger filled
circles. The net of the O atoms in the plane is clearly 44. If every Na site were occupied, the

.composition wouid be NaW (O3 and the structure is called perovskite.!

If, instead of Na, Cs is used to form a tungsten bronze, a different structure is obtained
(top right of Fig. 5.43). It is still based on an array of corner-connected {W}Og octahedra,

~ but now the pattern of O atoms in the plane is 3.4.6.4. The large cavities in the structure. are

over the hexagons of this net and if they are all filled, the composition is CsW3Og. The
structure is the hexagonal tungsten bronze (HTB) structure, and for this reason 3.4.6.4 is
often called the HTB net. Note that the W atoms fall on a 3.6.3.6 net.

with K atoms another structure with composition K3Ws01 5 is obtained.? Now the main
oxygen atom net is made up of triangles, quadrangles and pentagons, and is in fact the net
we derived from the MnaHgs net earlier. The structure is that of tetragonal tungsten
bronze {I'TB), so we call the net the TTB net (see bottom left of Fig. 5.43). Recalling how
we derived this net it should be clear that the W atoms (in the octahedra, hence centering the
squares of the projection) are on the MnzHgs net. Note that the tungsten compound with
mixed valence [W{V) and W{VI)] is a metallic conductor, but many insulating (and
colorless) compounds have been made with the same structure and they are often also
referred to ds “bronzes.”

Another 4-connected net may be derived from the 8-U3Og net in the same way as the
TTB net was derived from the MnaHgs net (i.e. by putting new vertices in the middle of
edges and removing the old vertices). This new net (Fig. 5.43, bottom right} is found as
oxygen layers in, for example, the structure of BagMgTa gO3; which is based on corner-
sharing { Ta}Og octahedra. The Ta atoms are on the original 5-U3zQg net, the Ba atoms are
in the space over the pentagons and Mg atoms fill one-half of the space over the
quadrilateral tunnels.

The structure of K3Vs0 |4 is based on corner sharing {V]Og octahedra and {V]}Os
trigonal bipyramids; it is illustrated in the same way as the tungsten bronzes in Fig. 5.44.
As before, octahedra project as centered squares, and now trigonal bipyramids project as
centered triangles. Again we have a 4-connected triangle-square-pentagon net, and K atoms
lie over the pentagon centers above the plane of the paper. The overall stoichiometry of a
corner-sharing trigonal bipyramid is VOs,2 and that of a corner-sharing octahedron is
VOg. As there are two trigonal bipyramids and three octahedra in the unit cell (together
with three ¥ atoms), the cell content is 3K + 2 x VOsp + 3 x VOgpp = K3V5014.

The net of the V atoms in K3V5014 is also shown in the figure (note that not all vertices
are 4-connected in this instance). This is also the Pd net in the structure of Th3Pds (for
crystallographic data see Appendix 5). The Th atoms of Th3Pds are on the secondary net of
this structure (over the centers of the pentagons} which may be seen to be (slightly
distorted) 36. Thus the K3V5 part of K3V350;4 has the same structure as ThaPds; indeed it
is commonly found that the cation array in oxides and related materials is that of an

1The mineral perovskite is CaTiQ4 and its actual structure is a small distortion of the ideal cubic one.
2ve have oversimplified the chemistry somewhat. Several structures occur for several different atkali
atoms, and the observed structure depends on the stoichiometey as welf as the size of the inserted atom.
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intermetallic compound. The net of the V atoms in K3Vs0,4 and of the Pd atoms in ThaPds
also occurs as the net of the O atoms in o-U303 so we call it the a-UsOsg net. Although it
may not be obvious from a comparison of Figs 5.42 and 5.44, the @-U30g net is closely
related to the B-Usz0g net (see § 5.6.12).

Fig. 5.44. Left: the structure of K3V5Q014 as corner-sharing octahedra and trigonal bipyramids. Larger
circles are K atoms, and smalier ¢ircles are O atoms. V atoms (not shown) center the shaded octahedra and
trigonal bipyramids. Right: the @-U30g net of the V atoms {open circles) in K3V350y4, with the X atoms
(filled circles) on the secondary net.

Many other triangle-quadrangle-pentagon nets occur in crystal chemistry; for a review of
some of them, and their interrelationships, see OKH.

5.3.5 Some 3-connected boron nets: AlBy, YCrBy4, ThMoB4 and YyReBg

Examples of 3-connected nets already met are 67, 3.122, 4.82 and 4.6.12. A unit cell of
4.82 contains one square and otte oclagon, so on average the polygons have six sides. The
unit cell of 3.1272 contains two triangles and one dodecagon, so again, the average number
of sides per polygon is six. It is easy to show (see Notes § 5.6.11) that this must be the
case in general for 3-connected nets. As each edge belongs to two polygons, the number of
edges is e = 3f where fis the number of polygons. In a 3-connected net e = 3v/2, where v
is the number of vertices per cell, so f= w2,

In many borides, the B atoms form 3-connected plane nets with metal atoms (M) in
interleaved layers centering the polygons. It follows that the stoichiometry is MB; and the
average polygon size in the B layer is 6. The simplest case is in the structure of AlBy in
which the B atoms iie on 67 nets (as in the graphite form of carbon) with Al atoms over the

_centers of the hexagons forming larger-spacing 3% nets (see Fig. 5.46 on p. 174).

In some ternary borides the B atom layer contains pentagons and heptagons (which must
oceur in equal numbers) as well as hexagons. Three common structure types containing
such layers are those of YCrB4, ThMoB4 and Y2ReBg (for crystallographic data see
Appendix 3). The B nets in these compounds are illustrated in Fig. 5.45. Those 'on the left
and the right of the figure provide nice exampies of patterns with symmetry p2gg. Adding
translations and mirrors perpendicular to the translations of p2gg produces the three-
dimensional group Pbam which is the symmetry of the corresponding compounds. The
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pattern in the center has symmetry cmm and the symmetry of the crystal structure is
Cmrmm,

Fig. 5.45. The B nets in YCrB4 (1eft), ThMoBy (left) and Y2ReBg (right).

In each erystal structure the larger metal atoms lie over the heptagons (and the hexagons
in YzReBg). The smaller metal atotns (Cr, Mo and Re respectively) lie over the pentagon
centers and thus have pentagonal prismatic coordination by B. In YCrB4 and ThMoBj4, the
occurrence of adjacent pairs of pentagons in the net results in a very short metal-metal
distances. Thus there is a Cr-Cr distance of 2.38 A (compare the shortest distance of 2.50
A in the metal) in YCrBy; likewise there is an Mo-Mo distance of 2.56 A (compare the
shortest distance of 2.73 A in the metal) in ThMoBa.

5.3.60 Some boron-carbon nets

In the previous section we described some boron layers in borides; related nets are also
to be found as boron-carbon layers. Tn these, it is often found that the C atoms are of lower
connectivity than the B atoms. These nets again provide some nice exercises in recognizing
symmetry.

Our first example, which occurs in the structure of LaB;C; (for data see Appendix 3), is
just a simple decoration of the 4.82 net as shown in Fig. 5.46, In the crystal structure,
alternate layers of the net are rotated by 90° and La atoms center the octagonal prisms, so
that the coordination: of La is {La}BgCg. The La array is close to primitive cubic. Note that

" althcugh the symmetry of one plane is rectangular (2-dimensional group c2mm), the three-

dimensional symmetry has % axes and the crystal is tetragonal (space group P42¢),

In the TbB,C structure (for crystatlographic data see Appendix 5) layers of BoC alternate
with Th layers. The B2C layer is shown in Fig. 5.47. It may be considered a 3-connected
net of heptagons and quadrilaierals; but, as indtcated in the figure, the quadrilaterals are
better considered as two triangles, and some of the B atoms are then 4-connected. The
secondary net of Tb (centering the heptagons) is 32,4.3.4. In the crystal structure aiternate
BoC layers are rotated by 90%; thus although again the symmetry of one plane is rectangular
(p2gg), the symmetry of the crystal is tetragonal (Pdy/mbc). ‘
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Fig. 5.46. Left: the AlBg structure. 67 layers of B (stmall open cuircles) alternate with 38 layers of Al

(large shaded circles). Right: the The LaB2Ca structure. A 4.82 net of B and C (filled circles) alternates with

4% nets of La.(larger shaded circles).

Fig. 5.47. Left the boron-carbon net in TbB2C. Filled circles are C atoms. Right: the B net in ThBa
{open circles). Now filled circles are By groups above and below the plane of the net.

The erystal structure of ThBa (for data see Appendix 5) contains similar layers (Fig.
5.47) but now the quadrangles are squares; additional B atoms above and below the plane
cap the squares to form octahedra, and strings of octahedra joined by additional edges run
normal to the plane of the net. (Fig. 5.48). Thus the structure should really be considered a
three-dimensional B net. We meet other example of B nets in Chapter 7.1

In the structure of ThB2C (also known as the UB»C structure}, there are BoC layers
with 3-coordinated B and 2-coordinated C as shown in Fig. 5.49. Crystatlographic data are
given in Appendix 5. Those who like to count electrons might care to speculate on why the

INote the influence of stoichiometry on coordination number. In compounds M,B (n = 2) there are
usually B atoms that are not bonded to other B atoms, In compounds MB (such as CriB and FeB, § 64.2) B
is 2-connected to other B atoms, in compounds MB2 {discussed in the previous section) B is 3-connected,
in ThB4, B is 3- and 3-connected (but 4-connected in CrBg, § 7.3.3), in CaBg and UBj3 (§ 79) B is
5-conpected, and in elemental B {§ 5.2.5) B is 6- and 7-connected.
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TbB,C structure is formed by Sc, Y and lanthanides (trivalent elements) but a different
structure is formed by ThB2C and UB2C.

Fig. 5.48. The ThB4 siructure in clinographic projection. Small open circles are B atoms connected to
five other B, small filted circles are B connected to three other B: Yarger circles are Th.

Fig. 5.49. The boron-carbon net in ThB2C, Fitled circles are carbon atoms.
5.3.7 Polyatomic tilings: self-dual nets

The tilings we have considered so far generally correspond to layers of one kind of atom
(or two related atoms such as B and C) in crystal structures; in this section we describe
some {chemically) ternary structures in which all three kinds of atom are in the same layer.
As the different atoms may be of different “sizes,” in general the tilings derived from these
structures will be made up of polygons with unequal edges.

Very often in structures composed of layers, all the atoms lie on mirror planes and then
there are just two layers in the structure (recall that mirror planes repeat with a translation
equal to half the shortest lattice vector perpendicular to them). In some instances, the two
mirror planes will be related by symmetry so that there is only one distinct kind of layer.
This will occur when, for example, there are akes of the sort Zy/m, 42/m, or 63/m normal to
the mirror planes (say along ¢). In each of these cases the symmetry operation has a
translation component of ¢/2 taking an atom on one mirror plane into an equivalent atom on
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the other mirror plane. For example, in the commonly-occurring space group Prma, there
is a 21/m axis along 0,y,0 and the mirror planes are at y = 1/4 and y = 3/4 (see Fig. 3.14,
p. 72). The 21 axis operating on an atom at x,1/4,z will take it into an equivalent atom
located 4t %,3/4,Z. In fact the whole layer at y = 1/4 (or 3/4) is rotated by 180° about the y
axis and translated to y = 3/4 (or 1/4). The symmetry of the layer is plgl. To take another
example, it should be clear that in body-centered space geoups, mirror planes normal to the
axes of the conventional {centered) cell are related by the centering translation. For more on
the symmetry of structures with a two-layer repeat of one kind of layer see § 5.6.14.

It is quite common for the vertices of one net to center (in projection) the polygons of the
other net and vice versa, so that the net is self dual. For a seif-dual net, the number of
polygons with # edges must be equal to the number of vertices that are #-connected. The
average polygon (ring) size must therefore be equal to the average connectivity of the
vertices. It follows at once from Eq. 5.4 (§ 3.6.11, p. 198) that this average is 4. Tt follows
further that either all the polygons are quadrangles (and all vertices 4-connected), i.c. the
net is 4%, or that some of the pelygons are triangles and correspondingly that some have
more than four edges. A simple example of the latter case is provided by the structure of
CrB (Fig. 5.50) in which there are equal numbers of pentagons and triangles. In this
structure Cr atoms in one layer center (in projection) the pentagons of lavers above and
below and B atoms similarly center the triangles.

An atom centering {in projection) the triangles of identical nets above and below it is in
{capped) triangular-prismatic coordination, so it is not surprising that such coordination is a
feature of structures that can be described in terms of a stacking of self dual nets. In Fig.
5.50 the trigonal prisms (at two elevations) in CrB are shaded for emphasis.

Fig. 5.50. The structure of CrB projected on (100). Larger circles are Cr.

As another example we illustrate (in Fig. 5.51), the structure of ScMgSi (which is one of
the many compounds with the Co;Si structure type) in which all atoms lie on the mirror
planes of Pama. In this structure St centers pentagons of adjacent nets, and Mg and Si
similarly center quadrangles and triangles respectively. Accordingly the net (which has
symmetry pg) has triangles, quadrangles and peatagons in equal numbers. For
crystallographic data for StMgSi see Appendix 5.

WCoB is isostructural with StMgSi. but NbCoB and TaCoB have a related structure
(Fig. 5.51) with symumetry Prumn composed of self-dual nets of symmetry pm. Notice that
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in a SrMgSi layer all the triangles are SrzMg, but that in a NbCoB layer there are triangles
Nbs, Nb2Co and Cos. )

Fig. 5.51. Left the structure of SrMg3i projected on (010), atoms at y = 1/4 and 3/4. Large, medium and
small circles are S, Mg and Si respectively. Right; the structure of NbCoB projected on (100), atoms at x =
0 and 1/2. Large, medium and small circles are Nb, Co and B respectively. Trigonal prisms are shaded.

A second crystaltographically ternary compound (the first was StMgSi) with a structure
based on self-dual nets is that ResB (Fig. 5.52). This is better written as Re(1)Re(2);B tlo
emphasize that there are two kinds of Re atom, and a more typical compositiop for this
structure type is YAlzCo, The symmetry is Cimem and the symmetry of the layers is pmg. Y
centers pentagons, Al centers quadrangles and Co centers iriangles. For crystallographic
data for Re3B see Appendix 3.

Fig. 5.52. Left: the structure of ZrFe4Siy projecied on (001), atoms at z = § and 1/2. Lar:ge, nmedium and
smal! circles are Zr, Te and $i respectively. Right: the structure of YAlyCo (Re3B) prc_uected on (100},
atorns at x = 0 and 1/2. Large, medium and small circles are Y, Al and Co respectively. Trigonal prisms are

shaded.
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Another ternary compound with a structure based o is
‘ n self-dual nets is that of ZrFeySi
(Fig. 5.52). Now there are hexagons, quadangles and triangles {centered by Zr, Fe an‘é S?

Tespectively) in the ratio 1:4:2. The symmet i
‘ 2. 1y of the structure is P4,/
layers is c2mm (for crystallographic data see Appendix 5). v nd thatgf the

Fig. 5.53. The structures of W3CoBj (left) projected on {001}, atoms at z = 0 and 1/2, and W3CoB3

(]lghl) pro ected on (100), amms at x = Hi - , medium and s Circles
0 and /2. Lar (] edium a e W, Co
2 nd small are > and B

Fig. 5.54. Left: the structure of YCosP
sizucture of LaCosP3 projected on {100,
€L.a), Co and P respectively.

3 projected on (010), atoms at y = 1/4 and 3/4. Right: the
atoms at x = 0 and 1/2. Large, medium and simall circles are ¥

There is a series of compounds W

CoB,, whose ’
h i 3 n structures are compose -
nets in which W centers pentagons, poseq of sclfrdual

Co centers quadrangles and B centers triangles. The
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case n = <= is WB which has the CrB structure (Fig. 5.50). n = 1 is WCoB which has the
SrMgSi structure (Fig. 5.51). Fig. 5.53 illustrates the » = 2 and 3 cases. Note that in these
structures there are groups of » trigonal prisms sharing rectangular faces so that there are
B, groups joined by bonds through these faces.

Tn LaCosP3 (Fig. 5.54) with symmetry Cmem, heptagons, guadrangles and triangles in
the ratio of 1:5:3 form a self-dual net with symmetry p2mg. La centers the heptagons, Co
the guadrangles and P the triangles. Note that the triangles are all LaCosz, but the
quadrangles are LaCo2P and CopP2. This structure type is sometimes named LaNisP3.

In YCosP3 (Fig, 5.34) with symmetry Pama, the Y atoms center hexagons, and P
atoms center triangles s0 hexagons and triangles occur in the ratio 1:3. As the average ring
size must be four there is also one pentagon per hexagon, and Co centers pentagons as well
as quadrangles. A third structure occurs for this stoichiometry in LaNisSiz (Fig. 5.35) this
has the same symmetry and the net contains the same number of polygons as in YCosPs3.

Fig. 5.55. The structure of LaNisSi3 projected on (010}, Large, medium and small circles are La, Ni and
Si respectively at y = 1/4 and 3/4.

To illustrate the variety and beauty of the structures that nature has devised we illustrate a
number of other self-dual nets in Fig. 5.56. Propertics of these and the other nets of this
section are summarized in Table 5.5 (p. 181) The chemical formula of all the compounds
discussed in this section is AgBpC; (CrB is considered to have b = Q), When this formula
is written in the preferred way of most electropositive element first, it is observed that A
centers the large polygons, B centers smaller pelygons (uswally quadrangles) and C
invariably- centers triangles (i.e. is in trigonal prismatic coordination). The table identifies
the polygons so centered; as A centers the largest polygons and € the smailest, we refer to
A, Band C s “large,” “medium,” and “small” respectively, referring, of course, 1o relative
size. It may be verified that the average polygon (ring) size is four in every case. The
structures illustrate the delicate balance between “size” and stoichiomeltry in determining
coordination numbers although we should remark that the number of “caps™ of the
coordination prisms N.42 is not always N. Also to be noted that as C'is in trigonal prisms
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of A and B the Struciures can always be represented in terms of tri gonal prisms with centers
at th helghts (e.:ther 0 and 1/2 or 1/4 and 3/4). The number of structures that can be so
described is considerably larger than those based on self-dual nets—see for exampie FeaP

Table 5.5. Some struciures {with symmetries) based on self-dual nets.
Numbers are N-gons per formula unit in the net

(§ 5.6.15).

Fig. 5.56. Some structures based on self-dual nets. Top: left NbsCuySig, right EuCogPs. Bottom, from

the left: Hi3Ni28i3, NdRegSip, ZrsCugSig. I i
, » Zr3CugS14. In all these structures of A BrC.. lareest circl
smailest are C {the latter invariably centering triangles), oTeTe T weles ae A and

In the tetragonal structures listed in Table 5.5, atoms are on the mirror planes normal to
the 4-fold axis. In sorne simple tetragonal structures (with small unit cell parameter ) the
atoms-are all on mirror planes parallel to the 4-fold axis {along ¢) and often the atoms on
such layers form self-dual nets normal to a. There are of course equivalent layers normal to
b and a description of such structures in terms of a stacking of nets is leaves something to
be desired. Notable examples of such structures are ThCr28iz (also named BaAly) and

BaMg8i (also named PbFECI) perhaps the two most
_ R popuious struct S
on these structures see § 6.4.2). F e fpes (for more

structure Fig. crystal tayer large atom medium atom  small atom
N 7 6 5 4 5 4 3
CrB 3.30 Cmem p2mg 1 1
SrMgSi 551 Prma J 1 i 1
NbCoB 5.51 Pmmn  pm 1 i r
YAl;Co 5.52 Cmem p2mg 1 2 1
Z1iFeySiz 5.52 Pdyimmm  c2mm 1 4 2
WoCoBa 5.53 Inmmm plrun 2 1 2
W3CeB3 5.53 Cmem plmg 3 1 3
LaCosPy 5.54 Cmem plmg 1 3 3
YCosP3 5.34 Prma e 1 1 4 3
LaNisSi3 5.55 Prama Pz ' 1. 1 4 3
NbsCugSig 5.56 . 4fm P4 4 1~ 4 4
EuCogPs 5.56 Pmmn pm 1 2 6 5
Hf3Niz5i3 5.56 Cmem  plmg 3 2 3
NdRe4Sia 5.36 FPnnm c2 1 4 2
Zr3ouaSig 5.56 T plmm 102 4 4

5.4 Layers of tetrahedra and/or octahedra: sheet silicates

Many crystal structures are conveniently described as built up of slabs (multiple layers of
atorns) rather than as a stacking of planes and we describe here some important layers of
connected polyhedra. Specifically we describe layers of corner-connected tetrabedra and
edge-connected octahedra.!

5.4.1 Layers of tetrahedra and octahedra

Layers of corner-connected {T'}Xy tetrahedra can be constructed with each tetrahedron
sharing three vertices with other tetrahedra so the stoichiometry is TXX32 = T7X5. The
simplest, and most important way, of doing this is with the T atoms on the vertices of a 63
net as shown in Fig. 5.57.

As the figure illustrates, the layer of tetrahedra is flexible. In “expanded” form, the
T-X-T angle is 141.1° and the base vertices are on a 3.6.3.6 net. In “contracted” form (with
the distance between vertices of neighboring tetrabedra equal to the tetrabedron edge) the
T-X-T angle is 109.5" and the base vertices are on a 3% net (the two configurations are
related exactly as shown in Fig. 5.40, p.167). In each case the T atoms and the vertices
above them remain on a 63 net.

We note in passing that two such layers (one pointing “up,” and one pointing “down™)
can be jeined using the fourth vertex to produce stoichiometry 7X3. Such layers are found
in one polymorph of BaAlzSi2Og in “expanded” form, and in one polymorph of
CaAlySipOg in “contracted” form (with the top layer “anti” to the bottom layer).

ISlabs of edge-connected tetrahedra are discussed especially in § 6.4.2 (see Fig. 643, p. 249).
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‘I:‘ig. 5.57. Layers of corner-connected tetrahedra pointing
confracted” to lower density. Numbers are the T-X-

: up.” Left: in expanded form. Right:
Tangles (in degrees) for regular tetrahedra.

o ".T’"he 7(;-{{-7’ anéle can'be considerably larger (indeed up to 180”j if the tetrahedra alternate
p” an do'wn__ as sho‘\fvn for. two configurations in Fig. 3.58 and such alternating layers
are comunon in silicates (in which the Si-O-5i angle is usually about 145°, or greater)
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Fig. 5.39. The 8205 layers in NagSizOs (left) and BaSizOg (right). Filled circles are vertices pointing
“down.”

_ Layers of edge-sharing octahedra are also common in ceystal structures. On the left in
Fig 5.60 we show a layer of {M} Y octahedra sharing six edges with stoichiometry MY5.
Such layers occur notably in CdClz and CdIy (which differ only in the stacking of the
layers—see § 6.1.5). The MgO; part of Mg(OH); (brucite) consists of similar layers. For a
reason to become apparent below, mineralogists often refer to the MYy layer as a
“trioctahedral layer.”

180°

Fig. 5.58. Layers of corner-connected tetrahedra alternatin

LD il a Y @ ' & i :
‘collapsed” 1o lower density. Numbers are the T-X-T angles b degmees) oo pandd fomn. i

(in degrees) for regular tetrahedra.

Layers of [Si205]2- alternate with cations in com ounds such i
BaS%205. Bec?.use the apical O atoms are bended alsI()) to cations i:;el\izzig?:gnagd
gosnsu:h?rably d}storted from the high-symmetry configurations show;l in Figs 5.57 ang
al. 8. Fig. 5.59 1Hustratt?s the layers in. NapSi205 and BaSizOs. In the former the‘tetlrahedra

temate up and down; in the laiter pairs of tetrahedra alternate up and down.

Fig. 5.60. Layers of edge-sharing octahedra. Left: an MY, layer. Center: an M Y3 layer of regular
octahedra. Right: an M¥3 layer of metaprisms with shared edges shorter than unshared edges (see text). The
filted circles are vertices that can be shared with a tetrahedral layer (see Fig. 5.57).

A second layer of edge-sharing octahedra, now with each octahedron sharing only three
edges, is obtained from the first by removing one third of the M atoms to produce
stoichiometry MY3. In this layer the M atoms are at the vertices of a 6 net. A notable
example of its occurrence is AI{OH)3. Such a layer is often referred to as “dioctahedral.”

Tt is important to recognize that in real materials (such as oxides) the octahedra in layers
are not regular. Because of metal-metal repulsions, the shared edges of octahedra are
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shortened and the unshared edges are lengthened. This does not show up in a drawing of a
projection of the MY; layer, but in the M¥3 layer it does; the octahedra become
metaprisms, and the structure expands as illustraied on the right in Fig. 5.60. In Mg(OH)»
the lengths of the shared and unshared edges ate 2.78 and 3.15 A respectively, and in
Al(OH);3 they are about 2.5 and 2.8 A (the octahedra are rather irregular in this case).

5.4.2 Sheet silicates {phyllosilicates)

Many important minerals, known as “sheet” or “layer” silicates, are based on z
combination of the above tetrahedral and octahedral layers, They have interesting and
useful physical properties that are intimately connected to their structures. Here we outline
some of the possibilities; in what follows it should be remembered that minerals typically
have rather comptlicated compositions, and chemical formulas are often idealized.!

Fig. 5.61 shows how two layers can be combined. Note that if the tetrahedral layer is
contracted (or partly so) two distinct configuratons (known as O and F) are possible.

Fig. 5.61. Hlustrating the positions of a tetrahedral layer {dark shading) with respect to an octahedral

layer, Left: a contracted tetrahedral layer i i i i i i i
yer in the O orieniation. Center: the same in H orientation. Right:
expanded tetrahedral layer. e

Let’s calculate the stoichiometry of a double layer formed from MY> and TX5 layers. It
should be clear from Fig. 5.61 that, per unit area, there are three M atoms for every two T
atoms so we must combine 3 MY, (hence the term “trioctahedral™ with 1 T2X5. The apices
of the tetrahedra replace 2/3 of the Y atoms on one side of the M ¥z layer, i.e. 1/3 of the
total ¥ atoms, so the double-layer stoichiometry is M3Y4T2Xs. In layer silicates, Y is
ust}allly OH and X is O, so a typical composition for a neutral layer is Mg3(OH)4Si205.
This is approximately the composition of antigorite and chrysotile asbestos. We return
below to a further discussion of the stricture of these materials,

In a double layer formed from MY3 and 72X layers we must combine 2 MY3 (hence the

I.We can only hint at the richness of this subject. A good account, with some of the history of the
sul?]ect. is in Chapter 13 of Bragg & Claringbul] {book list). Good recent references are: Micas S. W,
ll3alIey, ed.}, Reviews in Mineralogy 13 (1984) and Hydrous Phyllosilicates (S. W. Bailey, ed.), Reviews
in Mineralogy 19 (1988). The term phytiosilicate is generally considered to include ‘

e all aluminositicates
with (8i,Al};05 layers of comer-connected (Si}04 and {Al}Oy tetrahedra. :
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term “dioctahedral™ with 1 ToXs and the stoichiometry is M2Y4T2Xs; a typical
composition for a neutral layer is Ala(OH)4Si;0s. This is approximately the composition of
kaclinite {““china clay™).! Minerals with related structures are referred to as “clay minerals”;
they are important components of soils.

In silicates, the Si-O-8i angles are about 145° so the tetrahedral layer is expanded (or
very nearly so). The edge of a {Si}Oy tetrahedron is about 2.62 A, so for such a layer to be
conumensurate with an octahedral layer an octahedron edge (in the layer of the plane) of
about (2/43) x 2.62 = 3.03 A is needed. It transpires that the {Al} Qg layers can adapt to
this length, but the larger {Mg]Og cannot.

Accordingly in kaolinite there are gets flat sheets, but in chrysotile the sheets curve and
form small cylinders of about = 100 A radius, with the octahedral layer on the outside and
the tetrahedral layer inside. The separation between the octahedral and tetrahedral layers. is
about -8 = 2.7 A so the spacing in the octahedral layer is increased by dr/r = 2.7%
compared to that in the tetrahedral layer. Thus the material really has translational symmetry
in only one dimension {the cylinder axis}.?

But nature shows great ingenuity in solving the mismatch problem in a number of
different ways. In antigorite the tetrahedra in alternate Jaths of the tetrahedral layer are “up”
and “down,” and the double layer is corrugated with a period of about 45 A as shown
schematically in Fig. 5.62; the radius of curvature of the sections is about 75 A—
approximately the same as in chrysotile. Still more complicated patterns are found in (for
example) carlosturanite and manganpyrosmalite.”

Fig. 5.62. A schematic illustration of the layers (seen end-en) in antigorite. Octahedral layers are lightly
shaded.

Triple layers consisting of an octahedral layer joined on both sides to tetrahedral layers

lKaolinite was mined continuously from one location in Jiangxi province, China for about cne
thousand years and became known in England as “China clay™; ceramics made by firing it became known as
chinaware of just chind. Kaolin comes from the Chifiese word gaoling (“high hill”) describing the
location. Corrently mining of kaolinite is a § billion industry; a major use is as 4 filter for paper.

2Actually, as well as cyiinders one often finds a few turns of a eylindrical spiral (like a rolied-up carpet).
The idea of cylindrical “crystals” seems to have originated with L. Pauling in 1930; subsequenily electroa
microscopy provided dramatic direct evidence for such structures. See especially the now classic work of K.
Yada, Acta Crystallogr. 23, 704 (1967) and A27, 659 (1971},

3For a good review see S, Guggenheim & R. A. Bggleton in Hydrous Phyllosilicates (5. W. Bailey,
ed.) Reviews in Mineralogy 19 (1988), p. 675-725.
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cab also be formed.! Combining an M¥; (trioctahedral) layer with two tetrahedral layers
produces composition M3Y>T4X10. A neutral composition is talc {also known as
soapstone), Mgz{OH)25i401¢9. Note that layers that include two tetrahedral layers cannot
bend (in contrast 1o chrysotile) and talc normally occurs as poorly-ordered microcrystals
{talcum powder).

Minerals of the vermiculite group have alternating triple layers of the talc type and MYz
layers. As, per unit area, 3 MX, are combined with 1 M3¥,TX1p, the ideal composition is
now MsY3T4X .

Combining an MY3 (dioctahedral) layer with two tetrahedral layers produces a triple
layer with composition M2Y;T4X ;0. A neutral composition is that of pyrophillite,
Al(OH)28140p. '

In the micas, part of the Si in the tetrahedral layer is replaced by Al and compensating
cations are intercalated between the layers. Typical ideal compositions (with tetrahedral
atoms in brackets) are:

{a) using trioctahedral (M¥4) layers: muscovite, KAIL[AISia}O10(OH);
(b) using dioctahedral (3¥3) layers: phlogopite, KMg3lAlSiz]O10{0H)2

In constructing a three-dimensional crystal from the layers described here, attention must
be paid to the way the layers stack.?

Clays? also can have some cations between the layers. Montmorillonite is made up of
triple layers consisting of two tetrahedral layers and a dioctahedral layer in which some of
the Al is replaced with Mg. Typical compositions are NayMg,Aly_SiqO19(OH)z (bentonite)
and CayzMg Aly_SiqO19(OH), (Fuller’s earth). The intercalated cations are readily
exchanged for other cations at low temperatures in aqueous suspension (ion exchange). An
interesting recent development has been the iniercalation of large isopolycations such as
[A11304(0OH)74(H20)12]7* (the “spinel cluster,” see § 5.2.3, p- 157) which results in
greatly increased interlayer spacing. Subsequent heat treatment removes much of the
hydragen (as water) leaving a “pillared” clay of high microporosity that has great potential
for application as a catalyst. )

Slurries of bentonite are thixotropic* and find many applications (such as use as 2
driiling mud) exploiting this property.

INote that as the vertices on each side of an octahedral layer are not one above the other, there is an
offset between the two tetrahedral layers, and (he symmetry of the slab is at most rectangular,

25 good review and bibliography on this topic is given by J. B. Thompson in Structure and Bonding in
Crystals Vol T [M. O'Keeffe & A. Navrotsky, eds., Academic Press, New York (1981)].

The term ciay is generally used Joosely Lo mean any layer silicate that is (a) generally composed of

very small crystallites and (b) can absorb water. '

4A thixotropic material is a gel which becomes fluid when agitated. Platy microcrystals of bentonite
have positive charges on their thin edges and negative charges on their faces and at rest orient themselves
edge to face in the water producing a stiff gel. Agitation destroys this order resulting in a fluid of greadly
reduced viscosity. “Non-drip" paints are thixotropic and usuatly contain bentonite.
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5.5 Aperiodic tilings and quasicrystals

In recent years there has been considerable interest on th.e Qart of mathematicians and
crystallographers in aperiodic tilings. These are tilings by basic tlh_as that‘ cover the plane but
in which there is no translational symmetry. The literature on this topic i3 now enormous
and we can only attempt to provide some of the flavor of the subject.! o

The interest is in those sets of tiles for which every possible tiling is aper_iodtc. Many
have been discovered in recent years. One of the simplest and most studied is the pair of
Penrose tiles shown in Fig. 5.63. These have edge lengths of 7= (1 + V¥5)/2 = 1.618...
and 1 and the angle at the top is 27/5 = 72° If that were all, these tiles could cover tpe
plane periodically as the two can fit together to form a rhombus. H(')wevcr the aperiodic
property is forced by coloring the vertices of the tiles black and white as shown, and by
requiring that only vertices of one color meet at a point.? A fragment of a tiling made from
such tifes is also shown in the figure.

O
A

Fig. 5.63. On the left are shown the two Penrose tiles known as the kite (top) and dart (bottom) and on
the right a fragment of an aperiodic tiling.

A closed fragment of a tiling (such as that shown in the figure) is knan as a patch, A
remarkable feature of a Penrose tiling is that it contains infinitely many ‘patches congruent to
any given patch. Even more remarkably, a local area with diameteffi in any Pfanrose_tﬂmg
has an identical area not more that (1/2 + ©d away. In every such tiling the ratio of Kites to
darts (see figure legend) is ©. ) ) . .

Instead of darts and kites wo different rhombuse_s {with acute angles‘of 36 ?nd 72
respectively) can be used with aperiodicity forced by constraints on_matchmg vertices and
edges. A pair of such tiles and a tiling by thern are shown in Fig, 5.64. Note that equivalent
unmarked tiles with curved edges have the same property. The two thombuses are often
referred to as skinny and fat respectively. i '

In three dimensions there is an anatogous pair of rhombohedral tiles which can be forced

LA gond introduction with references is in the book by Griinbawm & Shephard (Book List). A popular
aceount is in M. Gardner Penrose Tiles to Trapdoor Cyphers [Freeman, New York (1?89}].
2aperiodicity can also be forced on monochrome tiles by curving the edges of the tiles shown,
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to roduce a?eriodic tilings. These polyhedral have faces that are fat thombuses (angles of
72" and 108%). One rhombohedron is acute (three angles of 72° meet at a point} and the

other is obtuse (three angles of 108° meet at a poi
. : point). The faces have to be marked and
appropriate matching rules applied to force aperiodicity. e

ilg. 5.65. Thfe black cfircles are the black circles in Fig. 5.64, and open circles represent a continuation of
e pattern using the tiles shown on the right and maintaining 5-coordination for each point.

The arrangement of biack dots in Fig. 5.64 is suggestive. Fig. 5.65 shows that they
form triangles, quadrangles and pentagons arranged to produce a five-connected net. The
eflge leng:ths of the polygons are 1 and 2sin(a/10) = 1.176. A conspicuous feature o'f the
dfagranjl is the groups of five triangles condensed to form regular pentagons. In three
dimensions 20 t‘etrahedra {with edges in the ratio 1:1.05—see Exercise 3) can ¢ondense to
form a regular %cosahedron, and it is possible that (at least some) quasicrystal structures
contain regular icosahedra and other polyhedra packed to fill space. Constraints analogous

1Sometimes called golden rhombohedra or Ammann rhombohedra, They

described by Ammann in 1976, sppear 1o five been first
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to those on matching edges and vertices of tiles in two dimensions may well arise in
crystals, Such a constraint occurs for chemical compounds (black and white circles being
different kinds of atom); another constraint is coordination number (cf. Fig. 5.65).

The Fourier transform of a periodic function is discrete; by this is meant that the Fourier
integral is reduced to a stim. In particular the Fourier transform of a lattice is the reciprocal
lattice. There are certain aperiodic functions (known as quasiperiodic) that also have
discrete Fourier transforms.! Penrose tilings and the three-dimensional analogs
(quasicrystals in the real world) are quasiperiodic and have discrete Fourier transforms and
hence sharp diffraction patterns. One of the reasons for the excitement among
crystallographers is that these diffraction patierns display symmetries not allowed for
strictly periodic real-space patterns. The diffraction pattern of a two-dimensional crystal
based on Penrose tiling has 5-fold symmetry—note that local regions of 3-fold symmetry
are apparent in Figs. 5.63-65. Much larger patches with 5-fold symmetry can and do
appear also, Quasicrystals have been found with diffraction patterns that have m33,
12/mmm and 10/mmm point symmetries (and also other non-crystallographic symmetries
—see § 3.7.8).2

Readers who experiment with these tilings (as they are urged to) will find that as a tiling
is being constructed, situations frequently arise where there is more than one way to
proceed and that not all of these ways lead to acceptable tilings. One has therefore either to
back-track frequently to eliminate “defects™ in the tiling or to think ahead many moves (like
a chess player). For this reason it has been argued that real quasicrystals cannot grow from
such tiles, as atoms can neither think abead nor readily undo their mistakes, although the
difficulty can largely be avoided by recognizing additional rules for acceptable placing of
tiles.? The challenges to crystallographers and crystal chemists are to (a) identify the (three-
dimensional) tiles that make up quasierystals, {b) identify the rules for their assembly and
tc) determine how atoms are situated on {or decorate) the tiles.*

A final note is in order. Mathematicians are mainly interested in tilings which are forced
to be aperiodic, Solids often form aperiodic structures (such as glasses) not because they
have 1o, but for kinetic reasons—silica is a notable example. The tiles in Fig. 5.65 do not
force aperiodicity, but they can be put together in an aperiodic way that has a high
concentration of patches with 5-fold symumetry.

1Readers unfamiliar with Fourjer ransforms will have to skip this part. A simple example of a one-
dimensional quasi-periedic function is flx)=cosx + cosV2x.

ZFor a good introduction to quasicrystals see W. Steurer, Zeits. Kristallogr. 190, 179 (1990} or
Lectures on Quasicrystals (. Hippert & D. Gralias, eds,) Les Edition de Physique (1994). Typical
compositions are AlyaMna;Sie, Alyg 3Pdyy aMag 3 and LizgAlggCuio—notice that Al is the main
component. Many materiais studied to date are rapidly cooled from the melt, but there is now some evidence
that the quasicrystal state is the most stable for compositions such as AlgaFeya 5Cuz3 5.

3These rules place additional constraints on the vertex figures that are allowed, and are thus “local” see
G. Y. Onoda et al., Phys. Rev. Letts. 62, 1210 (1990).

4MnAls has a crysial structure believed to be closely related to that of a decagonal quasicrystat and
relevant tiles for the quasicrystal have been described by K. Hiraga er al., Phil. Mag. B67, 193 (1993). The
structure of MnAly is also believed to be relevant to quasicrystal structures; it is rather complex (374 atems
in the unit cell)—C. B. Shoemaker et ai., Acia Crystallogr. B4S, 13 (1989).
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5.6 Notes
" 5.6.1 Relationships between polyhedra, and “pseudorotations”

The transformation from a trigonal bipyramid to a square pyramid involves just small
displacements of the vertices. Figure 5.66 shows how a trigonal bipyramid can be
transformed to a square pyramid, and thence to a trigonal bipyramid in a different
9rientation and with interchange of apical and equatorial atoms. Such a transformation path
is known as a Berry pseudorotation. A bipyramidal molecule such as PFs appears to have
five cquivalent F atoms in 19F NMR due to rapid changes of this sort.

Another example of a pseudorotation was given in § 5.1.8 where we showed how a
square antiprism could be related to a bisdisphenoid. The different ways of converting the
squares of the square antiprism into pairs of triangles will result in different orientations of
t!:se 4 axes of the bisdisphenoid which likewise can be converted back into antiprisms with
different orientations. Analogously, small displacements can result in pseudorotations of
extended structures such as layers (§ 5.6.13) or sphere packings (see e.g §6.3.1).

Fig 5.66. Transformation of a trigonal bipyrataid into a sqﬁare pyramid and then back to a bipyramid with .

the three-fold axis rotated by 90°.
3.6.2 Polyhedra, points on a sphere, and related topics

Th&_e solution to Tammes” problem is appropriate for atoms in a coordination figure when
there is a short range repulsion between neighbering atomns (fairly “hard” spheres). At the
other extrr':me is the case of the long-range repuision (Coulomd interaction) when the
energy of interaction of the atoms is proportional to 1/distance, Tt is convenient in this case
to measure the repulsion energy. E, in units of g2/4me,r where r is the bond distance and ¢
the charge.! . '

For 3-coordination the repulsive energy is (note that the second value is for the most
favorable type of square pyramid which has equal edges):

EThis problem has been called the electron problem as it was the basis for early {ca I00 years ago)
models of electronic coafigurations in atons. & was first treated by L. Foppl. For recent results see J. R.

Ezdmundson. Acta Crystallogr. A48, 60 (1992). If ¢ = z¢, where ¢ is the electronic charge, and # is in A,
g3anegr = 14.4z%r eV,
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bipyramid: E = 6475
pyramid: E = 6.657

Turqing to 6-coordination we might compare the octahedron with the trigonal prism. On
a sphere of unit radius the shortest distance between points arranged as the vertices of a
regular octahedron is 2 = 1.414; for a regular trigonal prism it is V(12/7) = 1.309. In the
case of the trigonal prism, in calculating the electrostatic repulsion, we now aflow a degree
of freedom which is the ratio of the height (%) to the length (b) of the triangular face; the
minimum energy is for A/b = 0.917. In the same units as before:

octahedron E = 9985
prsm Alb =1 E=10114
prism hfb = 0.917 E = 10.096

In the case of the tricapped trigonal prism (9-coordinatien), the selution to Tammes’
problem has the distances from the “capping” atoms to their four nearest neighbors equal to
the length of the base. The ratio of the height o base is now /b = N(5/3) = 1.291.
Alternatively if we again minimize ihe electrostatic energy, hfb = 1.143 for the minimum
electrostatic energy, but the erergy is only 1.5% lower in this second configuration. In
either case we have h/b > 1. In general when capped trigonal prismatic coordination occurs
in crystals it is observed (see Hyde & Andersson, p. 213) that as the number of capping
atoms increases, the prism becomes more clongated (h/b increases) as the above
considerations suggest it should, :

Many fascinating results, conjectures, and unsolved problems relating to polybedra are
to be found in Ursolved Problems in Geometry by H. T, Croft, K. J. Falconer and R. K.
Guy [Springer-Verlag, Berlin (1921)].

5.6.3 Constructing polyhedra

The easiest, and possibly the best, way of constructing polyhedra is to assemble them
from individual polygons cut accurately from stiff cardboard. They can be assembled into
polyhedra using masking tape, and the joints filled with white glue (such as Elmer’s glee in
the U.S5.). Convex polyhedra are always rigid, so that when the glue has set, the masking

. tape-can be removed and a very sturdy model will be obtained. Pictures of many

remarkable models made in a similar way are to be found in A, Holder, Space, Shapes and

" Symmetry [Columbia University Press, New York (1971) also Dover reprint]. Many of

the models depicted in that book ars pertinent to crystal chemistry.
5.6.4 Schlegel diagrams and adjacency matrices
The topology of a polyhedron (the connection of vertices by edges) is conveniently

expressed in a Schiegel diagram which is a planar graph in which there is a one to one
correspondence between edges and vertices of the polyhedron and of the graph. The graph
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is planar because it can be realized on a plane without any crossing of edges. A way to
imagine such a graph is that it represents the view of tbe inside of the polyhedron one
would have if one of its faces were transparent and the polyhedron were viewed from a
point just outside that face. The Schlegel diagram of a cuboctahedron is shown in Fig. 5.67
in what appears to be two quite different graphs. (The first is a view through a square face,
and the second is & view through a triangular face). They can be shown to be topologically
identical by writing out the adjacency matrix which contains 1 as element i if vertex i is
connected to f and O otherwise. The matrix below uses the vertex numberings of the figure.

N1 2 3 4 5 6 7T 8 9 10 I 12
1 o r 0 1 1 ©0 0 0 0 1 0 0
2 1 ¢ 1 0 0 1 0 o 0 1 0 0
3 0 1 ¢ 1 0 1 0o O I 0 0 O
4 { 0o 1t 0 1 0 0 0 1 0O O O
5 1 0 0 I o 0o 0 0 0 o 1 1
6 0o 1 1 0 0 0 1 1 0 o0 0 O
7 ¢ 0 0 0 0 1t 0 1 0 1 0 1
8 o 0 o 0 6 1 1 0 1 0o 1 0
9 o 0 1 1 0 06 0 1 ©0 o 1 O
¢ 1 1 0 6 0 o0 1 0o 0 0 O 1
nm ¢ 0 o 0o 1 o o 1 1 o 0 |
2 0 0 0 o 1 o0 1.0 0O 1 1 0

Fig. 5.67. Twa representations of a cuboctahedron 3.4.3.4 by Schleget diagrams. The numbering is the
same as used for the adjacency matrix above.

A warning on terminology: Mathematicians refer to the graph of a polyhedron as
3-connected becanse at least three edges have to be cut to separate the graph into disjoint
pieces. However, it is common Bsage in chemistry to call a net in which n edges meet at
every vertex as n-connected. Mathematicians refer to such vertices as n-valent. Schlegel
diagrams are sometimes used to describe the topology of coordination figures in solids.
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The problem of enumerating polyhedra with a given number of vertices is the same as
that of enumnerating distinct 3-connected (in the mathematical sense) planar graphs.

Adjacency mairices are utilized extensively in molecular chemistry. Thus one way to
recognize molecules with identical topologies in a computer is to compare their adjacency
matrices. It might be mentioned that for large molecules, this is 2 far from trivial task as to
get identical adjacency matrices the vertices must be numbered the same in each molecule.

5.6.5 Coordinates for drawing polyhedra and nets

Some important polyhedra are conveniently drawn on the framework of a cube. Let the
origin be at 0,0,0 and the cube vertices +1,+1,+1. The vertices of some other polyhedra are
given below [remember K« stands for cyclic permutation and 7 = (I + V5)/2]. To get
coordinates for a clinographic projection, use the method outlined in § 4.6.1.

tetrahedron o 1,11 ; (-L,-1,Dk or -1,-1,-1 ; (1,1,-1)x
octahedron {£1,0,00% .
cuboctahedron (0,£1,£)x
truncated octahedron (0,£1/2,41 ; 21720,k
rhombic dodecahedron 21,5141 ; (#2.0,00x
icosahedron (0,27 1)x

For other cubic polyhedra the matrices for the symmetry operations of the appropriate
symmetry group (see Exercises 7, 9 & 10 of Chapter 2) can be used to generate coordinates
of the N vertices from those of the one given below (appropriate for unit edge). To generate
coordinates for polyhedra with icosahedral symmetry, it is best to first generate the matrices
for the symmetry operations of 7 and I as described in Exercises 7 and 16 of Chapter 2.
These can be then applied to the coordinates of a typical vertex (given below). In the table,
N is the number of vertices and the coordinates are appropriate for cartesian axes oriented
as described in Exercise 16 of Chapter 2 and for unit edge length.

polyhedron N symmetry coordinates
3.62 12 " 33m 18, T8, 3M8
3.4.3.4 12 ni3m 0, 142, 12
4.62 24 m3m 0, 142,42
3.82 24 widm 12, v, %,y = (142302
344 24 432 0.3378, 0.5212, 1.1426
3,43 24 m3m 12, U2, (1+82)12
4.6.8 48 mim 112, 1124142, 172442
35 12 I 0, 142, 72
53 20 0 Iy o2, 2, w2
3.53.5 30 I 0,0, 7
3.102 60 I G, Goely2, 172
5.62 60 Iy 0, 1/2, 392
3.4.5.4 60 Iy 0, 1+%/2, (1+1)/2
345 60 1 0.3309, 0.3748, 2.0970
46.10 120 I 12, 142, 27412
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Coordinates of the vertices in Archimedean tilings with unit edge are also given below,
For some other two-dimensional patterns see OKH. Recourse to the International Tables
will be necessary to generate equivalent positions from the ones given. '

tiling syIDmetry cell Xy

346 6 a=v7 377, 17 {or 17, 3T

3342 c2mm a=1,b=23 0, (1+3YEd+12)

32434 piem a="v(2443) x, W24x ;2= LA(16+4192)

3.6.3.6 plmm a=2 g, 1/2 ’
34.6.4 pbmm a=1+3 % Fix= 1(33)

482 phmm a= 142 % 12 1 x = U(2+V8)

3.122 plmm a= 243 %% ix=1-1M3

46.12 p6mm a=33 % ¥ix= 2T y = 134

5.6.6 Names of polygons and polyhedra

The names of polygons specify the number of angles they have, -gon comes from the
Greek word for angle (a2 goniometer is an angle-measuring device). The names of
polyhedra often specify the number of faces they have; -hedron likewise coming from the
Greek for face. The prefixes come from Greek words for numbers. Some of the more
commonly used are given below,

1 mono- 8 octa- 16 hexakaideca-
2 di- 9 ennea- 20 icosa-

3 A 10 deca- 30 wriaconta-
4 tetra- 11 hendeca. - 32 icosidadeca-
5 penta- 12 dodeca- 60 hexaconta-
6 hexa- - 13 triskaideca- many  poly-

7 hepta- 14 tetrakaideca-

A polygon is called skew if all the vertices are not all in ene plane.

The words “tetrahedra,” “octahedra,” etc. are plural. The singulars are “ietrahedron,”
“octahedron,” etc. The usage “tetrahedrons,” “octahedrons,” etc. for the plural is also
considered acceptable. The term “polyhedron” applies only to three-dimensional figures.
For higher dimensional analogs use “polytope” (as in Appendix 2).

5.6.7 The shap-es of crystals

It 15 worth recalling that the sciences of crystallography and solid state chemistry have
their roots in mineralogy. Some symmetrical minerals crystallize in beautiful polyhedra. Ha
cubic crystal has a {100} habit then with planes equally spaced from a center the ¢rystal
will be a cube {look at table salt under a magnifying glass). Similarly {111} results in an
octahedron in a centrosymmetric crystal and {110} results in a rhombic dodecahedron.
Cuprite {Cuz0) occurs with all these habits and garnets sometimes form spectacular
dodecahedra. Other cornmon shapes include cuboctahedra and truncated octahedra in which
the faces are {100} (squazes) and {111] (triangles). Hexagonal crystals such as beryl often
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occur as hexagonal prisms; the {1120] faces are termed the prism faces and the top and
bottom (Q001) planes are referred to as pinacoid.

Tn class m3 a form [AkO} comsists of the 12 cyclic permutations of (£# +k 0). (2k0) and
(kh0), for example, are related by 2 4-fold rotation (about the z axis) which is not an
operation in m3 [so (AkO) and (kA0) are not part of the same form]. Pyrites (FeSgz), which
has symmetry Pa3, commonly crystallizes with a {210} habit producing beautiful
dodecahedra with pentagonal faces known as pyritohedra. Fig. 5.68 illustrates such a
polyhedron which appears to be a regular pentagonal dodecahedron, but the eye is being
deceived. There are two kinds of vertex: eight (X) at 4v,2x,%x (at the corners of a cube)
shown as filled circles in the figure and twelve (Y) at (£3x/4,33x/2,0)% shown as open
circles. The edge lengths are Y- = 3x/2 and X-Y ='421x/4 and the face angles are XYY =
102.6°, X¥X = 106.6° and YX¥ = 121.6° (contrast all are 108" for a regular pentagon).

Fig. 5.68. The pyritohedron described in the text.

Some terms commonly used by mineralogists to describe the external form of crystals
are: '

euhedral refers to crystal completely bounded by well-formed faces
arthedral is the opposite of euhedral
acicular needle shaped (long thin crystals)

" tabular having two prominent parallel faces (like a tablet)

micaceous  an extreme case of tabular {occurring as thin sheets as in mica)
hemimorphic refers to crystals with different forms at each end
lamellar occurring as a sheaf of thin sheets like pages in a book.

5.6.8 NasPtyGea: a structure with stellae quadrangulae

Stellae quadrangulae (§ 5.1.2, p. 135) are important in intermetadlic structures. A nice
example of their occurrence is in the structure of NasPtaGeq (EuaNigGas is isostructural).
In this structure, a Pts tetrahedron has cach face capped to make a PtyGeyq stella
quadrangula. Each Ge atom is then linked to a fourth Pt on a neighboring stefla
quadrangula to make an open body-centered cubic array (Fig, 5.69). The open space in the
structure is filled by a 4-connected net of Na atoms {in § 7.3.11 we refer to this as the
NbO net). We note in passing that Na3Sb34 has a closely-related structure (sometimes
called T13VS4) with {Sb}S4 tetrahedra replacing the stellae quadrangulae (see Fig. 5.69).
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Na is also in a distorted {Na}S4 tetrahedron. Crystallographic data are in Appendix 5.

Fig, 5.§9. Left: the structure of Na3PtyGe4. Small open circles are Pt, small filled circles are Ge, and
larger circles are Na. Right: the structure of Na3SbSy showing {8b]84 tetrahedra. Large circles are Na.

Fig. 5.70. The structure of CogSg shown as a packing of stellae octangulae and octahedra. Co aioms (not
shown) are in {Co}S4 tetrahedra and {Co)Sg octahedra.

5.6.9 CogSg: a structure with stelloe octangulne

The structure of CogSg [the mineral pentlandite = (Fe,Ni)oSg is isostructural] is a nice
example of a structure in which stellae octangulae are a conspicuous feature. A stelia
octangula (Fig. 5.3, p. 135) has 6 inner vertices and eight outer ones. In the CogSg
structure (Fig. 5.70) Co centers the tetrahedra of a S¢S stella quadrangula to produce =
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CogS4Ss unit. These units are joined together as shown in the figure; each outer vertex is

shared between four units, so the stoichiometry is now CogSeSg/4 = CogSg. There are

empty S¢ octahedra inside the stella quadrangulae; in the packing, new S¢ octahedra are

generated (one per CogSg unit), and these are also filled with Co to make the overall

stoichiometry CogSg. The § atom arrangement is cubic closest packing (eep, § 6.1.3).
Crystallographic data for CagSg are given in Appendix 5.

5.6.10 Enumeration of Archimedean polyhedra and tilings

" We remarked (§ 5.3.1) that the regular tilings were limiting céses of regular polyhedra
(the idea appears to have originated with Kepler) as in the sequence: 33, 34, 33 (polyhedra)
and 36 (plane tiling). In Table 5.6 below, the archimedean polyhedra and tilings are listed

in families according to the number of polygons meeting at a vertex.

Table 5.6. Archimedean polyhedra and tilings

polyhedm tilings

3.62 382 3.102 3.122

4.62 ‘ 4.32

5.62
N4? (prisms)

468 4.6.10 4.6.12
33N {antiprisms)
3434 3535 3.6.3.6
3.4.54 - 3.4.6.4
3.43
344 343 346 .
3342 32.43.4

How can we be sure that the list is complete? We need first to require the sum of the
angles at the vertices is < 360° (with equality applying for plane tilings). The vertex angle
of a regular plane #-gon is 180°-360°/n so we must have for the sum over the { vertices:

0 -2Unp <2 (5.1)

However this equation admits many more solutions than appear in the table. What about
the polyhedron 3.4.6 which is missing? Let’s calculate the number of vertices, V, sucha
polyhedron should have. The number of edges, E, ts 3V/2 (as three edges meet at each
vertex and each edge belongs to twe vertices). An #-gon at a vertex is shared by n vestices
and contributes 1/a of a face per vertex, so the number of faces is F = V(1/3 + 1/4 + 1/6).
Now solving Euler’s equaiion F - £ + V =2, we find ¥ = 8. Hence F = 6. So far, so
good. But using our argument that there are V/3 triangular faces, V/4 square faces and ¥/6
hexagonal faces, we find that our polyhedron has io consist of 8/3 triangular faces, 2
square faces and 8/6 = 4/3 hexagonal faces; clearly impossible.
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Actual.ly in this case, simple topologicai considerations show that 3.4.6 is impossible.
To see this, draw a triangie and the third edge meeting at each of the triangle vertices. The
_polygops must alternately be 4- gons and 6-gons on each side of these edses: this is
impossible as the number of such edges is an odd number (3). o

In general, the possible polyhedra or tilings are those that satisfy Eq. 5.1 and are of the
sort:

pqr with p,g.r all even

p.q.q with g even

ppp

4 and 3p.qr wheng#3, p andr 23

p.g.r.s.t and 36

It_ is interesting that all the topological possibilities involving one kind of vertex can be
re:ailzed with regular polygons. In general this is not the case when there is more than one
kind of vertex. The general probiem of deciding whether a given set of polygons {regular
or not) can be combined into a polyhedron is of interest in chemistry (see Appendix 4 for
more ont this topic), but unfortunately it is also difficult and unsolved.

5.6.11 Euler's equation applied 10 plane nets

The c.elebrated Euler equation relating the numbers of faces, F, edges, £ and vertices V
for a finite polyhedron is

VeF=E+2 (5.2)

For a plane #ifing
V+F=E _ (5.3)

As' V., F and E are all infinite, Eq. 5.3 is conveniently divided through by V. This
equation also applies to a tiling on the surface of a torus (“doughnut™).!
’ Letl ¢y be the fraction of the polygons in a tiling (or net) that are n-gons, then <g> =
En¢f‘ is the average size of the polygons of the pattern. Likewise let f; be the fraction of
vertices at which i vertices meet, then <i> = Zif; is the average connectivity of the net.
Us1‘ng the facts that each edge is commeon to two polygons and joins two vertices, it may
derived, using arguments similar to those used in the previous section, from Eq. 5.3;:

Vens + l<i>= 172 5.4

l‘I"l’}ere are certain pathological kinds of tiling for which this equation does not hotd: “Euler’s Theorem
for Tlln}gs is of fundamental importance, but is a strong contender for one of the most frequently misquoted
results in -rr.tlathernatics]"—B. Griinbaum & G. C. Shephard, Tilings and Patterns (Book List). The Swiss
mathematician L. Euter {1707-83) wag perhaps the most prolific in history—his bibliography requires a
substantial shetf of volumes. He made significant contributions o virtuaily all parts of mathematics but
feomerry was his favorite.
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An example of the application of this formula is to tilings of the plane by (not necessarily
regular) triangles (¢3 = 1, <n> = 3) to give <i> = 6. This shows that the average number
of triangles meeting at a point must be six. As <n> cannot be less than 3, <i> cannot be
greater than 6.

For a pattern with {hree polygons meeting at a point (a2 3-connected net, <> =3) Eq. 5.4
shows that the average polygon size (ring! size) <n> = 6. This means that there is no
constraint on the number of six-tings. For the pentagon-hexagon-heptagen nets of § 5.3.5,
let there be ¢5 pentagons, ¢7 heptagons and 1-¢s —¢7 hexagons. Equation 5.4 becomes:

5p5 +6(1 ~ g5~ ) + 77 =6, i P35= ¢7.

In general for any infinite plane net in which afl vertices have the same connectivity i
(the vertices need not otherwise be the same) one has (“rings per vertex” refers to the
average over all the vertices):2

Connectivity, { . rings per vertex average ring size
& 2 3
5 372 10/3
4 1 4
3 142 [

5.6.12 Transformations between patterns: common unit cells

It should be clear that two patterns with the same densities of points can be converted
from one to the other by shuffles of the points that involve just finite displacements.

A special kind of structural relationship is one in which there is no change in shape of
the umit cell. A simple example is the relationship between the kagome (3.6.3.6) and 36
patterns (Fig. 5.40, p. 167). The common hexagonal cell is given in Exercise 11.

First a common cell that may be a supercell of one or both structures must be found.
This supercelt will, of course contain the same number of points for each of the patterns.
The transformation can then be effected just by moving the points in the cell.

Consider square (two-dimensional) cells first. A primitive cell for the square lattice has
sides a. A non-primitive cell can be chosen with translation vectors ua + vb and —va + ub
with area #2 + v2 and containing #2 + 2 lattice points.

The number of atoms in a unit cell can be expressed vniquely as Ap, where p can be
represented as the surmn of two squares (12 + v2, including zero as a square) and A is either
1 or a number that cannot be expressed as 12 + v2. Only if patterns have the same A, will
they have a common square supercell. :

Patterns with common A are described as compatible. Sorted by value of A, we have
for Ap <21 '

I1n discussing chemicai compounds it is more usual to talk about “rings” {(as in “benzene ring”) rather
than “polygons.” In the present context the terms are synonymous.

2As the average ring size is 3 for 6-connected nets, it follows that in the absence of 2-rings (loops) ail
the rings in a 6-connected net are 3-rings and 36 is the only 6-connected net.
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A=1 Ap=12,4,58,9 10 13, 16, 17, 18, 20....
A=3 Ap=3,6,12,15,..

A=T Ap =17, 14,.,

A=il Ap=11,21,..

A=19 Ap =19,

The square lattice (the regular tiling 4*) has one point per cell and so belongs in the class
with A = 1. The important tiling 32.4.3.4 (Fig. 5.39) has four vertices per umit cell
(§ 5.6.5) and so is compatible with 44, Fig. 5.41 (p. 167) iilustrated that the
transformation from one structure to the other can be effected by concerted rotations of
squares. This relationship is valuable in relating layers of crystal structures.

Fig. 5.71. The relationship between TTB (left) and 4% (ﬁght). Cormresponding parts of each diagram are
equally shaded for ease of comparison.

As a second example we illustrate (Fig, 5.71) the relationship between 44 and the
tetragonal tungsten bronze (TTB) net (Fig. 5.43, p, 170) with 20 points in the unit cell
{i.c. A = 1 again). Again the transformation between the two structures is effected by
rotations of groups of vertices. For other examples see OKH.

“In both these examples the common supercell is the larger of the two. If we wanted to
inter-relate patterns with (say) 4 and 5 points per cell respectively, we would have to use a
supercell with 20 points per cell to describe the transformation. _

Similar considerations apply to two-dimensional hexagonal patterns. A hon-primitive
hexagonal cell with translation vectors ua + vb and —va + (u—)b (dérived from a primitive
cell defined by a and b) will have area 42 ~ uy + v2 containing w? — uv + 2 lattice points.
Let the number of points in a hexagonal cell be Bq, where g can be expressed as u2 — uv +
v2 and B is either 1 or cannot be so expressed. Hexagonal patterns with a common B will
have a common super-cell and thus wilt be compatible.

Sorted by value of B we have for Bg <20

B=1 Bg=1,3,4,7,9,12,13,16,19,...
B=2 By =26 8 14, 18,...

B=5 Bg=5,15,20,...

B=10 Bg=10,...

B=11 Bg=1L,...
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In Fig. 5.40 we demenstrated that 36 (one vertex per cell, B = 1} and 3.6.3.6 (three
vertices per cell, B = 1) were indeed compatible and illustrated their relationship.

63 (2 vertices per cell) belongs to the B = 2 family, so it cannot be iransformed to 36 (for
example) without a change of shape of cell. But 63 is compatible with 3%.6 and 3.4.64
(both six vertices per cell, B = 2). Fig 5.72 illustrates that the relationship between them is
very simple and can be effected by rotating the shaded hexagonal groups of vertices.

Fig. 5.72. Relationships between 62 (top left}, 3.4.6.4 (top right) and enantiomorphs of 3.6 (bottom).

A slightly more subtle example involves the relationship between the o-UzOg and
B-U303 nets (see § 5.3.4). @-UsO0g is hexagonal with five vertices per qe}l (B =.5
family). f-U3QOg is centered rectangular with ten vertices per cell, but the primitive cell is
almost wetrically hexagonal (there are no 3- or 6-fold symmetry axes of cousse) and a}so
has five vertices per cell. Fig. 5.73 shows that these two nets are simpi_y related by rotation
of pentagonal groups of vertices (shown shaded in the figure). In this example, because
B-U303 is not strictly hexagonal, we do have a small change of unit cell shape.

Fig. 5.73. Relationship between the o-U3Og (right) and §-U30g (left) nets. A primitive cell {with an
uncenventional origin) s shown as white lines.
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Many of the transformations between two-dimensional patterns that we have desciibed
involve rotations of polygons, We will find that in similarly relating three-dimensional
patterns (such as sphere packings) we will rotate polyhedral groups of atoms.

Most of the plane patterns of interest in crystal chemistry are square with A =1 or 3, or
hexagonal with B = 1 or 2 (OKH). .

Note that transformations between incompatibie patterns (e.g. 3% with B = 1 and 63 with

B = 2) require a change of shape of the unit cell (a metrically hexagonal cell of 36

containing two points does not exist),
3.6.13 Pseundorotations and twinning of nets

We remarked that two “infinite” structures with the same densities of points can be
converted from one to the other by shuffles of atoms (points) by an amount less than, or at
least comparable to, interatomic distances.? In particular structures related by rotation about
an axis or by reflection can be interconverted without macroscopic displacements.
Intergrowth of two otherwise identical structures in different orientations is called swinning
and usually different structural elements are generated at the interface.

In Fig. 5.74 below we show how the orientation of a 4% net can be changed merely by
small rotations of individual sets of four points forming a square. The left-hand part of the
figure shows open circles on a 44 net. Rotating the points on the shaded squares to the
positions shown by filled circles results in a fragment of 44 rotated by approximately 51°
(or —35°) from the original orientation. On the right the resulting structure is shown; it may
be seen to be a coherent intergrowth of the two 4% nets with squares replaced by triangles
and pentagoens in the line where the two twins meet.2 '

Fig. 5.74. Twinning of a 4% net by rotation of squares. See the text for details.

Very many crystal structures can be derived from simpler ones by repeated periodic
twinning {mimetic twinning). Numerous examples are adduced by Hyde & Andersson

Iransformations between lattices of the same density and the nature of the displacements are discussed
by M. Duneau & C. Oguey, Journal of Physics A 24, 461 (1991).
21n three dimensions twins meet in a plang: the composition plane.
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[Book List, see also B. G. Hyde et al., Progr. Solid State Chem. 12, 273 (1979)] and it is
important to realize that (at least in some cases) only small atomic displacements (as
opposed to macroscopic shear) are needed to interconvert structures. An example of a
three-dimensional pseudo-rotation is to be found in § 6.3.1.

5.6.14 Symmetries of structures derived by stacking equivalent nets

In § 5.3.7 we described some structures consisting of a two-layer stacking of self-dual
nets. In any two-layer structure, the layers are of necessity on mirror planes, say normal to
¢. If further the two layers are the same (or mirror related), there must be a symmetry
operation that includes a translation ¢/2 relating the two mirror planes. In the general case
all atoms are in positions x,y,zo with zp = either 0 and 1/2 or 1/4 and 3/4. Possible
symmetry groups for structures with atoms in such positions are listed in Table 5.7 below,
first in a setting with the mirror pianes containing the nets normal to ¢ and second in the
“standard™ setting. The symmetry of the layer is also given. Notice that there are often extra
constraints on the lattice parameters of the layers. Thus in space group P4o/m, layers with
symmetry p2 are stacked one above another with alternate layers rotated by 90°; for this to
be possible one must have a = b for the layer.

Table 5.7. Possible symmmetries for structures with symmeiry-related layers

space group layer space group layer space group  layer
Bllm Cm rl Phem  Pbem plgl Pdyim i
Pli2y/m P2ym rl Pranmm Prnm P2 Aim 4
Bl12m C2m P2 Ptnm Pmmn plml Pdimee p4
Pc2m:  Pmal rl Pbnm  Prma plgl Pdimnc 4
Pu2ym Pmn2|  pl Amam  Cmcm pmg Pdolmme  plmm
Bm2m Cmm2 plml Cmem Cmem plmm Pdolmem 2mm
Bb2im  Cmcl) plgl Acam  Cmca p2eg Pdofmbe P2gg
Am2m  Amm2 plml Cmmmt Crnmim plinm Pdofmnm c2mmn
Ac2m Abm2 plgl Ceem  Coem clml I4/mnm phrmm
Celm Amal pl Bmem Cmma plmm Himem phem
Fm2m  Fmm2 clml Bmam  Cmma plmg Pb3im p3
Im2m Imm?2 plmi Fmmm  Fmmin c2mm Péc2 p3
Ic2m Ima2 plgl Immm Immm Pl P62c 3
Peem Pcem Pt Ibam Ibemn Pl Pélmee P
Pmem  Pmma plml Imem  fama plmg Phymem  p3lm
Prcm Pmna p2 Imam  Imma pimg P6y/mme p3ml -

Notice too that although there are many possibilities for stacking low-symmetry layers,
the number of possibilities becomes limited for more-symmetrical layers and there is only
one possibie stacking sequence for layers with symmetry p3ml, p31m, pdmm, pdgm and
p6. This is becanse alternate layers must be refated by a symmetry operation that is not a
part of the symmetry of the layer. Thus in P63/mcm adjacent layers of symmetry p31m are
related to each other by reflection in mirrors normai to a (combined with the translation ¢/2
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this corresponds to the operation of ¢ glide normal to a as indicated in the Space group
symbo_l). In P63/mme adjacent layers of symmetry p3m1 are related to each other by
reflection in mirrors parallel to a (operation of ¢ glide plane containing a as indicated in the
space group symbol). Layers with symmetry p6 can be also be stacked with alternate layers
related by ¢ glide but now one set of glide planes autematically generates a second set and
there is again only one possibility: symmetry P6/mcc.

A square layer has 4-fold axes at the center of the cell as well as at the corners (see Fig
L 1‘3, P. 16) 50 square Iayers can be stacked with alternate layers displaced by 1/2,1/2 1/2.
This is the only possibility for layers with symmetry pdmm and pdgem. T

Figally, note that a two-layer stacking of layers of symmetry p6mm is not possible
Tln_s is because there is no three-dimensional crystallographic operation relating the Iaycrs;
thaF will not leave them unchanged, so the only possible stacking of such layers is that in
which they are directly one above the other and then there is a single layer structure with
symmetry P6/mmm. It follows at orice that there cannot be a self-duai net with symimetry
pbmm. On a little reflection (1} this result should become “obvious.”

3.6.15 More structures with dual nets: FeaP

In § 5.3.7 we gave some examples of structures that were simply described as stackings
of self—d_ual nets. The description is particularly attractive as once the 2-dimensional net and
the spacing between layers are specified, the structure is completely determined; although to
fully appreciate the structure, it should be illustrated in more than way (for example by also
emphasizing the pattern of trigonal prisms),

Fig. 5.75. The strucfture of FeyP projected on (0001). Larger circles are Fe. Filled {open) circles are at ¢ =
1{2 ()8 Lel:ft: showing the nets at z = 1/2 (heavy lines) and at z = 0 = 1 (lighter lines). Right: as {P)Feg
trigonal prisms centered at z =0 (lighter shaded) and at z = 1/2. -

A related group of structures can be described in terms of stackings of dual (but not self-
dual) nets. These structures are generaily more complicated, in the sense that there are more
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crystallographic kinds of atom, because atoms on the two layers are not related by
symmetry, The simplest structure of this sort is FesP = Fe(1)3Fe(2)3P(1)P(2)> (for
crystallographic data see Appendix 5). _ _

Figure 5.75 shows 2 projection of the hexagonal (P62m) structure on (0001). It may be
seen that the layers at z = 0 and z = 1/2 are different, but the nets are indeed the duals of
each other.! Such an illustration allows & ready determination of the coordination of all the
atoms, but it ts hard to see the larger-scale organization of the stracture. On the right in the
figure {P}Feg trigonal prisms centered at z =0 and 7 = 1/2 are emphasized; now the
linkage of these polyhedra is more apparent. '

5.7 Exercises

1. The dual of the bisdisphenoid is an octahedron which also has 42m symmetry (of
course!), and has four faces that are pentagons and four that are quadrilaterals, Can this
polyhedron be made with faces that are segular polygons? (No.)

There is ant octahedron with three pentagonal and five triangular faces that can be made
with regular polygons. [Hint remove three vertices from a regular icosahedron.]

2. If polyhedra are to fill space, the solid angles at the vertices that meet ata point must
sum up to 47 (720°) and the dihedral angles at 2 common edge must sum up to 360°.
Verify that the solid angle at the vertex of a truncated octahedron is 180° (a useful formula
is Bq. 4.15) and that the dihedrat angles are 120°. Truncated octahedra indecd do fill space
with three polyhedra meeting at an edge, and four meeting at a vertex (see § 7.3.10).

3, Regular tetrahedra alone cannot fill space. The solid angle at the vertex of a regular
tetrahedron is 3cos 1(1/3) — m= 31.59° s0 at most 22 regular tetrahedra can have a common
vertex. But at most five regular tetrahedra can have a common edge (the dihedral angle ofa
regular tetrahedron is cos-1{1/3) =70.52") so in fact only 20 regular tetrahedra can have a
corman verteX. (Do the experiment with 21 regular tetrahedra!). A regular icosahedron can
be considered as made up of 20 tetrahedra with three edges equal to unity and three edges
(meeting at the center) equal to 5144111 + V5)/8] = 0.9511. [These considerations are
relevant to the shapes of small clusters of metal atoms].

4. A linear rod can be made of regular tetrahedra sharing faces (so that the tetrabedron
centers fall on a straight line). The vertices fall on an aperiodic helix.2 Are the positions of
the vertices described by a quasiperiodic function? (Yes.)

IThe netatz =0 (bpen circles in the figure) should be recogniied as the -U30g net (see Fig, 5.44,
2. 172).

2 nice, but challenging, problem. See H. Nyman er al., Zeits. Kristallogr. 196, 39 (1991) for some
help. Such a rod is known as a “Bernal Spiral”. For more on this beautiful structure see also C. Zheng et
al., 7. Amer. Chem. Soc. 112, 3784 {1990).
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5. It is simple to demonsirate that the volumes of regular tetrahedra, octahedra and
truncated tetrahedra with the same edge length are in the ratio 1 : 4 : 23, (Hint: combine
each of the larger polyhedsa in turn with four tetrabedra to make larger tetrahedra.)

6. The reader might enjoy deriving results similar to Eq. 5.4 from Eq. 5.2 for finite
polyhedra. For example it is not difficult to show that if a closed shell (polyhedron) of
“graphite” (three-connected C atoms) is made, in addition to hexagonal rings (as in
graphite), there must be 12 pentagonal rings. Cgp and Cg are well known examples.

Fig 5.76. The polyhedron shown on the left is the truncated icosahedron (5.62). On the right is a
topolagical jsomer.

Hint: if three polygons meet at each vertex, E = 3V/2 [incidentally shewing that the
number of vertices must be even] and Eq. 5.2 becomes 2F = V + 4. Let there be F 5
pentagonal faces and Fg hexagonal faces so that F = F5 + Fg. As each vertex belongs to
three potygons there are 6/3 vertices per hexagon and 5/3 vertices per pertagon

Figure 5.76 shows, on the left, the truncated icosahedron (5.62) which has 60 vertices,
20 hexagonal faces and 12 pentagonal faces. On the right of the figure is shown a
topological isomer with the same number of faces but some vertices are 52.6 and 63 it is
derived from 5.62 by rotating the two vertices shown as filled circles,!

7. The combination of two regular pentagons and a regular decagon meeting at a point
have the sum of their angles equal to 360° but there is no tiling 52.10.2 Show that
nevertheless the combination of two pentagons and a decagon per vertex satisfies Eq. 5.3.

8. Verify for the Archimedean tilings (Table 5.4, § 5.3.2) that the average ring sizes and
numbers of rings per vertex have the values given in § 5.6.11.

!Ses A. 1. Stone & D. J. Wales, Chem. Phys. Letts. 128, 501 (1986),
This problem fascinated Kepler, who produce some beautiful tilings consisting largely {(but of cotrse
not entireiy) of regular pentagons and decagons [see Griinbaum & Shephard (Book List)].
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9. There is a simple tiling of the plane by congruent pentagons.! The symmetry is pdgm
with @ = V(4 + 7). There are two kinds of vertex: one at 2 a: 0,0 ; 1/2,1/2 and the second
at 4 ¢ £(x,1/2+x ; 1/2-x,x) with x = 0.363. Four pentagons meet at one vertex and three at
the other (Fig. 5.77). The pattern is known as Cairo filing or MacMahon's net.?

Fig. 5.77. MacMahon's net (Cairo tiling).

1. Show that the transformation 3.6.3.6 — 30 illustrated in Fig.l 5..40 can be described
analytically as follows: We take a cell containing three points at positions 3 ¢ of p31m. (20
0,x: ¥%.%) with x = (3 — 2sing)/6 and unit cell edge a = dNEt -3+ 1) wher.e d is the
shortest distance bétween points (the edges of the net). ¢ is the ang{c of rotation of thée
triangles of 3.6.3.6 so that ¢ = 0" corresponds to 3.6.3.6 and (j?: 30 correspondg to 3¢,
The endpoints have symmetry pbim and the true unit cell for 36 is 1/3 the area of this cell.
What happens when ¢ > 30°7

11. Describe the transformation 32.4.3.4 — 44 in a similar way to that in Exercise 10.
(See Fig. 5.41; the symmetry in the general case in p4gm)

12. Consider tilings by the polygons shown in Fig. 5.65 such that every vertex is
5.connected. Show that Bq. 5.4 requires that 2/3 € ¢35 5/6,0 < ?4 <1/3and 0 < ¢s<
1/6. Can you make a tiling with a 5-fold rotation point with these tiles? Can you make a
periodic tiling using all three tiles and with all vertices 5-connected?

IEnumerating the tilings of the plane with congruent pentagons isa fam‘o'uS problem and attemp.ts at‘ its
solution have resulted in amateurs handily beating professional mathematicians. See M. Gardaer in Time
Travel and Other Mathematical Bewilderments (Freeman, New York (1988)]. ) i

2[n Cairo (Egypt) the tiling is common. for paved sidewafks. The net is featured in P. A. MacMakon’s
New Mathematical Pastimes [Cambridge, (1921)].



CHAPTER 6
SPHERE AND CYLINDER PACKINGS

In this chapter and the next we discuss periodic three-dimensional structures. This
extends the discussion from finite polyhedra, circle packings, and two-dimensional nets, to
infinite polyhedra, sphere and cylinder packings, and three-dimensional nets. Now we are
approaching the real world of crystal structures and examples of them will be met more
frequently.

In many crystal siructures one or several kinds of atom are int positions corresponding to
the centers of spheres in a sphere packing, and other atoms are in positions corresponding
to interstices of that packing. It is common (espectially for mathematicians) to refer to such
interstices as “holes,” but that word has been appropriated to have a special meaning
(referring to an electronic defect) in solid state science, so we avoid it. We generally just
refer to “sites.” In the same vein, the word “vacancy™ has the meaning of a site that should
be occupied but.at some particular point in a real crystal is not (i.e. a special kind of atomic
defect). We recommend using “vacancy” only in the context of defect thermodynamics and
kinetics (and then with great care), and at other times using a term such as “unoccupied
site” instead. .

- It is essential at the outset o reécognize that we are here only concerned with the
geometry of certain patterns of points which are of common occurrence in crystai
structures. It is convenient to consider such patterns as arising from packings of spheres,
but as they can also arise in several other contexts, it is important not to get a mental image
of crystals as assembled from a packing of hard sphere “atoms™ as is sometimes seen
illustrated (we do this ourselves in § 6.1 and 6.2, but nowhere else). We shall see, for
example, that in several simple and familiar crystal structures of binary compounds AR the
arrays of both the A and the B atoms are the same as the centers of spheres in closest
packing. Unless the spheres representing A and those representing B interpenetrate
substantially there cannot be simultaneous A-A and B-B contacts.

One reason for discussing sphere packings is that it is hard to read the literature of
crystal chemistry without some knowledge of the subject and its associated terminology.
The most compelling reason is, however, that the topic introduces patterns that are
ubiquitous in crystal structures; indeed # is hard to invent a simple symmetrical sphere
packing that does not occur in nature, Our organization is by coordination nurnber, starting
with the densest packing of spheres; however, this is for convenience only; we could
equally have chosen one of a number of other schemes.

6.1 The densest packing of spheres

We consider first the classical problem of packing equal-sized spheres in space as
densely as possible (closest packing). It should be apparent that this is the same problem as
that of arranging poiats of an infinite array with given density {number per unit volurne) so
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that the shortest distance between them is a maximum,; stated this way, the problem is an
extension of Tammes’ problem (§ 5.1.9) which referred to arranging points (with fixed
number per unit area) on the surface of a sphere such that the minimum distance between
them was a maximum, Another problem with the same solution is to ask for ways of
arranging points in space so that every point has twelve equidistant nearest neighbor_s. Yf:t
another problem, again with the same solution, is to ask for the arrangement of vertices in
space-filling packings of regular octahedra and tetrahedra with equal edges.

Thus the same geometrical arrangement arises in very different contexts, only one of
which involves spheres in contact. When we want to emphasize such considerations we
use the term eufaxy to mean “an arrangement corresponding to the centers of spheres in
closest packing” and describe such arrays as eutactic. Generally though, we foliow

" established usage indicated by bold face abbreviations in the next paragraph.

1f we restrict ourselves to arrangements in which the points (or the centers of the
spheres) fall on a lattice, there is just one solution to the above problem. The arrangement ‘is
commonly referred to as cubic closest packing (ccp), but we also use the term cubic
eutaxy.! I the restriction to points on a lattice is lifted, we find a second afrangement of
equivalent {symmetry-related) points known as “hexagonal closest packing” (lgcp} or
hexagonal eutaxy. There is an infinity of other arrangements with the same density, but
with more than one kind (in the crystallographic sense) of point as we will see. We refer to
these generically as ¢p or as eutactic. We consider only periodic patterns and state results
mostly without proof.2 The construction of models with & dozen or so polystyrene balls
and toothpicks to hold them together will be found invaluable.

6.1.1 Stacking of close-packed layers

Fig. 6.1. Part of a layer of close-packed spheres. A marks the corners of a unit cell.

IThe term is used [as is “cubic closest packing” (ecp)] also for arrangements that only approximate the

ideal arangement. . -
2S0me “obvious” results are remarkably difficult to prove in a way acceptable to mathematicians. For
comments on the proof (by W, Hsiang) that “closest packing” is just that see N. Max, Nature 355, 115

(19925,
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Conceptually the simplest way to generate these patterns is to start with a layer of
spheres lying on a flat surface in a closest-packed way.! Their centers will be on the
vertices of a 3% net (a cp layer), just as in the densest circle packing. Fig. 6.1 shows four
such spheres with centers at the corners of a hexagonal unit cell of 36, In the figure the
letters “A™ are at these corners.

Now we add a second close-packed layer on top of the first, To have maximum density
we want the spheres of the second layer to nestle in the depressions of the first, i.e. over
the points marked “B” or “C.” (It should be clear that B and C are too close for spheres of
the second layer to be simultaneously over both of these positions). Accordingly there are
two possibilities for the two-layer structure: AB or AC. These are of course identical
arrangements (remember the layers are infinite in the plane). For the sake of subsequent
discussion let the arrangement chosen be AB for the moment. '
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Fig. 6.2, Part of two tayers of close-packed spheres, The letters are in the same place as in Fig. 6.1.

A small fragment of the two-layer packing is shown in Fig. 6.2, It should be clear from
that figure that if we now add a third layer in a similar way, the centers of the spheres in the
third layer must lie over either A or C so we have two distinct three-layer sequences: ABA
and ABC. These differ in that in the first case the layers below and above the middle one
are in same (A) positions, and in the second case the layers below and above the middle
one are in different positions (4 and C).

For unit diameter spheres in contact, the perpendicular distance between layers will be
(2/3) = 0.8165 (this is the height of a regular tetrahedron of unit edge, cf. p. 133).

IThis is why we pack spheres rather than, for exampe, polyhedra.
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Fig. 6.3 shows parts of the two different three-layer sequences. At the top the spheres
are packed ABC and at the bottom the sequence is ABA. The two simplest infinite packings
would be obtained by repeating these sequences indefinitely: ABCABC... and ABAB....

Fig. 6.3. Spheres packed in the sequence ABC (top half} and ABA (bottom half).

The centers of the spheres in a slab of two layers divide the slab into regular tetrahedra
and octabedra. Fig. 6.4 shows how a tetrabedron and an octahedron are so defined by four
and six sphere centers respectively. The eutactic arrangements of points thus also arise as
the positions of the vertices when regular tetrahedra and octahedra are packed to fill space,
and this is possibly the real reason for the common occurrence of eutaxy as the arrangement
of cations and/or anions in so many compounds in which there is 4- and/or 6-Told
coordination (see Noies § 6.8.3).

Figure 6.5 illustrates the arrangement of octabedra and tetrahedra in a two-layer slab.
Each octahedron shares edges with six other octahedra. The tetrahedra can be divided into
two groups (see Fig. 6.5): those “pointing down” and those “pointing up.” Tetrahedra of
each type share only vertices with each other, but each “up” tetrahedron shares three edges
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with “down” tetrahedra in the same layer and vice versa. Altogether space is divided into
equal numbers of octahedra, “up” tetrahedra and “down™ tetrahedra.

Fig. 6.4. A tetrahedron and an octahedron formed by spheres in conr.a.cl.

:i':gwﬁs [I.\lfliddleizl tge lc:f::nters of 24 spheres (represented by circles) in a double layer of close packing
mg the octahedral interstices. Top: the same points, but now showing the “down” :
the same points showing the “up” tetrahedra. * o teshedra. Bortom:

Fig. 6.6. A rhombohedr.on composed of an octahedron and two tetrahedra {compare Fig. 6.5).
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The reader is urged to assemble such a layer with polyhedra. When that is done it will
surety be noticed that two tetrahedra may be combined with an octahedron to form a 60°
rhombohedron as shown in Fig, 6.6. Clearly this polyhedroen fills space and contains one
each of an “up” tetrahedron, a “down” tetrahedron and an octahedron. We will see that it is
a unit cell of ccp. Tt should be clear that each two-layer slab can be divided into such
rhombohedra, so all cp arrays are made up of octahedra, “up” tetrahedra, and "down”
tetrabedra in equal amounts (one each per cp sphere).

6.1.2 Hexagonal eutaxy (hep)

We discuss the case AB... first. We could equally label the sequence AC..., BC..., etc.
which would describe exactly the same packing but with a different choice of origin. In fact
if A is at the origin of a hexagonal cell, it is useful now to describe the two-layer repeat as
BC.... We can then get a convenient description in crystallographic terms of a hexagonal
unit cell with sphere centers at 1/3,2/3,1/4 and 2/3,1/3,3/4. If the spheres are unit diameter,
a will be 1.0 (see Fig. 6.1} and ¢ will be 24(2/3) = V(8/3) = 1.6330. The z coordinates are
chosen as 1/4 and 3/4 (rather than e.g. 0 and 1/2) becanse we then have the origin of
coordinates at a center of symmetry. The space group is PSi/mmc. The arrangement of
sphere center points is not a lattice, as a vector from the center of a sphere to the center of a
contiguous sphere in an adjacent layer is not a lattice vector. The spheres are related by
symmetry though; their centers are in the special positions 2 ¢ of Pézfmme.

In hep, the planes normal to ¢ and containing the centers of the spheres are mirror
planes. Tt follows therefore, that the octahedra in successive layers share common faces and
form face-sharing columns (parallel to ¢). The centers of the octahedra are at 0,0,0 and
0,0,1/2 in the unit cell (2 a of P6a/mmc). On the other hand the tetrahedra will form pairs
{one “up” and one “down”} with a commeon face. Recall that the “up” set of tetrahedra have
only common vertices (are corner-sharing) as do the “down” set. The centers of the
tetrahedra are in 4 £ :0(1/3,2/3,z ; 2/3,1/3,1/2+z) with z = -1/8.

6.1.3 Cubic eutaxy (ccp)

The rhombohedron of Fig. 6.6 with points at the vertices can be considered as the unit
cell of a structure with the points coinciding with a lattice. The 60° rhombohedron is, in
fact, a primitive cell of the face-centered cubic lattice (see § 4.4). Fig. 6.7 shows 14
spheres with their centers at the lattice points of a face-centered cubic cell. As can be seen
from the figure the centers of the spheres lie in close-packed {111} planes.

The structure we are describing is cubic eutaxy or “cubic close packing” (cep).
Discussed in terms of a stacking of close-packed layers the sequence is ABC... The
simplest way to see this is to use the description of a rhombohedra) lattice in terms of a
centered hexagonal cell. Thus if the rhombohedral cell (Fig6.7) hasa=1, o= 60° then the
hexagopal cell hasa=1,¢c= 3\'{2/3) =6 = 2.449... and the lattice points are at 0,0,0 (A);
2/3,1/3,1/3 (B); and 1/3,2/3,2/3 (O,

The face-centered cubic cell contains four lattice points (at 0,005 1/2,1/2,0 ; 1/2,0,1/2
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and 0,1/2,1/2) and must therefore contain four octahedra, The octahedron centers are at
172,142,142 ;172,00 ; 0,1/2,0 and 0,0,1/2 (i.e. at the body center and in the middle of each
edge). These octahedral sites also fall on the points of a face-centered cubic lattice
(displaced from the first by 1/2,1/2,1/2).

Fig. 6.7. Left: a face-centered unit cell with spheres centered at Tattice points arranged in cep. Center: the
arrangement of the centers on (111} planes. Right: the primitive cell is heavily outlined.

The cubic unit cell also contains eight tetrahedral sites with centers at *1/4+1/4 117410
Their centers are on a primitive cubic lattice with one-half the cell edge (see Fig. 6.11
below). The symmetry of ecp is Fm3m and the sphere centers are in 4 a. The octahedral
sites are in 4 b and the tetrahedral sites are 8 c.

The centers of the spheres in the {100) planes (i.e. parallel to the faces of the cubic unit
cell) are on 44 nets so it can be seen that an alternative description of cep is in terms of a
stacking of such nets (see § 6.4.2). In close packing there is only one position for a second
4* layer on top of a first one, so ccp is the oaly close packing that admits this description.

In contrast to hep, the octahedra in ccp share only edges (i.e. not faces), and as we
have seen, their centers are also in cep. The tetrahedra likewise share only edges. Viewed
along one of the <11 1> directions the tetrahedra can be considered to fall into “up” and

“down™ sets in each of which, as for hep, they share only vertices. We shall see that the
centers of each of these sets are also ccp.

6.1.4 Other eutactic (cp) arrangements

The hexagonal and cubic arrangements AB... and ABC... are obviously just the simplest
of an infinite number of possibilities of stacking close-packed layers. The next possibility is
ABAC...

In all ep arrays edch sphere is coordinated by 12 nearest neighbors and there are just two
possibilities for the coordination figure. The First is the cuboctahedron, illustrated on the
left in Fig. 6.8: The central sphere is in one of the positions A, B or C and the spheres in
the layer above ir one of the other two remaining positions and the spheres below in the
third. To avoid the redundancy arising from the arbitrariness in the labels A BorCitis
often more convenient simply to label such a central layer c.

IRecall that - 1/4 is the same as 3/4 in this context
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in hep have neighboring spheres at the vertices of a “tvgirmf:d
cubTohc‘:aliggf{f:‘f (1:1!5;l sc?metimcs cal%::d an ar%ticuboctahedmn), shown on the 1 gh; in Fig.
&.8. The spheres in the layers above and below the r_:c_ntral sphere_are Dow in t I;a same
positions. If the central sphere is in, for example, position A, those in the layers above or
below are either both B or beth €. Such a central layer is labeled h.

Fig. 6.8. The coordination of an atom (filled circle) by its neighbors in cep (left) and hep (right).

ic array cant be described by a sequence of ¢’s and h’s' as we now
deigryxsti::;c‘;imt wrzte out the sequence in terms of 4, B and C and then ldentliy x:ﬁ.ch
layer as k or ¢. The layer will be k if the letters on taither side are the same as each of 1er,
and will be ¢ if the letters on the left and right are different frox’n ea(,:h other. lConvcgseﬁy a
sequence of ¢’s and 2’s can be converted to a sequence of A’s, B’s a_md C's by 8 ?:; t:;lg
arbitrarily with (e.g.) AB. A number of examples is given below (with on the rig &
conventional label).

kR hhh AhB
ABABAZB
cecc A;C
ABCABC
he
hchceche
ABACABAC ABAC
hee
hecchcechce hceoce
ABACBCABACBCA ABACBC
hhe
Ahchhchhehhchhe
ABABCBCACABABCEBCA ABABCBCAC

The symbolism in terms of & and ¢ is more concise, bu.t c}oe§ not mm;ed?u;lymftezie:;
how many layers are in the repeat unit. Thus the repeat unit 1s sm'la.yer;1 or Cbut * nine
layers for khc. Many of the metallic elements crystallize as ext;ler dc;:h c iy
complicated sequences are found. Sm for exal_nple occurs as both ke and ke .
wili meet cp arrays many times and in several different contexts later.
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Another way of specifying stacking sequences is preferred by some authors. In this
method., due origially to Zhdanov, z change from A — Bor B — C or C.—> A
symboh;ed “+” and the reverse, ie. B> Aor C— Bord — Cis symbolized “- Thl.::
cep Fc) Is+++... for ~—~ ) and hep (A) is +—+-... (or =+ —+ ...}. The pac‘kin is
spef::ﬁed }Jy a sequence of numbers, each of which represents the number of re etitiong f
a given sign. We have then that ecp is s and hep is 11, iic is ABAC... ie -F+-- (i-
22. The reader should verify that scc is 33 and that hhe is 21. The' s-en‘]uence: hhh;
corre_spm}ds 10 ++—+--+— ie 211211. A commonly encountered modification of this
notation is to omit the second half of the symbol when it is a fepetition of the first and t
enclose the symbol in angle brackets. Thus 22 becomes <2 and 211211 becomes <211:
(but_21 is <21>). The rule is that if the symbol in brackets contains an odd number of
entries, the Zhdanov symbol is the bracketed symbol repeated twice.!

h

h

c

h

h

h [
¢ k
h h
c c
h h

A B CA

f‘igl:l 6.9. (11'20) slices of Ac (left) .and hhe (right). ¢ is vertical and a unit cell is shown with dashed lines
n the top left is shown a (0001) projection with the trace of a {1130y plane as a heavy line. .

A sgnple geometrical interpretation of the Zhdanov notation can be obiained from Fi
6.9 which shows slices (not a projection) of two ep arrays. The slice is a {113 plane ofga.
hexagonal cell (outlined) and heavy lines connect nearest ncighbors in this plane. In Ac =
22 (left) the fine, as it ascends up in the e direction, goes two places right then tw;) places
left altemately. In khc = 21, the line goes two places right then one left alternately. Notice

L
It should be clear that a Zhdanov symbol (other than that for cep) always has an even number of terms
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that k layers are at positions of change of direction.!

Fig. 6.9 also shows that a ¢p array can be described as a two-layer stacking of 44 nets
made up of two kinds of tiles—rectangles and twinned rectangles ("kites") with edges in
the ratto of 1:¥2. In cep the tiles are all rectangles and in hep they are all kites.

Sometimes a symbol nX is used to specify a packing. n is the number of layers in the
repeat unit of the packing and X is H if the structure is hexagonal (sensu stricto), R if the
structure is rhombohedral, and T if the structure is trigonal (but not rhombohedral). Thus A
is 2H, and ke is 4H and khe is 9R. Other examples are given in Exercise 2. Unfortunately
as n gels large there is generally more than one packing with the same such symbol. For the
use of Zhdanov symbols to determine the space group of the packing see the Notes
(§ 6.8.1).

6.1.5 Patterns of filling interstitial sites in cp arrays

Reference to Fig. 6.4 (p. 212) shows that the center of an octahedron between two
close-packed layers A and B is in the C position, and midway between the layers. Itisa
commen practice to specify the positions of these interstitial sites by Greek letters: &, fand
yinstead of A, B and C, so such an octahedral site position between A and B layers is
labeled 7y (Fig. 6.10). Fig. 6.4 also shows that the center of an “up” tetrahedron is
underneath the top sphere, so the center of an “up” tetrahedron formed by layers ABwith B
on top is in a B position (Fig. 6.10); it is located 1/4 of the way up between the two layers.
Similarly the center of a “down” tetrahedron between the same layers AB is in the ¢
position 3/4 of the way up.

Fig. 6.10. Location of octahedral and tetrahedral sites in a ¢p layer AB. In the middle is an “up”
tetrahedron; right is a “down” tetrahedron.

Suppose we fill only the “up” tetrahedral sites in hep. The arrangement can be
symbolized Ap--Ba-Af-Be...2 The pattern of tetrahedral sites is Boe o, e also
hep. Filling only the “down” tetrahedral sites will produce A-o8--fA--aBB... The
pattern of these tetrahedraf sites is ct=:f--¢¢-B..., Le. again hep. The structure obtained by
filling either the “up” set or the “down™ set of tetrahedral sites of hep is that of the
wurtzite form of ZnS which may be described either as an hep array of Zn with 8 in

INote also that the unit cell is chosen al an unconventional origin for clarity. Normaily the origin
would he taken an a ¢ atom which is at a center of symmetry (see Exercises 1 and 2},

e use dots *” as space markers for clarity, but they are not absolutely necessary and they are -
sometimes omitted later. Distinguisk such dots from the ellipsis “..." at the end of a sequence indicating
that the sequence continues indefinitely,
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one-half of the tetrahedral sites (all “up” “ " i i
et ot e earahedral sites (all “up” or all “down™) or as an hep array of S with Zn in

We repeat the exercise for ccp. Filling the “up” tetrahedral sites produces the sequence:
AB--By-Ca-AB--By-Co... and filling the “down” sites only produces the scqucnce:
A-0B-C-yA-aB--BC--¥... The sequence of tetrahedral sites is B o, and
q---,ﬁ---y---a---ﬁ---'y... respectively; in both cases cep. The structure obtained by filling
either the “up” set or the “down” set of tetrahedral sites of cep is that of the sphalerite
form of ZnS. which may be described either as a cep array of Zn with S in one-half of the
tetrahedral sites (either all “up” or all “down™) or as a cep array of § with Zn in one-half of
the tetrahedral sites (again either all “up™ or all “down™). (Far the siructures of ZnS see
§ 4.6.4., especially Fig. 4.11, for data for wurtzite ZnQ see Appendix 5.)

Npt:ce that both Zn and S are in 4-coordination in these structures, and we could
consider the structure as a network of 4-connected atoms {a “4—connec;ed net”). Such
structures are one of the topics of the next chapter where we see (§ 7.3.1) that if all the
atoms were the same (say C) then we would have the structures of the hexagonal
]o:;:tllaleite and cubic diamond forms of carbon,

i ]in.g all the tetrahedral sites of ccp produces the fluorite structure of CaFo (wit

Ca) which we can code as AB-aByACa-yAS-aByBCw... Note that the s:q(u“z;::lec‘c:)l;
'tetrahedral sites is By fharpfaey.. as in eep; but because the spacing between layers
is f)rdy one-half the distance between close-packed layers, the pattern is no longer cep but
isin _fact primitive cubic—see Fig. 6.11. Accordingly care must be taken to ensure that the
spacing between layers is appropriate before describing structures as cp. The spacing-
between each symbol (letter or ™) is (at least approximately) 1/4 of the distance between
the cp layers, i.e. 1/¥24 of the distance between atoms in the close-packed layers.

Fig. 6.11. I.“eft: a umnit cell of ccp (ﬁ]lfad 'circles) with tetrahedral sites shown as open circles. If the open
and filled circles are Ca and F réspectively, we have a representation of the structure of CaFj. Center: the

same structure shown as {F}Cay tetrahedra (shaded). Right: the tru
are outlined. g same structure but now some {Ca}Fg cubes

Notic?e tpat becau_se the F atoms are in 4-coordination, the Ca atoms must be in
&f:oordmatxo'n .(thcre is only one Ca for two F atoms), and in light of the above discussion
1t 1s not surprising to find that the coordination is {Ca}Fg cubes. ,
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If the roles of “cation” and “anion” are reversed in fluorite (as in, for example, LiyO
with cep O) we get the antistructure, called in this instance antifluorite.

In the (idealized) structure of NiAs, Ni atoms occupy the octahedral sites of an hep
array of As. The sequence is A-yB-yA-¥B... The pattern of octahedral sites is p-p-7...
corresponding to points of a primitive hexagonal lattice [ideally with cfa = N2y
Interchanging Ni and As will produce the antistructure (as in PtB with hep Pt).

In the NaCl structure, the octahedral sites of ecp are filled. The structure is
A-pB-a-C-fA-pB-o-C...The octahedral sites alone are Yoor Qe ey B e again
cep (as observed in § 6.1.2). Interchanging Na and C1 produces the same structure (so it
is its own antisiructure). ‘

One often sees structures such as NaCl and NiAs projected down an axis contained in
the cp layers (normal to [111] for NaCl ard normal to ¢ for NiAs)—see for example
Fig. 4.9, parts of which are repeated for convenience here as Fig. 6.12. The nature of the
packing can be recognized quickly if it is realized that in ccp all the octahedral sites are
related by primitive lattice translation vectors so ail the octahedra have the same orientation;
but in hep, octahedra in alternate layers are refated by reflection and two different
orientations occur.

Fig. 6.12. From left 1o right NaCl, NiAs and TiP as catlon-centered octahedra. Light and darker shaded
polyhedra have elevations that differ by half the repeat distance in the direction out of the page.

In TiP there is hc packing of P and the [Ti}Pg octahedra again occur in two
orientations. As now only every second layer is k, double layers of octahedra in one

 orientation alternate with double Jayers in the other orientation (see Fig. 6.12 again).

NaCl is the only orie of these octahedral structures that is its own antistructure. As
noted above, in NiAs the Ni are at the points of a primitive hexagonal lattice and the As
are in {As}Nig trigonal prisms. In TiP the P are half in [P)Tig octahedra and half in
{P)Tig trigonal prisms as illustrated in Fig. 6.13. Notice that crystallographically the
structure is ternary, Ti2P{1YP(2), and that there are antistructure compounds such as
RbScO; with {RbjOg trigonal prisms and {Sc}Og octahedra. The anion packing (now not
cp} in such structures is discussed in § 6.4.1.

There are many patterns of partly filling octahedral sites ir: ¢p struciures and we mention
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here just ome or two of the simpler.

Fig. 6.13. Clinographic projecti i i
: jections of TiP with ¢ (normal 1o the ep layers of P t :
{T#} Pg octahedra. Right: as {}Tig octahedra and trigonal prisms. P ) vertical. Left

Filling onlyl alternate layers of octahedral sites in hep gives the sequence A-yB--A
The structl_lrc is generally known as Cdlz. There is a repeat every two ep layers and tlll.(;
symumetry is trigonal, P3ml, with ¢/a ideally = \f(8/3) =1.633. Cdisin 1 a: (0,0,0) and I
iin 2. £13,2030) with 2 ideally = 14 o

illing only alternate layers of octahedral sites in cep produces the
A-VB~--C-§-A---B- a-lC---A..h The structure is known as CdClzl:nﬁ it can be seensgli‘:::)ﬁ
tl:}a repeat 1S every sixth cp layer. The symmetry is thombohedral, R3m, with c/a ideally =
3V(8/3} =24 =490, Cdisin 3 a: R + {0,0,0) and Cl is in 6 c: R % (0,0,2) with z ideall
= 1/4. A related structure type is that usually called @-NaF ey in which Q is ccp anzl
a‘iten?att.: la-yers of octahedra sites are filled with Na and Fe. The crystallographic
dES(:rlptl(?n is the same as for CdCl; except there is also a cation in 3 ¢ R + (0,0 UgZ) i

Tl_1ere isa number of different structures known in which one half of the octe;h:sdral. sites
are filled in every cp layer. An example with {approximately) hep aniens is provided by
CaCly :mcll the closely-related ratile (TiO5) structure (see Exercise 7). '
. In cons1derin_g possible patterns of filling interstitial sites in ¢p arrays, perhaps the most
Important consideration is that in “ionic” crystals short distances begween cations (or
anions) are generally unfavorable. This means that face sharing between coordination
polyhejdra (es_peciauy tetrahedra) is avoided if possible. A good exarnple of this principle at
vyork is provided by structures in which' there are slabs in which all octahedral siteps are

filled and slabs in which all tetrahedral sites are filled. To avoid face sharing between
polyhedra tl'}c cp layers between like slabs must be ¢, and between unlike slabs they must
be k.1 Thus in CaF7 (all tetrahedral slabs) and NaCl {al! octahedral slabs) every layﬁe(tr isc
In Laz03 with ep La, slabs (LaQ3) with O in all the tetrahedral sites alternate with slabs.
(LaQ) witp O in all the octahedral sites and the La layers are all 4. In ThsNy with cp Th
(see Exercise 6) double slabs (2ThN) with N in all octahedral sites have Thin a ¢ layer at
the center and these double slabs are separated by & layers of Th from slabs with N in

] -
The reader witl find that such statements are very readily verified if a fow polyhedra are at hand
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tetrahedral sites (ThNg). There are exceptions to these rules of course; in NiAs there is
face sharing between octahedral slabs, and it is argued that, in some instances at least, this
is due to metal-metal bonding (between Ni atoms across the shared face).

6.1.6 Stacking incomplete cp layers (honeycomb and kagome)

The notation of 6.1.4 for stacking complete 36 layers of atoms is in wide-spread use. It
is useful to extend it to more complicated packings of hexagonal layers derived from 36,
There is no generally accepted notation—we use one that seems to us useful and is kept as
simple as possible.!

Consider first the honeycomb pattern 63, The unit cell for this is V3 %3 = 3 times as
large as that for 36, as illustrated in Fig. 6.14. The position of a honeycomb layer (symbol
G for graphite) is conveniently specified by the position of the center of a hexagon in the
pattern. In stacking honeycomb layers, we recognize three relative positions (1, 2 and 3)
indicated by small filled circles in the figure (upper left) at 0,0,z 1/3,2/3,zand 2/3,1/3,zin
the 3x cell. This is particularly useful for describing partial filling of octahedral sites in hep
structures as illustrated next (note that it is less readily adaptible to cep).

Fig. 6.14. Left: topa V3 % V3 cell of 38 with below a 3% net subdivided into a G (&) layer (shaded
circles) and 4 g layer (open circles). Right: top a2 x 2 cell of 36 with below a 3% net subdivided into an N
(3.6.3.6) layer (shaded circles) and an x layer (open circles). The small filled circles mark the three choices of

origin (1, 2 and 3).

In the (idealized) corundum structure of AlO3, Al atoms are located in 2/3 of the
octahedral sites of an hep array of O, each Al layer being a honeycomb. We can code this
structure as follows: A-Gq-B-Gp-A-G3-B-G1-A-G2-B-G... By using dots as place markers
we have automatically imparted the information that the Al atoms on the G layers are in

IEor another notation see pacticularly W, B. Pearson (Book List). Pearson describes over 100 structure
types using a related systemn.
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octahedral coordination. Note that the sequence requires six O layers to repeat. For ideal
hep of O atoms a distance d apart, the g axis would be V34 (see Fig. 6.14) and the ¢ axis
would be 6\((2.’3)d $0 that ¢/a = V8 = 2.83 ; in the real structure o/a = 2.73.

Figure 6.15 shows the structure as {Al}Og octahedra, Notice that pairs of octahedra
share faces; as also shown in the figure the Al atoms move away from the centers of the
octahedra to avoid short Al...Al distances. AlzO3 with this structure is also known as
@-AlO3. For crystallographic data see Appendix 5.

Fig. 6.15. The structure of o-Alz03 as articulated [Al}0g octahedra. ¢ runs up the page. On the right the
AL-O bonds are shown {on a larger scale) in a pair of face-sharing octahedra.

The centers of the hexagons of 63 fall on a 35 net with V3 times the spacing of a cp layer
(see Fig. 6.14 again) and we label such nets £ (note that combining g and G in one layer
returns a ¢p layer}. In the structure of PdF3, the Pd atoms fil] one-third of the octahedral
sites of an hep F array, The structure is A-gi-B-grA-gsB.g1-AgyB-gy... (see Fig. 6.28,
p- 236). Note that the hexagonal cell is the same as for corundum; for PdF;, c/a = 2.82.

Often layers in structures are kagome (3.6.3.6) nets which are symbolized N (for net).
The unit cell is now 2 x2 = 4 times as large as that for 3%, as ilustrated in Fig. 6.14, and
again three refative positions (1, 2 and 3) of the net specified by the centers of the hexagons
are recognized. These are now particularly useful for describing partial filling of octahedral
sites in ccp structures. The centers of the hexagons fall on a 36 net of twice the spacing of
a cp layer and we label such 3% nets n (combining  with N produces a ep layer).

The three positions of the N and n nets are shown in Fig. 6.16. Some intermetallic
compounds are variants of ep ordered in this way. In CuzAu the Cu atoms are on the
kagome nets (V) and Au centers the hexagons of each layer (n). If atoms on the same layer
are enclosed in parentheses, the code becomes: (syN1)-(n2N3)-{n3N3)... or (omitting
place markers) (#1N;) (nzN7) (malNs), ie. a superstructure of ABC. We meet the related
structure N NoN3 below as an 8-coordinated sphere packing (lattice complex J, § 6.3.5),
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Ni+n;=A Ny+ny,=8

Fig. 6.16. The three positions of kagome (N} nets with respect to a 2 x 2 cell of 35. We have (arbitrarily)
labeled them so that N| combined with 717 produce a cp layer with symbol A etc.

In the spinel structure typified by MgAlz2QO4, O is on a cep array w'wth Mg in lfIS of the
tetrahedral sites and Al on 1/2 of the octahedral sites. The_ structure is cubic but Olij somf;
purposes (such as describing related structures) is cqnvemcntiy considered a; stag tn%i ;)n
layers normal to [111]: N1-Bn1ngngA-Nz-Cngn1n3B-N3-A::3n2n1C... Anot erfng al "
which has been used refers to the N layers as O (“octahedra.l } layers, and layers of the typ
nynsry (which contain one octahedral and two tetrahedral sites) as T> layers.

Flg. 6.17. MgAI 104 as {M 04 tetrahedra and A]}Os octahedra. Filled circles are Mg atoms at the
corners of a cubic unit cell. For Clﬂ!lly some of the octahedra at the “back’ of the unit cell have been

omiited.
We cammot begin to do justice to spinel here.! Fig. 6.16 illustrates just one aspect of

11n Volume II of this series we devote more than a dozen pages to describing spinel and its close
relatives. We find 2 notation based on that given here to be invaluabie.
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the structure—as cation centered polyhedra. As an aid to deciphering the code, it is
expanded below. The first row of numbers is the height along the ¢ axis of the hexagonal
cell in multiples of ¢/24. Recall that Al atoms are in octahedral sites and that Mg atoms are
ins tetrahedral sites. As we describe the packing in terms of a 2 x 2 supercell of a cp layer
there are 4 O atoms per layer A, B or C and 3 Al atoms corresponding to the N layers. In
the table we show these numbers as subscripts.

0 1 2 3 4 5 6 7 8 9 10 11 12

Ny - B nm nm m A Ny - C n m
Ay - 04 Mg Al Mg O - Al - Q4 Mg Al
12 13 14 15 16 17 18 19 20 21 27 23 24
n ny B - Ny - A ng om o C - N
Al Mg O4 - Aly - O34 Mg Al Mg Q4 - Aly

The Al array Ny-ng--Ny--ni--N3-nq... also will be met again as a 6-coordinated
sphere packing (lattice complex T, § 6.3.9).

Very many other compounds can be described in terms of partial filling of octahedral
and/or tetrahedral sites of cp (Exercises 6 and 13 give examples) and it is virtually

impogsible to master systematic crystal chemistry without some appreciation of the
principles involved.

6.1.7 The “size” of interstitial sites.

For a regular tetrahedron of unit edge length the height (distance from a vertex to the
center of an oppesite face) is ¥(2/3). The distance from a vertex to the center of the
tetrahedron is 3/4 of the height (see Fig. 6.10) = V(3/8) = 0.612. Conversely, the edge
length of an {A}B4 coordination tetrahedron with unit length A-B bonds is \f(8/3) = 1.633.
The radius of a sphere that exactly fits inside a tetrahiedron of touching spheres of radius
1/2 (unit diameter) is V(3/8) — 1/2 = 0.1124. The ratio of the radius of the inner sphere to
the radius of the outer spheres is [V(3/8) - 1/2}(1/2) = V(3/2) — 1 = 0,2247.

It should be obvious that the perpendicular distance between opposite faces of an
octahedron is the same as the height of a tetrahedron (see Fig. 6.10), For an octahedron of
unit edge (formed by the centers of six spheres of unit diameter in contact) the distance to
the center is 1/¥2. The ratio of the radius of the largest sphere that will fit inside an
octahedral site to the radius of the close-packed spheres is V2 — 1 = 0.4142.

It is sometimes stated thai these “radius ratios” determine the coordination numbers of
atoms in ionic crystals. The idea is that an atom (ion) that is too small for, say, an
octahedral site (cation radius / anion radius less than 0.414) will instead £0 into a smaller
(e.g- tetrabedral) site. Unfortunately to apply such considerations, radii must first be
assigned to ions. Even when this is done, it will be found that the facts are not generally in
accord with predictions even for the alkali halides (presumably the thost “fonic” of

crystals). Stated more biuntly the “rules™ are generally not obeyed! The reader interested in
this topic is referred also to § 6.8.3. :
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6.2 Body-centered cubic (bece)

There are two interesting problems whose solutions are the same, and which lead to the
body-centered cubic. (bee) array. The first problem is that of covering space completely
with {partly overlapping) spheres of a given size such that their density is a minimum. The
second concerns the filling of space with congruent tetrahedra. We have seen (Exercise 3,
Chapter 5) that regular tetrahedra alone will not fill space, but a number of structures of
metallic compounds are found in which space is divided into irregular tetrahedra.! The
body-centered cubic array is the simplest such structure, and the only one in which all the
tetrahedra have congruent faces and equivalent vertices. We refer to these tetrahedra as
Sommerville tetrahedra.?

The Sommerville tetrahedron has faces that are isosceles triangles with one edge of
length a and two edges of Y3a/2, where a is the cubic unit cell edge for bee. The angles of
the triangles are cos1(1/3) = 70.53° and cos-1(1/¥3) = 54.74° (2x). The dibedral angles are
45° {4x) and 90° (2x). Fig. 6.18 shows how these tetrahedra are related to a body-centered
cubic lattice. The figure also shows that four tetrahedra combine to form a space-filling
octahedron with equivalent vertices and congruent faces so that the body-centered cubic
array can be considered as arising from a packing of these (irregular) octahedra also. It is
sometimes found stated (erroneously) that the body-centered cubic array divides space into
tetrahedra and octahedra, but the octahedra are in fact clusters of four tetrahedra and the
centers of the octahedra are the midpoints of the long edges of the tetrahedra so the term
“octahedral site” is something of a misnomer (see below).? Contrast eutactic (cp) arrays in
which space is divided into separate regions which are regular tetrahedra and regular
octahedra.

The figure also shows that six octahedra (= 24 tetrahedra} of the bec packing combine to
form a rhombic dodecahedron with lattice points at the vertices and at the center.

Some facts (that will be useful later) about the body-centered array are included here.
The symmetry is Im3m and the laitice points are in 2 a: [ + (0,0,0). The centers of the
tetrahedra are in the faces of the cube at 12 d: T+ (21/4,0,1/2)x. The site symmetry at these.
points is #2m (tetragonal). Note that there are six tetrahedra for every lattice point. The
ietrahedral sites in one unit cell are at the vertices of a truncated octahedron. We meet the
pattern of tetrahedral sites as the “sodalite net” in the next chapter (§ 7.3.10). The
tetrahedron around a tetrahedral site encloses ail the space that is nearer to that tetrahedral
site than to any other (it is the Voronoi polyhedron of the pattern of tetrahedral sites).

1 These are sometimes referred (o as “lopotogically close packed.” The f-W (415} structure (§ 6.6.4) is a
well-known example.

2After D. M. Y. Sommerville who discussed this problem at length [Proc. Edin. Math. Soc. 41, 49
(1923)]. Sommerville also discusses three other space-filling tetrahedra derived by dissecting the basic
tetrahedron, but these are of litle interest in the present connection.

3To a mathematician a hele in a lattice is a site where the distance to the nearest lattice point is a local
maximum. Points where the distance to the nearest lattice point is a global maximum are known as deep
holes, other holes are shallow holes. In cep the octahedral sites are deep holes and the tetrahedral sites are
shallow holes. In bee there is only one kind of hole (the tetrahedral sites). The positions of the “cctahedral”
sites correspond, nat to local maxima in disiance from the nearest lattice point, but to saddle points.
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Flg 6.18. Vartous aspects of the body-centered cubic lattice. At the left a cubie (centered) cell outlined
with broken lines and a primitive rhombohedral cell (e = 109.47°) in full lines. Second from feft: a
Sommervilie tetrahedron defined by four lattice points. Second from right: an octahedron composed of four
Sommervilie tetrahedra, Right: a rhombic dodecahedron composed of six octahedra = 24 tetrahedra,

The centers of the “octahedral sites™ (better the midpoints of the long edges of the
tetrahedra) are at 6 b: I+ (0,1/2,1/2)k. These correspond to the centers of the faces and
edges of the unit cell. The site symmetry at 6 & is again tetragonal: 4/mmm. We meet the
pattern of the octahedral sites as the NbO net in the next chapter.

There is an apparent paradox that has lead to confusion. There are six tetrahedral sites
per bee atom and three octahedral sites per bee atom yet the octahedron is comprised of
four tetrahedra. The resolution is to be found in the observation that the centers of long
edges of a given octahedron are also octahedral sites. Thus if we placed (correctly oricnted)
octahedra with centers at every octahedral site we would cover space iwice. In § 5.1.10
we called attention to a tetragonal tetrahedron with curved faces that filled space (Fig.'
3.17). The six vertices of that polyhedron are arranged in space as the six vertices of the
bee octahedron, but because the surfaces are curved inward the volume of the tetragonal
tetrahedron is only half as great as that of the bec octahedron. In the space filling by these
tetragonai tetrahedra, their centers are at the bec octahedral sites.

The Voronoi polyhedron around an octahedral site is actually a polyhedron with 12 faces
f)btained by truncating four edges of the bee octahedron. Three such polyhedra are shown
in Fig. 6.19 in different orientations to suggest how they pack to fill space. The
arrangement of the acute vertices in the packing is bee, '

Fig. 6.19. The Voronoi polyhedron arouad “octahedral” sites in hee shown in three different orientations
to suggest how it fills space.
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A nice example of filling all the tetrahedral sites in bec is to be found in the structure of
MgCqo (M is an alkali atom such as K); in these compounds the centers of the
approximately-spherical Cgp molecules are bee, .

Structures based on bee and on ep occur with comparable frequency in intermetallic
compounds, On the other hand, although “ionic” crystal structures can be described in
terms of ¢p arrays with partial or complete filling of interstitial sites, tonic structures
similarly based on bee arrays are rather rare.! In the cp case the coordination polyhedra
aroun the interstitial sites are regular whereas in the bee case they are not.2

Note that we use bec to refer to a geometrical arrangement, not to a symmetry (which
would be written bee). In CupO (Exercise 8, Chapter 3) the Cu atoms are cep and the O
atoms are hee but the structure is primitive cubic (space group Prdm).

6.3 Sphere packings and relationships between them

Crystallographers have long been interested in the general problem of packings of
spheres. Stable sphere packings are those in which each sphere is in contact with at least
four others not all on the same hemisphere. Equivalent spheres are those related by
symummetry operations (rotations, translations, etc.). We discuss here some interesting stable
packings of equivalent spheres, referred to in this section just as “sphere packings” for
brevity. Many packings with a given number of neighbors can be distorted smoothly to a
higher density approaching arbitrarily close to that of closest packing so the interest is in
finding low-density (rare) sphere packings which often correspond to a high-symmetry
structures.? Although the problem is interesting, it is one of mathematics rather than
chemistry, Our real interest is in describing structures (and their inter-relationships) that are
of importance in crystal chemistry.

The two arrangements (cep and hep) we have identified of densest packing of
equivalent spheres are the only such arrangements in which each sphere has twelve
neighbors and, as they both have the same density, they are both the densest and the rarest
packings of spheres with twelve neighbors.

Sphere packings are often characterized by the fraction of space occupied by the spheres
{or density p). This is determined as the ratio of the volume of spheres in a unit cell to the
volume of the unit cell. To illustrate: the cep arrangement of spheres of unit diameter has a
unit cell containing four spheres and cell edge a = 2. The volume of the spheres is
4 x 433 = 2a/3 and the cell volume is @3 = 2V2. The ratio is p = w18 = 0.740.... We
generally give coordinates for packings of unit diameter spheres, the density is then given

Tf one considers ordered bec arrays such as CuZa (§ 6.6.2) then ore finds that perovskite ABX3
and many derived structures are based on a CuZn amay of cations AB with anions approximately in the
center of some of the octahedra sites. What is rate is the case of ionic erystals in which just one kind of
atom is bee. : :

20ne ¢an extend this remark by observing that less dense arrays, such as primitive cubic and primitive
hexagonal, that do provide regular coordination sites are indeed more commen than bee (see § 6.4).

3As we remarked in Chapter 5, the problem is often stated (incorrectly) as that of finding the densest
sphere packing with a given number of neighbors, i.e, the opposite of what we have stated.
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by p = za/(6V), where z is the number of spheres per cell and V is the cell volume.

A topic of interest in connection with the description of structural relatidnships and
possible transformation mechanisms is the description of paths between packings. We will
focus on paths that preserve as much symimetry as possible (the space group of the
intermediate structure will either be the same as, or a subgroup of, those of the two end
structures) and which are compietely specified by one free parameter. Often this parameter
will correspond to the angle of rotation of a group of points. We have met such
transformations already for finite objects such as that of a cuboctahedron to an icosahedron
(§ 2.5.7) and a trigonal bipyramid to a square prism (§ 5.6.1). For plane patterns,
important transformations are from 3.6.3,6 to 36 and from 32.4.3.4 to 44 (§ 5.3.3).

6.3.1 11- coordination

11-coordinated sphere packings are rather rare. Here we describe a simple and well
known 11-coordinated structure that is important in crystal chemistry. A formal description
for spheres of unit diameter is:

Plyfmem, a =1+ 1M2= 1707, c = 1, p = 0.7187
Centers in 4 £ Hxx,0 ; 1/24x,1/2-x,1/2), x = V(2 +V2) = 0.282

The arrangement can be seen from Fig. 6.20 in which sphere centers are taken as
defining the vertices of régular octahedra, snd which also illustrates the relationship of the
structare to hep. In fact the structure is a special {minimum density) arrangement of an
orthorhombic structure with space group Pnnm and centers of spheres in 4 g: *(x,y.0;
1242, 1/2—y,1/2) with:

a =13 cosg, b= V(8/3)osg + V(1/3)sing, & = 1, p = 2/(3ak)
=2~ tan@18, y = (1 + YZtang)/(4 + V2tang)

Bleven spherss are in contact for 0 < ¢ < sin"1(I/3); the minimum density occurs at ¢ =
(1/2)sin"1(1/3) =9.74° at which point the structure is the tetragonal one given above. When
¢= 0" or sin"i(1/3) = 19.47° the structure is that of hexagonal eutaxy (hep) with symmetry
Pé3/mme (and 12-coordination). The tetragonal structure is close to the anion arrangement
in the rutile form of TiQz (see Exercise 7) so we call it the rutile packing. The density is
479 +72) = 0.7187; no rarer 11-coordinated sphere packing seems to be known (for a
second 11-coordinated sphere packing of the same density ses § 6.4.1),

The transformation from hep to the rutile packing and vice versa is accomplished by
concerted rotations (by ¢) of columns of octahedra of atoms as suggested by Fig. 6.20 in
which the rotation axis is normal to the plane of the figure. It is interesting that rotation of
the columns of octahedra by 19.47" has the same effect as rotation of the whole pattern by
90°. (i.e. is a pseudorotation). It may be seen that in projection the transformation
corresponds (approximately—not all edges are equal) to a transformation between 3% and
32.4.3.4,

We will encounter other such transformations involving concerted rotations of
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polybedral groups subsequently (in particular the rutile packing can be transformed to a
tow-density 6-coordinated sphere packing by rotation of tetrahedral groups).

Fig. 6.20. Top: The transformation from bep (left) to the minimum density teua_g,onal 11-coordinated
sphere packing (center) and then to hep rotated by 90° (right). The projection is along {001] of the
orthorhombic cell. Bottom: A clinographic projection of the tetragonal structure.

6.3.2 10-coordination (bet) and a relationship between ccp and bee

A well-known 10-coordinated sphere packing is a lattice packing:

het | faimmm, a =V(3/2) = 1.225, ¢ =1, p = 2m/9 = 0.698, Centers in 2 a: f + 0,007

We refer to this structure as bet (short for body-centered tetragonal). Fi'g. 6.|21
illustrates the 10-fold coordination. The primitive cefl has ¢'=b'=c'=1, &' = B =
cosli-1/4) = 104.48°, ¥ = cos i(-1/2) = 120°. ]

The reader may wish to verify that the points on (110) planes form regular 3° nets as
illustrated on the right in Fig. 6.21. A description of this structure as 2 non-close-packed
stacking of 36 nets'is given in § 6.4.1 below. ' _ y

Other special cases of the body-centered tetragonal lattice are of interest. If @ =c= N3
= 1.155, the structure is the body-centered cubic (bee) arrangement of umt.spheres
(symmetry Im3m); and if a =1,¢ = \2 = 1.414, it is the face-centered cubic (ccp)
arrangement (with symmetry Fm3m) described in terms of a body-centered cell. It may be
seen then that bee and cep are simply related to each other by a tetragonal compression of
extension (Fig. 6.22). This relationship is known to mt?tailurglsts as the B.am rel_anonsiup
{or correspondence) and is of interest in connection with tl}c transformation of iron fFom
the v form (cep) to the o form (bee) on cooling. The high-temperature form of iron
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containing carbon is called austenite, on cooling it transforms rapidly with change of shape
to a body-centered tetragonal (nearly cubic) form called martensite. Transformations of (his
type, which do not require diffusion of atoms, are called martensitic and have been
extensively studied by metallurgists. [A. Martens (1850-1914) was a German metatlurgist.]

Fig. 6.21. Left: a fragment of the bet tattice showing 10-fold coordiration of a centrai atom. Right:
atoms on 2 3% neton a (110} plane shown shaded and connected by full lines.

Fig. 6.22. (a) Face-centered cubic with the cubic cell outlined with broken lines and a body-centered
tetragonal cell outlined with full lines. (5) a projected down the vertical axis. (¢} a projected with the long
axis of the tetragonal cell vertical on the paper. A cuboctahedron of atoms seen along a two-fold axis is
depicted. {d} A body-centered cubic cell. Nearest neighbors are the same distance apart 23 they are in a. (¢) d
in projection. (f} The 10-coordinated tetragonal packing with its ¢ axis horizontal on the paper. Its

refationship to body-centered cubic can be seen by comparison with e and to face-centered cubic by
comparison with ¢, ’

Tt should be obvious that the bee structure can be tetragonally deformed until it is
arbitrarily close to ccp, all the time keeping each sphere in contact with eight neighbors.
The bee structure is thus one at a local minimum (in coordinate space) of density.! It is less
ohbvious that the 10-coordinate structure (bet) can be deformed to the cep structure keeping

. e don"t pr‘eclude the possibility of some of these structures being at global density minima for a
given coordination srmber, The question has not been much discussed except for the case of four
coordination which gives the rarest (?) stable sphere packing (§ 7.5.2).

Sphere and Cylinder Packings 231

each sphere in contact with ten neighbors and that it is at a local density minimum.
However, this is simply demonstrated analytically and is similar to the 1i- to
12-coordination transformation discussed earlier (§ 6.3.1, p. 228) in that again we need a
lower symmetry cell for the general case. The symmetry is orthorhombic:

Imnnii, a2 + b2 = 3,1<qab £ Y2, ¢ = 1. Centers at 2a: f + (0,0,0)

The special casea =1, b= N2 (or a =2, b = 1) corrésponds to cep. The case a=b =
V(3/2) corresponds to the tetragonal minimum density (bet).

The body-centered tetragonal arrangement is not commeon in elemental structures—
examples are §-Hg (c/a=0.707)! and Pa (¢/a = 0.825)—but it is very often encountered in
the structures of intermetallic compounds {e.g. CuAu and MoSi (§ 6.6.2)].

6.3.3 Another I0-coordination: C-centered orthorhombic (cco) and further
relationships between bee, cep and hep

Another 10-coordinated sphere packing with the same density as bet is derived by
periodic twinning of bet on (101) planes. Fig. 6.23 shows, on the lefi, one such twin
plane in bet. On the cight in the figure is the new stracture with the positions of twin planes
indicated by arrows.

b1

Fig. 6.23. Twinning of body-centered tetraganal {see text), on the right the broken lines indicate a unit
cell (b vertical and ¢ horizontal).

The crystallographic description of the new structure, which we call eco (for C-centered
orthorhombic) is:

cco Crmcm, a = V(3/2) = 1.225, b = \(5/2) = 1581, ¢ = Y(12/5) = 1.549, p = 0.698
Centers in 4 ¢: C £ (0,,1/4), y = 3/10

The structure is a maximum volume form of 2 10-coordinated sphere packing with the
same symmetry and atoms in the same positions and with parameters given by:

IFor mercury ofa is sufficiently small that Hg atoms have only two nearest neighbors so that strings of
Hg atoms run parallel to ¢ (compare Fig. 6.16 /).



232 Chapter 6

a =13 - 8y/1 - 25)], b = V(1K1 - 290} c =V(8y), W <y < 1/3

When y = 1/4, the structure is ccp, with a = b = ¢ = ¥2; when y = 1/3, the structure is
hep, witha=1,5 = N3, e = V(8/3). For intermediate values of ¥ each sphere has 10
neighbors at a unit distance away. The position of maximum volume is for y = 3/10, when
the unit cell volume is 3 (compare 8 = 2.828 for cp). This is the same volume per sphere
as in the 10-coordinated body-centered tetragonal lattice packing (bet) described in § 6.3.2.

Fig. 6.24 shows the structure again projected on {100, but now with b horizontal and ¢
vertical. In going from cep (on the left) to hep (on the right), @ is decreased by V2, b is
increased by \4'(3/2) and ¢ is increased by V(4/3).

® O @ 0O ‘e 0O @ O ® O & O
O & O e O & O e cC e O €
e ole O ® ole® O e ole o
o e{o e o e 0 e o el 0 @

Fig. 6.24, Ulustrating the relationship between cep {left), y = 1/4; 10-coordinated packing (center) with y
= 3/10; and hep (right), y = 1/3.

If ath = alc for cep were reduced from 1 to 1/¥2 = 0.707 the structare would be bee
(the Bain relationship again), so the figure would also represent the transformation from
bee to hep. (So be careful in “reading” projections—check axial ratios.)

In general, periodic reflection twinning of body-centered ortherhombic cells (with

parameters a,, by and ¢;) on (011) in the manner indicated will produce the Cincm structure
with:

a=Gg. b= Wb+ cp2), ¢ = 2byeolh, y = U2 — c 21282

For bet, ag = by =V(3/2), cp = 1. Twinning this cell produces cco sphere packing.

For ccp, the “orthorhombic” (now actually tetragonal) cell with two lattice points has
ap=co=1,bp=v2. Twinning this cell produces hep (the {101} planes of the tetragonal
cell are (111) planes of the conventional cubic cell). '

For bee, a, = b, = ¢ = V(443). Twinning this cell produces bee again which is not
surprising as (101) planes of bece are already mitror planes.

To summarize, here are the parameters for important sphere packings in terms of Cmem
with points in 4 ¢; C & (0,y,1/4):

strecture a b c ¥
ccp V2= 1414 Y2 = 1414 V2 =1.414 /4
cco ¥{3/2) = 1.225 N(3) = 1,581 ¥(12/5) = 1,548 H10
hep 1 V3 =1.732 VB3 =163 173

bece 23 = 1.155 V(8/3) = 1.633 V8/3y=1633 1/

Sphere and Cylinder Packings 233

0.3.4 8-coordination: packing of trigonal prisms

By now the bee arrangement should be familiar as an example of an 8-coordinated
sphere packing. .

Another simple arrangement is provided by the points of a primitive hexagonal latiice
with @ = 1, ¢ = 1. This arrangement occurs as ene of the high-pressure polymorphs of
elemental 8i {a = 2.33, ¢ = 2.37 A at 20 GPa). It also occurs in several compoungd structure
types in which there is trigonal prismatic coordination of atoms, The vertices are those of a
space filling by trigonal prisms of which there are two per laitice point. (T'wo prisms
sharing a square face form a unit cell.) The density is p = 227 = 0.604,

The relationship between these two packings (cf and AP) is very simple, and interesting
in several contexts, although the general intermediate structore contains two kinds of sphere

" 80 it is not a packing of equivalent spheres. Fig. 6.25 compares a primitive hexagonal

lattice, described using a super-cell with three points per cell, with bee described using a
similar cell.

"Fig. 6.25. The relationship between primitive hexagonal (= hP, left) and bec (described using a

hexagonal cell, right). The distance between neighboring lattice points is the same in each case. The
conventional cubic cell for bee is lightly shaded.

The intermediate structure is trigonal:

Fiml,a=I03(1-23),c=1
One sphere at 1 a: 0,0,0; two spheres at 2 & £(1/3,2/3,2)

When z = 0 we have the primitive hexagonal structure (symmetry P6/mpum) and when z
= 1/3 we have the bee structure described with the hexagonal cell. Note that c/a changes by
only about 6% in the transformation. It shouid be noted also that in bee we have 36 layers
in A, B and C positions separated by ¢/3. The primitive hexagonal structure has these three
layers collapsed to one layer of three times the density.

Note that combining any two of A, B or € will give a honeycomb (63) layer. This
occurs if z = 1/2; at which point the structure is formally that of AlB; (§ 5.3.5) with
symmetry again P6/mmm (the honeycomb layers are B). The symmetry-breaking transition
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from z = 1/3 (bee) towards z = 1/2 is important in metallurgy and is known as the bee — @
transition.

There is a second way of filling space with trigonal prisms such that all vertices are
equivalent (Fig. 6.26). Make a slab of face-sharing prisms with prism 3-fold axes all
collinear. Now put such slabs together with the prism axes alternating. The pristn vertices
correspond to the centers of an 8-coordinated sphere packing:

HMilamd, a=1, ¢ = V12, p = 0.6046. Centers in 4 a: I + (0,3/4,1/8)

This is the Th arrangement of ThSi; {Si centers the trigonal prisms). It is also the
structure of a high-pressure polymorph of Cs.

Fig. 6.26. Space fillings by trigonal prisms that correspond to 8-coordinated sphere packings. Left:
primitive hexagonal. Right a tetragonal sphere packing.

6.3.5 Another 8-coordination: the J lattice complex

Another 8-coordinated sphere packing is of very frequent occurrence in crystal
structures, The arrangement is an example of an invariant lattice complex—an array of
symmetry-related points on fixed positions. The more-common of these are sometimes
described by symbols (see § 6.8.7) and the symbol for this one is J ..

J Pm3m, a =2, p = mV¥32 = 0.5554. Centers in 3 ¢: {0,1/2,1/2)k

Tt can be seen that this structure may be considered as derived from cubic eutaxy (cep)

I'The reason for this particular symbol is apparently ar association with the “jack” of the common game
of that name [W. Fischer et al., Space Groups and Lattice Complexes, National Bureau of Standards
Monograph 134 {1973)]. However the jacks familiar to us have six points and m3m symmetry whereas the
points in the J complex have 4/mmm symmelry and eight neighbors. Nevertheless we like the name because
of the association with K. H. Jack who appears to have been the first to point out the important
relationship of this array to hep [K. H, Jack & V. Guttmann, Acta Crystaliogr. 4, 246 {(1951}].

Sphere and Cylinder Packings 235

by removal of 1/4 of the spheres (those at 0,0,0) and thus it has 3/4 of the density of
eutactic arrangements. :

The J complex occurs notably as the anion array in the cubic perovskite (ABX3)
structure {met earlier in § 5.3.4) which can be thought of as a three-dimensional array of
cormer-connected octahedra of anions X centered by cations B. The BX3 arrangement alone
is known as ReOs3. The faces of the octahedra divide space into an equal number of regular
octahedra and cuboctahedra (centered by A in perovskite). The packing could therefore
also be considered as arising from a space-filling packing of regular octabedra and
cuboctabedra (Fig. 6.27). The A atoms center the cuboctahedra, and we note, i1l passing,
that the combination of A and X {AX3) is ccp (see § 6.6.1).

Fig. 6.27. Left: The J lawice complex shown as an array of corner-connected regular octahedra. Right:
The cuboctahedron “hole” in the packing,

In the cubic structure, the bond angle 8 = £B-X-B = 180°. If the octahedra are
maintained rigid but tilted (thus “crumpling” the array and reducing the bond angle 6) so
that cos1(-2/3) = 131.81...° < @< 180° each vertex will still have eight nearest neighbors.!

If all the octahedra (which remain undistorted) are rotated by an angle ¢ about a set
parallel <111> axes the arrangement can be converted from the cubic J structure (¢ =0) to
bexagonal eutaxy (hep) (¢ = £30°, symmetry P63/mme). If the octahedra are filled the
final BX3 arrangement is PdF3 (§ 6.1.5). The intermediate and final structures have
symmetry R3c. Referred to a centered hexagonal cell and unit-diameter spheres:

a = 8cosd, ¢ = Y48, Centers in 18 e: R % (x,0,1/4; 0,x,1/4; T.5, U431, x=(¥3 — tan ¢)12

It is interesting that the J structure can be considered to be composed of intersecting
kagome layers parallel 1o 211 {111}, The points at any one elevation in the hexagonal
structure such as z = 1/4 {with x,y = x,0 ; 0x and X,X) correspond to the points in a
hexagonal cell relating the kagome - 38 illustrated in Fig. 5.40 (see also Exercise 10 in
Chapter 5). Hexagonal eutaxy corresponds to a stacking of the 36 layers. In Fig. 6.28 try
to see how collapsing the kagome nets to 36 corresponds to rotations of the octahedra
alternately clockwise and anti-clockwise about {1111,

IFor @< cos ! (~2/3) inter-octahedral X...X distances will be less than the intra-octahedral distances.
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Using the symbols of § 6.1.6, the stacking of kagome layers along [111] is N;N2N3.

Fig. 6.28. Left: the octahedra of the J arrangement shown with [111] vertical on the page. Part of a
kagome (3.6.3.6) net in a ¢111) plane is heavily outlined at the top. Right: the sams set of octahedra after
rotation as described in the text so that the vertices are hep. The figure iltustrates the transformation ReQO3
— PdF3.

6.3.6 Another 8-coordination: the pyrochlore packing

Another interesting 8-coordinated arrangement can also be considered as arising from a
different array of corner-connected octahedra. We call it the pyrochlore packing as it is an
idealization of the octahedral framework in compounds with the pyrochlore structurel:

pyrochlore Fd3m, a = 16M18, p= 2720156 = 0.468
centers in 48 £ F & (x,1/8,1/8 ; 1/4-x,1/8,1/8 ; X,3/8,3/8 ; 3/4+x,3/8,3/8)x, x = T/16

Fig 6.2%a. A “pyrochlore unit” of four octahedra sharing vertices. The space at the center is an “empty”
octzhedron, . '

lerochlore is a mineral of variable composition: (Ca,Nay(Nb,Taly0g(Q,0HF).

Sphere and Cylinder Packings 237

The structure may be thought of as composed of “pyrochlore units” of corner-sharing
octahedra such as illustrated in Fig. 6.29a. Further corner sharing between units produces
the structure shown in Fig. 6.296.

Fig. 6.295. The pyrochlore packing as corner-connected octahedra. The drawing consists of a face-centered
cubic array of the “pyrochlore units” of Fig. 6.29a.

The same arrangement occurs in intermetallic compounds: for example as the W
arrangement in FeaW3C (with C in the octahedra).

6.3.7 Another 8-coordination: the § lattice complex

The final 8-coordinated sphere packing that we mention is another invariant cubic lattice
complex (symbol 5). A formal description for unit diameter spheres is:

s fA3d, a = 8M14 = 2.138 , p = 27/a> = 0.643
Sphere centers in 12 a: J + (3/8,0,1/4 ; 178,0,3/4)x

The points of this arrangement divide space up into irregular octahedra (actually
metapristns) and irregular tetrahedra. The metaprisms form non-intersecting rods along
«111> by sharing triangular faces. In Fig. 6.30 these rods are shown in a projection down
1111}. The packing of rods in four different directions is the same as in the garnet cylinder
packing to be described in § 6.7.3. Each metaprism also shares a face with a metaprism in
each of three rods not paratlel to it, so each metaprism shares a face with five adjacent
metaprisms. A high-pressure form of elemental Ga has this structure. It also corresponds
to the Th positions in the important ThaPy4 structure type.
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Fig 6.30. Left: The § stucture projected dowa [111]. Dark shading indicates [111] rods of face-sharing
metaprisms. Right: parts of three rods parallel to the ather three <1 11> directions are emphasized. ’

There are four-thirds of an octahedron (metaprism) and one tetrahedron for each sphere
in the § packing. In ThaPy, P atoms center the metaprisms. The centroids (equidistant
from all six vertices) of the metaprisms are in 16 ¢: ] + (x.x.x 5 Vd+x,1/44x, 1 /445,
1/2-x,%,1/2+x ; 14-x,3/4-x,3/44x)K, x = 1/12, The real structure of ThsPgq (for data see
Appendix 3) has x close to this “ideal” value. The centroids of the tetrahedra are in 12 b: T
+ (7/8,0,1/4 ; 5/8,0,3/4)x. Note that the tetrahedral sites {12 &) also form an S lattice
complex displaced from the 12 & positions by 1/2,0,0. Filling 12abyAand 12h by B
would give a (hypothetical) 4-coordinated structure AB that is its own antistructure. The
tetrahedral sites are far from regular; in the AB structure just described the ABA angles are
99.6" (4x) and 131.8 ° (2x). Taken together the A and B positions form a 4-connected net
known as §* which is deseribed in § 7.3.12.

There is a sense in which the § structure is intermediate between the primitive hexagonal
and ep arrays. Thus consider the division of space into tetrahedra and/or 6-coordinated
figures (prisms, metaprisms or antiprisms): (Here Ng and N4 are the numbers of six- and
4-coordinated sites per packing atom.)

structure Ng N4
primitive hexagonal 2 0
S (ThzPy) 4/3 1
eutactic (cp) 1 2
bee 6

6.3.8 7-coordination and a relation between FeSi and NaCl

7-coordinated sphere packings can be obtained in a rather obvious way by prismatic
stacking of 5-coordinated layers. We describe such a stacking of 33.4% nets in § 6.4.2 and
a stacking of 32.4.3.4 netsin § 6.4.3.

Another, less obvious, 7-coordinated packing, again for spheres of unit diameter is:
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Pa3, a =415 - ¥3) = 1.868, p = 0.6802
Sphere centers in 8 & Hrxx ; (124,126 X)), x = (5 -1)/8 =0.155

Note that for x = 1/4 we have a primitive cubic structure with a doubled cell edge (8
Tattice points). The transformation from the primitive cubic structure to the Pa3 structure
{(and vice versa) involves displacements along all four <111> directions and is rather
difficult to illustrate; the neighbors of the points in one unit cell are shown in the top part of
Fig. 6.31.

Fig. 6.31. Top: the Pa3 7-coordinated structure (right) compared with the primitive cubic structure (left).
Bottom: alternately coloring the points in these structures produces NaCl (left) and FeSi (right).

We have seen that the anions in fluorite (CaF3) are in a primitive cubic array. In PdF
recovered from high pressure (under which conditions it probably is fluorite) the F array
is the Pa? structure. For crystallographic data for PdF; see Appendix 3.!

If the eight points in 8 ¢ of Pa? are alternately colored black and white in such a way that
(e.g.) those at x,y,z are black and those at 1-x,1-y, 1~z are white, the symmetry is lowered
to P23 and the two sets of points are at 4 a2 x,2.x ; {124x,1/2-x3). this corresponds 1o
the situation in idealized FeSi with xpe = 1-xg;. (In the real structure of FeSi, xpe =
0.136, xg; = 0.844—see Appendix 5). Similarly coloring the points of the primitive cubic
array produces NaCl. We have therefore derived a simple relationship between these last
two structures as also shown in Fig. 6.31.

LThe reported symmetry of this form of PdFy is actually P23, but the parameters are very close to
what they would be for Pa3 symmetry (A, Tressaud & G. Demazeas, High Temp. High Press. 16, 303
{1984)] and these are given in-Appendix 3.
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6.3.9 6-coordination: the T lattice complex and cristobalite

.Structures with lower coordination numbers are better described as nets [systems of
points (_atoms) connected by edges (bonds)]. However we will consider here a few
6—c90rdmated sphere packings. The first is with spheres at the points of a stmple cubic
lattice. Note that a cube is a special case of a rhombohedron (with &= 90°), It should be
ch?ar. tpat a cube of unit edge can be smoothly distorted to a thombohedron with & = 60° {a
primitive cell of fec) so we have a simple way of transforming from simple cubic to face-
c;ntered cubic. The intermediate symmetry is R3m and as long as ¢ > 60° there are only
six nearest neighbors. Therefore, this 6-coordinated sphere packing can approach
arbitrarily close in density to that of closest packing (12-coordinated).

Tig. 6.32. The 7' structure shown as corner-connected tefrahedra.

A sec-ond t_i-coordinated packing we discuss here has centers of spheres at the points of
another invariant cubic lattice complex (symbol 7). :

T Fd3m, a =8, p=0.370. Sphere centers in 16 c: F + (0,0,0; (0,1/4,1/4)%) -

ThlS is another pattern that occurs in a wide variety of crystal structures. It is the oxygen
positions of an idealized high-cristobalite (B-cristobalite) form of Si0On, so it is sometimes
(a little misleadingly} called the cristobalite arrangement. Other notable occurrences are as
the sites of the octahedrally-coordinated atoms in the spinel structure and the pyrochlore
struc_ture, and the Cu atoms it the MgCus structure (§ 6.6.3). The structure can be
considered as made up of corner-connected tetrabedra as shown in Fig, 6.32. Examination
of the figure will show that the points fall on kagome (3.6.3.6) nets parallel to {111} as
they do in the J structure. However now the kagome nets normal to sny one <111>
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direction alternate with 3% nets with twice the spacing between points. The empty space
(not in the tetrahedra) in the structure is made up of a packing of truncated tetrahedra,
accordingly the structure can be considered as arising from a packing of regular tetrahedra
and truncated tetrahedra.! _

Using the symbols of § 6.1.6, the stacking of atom layers normal to [111] inthe T
structure i5 NyxzNonNana...—the same as that of the Al atoms in the spinel structure.

The 7T structure can be collapsed by concerted rotations of the tetrahedra about 4 axes to
produce denser arrangements {in much the same way as the / structure is converted to hep
by rotations of octahedra) as illustrated in Fig. 6.33. Let B represent the centers of the
tetrahedra and X the vertices. Analytical descriptions of these transformations are, in terms
of u = cosg, 5 = sing and t = tand (¢ is a rotation angle discussed below):

(i) T — cubic eutaxy: .

#A2d, a=2u, c =%
Xin 8d: I+ (x,1/4,1/8 ; ,3/8,1/8 ; 3/4,x7/8 ; V43, 7/8), x=1/4
Binda: [ +(0,0,0; 1/2,0,3/4)

When ¢ = O° the structure is the cubic 7" pattern described with a body-centered
tetragonal cell. When ¢ = 45" it is cep described with a doubled cell (¢ = 2a). Note that the
density increases by a factor of two in going from T to cep.

If atoms A are in positions 4 5: I+ (0,0,1/2 ; 1/2,0,1/4) we have stoichiometry ABXz. If
¢ =45°, both A and B are tetrahedrally coordinated by X and we bave a superstructure of
sphalerite (ZnS); an example is chalcopyrite, CuFeS2. If A is larger than B, then ¢
{= tan-1(4x)] is smaller, allowing the {A}X4 tetrahedron to expand, thus for CdSiPz, x =
0.21 (¢ = 40°).

(ii) T — li-coordinated.

P41212,a=t+a,c= V8u

Xin8b: oy vl 67,124z F.X5 122 ) 1/2-x 1 2+y 14—z ;
12—y, 1/2+x, 14—z | 1/24x,1/2~y,3/4—z ; Y2+y, 1/2-x3/-7),

x=w2+2u),y=5/2+2u), 2= (1 +0)/8

Binda: (xx0; 53,12 12-x,1/2+x,1/4 5 12+x,1/2-x,3/4),

x= (1 +u+ 4+ 4u)

This P41212 structure is actually an idealization (regular tetrahedra) of the anion
positions in the low-cristobalite form of SiO;. ¢ = 0° corresponds to T and ¢ = 45°
corresponds to the 11-coordinated packing described in § 6.3.1. Just as there are
compounds ABX; with 1424 symmetry, there are also ternary compounds with £4122
symmetry. Examples include LiA1Q, and NaAlQy with different values of . IfA=Bwe
have the structure of 3-BeO, which we meet again in § 7.3.3. Cristobalite is intermediate,

IThis structure is just one of an infinite number of ways of packing these polyhedra (see the discussion
af the MgCuy and the MgZng structures in § 6.6.3).
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* with ¢ = 20° at room temperatare.! Note that, like the quartz form of §i0y, cristobalite
exists in enantiomorphic forms with symmetry either P412;2 or P432(2.

I'ig. 6.33. Partial “collapse” of the idea! cristobalite (top left) to the 7A2d structure (top middle) and to the
P412)2 structure {top right). The structures are projected down ¢ and the centers of the tetrahedra are at
heights differing by ¢/4. ¢ = 22.5" in the two derived structures. The lower part of the figure shows how a
tetrahedron appears in projection after rotation about a 4 axis.

There is a third way (with symmetry Pra2,) to collapse the T structure by concerted
rotations of tetrahedra, this time to give hep, but in the intermediate arrangement the
structure has two crystallographically-distinct spheres.2

6.3.10 Another 6-coordination: the Y lattice complex

Our last sphere packing with 6-coordination is alse cubic:

P23 a =182 - 20+ Y2, 05 x < 1/4
Sphere centers in 4 @: (rx.x ; (1242, 122,00}

I x =0 (or 1/4 or 1/2 or 3/4) the arrangement is face-centered cubic (cubic eutaxy) with
12-coordination. If x is changed frem O then there are six nearest and six next-nearest
neighbors. Increasing Lxl from 0 corresponds to displacing the centers of spheres along all
four <111> directions (cf. the Pa3 7-coordinated packing desctibed in § 6.3.8 abave). The
density is a minimum for Ixl = 1/8 at which point the unit cell parameter (for equal spheres)

INote that if we consider the [Si}0O4 tetrahedra in cristobalite to be rigid, compression along ¢ will
Tequire ¢ to increase (to decrease c), and hence & will decrease also. Materials that behave ia this way
(contracting in a direction normal to an applied compressive stress) are rather rare, but cristobalite is one. It
terms of elasticity theory, it is said that it has a negative Poisson’s ratio.

2For a detailed account of these transformations, and their refevance to crystal chemistry, see
M. O'Keeffe & B. G. Hyde, Acta Crystallogr. B32, 2923 (1976). )
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is ¥(8/3) and the density is V(32)m'3 = 0.481. The symmetry is now P4332 and the sphere
centers are on the invariant cubic lattice complex +¥ with coordinates (1/8,1/8,1/8 ;
5/8,3/8,7/8)x. Fig. 6.34 (which might be compared with Fig. 6.31) shows unit cells of
ccp (using x = 1/4) and *¥ for comparison. The six neighbors of +¥ are at the vertices of a
trigonal metaprism (symmetry 32) as indicated in the figure.

The Fe {or Si) atoms in FeSi are close to the Y packing. As we saw in § 6.3.8
converting the Fe and Si arrays to two inter-penetrating cep arrays produced NaCl. But
two inter-penetrating cep arrays also describes sphalerite (ZnS, see § 6.1.2), the
difference is that in NaCl the two arrays are displaced by 1/2,1/2,1/2; in sphalerite they
are displaced by 1/4,1/4,1/4 (or 3/4,3/4,3/4). Thus the transformation +Y - ecp can also
be used to describe FeSi — sphalerite. A description of the three structures in terms of
a P2;3 cell is:

‘NaCl Na= 025 xc1 =075
FeSi xpe= 0.15 xg;= 0.84
Zns xzn= 0.0 x5 =075

Fig. 6.34. Left: a unit cell of cep. Center: a unit cell (fifled circles) of *¥; the neighbors of one pqim are
shown as open circles and the twe equilateral faces of the trigonal metaprism formed by those points are
lightly shaded. Right: the same coordination metaprism viewed down a 3-fold axis.

6.4 Sphere packings with cube and trigonal prism sites as stackings of two-
dimensional nets

Many of the sphere packings in crystal structures are simply described as a_stackjng of
planar nets; particularly 36 and 4% If we remove the restriction to closest packings of such
layers, structures can be generated with sites that are erigonal prisms or cubes. Here we
extend our notation for describing structures based on closest packing to include these other
packings also. We give many examples of real structures based on the id_ealized sphere
packings; crystaliographic data for these compounds are collected in Appendix 3.

6.4.1 Non-close-packed stackings of 3% nets

We have already discussed closest packings as a stacking of 36 nets in positions labeled
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A, B or C. We did not allow sequences involving two layers in the same position. In a
sequence AB the spacing between layers of unit-diameter spheres is assumed to be (at least
close; to)} V(2/3) = 0.816. A sequence AA requires layers to be (close to) unit distance apart
anq indeed the symbol A (= AAA...} could be raken to stand for a primitive hexagonal
iz}ttwe sphere packing (c/a = 1). Allowing like letters to repeat gencrates trigonal prismatic
sites between the layers. For A4 these sites are at positions § and y at the same level and
together they form a 63 net within the layer as shown in Fig. 6.35. For AIB» (Greek letters
now for B, and parentheses enclose sites at the same level) the sequence is
A{BNA(BYA... showing that B atoms fill el the trigonal prism sites of a primitive
hexagonal Al structure and form a 63 (honeycomb) net, as described in § 5.3.5.

Fig. 6.35, Left: The position A of a ep layer and two trigonal prism sites o and 8 between two A layers.

Center: illustrating that the B and ¥ sites together for a 63 net. Right: th i i
. . : the pattern of t
just the B sites are occupied. ¢ d o rigonal prisms whe

' Fig. 6.35 also shows the pattern of trigonal prisms when one half of the trigonal prism
-Sites are occupied. A simple structure of this type is WC which may be written (with Greek
letters for C) ABAPA.... As shown in Fig. 6.36, the {C} W trigonal prisms form infinite
co_lymns by sharing their triangular faces.! It might be noted that the structure is its own
antistructure so there are also {W}Cg trigonal prisms.

Fig. 6.36. Left: WC as {C}Wg trigonal prisms. Right: NiAs as {As)Nig trigonal prisms.

1 . .
Nete that B and € are notations for layer positions, but B and C are symbols for chemical elements!
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NiAs was described eaclier {(§ 6.1.5) in terms of hep As and can be coded (with Greek
letters for Ni) as BaCaB; the structure with symbols for cations and anions reversed is
ABAvA.... The layers of trigonal prisms are the same as in WC, but now adjacent layers
are staggered so that trigonal prisms share only edges between the [ayers as illustrated in
Fig. 6.36.

We next consider some patierns in which stackings of the AA type containing trigonal
prism sites are mixed with those of the AB type that contain tetrahedral and octahedral
holes. Special interest attaches to slabs A4 with half the trigonal prism beles filled, and to
slabs AB with either all the octahedral holes or all the tetrahedra holes filled. Fig. 6.37
shows these three kinds of slab. Notice that the faces of the polyhedra occupy one half of
the triangles in a ep layer (c¢f. Fig. 6.35, right); a consequence is that slabs of these sorts
can be joined without polyhedra sharing faces, as in the structures to be described next.
Notice that an isolated octahedral or trigonal prism slab of X between two ¢p ¥ layers has
stoichiometry XY>: when the ¥ are shared between two slabs the contribution to the overall
stoichiometry is XYa/2 = X¥. An isolated tetrahedral layer has stoichiometry X2¥7 and a
slab sharing Y with adjacent slabs contributes X3 ¥y = XY to the overall stoichiometry.
We have already discussed (§ 6.1.5) Lag03 with hep La and alternating octahedral slabs
(OLa) and tetrabedral slabs (OzLa).

Fig. 6.37. From left to right: pasts of layers of trigonal prisms, cctahedra and tetrahedra.

Two 10-coordinated packings with the same density are: AABB... and AABBCC...

"AABB PGa/mme, a =1, ¢ = 2 + V(8/3) = 3.63, p = 2#/(¥18 + ¥27) = 0.6657
‘ Centers in 4 £ +(1/3,2/3,2 ; 1/3,23,1/2-2), 7 = 1/(4 + ¥24) = 0.112

We have in fact met this structure as the Ti packing in TiP (see § 6.1.5, especially Fig.
6.13, p. 220). With Greek letters for P the packing is AyBaByAPA.... P(1) is in
octahedral holes (}) between A and B layers. P(2) is in trigonai prismatic holes: § between
Ad layers and -y between BB layers. The combined P packing yeyf... corresponds to ke
close packing (but note that the packings cannot correspond simultaneously to ideal AABB
cation packing and ideal ke anion packing as the two packings have incompatible spacing
requirements).

The same cation packing is found in Sc20,8 which may be coded with Greek letters for
0,5 as APaByBoPAy... This shows that the tetrahedral sites between AB layers are filled
{these are O atoms) and one-half the trigonal-prismatic sites between AA and BB layers are
filled (these are S atoms).!

If one wants o be completely explicit, the elemental symbols could be used as subscripts.
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In the TiP and Scz078 structures thé filling of sites in the trigonal prism Jayers is
dictated by the requirement that the trigonal prisms do not share triangular faces with
occupied octahedra (in TiP) or occupied tetrahedra (in Sc3028) in adjacent layers. In the
hexagonal structures of MoS2 and NbSy the anion packing is AABB but the interstices in
the AB slab are empty so there are isolated trigonal prism layers and it does not matter very
much therefore which set of sites is filled in these layers. In the 2H,, structure of NbSej the
sequence is AYABYB... and in the 2H}, structure of MoS; the sequence is ABABQB... .

in the structure of BaCu, Ba has the same (AABB) packing, with Cu in af! the trigonal
prism sites: with Greek letters for Cu, the stacking sequence is A(PPAB(anB. Notice
that the Cu atoms are on 63 nets and the structure could be described as an intergrowth of
AlB3 slabs BaCuy with cp slabs Ba.

The second 10-coordinated sphere packing (AABBCC) is thombohedral:

AABBCC R3m,a=1,¢=3 +6. Centers in 6 c: R + (0,0,2), z = 146 + V24) = 0.092

The S atoms in 3R MoS, have this arrangement; with Greek letters for Mo the sequence
is ABABYBCaC. The pattern of filling of trigonal prisms destroys the center of symrmetry
and there are two kinds of § atom in the structure (for data see Appendix 5). _

There are other ways of stacking parallel 3% nets.! Adjacent layers can be stacked so
there are only two contacts for each sphere with neighbors in an adjacent layer. Fig. 6.38
indicates the appropriate positions, labeled D, E and F. Notice that positions D, E and F
are only relevant for stacking over an A layer. For unit spheres in contact the spacing
between layers such as AD is ¥3/2 = 0.866.

Fig. 6.39. bet projected on (110) shewing the AD stacking of 36 nets {filled and open circles
respectively). The cell outlined by dotted lines is a face centered teiragonat cell ¥2a x ¥2a x ¢ {a is the edge
of the bedy-centered tetragonal cell). ¢ is horizontal on the page.

‘See also A. F. Wells Structural Inorganic Chemistry [3th Ed. Oxford (1984), Chapter 4].
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A sequence such as ADAD... , illustrated in Fig. 6.39, comesponds toa 1_0-coordinated
sphere packing (6 neighbors in each layer and 2 above and 2 below) and is, in fact, our ‘?ld
friend bet (§ 6.3.2). The nets are (110) layers of the body-centered cell (shown in Fig.
6.21, p. 230) or (100) layers of a face-centered cell {indicated in Fig. 6.?{9).

The 10-coordinated sequence ADEF is closely related to het (which is AD) and has the
same density. The structure is orthorhombic:

ADEF Fddd, a=1,b=Y3, c="12. Sphere centers in 8 a: F % (1/8,1/8,1/8)

1-Pu has this structure (see Exercise 9}. Fig 6.40 (which should be compared with
6.39) illustrates the structure projected on (001).

5/8

Fig. 6.40. The 4-layer sequence ADEF of stacked 36 layers with Fddd symmetry projected down e. (h is
horizontal on the page). Numbers are elevations in units of ¢.

p @O0

s O8O0

c —8—O-8—0O-8

x —O—e-0—eO

» @009 c
s O—e—C—e0 a‘_J

[ —'."O—.—O_.

Fig 6.41, An 1l-coordinated sphere packing obtained by stacking 38 nets as dBSCrib'ed in .the text._Left:
projected on (001) (b vertical on the page). Depth of shading indicates increasing elevation. ng_ht: px.'ajecte.d
on (100). Open and filled ¢ircles represent sphere centers with x = 0 and 1/2. The orthorhembic unit cell is
cutlined (¢ vertical on the page).

There are many other possibilities, but they are not very common in crystal chemistry.
One of the simpler is the sequence of two close-packed layers, say BA fol]o_wed by D
which, in turn, is followed by another close-packed layer. This fourth ]a)l(ea.' is not in a
position to which we have yet applied a label; it is shown in Fig. 6.41 where it is labeled X.
This is an 11-coordinated sphere packing; for example, a sphere in an A layer has 6
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neighbors in the layer, 3 in the B layer and 2 in the D layer. The crystallographic
description of this packing is: '

Cmea,a=1,b=43, c =V(8/3) + V3, p = 459 + V72) = 0.719
Sphere centers in 8 £ €& (05,2 ; 0y, 1/2—2), y = 1/6, 2 = 342 = 2

The density is the same as that of the tetragonal |1-coordinated sphere packing of
§ 6.2.1; it would be nice to know if a less dense 11-coordinated packing exists.

6.4.2 Non-close-packed stackings of 4% nets
Recall that ccp can also be described as a stacking of 4% nets. A number of other sphere

packings (not closest sphere packings) can also be so described. It is convenient now to
recognize four positions for the layers: A, B, C and D as shown in Fig. 6.42.1

A B C D
Fig. 6.42. The four relative positions for stacked 4% nets. The full lines outline a square cell.

A pair of layers packed AB (or, equivalently, CD) corresponds to a (100) slice of ccp
and for unit spheres, the spacing between layers is (ideally) 1/42.2 Such a slab contains
tetrahedral sites. The octahedral sites of ecp lie in the A and B layers, so the siab also
contains half octahedra (square pyramids). Thus to have octahedral sites a three-laver
sequence such as ABA is necessary. The tetrahedral sites lie in the plane half way between
A and B in both the C and D positions (see Fig, 6.43). The slab with filled sites could
therefore be coded (using Greek letters for the tetrahedral sites) as A(yO)B with
parentheses again being used to enclose atoms at the same level. This vnit is a very
common element of crystal structures and we refer to it as a fefragonal terrahedral layer
(to distinguish it from the hexagonal slab of tetrahedral sites between two 36 layers). Itis a
(100) layer of fluorite. Notice that the tetrahedral sites are on a 4% net of twice the density
(dotted lines on the left in Fig. 6.43),

Such layers occur in the litharge form of PbO with O in the tetrahedral sites and the
mackinawite form of FeS (indeed they are sometimes called mackinawite layers} with Fe in

IThere should be no risk of confusion with the symbels for stacking 4% nets with those for stacking 38
nets as long as it is made clear to which one refers. Paratlel 36 and 4% nets of equal-sized spheres are
incommensurate so mixed stackings do not normally oceur.

2Beware! If the spacing between the layers is 1/2 one has an element of bee.
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tetrahedral sites. The overall cation packing in PbO is approximately ccp as the sequence is
A(YBBA(YS)B... but in the real material the inter-layer spacings are not exactly the ideal
values.

Qe Qe

Oon

Fig 6.43. Left: plan view of two 4% layers of spheres (open and filled large circEes)_ stacked AB; the
smaller circles indicate the location of tetrahedral sites between the layers. Center: some of the tetrahedra are
shown, Right: the same in elevation. .

PHFCI (matlockite) is an impostant example of a structure type with tetragonal
tetrahedral layers, and as it is one of the most commonly-occurring of all ternary structures
we digress a little to describe it here. The stucture goes under several names and we a}l:?o
use BaMgSi for anti-structure compounds in which Ba + Mg repl.ace Ci+F;in
Pearson’s Handbook {Book List) it is catled Cu8b. It is related to PbO in the sense that
there are (PbF} tetragonal tetrahedral layers with stoichiometry Pb2F2 but they are now
interwoven with two layers of Cl on 4% nets. Now the tetrahedral layers are further apart,
and in isostructural compounds like LaQX (X = Cl, Br, I) with layers olf {O}Lag t_etrahedra
of almost constant size, the interlayer spacing is determined by the size of the interlayer

atoms X.

Fig. 6.44. The structure of PFC. Left: showing the layers of edge»sharing_ [F_} Phy tetrahedra with C1
atoms in intervening layers, Right: showing the {C1}Pbs and {Pb}ClsF4 coordination polyhec_lra around the
two atorus identified with 1abels on the left. F atoms (not shown on the 1eft) are stnall filled circles.
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Figure 6.44 illustrates the structure of POFCL Fisin a {F}Pby tetrahedron and Clis in a
{C1}Pbs square pyramid. The Pb coordination is an irregular square antiprism with a small
¥4 square face and a larger Cly square face; this larger face is capped by a fifth Cl to give
Pb a 9-coordination, {Pb}ClsF4.

We return now to a discussion of further packings of 44 layers. A sequence such as AC
with spacing V3/2 will generate an element of primitive hexagonal packing, in fact a (1010)
layer, and a continuing sequence AC... (or AD... or BC... or BD...} is primitive hexagonal
with the 6 axes of the trigonal prisms perpendicular to the stacking direction as can be seen
from Fig. 6.45.

Fig. 6.45. Iilustrating that non-close-packed stacking of 44 tayers can generate a primitive hexagonal
~ array. Left: a sequence of 4% ayers. Right: the trigonal prismatic sites are shaded.

A sequence such as AA, with unit spacing between the layers, corresponds to a slice of
primitive cubic in what should be an obvious way.

We now describe some other stackings of 44 layers which correspend to packings of
equivalent spheres and which are encountered in crystal chemistry. As discussed above
they can contain trigonal prism and cube sites as well as tetrahedral sites between two
layers that are in closest packing. We assume the interlayer spacings to be those for spheres
in contact.

ACBHD: This corresponds to a packing of trigonal prisms with their axes pointing in two
orthogonal directions (and normal to the stacking directions). The symmetry is 14 /amd
(with the 4-fold axis parallel to the stacking direction) so the prisms do not have 6-fold axes
in the structure. We have described this 8-coordinated packing in § 6.3.5 (see Fig. 6.26).

ABCD. This is a 10-coordinated sphere packing (it has the same density as the 10-
coordinated stackings of 36 nets described above) and might be considered an intergrowth
of cep (the AB and CD parts) with primitive hexagonal (the BC and DA parts). The
symmetry is now orthorhombic:

ABCD Cmem,a=c=1,b="2+ V3. Centers in 4 ¢ C + (O,y,1/4), yu(3 —Wfﬁ)ﬁi

This packing is found as the structure of one of the high-pressure polymorphs of Ga. I
the trigonal prism sites (between the BC and DA layers) are filled, the important CrB
structure type (B in the trigonal prisms) is obtained. In UBC, in addition to B in the
hexagonat prisms (of U), there are C atoms in the square pyramids.

The structure is shown in three ways in Fig. 6.46, first as a stacking of 44 nets,
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secondly with the trigonal prisms shaded in, and finally as a pmjer.:tion down a. In the last
case the trigonal prism centers are indicated; notice that they form zig-zag rods parallel to c.

Fig. 6.46. llusirating an ABCD stacking of 4% layers (CljB Packing). In tl}c middle the m%(.malv prt::j
layers are shaded. On the right the structure is shown in projection on (}00) ('hght and dark shading s u =
to differentiate prisms with centers at x = 0 and x = 1/2). The trigonal prism sites are shown as larger circ
connected by lines to their nearest neighbors.

We digress to describe a related 10-coordinated sphere packja?g of the same densluy that
is not however usefully described as a stacking of layers. In this structure we again ha\ée
trigonal prisms, but now in columns (rather than slabs) imd the sPhere pacl'cmg correspon ;
to the Fe atom positions in (idealized) FeB B 'is in the_ trigonal prlsms)._ Fig. 6.4(;1
compares the two packings. In both structures the trigonal prism centers form zig-zag rods
which are normal to the plane of projection in Fig. 6.47.

FeB packing Prma,a=19062, b=1,c=1.6506
’ £ Sphere enters in 4 ¢: H(x, 1/4.2 ; 1/24x,1/4,1/2=7), x = 0,1811, z = 0.1383

Fig. 6.47. Lefu: the CrB sphere packing (of Cr) projected en (001} {_cornpare fig. §.46). Open and filied
circ‘les are at z = 1/4 and 3/4 respectively. Right: the FeB sphere packing (of Fe)projected on (010). .Oper;
and filled circles are at y = 1/4 and 3/4 respectively. In both cases shaded rectangies ave columms of trigona

prisms sharing square faces.

ACDABDCE: This is another 10-coordinated sphere packing of the same dens-ity.alnd
c-an similarly be considered as an inter-growth of aliernate layers of cep and primitive
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hexagonal. It is tetragonal:

ACDABDCB Mjamd,a=1{,c=8 + V12 = 6.293
Sphere centers in 8 e: 1 % (0,1/4,2 ; 0,3/4,1/4+2), z = V3/[B(Y2 + ¥3)] = 0.0688

This occurs as the Mo packing in &-MoB (with again B i i i ic si
gain B in the trigonal prismatic sites,
now betw;en A“C, PA, fBD and CB). In contrast to the previous case (ABCD, CrB), the
,mgogal prisms point” in two different directions as shown in Fig. 6.48 (which should be
compared with the middle of Fig. 6.46). 5-MoB is CrB.

Fig. 6.48. Illustrating an ACDABDCE stacking of 4% layers (¢ is harizoantal).

AABB: This is a 9-coordinated sphere packing and might be considered an intergrowth

of cep (the AB and BA parts) with primitive cubic (the AA and BB
e ( an parts). The symmetry

AABR Mimmm,a=1,c=2+V2, p=21/(6 + V18) = 0.6134
Sphere centers in 4 &: /£ (0,0,2), z = /8 = 1.3536

Fig. 6.49. A projection of the AABB stacking of 44 layers of Te atoms in ThyTeNs showing the layers
of tetrahedra (centered by N) and cube sites (centered by Te). The prajection is down a with ¢ running across
the page. The cube centers are at x = 0 and x = 1/2 {differentiated by light and darker shading).

In ThyTeNy N atoms are between the AB and BA slabs of Th, forming tetragonal
tetrahedral layers (cf. Fig. 6.43) with stoichiometry NaTha. The Te atoms are between the
AA and BB layers of Th. Using Greek letters for Te and N, the structure is
ABA(YD)BaB(¥S). An idealized version (with regular tetrahedra and cubes) is shown in
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Fig. 6.49. ThyTeNz is a member of the largest of all groups of ternary structure types. It is
usually named fot the antistructure compound ThCrzSiz (in which Th and Cr play the role
of Te and N in ThyTeNy) but in Pearson’s Handbook (Book List) it is called BaAly. The
structure type is similar to PbFCI in having tetragonal tetrahedral layers and a wide range
of cfa according to the size of the atom between the layers (in the “cube” sites).

ACCA: This is a 7-coordinated sphere packing and is an intergrowth of primitive cubic
and primitive hexagonal. The symmetry is orthorhombic:

ACCA Cmmm,a=c=1lb=2+3=27321 :
Sphere centers in 4 j: Cx{0y.1/2), y = 174 + \112) = (L1340

The ACCA packing is that of Fe in the Fe; AlBg structure. Al fills the cube sites (between
AA and CC layers of Fe) and B fills the trigonal prism sites (between AC and CA layers).
The structure may be also considered as a prismatic stacking of 3342 nets as shown in Fig.
6.50.

Fig. 6.50. ACCA stacking of 44 nets of Fe in FegAlBg. Left: viewed normal te the stacking direction
(vertical on the page}. Right: as a clinographic projection. The trigonal prism sites (filled by B) are shaded,

and the cubes (occupied by Al, not shown) are outlined.

6.4.3 Stacked 32.4.3.4 nets

Stacking of 32.4.3.4 layers produces 7-coordinated sphere packings with a variety of
interstitial sites—cubes, square antiprisms (better metaprisms}, trigonal prisms and
tetrahedra—and many crystal structures are baséd on filling some or all of the interstitial
sites in these packings. In this section we briefly describe some of the simpler such
structures (crystallographic data for real materials are in Appendix 3.

For a prismatic stacking (i.e. one directly above the other) of 32,4.3.4 layers the formal
description for spheres of unit diameter is:
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Paimbm,a =2 +v3) = 1932 e =1, p = 0.5612
Sphere centers in 4g: £(x,1/24,0;1/2-x,x,0), x = 1416 + V192) = 0.1830

- The interstices in the sphere packing are cubes and trigonal prisms. In LiY3Sis, Li is in
all the cut_:e sites and Si in all the trigonal prism sites of the Y packing as show:; in Fig
6.§1. Notice that the atoms in the trigonal prism sites come together in pairs (St ir;
LiY38iy). The structure is usually called UsSis. :

Fig. 6..51‘ Pris_matic_ stalu:king of 32.43.4 nets projected on (001) showing the cube sites (darker shaded)
and trigenal prismalic sites that ocour in pairs (joined by heavy lines},

Another staf:king of 32.4.3.4 nets is of rather common occurrence in crystal structures.
Now the nets in each layer are displaced by 1/2,1/2,1/2 to make a two-layer stacking as

g- 6 52 Ihe structure 1s tetra, h as for the rey1ion
Showﬂ in Fi . . gonal (a and x are the same
) 3 T pre S

Himem, a = 1.932, ¢ = V(243) = 1.861
Sphere centers in § h: 7+ (x,1/2+x,0 ; 12-xx0), x = 0.1830

Flg 6.52. A sPRTere packing generated by stacking alternating layers of 32,4,3 4. Left: showing the nets.
Right: emphasizing the square metaprisms and some of the tetrahedra (darker shaded). The projection is on
(GO1) of the tetragonal cell, Empty and filled circles are at z = 0 and 1/2 respectively,
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A notable feature of the structure is the columns of face-sharing square metaprisms.
Note also the tetrahedra centered at 1/2,0,1/2 and 0,1/2,1/2. An example of the occurrence
of this packing is the Al arrangement in CuAls in which Cu atoms center the Alg
metaprisms so that linear -Cu-Cu- rods run parallel to ¢. In PtPby only half the Pbg:
metaprisms are filled by Pt (those in alternate layers perpendicular to ¢). In contrast, in
TaTes, Ta fills only the Teg metaprisms centered at 0,0,z forming isolated rods of face-
sharing {Ta}Teg metaprisms with their axes parallel to ¢. In KInTe;, in addition to {K}Teg
metaprisms, there are {In}Teq tetrahedra (the tetrahedral sites are also shown in Fig. 6.52).

A third stacking of 32.4.3.4 nets is also important in crystal chemistry. Pairs of
prismatically-stacked nets are displaced by 1/2,1/2,1/2 to produce a four-layer sequence,
and the structure may be thought of as an intergrowth of the previous two, The symmetry
is the same as in the previous sequence:

I4/mem, a = 1.9318, ¢ =3.8612
Centers in 46 11 £00U24x,2 5 U205,z 6,2, U212 ) W2axx, 12-2), x = 0.1830, 2 = 0.1295

Layers of square metaprism and tetrahedral sites alternate with layers containing trigonal
prism and cube sites. In CrsBs, Cr(2) atoms are in this sphere packing with Cr(1) in the
cubes, and B atoms fill the square metaprisms and the trigonal prisms. In PdGas the same
packing of Ga(2) atoms occurs, now Ga(l) are in the cube sites, Pd in the metaprisms and
the trigonal prisms, are empty.

6.5 A summary of sphere packings

- P22
rutile (11) T (6} Y (6) Fe5i (7)
Pdimnm v \Fd3m P4.32 Pua3
/ Pa3

Pra2, .
Pnnm t na J[/’ 1424 t P23
~ _
hep {12) Cmem cep (12) R3m "cP (6)
P6sfmme - 7 |LEmim " \Pm3m
JEy  Cmem BCC () | e [ bet (10)
Pm3m ' m3m | papmnm  \Jmmm
- i
I3 t Fiml |

WAIIE (9 RP (8)
Im3 Poimmm
Fig. 6.53. Some of the structural relationships discussed in this chapter (arrows). Numbers in parentheses
are coordination numbers. Notice the centrat positions of cp and bee.
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The diagram (Fig. 6.53) indicates some of the sphere packings and transformations
between them that we have discussed. In the diagram the lines indicate a transformation
path of the symmetry indicated; a broken line indicates that in the intermediate structure
there is more than one kind of sphere (ie. they are not all equivalent to each other).
Attention is drawn to the central position occupied by cep. Note that cco (symmetry
Cmem, see § 6.3.3) is not shown but is intermediate between hep and cep.

6.6 Some packings of two Kinds of spheres

Here we describe some structures of simple binary intermetallic compounds. They are of
interest both as the structures of large groups of compounds and as components of mars
complex structures. As an example we cite the fact that MgCus {(§ 6.6.3) is the structure of

many intermetallic compounds and also of the cation array (MgAlz) in spinel,
MgAlO4.

6.6.]1 CuzAn and NizSn

CuzAu is a simple ordered derivative of cep. The original fec structure is replaced bya
primitive cubic one (symmetry Pm3m) with Au at 0,0,0 and Cu at (0,1/2,1/2)x. The
structure shonld be familiar: the Cu arrangement is the J structure described in § 6.3.5 and
Au is in the cuboctahedral holes of this structure. (see Fig. 6.27),

(111} planes of Cu are kagome (3.6.3.6) nets and Au centers the hexagons of the nets
50 that the comnbined (111) nets are 36, Fig 6.54 shows how the nets are stacked; using the
symbolism of § 6.1.6, the stacking of kagome nets is N VoA

Fig. 6.54, Lefi: the cubic stacking of Cw3Au nets projected down (1112 Larger circles are Au. Open,

shaded and filled circles are at different levels: 0, 1/3 and 2/3 respectively in units of fa + b + ol Right: the
stacking of nets at z = 1/4 and 3/4 {open and filled circles) in NizSa. Larger circies are Sn.

Ni3Sn is the znalogous structure detived by ordering of hep. Ni atoms form kagome
(3.6.3.6) layers with Sn centering the hexagons. The layers are therefore like (111) tayers
in CuzAu but now the stacking of kagome nets is hexagonal: ¥1N,... as also shown in
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Fig. 6.54. For the ideal structure with atoms J apart:

i = = =(@2/3) = 0.816
Ni3Sn Pés/mime, a = 2d, ¢ = V(8/3)d, cla _\'(
13 Niin 6 A 2c2x, 14 5 27,14 5 20X ,14), x=-1/6
Snin2 e #1/3,2/3,1/4)

Note that empty Nig octahedra (with centers at 0,(_),0 and 0,0,1/2) share faces ctmd f;?ariz
isolated rods parallel to ¢. Contrast CusAu in which the etpty Cug octahedra $
i Fig. 6,27 again). . B
Ve?::;f::‘gig h.lggh—temlirature form of BaTiO3 the BaOg ar.rangt‘es'nent is AuCugh ('(I;; al)n
the Og octahedra). In BaNiO3 the BaO3 arrangement is SuNiz (Ni in the (?5 octa et_ve;
These oxide structures are often referred to as cutu.c and hexasgonal perovs.klte fespe: ; h
ly. For crystallographic data see Appendix 5; cubic perovskite was described in § 5.3.4.

6.6.2 CuZn (B-brass), CuAu and MoSi;

The simplest ordering of bee is CuZn in which Cu is 2t the origin (0,0,0) and Zn at

" the body center (1/2,1/2,1/2) of a cubic cell. Notice that the structure is primitive cubic

(symmetry Pm3m). The structure is also that of CsCl vfrhich is oftcn used a;s t:z
eponymous compound, but as it is mach more commoen fgr intermetallic comp_ou‘r:s e
prefer the name CuZn or §-brass (CuZn is S-brass). Notice tk}at the structure is ; owe
antistructure and each atom is coordinated by eight of the other kind at the comers of a

(Fig. 6.53).

Yig. 6.55. Left a unit cell of CuZn (smaller, darker-shaded circles are Cu). Middle: a CugZng
octahedron. Right a CugZng octahedron.

Tt may be recalled that in bee the octahedra around octahedral sites fill splz:;e ltglce] o::;
(see § 6.2)—in CuZn there are two sets of octahedra: Cu42n2 [at (O, 4 ’fn),f an
CusZng Jat (0,0,1/2)x] as shown in Fig. 6.53. Each set c_uf _octahedra cxztig \% _10 [?sbfre ii;
In cubic perovskite BaTiO3 the cation arrangement (BaTi) is CuZn and the ani

iy octahedra. .
[Oi]i)’t?:arzﬁeo? 108} layers of CuZn are 44 nets of Cu and Zn which are st:;kiihéi E;ijg;
§ 6.4.2). For the structure to have cubic symmetry the llayers m:?st be a/2 397 ; ,) rea
the unit cell edge of the 44 layers. If the ]ayer:vs are instead V2a/2 (= T.h a ,ﬁﬁl e the
structure is an ordering of ecp and the structure is referred 10 as Cudu, p els,yt . ;’Zial
tetragonal (P4/mmm) and Cu is at 0.0.0 and Au at 1/2,1/2,1/2 so that CuZn is the sp
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case of CuAu with c/a = 1.0: c/a = ¥2 = 1.414 corresponds to an ideal ordering of cep.
The general case is called CuAu; examples of actual compounds are (with c¢/a in
parentheses): FeNi (1.41), CuAu (1.31), Pt2n (1.22), NiZn {1.08) and MnHg (1.01).

In MoSt; the atoms are again on 44 nets in the sequence MoSiSi along ¢. The stacking
alternates AB so the structure has the six-layer repeat ApoBsiAsiBmodsiBs;.

MoSiy " i4fmmm
Me in2a: I+ (0,00
Siin4e: [+ (0,0z) withz = 1/3

a is the spacing of the 44 nets. If ¢/a = 32 = 4.23 the structure is a superstructure of
cep and if ¢/a = 3 it is a superstructure of bee. Many compounds have axial ratios between
these two values. A third possibility is a supersiructure of bet for which ¢/a = 3¥(2/3) =
V6 = 2.449. For MoSiy c/a = 2.45 so clearly in this case the structure should be considered
as a superstructure of the 10-coordinated bet packing, In Volume II of this series we
adduce several examples of ionic compounds with MoSi; cation packing; KoMgFy is a
good example (for data see Appendix 5).

6.6.3 MgCus

MgCuy is often cited as an example of a structure that is based on an efficient packing
of spheres of two sizes. The Cu arrangement is the 7 sphere packing of § 6.3.9 (see Fig.
6.32) which can be described as an array of vertex sharing Cug tetrahedra. The space not
occupied by Cug tetrahedra consists of truncated tetrahedra, and it is useful at the outset to
see how these two polyhedra can combine to fill space. Fig. 6.36 shows how two
truncated tetrahedra and two tetrahedra can be assembled into a large 60° thombohedron.
This is in fact a primitive cell of the 7" structure. It is also a primitive cell of MgCus if Ca
is in the T positions and Mg centers the truncated tetrahedra (see also Fig. 6.58 below).
Mg is coordinated by the twelve Cu and also by four Mg capping the hexagonal faces of
the truncated tetrahedron. This 16-vertex coordination figure was identified as the Friauf
polyhedron in § 5.1.7 (see Fig. 5.12). As shown below, Cu is 12-coordinated in a
{Cu}CugMgg icosahedron (Fig. 6.37).

Fig, 6.56. Two tetrahedra and two truncated tetrahedra combining to make a 60° rhombohedron {right).
The formal description of the structure is:

MgCuz Fd3m. Mg in 8 a: F £ (1/8,1/8,1,8} (lattice cemplex D = diamond)
Cuin 16 4 F £ (1/2,1/2,1/2 ; 1/2,1/4,1/4)x (lattice complex T}
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Flg 6.57 shows the structure projected on (100). On the left, just the atom positions are
shown, and most people will find that figure somewhat uninformative. However, in the
center a Cuya truncated tetrahedron around one Mg is picked out and on the right a
CugMgg icosahedron around one Cu is similarly depicted,

Tig. 6.57. Left: MgCug projected on (108). Larger circles are Mg and numbers are elevations in
multiples of a/8. The intensity of shading is proportional to elevation. Center, an (Mg} Cuy3 truncated
tetrahedron and right, a {Cu}CegMgg icosahedron picked out. Polyhedron edges obscured by front faces
are shown as broken lines,

Fig. 6.88. Left: a primitive cell of MgCuz (larger circles are Mg). Right: a primitive cell of
MgAlzO4 shown as {Mg}O4 tetrahedra and Al atoms. )

The structure can also be considered as a space-filling by tetrahedra (not all regular).
These are of three sorts: per MgCuy unit there are 4 MgCug tetrahedra (these are made up
of an Mg and a triangular Cujz face of the surrounding truncated tetrahedron),. 12
Mg>Cuy tetrahedra and one regular Cuy tetrahedron. Structures which are space fillings
of tetrahedra are sometimes referred to as “topologically close packed.”

We mentioned earlier (§ 6.1.6) that in spinel (MgAl204) the cation array 1s MgCuz
and indeed to get spinel from MgCu; ali that has to be done is to fill all the MgCu3
tetrahedra with anions so that in MgAlzOy4 there are {(}MgAls tetrahedra. It is not
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immediately obvious that this results in {Mg}Oy tetrahedra, {Al}Qg octahedra and
(approximately) ecp O! For this aspect of the structure refer back to § 6.1.6, especially
Fig. 6.17 {p. 223). Fig. 6.58 compares primitive ceils of MgCip and MgAl20,.

Close packed structures may be described as built up of thombohedral units consisting
of an octahedron and two tetrahedra (Fig. 6.4). Similarly, there is a family of structures
built up of different stackings of the thombohedral unit consisting of two centered truncated
tetrahedra and two tetrahedra (Fig. 6.56). Fig. 6.59 illustrates the simpler possibilities. By
analogy with close packing, the stacking in MgCuz can be described as c; the stacking in
MgZn; is then i and in MgNiy it is he (see Fig. 6.59). The structures collectively are
known variously as as “Friauf-Laves phases™ or just “Laves phases.”!

MgNi2

Fig, 6.59. The stacking of rhombohedral urits in MgCua, MaZny and MgNizy.
6.6.4 Cr38i (A15)

The structure known as 413 2 or Cr3Si has a number of features in common with
MgCu;. The atoms are in fixed positions {on the sites of invariant lattice complexes) so
the structure is completely determined by the cubic cell constant. Space is again divided up
into irregular tetrahedra, so it is another example of a topologically close-packed structure.

Cr3Si Pmi3n. 8iin2a: 0,00 ; /2,172,172 {bee)
. Crin 6 e 2(1/4,0,1/2)x [or 6 d: 2(1/4,1/2,0)%] (lattice complex W)

The structure is iltustrated in Fig. 6.60. Notice the non-intersecting rods of Cr atoms
along <100>; we describe a related cylinder packing with the same symmetry below
1§ 6.7.3 {a)). The Cr atoms form icosahedrz with symmetry m3 about the Si; this

icosahedron was described in § 2.5.7 (see Fig. 223, p. 54). It is a good exercise to

identify the icosahedron in projection as shown in Fig. 6.61.

Figure 6.61 also shows the coordination figure about Cr; it shouid be identified as the
14-vertex polyhedron obtained by capping the hexagonal faces of a hexagonal antiprism.
The coordination of Cr is {Cr}SigCrio; the closest neighbors of Cr are two other Crat a

1 After the German crystallographer F. Laves, who contributed ‘significantly to the understanding of
1ntermetall1c structures of this and related types. “Laves” is pronounced with two syllables: “La-ves.”
2In Structurbericht (the predecessor of Structure Reporis) simple structures were assigned symbols. An
represents elemental stsuctuces such as AL = cep, AZ = bee, A3 = hep, efe. A form of W metal (or W07
= “B-tungsten™) was early reported to be Cr35i and although this is no longer believed to be correct, the
designation A15 is stilf used for this structure type. The designations B1 = NaCl and B2 = CsCl (CuZn)
are also still used on occasion.
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distance of a/2.

Fig. 6.60. Cr38i (Cr are open circles, 8i are filled circles). Left: emphasizing the Cr rod packing.
Right: showing some of the {8i}Cryz icesabedra (note the two orientations of the icosahedra).

SO 50
0 O8O
oo
25,756 @50 ®
oo |

Fig. 6.61. Left: a unit cell of Cr38i projected on (001), numbers are heights in multiples of ¢/100.
Larger circles represent Si. The shading scheme now indicates elevations. Center: The icosahedron centered
at 142,1/2,1/2 is picked out. Right: The polyhedron around a Crat z = 1/4.

Superconducting compounds with this structure are of considerable interest as many
have high critical temperatures. Nb3Ge (T, = 23.2 K} has the highest superconducting
transition temperature of any known material other than the copper-oxide superconductors.

The cation array in garnet oxides such as Ca3Al2Siz017 is an ordered derivative of
Cr38i with (Caz/25i3/2) in the Cr positions and Al in the Si positions. Indeed the
complicated garnet strocture is completely generated by putting O atoms in all the CapAlSi
tetrahedra of the cation array. In Volume II of this series we will show that many other
complex oxide structures are conveniently described as intermetallic structures “stuffed”
with O atoms. }

1For an earlier account of shis topic see M, (¥Keeffe & B. G. Hyde, Structure and Bonding 61, 71
(1985).
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6.7 Cylinder (rod) packings!

Crystal structures are often conveniently described as sphere packings, with atoms
instead of spheres, but sometimes we want to consider the packing of larger units. Atoms
{or spheres) are point objects in the sense that they have zero-dimensional periodicity and
crystals are three dimensional in the sense that they have three-dimensional periodicity. We
have already described three-dimensional structures (sphere packings) as packings of
layers, which are objects with two-dimensional periodicity, and we do so again in
following chapters. The symmetry of layers is described by the layer groups (Appendix 1).

Sometimes it is convenient to consider structures as a packing of rods, which are objects
with one-dimensional periodicity. These have the symmetries of the rod groups (Appendix
1).2 The highest symmetry rod is the infinite cylinder; here we describe some packings of
equivalent (symmetry-related) cylinders. In application to crystal chemistry, we replace the
cylinders with rods of atoms. Examples of rods are strings of atoms, atoms at the vertices
of rods of poiyhedra (e.g. octahedra sharing opposite faces), atoms forming helices (as
commonly found for rods of S atoms).

In the symmetrical packings we describe, symmetry axes coincide w1th the cylinder axes
and are therefore non-intersecting. A line (such as a cylinder axis) corresponds to the locus
of all points of a univariant lattice complex. For example 0,0,z or (0,0,z) corresponds to a
line along ¢ if z is allowed to take all possible values. In the same way £(0,0,2)K
corresponds to lines along a, b and ¢ and intersecting at 0,0,0 (also at 1,0,0 ; etc.); this
cannot correspond to a cylinder packing as the lines intersect. In general the location of
axes is given as the line of intersection of two planes. The intersection of planes x = xg and
y = ¥g is written as xg,¥,2z where z can have any vatue. Likewise 1/3+2,2/3+u,u indicates
the line of intersection of the planes x = z + 1/3 and y = z + 2/3. Unit cell parameters are
given for cylinders of unit diameter.

In descriptive crystal chemistry the cubic rod packings are of most importance and are
met repeatedly in that connection.

6.7.1 Cylinders with parallel axes

If cylinders are packed with axes parallel to ¢, 2 cross-section z = constant will just be a
circle packing. In particular the closest packing of equal cylinders will be a hexagonal
packing (i.e. based on a 35 net):

Po/mmm, @ = 1, Cylinder axes along 2 e: +(0,0.2). Rod symmetry p6/mmm
The fraction of space occupied by the cylinders (the density) is the same as for closest

1For more on this topic see M. O"Keeffe & 5. Andersson, Acta Crystallogr. A33, 914 (1977) and M.
O’ Keefle, Acta Crysiallogr. A48, 879 (1992).

2The reader anxjous to learn about rod symmetries wil! find some good examples in this section. The
less ambitious can skip the parts dealing with this topic. After all we got through § 6.4 {on the stacking of
fayers) without discussing layer groups (although the temptation to do so was strong). The reason was in
part due to the fact that most of our “layers” were only one atom thick.
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circle packing p = aA12 = 0.9070. The rod symmetry p&/mmm is that of an infinite
column of hexagonal prisms stacked along the hexagonal axis. (p stands for the one-
dimensional lattice).

An example of this packing is provided by the helical rods of P in Nal* (compounds
such as KP, NaAs and RbSb are isostructural) illustrated in Fig. 6.62. The rods have a
4~fold repeat so the axis is approximately a 4, axis and all the helices are of the same hand.
In this structure, the P-P bond length is 2.24 A, and the P-P-P angles are 112° and 115°.
LiP, LiAs, NaSb and KSb have a related structure containing helices of P of both hands.

For crystallographic data see Appendix 5. Elemental Se has 3; helices in the same rod
packing.

Fig. 6.62. The helical rods of P in NaP viewed at an angle stightly tilted from a 21 axis.

Further cylinder packings can be derived from other regular and Archimedean tessella-
tions, The least dense packing, based on 3.122, has density p = V3m/(7 + 4V3} = 0.3907.

6.7.2 Cylinders with axes in parallel planes

Here we describe packings of layers of cylinders in contact. They will all have the same
density, p = w4 = 0,7854. Cylinder axes lie along non-intersecting 2-fold rotation axes.

(a) Two-layer tetragonal. Here cylinder axes lie in layers perpendicular to ¢; for z =0 the
axes run in the [100] direction, for z = 1/2, they lie in the [010] direction. Thus the rods
run along a through 0,0,0 and along b throngh 0,0,1/2; see Figs. 6.63 and 6.64. Note that
we give unit cell parameters for a packing of cylinders of unit diameter; in a crystal
structure the rod symmetry is premm (which is the symmetry of, for example, an infinite
stack of bricks) and the axial ratio ¢/a will not, in general, be equal to 2.

Pdsfmme,a=1,ce=2
Cylinder axes aloag 4 & 20,102, 0,0,0). Rod symmetry pmimmn
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Fig. 6.63. Left: a two-layer tetragonal cylinder packing. Center: a four-layer tetragonal cylinder packing.
¢ is up the page in both cases. Right: a three-layer hexagonal cylinder packing viewed down c. (See also
Fig. 6.64 for the first two cases).

0.1 01 0,1 172 0,1

Fig. 6.64. Left: axes of a two-layer tetragonal ¢ylinder packing, Right: axes of a four-layer tetragonal
cylinder packing. The view is down ¢ and the numbers are the elevations of the axes in units of .

{b) Four-layer tetragonal. Rods run along a through 0,3/4,1/4 and 0,1/4,3/4 and along b
through 0,0,0 and 1/2,0,1/2 (this description assures that there is a center of symmetry at
0,0.0). The arrangement should be apparent from Figs. 6.63 and 6.64.

Mlamd,a=1,c=4

Axes along 0.x,0 ; x,1/4,3/4 ; 1/2,x,172 ; x,3/4,1/4 derived from

16 £ T+ (Ox,z 5 0,1/2-x,2 5 1Vd4x,1/4,3/4 47, 3d—x, 1/4,3/4+2), 2 =0
Red symmetry pmem

A digression on rod symmetry: The rods in the four-layer structure (b) run along 21 axes
parallel to a and b of I4)/amd. Consider the rod along a: it lies in the mirror plane normal
to b and is normal to the mirror plane normal to a. The rod alse lies in the ¢ glide plane
normal to ¢.! The symbel for the rod symmetry group is accordingly pmma. However in
the rod groups it is conventional to take the translation direction as (with subscript “#” for
the rod) ¢,. Making the substitution-a, = b, b, =¢, ¢, = a, the rod symmetry group with
these new axes becomes pmcm as given above. The full symbol is p 2/m 2/c 21/m. An
infinite crankshaft or zig-zag (see § 7.3.5) has this symmetry. End digression.

A beautiful example of this cylinder packing is found in the structures of Hga_MFg (M
= As,5b,Nb,Ta and x is typically about 0.12) The As compound is known as “alchemist’s
gold.” Iselated {M )Fg octahedra are surrounded by disordered rods of Hg atoms in
positions 16 h of 14/amd with ¢ = 0 as shown schematically in Fig. 6.65. Remarkably,

11t is a good exercise to get a copy of the International Tables and verify these statements.
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the stoichiometric compound HgaNbFg has a simple layer structure with 39 layers of Hg
alternating with layers of isolated {Nb}Fg octahedra.!

Fig. 6.65. The structure of Hgp ggShFg illustrated as [Sb)PFg octahedra and tods of Hg atoms, The Hg
atoms are disordered along the rods shown.

(¢) Three-layer hexagonal, Rods run along a through 0,0,0 along a + b through 0,0,1/3
and along b through 0,0,2/3. The arrangement of cylinders should be apparent from Fig,
6.63.

P6222,a=1,c=3
Axes along 6 g: (£2,0,0; x,x,1/3 ;3% 1/3 ; 0,44,2/3). Rod symmetry p222

6.7.3 Cubic cylinder packings

These are rather important as they sometimes form the basis for a description of cubic
crystal structures that are otherwise difficult to describe. They are named for structures in
which they are conspicuous features, We describe four packings and an intergrowth
structure. The cylinder axes ¢orrespond to non-intersecting symmetry axes in cubic space
groups (see § 3.3.6, p. 74) which are either (i) 2-fold or 4-fold axes parallel to <100> or
(i1} 3-fold axes parallel to <111>. In the second case, the fact that the cylinder axes are
inclined to each other makes structures based on this structural principle difficult to
illustrate satisfactorily in projection. The most important packings are those named g-W
and garnet [{(a) and (b) below]. Cubic space groups with non-intersecting 3-fold axes are
listed on p. 83.

ISee I D.. Brown et al., Inorg. Chem. 23, 405 (1984) and references therein.
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(a) B-W (Figs. 6.66 and 6.67)

Prin, a =2, p=3m16 = 0.5890
Axes along 12 g £(x,0,1/2 ; 1/2+x,0,1/2)x. Rod symmetry pdy/mmc

In the B-W structure of A3B (also known as A15 or CraSi-—see § 6.0.4), strings of A
atoms lie on the cylinder axes along <1002 at (1,0,1/2)x. (The B atoms in A3B are at cell
corners and at the body center and are in icosahedrat coordination by A). The cylinder axes
correspond to the 47 axes of Pmin.

Fig. 6.66. Two cubic cylinder packings, Left: garnet. Right: B-W. The heavy lines indicate the
locations of the cylinder axes. The open circles serve only to indicate high symmetry points on the rods.

{(b) garnet (Fig. 6.66)

Id3d, a =8, p = Y32/8 = 0.6802

Axes along 32 e: I + (xe.x ; Vd4x, Va4x, Vdex ; V2-x, 124x,x ; 3d—x, 11442304 +x
x, 1201/ 24x § 3d4x,34x, Vd+x ; 124x,x,172-x 5 1/44x,3/d4x,3/4-x)

Rod symmetry p3cl

In this cubic cylinder packing, cylinders are parallel to body diagonals of a cubic cell.
Now they lie on non-intersecting 3 axes, i.e. along {111], [111], [111} and {111].

In the garnet structure of CazAlySisQqy the cyhnders are to be replaced by rods of
alternating {Al}Og octahedra and empty Qg trigonal prisms sharing opposite triangular
faces. It might be noted that the centers of the octahedra are at 3.sites so they are trigonal
antiprisms, but the absence of 6 axes means that the trigonal “prisms™ are not strictly
regular prisms (they are slightly twisted towards being metaprisms in the garnet structure).
As discussed in Appendix 2, a rod of alternating regular octahedra and trigonal prisms has
symmetry p6a/minc; but the 63 axis is incompatible with cubic symmetry.

(c) B-Mn (Fig. 6.67):
14132, a =4, p = 3m32 = 0.2945

Axes: U4 0. ;3/4,1/2u; u,1/4,0  1,3/4,1/2 5 Ou,1/4 5 1/2,0,3/4.
Rod symmetry p4;22
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A third cylinder packing is derived from B-W by removal of one-haif of the cylinders.
We call this the f-Mn cylinder packing as that otherwise enigmatic stracture is simply
described in terms of rods of face-sharing Mny tetrahedra with this cylinder packing. Fig,
6.67 shows the B-W and the 8-Mn packings, the former with a cell with doubled edge.
The symmetry of the S-Mn packing is /432 and the axis equations are obtained by
substituting 1/4,0,u in the general positions 48 i, The cylinder axes lie along the 4 axes of
this space group; the substitution 3/4,u4.0 puts the cylinder axes on the 43 axes.
Combination of the two enantiomorphs of the f-Mn packing recovers the §-W packing.

TE
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Fig. 6.67. The B-W (left) and B-Mn (right) cylinder packings. The wue cell edge for B-W has half the
edge of that shown.

(d) SrSiy (Fig. 6.68):

14432, a = 6V2, p = V27172 = 0.0756
Anes: V3w, 23+ 0 16+u,203 10 5 20340,5/64u,~1t 5 5/6-0,5/6+u,u,
Rod symmetry p3;2

A fourth cylinder packing is obtained by removing eight-ninths of the cylinders of the
garnet packing, We call it the SrSiz packing because the Si atoms in that structure form
31 (or 32) helices with axes corresponding to those of the cylinder packing (see § 7.2). The
positions of the cylinder axes (31) are obtained by substituting 1/3+,2/3+w,u in the general
positions 48 { of f4|32. The enantiomorphous structure with cylinders on 34 axes is
obtained by the substitution 2/3+u,1/3+u,u. A sketch of the packing viewed down one of
the 31 axes is shown in Fig. 6.68.

(e} y-Si:

Id3d, a =62

31 axes V34w, 203-eu,u 5 1/6+0,23—10,10 5 27340,5/64u,~u , 5/6-14,5/6+u,0
39 axes 2/3+u,1/3+u,0 , 5/64u, 13—, ; 134u, 1/64u,—ut 5 1/6—u,1/6+u,u.
Rod symmetry p312 and p392

The SrSiz packing is very open, and the two enantiomorphs can intergrow without
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contact (so the intergrowth structure is not a stable cylinder packing). In the ¥-Si
polymorph of silicon (§ 7.3.12), the Si atoms fall on 37 and 3 helices with axes
corresponding to this intergrowth structure. The eylinder axes are now obtained by the
substitution of 1/3+u,2/3+u.5 in the general positions of fa3d.

Tlig. 6.68. The SrSiz cylinder packing viewed down [111]. Note that for clarity only a few cylinders not
parallel to the projection axis are shown,

6.8 Notes
6.8.1 Symmetries of arrays of closest packed spheres

The space groups for arrays corresponding to closest sphere packings are Fm3m (only
for eep), P6a/mme, Phyme, P6m2, R3m, R3m, P3ml and P3m1. A useful discussion
and table has been published [A! L. Patterson & J. 8. Kasper, International Tables, vol.
IT] that allows the symmetry of complex sequences to be determined. In many crystal
structures one or more sets of atoms are only approximately in closest packing and the
symmetry may be lower. :

The ideal symmetry is readily determined from the Zhdanov symbol (§ 6.1.3) of the
packing from the rules given here, which should be applied in the order given until the
space group is determined. In using the rules be sure to note that a sequence such as 2211
refers t0..221122312211... and could equaily be written 1221 or 2112,

(a} Determine if there is a cenler of symmetry: This is revealed by symmetry of certain
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rumbers in the succession of numbers. Thus 2111 can be written:
LADTDI(D2)...

where the numbers in parentheses are located symmetrically. There will always be zero (no
center of symmetry) or two such numbers (centrosymmetrical) in the symbol. Note that if
the symbol contains just two numbers (as in 11 or 41) each number is symmetrically
surroumded, and that in e.g. 2112 no number is symmetrically surrounded,

(b) If the first half of the symbol is the same as the second half the symmetry is either
P§3/rumc (centrosymmetric) of P63me (non-centrosymmetric). Thus 11 (hep) and 121121
have symmetry P63/mmc and 123123 has symmetry P63mc.]

{c} If the symbol can be written so that the second half of the symbol is the reverse of the
first half, but there is no center of symmetry, the symmetry is P6m2. An example is 2112.

(&) The Zhdanov symbol always has an even number of terms: NyNaNaNa.... Ny, (n
even). If the symmetry has not yet been determined [in (b) or (c)], subtract the sum of the
even terms from the sum of the odd terms i.e.: Ny + N3 +..4+ Npo) — (Ny + Ny 4.4+ N,

If the result is either zero or a multiple of 3 the symmetry is trigonal (but not
rhombohedral): either P3mi (centrosymmetric) or P3m1 (non-centrosymmetric). Thus 41
has symmetry P3m1 and 5211 has symmetry P3m].

If the result is neither zero nor a multiple of three the symmetry is thombohedral: either
R3m (centrosymmetrical) or R3m (non-centrosymmetrical). Thus 21 (bhc) has symmetry
Rim and 3211 has symmetry R3m.

6.8.2 Neighbors, coordination sequences, and identifying packings

1t should be noted that closest sphere packings differ in numbers of nth geometrical
neighbors. For unit diameter spheres the number of neighbors at a given distance are listed
for the first few shells of cep and hep below. Generally such numbers cannot be used to
distinguish packings in crystal structures, as the arrangement often only approximates an
ideal sphere packing, and the numbers of geometrical neighbors rapidly lose any relation to
those in the ideal packing.

distance 1 V2 NGB Y3 ANgu 2
cep 12 6 0 24 0 12
hep 12 6 2 18 12 6

In Chapter 7 we discuss coordination sequences which represent the numbers of
topological neighbors in shells. In the context of sphere packings, a second topological
neighbor of a sphere is one (other than the reference sphere) in contact with first neighbors;
third neighbors are those (other than first neighbors) that are in contact with second
neighbors; and so on. The number of th neighbors in fhis sense is ng. It is interesting that
ny, for k> 1 is greater for hep than for cep. For hep the sequence is 12, 44, 96... for ccp

1 The symbols for these packings could be abbreviated <1>, <121> and <[23> respectively.



270 Chapter 6

it is 12, 42, 92.... Be sure to distinguish topological neighbors (discussed here) with
geometrical neighbors (discussed in the previous paragraph).

For lattice sphere packings [cP, ¢f, ¢F, tI (bet) and AP (c/a = 1)] with ¥ first
neighbors there is a simple expression for the numbers of topological neighbors:

ng = (N-2)k2 +2 (6.1)

Some other equations are (brackets indicate rounding down to an integer):
hep ne =21k + (6.2
cco om = (12 + 2 (6.3)

Once the néarest neighbors of atoms in a structure have been identified (for example, on
the basis of interatomic distance) the coordination sequence for each atom is uniquely
defined and the packing can often be identified from the coordination sequences even when
the arrangement departs significantly from the ideal geometry. In particular each kind of
atom in a ep structure (&, ¢, ke, etc.) has a unique coordination sequence and this fact may
be exploited to determine the nature of the packing.!"

6.8.3 Close packing or polyhedron packing? An unsolved problem

Many “ionic” crystal structures are based on approximately ep arrangements of cations
and/or anions (and just as importantly, many are not). The well known structures of spinel
(MgAlz04) and olivine (Mgz5i04) are examples in which the anion arrangement is
approximately ccp and hep respectively. A popular view (to which we do not subscribe) is
that the reason for such structures occurring is that “large” anions are close packed (why,
for heaven's sake?) and the “small” cations fit more-or-less snugly in the tetrahedral and/or
octahedral interstices. One objection to this proposal is that many (e.g. oxide) structures are
not based on ¢p arrays, or if they are, they are often ep cation arrays; but nevertheless one
is lead to ask why so many structures based on ¢p (or better eutaxy) do occur.

A possible answer is as follows. The most common coordination figures found in
oxides and related materials are {M}Xy tetrahedra and (M}Xg octahedra [even in
compounds which are not based on ep such as enstatite (MgSi(1)]. In order to make a
crystal of the appropriate stoichiometry, the individual polyhedra must be condensed
together by sharing corners and/or edges and/or faces. To take a concrete example:
MgAl;04 is constructed of {Mg) Oy tetrahedra and {A1}QOg octahedra combined in the ratio
1:2 and sharing O atoms so that there are four O atoms per MgAly. With regular polyhedra
of equal edges it is conjectured that eny periodic way of combining them subject to the
foregoing constraints will result in a ep array of O atoms.

The unsolved (we think) problem which we offer the reader is this: What stoichiometries

!'The program EUTAX does this for a number of simple structures. Users of this program might like to
find the ep array of the I atoms in Exercise 11. Note that the numbers in the coordination sequence are
largest for hep and smallest for cep (i.e. all other cp struetures have intermediate values).
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and combinations of octahedra and tetrahedra will lead inexorably to the polyhedron
vertices being on a cp (i.e. eutactic) array? :

In applications to crystal chemistry additional constraints might be added, such as not
allowing tetrahedra to share faces (which would allow their central atoms to come rather
close together), and to eliminate configurations that result in very asymmetric coordinations
around the polyhedron vertices [see E. W. Gorter, J. Solid State Chem. 1, 279 (1970).]

The term “close packing” is sometimes used rather loosely. For example in a discussion
of the stability of the feldspar structure (specifically sanidine = KAlSizOg) in a well known
text it is stated that the oxygen atoms “approximate rather crudely to cubic ¢lose
packing...perhaps this relative compactness contributes to the stability.” The feldspar
structure is based on a framework of corner-sharing Oy tetrahedra and it would therefore be
expected (see § 6.8.5) that each O atom will have six near neighbors and indeed this is the
case, The six nearest neighbors of O atoms in sanidine are in the distance range 2.60-2.74
A (corresponding to tetrahedron edges) and the next six neighbors are in a distance range of
3.30-4.48 A.

6.8.4 More on the relationship between bee and hep: AuCd

In § 6.3.3 we described 2 relationship between bee and hep. Some metallic elements
such as Ti and Zr have both structures (the high temperature or § form is bee) and the
transition occurs very nearly at constant volume. The orthorhombic cells given in § 6.3.3
become in units of V173 for bee: a, b, ¢ = 0,794, 1.122, 1.122 and for hep: a, b, ¢ =
0.707, 1.225, 1.154, so that the transformation from bee on cooling requires about a 10%
decrease in @ and a 10% increase in b. In CuZn compounds alternate {100} layers of bee
are Cu and Zn; some of these transform at low temperatures to a superstructure of hep by
the mechanism described. Fig 6.69 shows the resulting structure which is called AuCd, as
the martensitic transformation has been weli studied in that compound. In the binary
compound the symmetry is Pruma and the unit cell is derived from the one described here
by (001/100/0 1t 0). Data for two forms of AuCd are given in Appendix 5. The low
temperature form is close to ideal hep; the 12 shortest distances are 2.89-3.16 A.

Fig 6.69. Left: the CuZn structure projected on (001), Right: the AuCd sirecture plotted on (010) of the
Pruma cell with ¢ horizontal on the paper. Heavy lines mark the position of {110) planes of CuZn that
become ep planes in AuCd. If all the atoms were the same this figure would also illustrate the relationship
of bee (left) to hep {right). Compare Fig. 6.24 {p. 232).
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6.8.5 More sphere packings

© ﬁ;u iokﬁpleie ;nm::erat_]on of sphere pgcldngs would be a big task and has not been done
1o our k ow ei 3gse. ubic sphere packings have been enumerated by W. Fischer [Zeirs.
“ sta g.gr.l , 129.(1973); 146, 50 {1974)] who found no examples with 10- or
of-;:oo.r ination, An @cle on spherfe packings is in the International Tables C. The stud
amce‘ sphere packings in N-dimensional space is an active area of o
mathematics—see Appendix 2. ' researeh in

Here we describe some additional
structures confined (so far!) to few
types than most of the structures described above. ) e cryoal structure

Another 10-coordinated sphere packing, and the TisTey structure

Cubes with four faces capped b i '
s Wi Y square pyramids (half octahedra} can be packed
f:tt;:n nz:I Fig. 6.70. The cube‘s share. their uncapped faces to form rods parallcf to : ofa :
gonal cell, and the pyramids, which cap the other four faces of the cubes, share edges.

The structure is less dense th i i
o se than the other 10-coordinated sphere packings described in this

I4im, a = VL1714 ~+128)] = 2.5156, ¢ = 1, p = (56 ~ 3242)m51 = 0.6619
Centers in 8 fu J & (13.0 ; F40), x = (6~ V2W1T = 0.2607, y = (7 - ¥32W/17 = 0.0790

bThe Te arrangement in TisTeq is quite close to this packing. The Ti atoms center all the
xj e faces, so the Ti arrangement consists of rods of octahedra sharing opposite vertices
out a dozen compounds (e.g. VsS4, TasSby) have the same structure. .

Fig. 6.70. A 10-coordinated sphere packin j i i .
cirs are a1z o 112 P B & prajected down the ¢ axis, Open circles are at z = 0 and filled

If the cubes with capped faces are deformed into cuboctahedra the result is a
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9-coordinated packing corresponding to cep with 1/5 of the atoms removed {compare with
another 9-coordinated packing described below). The parameters would now be a = V5, ¢
=42, alc=1.58 x =310, y=1/10and the sites at 4 d: [ + (0,1/2,1/4 ; 1/2,0,1/4) are in
regular tetrahedra. In [B-BaFe;S4, afc = 145, § atoms are in 8 h with x = 0.301, vy =
0,120, Ba centers the cuboctahedra of $ and Fe is in the 84 tetrahedra (for data see
Appendix 5}, GapTes = Te(1)GagTe(2)4 is iso-structural [with Te(1) playing the role of Ba
and Te(2) playing the role of S].

Some 9-coordinated sphere packings

One symmetrical arrangement is:
A3m, g = V8. Centers in 24 g1 1 + (x2 1 T 07 1L T X,0K, x = 3/8, 2= 18

This arrangement represents a way of removing 1/4 of the spheres of cubic eutaxy so
that each sphere has nine neighbors (compare the 8-coordinated J arrangement, which can
also be described as cubic eutaxy with. 1/4 of the spheres removed). The density is
accordingly o= 7732 = 0.3554. This packing is a special case of the anion packing in the
mineral sodalite discussed under 6-coordinated sphere packings below (p. 274).

A second 9-coordinated sphere packing that occurs in a variety of contexts (for example
as the Al arrangement in WAl2) is also discussed below (p. 278) as an example of a
sphere packing with icosahedral interstices. Fischer’s compilation, referred to above,

 includes two other examples of 9-coordination with cubic symimnetry.

Another 8-coordinated sphere packing: the NaZny3 structure

About 50 compounds, mostly MZn13 and MBe|3 (here M is a “big” atom from the first
three columms of the periodic table) have the NaZny3 structure (for crystallographic data
see Appendix 5). We describe it here, as it is an elegant example of how an apparently
complex structure is built up from very simple principles. :

We start by assembling an infinite structure by joining together snub cubes (3%.4)
sharing square faces in every possible direction; every polyhedron of one hand (recall the
symmetry of a spub cube is 432) is joined in this way to six polyhedra of the other hand.
Each veriex of this 2ssembly will have eight nearest neighbors, so it may be considered an

8-coordinated sphere packing. A formal description is:

Fm3e, a=4.5704, p = 0.5265

Sphere centers in 96 it F + (04y.z; 11222,y y =0.1761, 2 = 0.1141
Snub cube centers in 8 ar F % (1/4,1/4,1/4)

Icosahedron centers in 8 &: F +(0,0,0 5 1/2,1/2,1/2}

As well as the large holes at the centers of the snub cubes {filled by Na in NaZn3) with
symmetry 432, there are holes surrounded by 12 equidistant spheres forming almost
regular icosahedra with symmetry m3. In NaZni3, Zn atoms center these icosahedra
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forming Zny3 groups. {The unit cell therefore containg 96 + 8 = 104 Zn atoms and 8 Na
atoms, i.e. eight NaZnj3 units.) In the real structure the free parameters for Zn are quite
close to the ideal ones given above.

Figure 6.71 shows a beginning of the packing of snub cubes. The place where an
icosahedron can nestle between the snub cubes should be identified. The figure also shows
a snub cube sharing triangular faces with eight icosahedra (note that the latter occur in two
different orientations). The triangular faces of the snub cube and the darker-shaded faces of
the icosahedra are equilateral triangles. The icosahedron edges parallel to the cubic axes are
about 4% longer than the others.

Fig. 6.71. Left: snub cubes (two of each hand} sharing square faces. Right: a snub cube (darker shaded and
mostly obscured) sharing triangular faces with icosahedra as in the NaZn 3 structure.

A remarkable example of this structure is in a rare form of opal from Brazil. Two
different-sized spheres of silica pack as Na and Zn. (Common opals have one size of
sphere in cp). The spheres are now much bigger than atoms: about 0.5 pm [see J. V.
Sanders & M. I. Murray, Nature 275, 201 (1975) and Phil. Mag. 42, 721 (1980)].

More 6-coordinated sphere packings

Frameworks of corner-connected (regular) tetrahedra such as the T structure are

6-coordinated sphere packings. The O atoms in quartz (§ 3.6) form another such -

framework. The O atoms in the sodalite structure are also an example. For reference we
give coordinates for regular tetrahedra of unit edge length. The centers of tetrabedra (here
labeled Si for convenience) are on a W* net:

In3m, a =2 +v2 =34142, p = 03157
Sphere centers (O} ip 24 £ [ + (0 4x 20K, x = 18 = 0.3536
Tetrahedron centers (Si) in 12 & ] £{1/4,0,1/2)x

This is a special high-symmetry, low-density case of 4 more general 6-coordinated
packing with symmetry I43m, in which the tetrahedron centers remain in the same
positions {also labeled 12 &) but the vertices are in positions 24 g: [ + (x,x,z ; %.x,7 ; X,%,2
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x,%,7)x. For a 6-coordinated sphere packing (regular tetrahedra sharing vertices), x=
v(z? + 1/8) with 0 £ z < 1/8. When z = 0 we regain the Fm3m structure with an 5i-0-Si
angle of 160.57". In real sodalites (alumino-silicates) the bond angle is typically 140°
corresponding to z = 0.06. When z = 1/8 the structure is the 9-coordinated structure
referred to above, and the Si-0-Si angle would then be 109.48°,

Figure 6.72 shows a fragment of the structure in its minimum and maximum density
forms. For unit tetrahedron edge leagth, the unit cell parameter is @ = 3.142 in the
minimum density form and ¢ = 2.818 in the maximum density form and the density has
increased by about 39%.!

Fig. 6.72. Left: a truncated octahedron. Middle: A comner-connected array of tetrahedra (centered at the
vertices of the truncated octahedron) as in the low-density, high-symmetry version of the sodalite anion
structure, Right: the collapsed, high-density version of the same structure.

Yet another framework of regular tetrahedra has tetrahedron centers, 7, on lattice
complex §* (3/8,0,1/4 ; etc. of Ja3d). The vertices, X {sphere centers) are given by:

Ia3d, a = 2N(2-V3) = 3.8637, p = 0.4357
Xin48 g: (UBx,1/d-x ; etc), x = 12 - V3/8 = 0.2835 ; T-X-T = 150"

An important elemental structure type is that of 8-Sn (white tin}. Here we give
parameters for a slight idealization with six equal distances;

4y/amd, a = Y152, c = 1, p = 0.5585. Sphere centers in 4 a: [ £ (0,3/4,1/8)

Except for the unit cell parameters this structure has the same description as the
8-coordinated structure described in § 6.3.4 (p. 234). The two structures are very different
though; in §-8n c/a = 0.516, in the 8-coordinated structure ¢/a = 3.46. This again
emphasizes the fact that in non-cubic structures axial ratios should be carefully considered
before concluding that two structures are the samne (or related). In fact the same positions of
141/amd with c/a = 1.414 corresponds to the diamond structure.

‘We could have devoted a section of this chapter to space-filling packings of polyhedra.

1The refevance of this structure and its transformations o crystal chemisiry has been the subject of
much discussion. Three papers oa the topic appeared in Acta Crysiatiogr. A37, 1-17 (1981).
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We have seen, for example, how space-filling packings of tetrahedra and octahedra give
rise to entactic arrangements; and the 7 structure may be considered a packing of tetrahedra
a.qd truncated tetrahedra. In the next chapter we will meet 4- and S-connected structures that
arise from other packings of regular and/or Archimedean polyhedra. Here are two
6-coordinated examples involving rhombicuboctahedra (3.43, Fi g. 5.5) which we call reo’s
for short.

An reo has two kinds of square faces: There are six having edges in corumon only with
ot.her squares; these are parallel to the faces of a cube. Joining rco’s through these faces
will result in a structure in which the centers of the rco’s are on a primitive cubic lattice and
Elhii remaining space is a labyrinth of face-sharing cubes and cuboctahedra. Crystallographic

ata are:

(a) Cubes, cuboctahedra (3.4.3.4) and reo’s (33.4):;

Pr3m, a =1 + V2 =2.4142, p = 0.4465
Sphere centers in 12 i: (0,2x 400, x = [/(2 + +2) = 0.2929

W_e illustrate the structure in three ways in Fig. 6.73. Note particularly that if we
consider just the packing of cubes and cuboctahedra (so that the “emnpty” space consists of
r?o’s) we have a continnous three-dimensional surface tiled with polygons. We will
discuss such infinite polyhedra in the next chapter (see also Appendix 3). In this example
all the vertices are equivalent and are 3.42.3.42,

Fig; 6.73, Space ﬁ]iing b3f cubes, cuboctahedra and rco’s. Left: the combination of cuboctahedra and
reo's. Center: the combination of cubes and rco’s. Right: the combination of cubes and cuboctahedra,

{b) Tetrahedra, cubes and rco's:

Fmdm, a=2+2=3.4142, p = 04210
Sphere centers in 32 £ F £ (20K, x = /(4 + V8) = 0.1464

An rco has also twelve square faces with two edges in common with triangles. Joining
them by these faces produces a structure in which the centers of the rco’s are on a face-
centere.d cubic lattice. The remaining space consists of cubes and tetrahedra (1 and 2
respectively per rco) sharing vertices. Fig. 6.74 should provide sufficient information for
model builders to proceed.
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Fig. 6.74. Part of a space filling by cubes, tetrahedra and rco’s.

This is the O arrangement in compounds Ag7OgX (X is a monovalent anion such as F~
or NO3~ which is in the center of the rco). Ag atoms are of two kinds: those centering the
cubes (8-coordinated by O) and those centering the square faces (4-coordinated) of the reo
that are not shared with cubes.

Another 6-coordinated structure is obtained by joining together rco’s and octahedra.
Each triangular face of each rco is shared with an octahedron, and each octahedron shares a
pair of opposite faces with rco’s (this makes a rather elegant model). We discuss this
structure as an example of an infinite polybedron 33.43 in Appendix 3. Data are:

Im3m, @ = 3.8857, p = 0.4284
Sphere centers in 48 &: [ + {tx,trto)K, x = 0.3713, 2 = 0.1893

Finally, we consider a fascinating 6-coordinated structure with only two parameters:

P4432, a = 8/[3N(7 - ¥33)] = 2.3800, p = 0.4661
Sphere centers in 12 &: (1/8,x,1/4+x s etc), x = (9 - 433)/16 = 0.2035

In this structure three equilateral triangles twisted as in a three-bladed propeller meet at a
point. There are two next-pearest neighbors at a distance 1.23 times the shortest distance. If
all aight neighbors ate counted, the structure may be described as a three-ditensional
framework of corner-connected metaprisms. Three fifths of the Mn atoms in f-Mn have
this arrangement; the remaining two fifths cap the equilateral triangular faces of the
metaprisms, forming almost regular tetrahedra.

6.8.6 Sphere packings with icosahedra: WAl 2 and AuZna

Strictly regular icosahedra are incompatible with crystallographic symmetry (which
precludes the presence of 3-fold axes); but nature is very clever at designing periodic
structures that feature afmost regular icosahedra. Here we discuss two structures that may
be considered as derived from the J structure (§ 6.3.6, Fig. 6.27) and which arise in a
variety of contexis.

The J structure, considered as a packing of octahedra (sharing vertices with each other)
and cuboctahedra (sharing faces), contains one of each polyhedron and a total of three
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vertices per unit cell. If the cubic cell edge is dounbled there will be 8 (= 2 x 2 x 2) of each
polyhedron in the larger cell. We can take the octahedron centers to be at & ( 1/4,1/4,1/4 ;

1/4,3/4,3/4)x in this cell and the cuboctahedron centers to be at 0,0,0 1/2,1/2,1/2 and

(1/2,0.0 5 1/2,1/2,00%. The first two cuboctahedra (centered at the cell origin and body

center each with 12 vertices) are isolated from each other and account for the § x 3 = 24
vertices in the doubled cell of the J structure. Leat's now convert these two cuboctahedra to

icosahedra as indicated in Fig. 2.25 (p. 54), and arrange them so that the shortest distance

between vertices of neighboring icosahedra are the same as their edge lengths. Tt is

remarkable that the transformation can be much more elegantly, and informatively, describ-

ed in terms of concerted rotations of the corner-connected octahedra of the structure (which

remain regular) as illustrated in Fig. 6.75. The resulting structure has symmetry m3.

Fig. 6.75. The Al array in WAlyy. Left: as vertex-sharing octahedra, Right: as a body-centered array of
icosahedra. ‘

The octahedra are rotated about axes parallel to <111>. Let the angle of rotation (the
same for every octabedron) be ¢. The structure is described as follows:!

tm3, a = (Boosd + 4)N18. Vertices in 24 g: /£ (D,pk2)x,
¥ = (3cos¢ — V3sing)(8cosg + 4), z = (3cosd + V3sing)/(Beosp + 4}

For regular icosahedra the rotation angle is given by tang = V3{7~ /(T + 1) = 22.2°
and y = 3/[4(1 + 7+ V2)] = 0.1860, z = 7y = 0.3010. [Here, as usual, 7= (V5 + 1)/2.]

Centering the octahedra with atoms B produces stoichiometry BX3. It is interesting that
at ordinary pressure ReO3 has the simple cubic structure with ¢ = 0, but under pressure it
suddenly crumples to produce the body-centered structure with ¢> 0.2 :

Centering the icosahedra of X with atoms A produces stoichiometry AXy, and we have

IReaders who are anxious to derive this and related results For themselves should apply the rotation
matrix of Eq. 2.3 (§ 2.5.1) to a point originally at 0,1/4,1/4 (¢ = 0).

2As the mechanism of compression changes from bond compression {initially), to buckling {angle
bending), the bulk medulus (inverse of compressibility) of ReO3 decreases with pressure [see B, Batlogg
et al., Phys, Rev, B 29, 3762 (1984)]. For materials with just cne made of compression, the bulk modulus
invariably increases with pressure. :
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the structure of WAl 7 which has coordinates very close to the ideal ones given here (see
Appendix 5 for data). . _ _

What happened to the other six cubectahedra oviginally {§=0) in the unit ce?ﬂ’? Four f’f
their vertices have moved close to the center to produce rectangles with edges in the ratio
1:1.07 (i.e. almost square). A large family of oxides, typified by CaCu3Tis012, is known
in which Ca centers the icosahedra of the collapsed structure, Cu centers the rectangles and
Ti cemers the octahedra. Centering just the icosahedra and octahedra produces
stoichiometry AB4X13; many compounds of this type are known, examples are LaFe4Pi2
and LaFe4Sbyq. . ' .

Considered as a sphere packing, the ideal X arrangement, with reguli?r 1cosa-hcdra, is
9-coordinated, although as mentioned above, each point has a tenth neighbor just ‘1.07
times as far away. Also to be noted is that although regular icos.ahcdra are poimbie,
icosahedral symmerry is not; in fact the symmetry at the center of the icosahedra is m3. .

The structure we have described represents just the most symmetrical way qf collapsing
the J structure by rotations (or tilts) of the octahedra, In Volume I.I of this series we show
how other important structures are derived by different patterns of tilts. . )

If the icosahedron at the body center of the cell in the above structure is rotated 907 about
an axis parallel to a cube edge the symmetry is changed to Pm3n and,_ as before, ther.e are
24 vertices in the unit cell A new sphere packing with only seven neighbors results if the .
shortest distance between vertices of neighboring icosahedra is the same as the edge length.
This Is illustrated in Fig. 6.76. Crystallographic data are:

Pri3n, a = 1/(2y) = 2.8859, p = 0.5232
vertices in 24 k: £(0,1y,z 1 172,125z, 1/2+9)K,
y= 12 -2 + 6D/(4 + 47) = 0.1733, z = 7y = 0.2803

Fig. 6.76. The Pm3n arrangement of icosahedra, Left: as an array of corner-connected prisms. Right: the
array of icosahedra. Compare with Fig. 6.75.

The array of corner-sharing octahedra in the WAl 2 struc.ture has now become an arr.ay
of corner-sharing (somewhat distorted) trigonal prisms. This structure hzlis a nice surpnsej
in store. The unit cell also contains six {again distorted) cuboctahe?dra with centers at § c:
+1/4,0,1/2). If atoms A (at 0,0,0 and 1/2,1/2,1/2) center the Xz icosahedra and B center
the cuboctahedra, the stoichiometry is AB3X 7. This is in fact the structure of AuZns [=
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Au(1)Au(2)3Zn;7] in which the Zn parameters are quite close to the “ideal” ones given
above (see Appendix 5 for crystallographic data).

The ABj3 arrangement in AB3X|7 is the very common structure type CraSi or §-W
(§ 6.6:4). One form of UH3, which we write as U(1)U(2):H 12 has the AuZns structure
We might think of this as Cr38i U(1)U(2)3 with H in tetrahedral interstices. .

There are also some germanides and stannides, e.g. PraRh4Sny3, in which there are
Ge13 or 8ny3 groups obtained by centering the icosahedra. Pr atoms are in the cub-
octahedra of Sn, and Rh atoms are in the trigonal prisms of Sn (for data see Appendix 5}.

The symmeiry of the AuZnj structure should lead us to expect (see § 6.8.10) to find a
rod packing based on the f~W cubic cylinder packing. Fig. 6.77 illustrates the arrangement
of cuboctahedra which consists of rods of face-sharing cuboctahedra packed in this way.

Fig. 6.77. The packing of rods of face-sharing cuboctahedra in the AuZn3 structure, The rods run parallel
to the three cube axes.

Fig. 6.78. A low density packing of icosahedra and octahedra; an infinite polyhedron 37. CF. Fig, 6.75.

Fin.z'\lly, we observe that half of the icosahedra of the WAl ) structure (Fig. 6.73) could.
be omitted, leaving each icosahedron with just four neighboring icosahedra and with the
centers of the icosahedra arranged as in the diamond net (§ 7.3.1). The resalting structure
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is illustrated in Fig. 6.78. Note that {excluding the shared face) seven equilateral triangles
meet at each vertex so we have an infinite polyhedron 37 as discussed in Appendix 3. The
structure is a low-density 7-coordinated sphere packing, indeed the least dense that we
know of. Crystallographic data for unit edge length are:

Fd3, 2 = $.376, p = 03235
Sphere centers in 96 g: (x,.z, etc.), x = 0.0320, y = 1/8, z = 0.2733

6.8.7 Cubic invariant lattice complexes

The symbols for some of these complexes (as given in the International Tables A) have
been given diready in this chapter but are summarized here for convenient reference,
together with their highest symmeiry occurrences. A prefixed “+” or “-” is used for
enantiomorphous pairs and an affixed “*” indicates that the lattice complex is derived by
combining two lattice complexes (one displaced from the other) with the same symbol but
without the affix. In the table below N is the coordination number. The atoms in bold in
chemical formulas lie on the lattice complex; the symmetry may be lower in the actual
compound (cf. NbQ). V* and Y** (a combination of two ¥*) correspond to two intergeown
(but not inter-connected} nets.

complex space group position N remarks
F F3m 4a 12 face-centered cubic
I Im3m 2a 3 body-centered cubic
J Prm3m 3c 8 Fig. 6.27
3 A3d 12aorh 8 Th3P,, Fig. 6.30
P Pri3m la 6 primitive cubic
T Fd3m 16 ¢ or d 6 Fig. 6.32
+y P4332 4a 6 FeSi, Fig. 6.34
¥ P4932 da 6 enantiomerph of above
D Fdlm 8aoch 4 diamond, Fig. 7.9
v 432 e 4 Fig. 7.36
v 14132 124 4 enantiomorph of above
Il md3m 6 4 NbO, Fig. 7.31
w* Ii3m 124 4 sodalite, Fig. 7.30
5* la3d 24d 4 Fig. 7.35
v Ia3d 24 ¢ 4 two V nets
+y* 4132 Ba 3 Sr8is, Fig. 7.6
r* 432 8b 3 enantiomorph of above
b Ia3d 165 3 two Y* nets, Fig.7.34
w Pui3n 6cord 2 Cr3si, Fig. 6.60
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An invariant lattice complex may oceur in more than one space group. Thus J also
occurs as positions ¢ and & of P43m and {with doubled cell) as positions ¢ and & of Fm3c.

Other lattice complexes with symbols include +¢ for the Si atom positions in f-quartz -

(§ 3.6) with symmetry P6222 and -@ for the enantiomorph (P6422), G for a 63 layer and
N for 23.6.3.6 (kagome) layer We used these last two symbols in § 6.1.6.

-6.8.8 Common cubic unit cells for arrays

In § 5.6.12 we discussed corumon unit cells for plane patterns. There is an analogons
problem in three dimensions involving cubic patterns. The smallest cubic supercell of a
primitive cell has edges 2g, i.e. 8 times the volume. The next will have 27 times the
volume. The number of symmetry-related points in a cubic cell is a divisor of 192 so in
practice, to investigate relationships between cubic structures of symmetry-related points in
which a cubic cell is maintained, it is only necessafy to consider relationships of this kind
between structures with either the same number of points or differing by a factor of eight.
There are then six sets of compatible numbers which are;

@ 1,8 64
) 2,16

iy 3,24, 192
Gv) 4,32

(v) 6,48

(viy 12,96

We now give some examples of the use of these numbers. The fact that the anions in the
spinel structure (§ 3.4) are in 32 ¢ of Fd3m: F + (x,x.x ; (x,1/4—x,1/4-x)x} (with x
typically = 0.26) suggests a possible relationship to cep with four points per cubic cell
[case (iv) above]. The reader is invited to confirm that if x = 1/4 the structure is indeed a
face-centered cubic lattice described with a 2 x 2 x 2 cell.t

Another example is provided by the structure of ThaP4 which has symmetry [43d with P
atoms in 16 €2 f + (x,x,x ; Védax, 14+x, Ud+x 3 (124, 172-23 ¢ 3Hd+x,1/4-x.3/4-x)K)
with x = 0.08. In this case the reader may confirmn that for x = 0, the arrangement is body-
centered cubic [2 atoms per ceil; case (ii) above] described with a 2 x 2 x 2 celi.

Note also the relationship of the cubic 7-coordinated sphere packing of § 6.3.8 {p. 238)
with symmetry Pa3 and eight points per cell to the primitive cubic structure with one per
cell [case (i)},

A formal description of the garnet structure of Ca3AlpSiz0;9 was glven in § 3.4. The
cubic ceil contains 96 O atoms. A well known reference work states that this structure has
“oxygen ions in cubic close packing.” Reference to case (vi) above shows that this

11t is amusing that a rare sphere packing (described in the next chapter) also has the same formal

‘description (points in 32 e of Fd3m) but with x = 148 + \"96) 0.056... so onre must be a little cautlous.

_Structures with the same formal description, but differing in the values of one or more parameters, may be
very different.
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arrangement with 96 atoms per cubic cell can only be compatible with other cubic structures
with 12 atorns per unit cell. In particular it is incompatible with cep (four per cell). Actually

- in Caa1Al;8i3012 the first twelve O neighbors of an O atom range in distance from 2.57 -

3.85 A and the thirteenth neighbor is at 3.89 A so we can, in any case, discount the claim
on those grounds. We can also use the coordination sequence (as described in § 6.8.2)
based on the first twelve neighbors to show that the arrangement does not correspond
topologically to any cp arrangement.

The Al positions in gamet are in 16 a of Ja3d and correspond to bee (2 per cell)
described by a 2 x 2 x 2 cell [case(ii)] and the combination of the Ca and Si positions (24

¢ and 24 d respectively) corresponds to lattice complex W (6 points per cell) described by a-

2x 2 %2 cell [case (V).
Cubic supercells of cubic cells with axes not pa:allel to the original one may occur, but

- they are probably not of much interest because of the size of the new cell. A simple

example is that obtained by the transformation (3 4 0/—4 3 0/ 0 0 5) with edge length of
5a. A cubic supercell with edge an irrational multiple of a (in the same way as a square cell
has supercells V24 x 24 or V52 x ¥3a) cannot occur however.

6.8.9 Packing of two sizes of sphere: “kissing” numbers

In this chapter, the emphasis has been on sphere packings with one kind of sphere,
because these commonly occur in simple crystal structures. However, some structures of
intermetallic compounds can be considered as efficient (dense) packings of two or more
kinds of sphere of different sizes. The structure of MgCuz (§ 6.6.3) is an often cited
example of an efficient packing of two kinds of sphere and that of NaZny3 (§ 6.8.3) is
another. Very little systematic research has been done on the problem of classifying
packings of spheres of two sizes, but it has an obvious relevance to crystal chemistry and
some results would be expected to lead to useful insights into intermetallic structures. For
packings of two sizes of circles see L. Fejes Téth, Regular Figures {Pergamon Press,
Oxford (1964)]. For the packing of two sizes of sphere see M. J. Murray & J. V. Sanders,
Phil, Mag. A42, 721 {1980). These last authors were interested also in the structures of
opals which are packings of (typically micron-sized) silica spheres. In contrast to crystals,
opals reaily are packings of hard spheres.!

The maximum number of equal spheres that can touch a similar central one is known as
the kissing number. It seems astonishing that the answer in three dimensions was once
controversial and involved Newton (who correctly said twelve) and Gregory (who thought
the answer might be thirteen). However, such questions are difficult to settle to the
satisfaction of mathematicians, who are uncommonty hard to please in such matters.

In intermetallic structures, higher kissing numbers are commeonly found; for example, in
NaZnj, Na has 24 equidistant Zn neighbors. In general, in such structures, nature
contrives to design an arrangement in which every atom is highly coordinated. At the same
time she is tolerant of small variations in interatomic distance—it is this aspect of the topic

IThe “fire” in opal comes from Bragg diffraction of light from the planes in the perfodic packing of
spheres, in a similar way as erystals diffract X-rays.
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which makes it virtually infractable from the point of view of formal geometry.

A related question which is of some importance to crystal chemistry concerns kissing
numbers in binary (ternary etc.) compounds (extended structures) in which spheres (atoms)
of one kind kiss only spheres of another kind. We call these numbers heterosphere Kissing
numbers. Typically in “fonic™ crystals the “cations™ have only “anions” as nearest
neighbors and vice versa, and the question of heterosphere kissing numbers is particularly
relevant for this class of compounds.

To take a specific example: in a binary compound A,,B, (in the strict sense in which ali
A are equivalent as are afl B) with d(A-B) < d(A-AY and d{B-B), what is the maximum
possible coordination of A by B?

‘We pause first to remark that if the coordination of A by B is p and the coordination of B
by 4 is g, then pm = gn. This almost trivial observation turns out to be of some
consequence in determining possible coordination numbers in “onic” crystals,

Our guess, based on observed crystal structures, for the answer to the above question
for compounds AR, is that the maximum coordination number (heterosphere kissing
numtber) is 8, and for compounds A,,R,, that the average coordination number (i.e.
averaged over all the atoms) can never exceed 8 as long as d(A-B) < 4(A-A) and d(B-B).

6.8.10 The occurrence of cubic cylinder packings

8.2, garnet y-Si B-W (x2)
B u,u,;i ~;—+u,§+u,u 0,%,&( i,l‘),u
La3d e, p3ct h, 312, piz2 F pc2 h, p4122, p4322
a3 ¢, p3ct e, p31, p3z d, p4 e, 12221
Ia:i ¢, p3 e, p31, p3z d, pec e, p2221
Pa3 ¢, pd d,p3, pin d,plel d,pli2y
5.g. garnet SrSi» B-W (x2) B-Mn
Wtk 1t %—+u,3z+u,u %+u;§-+u,u O,i-.u 41,0,5: %,O,u
14132 ¢, p3 i, p312 i, p322 fp222 i, p4122 i, p4322
P432 ¢, p3 e, p3a2 e, p3;2 e, p2ti e, pdp e, p222
Pd332 ¢, p3 €, p3a2 e, p312 e, p2ll e, p222; e, pds
1213 a,p3 | ¢ p¥ e.p3y | &pl12 | ¢ p222 €, p222;
F2:3 a,p3 | bp32 b, p3| (b, p1} b, pl124 b pl12;
5.g. B-w (0,21,:1 or %,O,u)
Pm3n g or h, pdafmme
Pa3n hor g, pac
P4q32 iorj, p4z22
Pm3 For g, pmmm
P23 . gorh, p222
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Cubic cylinder packings are of particular interest in the description of complex crystal
structures that otherwise resist description. Here (on the previous page) we list the cubic
space groups with non-intersecting symanetry axes and the axis locations. The entries in the

_ table are the Wyckoff positicns and compatible rod symmetry (Appendix 1). For example

we see that the substitution w,u.u in Ja3d corresponds to positions e and represents the
axes of the garnet packing. Rods along these axes have symmetry p3cl.

Non-intersecting 4-fold or 2-fold axes also occur in the space groups with non-
intersecting 3-fold axes. They fall into two sets, each corresponding to the axes of §-W
described by a doubled cell. We label this §-W (x2). Thus, again for Ia3d, the substitution
0,1/4,u will produce! the set (0,1/4,u ; 0,3/4,u 5 1/2,3/4,u 5 1/2,1/4,4)K corresponding to
positions 48 f and rod symmetries will be pdc2. This set is illustrated as a cylinder packing
in Fig. 6.67 with the unit cell (a down the page, b horizontal and ¢ up out of the page)
origin appropriately located. The other set of non-intersecting 4-fold axes-are 4 and 43
axes along the lines generated by the substitution 1/4,0,u. Please note that the table is
appropriate only for the choices of origin made in the International Tables.

The S-W structure without a doubled cell occurs in a separate set of space groups as
shown. In these space groups the 3-fold axes intersect.

6.9 Ixercises

1. Americium is hexagonal:

Am PGylmme, a=3474, ¢ = 11254
Am(1) in 2a (0,0,0 ; 0,0,/2) ; Am(2) in 2" +(1/3,2/3,3/4)

Describe the structure in terms of stacking 36 nets (4, B and €) and in terms of # and c.

2. Other cp arrays with just two kinds of sphere are:

e (65) PB3imme, cla = 64(243)
hoin2 b K0,0,1/4) ; cin4 £ H1/3,2/3,2  1/3,2/3,1/2-z2), z = /12

hhe (9R) © R3m, cla = H(U3)
cin3@R+000;hin6e RE00D,7=29

hhee (12R) R3m, efa = 124(2/3)
cin6e: RE(002),2+524 ,hin6 et R £(0,0,2),2=3/8

3. Mercury has a rhombohedral structure (space group R3m) with one atom in the unit
cell. a = 2.993 A, ot = 70.74°, What are the distances to the 12 nearest neighbors of a Hg
atom? Transform to a face-centered rhombohedral cell (four atoms per cell) for a
comparison with face centered cubic. What is o for this celt? [Hint see § 4.4.]

I'Fhe reader who wishes to verify this statemnent should note, for example, that the line 0,1/4,1 is the
sarne fine as 0,174, 1/4—y; it is a line parallel to ¢ passing through 0,1/4.0.
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4. What is the arrangement obtained from two interpenefrating fee lattices, one at 00,0
and one at 1/2,1/2./12. {(i.e. a combinzgion of positions 4 a and 4 b of Fm3m)? What is the
arrangement of points in 8 ¢ of Fm3m [F £ (1/4,1/4,1/4)] ? If we combine all these

positions {4 a, 4 b and 8 ¢) we will have combined four fec lattices (16 points), What is the
arrangement now?

3. Positions 16a of Ia3d are I + (0,0,0 ; 1/4, 1/4;1/4 ; 0,172,142 ; 1/4,1/4,3/4)x. What
simple arrangement is this?

6. Here are two examples of structures based on ¢p. Note that although they are quite
different, they differ only in the numerical values (i.e. they bave the same space group and
atoms in the same sets of positions—they are isopuntal).

@ ThaNg RBm,a=3875A,c=2139A, cla = 7.07
© Th(lyin 3 a: R +(0,0,0) ; Th(2) in 6 c: R + (0,0,2), z = 0.222
N()in6¢c,z=0132 ;N2 in 6 ¢,z =0377

Th is approximately cp; what is the stacking sequence? N atoms fill tetrahedral andfor
octahedral interstices. Answer (with A,8,C for cations and a.53,y for anions):

hhe Th; sequence = A-yBoy fA-¥B-o-C4B-0-C-BAyaC-B...

)  Fe3Sq (smythite) R3m, a =347 A, ¢ =345 A, c/a = 9.94
Fe(h)yin 3 a: R + (0.0,0) ; Fe(2) in 6 ¢z R £ (0,0,2), z = 0.9171
S(1)inb¢,z=07898 ;S inb e, z = 0.6270

S is approximately cp; what is (he stacking sequence? Fe atoms fill octahedral
interstices. Answer (with 4,8, for anions and o, B,y for cations):

hhce 8 sequence = A-¥B-pA- B C-J-A-B-C-JA--B o CoBoC..
7. The structures of the rutile form of TiO; and of CaCly are closely related:

TiO2 Plofmnm, a=4594 &, c=2958 A

Tiin 2 a: (00,0 ; 1/2,1/2,1/2)

Oin 4 f 2(ex,0; 1/24x,1/2-x,1/2), x = 0.303
CaCly Panm,a=6241 A, b=6432 A, c=4340 A

Cain2a:; (0,00; 1/2,1/2,1/2)

Clin 4 g: +x,y,0 ; ++1/2,1/2-y,1/2), x = 0.275, y-= 0,325

Plot both structures in projection down the short axis and compare with Fig. 6.20 (p.
229). What (approximately) is the anion packing?

Sphere and Cylinder Packings 287

8. The structure of MogBC is:

MosBC Cmcm, a = 3086, b=1735,¢=3.047 A
Mo(l) in 4 ¢: € £ (O, 1/4), y = 03139 ; Mo{2) in 4 ¢, y = 0.0721
Bindc¢,y=04731;Cindc,y =0.1920

Describe the Mo structure as a stacking of 44 nets along b using the notation 4, B, C, D
and describe the type of site {(octahedron, trigonal prism etc.) occupied by B and C.
Compare the B-B and C-C distances in the structare,

9. Pa and 1Pu are both 10-coordinated:
Pa HMimmm,a=3932,¢c=3238 A. Pain2a: [ + (0,0,0)
¥-Pu Fddd, a =3.159, b = 5.768, ¢ = 10.162 A. Puin 8 a: F £ (1/8,1/8,1/8)

Plot the Pa structure projected on (110). How do the interatomic distances compare with
those in the 10-coordinated bet? The 1Pu structure is based on & stacking of 36 nets along
¢ in the sequence ADEF (see Fig. 6.40, p. 247). Calculate the ten shortest interatornic
distances in =Pu. What is the next shortest distance?

10. TazB4 is orthorhombic:

Ta3B4 fmmm, a=329,b=140,¢=3.13 A
Ta(l) in 2 o [+ (0,0,1/2); Ta(2) in 4 g1 1 % (0,y.0), y = 0.180
B(l)ind g, y=0375% B(2yin 4 b [ £ (0,y,1/2), y = 0.444

Describe the Ta arrangement as a stacking of 4% nets along b (as in Exercise 8). What is
the coordination of the B atoms? Check your answers by drawing the structure in
projection down a.’

V3B4 is isostructural with TagBy4 and VB is isostructural with CrB (p. 250). There is
also reported a composition VsBg (= 2VB + V3By). Can you guess a possible structure for
this last composition? {See Hyde & Andersson (Book List) p. 227.]

11. Many halides have structures with ¢p anions. Some arc rather simple (e.g. CdCly,
and CdlI3, § 6.1.5), but others have rather complicated low-symmetry structures. Data in
‘abbreviated form for $ome fodides are given below,

Znlp H4y/acd, a = 12.284, ¢ = 23.583 A. Zn 32g, 0.3749,0.3625,0.0627

(1) 164, 0,1/4,0.0047 : {2) 16e, 0.262.0,1/4 ; I(3) 32¢, 0.0113,0.9993,0.1267
Hgly Pdofnmic, a = 4370, ¢ = 12.443 A, Hg 2a, 1/4,3/4,1/4 ; 1 4d, 1/4,1/4,0.3891
Bil; R3, a =7.493, ¢ = 20,68 A. Bi 6, 0,0,0.167 ; 1 187, 0.342,0.340,0.0805
Snly Pa?, a=12273 A $a 8¢, 0.125,0.125,0.125

(1) 8¢, ©.252,0.252,0.252 ; 1(2) 244, -0.002,-0.002,0.233
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Uly C2lc.,a=13967,h=8472, ¢ =

\ 967, 5=8472 c= 7510 A, §=90.54". U 4

K1) 8f, 0.123,0.118,-0.086 ; 1(2) 8, ~0.134,0.382.0.100 005114
Hfly : C2e,a = 11787, b = 11.80 A
. 8T, b =11, 1,c=12.905A,ﬁ=116.3° All

Hf 0.4244,0.3610,0.3753 ; (1) 0.3270,0.3830,0.130% . woms

1(2) 0.4470.0.1351,0.3866 ; 1(3) 0.1898,0.3761,0.3632

1(4) 0.4369,0.6154,0.3808 o
Prl, Faim, a = 12.360 A. All atoms 16 e, J}:.x,x etc.

Pr, x=0.3606 ;1) x = 0.1115 ; I(2(, x = G.6257
Identi . . .
entify the anion packings (all are ¢p) and the way the cations occupy the interstices

12. A tetragonal tetrahedral layer (§ 6.4.2) consists of two 44

4 P, . oo
:t:ic }sztmlf X })f ;wwe the density in between [so there are {Y}X4 tetrahedra]. The
try is X2¥2. If n such layers are joined together the stoichiometry is Xf:,:,Y +1
L 2

(the case # = == correspond i
ponds 1o fluorite structure X- i
structure there are double tetrahedral fayers (n = 2) Sl s vith the KCuSs

Igyers of Kin {K}S3 cubes:

nets of ¥ stacked AB, with

KCuqgS3 PAlmmm, o =3.899, =9
mmm, 4 =3.899, £ =9.262 A, cla =2.38.K i :
Cuind it £(0,1/2,2 5 1/2.0.2), 7 = 0.1603 b 0072

S()in 1 a: 0,00 2 in 2 &t HU2,1/2,2), £ = 0.2944

{Cr;e;lf); tthzstlt1 tge 8 packing consists of 44 nets stacked ABB... and that Cu atoms are in
1Cn) H:; n(: arlace ra . Cqmpare the Cu...Cu distance in the layers with the Cu...Cu distance
u (cep with @ = 3.615 A). Speculate on the oxidation states of the atoms,

13, i
carbide?lglrgc-;s-g fe of the so-called H phases found for aluminum-transition metal
b nitrides. Many other isopuntal compounds are known including exampl
Wo non-metallic components (which are still called H phases): § examples

Al
CryC gﬁgfmmc,f = 2,860, c = 12.82 A, c/a = 4.48. Al in 2 & #(1/3,2/3,3/4)
vind £ H(1/3,23,2; 13,2/3,1/2-2), 2 = 0.086 ; Cin 2 a 0,00 ; 0,0,1/2)
T
125C fr’?;!mmc, a=3210,c= 1120 &, cla = 349, S in 2 4: +(1/13,2/3,3/4)
Lind £ £(1/3,23,2 5 1/3,2/3,1/22), 7 = 0,099 ; C in 2 &t (0,0,0 ; 0,0 1723

Describe the two compounds above in terms of stacking of 3% nets (using ABC,afp)

What (if any) sets of atoms a [ -
Gf. pproximate closest packing i ?
coordination polyhedra around $ and C? [Compare ’11"3123(2 \fitll?'lfiflk’cgilazeé) ‘]thﬂf e the

14. Hee is a simple packing of unit diameter spheres:

Himmm, @ = [ +VZ, ¢ = V2 Centers in 8 & [ % (£,0,0 ; 0,0}, % = 142 ++2)

Identify the net in the layers normat to ¢, and the ceordination nuinber of the paciéi‘ng

of {Cu}8, tetrahedra interwoven with .

CHAPTER 7

NETS AND INYINITE POLYHEDRA

7.1 Introduction

In this chapter, in contrast to the last, we discuss some arrays of points with low
coordination number, particulagly 3- or 4-coordination. These are less usefully considered
as sphere packings, and are more commonly described as nets. In some cases it is useful to
consider the nets as the edges and vertices of packings of polybedra. As in the previous
chapter, the emphasis is mainly on the simpler high-symmetry patterns that occur in a
variety of structural contexts. Now a systematic organization is more difficult as nets may
be derived and described in more than one way. To improve continuity we have included in
the main body of the iext some material thar might otherwise have been relegated to the
Notes. In particular section numbers in this chapter that are marked with an asterisk may be
of lesser interest to some readers and may be omitted in a first reading.

The diamond structure is a familiar example of a 4-coordinated (or 4-connected) net and
many other 4-connected nets arise as structures of alumino-silicates {including the two most
common crystalline materials in the earth’s crust; quartz and feldspar). In the latter case the
Si (or Al) atoms are the nodes (or vertices) of the net and the -O- bonds are to be
considered the links (or edges). The frameworks of zeolites (mainty alumino-silicates and
alumino-phosphates) are currently of great interest as their catalytic and other properties are
largely determined by their structures. Other important 4-¢onnected nets oceur in covalent
solids and as the hydrogen-bonded networks in polymorphs of ice and in hydrates.

Nets can also have mixed coordination; thus the net describing the atoms in SizNy (=
iv8i51iiNy), in which Si is connected to four N, and N is connected to three Si, is referred
to as (3,4)-connected. An important class of nets with mixed coordination is that corre-

sponding to frameworks of corner-connected octahedra and tetrahedra. For example, in
Fen(S0a)3, {Fe}Og octahedra share corners with 8104 tetrahedra and vice versa. The Fe
and S atoms are at vertices and the -O- links correspond to edges of a {4,6)-connected net,

We usually describe nets in crystallographic terms. We generally give unit cell
‘parameters and coordinates of vertices that correspond to an idealized conformation in
which the edges are of equal lengtl, and in which the volume, subject to this constraint, is
2 maximum. This conformation is also one of maximum symmetry. Some nets occur ina
variety of crystal structures and often then have lower symmetry.

There appears to be no simple method of giving a purely topological definition of nets,
but a partial topological characterization of 1~ and 4-connected nets is nevertheless useful,
50 we discuss this topic first. A systematic description of nets is difficult and efforts to
enumerate possibilities have not succeeded in any rigorous manner {many bundreds of 4-
connected nets have been described in the literature). '

The topology of nets is a source of some fascinating, and mostly unsolved, problems.
For comments on these aspects see Appendix 3.
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We caution the reader that it is often very difficult to appreciate the structure of a three-
dimensional net and virtually impossible to do such things as enumerate rings from a
drawing. On the other hand models can be made simply and inexpensively (see Notes) and
it will be found that these are invaluable (and sometimes essential) aids to understanding.

7.1.1 Circutts, rings and Schlifli symbols

Three-dimensional nets can be considered as infinite periodic graphs; we then tend o
talk of vertices (atoms) and edges (bonds}—a common practice in graph theory. A path is
a continuous sequence of edges, and a circuit is a closed path beginning and ending at the
same vertex. The term ring is used in a special sense, described below, that is consonant
with chemical usage. Any two edges with a common vertex define an angle at that vertex.

Recall that in Chapter 5 we often characterized finite polyhedra and two-dimensional nets

by Schidfli symbols, which gave in cyclic order the size of the polygons common to a
Vertex. For 3- and 4-connected three-dimensional nets it is a commen practice to extend the
idea of a Schlifli symbol to include these cases also. Now, instead of polygons, either
shartest circuits or shortest rings are used and we must first make clear the definition of
these terms and be careful to distinguish between them.
) For each angle at a vertex we can find a circuit which is a path that starts out at the vertex
in question (the home vertex), goes out along one edge, and returns home along the second
edge of the angle. The shortest such path (one that traverses the least number of edges) is
the shortest circuit associated with that angle and is signified by the number of edges it
contains. Some authors characterize three-dimensional nets by giving a “Schlifli symbol”
that indicates the size of the shortest circuit at each angle; we give an example of this
procedure below.

Fig. 7.1. Two fragments of nets discussed in the text.

The use of shortest circuits is not always consistent with our earlier treatment of
polyhedra and two-dimensional nets as we now explain. In Fig. 7.1 (left) let the circle
labeled “1” be the home vertex, and et 2 and b be two edges defining the angle ab at vertex
“1.” The test of the numbered vertices represent a fragment of a net, which may be finite
(i.e. the net of a polyhedron) or an infinite two- or three-dimensional net, There is a 6-
cirenit 1,2,3,4,5,6 containing this angle, but there is a “short cut” back to vertex 1 from
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vertex 4. To be consistent with earlier usage, we should not consider circuits that have such
short cuts and count only those without therm. Another circuit containing the angle ab is
1,6,7,8.9,10,2; this circuit does not contain short cuts as the path along the circuit between
any two vertices on the circuit is a shortest path between them. Such circuits are variously
called “fundamental circuits,” “primitive rings,” or just “rings;” here we will use the
simplest term “ring” and reject the 6-circuit 1,2,3,4,5,6 as not being a ring but accept the 7-
circuit 1,6,7,8,9,10,2 as a ring.

It is not hard to see that an infinite net will have only a finite number of rings for each
vertex, whereas there is an infinite number of circuits. Interesting unsolved problems are
how the number and sizes of rings affect properties such as density, and what constraints
there are on ting size. :

Referring to Fig. 7.1 (zight) we can see that the circuit 1,2,3,4,5,6 is not counted as a
ring, but 2,3,4,5,6,7 is. The latter ring is however made up of smaller ones (§,2,3,4 and
1,4,5.6 and 1,2,6,7) in the sense that traversing all the edges of the smaller rings will result
in traversing all the edges of the larger one. Rings that cannot be decomposed in such a
manner have been called “strong rings.”

1t is useful to recognize that the graphs of finite polyhedra usually contain rings that do
not enter into the Schlifli symbol. Figure 7.2 (left) is a conventional representation of a
cube: on the right is a Schlegel diagram. The circuit 1,4,8,7.6,2 (shown as heavier lines) is
a 6-ring. The presence of 6-rings is not reflected in the Schlifli symbol (43) for the cube.

The reader might like to verify that there are also 6-tings (hexagons) in the
cubogtahedron, 3.4.3.4 (see e.g. Fig. 6.8, p. 213),

Fig. 7.2. Left; a conventional representation of a cube. Right: a corresponding Schiegel diagram. A 6-ring
is shown as heavier lines.

Three angles meet at each node of a three-connected net. In contrast to plane nets, in
three-dimensional nets more than one ring may be included in an angle (see also the next
section), so we modify the Schlafli symbol to read Xy-¥y-Z; where X, Y, Z are numbers
that represent the ring size and x,y,z are numbers that indicate the numbers of rings meeting
at that angle; subseript “1” is omitted. Thus 8-8-87 indicates that at two of the angles there
is an 8-ring and at the third angle there are two 8-rings, Note that many authors omit the
subscripts, and the symbol for the vertex in this example is then written 83,

Just as polyhedra often contain larger rings than those used to specify the Schlifli
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symbol, three-dimensional nets often contain larger rings in an analogous manner.
{(Remember that we use only the shortest rings at a vertex to construct the vertex symbol.)

To make clear the distinction between the use of circuits and rings, we give another
example. Fig. 7.3 shows a fragment of a net. The 3-connected vertex shown as a filled
circle has a 4-ring, a 6-ring and a 10-ring at the three angles, so using rings the symbol is
4.6.10 (the fragment shown might represent part of the net of the truncated
icosidodecahedron). The 10-ring is at the angle ab. There is also an 8-circuit
(1,2,3,4,5.6,7,8) at the same angle, but we do not count it as a ring because there is a short
cut between vertices 1 and 4.

Fig. 7.3. Rings surrounding a 4.6.10 vertex (filled circie). The angle ab is contained in the [0-ring
(lightly shaded) and also in the 8-circuit (not a ring) 1,2,3,4,5.6,7,8.

7.1.2 Schiifli symbols for 4-connected nets

Let us arbitrarily label the four edges meeting at a vertex of a 4-connected net &, b, ¢ and
d. A pair of edges, such as ab define an angle at that vertex. There are six angles at each
vertex defined by pairs of edges: (ab, cd), (ac, bd), (ad, bc). Pairs of angles in parentheses
have no common edge and are referred to as opposite angles. Pairs of angles with a
commeon edges are referred to as adjacent,

Fig. 7.4. illustrating two G-rings containing the same angle (heavy lines) at a vertex (filled circle) in the
diamond net. This figure is a fragment of Fig. 7.10 (left).

For a given angle there may well be several distinct shortest rings. For example, in the
diamond structure (§ 7.3.1) two 6-rings are contained in each angle as sketched for one
angle in Fig. 7.4. _

In order to facilitate comparison with the (rather large) literature on 4-connected nets we
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sometimes use two kinds of “Schldfli” symbol. A “short™ one that specifies just the shortest
circuit contained in each angle (most commonly found in the literature) and a “long™ one
that recognizes only rings and is described hext by example.

In the structure of a feldspar (§ 7.3.9) such as CaAlsSipQg, the net of the Al and 51
atoms has two kinds of vertex.! If we use just the shortest circuits at each angle, the
symbols for both vertices are 42.63.8; however, using rings we can distinguish the two
vertices. The smallest rings and circuits associated with each angle are given below for each
vertex. Also listed are the numbers of such rings and circuits for each angle.

vertex 1 vertex 2
angle  ring number circuit number fing number circuit number
ab 4 1 4 1 4 1 4 1
ed é 1 6 1 6 & 2
ac 4 1 4 1 4 1 4 1
bd 6 [ 6 1 8 1 8 3
ad g 2 8 6 6 1 6 1
be 10 10 6 1 6 2 6 2

We now write a long Schidfli symbol for each vertex as follows, We write, in order, the
symbols of the rings with a subscript for the number of rings (omitting the subscript *17).
Note that we pair circuits by opposite angles and, subject to that constraint, write the
smallest numbers first. The symbols for the two vertices are therefore:

vertex | - 4.6-4.6-82-101p
vertex 2 4.67-4-8-6-02

Neot all nets have distinctive vertex symbols even using long symbols: the pair diamond
and lonsdaleite (see below) is a conspicuous example; for both nets the vertex symbol is
67-62-67-62-62-62.

Note that in our usage short symbols (using shortest circuits) employ superscripts which
(including the implied “17s) add up to three for 3-connected nets and to six (for the six
angles) for 4-connected nets. Long symbols contain three entries for a 3-connecled net and
six entries for a 4-connected net and these are separated by a *-” and may (often do) employ
subscripts in some of the entries. Although the procedure may appear somewhat
complicated, it is in fact very readily implemenied using a computer, and is of congsiderable
help in identifying nets of a given topology in structures.

7.1.3 Coordination sequences

We briefly mentioned coordination sequences for structures in § 6.8.2. Each different
kind of vertex in a net has associated with it a coordination sequence (CS) which is the

1But not (as one might first expect} with Si on one kind of veriex and Al on the other. The edges of the
nets correspond to the -O- bonds to (53,Al) atoms. Ca is accommodated in cavities in the net and is ignored
in the present context.
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SEQUENCE Ay, 2, ... Mk - of numbers of kth topological neighbors. In the language
appropriate for discussion of nets we simply define a &th neighbor of a vertex to be one for
which the shortest path to that vertex consists of k edges.

Figure 7.5 illustrates the concepts of topological neighbors and CS for the two-
dimensional net 44, The reference vertex (filled circle} has four neighbors (dark shading}
connected to it by an edge, so 77 = 4. The second neighbors (light shaded) of the reference
vertex are first neighbors of the first neighbors (other than the reference vertex) and clearly
rtz = 8. Similarly the third neighbors (open circles) of the reference vertex are the first
neighbors of the second neighbors of the reference vertex that are not first neighbors of the

reference vertex {or, more simply, the third neighbors are those for which the shortest path

to the reference vertex consists of three edges). It should be clear that n3 = 12. In fact it
should be clear (drawing a few more shells may help) that ny, = 4k in this instance and that
the CSis 4, 8, 12, 16,....

Fig. 7.5. Iustrating the topological neighbors of a vertex in the two-dimensional net 4% (see text).

Recall that the CS is concerned only with the topology of the net. In Fig. 7.5 the 44 net is
illustrated in its most symmetrical form and it should be obvious that the eight second
topological neighbors are not all the same geometrical distance from the reference vertex.

We give examples of CS's for some nets-in the sections below. One of their main uses is
in computer recognition of nets, but it should be emphasized that occasionally two different
nets have the same CS so that strictly speaking it can only be proved that two structures
have different topologies.! The CS for the twe vertices of the feldspar net are 4, 10, 20, 38,
58,... and 4, 10, 22, 38, 56,... respectively. We know of no example of two different nets
in which the vertices have simultaneously the same CS and Schlitli symbol.

7.1.4 Further definitions

Other terms that have obtained some currency are now defined.

A iminodal net is one in which all vertices are congruent. In its maximum symmetry
form all vertices will be related by symmetry operations (be equivalent).

A uniform net is one in which the shortest rings at each angle are equal in size. A
familiar two-dimensional example is 63

IThe reader can readily verify that the CS for the two-dimensional net 3.4.6.4 is the same as that for 4%,
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A quasi-regular net is one in which all vertices and all edges are equivalent.!
A regular net has all vertices, all edges and all angles equivalent. A regular net is
necessarily uniform. The net of the diamond structure is the only regular three-dimensional

4-connected net; the corresponding regular 3-connected net is described next.

*7.2. 3-connected nets

We have met some plane 3-connected nets before, notably the honeycomb (63). This is
very frequently found as a layer in a crystal structure (e.g. graphite). A number of three-
dimensional nets which can be realized with equal edges and angles of 120° between the
edges, are known, and some are of sufficient interest to describe here.

The first three-dimensional net is an invariant cubic lattice complex:

r* 14132, 2a=v8
105-105-105 in 8 a: [ + (1/8,1/8,1/8 ; 3/8,7/8,5/8)
or & b: § + (7/8,7/8,7/8 ; 5/8,1/8,3/8)K

These two sets of positions produce structures that are enantiomers of each other and
they are symbolized +Y* and -Y* respectively (for reasons which will be apparent later).

Although there are only four vertices in the repeat unit (the primitive cell), the structare is
difficult to illustrate. Fig 7.6 shows two projections of +¥™. Note (on the left) that there are
four-fold helices along [001] of one hand (anticlockwise along +z, i.e. 41} in the structure,
and that (right) there are likewise three-fold helices along [111] that are all of the same hand
(32). The helices are of opposite hand in -Y*. The Schlifli symbol is 105-105-105 (five 10-
rings meet at each angle). This net occurs as the Si arrangement in SrSiz and isostructural -
compounds. Tt is the only regular three-dimensional 3-connected net. For a stereo picture of
this net see § 7.11.8,

The axes of the 4y helices are arranged as in the S-Mn cylinder packing and the axes of
the 3 helices are arranged as in the SrSi; cylinder packing {hence the name of the latter).

Tt is interesting that the same structure can be derived in several ways, Positions 8 ¢ of
P4132 are (x.%,% ; Ya-x,3/4—x,3d—x ; %,1/2+x,1/2-x ; /4-x,3/4+x,1/4+x)x and 8 ¢ of
the enantiomorphic group P4332 are (x.x.x, 5 Vd—x, Vd—x,1/4—x ; T, 1/2+x,1/2-x 5
3/4—x 1/4+x,3/4+x). We have the special cases:

P4432 Bcx=1/80r5/8 — 8 aof 14132
P4332 8crx=38or T8 -8 bof 4132

In the crystal structure of SrSiy (for data see Appendix 5), the Si atoms are at poéitions 8
¢ of P4332 with x = 0.423 so they constitute a slightly distorted version of -¥* (the Si-Si-Si
angles are 113°). We may write the compound as Sr2+(Si-); and then recognize that Si- is

tOne sometimes sees the term “regular” for what we lerm “quasi-regular® bui this conflicts with
established usage for plane nets and polyhedra. The polyhedra 3.4.3.4 and 3.5.3.5 are quasiregular.
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isoelectronic with P. The formation of three non-coplanar P-P bonds in elemental P is
ascribed to the presence of a non-bonding pair of valence electrons, and it is tempting to
suppose that similar considerations apply to the Si-Si bonding in SrSis.

Fig. 7.6. Left: The lattice complex +r* pfojected on (001). The unit cell is shown by broken lines and
numbers are heights in multiples of /8. Right: The same structure projected on {111). Open, shaded and
filled circles are at 0, 1/3 and 2/3 of a primitive translation vector {(a+b+c)2 along [1113).

The invariant positions of P4332 are 4 a: (1/8,1/8,1/8 ; 3/8,7/8,5/8)x and 4 b:
(5/8,5/8,5/8 ; 1/8,7/8,3/8)x and the invariant positions of P4132 are 4 a: (3/8,3/8,3/8 ;
1/8,5/8,7/8)x and 4 b: (7/8,7/8,7/8 ; 1/8,3/8,5/8)x. The symbols for these lattice
complexes are +¥ and -Y respectively (see § 6.3.10). We can combine these as follows:

P4;32 da+db-—=8bof 432 (Y - -TH
P4332 da+4b—8aof [432 (2*F —» +¥H)

This shows incidentally that 74132 has both 4; and 45 axes. If we had atoms A on
positions 4 a and X on 4 & (of P4132 or P4332) we would get a simple (unknown)
structure with A surrounded by an equilateral triangle of X (and vice versa). Note that it is
its own “antistructure” (interchanging 4 and X produces the same structure),

A second cubic 3-connected net, called 6.82 D, can be constructed with angles of 120%:

682D Pnim,a=418
6-8-8in 24 &t HU2ZxF ;0,1/2-x5,7 ; O, U2x ; 1/2,1/2-5,1/245)K, x = 1/3

A fragment of the structure is shown in Fig. 7.7. A notable feature is the groups (joined
by edges) of 12 coplanar vertices parallel to {111}. The Schiifli symbol is 6-8-8. There are
two kinds of edge: those on 6-rings, and those not on six-rings. The 6-rings and 8-rings of
this structure can be considered as covering an infinite surface (named D in Appendix 4)
and hence form an infinite pelyhedron as discussed later for some 4-coordinated structures.

A related net, called 6.82 P, with the same Schlafli symbol (6-8-8) is also shown in Fig.
7.7, Parameters for unit edge length and regular hexagons are:
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6.82P Im3m, a = 5.266
688 in 48 & [ + (Fxted2)i, x = 0.3275 and z = 0.0949

The angieé are 120° and 114.1° (2x). For slightly different parameters, the bond angles
can be made all equal to 118.5". Like the previous net this can be considered as an infinite
polyhedron 6-8-8.1

Fig. 7.7. Two cubic 3-connected nets, 6-8-8. Left: 6.82 D. Right: 6.82 P.

Another 3-connected net occurs in silicides such as ThSia (for crystaflographic data for
the compound see Appendix 3). It can also be constructed with 120° bond angles:2

ThSi; net Hlamd, a=3,¢e=6
vertices (107-104-104)} in 8 2 { £ (0,1/4,2 ; 0,3/4,1/4+2), 2 = ~1/24

This net is sketched in Fig. 7.8. The Schlifli symbol is 107-104:104.

Three-connected nets can alse occur in framework oxides with -O- links serving as
edges as described for the structure of B2Os below. In P05 {P}0Oyq tetrahedra share three
corners with neighbors (so the stoichiometry is PO30 = 1/2 P20s). In one polymorph,

" .isolated P40y molecules are formed in which the P.atoms are at the vertices of a

tetrahedron (see Fig. 5.18, p. 150). In a second form the P-O-P links form a honeycomb

IThese two 6.82 nets have been considered as possibie structures for three-coordinated carbon; see M.
O'Keeffe er al., Phys. Rev. Lers. 68, 2325 (1992); this reference explains the origin of the names. The
PrBm structure is a particularly favorable candidate; it is known 1o organic chemists as the “Riley structure”
as it was apparently first suggested by H. L. Riley [see e.g. J. Gibson, ¢t al., J. Chem, Soc. 456 (1946)].
The (hypothetical) carbon is called “polybenzene.”

2This is another net that has been considered as a possibie carbon structure; interestingly carbon with
this structure is predicted to be denser than graphite and metallic. [R. Hoffmann er al., J. Amer, Chem. Soc.
103, 4831 (1983)1. .
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(63) layer. In the third, and apparently most stable, form the P-O-P links have the topology
of the ThSi; net (see Exercise 11).

Flg 7.8. Left: the 3-connected net of the Si atoms in ThSis. Right: the 3-connected net of the B atoms
in ByOs. The © axis is vertical and the shaded vertices fall on a 10-ring in each case.

Another 3-connected net (Fig 7.8) that can be constructed with 120° bond angles again
contains 10-rings. It is the net of the B atoms in BoO3 (for crystallographic data see
Appendix 3) and is trigonal:

B303 net P3112,2=3,c =92
vertices {10-102-102) in 6 ¢: (x.y,2 ; F.x01/3+2 ; y-x, 06,2034z ; x2-0.7 ;
Y= B2 F XU Y x= 13, y= /6,2 = 119

7.3, 4-Connected nets

The number of 4-connected nets found in crystal structures is very large. Well over 100
different topologies are known for framework silicates, particularly natural and synthetic
zeolites. Some of these have a large number of topologically-distinct vertices and resist
simple classification. In this chapier we confine ourselves mainly to relatively simple
examples of nets with particular emphasis on those, such as that of the diamond structure,
which arise in a mumber of different contexts. Some of the structures we describe do not
appear to have been recognized yet in crystal structures. These have been assigned an
arbitrary number for identification.!

Recall that unless explicitly stated otherwise, crystallographic parameters refer to unit
edge (bond) length. For some nets (e.g. diamond) this is sufficient to completely

IThese index numbers are known to the computer progran EUTAX. [See also M. O’Keeffe & N. E.
Brese, Acta Crystallogr. A48, 663 (1992).] With the recent flurry of activity in synthesis of new zeolites
and related materials we find that we are continually replacing index numbers with names of known
materials.
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determine the structure; for other structures we give parameters for maximum volume
subject to the constraint of equal edge length. Densities are expressed as r = number of
vertices per unit volume (for nets of unit edge). In the context of framework alumino-
silicates, there is considerable interest in the framework density (FD?, usually expressed as
the number of tetrahedral atoms (ALSi) per 1000 A3. As the $i...Si distance is typically
3.06 A in framework silicates, FD = 1000/3.063 = 34,97 A3,

7.3.1 Diamond, lonsdaleite and their polytypes

The diamond net is of course that of the diamond form of carbon and is also found as the
structure of the stable forms of Si, Ge and (at low temperatures) Sn. As it occurs in many
structure types it will prove profitable to become familiar with it. Tn the structure every
point is connected to four neighbors at the vertices of a regular tetrahedron as shown in
Fig. 7.9. A formal description is as follows:

diamond Fd3m, a =43, r = 0.650
‘vertices in 8 a: F £ (1/8,1/8,1/8)

The positions of the vertices correspond to the lattice complex D.

Fig 7.9. The diamond net. On the left in clinographic projection. The unit cel] is outlined with dashed
lines and points within the cell are shaded. On the right is shown a projection down the direction shown as
an arrow (which corresponds to a unit cell edge) of the atoms shaded in the drawing on the left. Numbers are
atom heights in multiples of 1/8. Small circles are centers of symmetry at the unit cell origin.

The long Schlidfli symbol for this structure is 62-62-62-62-62-67, As we will see, some
other nets have the same symbol.

It should be obvious from the formal description above, that the diamond array consists
of two cep arrays {origins at 1/8,1/8,1/8 and ~1/8,-1/8,-1/8), each array eccupying half of
the tetrahedral sites of the other. If the two arrays are occupied by different kinds of atom,
we have the sphalerite structure of ZnS. Recall that in § 6.1.5 we described sphalerite
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as a “close packing” of S with Zn in tetrahedral sites (or vice versa). Now we see that the
structure is equally well (perbaps better) described as a bond network.

A related 4-connected net occurs as the structure of lonsdaleite, a rare allotrope of
carbon.! A format deseription is:

lonsdaleite  P6a/mmc, a = V(8/3), c = 8/3, r = 0.650
vertices in 4 £ (1/3,2/3,z ; 23,113,1/2+42), 2 = 1116

The parameters are for the idealized structure with unit edge length and angles equal to
the “tetrahedral” angle cos-1(-1/3) = 109.47". .

It should be obvious from the above description [notice that c/a = Y(8/3)] that, as in
diamond, the vertices fall on two cp arrays (but now hep) separated by /8. The vertices
of one array are in one half the tetrahedral sites of the second one, and vice versa. If the
two arrays consist of different kinds of atom we have the wurtzite form of ZnS.

Fig. 7.10 shows the diamond and lonsdaleite structures side by side for comparison. In
the figure the direction up the page is {111] for the diamond structure and [001] for
lonsdaleite. To facilitate the comparison, note that the diamond structure can be described
using a hexagonal cell with vertices in R % (0,0,1/8), a = \)'(8/3), ¢ = 4. It should also be
noted that the nets could also be described as a stacking of puckered 63 nets (3-connected)
with additional bonds between the layers. In terms of the symbols introduced in the
previous chapter (§ 6.1.6) the stacking of (puckered) 63 nets (G) in lonsdaleite is G\ Gh...
and in diamond it is G|G2Gs.... Later we will describe some other 4-connected nets derived
from 6% in related ways.

In the diamond structure all the 6-circuits are skew hexagons in “chair” conformation. In
lonsdaleite the hexagons not normal to [001] are in “boat” conformation (see Fig. 7.10).

Fig 7.10. Left: the diamond structure in clinographic prejection with [111] vertical on the page. Right:
the lonsdaleite structure with [001] vertical on the page.

iNamed for Kathleen Lonsdale who made many contributions 10 carbon chemistry, notably the first
demonstration (by X-ray diffraction) of the planarity of the benzene ring, She was the first woman to be
elected to fellowship in the Royal Society of London.
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The Schlifli symbol of the lonsdaleite net is the same as that of diamond, viz.
62-6;-62-62-62-62. Accordingly to distinguish between these nets topologically we need to
consider numbers of kth neighbors. These are: :

k 2 3 4 5 & 7 8 9 10

I
diamonfl 4 12 24 42 64 02 124 i62 204 252
lonsdaleite 4 12 23 4 67, 96 130 170 214 264
difference [} 0 1 2 3 4 6 8 10 12

It may be seen that lonsdaleite has more topological neighbers (i.e. is topologically
denser!) than diamond for third and subsequent neighbors. In these cases simple
expressions, in which brackets indicate rounding down to an integer, obtain for ny, the
number of kth neighbors: :

diamond: ng = [5K22] + 2 (7.1)
lonsdaleite: - np = {21528 + 2 (7.2

Diamond and lonsdaleite structures may be derived from, respectively, cubic and
hexagonal eutaxy by filling ene-half of the tetrahedral sites (either all those pointing down,
or all those pointing up}. Related polytypes can be obtained in a similar way from more
complicated closest packings. The simplest of these, derived from hc (4H) packing (i.e.
two hc cp arrays with points of one array in tetrahedral interstices of the other), is:

carbon 4H Pbalmmec, a = \1(8!3), ¢ =16/3, r = 0.650
¢ vertices in 4 2: £(0,0,z ; 0,0,1/2+2), z =332
h vertices in 4 f2 £(1/3,2/3,z ; 1/3,2/3,1/2—2), z = 5/32

A commonly encountered projection of these, and related structures, is shown in Fig.
7.11. For diamond, this is a projection on (110} of the cubic cell; for the hexagonal cell of
the other two nets it is on (1120). Single lines represent bonds in the plane of the
projection; double lines represent bonds out of the plane but superimposed in projection.
Readers interested in topics such as stacking faults in Si and similar defects will find it well
wortly the effort it takes to learn to interpret such diagrams. In particular notice that the
double lines represent a zig-zag chain of vertices seen in projection; we encounter such a
motif repeatedly in the next few sections. -

“Diamond” (used as an abrasive} made by shock compression of graphite is usually a
rather disordered mixture of polytypes. SiC also occurs as many polytypes; a cubic
sphalerite form (known as B-5iC), a wurtzite form, and other hexagonal and
rhombohedral forms, The term -SiC is sometimes used for the non-cubic forms. Under
the trade name “carborundum” it is used on a large scale as an abrasive. The polytypes have
been studied very extensively as SiC is also potentially a valuable material for

1In the ropological sense. In geometric teems the two nets in their most reguiar forms with equal edges
have the same density (vertices per unit volume).
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microelectronic applications. Unfortunately the electronic properties are very sensitive to
structure and it is still far from certain what factors determine which polytype will form,
and most preparations consist of intergrowths of different polytypes. The structure and
isotopic composition of meteoritic SiC (moissanite) is also currently of considerable
interest.

In the Notes (§ 7.11.4) we describe some of these polytypes in more detail and give
coordinates for idealized versions of some of the simpler structures.

Forms of silica (5i02) with vertex-sharing {Si} Q04 tetrahedra and with the Si-(0)-Si nets
having the diamond and lonsdaleite topology are known as eristobalite and tridymite
respectively.

Fig. 7.11. Left: the diamond structure projected on {110). Middle: the lonsdaleite seructure projected on
{1120), Right: the he diamond polytype similarly projected. Double lines represent honds up and down out
of the plane of the paper.

*7.3.2 Two more uniform nets, 65 ‘ |

Fig. 7.12 shows a net that is a first cousin to the diamond-lonsdaleite family {compare
Fig. 7.11). Tt is also uniform (68) but now the extended symbol is 6-6-6-63-62-67. There
are also ten 10-rings meeting at each vertex in addition to the nine 6-rings. We have not
found a good name for this net so it is arbitrarily named net #9. A crystallographic
description is {note that it is denser than diamond):

net #9 Fddd, a =4.644, b = 3.061, ¢ = 1.532, r = 0.735
6-6-6-69-62:61 in 16 & F + (x,1/8,1/8 ; 1/d—x, 1/8,1/8), x = 0.3057

Another simple uniform net {(which we call net #5) is also shown in Fig. 7.12. Like the
previous net (and lonsdaleite) there are only four vertices in the primitive cell. The
extended symbol is 6-6-67-62-63-63. There are also eight 8-rings and ten 10-rings meeting
at each vertex in addition to the nine 6-rings. A crystallographic description is:

net #5 P4122, 0= 2,030, ¢ = 1,414, r = 0.686
6:6-69:62:63-63 in 4 a: (0,40 ; 0,7,1/2 ; x,0,3/4 ; T,0,1/4), x = 0.3258

Despite their simplicity, model builders will find constructing these last two pets a

T
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challenge, and counting rings by hand quite difficult.

It appears that all uniform 4-connected nets are 66 (some more examptes are given
below).! In contrast uniform 3-connected nets ranging from 73 to 123 are known (see
Notes). ‘

Fig 7.12. Left: net #9 projected on (001) with a horizontal on the page. Open circles are at z = 1/8,
lightly shaded circles at z = 3/8, darker shaded at z = 5/8 and filled circles at z = 7/8. Right: net #5
projected on (001), Open circles are at z =, lightly shaded circles at z = /4, darker shaded at z = /2 and
filled circles ai z = 3/4. In both figures breken lines represent bonds to atoms with either z < Gorz> 1.

7.3.3 Nets derived from 63: CrBg

As mentioned above, it is possible to derive 4-connected nets in a formal way by linking
stacked planar 3-connected nets. Lonsdaleite is a simple example of a 4-connected net
derived by linking 63 nets (Fig. 7.13, left), Two more ways of deriving 4-connected nets
from 63 are also shown in Fig. 7.13. In the figure, open and filled circles are to be
interpreted as links up and down from a given layer and in opposite directions in adjacent
layers so that each vertex is 4-connected. This description is sufficient to specify the
topology (connectivity) of the net. Note that edges connecting pairs of open or filled circles
correspond to 4-rings seen in projection. Except for lonsdaleite, all nets derived in this
way contain 4-1ings.

Each of the two new nets derived in the figure is uninodal and the long Schlifli symbol
1s also the same in both cases: 4-62-6-6-6-6 (short symbol 4.67),

The first new net, in the middle in Fig. 7.13, is the net of the B atoms int CrBy (which
has the orthorhombic structure described for MnBy4 in § 4.6.5—see also Appendix 3) so
we call it the CrBy net. The other net is found as the arrangement of Ga atoms in CaGapOg
(edges correspond to Ga-0-Ga bonds). A formal description of the first net is:

CrB4 Mimmm, a =3, ¢ = V2, r = 0.629
460:6-6-6-6 in 8 h: [ £ (£xx,0), x = /6.

1An example of a net with only T-rings is given below (§ 7.5.1), but one angle contains ne rings.
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Fig. 7.13. Derivation of 4-connected nets from stacked 6% nets (see text). On the left, lonsdaleite is
derived, in the middle CrBg, and on the right CaGap0y. In each case additional bonds go up (down) from
open (filled) circles to identical nefs above (below) the ones shown.

The net is illustrated in several ways in Fig. 7.14. On the left it is projected on (001), a
projection that suggests that it could also be derived from the planar 4.82 net in an obvious
way. This projection should also be compared with that of net #109 on the left of Fig.
7.15. The projection in the middle of Fig 7.14 corresponds to that in the middle of Fig.
7.13 (but rotated by 90°),

[ 1
L
'
i
[}
T

N R

Fig. 7.14. The CrBy net. Left: a projection on (001); filled and open circles are at z = 0 and 1/2
respectively. Middle: the structuse projected on (100); filled circles are at x = +1/6 and open ciccles at x =
1173 Right: as a clinographic projection (¢ vertical). )

We meet the CrBy net in several disguises. The 8 & positions of Mémmm can split into
two groups of 4 cotresponding to the positions 4 fand 4 g of Pdy/mane:

4 o H(e,x,0 5 124x,1/2-x,1/2) 4 g 127,05 124x,1/24x,1/2)

If these positions are separately occupied by Be and O atoms (with x = 1/6) we obtain
the structure of #-BeO (for the real §-BeO structure see Appendix 5).

The same net appears as the AlSi net in one form of CaAlzSi70g (cf. the paracelsian
net in § 7.3.6 which is the net of another form of CaAlpSia0g).

The reader is encouraged to draw the second net (that of CaGapQy). This net also occurs
as the ALP net in the mineral variscite, AlPQ4-2H70 (the corresponding net in
metavariscite, which has the same composition, has the CrBy4 topology). The
crystallographic description ts: :
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CaGaz04 Cmca, a=2.823, b = 3291, ¢ = 2,794, r = 0.616
4:696-6-6:6 in 16 g: C % (Lx,y.2 ; +x,1/2-y,1/2+2),
x=0.177, ¥y = 0,133, £ = 0.087

*7 3.4 Two nets related to CeBy with zig-zag rods

Fig. 7.14 shows (left) how CrB4 may be derived from the two-dimensional net 4.82 by
replacing some of the edges (those not on squares) by zig-zag lines (which are shown as
double lines in the projection) representing edges connecting layers above and below. A
related net can be derived from 4.82 by an analegows procedure if the squares are slightly
tilted out of the plane as shown in Fig. 7.15 (left). We label this net #109.

Another net that aceurs as the (ALP) framework in a form, of AIPO4 known as AIPO4-31
is derived similarly from the two-dimensional net 4.6.12 [see Fig. 7.15 (right)].

3

H
ry

Fig. 7.15. Left: net #1069 projected on (001). Increasing depth of shading indicates elevations of z/8,
3z/8, 52/8 and 7z/8. Right: AIPO4-31 projected on (001). Increasing depth of shading indicates elevations
of 2712, 3712, 5/12, T¢/12, 92/12 and 11z/12.

Crystallographic data for these structures are;

net #109 4 famd, a =5.856, ¢ = 1.423, r = 0.656
4.69-6-6-6:6 it 32 &2 I £ {x,,z ; etc.), x = 0.085, y = 0.080, z = 0.125

"AlP0Q4-31 R3m, a = 6.800, c= 1.578, r =0.570
4.62-6:65-6-63 In 36 & R = (x,y,z; etc), x =(0.1992, y = 0.25], z = 0.25

" The nets of this and the previous section can be distinguished by numbers of topological
neighbors ny (the coordination sequence). Values for the first three are rather close to each
other as might be expected for nets with the same Schlifli symbols.

k 1 2 3 4 3 5 7
CrBg 4 11 24 41 62 90 122
CaGaz0q 4 11 24 41 63 91 123
net # 109 4 11 24 42 65 95 131
AlPQ4-31 4 11 22 37 59 85 1i4
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7.3.5 8rAlp, cancrinite, and related nets with double gig-zags

Two more ways of connecting 62 nets are shown in Fig. 7.16. These both give rise to
uninodal nets that are of interest in crystal chemistry. The net on the left is found as the Al
arrangement in SrAly, so we name it after that compound.! The same topology also occurs
(considerably distorted from the geometry given above) as the network of ponds in a-Np.

Fig. 7.16. Derivation of the SrAly (left) and paracelsian (right) nets from 63 {compare Fig. 7.13).

A description of the SrAlz net is:

SrAly Imma, a =3.268, b = 1.681, ¢ = 2.631, r=0.554
4-6-4-6-6-87 in 8 i: F £ (£x,1/4,2), x = 0.153, z = 0.103

The strocture is simply illustrated as a projection down the short axis (b); it is shown in
this way as Fig. 7.17 (left). : - : '

Fig 7.17. Left the SrAlp net projected on (010). a is horizontal on the page. Filied and empty circles are
al y = 1/4 and 3/4 respectively. Right: MAPOQ-39 projected on (001). Filled and empty circles are at 7 =0
and 1/2 respectively, In both cases single lines are edges in the plane of the projection; double lines
represent edges up and down out of the plane,

IThe “type” compound is often taken as CeCug, structural data for which are to be found in Exercise
3.11. If you did that exercise, compare your drawing with Fig, 7.17.
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Other occurrences of this net are as the {Al,31) framework in RbAISiC4 and in the
synthetic zeolite known as Li-A with stoichiometry LiAlSi04-H20.

A closely related net occurs in the synthetic zeolite with (Mg,ALP) as framework atoms
known as MAPQO-39. The formal description of this net is:

MAPO-39 A{mmm, a =4.150, ¢ = 1,708, r = 0.544
4-6:4-6:6:8 in 16 L £ (Fxy,0 3 2y.x,0), x = 0.121, y = 0.291

The relationship of this net to SrAl should be apparent from Fig. 7.17. Both structures
feature double zig-zags of vertices which make up a puckered ladder as shown
schematically on the left in Fig. 7.18. The two nets differ only in the way the double zig-
zags are interconnected. Note that in Fig. 7.17 the projection is along the axis of the double
zig-zag (which projects as a rectangle).

Fig, 7.18. Left: part of a double zig-zag. Right: part of a double crankshaft.

The net on the right in Fig. 7.16 occurs as the (AlS{) framework in paracelsian and is
discussed in § 7.3.6.

Another simple net containing double zig-zags occurs in the structure of cancrinite,
which has ideal formula CaNagAlgSig024C03-2H20. This net is shown in projection in
Fig. 7.19. Crystaflographic data are:

cancrinite P6.3Immc, a=4,000, c = 1.633, r=0.530
4-6:4:6:6:6 in 12 j: k(x,p, 174 ; y, 0,3 ¥ ooy, 174 x5, 34 ;
¥, 114 X y-x.3M4), x = 112, y = 5/12

Fig. 7.19. The cancrinite net projected on {001). Open circles are at z = 1/4 and filled circles at z = 3/4.
Double lines represent “zig-zags™ viewed in projection.

Note that the unit cell consists of hexagons centered at 1/3,2/3,1/4 and 2/3,1/3,3/4 so the
centers of the hexagons are stacked in a sequence AB... as in hexagonal close packing, We
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will meet a number of related nets based on stackings of hexagons in § 7.8.5.
*7.3.6. Some nets derived from 4.82 with double crankshafts

The derivation in Fig. 7.13 of some 4-connected nets from 63 by additien of a fourth
li_nk (either “up™ to a net above or “down” to a net below), suggests that nets could be
similarly derived from stacked 4.82 nets. Four uninodal examples, one of which we have
already met, are given here. Fig. 7.20, which is to be interpreted in the same way as Figs,
7.13 and 7.16, provides a definition of their topologies. Another way of deriving nets from

4.82 is suggested by Fig. 7.17; we meet yet another way in our discussion of the feldspar -

net.1

A feature of the structures in this and the next section is the occurrence of rods of atoms
arranged in what is known as a “double crankshaft” configuration as shown in the right-
hand part of Fig. 7.18 (above). ' '

On a double crankshaft rod, all vertices are three-connected and related d-connected nets
(discussed here) differ in the mode of cross-linking the rods, which all have their axes
pa.ra]{el. In projection along the axis of the double crankshaft it appears as a rectangle with
two links “up™ on one long edge and two links “down” on the opposite edge. {In Fig. 7.20
we have used an idealized representation in which the rectangles appear as squares—
contrast Figs. 7.17 and 7.19.) :

Fig 7.20. An idealized represéntation of 4-connected nets derived from stacked 4.82. From the feft: net

#75, the paracelsian net [compare Fig. 7.16 (right)}, the merlinoite net, and the gismondine net.
Fourth edges go up from open circles and down from filled circles.

The net derived second from the left in Fig. 7.20 is in fact the same as that shown on the
right of Fig. 7.16; (see below). It occurs as the (ALSi) framework in paracelsian
BaAl;8i305.2 Other compounds with the same framework are danburite, CaB3Siz0g anci
hurlbutite, CaBe;P70g. ' :

A crystallographic description of the paracelsian net is:

paracelsian  Cmcm, a =3252, b =3.118, ¢ = 2.850, r = 0.554
4-6:4-6-6-83in 16 h: €& (f,y,z ; fx.y,12-2), x = 0.154, y = 0,355, z = 0,075

IFor a systematic account of the derivation of 4-connected nets from 4.82 see 1. V., Smith, Amer
Mineral. 63, 960 (1978). o

2The celsian modification of BaAl)S8igOg has the feldspar structure (§ 7.3.9).
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The net derived on the left in Fig, 7.20 has the same Schlifli symbol as paracelsian.
We have not identified it in a known material so it is arbitrarily labeled net #75. The -
description is:

net #75 1dimcm, a =4.509, c =2.844, r = 0,553 :
4.6.4:6-6:87 in 32 m: T £ (xy.5z 3 o032 03 128z v, 1/24),
x =101, y = 0243, 7 = 0.176

As it is very useful to be able Lo interprel projections of nets, in Fig. 7.21 we repeat the
two projections of paracelsian using the coordinates given above.! In the first (left) the
projection [on (001)] is along the axes of the double crankshafts and the second (second
left) the projection [on (100)] is normal to the double crankshafts.

Fig. 7.21. Left: paracelsian projected on (001) with b up the page. Open circles are vertices at z = 0.07
and (1.43; filled circles are vertices a1 z = 0.57 and 0.93. Double crankshafis project as rectangles. Second
left: the same net projected on (100) with b up the page. Open circles are vertices at x = 0.15 and 0.85;
filled circles are vertices at z = 0.35 and 0.65. Double crankshafts project as single crankshafts of all filled
or all open circles. Second right: net #78 projected on (100) with ¢ up the page. Open circles are vertices
at x = 0.17 and 0.83; filled circles are vertices at z = 0.33 and 0.67. Right: the same net in clinographic
projection with double crankshafts shaded.

These two projections suggest the pessibility of a family of nets with double crankshafts
running in two perpendicular directions. The simplest such net (and possibly the only one
with one kind of vertex) is shown in the two right-hand drawings of Fig. 7.21. Data for
this net (#78) are: -

net #78 4 jamd, a = 3.020, ¢ = 6230, r = 0.565
4:6.4-82-6-6 in 32 i1 [ & (3.7 ; etc.), x = 0,165, y = 0.085, z = 0.069

The other two nets of Fig. 7.20 are found in the structures of merlinoite and in
gismondine; they both have Schlifti symbols 4-4-4-89-8-3 (note the short symbol is now
43 62.8 in both cases) and are iliustrated in Fig. 7.57 (p. 342). These nets are less dense
than the other two, and alumino-silicates based on these frameworks accommedaie a
substantial amount of waler (as typical for zeolites). Ideai formulas are merlinoite,
K5Ca2AlgSin30g4-24H30, and gismondine, CaAlzSipOg-4Hz0.

10nce one learns to “read” such diagrams, it will be found very easy to construct “spaghetti” models.



310 Chapter 7
merlinoite 14fmmm, a = 4482, ¢ = 3.312, r = 0.481
4-4:4-82-8-8 in 32 01 [ & (x2y. 22 ; e r), x = 0.112, y = 0.269, 7 = 0.151.

gismondine  [4{/amd, a = 1043, ¢ = V80/3 = 2.981, r = 0.483
4-4-4-87-8-8 in 16 gi I+ (b, 1dex, 7R), x = 3120

Coordination sequences for nets of this and the last section, ng, are:

k 1 2 3 4 5 )] 7
SrAly, MAPO-39 4 10 21 36 54 78 106
paracelsian 4 10 21 37 57 8t 109
#75 4 10 21 37 57 81 119
#78 . q4 10 21 37 58 83 111
cancrinite 4 10 20 34 54 78 104
merlingite 4 9 13 32 49 69 93
gismondine 4 9 18 32 48 67 92

The nets are generally distinguished by numbers of neighbors, n, although SrAly and
MAPO-39 have the same sequence (but these nets are distinguished by their Schlafli
symbols.}. Notice that SrAls, paracelsian, net #75 and net #78 have very similar
. geometrlca} densities (r} and also have very similar numbers of topological neighbors (i)

The same is true for merlincite and gismendine. Generally it is found (see § 7.5) thaé
the geometrical density, r, and the topological density as measured by sum of ny (over, sa
_ten coordination shells), are rather well correlated. it

*7.3.7 Another net with double crankshafis: gmelinite

F.lg. 7.22. The .gmeiinite net projected on (J01). Open circles are verticas at z = 0.09 and 0.41 and filled
circles are vertices atz= 0.59 and 0.91, Lires joining filled circles and lines joining open circles represent
edges normal to ¢ (i.e. paralle] to the plane of the paper). The other lines represent edges going up and down
so the rectangles represent double crankshafts in projection. ’ °

Another §imple nf:t_ with double crankshafts is found as the (AlSi) framework of the
natural _zeol.atc gmelinite, which has approximate formula Nag xCa,Al28Sig0q2-6H20, As
shown in Fig. 7.22, the structure is now derived from the two-dimensional net 4.6.12.
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Note that the structure contains hexagonal pris:hs centered at 1/3,2/3,1/4 and 2/3,1/3,1/4.
The hexagon stacking could therefore be symbolized AABB... Contrast cancrinite (Fig.
7.19, p. 307) in which hexagons are stacked AB... Crystallographic data are:

gmelinite Péalmme, a = 4,418, ¢ = 3.149, r = 0.451
4-4.4-8.6-8 in 24 I #{x,p,z ; etc.), x = 1/3, y = (0.440, z = 0.091

7.3.8 Alternating “up-down” nets

There is a large class of nets derived from a stacking of 3-connected two-dimensional
nets with fourth links from each vertex in the layer alternating up to a layer above or down
to a layer below. For such aiternation to be possible, the rings in the two-dimensional net
must all be even, and for a given two-dimensional net there is only one distinct three-
dimensional “up-down” net. Accordingly there are only three nets in this class with one
kind of vertex; they are derived from 63, 4.82 and 4.6.12 respectively. The net derived
from 67 is in fact lonsdaleite (§ 7.3.1). The net derived from 4.82 is found as the Zn and
Sb net of TIZnySby 0 we name it after that compound (recall that bold face names refer to
structures—in this case a net). The net derived from 4.6.12 is found in the alumino-
phosphate zeolite known as AIPO4-5. Data for the last two (illustrated in Fig. 7.23) are:

TlZnz8h2 {4/mem, a = 3.235, ¢ = 2.639, r = 0.580
4-67-6:63-6-63 in 16 [ [+ (xx+1/2,z etc.), ¥ = 0.147, 2z = 0.190

AlIPO4-5 Pé/mce, a = 4.515, ¢ = 2,599, r = 0.523
4.62-6-63-62-63 in 24 m: 2(x.y.z ; ete.), x = 0455, y = 0.122, 2 = 0.192

-Fig 7.23. Left: projection of T1ZnzSbz on (001). Right: projection of AIPOg-3 on (001). In both
cases open circles are vertices at z = 0.39 and 0.61, and {illed circles are vertices at £0.19. Edges go down
from filled circles to a layer below, and up from empty circles to one above.

A conspicuous feature of these nets is the rods of atoms that project as & square with
connections up-down-up-down (UDUD).) This may be contrasted with the double
crankshaft shich projects as a rectangle with connections UUDD. A fragment of an UDUD

rod is shown in Fig. 7.24.

IFor the case of of two or more rods fused together (when the “squares” become rectangles) see § 7.11.8
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Eig, 7.24.. Left: a fragment of T1ZnzShy (Fig. 7.23) illustrating an UDUD rod (full lines and filled
circles). Right: the same rod with connecting vertices as in scapolite,

.Several other “up-down” nets found in zeolites are described in § 7.8.4. A simple net
fmth UDUD rods occurs in minerals of the scapolite family.! We include it here as it
lustrates several useful points. Crystallographic data are;

scapolite I4/mmm, a = 4,338, ¢ = 2.294, r = 0,556
4-52-82-82-82-82 in 8 i1 F £ (2,00 ; 0.5,0), x = 0.163
4-825-55:5 in 16 n: £ £ O,y %z 5 3,0,42), y = 0.339, 7 = 0.280

Fig. 7.25. | efi: the scapolite net projected on (001). Numbers are elevations in units of ¢. Right: the
482 net jn its most-symmeteical, minimum-density form (top) and partly collapsed (bottom).

The net consists of UDUD rods linked by single squares of vertices. In Fig 7.24 (right)
one vertex of each such square is shown as an open circle. Fig. 7.25 shows the structure in
prOJ_ection on {001) and it is worth the effort it takes to read the projection. Note in
particular that squares at £ = 0 and z = 1/2 represent planas square groups, but that the other
squares represent UDUD rods. As usual we show pairs of edges inclined up and down as

1Scapolite bas approximate formula NagAl3SigO74C1. Remember that the net is the structure of anly
the tetrahedrally-coordinated atoms (in this case Al and Si).
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double lines.

The crystallographic data given above for scapslite are for the highest symmetry form
and the most open structure, In fact it is common for nets of this sort to “collapse”™ o a
denser structure, with the extent of collapse determined by the natore (and size) of the
material in the cavities of the net (in scapolite this is Na and Cl, other members of the
family contain CO3 and S04 groups). Fig. 7.25 also shows schematically a common mede
of collapse of a rod structure (such as scapolite) based on 4.82 nets.

An isolated UDUD rod of {T}0y4 tetrahedra has steichiometry 7705, In narsarsukite
stich rods are joined by columns of vertex-sharing {Ti}Qg octahedra to produce a structure
with composition NaTiO(51205)7. (For more on narsarsukite, see Exercise 7.12.14.)

7.3.9 Feldspar and coesite

The feldspars are a large and complex group of minerals with general formula
A(AL,S1)40g. The (AlSi) atoms are on & 4-connected net linked by O atoms. In the
structure of coesile (a high-pressure polymorph of SiQz) the Si atoms are on a different,
but closely related net. Derivation of the feldspar net from 4.82 is shown in Fig. 7.26. To
interpret this figure, it should be noted that distorted 4.82 nets are packed in a two layer
repeat; the net in-solid lines alternating with that shown by broken lines. Filled and open
circles represent respectively edges going {almost) vertically up and down from the solid-
lire pet to the broken-line net above or below.

Fig. 7.26. Derivation of the feldspar net from 4.82, See text,

A crysiallographic description of this net {as usual with unit edges and in its highest-
symmetry, maximam-volume form) is:

feldspar C2fm, a =3.189, b =3951, ¢ =2.346, B=1154", r =0.599
vertices in 8 j: C £ (x.£y.2)
4:62-4-8-6-672: x = 0287, y = 0.373, 2 = 0.376
4-6:4-6-82-1010: x = 0.000, y = 0.231, z = 0.213

Note that the net of the real mineral is somewhat collapsed from the maximum volume
form. Parameters more representative of real minerals (again for unit edge) are @ = 2.780, b
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= 4.202, c = 2.314, B = 116.0°, r = 0.659, vertices in 0.215, 0.381, 0.337 and 0.011,
0.176, 0.222, Ordering of silicon and aluminum in real materials also lowers the symmetry
and leads in some instances to larger unit cells; the topology of the net stays the same, of
course.

Why, with simple, symmetrical nets such as those of the previous sections available, did
nature choose this more-complex, lower-symmetry net as the basis of the structure of the
most common of all minerals on the face of the earth?

Fig 7.27. Projection of the feldspar net on (010). The points shown are a slab with 1/2 < 7 < 1. A second
slab lies beneath and related to the first by a mirror plane at y = 1/2. Shaded circles represent one type of
vertex, open and filled circles the other. Vertices connected by heaviest lines are approximately in o plane
and above the plane of those connected by the lightest lines. Additional edges go vertically up from vertices
shown by open circles and down from vertices shown as filled circles.

Fig. 7.28. Feldspar projected on {001) showing the twisted double crankshiafts (shaded), An ab face of
the unit cell is shown and the arrow marked ¢ is the projection of that axis on the plane. Open, lightly
shaded, darker shaded and filled circles are vertices at elevations approximately 0.43, 0.80, 1.32 and 1.67
above the plane. As ¢ is not normal to the page successive layers are displaced up the page by the
projection of e. The coordinates used in the drawing are for the denser of the two sets given above.
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As an aid to constructing a maodel a projection of the feldspar net is shown in Fig,
7.27. The twisted double crankshafts now run horizontally across the page (parallel to a).
In making a “spaghetti” model the best strategy is to first construct the double crankshatts,
secondly link them to make the layer shown in the figure (the double crankshafts will now
twist) and finally connect layers to their mirror images using the remaining unused links as
shown in Fig. 7.28 in which the rwisted crankshafts are seen in a projection on (001).

A related net, that is also made up of twisted double crankshafts, is that of the Si atoms
in the coesite form of SiOq (a high-pressure polymorph; for data see Appendix 53}, The net
is made up of layers similar (topologically identical) to those shown for feldspar in Fig.
7.27. The linkage between layers makes the topology difficult to describe and results in
rings of edges being looped as in a chain. Fig 7.29 (which should be contrasted with Fig.
7.28) shows how the layers of crankshafts are linked. Model builders should first construct
double-crankshaft layers as for feldspar, then link them using Fig. 7.29 as a guide. Note
that the middles of these linking edges are at centers of symumnetry.

Fig. 7.29. The linkage of double-crankshaft layers in coesite shown in projection on (001). Only one
double crankshaft of each layer is shown. On the left, the middle double crankshaft is connected to two
higher in elevation, on the right the same (middle} double crankshaft is connected to two others of lower
elevation. Vertices with the same shading have approximately the same elevation.

The coesite net contains odd (9-) rings. This means that if there are two kinds of atoms
(A and B) at the vertices they cannot be arranged so that A has only B neighbors and vice
versa. Data for a form of the coesite net are given below. Note the high density (r). Coesite
is the densest known form of silica with Si in 4-coordination by oxygen.

coesite C2lc,a=2327,b=4.152,c=2281, § = 120.8°, r = 0.845
vertices in 8 f C & (oy.z; x.¥,1/242)
4.8.:4.97-6-8: x = L157, y = 0.09%4, z = 0.088
4-6-4-6-8:92: x = 0.019, y = 0.325, z = 0.041

7.3.10 Sodalite

A simple guasi-regular four-connected net that arises in many contexts is the net we call
the sodalite net. A formal description is, for unit edge length:
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sodalite Im3m, a =8, r=0.530
4.4.6:6:66 in 12 d: [ + (1/4,0,1/2%

We met this pattern carlier (§ 6.2} as that of the tetrahedral sites of bee packing. Tt may
also be recalled that this arrangement is that of the vertices of a space-filling by truncated

octahedra (illustrated in Fig. 7.30). The centers of the truncated actahedra are on the nodes
of a bec lattice,

¥ig, 7.30, Left: space-filling by truncated octahedra (4.62). Right: the edges and vertices shown as the
four-connected sodalite net. ’

The net corresponds to the arrangement of the (Si,Al) atoms in the mineral sodalite!;
NaaSiaAl301,Cl, although in the real structure the O arrangement lowers the symmetry to
143m (see Fig. 6.72, p. 275) and Si,Al ordering further lowers the symmetry to P33n. The
positions of the vertices of the net are also those of the lattice complex W*. The same
pattern is-shown as a 4-connected net in Fig. 7.30. The Schiifli symbol of the vertices is
4-4.6-6-6:6. Note that for a net derived from a packing of polyhedra each angle contains
Just one ring (the Schlifli symbol has no subscripts),

The number of topological neighbors is given by the very simple formula:

ne=2k2+2 : (7.3}
7.3.11 NbO and quariz

The positions of the Nb and O atoms in the simple cubic structure of NbO (for
crystallographic data see Appendix 5) taken together are at the nodes of another quasi-
regular net {(Fig. 7.31). For unit edge length, the crystallographic description is:

lMir.lcrals of this group are often calied uliramarines. Ordering and the occurrence of incommensurate
pha.ses in sodalites such as CagAlgO1p W04 (CAW) and SrgAlg0q2Mo0, (SAM) are currently lively
topics of investigation. Yet another sodalite composition is CagAlgO14 (with one O atom in the cage).
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NLO In3m,a=2,r=075
673-62-02:62-82-89 in 6 b: T + (0,1/2,1/2)x

The vertices of the net correspond to the invariant lattice complex J*.! They also represent
the distribution of “octahedral sites” in the bee structure and so the vertices are at the centers
of the squares in the sodalite net. The Schlifli symbol of the vertices is
62-62-67-67-82-83. Note that the edge angles are four of 90° and two of 180" and that the
vertices fall on three muztually-perpendicular strings that intersect in pairs.

o-—Li,_
O

s3]

Fig. 7.31, Laft: the NbO nel. Righr: the quarsz net (¢ is vertical).

Another quasi-regular net, that we will see is related to the NbO net, is the quartz net. Tt
describes the positions of the Si atoms in the quartz form of 8i0; (the most stable form at
room temperature and pressure). In the maximurm volume configuration the structure is:

quartz P6322, a={8/3), c =3, r =075
6-6-62-63-8787 in 3 21 1/2,0,0 ; 0,1/2,2/3 ; M2,1/2,1/3

The net is enantiomorphic; its mirror image has symmetry P6422 with coordinates
1/2.0,0 ; 0,1/2,1/3 ; 1/2,1/2,2/3. The structure (also illustrated in Fig. 7.31) again
corresponds to an invariant lattice complex; the two enantiomers are labeled *Q and -Q
respectively. The edges are all equivalent, so the net is quasiregular. The angles are two of
00°, two of cos-1(~1/3) = 109.47° and two of cos 1{(—2/3) = 131.81",

The NbO and quartz nets have the same short Schlifli symbol: 64.82 and the same
density (r'= 0.75). The relationship between them is shown in Fig. 7.32 in which a
projection of the NbO net on (111) is compared with a projection of the quartz net on
(001). It is to be noted that the repeat distance normal to the plane of projection is the same
in the two cases, and that both nets contain the same number of vertices per unit volume
{i.e. they have the same geometrical density}. The main difference is that NbO contains
three-fold spirals of two hands whereas quartz contains spirals of only one hand.

INote that in NbO the Nb and O atoms (each 4-coordinated in a square by the other) are each on a J
lattice complex; two such complexes separated by 1/2,1/2,1/2 combine to give Fal
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A third net is related to these two. It is of some interest because, like them, it has only
threF: vert.ices in the primitive ceil. The projection in Fig, 7.33 should make the famﬂy
felauonshlp clear (compare Fig. 7.32). Wells (sce the Notes at the end of this chapter) calls
it “net 27 so we label it W2. It is found as the arrangement of Ni atoms in heazlewoodite,

Nis3Ss {for' crystallographic data see Appendix 5), and is a rare example of a net containing
only odd rings. A formal description is: '

w2 R32,a=5N3, ¢ =5, r=0558
377772729 d R+ (50,0 ; 005 E50), x = 1/5

Fig. 7.32. I__cft: the NBO net projected on (111). Right: the quartz net projested on (001). Open, shaded
and filled circles are at 0, 1/3 and 2/3 of the repeat distance normal to the plane of projection.

Fig. 7.33. The net W2 drawn for comparisen with Fig. 7.32

The nets differ in topological density: The values of ny are given by:

NbO ng = 3k2 + 2 - (k mod2) (7.4)
quartz ne= 19k2/6 + 2 (k = 6i)

ng = [(1942 + 10)/6] (2 <k=6i) (7.5)
W2 =Sk (k=20

ny = Sk 4 702 k=2i+1) (7.6)

Here { is a positive integer, and brackets indicate rounding down to an integer. n1 = 4
for W2 (as, of course, for all 4-connected nets). Topologically, quartz is the densest of
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these nets (has most topological neighbors) and W2 (which contains 3-rings) is
topokogically less dense than the other two. (See § 7.5 for a discussion of density.}

*7 3.12 More quasi-regular and/or uniform nets: y-8i

Three other nets of interest are described briefly here. They are all cubic and although
there is only a small number of vertices in the repeat unit, they provide an interesting
challenge to the model builder, _

The first is found as the structure of a high-pressure polymorph of elemental silicon {for
data see Appendix 5), so we call it the 1S net. Data for the idealized net are:

¥-8i I3, & = 2406 -3y, r=0.730
6-60-6-62-667 in 16 ¢: T+ (x,x,% 5 1, 1/2-x,1/2+x)%, x = (N2 — [)/4 = 0.1035

The vertices in 1=8i have long Schlifli symbol 6-67-6-62-6:63 so that this is another
uniform net. Note that there are two different angles: three of 97.94° and three of 118.13".

There are several interesting features of the structure. If the value of x is increased to 1/8
= {125 the vertices are on the lattice complex ¥** which is the positions 16 b of Ia3d and
corresponds to an intergrowth of the *¥* and -¥* lattice complex. We saw (§ 7.2) that these
Jatter represent the two enantiomers of the Si net in St5ip. Thus ®8i can be considered as
derived from two inter-grown StSiz (3-connected) nets. The 1-8i and Y™ structures are

compared in Fig. 7.34.

s

Fig. 7.34. Left: the -5i net projected on (001); vertices in the top layer are at approximately z = L.1¢
and 0.9¢ and those in the bottom layer at 0.4c and 0.6¢. Broken bonds go to layers above or below those

shown in the figure. Right: The ¥** Jattice complex shown as two intergrown three-connected nels &=
projected on (001). Open circles at /8, light shaded at 3¢/8, darker shaded at 5¢/8 and filled at 7¢/8,

Q

The positions 16 ¢ of Ie3 can akso be considered to be a combination of two sets of 8 a
of 1213: I'+ (%  x,1/2-x,1/2+x)¢, with x = ug and x = u2. If 4y + w3y = 1/2 the
symmetry is actually stili Ja3. In 1=8i u; = 0.104 and up = 0.386, If these are changed to
w1 = 0.0 and up = 0.25 the structure is transformed to the body-centered cubic array
(described with a cell of twice the edge length). This suggests that the material found after
application of pressure may have transformed from a body-centered cubic lattice at high
pressure as the pressure was released. It has been suggested that the diamond form of
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carbon will transform to Si at very high pressure (about 800 GPa).!

As 1:Si approximates the Y** structure (two intergrown Y* nets) it contains intergrown
3; and 3; helices of Si atoms each arranged as in SrSiz. For this reason the cylinder
packing consisting of two interlaced SrSiz packings was named the %Si packing in
§6.7.3.

Two other invariant lattice complexes are 4-connected nets. They are of less importance
in crystal chemistry and are frustratingly difficult to illustrate (as our figures below attest),
but we include them here for completeness. Model makers will find that they are
challenging to construct but very beautiful.

*

5 13d, a = V(32/3), r = 0.689

6-6-67-62-62-62 in 24 d: [ £ (3/8,0,144 ; 1/8,0,3/M)x

This is another uniform net. It is also quasi-regular. A feature of the structure is that
there are large non-intersecting funnels parallel to <111> arranged as in the garnet cylinder
packing (§ 6.7.3). The projection on {111) shown in Fig. 7.35 reveals one such set of
tunnels.

Fig. 7.35. The lattice complex §* projected on (111). Points in order of increasing degth of shading are at
heights (in units of la+b+cli2) of /12, 3/12, 5/12, 7112, 9/12 and 11/12. -

The secord invariant lattice complex is an enantiomerphous pair:
HL4, 14132, & = (3213, r = 0344
i’ 3-3-102-102-103-105 in 12 e T + {1/8,0,1/4 ; 3/8,03/4)x
v 3-3-109-109-103-104 in 12 d: T + {5/83.0,1/4 ; 7/8.0,3/4)x
This is also a quasi-regular net. The net is very open; now two 3-rings meet at each
vertex (Fig. 7.36 emphasizes this aspect of the structure} and the other rings in the structure

IR. Biswas et al., Phys. Rev. B35, 9559 (1988).
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are ten 10-rings meeting at each vertex. The structare is the third of four 4-coordinated rare
sphere packings discussed by Heesch and Laves (see § 7.5.2) so we label it HL43.

In much the same way as +¥* and -¥* can interpenetrate {Fig. 7.34) so can *V and -V 16
produce the lattice complex V* which corresponds to the positions 24 ¢ of Ia3d.

Fig. 7.36. A clinographic projection of the lattice complex *V (HL43).
7.3.13 Silica (Si0) and water nets: keatite and moganite

The planet we inhabit is made largely of silicates, and its surface consists largely of
water (solid and liquid) and framework silicates. Silica (8104} itself is of importancs in a
variety of contexts, and at least twelve polymorphs have been described. Low pressure
forms of silica consist of framework structures of {S1} Q4 tetrahedra sharing vertices and
the 4-connected nets corresponding to some of these structures have been met aleeady: here
we discuss several others. Silica is also found as a very-high-pressure rutile form (with
six-coordinated Si) known as stishovite. BeFz and GeOs and ternary derivatives such as
AlPOy4 also adopt at least some of the silica structures. Note that most of the silica
polymorphs have lower symmetry than the idealized et on which the structure is based.

Solid water (ice) in its low pressure forms is also based on 4-connected nets of O atoms
joined by -H... bonds and the nets are the same as in some of the silica polymorphs. In
higher pressure forms the structures are based on two inter-penetrating 4-connected nets.

(i) Quartz, the siable form of silica at erdinary temperature and pressure, was described
in § 3.6 and the 4-connected net discussed in § 7.3.11.

(it) At high témperature, quartz transforms to cristobalite which is based on the
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diamond net (§ 7.3.1). This is the net of ice I, which is stable at very low temperatures.
Ice VII (formed at pressures above about 2 GPa = 20 kbar) consists of two inter-
penetrating cristobalite nets.

(ii%) Tridymite is a (possibly metastable) form of silica based on the lonsdaleite net.
This is the net of the familiar ice (Iy) stable at atmospheric pressure below 0 °C.

(iv) Coesite is the first erystalline phase of sifica obtained when quartz is subject to
pressure (about 2 GPa). The net of this structure was discussed in § 7.3.9.

. (¥) Melanophlogite is rare naturatly-occurring form of silica that is based on the net of
the Type I gas hydrate net (§ 7.6).

(vi) Keatite is another rare metastable form of silica. The net (Fig. 7.37) contains two
kinds of node and occurs also as the structure of 1Ge (a form recoversd from high
pressure) and as the net of ice I1I (which is produced from ice T at a pressure of about 200
MPa). Data for keatite Si07 and Ge are given in Appendix 5. The keatite cell js tetragonal
(P43212, a =746, ¢ = 8.61 A); in the maximum volume form of the net, r = 0.668. The
Schliifli symbols are Si(1}: 5-5:-52-72-82-87 and Si(2): 5-7-5.7-3-75.

Fig. 7.37. Left: the Si atoms of keatite projected on (001). Increasing depth of shading indicated vertices
al appioximatety z = 0, 144, 1/2, and 3/4. The positions of the 43 axes in the unit cell (broken lines) is

indicated. Right: the moganite net projected on (Q10). a is horizontal across the page. Progressively. darker
shaded circles represent vertices aty = 0, 1/4, 1/2 and 3/4.

(vii) Moganite is ancther polymorph of 8i0O; which is reported! to be moneclinic (72/a).
Recent results suggest that moganite occurs more commonly than once supposed in fibrous
forms of “quartz” known as chalcedony, agate, chert, fling, eic.? The idealized 4-connected
net of the Si atoms is illustrated in Fig. 7.37. For unit edge crystallographic data are:

1G. Miche & H. Gractsch, Eur. J. Mineral. 4, 693 (1992),
2P. ). Heaney & J. E. Fost, Science 255, 441 {1992},
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moganite Ibam,a =3.53, b = 1.61,c =289, r=0,731
44-6969-83-832in 4 g: T £ (0,0,1/8) .
4-86:6-6-6-6 in 8 j: I+ (x,3,0 3 12+x,1/2-3,0), x = 0.167, y = 0.250

For more on moganite and its relationship to quartz see § 7.11.7. Crystallographic
data for the real material are given in Appendix 5.

(viii} When molten silica is cooled, it forms a glass (amorphous silica) which is a
random network of vertex-sharing {Si}Q4 tetrahedra. This is often referred to as guartz.
glass but the term “quartz” should be restricted to the crystalline polymorph. An amorphous
silica is also obtained when quartz is compressed at low temperatures; amorphous ice can
similarly be obtained from crystalline ice.

(ix) The étru_cture of ice VI (stable between about 0.6 and 2 GPa at room temperature) is
based on two inter-penetrating edingtonite nets (see § 7.8.7)

7.4 Nets and infinite polyhedra

We now expand our consideration of nets constructed from polyhedra sharing faces.
They may be derived as a space filling (tiling} by finite polyhedra or considered as an
infinite surface tiled with polygonal faces (infinite polyhedra). The most important of these
nets are those of zeolites. The simplest such structure, the sodalite net, was described in
§ 7.3.10.

7.4.1 Linde A: an infinite polyhedron 42.62

The first such new net is that of the zeolite known as Linde A:

Linde A Pridm, a= 1448 = 3828, r = 0428
46.46-4-8 in 24 k: (02,27 : Ddn bk, ¥ = 14 +42) = 0.1847, z = 2y

In Fig. 7.38 (left) the structure is illustrated as an assembly of cubes and truncated
octahedra (4.62) sharing square faces. Considered as a 4-connected ret it has the Schlifli
symbol 4-6-4-6:4-8 given above. However we can also consider this structure as an
infinite polyhedron; at each vertex two squares and two hexagons meet, and the interior of
this polyhedron is the space occupied by the cubes and truncated octahedra. Considered as
a polvhedron the Schisfli symbol is 42.62. Note the distinction between the net description
and the polyhedron description—in the former we count rings at six angles at the vertices,
in the latter we count (in cyclic order) only polygons on the surface of the polyhedron.

The empty space in the above structure consists of francated cuboctahedra (4.6.8)
sharing octagonal faces as shown in Fig. 7.38 (right). This is likewise an infinite
polyhedron 42.62 and the “interior” of the polyhedron is the space occupied by the
truncated cuboctahedra.



324 Chaprer 7

It may be seen that we have two infinite polyhedra, each of which fills the empty space
of the other. Such pairs of infinjte polyhedra are termed complementary. Taken together

they represent an example of space filling (tiling) by regular and/or Archimedean .

polyhedra. In each case the same polygons are on the surfaces of both polyhedra.

Fig. 7.38. The Linde 4 structure. Left: as an assembly of cubes and truncated octahedra. Right: as an
assembly of truncated cuboctahedra.

For such an apparently complicated structure the number of topological neighbors is
given by a very simple formula (brackets indicate rounding down to an integer):

ng = [(8k2 + 13)/5] (7.1a)

7.4.2 Zeolite rho: infinite polyhedra 43.6 and 4.8.4.3

The structure of the zeolite known as rho gives rise to another 4-connected net that can-

also be described as a space-filling by Aschimedean polyhedra as shown in Fig, 7.39. Data
for unit edge are:

rho m, a =2+ V8 = 43828, r = 0426
4d-d-6-8-8 in 48 1 1+ (Ud e, 124 14,1728, 000%, x = (V2 — 1)/4 = 0.1035

This structure may be considered as constructed of truncated cuboctahedra (4.6.8) and
octagonal prisms (42.8) sharing octagenal faces.! From this point of view it is an infinite
polyhedron 43.6. The empty space is an identical infinite polyhedron, so it is its own
complement. The combination of the infinite polyhedren and its complement corresponds a
space-filling by truncated cuboctahedra and octagonal prisms.

1Compare Fig. 7.38 in which truncated cuboctahedra share octagonal faces without the intervening
octagonal prisms. )
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Fig. 7.39. The structure of zeolite rho. Left: as a packing of truncated cuboctahedra (4.6.8) and octagonal
prisms (42.8) forming the potyhedron 43,6, Right: as the polyhedron 4.8.4.8 formed from fused octagona
Pprisms.

Alternatively the same set of vertices may be described as derived from an assembly of
octagonal prisms sharing square faces as also shown in Fig. 7.39. In this description, the
structure is an infinite polyhedron 4.8.4.8. The complement of this infinite polyhedron is
the one (not shown) derived from trincated cuboctahedra sharing their hexagonal faces,

Rho and Linde A have very similar densities, r. Remarkably, equation 7.7a (p. 324)
helds for the coordination sequences of both structures.

7.4.3 Zeolite ZK-5 and an infinite polyhedron 438

We have already met two structures involving the truncated cuboctahedron (4.6.8). One
description of the Linde A structure involved linking them by sharing octagonal faces (note
that they also are linked by cubes). Similarly the zeolite rho structure was obtained by
linking truncated cuboctahedra by octagonal prisms attached to the octagonal faces. A third
possibility involves linkage by hexagonal prisms attached to the hexagonal faces. This
produces a structure (Fig. 7.40) that is the framework of the zeolite known as ZK-5 and is
an infinite polyhedron 42.8. Considered as a 4-connected net the SchEifli symbol is
4-4.4-8-6-8. The crystallographic description is:

ZK-5 In3m, a =23 +8 + 7 = 5983, r = 0.448
44.4.8.6:8 in 96 L [ + (x. 3y, Lz ; yEx+7)x,
x=1/2a=0.0836, y = 14 —x3 = 0.2018, z = 2y — x = 0.3199

The CS is given by (cf. Eq. 7.7a):
' ng = [(12k2 + 16)/7] (7.7b)
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Fig. 7.40. Part of the zeolite ZK-5 structure.

7.4.4 Faujasite: a second infinite polyhedron 43.6

Fig. 7.41. A fragment of the faujasite structure projected on (111). The black hexagons are hexagonal
prisms seen in projection and sharing a hexagonal face with a truncated octahedron underneath. The shaded
regular hexagons are top faces of truncated octahedra connected to hexagonal prisms on the bottom face.

Another net that may be derived from a packing of polyhedra is that of the natural zeolite
faujasite. This is obtained by fusing hexagonal prisms on four non-adjacent faces of a
truncated octahedron (4.62). Adding four more truncated octahedra to the other hexagonal
faces of the prisms results in a tetrahedral arrangement of the four truncated cctahedra about
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the first one. Continning so that a diamend array of truncated octahedra is obtained
produces the faujasite net, which is an infinite polyhedron 43,6, A polytype is obtained if
the truncated cuboctahedra are connected as in lonsdaleite (rather than as in diamond); it
should be clear that an infinite number of other polytypes is possible. Fig. 7.41 shows part
of one layer of the structure, Considered as 4-connected nets all vertices in these structures
have symbol 4-4-4.6-6:12.

Crystallographic data for the cubic (c-) and hexagonal (h-) faujasite nets are:

c-faujasite  Fdim, a=20/18 -3 =7.966, r = 0.380
44-4-6-6-121in 192 it F & (xy,2 3 6.2 3 %14y, 1/4-2 1 x, V-2, 1y ;
Vo U=z, /e 3 3, U, 1dioz ; 2,108, 1/d=y 3 2,174y, 1/4-2)K,
x= (V6 - 1)/40 = 0.0362, y = 1/8, z = 3/8 - 2x = 0.3023

h-faujasite Péalmme, a = 5.633, £ =9.199, r = 0.380
all vertices 4-4-4-6:6-12 in 24 &: 2(x.y,z ; etc.)
- overtex 10 xyz = 0371, 0,097, 0.018) ; vertex 2! x,y,z = 0.156, 0.489, 0.0706
vertex 3: x,3,z = 0.430, 0.037, 0.1069 ; vertex 4: x,y,z = 0.489, 0.156, 0.1957

*7.4.5 An open structure, W*8 and a related zeolite

Fig. 7.42, Part of ﬁ rare net 4:4-4-8:4:12 (W*8) shown as an infinite polyhedron 43.8.

If cubes are inserted between the square faces common to the octagonal prisms in Fig.
7.39 (right), a very open 4-connected net 4-4-4.8.4-12 results. (Fig, 7.42). An alternative
deseription is as an infinite polyhedron 43.8 (cf. the ZK-5 polyhedron, p. 325). For
reasons to become apparent (§ 7.5.2) we label this net W*8.

Crystallographic data for the W*8 structure are (see also p. 373):

w*s In3m, a = 4+48 = 6.828, r = 0302
4.4.-4-8.4-12 in 96 & /£ {xy bz pdxde)k, 2ax =1, 2ay =3 +¥2, 2az =3 + V8
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The density corresponds to a silicate with framework density FI} = 10.5 tetrahedral
atoms per 1000 A3. We do not know of a zeolite based on this framework; the most open
known structures based on 4-connected nets have FD = 12.5, The 12-rings in W*8 are not
planar; they have angles of 135° (compare 150" for plane dodecagons). The structure also
contains 24-rings.

A closely related structure occurs in the synthetic zeolite known as CoAPQ-50 which has
a framework with composition CozAlsP3Os2. The structure (Fig. 7.43) contains cubes
connected by squares forming hexagonal layers containing 12-rings. The layers are joined
by edges connecting opposite vertices of the cubes. Crystallographic data for the ideal form
of this structure (which has a density close to that of faujasite) are:

CoAPO-50 . P3im, a=4.1815, ¢ = 2.7321 r=10.387
4-8:4.8-4-8 in 4 . £(1/3,2/3,22), 2 = 0.1830
4:4-4-8-4-12 in 12 & Hry,z 1 03,2 ) V4.2 1 05,2 5 035,21 Ty-562),
x=0.1381, y =2/3, 2 = 0.3943

Fig. 7.43. The CoAPQ-50 net viewed almost down e.
A related net is that of MAPS0-46 which is left as an exercise (7.12.12).
*7.5 Rare and dense 4-connected nets

In the Chapter 6 we discussed sphere packings with particular attention to the densest
packings of equivalent spheres. It is natural to ask also what is the rarest (least dense)
packing of equivalent spheres. If we require the sphere packing to be stable, i.e. each
sphere to be in comact with at least four others with points of contact not all on the same
hemisphere, we must consider 4-coordinated sphere packings, or what is equivalent, 4-
connected nets with equal edges.

We remind the reader that the density, expressed as vertices per unit volume, we call the
geomelric density. In the context of nets, we consider one to be fopologically dense if it
has a large number of kth neighbors (obviously, all 4-connected nets have four first
neighbors). As a measure of density in this respect, we arbitrarily use the cumulative sum
of the numbers of topotogical neighbors, ng, for the first ten coordination shells (i.e. k= 1
to 10} as a measure of the topological density. Appendix 3 elaborates on this topic.

Three-Dimensional Nets and Infinite Polyhedra 329

The catalytic activity of zeolites is intimately bound up with the sizes of the rings in the
structure, and considerable discussion has focused on topics such as the connection
between ring size and density (in both senses), The same topic is also of interest in

‘connection with glasses; for these a direct measure of ring sizes is generally unavailable,

but can possibly be inferred from the density.
*7.5.1 Two dense nets

We consider here a second net (the first is diamond) with only two vertices in the
repeat unit and a fourth net (the other three were described in § 7.3.11) with only three
vertices in the repeat unit. _

To derive the first new net we systsmatically remove one third of the edges of the
6-connected net of the primitive cubic lattice. The way that it is done is illustrated on the left
in Fig. 7. 44. The arrangement of the vertices is cubic, but if the edges are considered, the
symmetry is tetragonal: P4o/muinc a = 1, ¢ = 2 with vertices in 2 a: 0,0,0; 0,0,1/2. The net
can be distorted so that each vertex has only four (instead of six) geometrical nearest
neighbors as suggested in the center of the figure. The symmetry is now I4{/acd and
vertices are in 16 e: [+ (x,0,1/4 ; x,1/2,3/4 ; 1/4,1/4-x,0 ; 1/4,3/4-x,0). For unit edge
length and the next nearest distance as large as possible (V5/2), 2=2, c=V14 and x = 1/8
{r = 1.069). Note that distortion slightly increases the geometrical density.

Syt 2
T J
u‘f “j\'
’J: -—".?-'-'-'-'5-?-"'?"

Fig 7.44, Left: the CA504 net derived from a primitive cubic array. Center: the same net distorted so
that each vertex has only four geometric nearest neighbors. Right: a dense net with three vertices in the
repeat unit.

This net is found as that of Cd,S (joined by -O-)} in CdSO4 (HgS04 is isostructural)
hence the name, CdSOy4 net. The short symbol for the vertices is 65.8. Tt is interesting that
one of the angles is not contained on any ring, as all circuits containing that angle have
shorteuts (cf. § 7.1.1). We use e to symbolize such an angle and the long Schlifli symbol
becomes 6-6-6-6-67-02. It is very dense in the topological sense; the numbers of neighbors
are:

ny=4, 0= 12,nk=4k2—6(k>2) (7.8
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Our second dense net (Fig. 7.44, right) is derived analogously by deleting one half of
the edges corresponding to nearest neighbor distances in a primitive hexagonal lattice.
Taking into account the edges the symmetry is P6222. Unlike the previous one, this net
does not appear to be realizable with shortest distances corresponding only to equal edges.
It does, however, have some interesting properties that merit mention. Like the previous
net, one angle is not contained in a ring and the long symbol is 73-00-73-73-73-73 (short
symbol 73.9). 1t is the only 4-connected net that has been described that does not have at
least one 6- or smaller ring. It also has the largest number of topological neighbors of any
known 4-connected net, so we call it dense net; the numbers of neighbors are given by:

k1 2 3 4 5 6 >6
me 4 12 36 72 122 188 6k2-30 (7.9)

*7.5.2 Rare sphere packings

This topic was considered many years ago by Heesch and Laves who found what was
long considered to be the rarest (least dense) stable sphere packing. This structure is
derived by replacing the vertices of the diamond net by groups of four spheres in contact
(so that their centers form a regular tetrahedron). The tetrahedral groups are arranged so
that they make contact along the diamond structure edges. We name this structure HE44 or
D4 {because the vertices of the D lattice complex are replaced by groups of four); see
below for a crystallographic description.

A fragment of the structure is shown in Fig. 7.45, In the figure shaded tetrahedra replace
vertices of the diamond net, :

Fig. 7.45. Nlustrating how HL44 is obtained by decorating the vertices of diamond.

We call this process of replacing a vertex of a 4-connected net with a tetrahedral group of
vertices decorating. It turns out that at least four other nets can be decorated in this way to
give new uninodal nets. They are derived from the lattice complexes *¢ (quartz), 55w
(sodalite) and *V. We label them +(4, §*4, W*4 and +V4. Here are their crystallographic
data in abbreviated form:

HLA4 (D4 Fd3m, a =8 + 443 = 5.1378, r=0236 (p=0.1235)
312331203 127 in 32 & F £ (5,50 ; 5, 1/d—2, 1400, x = L(8 + ¥96) = 0.0562
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+04 P6322, a = 3.550, ¢ = 3.885, r = 0,283
3-12-3-122-3-167 in 12 k, x = 0.458, v = 0.115, z = 0.091

%4 . Ia3d, a =7.168, r = 0.261
3-12:3-129-3-123 in 96 &, x = 0.065, y = 0.224, z = 0.424

W*a Infim, @22 4 32 = 62426, £ =0.197 (p = 0.1033)
. 38312312 in 48 /: 1 £ O,z ; Ozy)i,
y=(1/2+ V'Z)Ia =0.3066,z=(1/2 + 3/\;2)."& =10.4199

+y4 14132, a =4 + V8 = 6.8284, r = 0,151 (p = 0.0789)
3632073203 in 48 &, x =y = V2/8 = 0.1768, z = 0

The last of these is the rarest, but does not correspond to a stable sphere packing as the
four contacts of spheres are all on the same hemisphere. The others, and D4, are stable
sphere packings. W*4 is illustrated in Fig. 7.46 which shows how it is derived by
decorating the sodalite net. It is possibly the rarest stable sphere packing. The density
(fraction of space filled by spheres in contact is 87/(2 + 342)3 = 0.1033 (compare with the
density of 418 = 0.7404 for closest packing).

Fig. 7.46. The rare (low density} sphere-packing net W"4 obtained by decorating the sodalite net with
tetrabedral groups (shaded).

It is worth noting the apparently paradoxical fact that the most open nets are
characterized by having a large number of small rings. The rare nets listed above all have -
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three 3-rings or four 4-rings in their symbols {they also have large rings as a consequence).

On the other hand dense nets generally have a stnall number of 3- or 4-rings, often shortest

rings of 6 (7 in the case of the dense net).

It is interesting that density (or rarity} in the geometrical sense is correlated with density
in the topological sense. In Table 7.1 we list (for maximum volume form) the number of
vertices per unit volume, r, for some mostly dense or rare nets. Also listed is c1p, the
cumuiative number of topological neighbors out to tenth neighbors. The net 4-4-4-8.4-12
{W"8) was described in § 7.4.5, It can be derived by replacing the vertices of the sodalite
{W*) net by cubes of vertices (the centers of the cubes are on a sodalite net). It is possibly
the rarest uninodal net that does not contain 3-rings.

Note that if the restriction to uninodal nets is lifted, nets (but not szable sphere packings)
can be constructed of arbitrarily low density by repeating the process of decoration.!

Table 7.1. Some dense and rare nets compared

net Schlifli symbol r c10
dense Tg-00-73-73-73-73 1.155 2078
CdS04 6:6-6-6-67-00 1.600 1438
coesite 4:6:46.8.92 0.845 1324
4-8.4.97-6:8 0.845 1321
quartz 6-6-67-67:87-87 0.750 1230
NbO B9-6-67-67-82-82 0.750 1186
diamond 69:62:62-67-62-62 0.650 980
sodalite 4-4-6-6:6-6 0.530 790
W*g 4.4.4.8.4.12 0.302 453
D4 = HL4y 3-129:3-127:3-129 0.236 496
w4 38312312 0.197 409
14 363204320, 0.151 350

Fig. 7.47. The two inter-penetrating D4 nets (light and darker shaded) in D4

The D4 (HLA44) net (among others) can be intergrown with itself in a way such: that the

IM. O’ Keeffe & S, T. Hyde, Zeirs, Kristallogr. (1996).
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shortest distance between vertices of the two nets is greater than the edge length (in much
the same way as *Y* and -Y* intergrow to produce ¥**, see § 7.3.12). The two intergrown
D4 nets are called D4*. The unit cell edge is now only half that the original fec cell and a
laitice vector transtates from a vertex on one D4 net to an identical vertex on the other net
(see Fig. 7.47).1 The structure of LiCo(CO)4 is based on this principle with {Li}O4 and
{Co)Cy tetrahedra joined by C-O bonds. Zn{CN}; = Zn(1)Zn(2)(CN)4 is isostructural. In
the structure of Znly there are tetrabhedral Znly groups joined by common corrners to form a
supertetrahedron (Fig. 5.18, p. 150) and the Zn arrangement is topologically the same. The
Pb arrangement in NaPb is similar. (Data for these compounds are given in Appendix 5.)

D4* Pulm, a =2 + 23 = 2.5689
vertice in 8 e; £0rx,x 3 V244, 1/2+0,5)K, x = 1/(4 + 24y =0.1124

7.6 Clathrate hydrates, foam, and grains

Imagine a foam of equal-sized bubbles. The surface of the bubbles will form space-
filling polyhedra with edges and faces curved so as to minimize their surface area. Three
faces meet at an edge with dihedral angle 120° and four edges meet at a vertex with angles
of 109.47°, so the vertices and edges will form a 4-connected net. The structures can also
be considered as packings of polyhedra with 4-, 5- and 6-gon faces. As discussed by
Kelvin over a hundred years ago, the simplest such net will be sodalite which, as we have
seen {p. 315), is based on a space-filling by truncated octahedra.

Similar arrangements are found in a nimber of different contexts such as the crystallites
of a fine-grained metal or ceramic and aggregates of biological cells, The crystal structures
of clathrate hydrates are also based on these principles, for example the hydrogen-bonded
framework of O atoms in HPFg-6H20 is sodalite. Framework silicates with structures
based on these nets are known as clathrasils.

It is common in this context to use symbols for polyhedra that specify the number and
types of faces. Specifically a symbol [M™ N2,...] Tefers to a polyhedron with m faces that
are M-gons, n faces that are N gons, etc. Thus the space-filling truncated octahedron is a
14-hedron with six square faces and cight hexagonal and has symbol [46.68]. For
polyhedra with three edges at every vertex the number of vertices is (mM +n¥ + _.)/3.

Interesting related space-filling polyhedra were discovered by Williams.? Converting
two square faces and two hexagonal faces of [45.68] into four pentagons will produce a
polyhedron [44.54.65] with symmetry mm2 that has four quadrangular, four pentagonal
and six hexagona! faces as shown in Fig. 7.48. This polyhedron (with slightly curved
edges) will fill space to produce the first Williams structure. Although there is just one kind
of polyhedron, there are now four kinds of vertex.

Crystallographic data for the structure are:

INote that two intergrown D (diamond) aets are just bee and again the unit cell for the intergrowth
has haif the edge of the original. ;
IR, E. Williams, Science 161, 276 (1968},
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Williams 1 Pdy/nem,a=2302,¢c= 7.909, r = 0.573
4-4-6-6:6:6 in 4 a: H(3/4,1/4,0 ; 3/4,1/4,1/2}
5-3-53-5-6-6 in 4b: £(3/4,1/4,3/4 ; 1/4,3/4,3/4)
vertices in 8 it Hxx,z 5 V2,20, 11247 ; x,1/2~x,1/247 ; 1/2-x,1/2-x,2)
4-4-6-6-6-6, x = 0.096, z = 0,0618 ; 4-3-5.6:3-6, x = 0,096, z = 0.1882

Fig. 7.48. The mm?2 14-hedron in a space-filling configuration. The two aspects shown are related by
rotation by 1807 about 2 horizontal axis.

There is a second polyhedron with the same symbol [44.54.65], now with symmetry
222, that also fills space. It is found in the structure of BaCuyP4 in which the Cu and P
atoms form a 4-connected net (the coordinations are {Cu}P4 and {P}CuF3).
Crystallographic data for the net with unit edge are given below.

BaCujPy Fddd, a =2.334, b = 8207, r = 4.488, r = 0.558
4.4.5.6-6:6 in 16 2 F £ (1/8,y,1/8 ; 1/8,1/4-y,5/8), ¥y = 0.5065
4-5-5-6-6-6 in IZh: F b {x .2 5 3342 ; 3Md—-x,y, 34—z x,3M4-v,3/4-7),
x=0,195, y =0.1826, = 0.8145

Fig. 7.49. The net of Cu (filled circles) and P ia BaCugP4 projecied on (100). On the left as a 4-
connected net and on the right as a packing of polyhedra. In the latter, the numbers are the x coordinates of
the centraids of the polyhedra (Ba positions} in multiptes of 1/8.
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The structure (Fig. 7.49) contains equal numbers of both enantiomorphs of the
polyhedron. Another feature of the structure is that it contains rods of {Cu}P4 tetrahedra
sharing opposite edges that run alterpately along [101] and [107} and connected by P-P
bonds. Ba atoms are at the centroids of the polyhedra (for crystallographic data see
Appendix 5).

Continuing the process of converting squares + hexagons to pentagons will produce the
second Williams space filling polyhedron [42.58.64] with two square, eight pentagonal and
four hexagonal faces. The structure of the polyhedron packing is now rather simple (Fig.
7.50)

Williams 2 Pdy/mnm, a=2.325, ¢ =3.880, r = 0.572
5-53-5-5-6-6 in 4 & H(0,1/2,1/4 ; 1/2,0,1/4)
4.5-5-6-5-6 in 8 j: £{x,x.Lz 5 12+, 1/2-x,1/242), x = 0.152, 7 = 0.129

Fig 7.50. The Pdg/mnm space filling by polyhedra shown projected oa (110). Filled circles are the
5-5-5-5-6-6 vertices (in 4 d}.

Finishing the process of eliminating squares produces a polyhedron [512.62] with twelve
pentagonal faces and two hexagonal faces.! This polyhedron does not fill space but the
stmcture of the hydrogen-bonded framework of the cubic chlorine hydrate (of approximate
composition 2Cl;.15H,0) is made of a packing of pentagonal dodecahedra [512] and these
14-hedra [512.62] in the ratio 1:3 (Fig. 7.51). This is sometimes known as the type I
hydrate structure. The same framework occurs in the naturally-occurring (impure) form of
silica known as melanophblogite. The same structure is also found in alkali silicides and
germanides typified by NasSiz3 in which Si atoms are at the vertices and Na atoms center
the larger polyhedra. A stereo view of the net is in Fig. 7.89 (§ 7.11.8).

The structure of the hydrates of a number of molecules such as CHCl3 contains
dodecahedra again and also 16-hedra [512.64] packed in the ratio 2:1. This is known as the
type II hydrate structure. The 16-hedron is shown in Fig. 7.52; it has symmetry 43m.2

Data for the nets with unit edge length (this condition is sufficient to fix all the
coordinates) are:

1This polyhedron is the dual of the bicapped hexagonal antiprism (Fig. 5.12, p. 143).
2This polyhedron is the dual of the Friauf polyhedron (Fig. 5.12, p. 143).
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Type 1 Pni3n, a =4.3021, r = 0.578
5-5-5.5-6:6 in 6 ¢: £(0,1/2,1/4)x
5-5-5.5-5-3 in 16 i £(x,0,%x 5 1/24x,1/24x,1/220)%, x = 0.1829
5-5-5-5-5-6 in 24 kr £(0,y, 2z 5 1/2,1/242,1/24y )x, y = 03099, z = 0.1162

Type II Fd3m, 2 = 6.2054, r = 0.552
5.5.5.5.5.5in 8 a: F £ (1/8,1/8,1/8)
5.5.-5-5.5-5in 32 e: F £ (x.x.x ; x,1/4—x,1/4-x)K, x = 0.2180
5-5-3-5-53-6 in 96 g: F * (x.x.2 ; x,1/4~x,1/4-7 ; Hd-x,x,1/4—7 ; 1/4—x,1/4—x,2)K,
x=0.1820, z = 0.3709

Fig. 7.51. A fragment of the Type 1 hydrate (clathrasil) structure viewed down [001}. Dodecahedra are
shown with heavily shaded faces. Tetrakaidecahedra share hexagonal faces to form rods along <100>. The

rods are packed (by sharing pentagonal faces) as in the =W cylinder packing. Dodecahedra fill interstices in

this rod packing.

The last structure {Type H) comes close to having all vertices 56. The unit cefl contains
sixteen 12-hedra, eight 16-hedra, 144 5-gons and sixteen 6-gons. It does not appear
possible to make 4-connected nets with afl 5-rings, although model builders (see Notes at
the end of this chapter) will find that remarkably large clusters of packed pentagonal
dodecahedra can be made before strain becomes too severe to continue. To construct a
“spaghetti” model of the type II net it is best to make one }6-hedron and then to constrct
dodecahedra on each of its pentagonal faces (there is only one way to do this); it should be
obvious how to proceed thereafter. A stereo view of the net is in Fig. 7.90 (§ 7.11.8).

Fig 7.52. The hexakaidecahedron appearing in the Type U hydrate net.
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The Type I net also occurs as Si or Ge frameworks in compounds M, St or M,Ge
formed by decomposition (loss of M = alkali metal) of MSi or MGe at high temperatures
under vacuum. The synthetic zeolite dodecasil 3C is also based on this net.

The polyhedra in this section have three polygons (not necessarily regular or even
planar) meeting at each vertex. For such a polyhedron (see the exercises in Chapter 5) the
number of faces, F and vertices, V are related by 2F = V + 4, and the number of edges, E
= 3V/2. If there are Fy4 faces with four edges and F's faces with five edges then 2Fq + F5 =
12. There is no constraint on the number of faces with six edges.

We revisit the clathrate hydrate structures in Appendix 4 where two further structures are
mentioned. Attention is also directed to the structures of the zeolite clathrasils (§ 7.8.6).

7.7 A summary of the simpler 4-connected nets

Here {Table 7.2) is a list of the simpler uninodal 4-connected nets either with Iess than 4
vertices in the topological repeat unit or quasi-regular. Z is the number of vertices in the
topological repeat unit (primitive unit cell). “Le.” refers to the symbol for an invariant lattice
complex. It would be of interest to know if this list is complete. The list for Z =4 would be
quite long.! The dense net is uniform in that it contains only 7-rings.

Table 7.2. Names and properties of some simple 4-connected nets

net Z symbol le. regular | uniform
diamond 2 67+67-02-69:67-62 D yes yes
CdSoOy 2 6-6-6:6-67+00 ne yes
quartz 3 6-6-69-62-87-87 +o quasi no
NbhO 3 62:62-62-63-82-82 I quasi no
w2 3 37777272 no 10
dense 3 Tooe-1373-73-73 no yes
sodalite 6 4-4-6-6-6-6 w* quasi no
HL43 6 3.3.105-102-102-102 v quasi no
5" = fa3d 24d 12 6-6-6-67-67-67 5 quasi yes

7.8 Zeolite nets

The current considerable interest in zeolites stems from their value as catalysts and
“molecutar sieves” and each year sees a number of new structures discovered. Their

1Nets not realizable with shortest distances between vertices corresponding to edges probably should be
excluded. There are five uninodal nets with Z = 4 in this chapter, we know of only one other. See M.
O'Keeffe, Phys. Chem. Minerals 22, 504 (1993).
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properties are, to a large extent, determined by their structures, so we devote some space to
this topic (but by no means exhaust it),!

An invaluable guide to zeolite nets is the Ailas of Zeolite Structure Types? which
inchudes eighty 4-connected nets of natural and synthetic zeolites. The Atlas contains stereo
diagrams of each net, coordination sequences for each vertex, references and synonyms.
Some structures appear dauntingly complex, but many can be described rather simply as
they contain a short axis snitable for projection. Once one learns to “read” the projection, it
will be found that the three-dimensional structure may readily be reconstructed (model
making is highly recommended). As in many instances we provide coordinates for
idealized nets (not given in the A¢lus), they can be readily studied by computer.?

The term zeolite is not rigorously defined: it is used loosely to refer to any oxide with an
open stricture (say r < 0.6) based on a framework of corner connected {T) Q4 tetrahedra.®
Some authors use the terin clathrasil to refer to those structures without large channels
(shortest ring at each angle a 6-ring or smaller). From this point of view sodalite is a
clathrasil. Pentasils are open silica-rich alumino-silicate stractures in which the smallest
rings are 5-rings. Some of these are referred to as silicalites.

A number of simpler Zeolite nets have already been described (an index to zeolite nets in
this chapter is given in § 7.3.8, p. 353). Here we describe some more, using easily-
recognized structural units (such as “zig-zag” or “crankshaft” rods) as an organizing
principle. The reader uninterested in zeolites is invited to scan through this section quickly,
pausing perhaps to admire some of the more-beautiful structures that occur.

*7.8.1 Zig-zag structures

In § 7.3.3-7.3.5 we described some nets, including those of zeolites Li-A, MAPQ-39,
AlP04-31 and cancrinite, which contain parallel zig-zag rods of vertices. The repeat
distance for a unit edge zig-zag is typically about 1.65 time the edge length (about 1.65 x
3.05~5A for zeolites) and many zig-zag structures have one short axis of about this size,
and have all vertices lying on mirror planes, so that they are readily shown in projection. In
such a projection the framework appears as a two-dimensional 3-connected net.
Canerinite for example (Fig. 7.19, p. 307). projects as the 4.6.12 net.

1A good introduction to the properties and uses of zeolites is the article by J. M. Newsam in Solid State
Chenistry: compounds (A, K. Cheetham & P, Day, eds.) Oxford (1992). A good source of data concerning
zeolites is Handbook of Molecular Sieves by R. Szostak {Van Nostrand, New York (1992)].

2w, M. Meier & D. H. Olsen, Arlas of Zeolite Structare Types, Third Bd. Butterworth-Heinemann
(1992). This also appeared as issue 3 of the journal Zeolites, 12 (1992). Natural Zeolites by G. Gotardi &
R. Galli [Springer, Berlin (1985)] has good drawings that will be appreciated by model builders.

The symmetry of real materials is generadly lower that the maximum symmetry of the net. For
structures for which we do not give coordinates, see the references given in the Atias of Zeolite Structure
Types. Note also that our coordinates may, in some instances, be rather different from those in real
structures; they do however serve to defire the 1wpology of the net.

4When heated, zeolite minerals give off water as steam, and the name comes from the Greek for boiling
stone. Purists insist that the term “zeolite” should be restricted to alumino-silicate minerals, but the wider
sense used in this section (and in the A#las) now has general currency.

Three-Dimensional Nets and Infinite Polyhedra 339

A particularly simple net with both double and single zig-zags occurs in the zeolite
known as NaJ with ideal composition NazAlSioOg-Hz0. The net is illustrated both as.a
projection down the zig-zags and in clinographic projection in Fig. 7.53. Crystallographic
data are:

Nal Pmma, a= 1576, b = 2.525, ¢ = 2.525, r = 0.397
) 6-6-6-6-67-67 in 2 g: #(1/4,1/2.2), z = 0378
4:62-4-62-6-87 in & & £(1/4,2y,2), ¥ = 0.198, 2 = 0.122

Fig. 7.53. The NaJ net. Left: projected on (106) with open and filled circles at x = 1/4 and 3/4
respectively, Right: in clinographic projection. Compare with Fig. 7.62 (AIPQ4-25) p. 346.

Fig. 7.54. The MAPO-36 net projected on (001} with b horizontal on the page. Open and ﬁl[ed_circles
are at 7 = 0 and 1/2 respectively. Note that zig-zags are shown as double lnes and that double zig-zags
project as rectangles.

The net of the zeolile MAPO-36 {with 2 MgAl{P1204g framework) projects as 4.6.12
with the squares changed to rectangles representing a double zig-zag in proj_ection (an.d -the
hexagons and dodecagons also distorted) as shown in Fig. 7.54 {contrast with cancrinite,
Fig. 7.19, p. 307). Data for this net are:
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MAPO-36 Cmem, a = 4357, b = 6.687, ¢ = 1.697, r = 0.485
4-6:4-6-6-67 in 8 g: C % (&x,y,1/4), x = 0,383, ¥ = 0.040
4by467-6-12 in 8 g, x = 0.319, y = 0.183
4-62-4-69-6-127 in 8 2. x=0115 y = 0251

A number of z‘?olite nets with zig-zags project as two-dimensional nets contain.ing
pentagons. Two simple examples base on pentagon-octagon nets are those of bikitaite
(LiAlSip06.Ho0) and CsAlSisOqy (Fig. 7.55). Data are:

bikitaite Cmem, a = 2.365, b = 5.104, ¢ = 1.656, r = 0.600
32-62-6-6-6:6.in 4 ¢: C £ (0,5,1/4), y = 0,055 .
§:5-5:5:6-82in 8 g: C + (bx,,1/4), x = 0.289, y = 0,198

CsAlSis012 Cmem, a=1602, b=4.713,¢c= 5.151, r = 0.617
5:6-5:6:526 in 8 f: C£ (0.2 ; Oy, 1/2-2), y = 0045, z = 0.088
5.5-5.5-6-87 in 8 £y =0255z=0.058
5:6:5-669-82in 8 £,y = 0,440, £ = 0.153

Fig. 7.55. Left bikitaite Projected on (001) with b vertical on the page. Open and filled circles are atz

= 1/4 and 3/4 respectively. Right: CsAlSi ;i i i
. . : 5012 projected on (100) with ¢
filted cizeles are at x =0 and 1/2 respectively. o ereslon the pege: Open and

The synthetic zeolites ZSM-12, ZSM-23 and theta-1 (essentially hydrous silica with
§mall amounts of Na and Al) are also derived from two-dimensional nets, but now
mcluchr}g either decagons or dodecagons (see Fig. 7.56). The nets of the first two contain
seven different types of vertex, but theta~I has a simple description:

theta-1 Cricm, a =4.575, b = 5.638, c = 1.625, r =0.573
5-5:5-5-62-107 in 4 ¢: C £ (0,y,1/4), y = 0.262
5:5.5:5--63 in 4 ¢, y = 0,635 (note the absence of a ring at one angle)
55556102 in 8 g C & (r,,1/4), x = 0.209, y = 0.210
32:62-6:62+6-63 in 8 g, x = 0.307, y = 0.052
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ZSM-12 C2im,a=803,5=162 ¢=392, f=1077, r=058

Z5M.23 Pmmn,a=1.62, =694, c=359,r=059

Fig. 7.56. Three zeolite nets with zig-zags (shown as double lines} projected down the short axis. Top
left: ZSM-12. Top right: theta-1. Bottom: ZSM-23. Filled and open circles differ in elevation by 1/2
the vertical repeat distance. .

*7.8.2 Crankshaft structures

In § 7.3.6 {p. 308) we discussed some nets derived from the two-dimensional net 4.82
that contained vertices arranged on double crankshafts. In that section coordinates and a
schematic illustration of merlinoite and gismondine were given. It might be noted that
the repeat distance of a crankshaft is about 3.3 times an edge length: this translates into a
repeat distance of about 3.3 % 3 A = 10 A for silicates and related materials (alumino-
phosphates etc.). In projections down the crankshaft axes, vertices are at elevations about
+0.15 (in units of the projection axis length) from mirror planes (which are either at 0 and
1/2 or at 1/4 and 3/4). Here we describe two more double crankshaft structures. The first
is found in the aluminesilicate phillipsite and the second in a form of aluminum
phosphate known as AIPO4-C.
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Crystallographic data for phillipsite and AIPO4-C are:

phillipsite Cmem, a = 3.446, b =4.222, ¢ = 4359, r = 0.505
both vertices 4-4-4-83-8-8 in 16 h: C £ (Fw,y.z tx,y,172-2)
vertex 1: x=0.145, y = 0.109, 7 = 0.044 -
vertex 2: x = 0.355, y = 0.243, z = 0.135

AIPO4-C Cmca, a = 2,988, b= 5.897, ¢ = 3.334, r = 0.545
4-4-4-89-8:37 i 16 g1 C & {Exy 2 L2 A2y, 127,
x=0.167, y = 0051, z = 0,120
4-6:4-6:682in 16 g, x=0.167, y = 0.221, z = 0.120

N These nets, together with merlinoite and gismondine are illustrated in Fig. 7.57
_ ot'e that in the figure the projection is down the axis of the double crankshaft (whic};
projects as a rectangle). Note also that merlincite contains octagonal prisms (shaded)

centered at 0,0,0 and 1/2,1/2,1/2. Some relationshi
. 2172, 112, ps between the struct
4.82) should be apparent from the figure. ctuves (all based on

Fig. 7.57. Top [eft: gismondine proj i i
: projected on {100) with ¢ vertical on the page. Top right:
- : : ge. Top right: AIPOy4-C
grqected.on (100 v.wth. ¢ vem'cal on the page. Bottom left: phillipsite (106) with b veﬁ'licil on the p:ge.
owm'} right: merh‘nmte projecied on (001). In each case open circles are vertices at about +0.15 and
filied circles are vertices at about 0.540.15. Double crankshafts project as rectangles, o

Three-Dimensional Nets and Infinite Polyhedra 343

Another zeolite framework with double crankshafts is gmelinite (§ 7.3.7, p. 310); this
is based on the two-dimensional net 4.6.12.

A simple zeolite framework containing both single and double crankshafts is found in
AIPO4-12 (AlPO4-33 has the same framework). Data for this structure (itlustrated in Fig.
7.58) are:

AlPOy4-12 Pmma, a = 3276, b = 2.498, ¢ = 2.865, r=0.512
4-82-4-82-6-87 in 4 g £(x, 172,z ; 1/2-x,1/2,7), x = 0.097, 7 =0.356
4-4-4-6-88 in 8 it Hx.xyz; 2-=x%y,2), x =0.097, y = 0.200, z = 0.134

The short axis of AIPO4-12 is b. It might be noted that along this direction {horizontal in
Fig. 7.58) vertices form rods {either all filled or all empty circles in the figure)} that are
referred to as “saw-tooth.” We use a projection down saw-tooth rods in § 7.8.3 (next).

Fig. 7.58. A1P04-12 projected on {100y with b horizontal on the page. Double crankshafts project as
zectangles. Vertices not on a double crankshaft are on a single crankshaft. Open circles are vertices at x = 0.1
and 0.4; filled circles are vertices at x = 0.6 and 0.9. Compare with Fig. 7.53 (NaJ), p. 339,

*7.8.3 Saw-tooth structures

A rod intermediate between a zig-zag and a crankshaft is known as a saw tooth. A
double saw-tooth rod is illustrated in Fig. 7.59. Now there are two kinds of vertex—-+he
“sopth” (T) and the “base” (B)~—in the ratio 1:2 on the rod. The repeat distance of a saw-
tooth rod is about 2.4-2.6 times the edge length (about 2.5 % 3.0 A =75 A in zeolites).
The T vertices are on mirror planes at elevation either 0 and 1/2 or at 1/4 and 3/4 in
projection down the rod, and the B vertices are about 0.2 from the mirror planes. Again
some zeolite structuses are conveniently shown as projections, but the figures must be
interpreted with care (see, for example, the legend for Fig. 7.60).

Fig. 7.59. A double “saw-tooth” rod, “B” and “T" indicate a base and a tooth vertex.
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_ Two simple nets featuring double saw-tooth rods are found in the nets of the zeolites
Linde-I. and mazzite (both silica-rich aluminosilicates) shown in Fig. 7.60.

Linde L Pofmmnt, a = 6.007, ¢ = 2,354, r = 0.480
4-83:4-85-6-12 in (2 p: £(c,3,0; cie.), x = 0.096, y =0.359
444668 in 24 r: 20,z ; ete), x = 0.167, v = 0.500, z = 0.298

mazzite Péslmme, a = 5.816, ¢ = 2.505, r = 0.490
48248236 in 12 j: 2x,y,1/4; ete.), x = 0.495, y = 0.161
4-5-4-5-8-12in 24 {: Hxy,2 5 etc.), x = 0,096, ¥ = 0364, 7 = 0.030

Fig. 7.60. Top: Linde L projected on (001). Open circles are T vertices at 7 = 0, shaded circles are B
vertices at z = 30.29. The latter form hexagenal prisms centered at 1/3,2/3,1/2 and 2/3,1/3,1/2, Bottomn:
mazzite projected on (001). Open and filled circles are T vertices at z = 1/4 and z = 3/4 respectively.
Shaded circles on saw-tooth rods with teeth at z = 1/4 are B vertices at z =-.05 and 0.55; shaded cireles on
saw-tooth rods with teeth at 2 = 3/4 arc B vertices at z = 0.45 and 1.05. Note that here the rectangles are
projections of the “doubie saw-tcolh™ rods of Fig. 7.59.
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Some other saw-tooth nets found in silica-rich alumnine-silicate nets are found in
mordenite, dachiardite, ferrierite and ZSM-57. Symmetries and unit cell parameters (for
unit edge) of these nets are:

mordenite Crtcm, a =560, 6 =680, ¢ =242, r =052
dachiardite Cm, a=584b=248,¢c=330 f=112.0°, r =054
ferrierite fmmm,a =625 56=434, ¢ =241, r=0.33

ZSM-57 Imm2,a=244,b=4063 c=6.13,r=0.352

The nets are shown in projection in Fig. 7.61. To interpret the diagrars note that (a)
fitled and open circles are T vertices onr mirror planes separated by 1/2 the projection
distance; {b) shaded circles are B vertices at elevations of approximately 0.3 above and
below the T vertices to which they are connected, (c) saw-tooth rods are shown as double
lines.

Fig. 7.61. Top left: mordenite projected on (001) with a horizontal on the page. Bottom left: ZSM-
%7 projected on (100} with © horizontal on the page. Top right: dachiardite projected on {010) with ¢
horizontal on the page. Bottom right: ferrierite projected on (001} with a horizontal on the page. See also
the text.
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*7.8.4 More up-down structures

In § 7.3.8 we described two nets (one was of the zeolite ATPQ4-5) based on “up-
down” connections of two-dimensional nets. Some rather complicated AIPOy4 structures
that have recently been discovered are based on this principle, so again there is a short axis,
and they are readily depicted as projections down that axis (Fig. 7.62). The repeat distance
along the projection axis is about 2.7 the edge length (i.e. about 8.4 A in alumino-
phosphates). Note that these nets contain only even rings and that in the real materials Al
and P alternate (lowering the symmetry).

Data for the two simpler of these nets with unit edge are:

VPI-5 PO3imem, a = 6.086, ¢ = 2.674, r = 0406
4-63-4-63-6:64 in 12 k: 2(x,0,2 s etc.), x = 0.4227, 2 = 0.063
4676636267 in24 & x(x.y,z; ete), x = 0.1786, y = 0.5120, 7 = 0.563

AlPO4-25 Cmma, a =2,603, £ =4.800, c = 3.149, r = 0.610
6-67:6-63-62:62 In 8 n: C & (x,1/4,2), x = 0308, 7 = 0.84%
463663663 in 16 01 C X (Ex,y,z 0, 1/2-y,2),
x=0.192, y = 0.099, z = 0.65]

Fig. 7.62. Top left: AIPO4-11 projected on (100) with b horizontzl on the page. Top right:
AIPO4-41 projected on (001) with b horizontal on the page. Bottom left; VPI-5 projected on {G01).
Bottem right: AIPO4-25 projected on (£0G) with b herizontal on the page. Additional edges go “up” from
open circles and “dewn” from fitled circles, ’
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The AIPO4-41 net has symmetry Cmcem and four different kinds of vertex; The
A1PQ4-11 net has symmetry Imma and three different kinds of vertex.

Another member of this family that has recently been discovered is known as AIPQ4-8.
This beautiful structure, shown (again slightly idealized) in Fig. 7.63, has five different
kinds of vertex and contains 14-rings. The symmetry of the net is also Cmcrmn.

Fig. 7.63. AIP04-8 projected on (001) with a horizontal on the page.

*7.8.5 The "ABC-6” family

Fig. 7.64. Sodalite projected on (111) with a hexagonal cell cutlined. Open circles at 1/6, shaded circ}es
at 1/2 and filled circles at 5/6 of the repeat unit 1/2<111>. Edges joining vertices at 5/6 to those at 7/6 (L.e.

1/&) are not shown.

In § 7.3.5 (p. 306} we commented on cancrinite which we described as a stacking of
plane hexagons centered at 1/3,2/3,1/4 and 2/3,1/3,3/4. By analogy with the nomenclature
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flse(li for sphere packing (§ 6.1.1), we could describe that stacking sequence AB... The
inclined edges linking the hexagons formed double zig-zag rods. Similarly in gm;e.l-inite
(8 7.3.7. p. 310) there are hexagonal prisms centered at 1/3,2/3,1/4 and 2/3.1/3.3/4 and
the stacking of hexagons could be described as AABB.. and the edges not perp,end,icu!ar to
the stacking direction form a double crankshaft rod, ;

A sequence of hexagons stacked AAB... produces a structure based on saw-tooth rods
This is found in the zeolite offretite. ‘

The primitive cell of sodalite {§ 7.3.10) is thombohedral with a = \f6, o= cos1(-1/3)
= 109.47" and contains six vertices with x,y,z equal to the six permutations of 1/4,1/2,3/4.
These comprise a planar hexagon normat to {111] and centered at 1/2, 1/2,1/2. Pac’king, the
rhombohedral cells will result in the hexagons being stacked ABC along a 3-fold axis as
shown in Fig. 7.65.1

Nets derived by stacking hexagons in positions 4, B or € are known as ABC-6 nets and
about a dozen have been recognized in natural and synthetic zeolites.? Some of these are
summarized in Table 7.3. The entries under “vertex types” are the numbers of
topologically-distinct kinds of vertex. ~

Chabazite is CazAlgSijz036:20H20; The net contains a rhombohedral stacking of
hexagonal prisms (contrast sodalite which has a rhombohedral stacking of single
hc?xagons). The remaining space consists of large (36-vertex) polyhedra as illustrated in
Fig. 7.65. Data for the net are:

chabazite R3m, a = 4404, ¢ = 4757, r = 0.451
4-44-8-68 in 36 i R+ (x,y.2; ete.), x =0.106, y = 0.439, £ = 0.062

Fig, 7.65. Tl_]e large polyhedron in chabazite formed by a linked stacking of hexagonal prisms. For two
hexagonal prisms only one square face is shown (shaded).

IThe skeptical reader may wish to transform sodalite to a hexagonal ceil as outlined in § 4.4.2. The
cell has 2 =4 and €= V6 and contains 18 vertices. Compare with the 12-vertex cell of cancrinite given in
§ 7.23.5 {p- 306) which has the same a, and ¢ two-thirds as large.

For a systematic discussion of possible ABC-6 structures and their s i i

mmetries, see J. V. Smith .
M. Bennett, Amer. Mineral. 66, 777 (1981). Y * mith &1

Three-Dimensional Nets and Infinite Polyhedra 349

Table 7.3. Some ABC-6 nets

sequence net vertex types
AB cancrinite 1
ABC sodalite H
ABAC losod 2
ABABAC liottite 3
ABABACAC afphanite 3
AABB gmelinite 1
AABBCC chabazite 1
AABBCCBBAACC AlPQ4-52 3
AAB offretite 2
ABBACC TMA-E 2
AABAAC erionite 2
AABCCABBC levyne 2

%7 8.6 Pentasils (silicalites), clathrasils and related Structures

We have already met the frameworks of melanophlogite (5i07) and dodecasil-3C
in § 7.6 where they were identified as the frameworks of clathrate hydrates called Type X
and Type II respectively. (A zeolite named ZSM-39 also has the latter structure). Another
sitnple structore based on a space filling of polybedra is octadecasil (the same framework
has been found in AIPQ4-16). In this structure cubes pack with truncated rhombic
dodecahedra in the ratio 1:1 to fill space as shown in Fig. 7.66. The large polyhedron with
18 faces (an octadecabedron = [46.6121) may be derived by truncating the acute vertices
{where four edges meet) of a rhombic dodecahedron. The centers of each set of polyhedra
fall on points of an fec lattice; accordingly, taken together the centers have a NaCl
arrangement. Data for this net are given on the next page.

Fig. 7.66. The octadecastl net, Lefi: as cubes connected by isolated tetrahedral vertices {filled circles}.
Right: the octadecahedron.
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octadecasil Fm3m, a = 4,309, r = 0.500
6-6-6-6:6:0in 8 o: F £ (1/4,1/4,1/4)
464-646in 32 F Ft (Eer0K, x = 0.116

A particularly beautiful clathrasil known as sigma-2 has recently been described. This is
based on a packing of 36-vertex icosahedra [512.68] and enneahedra (43.56]. The large
pelyhedron, which has symmetry 42m, is called the “lennis ball” because the pentagons
form an endless strip rather like the seam of a tennis ball (see Fig. 7.67).! Like that of most
clathrasils, the structure is difficult to illustrate satisfactorily, but it is easy to make a model.
In sigma-2 the “tennis balls” share opposite hexagonal faces to form rods along <i00> as
indicated in Fig. 7.67, and the smaller polyhedra (also shown in the figure} fill the
interstices of the packing. The rods of face-sharing tennis balls are packed as in the 4-layer
cylinder packing of § 6.7.2 (b) (p. 264).

The crystallographic description is fairly simple:

sigma-2 Ia/amd, a =328, ¢c=11.17, r=033
565656 in 16 h: [+ (0y.z:et), y = 0.098, z = 0.7133
4:6-3-5353in 16 h: 1 £ (D7 ete), y = 0.038, z = 0.3669
4-6-5-55-3in 16 h: I+ (Q,y,z; ete), y = 0.098, z = 0.5529
4-6-5-5-3-5 in 16 £ T £ (x,0,0 ; etc), x = 0.274

Fig. 7.67. Left: The “tennis ball” icosahedron as it appears in sigma-2. The 4 axis is vertical on the
page. Middle: part of the icosahedron packing of sigma-2 viewed down [001]. Right: the enneahedra that
fill the interstices are shown in twe different orientations,

A zeolite named ATPO4-22 is included here because it is another simple example of a 4-

For more on this and related polyhedra see Appendix 4.
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connected net derived from packing polyhedra. (As the net contains 8-rings, most authors
would not classify this material as a clathrasil.) The net is shown in projection in Fig. 7.68.
Mode! builders will discover that it is made up of equal numbers of two kinds of polyhedra;
one with 10 faces [46.6%] and the other with 18 faces [4%.68.82] (Fig. 7.68). Each kind of
poiyhedron forms rods along ¢ by sharing opposite faces. Crystallographic data for the
ideal net are:

AlPO4-22 Pdinmm, a = 4324, ¢ = 2.547, r = 0.504
42.4-6-66 in 8 g: % (x,FOewe), x = 0.134
4.4-6-6-6-8 in 16 k: £ {x,y.2, etc.), x = 0.029, y = 0.866, 7 = 0,345

The 4-4-4.6-6-6 vertices form squares at z = 0 and the 4-4-6-6-6-8 vertices form octagons
at z = +0.35. How the polygons are connected should be evident from Fig. 7.68.

Fig. 7.68. Left: the ALPQ4-22 net projected on (001). Open, shaded and filled circles are at z = 0, 0.35
and 0.65 respectively. Right: the two kinds of potyhedra in the stracture (¢ is vertical). The top and bottom
faces of the polyhedra are separated by ¢.

Fig. 7.69, Left: a pentasil unit. Right: three condensed pentasil units

The structures known as silicalites are rather more compiicated. The net of silicalite 1
{ZSM-5) has twelve different kinds of vertex and that of silicalite 2 (ZSM-11) has eight
different kinds. 5- and 6-rings dominate but there are also 4- and 10-rings in the structures.
A basic building block in these structures is the “pentasil unit” (shown in Fig. 7.69) which
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is a polyhedron with eight pentagonal faces {a “pentagonal cctahedror”) and two divalent
vertices. These can be condensed into corrugated slabs as hinted in the figure. The silicalite
structures are then derived by joining the slabs either across mirror planes to form silicalite
2 or through inversion centers to form silicalite 1.!

*7.8.7 Fibrous zeolites

The materials under this heading are a group of natural and syathetic zeolites with some
fascinating crystal chemistry. The basic building unit is the rod of vertices shown on the
left in Fig. 7.70. These rods can be linked in two directions perpendicular to the rod axis as
shown on the right in the figure which illustrates the linkage in edingtonite.

Fig. 7.71. Left: edingtonite projected on (001); numbers are elevations in multiples of ¢/100. Right:
natrolite projected on (001); numbers are approximate elevations in multiples of /8.

1Good Hlustrated accounts of these structures are given by C. A. Fyfe et al., J. Amer. Chem, Soc. 111,
2470 (1989) and D. H. Olsen er al., J. Phys. Chem. 85, 2238 (1981). Silicalites are important commercial
cataiysts.
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The two simplest topologies are:

edingtonite  Pdm2, o = 2.204, ¢ = 2.122, r = 0.485
47-49-84-84-84-84 in 1 a2 0,00
4-83-4-83:49-84 in 4 j: (£x,0,z ; 02x,7), x = 0.273, 2 =0.376

natrolite Hilamd, a = 4406, c =2.124, r = 0.485
44784848484 in 451 [ = (0,1/4,3/8)
4-87-4-82-42-8a i 16h: T Qy,2 5 ULy, U2-z ;) 149,144z 5
1/4+y,3/4,1/4-2), y = 0.387, 7 = —0.001

Fig 7.71 shows, on the left, edingtonite in projection. The rods project as centered
squares and together with the links between rods form a 4,82 pattern. It is important to
recognize that we have described the net in its most-symmetrical minimum-density form. In
real material (edingtonite has the ideal formula BaAl;Siz019-H20) the framework collapses
as discussed for scapolite in § 7.3.8 (see Fig. 7.25, p. 312) and the unit cell is doubled. In
the real material the symmeiry is further lowered by Si,Al ordering and is in fact P2,2;2.

Fig. 7.71 also shows natrolite in projection. The links between rods are now at four
different elevations and form rods arranged as in the four-fayer cylinder packing of § 6.7.2
(b). Natrolite jtself has the ideal composition NazAl28i3010-2H20. The same framework is
found in other minerals such as scolecite, CaAlzSi301g-3H20 (note the substitution of 2Na
by Ca+H20) and also in anhydrous synthetic materials such as RbyGazGe3010. Again the
framework is partly collapsed and its symmetry is lowered from /4/amd to 24, 8i,Al
ordering in natrolite further lowers the symmetry to Fdd2 (with a doubled cell) and in
scolecite Ca, HpQ ordering reduces the symmetry further to Ce. It is common to use the
same size of cell for these structures: this entails using a face centered cell for all four
symmetries. The tetragonal space groups become F41/ddm and FAd2 (see § 3.3.4, p.73)
and Ce becomes Fd. The descent in symmetry is in terms of full symbols:

parent structure F 4/d  2d  2Um
collapsed F 4 d 2
Si/Al order F d d 2
Ca/Ha O order F 1 d 1

The conventional Cc cell is obtained from Fe by (001/010/ /20 1/2).
Thompsonite, which has approximate composition NaCap Als8is00-6H70, has a close-
Iy related structure with a different linkage of rods.!

7.8.8 Zeolite net nomenclature and index

The bewildering variety of names for nanaral and synthetic zeolites has lead the Stmcture
Commission of the International Zeolite Association to establish three-letter symbols for

IFor a systematic account of linkages and symmetries possible for fibrous silicates, see J. V. Smith,
Zeits, Kristallogr, 165, 191 (1983).
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structure topotogies.! These are given in Table 7.4 for the zeolite nets discnssed in this
chapter {three of these are in the Exercises § 7.12) together with the names that we have
used, so this section can serve as an index to those structures. It is a pity that no generally
agreed symbols are avaiiable for other commen nets {(such as diamend and keatite)
which occur in many different contexts.

Table 7.4. Symbols, names and sections for some zeolite nets

ABW  SrAly § 735 GIS gismondine § 7.3.6
AEL  AlPOy-11 §7.84 GME gmelinite § 737
AET AlPO4-8 784 JBW  NaJ §7.8.1
AFG  afgbanite § 7.8.5 KFI ZK-5 §7.43
AFI AlPO4-5 §7.3.8 LEV  levyne 5785
AFO  AlIPO4-41 § 7.84 L0 liottite §7835
AFS MAPS0-46 § 712,12 LOS  lesod §7.8.5
AFT  AlpP0O4-52 § 785 LTA Linde A §7.4.1
AFY  CoAPO-50 §74.5 LTL - Linde L §7.83
ANA  analcime §7.12.8 "MAZ  mazzite §78.3
APC  AIPOy4-C §71.82 MEL  silicalite 2 (ZSM-11) § 7.8.6
AST  octadecasil § 7.8.6 MEP melanophlogite §76
ATN  MAPO-39 §7.3.5 MER  merlinoite § 7.3.6
ATO  AlPO4-31 §734 MFIL silicalite 1 (ZSM-5) §7.8.6
ATS  MAPO-36 §7.81 MFS ZSM-57 § 783
ATT  AIPO4-12 §782 MON  mentesommaite §7.12.7
ATV  AIPO4-25 § 784 MOR  mordenite $ 783
AWW  AIPO4-22 § 7886 MIN  type II (ZSM-39) §76
BIK bikitaite § 7.8.1 MTT ZSM-23 §7.81
CAN  cancriaite §7.35 MITW ZSM-12 §7.8.1
CAS  CsAlSis013 §7.8.1 NAT natrolite §7.87
CHA  chabazite § 785 OFF  offretite § 785
DAK  dachiardite §7.83 PHI phillipsite §732
EAB TMA-E § 785 RHO rho § 742
EDi edingtonite § 7.8.7 S8GT  sigma-2 § 7.8.6
EMT  hex. faujasite § 744 SO0D  sodalite § 7.3.10
ERI erionite § 785 TON  theta-1 § 7.8.1
FAU  faujasite § 744 VEE YPi1-5 §784
FER  ferrierite §7.8.3

7.9 5-connected nets

Five-connected nets have received comparatively little attention, Desceibing them by
Schiafli symbols gets a little cumnbersome as there are now fen angles and they cannot be all
equivalent.? Some examples are to be found in the structures of borides which often have
extended B-B bonding with connectivity ranging from 2 {forming rods) through 3 (forming

IThe index of the Atias of Zevlite Structure Types has 332 entries.
2This follows from the fact that the complete graph with five points is not plarar and therefore cannot
represent the vertices and edges of a three-dimensional polyhedron.
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layers) to 4, 5 or 6 (forming three-dimensional frameworks).

Our first three examples also represent space filling by regular and Archimedean
polyhedra. The first of these is-a space-filling by octahedra and truncated cubes (3.82} and
is found in nature as the B structure of CaBg and similar borides such as KBg and LaBg. It
is illustrated in Fig.7.72. This is a simple cubic structure; data for unit edge length are:

CaBg Pridm,a =142 =24142, r = 6426
vertices in & & = (x,0,00x, x = 142 + V'Z) =(.2929

In €aBg a = 4.151 i\, Ca is at 1/2,1/2,1/2 in the center of the truncated cube {24-
coordinated by B}, and the x parameter (0.302) for B is close to the ideal value given
above.

Fig. 7.73, The boron arrangement in UBjs.

The second five-connected structure is a space-filling by truncated octahedra,
cuboctahedra and truncared tetrahedra that is the B structure of UB17 and isostructural
borides (e.g- NiBi2, LuB z). The crystallographic description is again very simple:
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UB1z Fr3m, a =18 = 4.2426, r = 0.629 [a = 7.473 A for UB13)
vertices in 48 it F £ (1/2x10Kk, x = 1/3

A sketch of part of the structure is shown in Fig. 7.73. In UBy3, U atoms in 4 a: F +
(0,0,0) center the Boy truncated octahedra. The centers of the cuboctahedra are at 4 b: F +
(1/2,1/2,1/2) and the centers of the truncated tetrabedra are at 8 ¢: F' % {1/4,1/4,1/4).

If the truncated octahedra and half ihe truncated tetrahedra are omited, the remaining
truncated tetrahedra and cuboctahedra form an infinite polyhedron 3.4.62.4. The symmetry
of the figure is now F43m, but the positions of the vertices are the same (see Fig. 7.74).

The third polyhedron packing is a space-filling by cubes, octagonal prisms, rhombi-
cuboctahedra (3.43) and truncated cubes (3.82). In Fig. 7.74 the network of cubes and
rhombicuboctahedra is showr as an infinite polyhedron 3.44. The complementary
polyhedron (also 3.44) cansists of truncated cobes {3.8%) joined with octagonal prisms.

Fig. 7.74. Lefc: a fragment of an infintie polybedron 3.4.62.4, Right: Rhombicuboctahedra and cubes
forming an infinite polyhedron 3.4%,

Crystallographic data for this structure are:

3.44 Pr3m, a =2 +¥2 =34142, r=0.503
vertices in 24 m: (xxEo)x, x = 14 + ¥8) = 0.1465, z = 1/2~x

Per unit cell there is one rhombicuboctahedron {center at cell corner), one truncated cube
(center at cell center), three octagonal prisms (centers in cell faces) and three cubes (centers
in middle of cell edges). As an example of the occurrence of this structure we cite the
structure of Pdy78eys (for crystallographic data see Appendix 5) which is truly a
polyhedrist’s delight. In the unit cell of this structure, 24 Pd atoms make up the
5-coordinated packing and additionally: {Pd}Seg octahedra center the rhombicuboctabedra,
PdgSers clusters consisting of Pdg octahedra edge-capped by Se forming a Sej2
cuboctahedron (cf. § 5.2.4, Fig. 5.32, p. 159) center the truncated cube and {Pd}Sey
squares center the octagonal prisms, The unit cell content is accordingly
PdSeg-PdgSeq2-(PdSes)s-Pdag = Pd3aSeap. Rh7815 is isostructural.

Two more five-connected infirite polyhedra foltow. The first (Fig. 7.75) is 33, 62 and is
made up of truncated tetrahedra sharing triangalar faces with octahedra (so that two
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opposite faces of an octahedron are shared with tnincated tetrahedra). Crystallographic data
are :

33,62 Fdim, a = 6.6024, r = 0.333
vertices in 96 g1 F & (xx,z etc), r =0.0714, z = -0.0357

In this structure, the conmectivity of the trancated tetrahedra (by octahedra acting as
links) has the diamond topology (the ceaters of the truncated tetrahedra form 2 diamond
net). The structure can also be considered as octahedra joined to six neighboring octahedra
by a fifth edge, as in CaBg, but now the topology is different-—the centers of the
octahedra are a the points of the T lattice complex.

Fig. 7.75. Left: part of an infinite polyhedron 33.62. Right: part of an infinite polyhedron 3.4%,

Another infinite polyhedron with vertices 3.4% consists of truncated tetrahedra sharing
hexagonal faces with hexagonal prisms (Fig. 7.75). This arrangement is a conspicuious part
of the so-called £ structure which occurs for compositions such as Mgz Al gCrs, ZiZngy
and AlpV. Crystallographic data for the five-coordinated packing are:

3,44 Feim, a = 5.138, r = 0.709
vertices in 96 g: F & (x.x,z etc.), x =0.0562, z = 03314

7.10 Nets with mixed conmectivity

Nets with mixed connectivity inevitably involve more than one kind of vertex. Here we
give some exampies of such nets with just two kinds of vertex.

*7.10.1 (3,4})-connected nets

A very simple cubic structure (Fig. 7.76) has been proposed for Pt304 in which the
atoms lie on invariant lattice complexes:
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P304 Pri3n,a=558 A
Ptin 6 c: £{1/4,0,1/2)x
O in 8 e £(1/4,1/4,1/4 5 1/4,3/4,3/4)x

In this structure there are {Pt] 04 squares and {O}Pl3 equilateral triangles with the Pt-O
distance equal to a/N8. The O atoms are on the points of a primitive cubic lattice. The Pt
atom positions correspond to lattice complex W and form non-intersecting rods of Pt atoms
a distance a/2 apart. The rods, parallel to the cube axes, are packed as in the 8-W cylinder
packing (§ 6.7.3).

Fig. 7.76. The structure of Pt304 as a (3,4} connected net.

Boron in borates is commonty found as {B} O3 triangles and {B} Q4 tetrahedra forming
frameworks by sharing vertices. Exercise 2 gives an example of a 4-connected net derived
from vertex sharing tetrahedra in CaB204 and the structure of BoOs was cited (§ 7.2) as
providing an example of a 3-connected net derived from vertex-sharing triangles. The
structare of boracite, MgzB7013Cl, which contains {B}Oj3 triangies and {B }Qy tetrahedra
provides an elegant example of a (3,4) connected net of B atoms. Per formula unit there are
4BO3s2 + 3BOy = B70q7 in the B-O-B framework.

Here we describe just the idealized (3,4)-connected net. The basic unit consists of an
octahedron of 4-connected vertices (B) with 3-connected vertices (4) centering four of the
octahedron faces to form an A4Be cluster (shown in Fig. 5.31, p. 139). Joining these
cctahedra by vertex sharing as shown in Fig. 7.77 [in the same way as in the J lattice
complex (Fig. 6.27)] produces stoichiometry AsBs/2 = A¢B3. For unit edge the
crystallographic description is:

boracite met P43m, 2 =6
3-connected in 4 e {xx.x; XX 00K x = 1/6
4-conpected in 3 &: (1/2,0,0)x

Tn the real structure of boracite at high temperature, the unit cell edge is doubled to allow
suitable B-O-B configurations, and the symmetry is F43c. Betow 300 °C, the symmetry is
lowered to Pea2y but the topelogy of the framework is unaltered.
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Fig. 7.78. Generation of 3- and (3,4)-connected nets from diamond {left). The (3,4)-connecied net
discussed in the text is shown in the middle and the ThSiz net is shown on the right. In each case a body-
centered tetragonal cell is shown and in the projection on (100), ¢ is vertical, and points shown as filled and
empty circles have elevations differing by & = U/2.

3.connected nets can simply be derived from 4-connected nets by replacing each
4-connected vertex by a pair of 3-connected vertices as shown in Fig. 7.78. The figure
shows how to generate the ThSiz net from diameond in this way. On the left diamond
projected on (110) {cf. Fig. 7.11, p. 302} and on the right the ThSiz net is projected on
(100) of its tetragonal (I41/amd) cell (cf. Fig. 7.8, p. 298). Notice how each diamond
vertex becomes a pair of 3-connected vertices with their edges in planes mutvally at right
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angles. If only half the diamond vertices are so altered, a simplle (3l,4)-c0nnected s}e{ i
obtained. The ring size (all 8-rings) is intermediate betweer} that‘m diamond (alll 6-r1ng;)
and in ThSi; (ali 10-rings). The vet has only three vertices in the repeat unit and is
probably the simplest (3,4)-connected net. The cell is again body-centered tetragonal:

jam2, g = 1.800, ¢ = 3.744
4-¢connected in 2 a: [ +(0,0,0) 7
3connected in 4 f£ T+ (0,172, 1/2,0.7), 2 = 03830

{3,4)-connected net

7.10.2 {4,6)-connected nets

Simple examples of (4,6)-connecteq nets with two kinds of vertex occur as the
structures of corundum (ViAl>IVO1) and YiNi2!V83. .

In structures based on a framework of tetrahedra sharing corners with octahedra (and
vice versa}, the central tetrahedral and octahedral atoms form vertices of a (4,6)-connected
net. Examples of such structures are those of the polymorphs of Fez(504)3 and
Alx(W04)3; in these structures -O- links serve as the edges of the net, Jast as for stmctu'res
based on tetrahedral frameworks, “stuffed” variants are also found. In tl'.lc foliow:ng
examples the atoms in bold face are on the net (different in every case apcl with -O- lmks—
again serving as edges) and the remaining metz_ll atormns are in cavities in the f{amework.
garnet, CazAl2(8i04)3; langbeinite, KoMga(SOa)3; nasicon! = NagZr2(Si04) and
Al(WOy)3.

Fig. 7.79. Corundum as a {(4,6)-connected net.

INagicon is 2 good Na-ion conducting silicate {Na siticate conducior).

S

Three-Dimensional Nets and Infinite Polyhedra 36}

As for 4-connected nets, the same topology is often found in different contexts; for
example, the same (4,6)-connected net is found in corundum, rhombohedral Fex(S04)3
and in nasicon, We call it the corundum net. The corundum structure is possibly best
appreciated as a packing of { AlYOg octahedra (see § 6. 1.6), however it is shown as s bond
(Al-O) network in Fig. 7.79.1 Fig 7.80 shows the connection of octahedra and tetrahedra
in thombohedral Fep(S04)3.

The occurrence of the corundum net in erystal structures illustrates the hierarchical way
structures can develop. In Al2073, the edges of the net are Al-O bonds, in Fe>83015 the
edges are Fe-O-§ bonds. In K)FezZng(CNY2.xH,0, the edges are Fe-C-N-Zn bond
groups (atoms in bold correspond to the vertices of the net), The molar volume of the last
compound is over ¢ight times that of the first one.

Fig. 7.80. The rhombchedral Fez(§04)3 structure as a network of vertex-sharing (Fe}Og octahedra and
{8104 tetrahedra. The structure is projected down ¢, Although two kinds of octahedra are apparent in the
drawing, they are topologically equivalent.

The different (4,6)-connected nets we have mentioned are readily distinguished by
companng their coordination sequences. The example below shows (a) that the (4,6)-nets
of garnet and Alp(WO4)3 are topologically distinct (despite a statement to the contrary
sometimes encountered), and (b)- that there are two topologically-distinct W atoms in
Alg(WO4q)3.

net arom n

n2 n3 4 ns ng
garnat Al 6 12 42 50 114 110
Sj 4 16 28 74 76 162

AW Al 6 14 42 00 14 110
W) 4 17 28 70 7% 163

W2 4 16 28 7 7% 162

'For many people, Fig. 7.7% will merely illustrate the difficulty of interpreting “ball and stick”
diagrams of structures!
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Fig. 7.81. A part of the garnet structure shown as linked {Si}O4 tetrahedra and {Al}Og octahedra
projected down (111]. For clazity only about a haif of the polyhedra in the repeat unit {= (a + b + €)/2] out
of the page are drawn.

The commeon, and important, structure of gamet is remarkably difficult to Ulustrate or
describe. Here we illustrate (Fig. 7.81) just the connectivity of octahedra and tetrahedra
which correspond to a {4,6)-connected net with -O- links as edges. Note that the vertices
of the net (Al and Si positions) are at the sites of invariant lattice complexes (see § 3.4 for
a list of coordinates); in § 6.6.4 we showed how the cation positions are related to Cr3Si.

Far some low-density (4,6)-connected nets see Exercise 15.

7.11 Notes
7.1L1 More 3-connected nets

Wells (reference in § 7.11.10) made a special study of uniform 3-connected nets (those
in which the shortest rings at each angle are the same size). In contrast to uniform
4-connected nets, which are all 66, Wells found nets 73, 83, 93, 103 (zsee § 7.2} and 123,
Here we list coordinates for a few of the simpler 3-connected nets with one kind of vertex.
The reader may enjoy drawing them, They serve to illustrate the topologies that can oceur.

A simple net 124-127-127, which canrtot be constructed with all angles aqual to 1207, is
for maximum volume:

123 P6322, a = 2475, ¢ = 2.026
vertices in 6 g Hx0,0; xx, U3 s £.5,1/3 ; 0x,2/3), x = 0.298
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There are many 83 nets. Known nets with one kind of vertex are all 8-8-82. The first
cannot have all angles equal to 120°, so we give coordinates for maxinmmum volume; for the
other two (Fig. 7.82), the coordinates are for bond angles of 120°:

L Im3m, a = 6352
vertices in 96 & { + (dxdy 2z by frde), x = 0.349, y = 0.190, 7 = 0.079

T P6322, a = 53, ¢ = V6
vertices in 6 i (x,2x0; %,2%,0; x.5,1/3 ; £.0,1/3 ; 222,202 VXU, x=25

Il Rim,a=5c=46
vertices in 18 £ R + (x,0,0; 0,0 ; x.x,0), x = /5

Fig. 7.82. The nets 10 {left) and III (right) projected down c. Open, shaded and filled circles are at
elevations 0, 1/3 and 2/3, respectively,

Net T occurs as the {Cu,S) net in BiCu3S3 (Cu and S are 3-coordinated to each other).

As the 103 ¥* (§ 7.2) net is the only 3-dimensional 3-connected net with equivalent
edges it is the.only one that can be decorated with triangles to produce a uninodal
3-connected net (cf. § 7.5.2).! The 3-dimensional net is 3-205-205 and is probably the least
dense three-dimensional uninodal net (c1g = 207), we call it ¥*3. Data for this net are:

r*3 14132, a = 4/(V24 —V18) = 6.0944, r = 0.106, p = 0.0555
vertices in 24 g1 [ + (1/8,x, 1/4~x ; 3/8,%.3/d-x ; 5/8,1/2—x,3/4+x ;
78,1124, 11440, x = (12 ~ 38 = 0.0580

The quasiregular 4-connected NbO (J*) net could not be decarated with tetrahedra as the
edges are coplanar; however if each vertex is replaced by a square, a 3-connected uninodal
net is obtained? with symbol 4-125-125:

4.12% Iifdm, a =2 + 8
vertices in 24 g: /£ (0,172 ; Ox, U2)K, x = /(4 + V8) = 0.1464

“Five-electron” compourds AB, where A is an alkali metal and B is from group 2A

UT'he analogous process in two dimensions preduces 3.122 from 63,
2The analogy in two dimensions is the generation of 4.32 from 49,
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{column 14) of the periodic table, have some fascinating structures, usvally with B in three-
coordination. The mest common structures are KGe and NaPb in which B atoms f(:.}rm
tetrahedral groups. In LiGe, however, a 3-dimensional net is formed in which the vert1°ces
are 8-8-103 (LiSi and MgGa have the same structure). The angles are less than 120° as
might be expected! and we give the actual coordinates for the structure.

LiGe Mifa,a=975A, c=578 A
Liin 16 £ 1 £ (xyz; V2-x31/2+z ; 3d-y, Vd+x, 144z,
3fdty, 3o, 344+2), with x = 0100, y = 0,100, z = ~0.055
Ge (8-8-103) in 16 £, with x =0,106, y = 0051, £ = 0.394

With these parameters, the Ge-Ge distances are 2.55 (2x) and 260 A. The next shortest
Ge-Ge distances are 4.10 A (2x). A sketch of the Ge structure is shown in Fig. 7.83,

Fig. 7.83. The Ge net in LiGe.

Finally, a cubic net 6-9-9 which cannot be made with angles of 120°, so is given in its
maxirmum volame form:

6.92 Fd3m, a = 6.521
vertices in 96 g1 F + (.2 3 % 1/4-x,1/4—7 ; Vdexox, Ud=z ; 1/4-x,1/d—x,2)K,
x =0.0708, z = 0.8875

7.11.2 Model building

Most three-dimensional nets are best appreciated by building model.s. Fortunatelly,
“spaghetii” models of 3- and 4-connected nets are easily and cheaply built fro:p readily
available triangular and tetrahedral connectors and plastic tubing ? Connectors with 3 mm

! LiGe may be written as Li*Ge™; Ge™ with five valence electrons is expected to have three Z-eIeC?.r'on
bonds pyramidally disposed and a non-bonding electron pair in an orbital at the apex of the pyramid.
Compare CaSiq (§ 7.2) : _

2Available from many chemical supply houses. These are often sold as carbon, nitrogen, ehtc. alomfi for
building models of organic melecules, although the t_elrahedral stars (alse known as “caltrops™ or
“Calthrops™) probably more often end up as vertices in zeolite frameworks,
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{1/8 ipch} diameter spokes are suitable. As considerable bond strain ocenrs in small (3-or
4-) circuits, it is best to use tightly-fitting flexible plastic tubing and to make the edges just
over twice the length of the spokes from the vertices.

T.11.3 Identifying nets

It is sometimes quite difficult to identify nets in.crystal structures, particularly when the
structure is of low symmetry, A good way is to count numbers of (topological) neighbors
using a computer (it is a good idea to count out to ny = 10). Usually edges in nets
correspond to shortest distances between vertices and it is very simple to count neighbors
in this case. We have given the signature of a number of common nets in this chapter. It is
alsc fairly simple also to get a computer to determine the Schlifli symbols of the vertices.
Counting rings and numbers of neighbors by hand from a moedel can sometimes prove
remarkably difficult (nets are known with more than {000 shortest rings at an angle). If the
net matches in both regards with a known netit is a fairly safe bet that they are the same.

The Exercises give some examples that are suitable for computer study; they are all done
readily using EUTAX,

7.11.4 Diamond and SiC polytypes

In § 7.3.1 we discussed polytypes of diamond. Polytypes of SiC are derived from these
by replacing half the vertices by Si so that each Si is surrounded by four C and vice versa.
In a formal sense the structure can be considered as ep Si with C in one half the tetrahedral
sites (either all “up™ or all “down”). The polytypes of SiC (a large number have been
characterized) are usually named for the nanure of the close packing, e.g. as hce or 6 or,
in Zhdanov notation 33 (see § 6.1.4).

There is an important distinction to be made between the description of SiC polytypes
and the description of close packing. In the Ace sphere packing ali the ¢ spheres are related
by symmetry (see Exercise 6.8.2}, but in hce SiC the ¢ layers of Si are not so related (there
are two distinet kinds) and to know which is which, it is necessary to know which of the
two sets of tetrahedral sites is occupied by C. Usually the sequence of layers along the ¢
axis is written on a line; here we use the convention that the direction from left to right is
along the direction of a 8i to C vector of a $iC bond parallel to ¢. Thus with Greek letters
for carbon pesitions 6H SiC is coded (see § 6.1.4):

A-aB-PA-aC-yB-fC...

In this sequence Ao, B, C-¥ correspond to Si-C bonds along c. The layer B is A and
the layers A and C are ¢.

The possible symmetries for polytypes of diamond are the centro-symmetric groups:
Fd3m (only for cubic diamond itself), P6a/mmc, R3m, and P3m1. In each case the center
of symmetry is in the midpoint of a C-C bond. In the polytypes of SiC the center of
symmetry is destroyed and we have the possibie symmetries: F43m (only for the
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sphalerite form, polytype symbol 3C), P6ame (polytype symbaol NH). R3m (polytype
symbol NR), and P3m]1 (polytype symbol NT). In giving coordinates for atoms in SiC
pelytypes it is convenient to take an origin midway along a Si-C bond so that for every Si
at x,y,z there s a € atT,7,7. Thus we need only give explicitly coordinates for Si. It might
be noted that in all polytypes except 3C, the symmetry at atorn sites is 3m.

Tabte 7.5. Coordinates for idealized pelytypes of SiC (see text)

type vertex  pos LS type Vertex pos 8]
3C C
H h b 16 10H5 cchhh b 33/80
aH ch a 1332 <A3ll>  chhhe b i/80
2> he b 532 : hhhcc a 980
6H cch b 1748 hhcch & 17/%0
<3> che b 143 hcechh a 56
hce a 36 10H3 chchh b 49730
9R chh a 697 <221>  hchhe a 1780
21> heh a 1372 chhch b 1¥16
hhc a 5372 hiche b 33480
8H ccch b o264 hehch b 80
<4 cche a  29/64 15R) ccheh a 73120
chee b 564 <32> chche a 41120
heee b 45/64 hchee a 340
8Hq chhh a 129/64 chech  a 19140
<2il> hithe b 5/64 heche a 78
hiach a 13/64 158, chhhh a 3940
hehh b 2164 <2111> hhkhe a 17/24
12R cchh  a 73596 hihch a 13120
<31> chhe a 1796 hhchh a 101/120
hice a 1932 hchkhh  a 291120
hech a 11132 2IR cechecch a  15/%6
5T ccchh ¢ 9M40 <43> ccheche a  55/56
<41> cchhe a 1740 chechee @ 39456
chhce b 58 hechece a 23156
hiccc ¢ 334G cchcech a 19724
heech b 1740 checeche  a  29/168
104 cccch  a  5/16 heechee a 31456
<5> ccche b 33/80
cchee b 1430
cheee a 980
heece b 57/80

In Table 7.5 we give a name (6 etc.) for all polytypes with five or fewer distinct kinds
of Si {and hence C) atom and also for a 21R polytype. Undemneath the name, the shortened
Zhdanov symbol.! Next is given in bold the symbol (h or ¢} for the Si layer followed by

UTf the number of symbols hetween angle brackets is odd the Zhdanoy symbol is twice as loag, Thus
221> refers to 221221.
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the symbol for the following layers along the ¢ axis in the direction specified by the sense
of the 8i to C bond. Next we give the Wyckoff symbol of the positions and finally the z
coordinate for St in the ideal structure with regular tetrahiedra, For this ideal structire g =
V(8/3)d where d is the Si-C bond length. The coordinates of special positions (7 is given in
the table) and the axial ratios are:

NH Péyme, cla = NW2/3)

2a:(0,0.z; 0.0,1/2+42) ; 2 b: (173,213 ,7 - 2/3,1/3,1/2+z)
NR R3m, cfa = NN(2/3)

Ja: R +(0,02)
NT P3ml, cfa = NV(2/3)

Pa: (00,2 16: (1/3,2132); 1 e: (23173,

Dozens of polytypes of SiC have been characterized. Most are intergrowths of ke (4H)
and hoe {6H). Some polytypes have been assigned special names:

B=3C, I=15R,, I=6H, Dl=4H, IV =21R.
7.11.5 Two more nets derived from 63: “C” and “D phases”

Many compounds MTT'X4 have structures with nets derived from 63 nets (cf. § 7.3.3).
These are often described as derived from tridymite but this is only correct if the net of the
T atoms is lonsdaleite (§ 7.3.1). Here we mention two binodal nets derived from 63
(Fig. 7.84). The first is found as the (Be,P} net in the structure of berylionite, NaBePOy,
and in related comnpounds, and is often called the “C phase” stracture, The second oceurs in
compounds such as KAIGeO4 [(Al,Ge) net] and is knowa as the “D phase structure.”

Fig. 7.84. Derivation of two 4-connected nets from 63. Fourth bonds go up and down from open and

filled circles respectively. Heavy lines are quadrangles seen in projection. Left: berylionite (C phase),
Right: D phase,

In cubanite, CuFe2S3, all the atoms are 4-connected, and the net of all the atoms is
beryllonite (for crystallographic data for cubanite see Appendix 5},
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7.11.6 Nets in CdPy and CdAsy

The nets in CdPz and CdAs; provide a treat. Cd is in tetrahedral coordination and each P
(or As} atom is bonded to two other P {As) atomns so the net of ali the atoms is 4-connected
[compare the (Cu,P) net in BaCuPy—see § 7.61. In CdAss (Fig 7.85, left), 42 helices of
As are cross-linked by Cd atoms. The net is remarkable for the large number of 1 1-rings
(see the vertex symbols below). The net of the Cd atoms zlone (with -As- acting as edges)
is diamond, so the structure, considered as a framework of corner-connected {CdjAsq
tetrahedra, is topologically the same as that of cristobalite SiQ-.

Fig. 7.85. Left: CdAsy projected on (001). Numbers are elevations in multiples of ¢/§ with even
numbers for Cd. Right: CdP2 projected on (110). ¢ is horizontal on the page and numbers are elevations
in units of I(a+b)I109. Smalter circles {at § and 50) are the 5-5-5-5-6.6 vertices.

CdP7 aceurs in two forms (o and £) that are topologically the same. The net of all the
atorns has two kinds of vertex, but one kind is P and the second kind is alternating Cd and
P, so there are three kinds of atom in the structure. The ner is illustrated in Fig. 7.85
(right).

Crystallographic data for the nets (with unit edge) are:

CdAsy 4122, 2= 31706, ¢ = 1.5804, r = 0.756
5:5-6:6-1126-112g in 4 a: [ + (0,0,0 ; 0,1/2,1/4)
5-5-52-1120-6-6 in & f: [ + (x,1/4,1/8 ; etc), x = G.4549

CdP, Pdolnem, a = 2,1912, ¢ = 3.9453, r = 0.633
3-5-3:5-6-6in 4 b: £(1/4,3/4,3/4 ; 1/4,3/4,1/4)
5-6:5-6-5-T2 In 8 i: H{x,x,z ; etc.), x = 0.0886, z = 0.3942

ZnP; and ZnAss are isostructural. The (Zn,P) or (Zn,As) nets have four kinds of vertex
with 5-, 6- and 7-rings and are not discussed further. Notice that BaCugPy (p. 334) may be
written as Ba2+[CuPy}; and that CuP2- and ZnP; are jsoelectronic.
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7.11.7 More on the moganite, quartz and related nets

On p. 322 we mentioned the net of the Si atoms in the moganite form of SiQ4. Here
we describe a simple relationship between that net and the quartz net. In Fig 7.86 we
show projections of the P6322 (*Q) and P6422 (-Q) enantiomorphs on (1120) of the
conventional hexagonal cell {cf. § 7.3.11, p. 316). The two structures are related by
reflection in a mirrer plane at elevation 1/4. The bottom left shows the moganite net
projected on (010) of Tbam as it appears in Fig. 7.37 (p. 322). Notice that the net consists
of alternating bands of lefi- and right-hand quartz net. Interestingly real moganite SiOq
can similarly decomposed inte bands of left- and right-handed quartz $iO. In the
amethyst form of quariz, Brazilian twins {intergrowths of left- and right-) are common and
microscopic bands of moganite-structure material separate the two enantiomers [for details
see B, G. Hyde & A, C. McLaren, Aust. J. Chem. (1996)].

moganite Ibam moganite Cmmm

Fig. 7.86. Top: the two enantiomers of the quartz net projected on (1120) with the orthehexagonal cell
outlined, Numbers are elevations in multiples of la+bl/4. Botom left: the moganite net projected on
{010); numbers are pow elevation in units of 44, Note the alternating bands of ¥ and - (shaded). Bottom
right: an alternative conformation of moganite with 3 vertices in the repeal unit (projection on (010}].
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It should be emphasized that the 7bam conformation of the moganite net is a close
approximation to the Si structure reported for the mineral and for that reason was used to
iltustrate the structure.! However the figure shows that a simpler, more symmetrical
(Cmmm} conformation of the net {with of course, the same topology) can be realized with
only three vertices in the repeat unit. The nets of § 7.3.11 (quartz, Nb(Q and W2) are the
only others known with this property. Crystallographic data for this conformation are:

moganite net Cmmm, a=3.517, b=1786,¢c= 1513
4-4-62-63-82-82 in 2 a: C + (0,0,0)
4-8-6-6-6:6 in 4 h: C £ (x,0.1/2), x = 0.186

Fig. 7.86 should readily suggest ways of generating other nets in the quartz-moganite
family. Two simple examples are shown in Fig. 7.87. That on the left (with 6- and B-rings)
is related to quartz-—but natice that the vertices in 2 a (see helow) are co-planar with their
four neighbors (as in NbQ). The net (which also has 4-rings) on the right of the figure is
closely related to moganite. Parameters derived in what should be an obvious way from
those for the orthohexagonai cell of quartz (with a shift of origin) are:

Fig. 7.87 (left) Pmina,a =8, b =3, c = V(8/3)
62:62-62-62:84-84 in 2 a; (0,0,0 ; 1/2,0,1/2)
6-6-6-6:62-67 in 4 gr H(£1/4,y,1/43, y = 1/3

Fig. 7.87 (right} Pcem, a=3, 5 =Y(8/3), c = V8
4-4-6-6-82-82 in 2 e: £(0,0,1/4)
48106856854 g H{xy,0,%,y,1/2), x=1/3, y = 14

Pmna Pcem

Fig. 7.87. Two neis related to quartz, Left: projected {001), elevations in multiples of ¢f4. Right:
prajected on (019), elevations in multiples of b/4,

7.11.8 Stereo picture of nets: Y, clathrate hydrates I and IT

Many people find stereo pictures of nets helpful.? Here (Figs. 7.88-7.90) are such

{BeH> has the moganite structure, and the structure has symmetry {bam. See Exercise 17.
ZStereo viewers {available in mary bookstores) are heipful. Some people find the stereo perception
easier when the picture is turned upside down.
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pictures of three important nets that are difficult to illustrate.

A
DLW
S o' ] f
{‘3\\;4_1,1/

i L4 :5.,
w

N
Iy
50

w5

Fig. 7.90. A stereo view of the Type II hydrate net.
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7.11.9 Arnion positions and the possibility of open zeolite frameworks

. We have seen {§ 7.5.2, p. 330) that to make Open {rare} rets with low density and large
rings, configurations which also have a large concentration of small {3- or 4-) rings are
generally needed. We have also seen {§ 5.2.1, p. 150) that small rings (<6-rings) put a
constraint on the maximum 7-X-7 angle possible for catenated regular {T}1X4 tetrahedra.
Thus for aring of three tetrahedra (Fig. 5.19) the maximum T-X-7 angle is 130.5°, and for
clusters of 3-rings forming a tetrahedron (10 give a supertetrahedron of four re gulz;r {T1X4
tetrahedra), it should be obvious from Fig, 5.18 that the T-X-T angle is 109.47° [the
tetrahedral angle, cos-1(-1/3)]. Stmilarly for a ring of four tetrahedra (Fig. 5.19) the
maximum 7-X-T angle is 160.5° and for clusters of 4-rings forming a cube (to give a
T3X3 cluster of regular {T}X4 tetrahedra, Fig. 5.20) the maximum T-X-T angle is 148.4°.
To rlnake a cluster of twelve tetrahedra with T atoms at the vertices. of a pair of cubes
sharing a face, the 7-X-T angles are reduced to 109.47° {(Fig. 7.91). The “cubes” are no
longer cubes, but tetragonal prisms; the faces parallel to those shared are square, but the
others have edges in the ratio 1:1.21. - '

A way of making nets of low density is to replace vertices in a net by tetrahedra of
vertices as described in § 7.5.2 (this process can be repeated ad nauseam to produce nets
of arl?itrarily low density}. Another way is to replace cubes in nets such as those of Linde
A (F_lg. 7.38) or W8 (Fig.7.42) by stacks of & cubes sharing faces; nets of arbifrarily low
density can be made by increasing N. In both these cases however, some T-X-T angles
must be as small as 109.47". In silicas with framework structures the Si-O-Si angle is
usually greater than about 140° (with similar values in related oxides), so these open
structures cannot be formed.! In fact it appears that for alumino-silicates the faujasite
structure is about the least dense that can be made. We give here coordinates for some
tetrahedral framework structures based on simple low-density nets with cubie symmetry.
The coordinates are for regular tetrahedra of unit 7-X distance and are such as to maximize
the minimumn T-X-T angle. It may be seen that the tetrabedral structure based on W*8 is not
very likely to be formed for an alumine-silicate framework.

Fig. 7.91. Left: a cluster of twelve regular tetrahedra with centers at the vertices of two “cubes” (actually
tetragonal prisms) sharing a comman face. Right: a cluster of twelve tetrahedra corresponding to a fragment
of a net containing “up-down” tetrabedra and based on rectangles sharing a common edge (see text).

L s .
Mm;mum T-X-T angles are mmuch smaller in sufides than in oxides, so the former offer much greater
promise for making open framework steuctures. See for example Exercise 16.
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In the case of sodalite we give coordinates for the maximum T-X-T angle; decreasing
the angle (as in the real mineral) will increase the density as described on p. 275. The
transition from S-quartz to a-quartz (§ 3.6) corresponds likewise to a decrease in density
accomplished {for rigid tetrahedra) by decreasing the T-X-T angle.! Thus for a given
topology, the density of tetrahedral framework structures can often be increased by
decreasing the T-X-T angle; but to achieve frameworks of lower minimum density the
minimum T-X-T angle has to be decreased (see e.g, the crystallographic data below).

sodalite Jm3m, a = 5.575, density = 0.0692 T vertices per unit volume
Tin 124 (14,0172 ;etc) ; X in24 k: (Oy.y 5 etc.), y = 0.3536, T-X-T = 160.6"

rho Im3m, a = 9.2733, density = 0.0602 T vertices per unit volume
Tin 48 it (1/d,y,1/2-y ; ete), y = 0.1036
X{13in 48 j (O,z; ewe), ¥ = 0.2242, 7 = 03809, T-X(1)-T = 1418
X(1) in 48 k: (x,x,2 ; etc.), x = 0.1638, z = 0.3707, T-X(1)-T = 147.6°

Linde A Pm3m, a = 7.4339, density = 0.0584 T vertices per urit volume
Tin 24 k2 {O,y,z ; etc.), ¥ = 01831, z = 0.3706
X(1) in 24 m: (xx2 3 eted, x = 0.1098, 7 = 0.3447, T-X(1)-T = 148.4°
X(2yin 12 h: (x0,172; etc.), x = 02197, T-X{(2)-T = 148.4"
X(3)in 12 & Oy ; ete), y = 0.2929, T-X(3)-T = 160.5"

faujasite Fd3m, a = 15.1618, density = 0.0551 T vertices per unit volume
Tin 192 i {x,7,2 5 etc), x = 0.0361 y =0.1240, 7 = 0.30453
X(1) ir 96 A; (0,97 ; ete.), y = 0.1059, T-X(1)-T = 140.8"
X(2)in 96 g: (x,%,2 ; efc.), x = 0.0697, £ = 0.3211, T-X(2)-T = 140.8°
X(3}in 96 g, x = 0.3284, z = 0.0374, T-X(3)-T = 149.2°
X(4)in 96 g, x=0.2537, 7 = 0.1395, T-Xk(4)}-T = 152.7°

w*8 [m3m, @ = 12,5567, density = 0.0485 T vertices per unit volume
Tin 96 [ (2.2 5 ete.y x = 0.0793 3 = 03231, z = 0.4267
X(1yin 48 /: (Oy,z; ete.), ¥y =0.1655, z = 03917, T-X(1)-T = 133.8°
X(2)in 48 §; (Lid,y, l/2—y | etc.). y = 0.0083, T-X(2)-T = 133.8°
X(3) in 48 & (xx,7 5 etc.), x = 0.1228, z = 0.3897, T-X(3)-T = 133.8°
X(4) in 48 j, ¥ = 0.3309, 7 = 04281, T-X{4)-T = 168.7"

An interesting way to obtain tetrahedral frameworks of low density has been described.?
The nets are based on the “up-down” principie of coupling 3-connected two-dimensional
nets. In § 7.3.8 (p. 311) examples are given in which “up-down” rads of vertices are
derived from squares of the planar net. In VPI-5 (§ 7.8.4) the net is derived from a two~
dimensional net with pairs of squares sharing an edge (fusion of two up-down rods), and it
should be obvious that VPI-5 (Fig. 7.62) is simply derived from AIPO4-5 (Fig. 7.23) by
replacing a square by two “squares” (actually now rectangles) sharing an edge. In Fig.

1 Another tetrahedral framework than can have variable density is cristobalite (§ 6.3.9, p. 240). Note
that in cristobalite (which has all 6-tings) the T-X-T angle can be as much as 180", In the quartz structure,
which has 6- and 8-rings, with regular tetrahedra the maximum angle is 155.6° (in the §- structure).

23, V. Smith & W, J. Dytrych, Nature 309, 607 (1984).
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7.91, we show a fragment of the configuration of tetrahedra t i
show a net derived analogously from TlZnzShy (Fig. 71??'.3})].a tCr]Zil;l{;S.tlI'::: 1:.151 7;)9]3(‘”2
rectanglcs could be replaced by strips of arbitrary length, so nets with laree rin ps of o
even size could be made, and with density approaching zero for very large sTri S ‘Ign netaf:));
this type, the vertices on the octagon have Schiafli symbol 4-62-6-63-6-63; alllp-zl.m restS
edges betwef:n two rectangles) have symbol 4-63-4-65-6-64, It may be se,en that thy (OI:
most two 4-;;1ngs meeling at a vertex, so that low (in the limit zero) density is achief rg ;
this case with a relatively small number of small rings. For frameworks of r : lIn
tetrahedra, some of the 7-X-T angles cannot exceed cos H{=5/9) = 123.75° s
In the real AIPO4 framework of VPI-5 [L. B. McCusker et cu;. Z.eolites 11, 308
(1891)] the tetrahedra are not very regular; in particular one {Af}Qy "téuahedron:’ is {Jetter
thought of as part of an octahedron (with two water molecules completing the coordinati
spht?r(_a}. The Al-O-P angles range from 137" to 162° (Al...P = 3.00 to 3.27 Ay; e
berlinite AIPO4 in which the values are Al-O-P = 142.5° and Al...i> =3 Oé A Fcompare

.;\

g Lo

Vi

ili.agg.?:s,sin _“up-do:;m" Eelfderived by replacing the squares of TIZn2Sbs (Fig. 7.23) by pairs of
aring an edge. Lefl: showing the {T}Xy tetrahedra in projecti 4 is. Ri

; eft: _ prajection down the 4-fold . Right:
the T network in the same projection. Open (filled) circles are vertices with {inks to fayers aboveaz(];Z]ou:)ghL

In TXZ. frameworks of zeolite structures, the T atoms can be considered to li
surface with X atoms on either side. In a polyhedral cavity of n T atoms, there arelgn(;;Xa
atoxps (one associated with each T...T “edge™) generally slightly closer t(; the center of th
cavity. Thus, for the framework of Linde A with the coordinates siven ab he
following atoms are at the given distances from the center of the caviry: - ove e

cavity T atoms X atoms

t.ﬁg 4.30 (48x) 4.26 (48x), 4.31 (24x)
2 .6 3.07 (24%) 2.8% {24%), 3.08 (125}

(cube) 1.67 (8x} 1.63 (8x), 1.63 (4%)
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Similarly the TXTX... rings on the surface of cages are usually puckered and, especially
for Jarger rings, with X inside the ring, Fig. 7.93 shows the 8-ring in Linde A.

Fig. 7.93. The 8-ring in Linde A TX; with coordinates given on . 373. Filled circles are 7.

7.11.10 References

The pioneering work on nets and infinite polyhedra by A. F. Wells is collected in his
Three-dimensional Nets and Polyhedra [Wiley, New York (197731 A catalog of
4-connected nets (over 500) has been compiled by Smith and Bennett {ses I. V. Smith,
Chem. Rev. 88, 149 (1988)]. References to zeolite nets are given in § 7.8 (p. 337) and
some references to the topology of nets are given in Appendix 3 (§ A3.9). Fora review of
structures of clathrate hydrates and inclusion compounds see Chapter 7 of Crystallography
in Modern Chemistry by T. C. W. Mak & G.-D. Zhou [Wiley, New York (1992)].

Those who are skeptical about the relevance of geometry to chemistry should know that
some of the beautiful zeolite and other structures based on polyhedron packings that appear
in this chapter were first described (and illustrated as models) by A. Andrieni in a classical
paper Sulle reti di poliedri regolari e semiregolari e sulle corrispondenti reti correlative
EMem. Soc. Ital. delie Scienze Ser 3,14, 75 (1907)]. The Type I and Type II hydrate
structures were predicted (and elegantly illustrated) by W. F. Clausen [J. Chem. Phys. 19,
259 and 662 (1951)]. Many structures now known were predicted in advance, especially
by A. F. Wells and by J. V. Smith and collaberators (loc. cit. supra). Indeed some zeolite
strzctures could only be solved with the knowledge of possible structures, their symmetries
and approximate coordinates. Some nets that were described as “unknown” in earlier drafts
of this chapter, were subsequently found in recently determined crystai structures.

7.12 Exercises!

1. A body-centered arrzy of cubes connected cornet 1o comer by additional edges will
produce a simple 4-connected net somewhat analogous to the connection of octahedra in the
5-connected CaBg net.2

IMaost of the Exercises in this chapter will be tedious to do by hand, but are readily done using a

computer program such as EUTAX (see-the Note to the Reader}.
ZThis structure (“supercubane”) has been proposed as = possible form of carben. See R. L. Johnston &
R. Hoffmann, [ Amer. Chem. Soc. 111, 810 (1989). Compare with the octadecasil net {§ 7.8.6).
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Im3m, a =2+ 2M3 = 3.1457
4-824-824-87 in 16 f: [  (x.x,x)K, x = V3(4 + ¥48) = .1585

2. The 4-connected net of the B atoms in CaB,04 may described as follows for unit
edge (the sarne net appears in the stmctures of 3rBy0y4, BaAlSs and BaGarSy):

Pa3, a=33334, r=0.544.
36777972 in 24 & Hxy,2 5 x,12-9,1/2-7 ; U2+x, y,1/2=2 ;
W22, 1 2+y,2)x, x = 0.1046, y = (.1709, 7 = 0,3295.

3. #LIiAIO; is tetragonal:

¥LiAlOg P41212, 8 = 5169, c = 6.268 A
Liand Alind a: (2,20 ;%512 {122, 1/24x,1/4))
For Li, x = (.688 ; for AL, x = 0.324
Gin 8 & (ryz; T.7. 1242 V2-y, 1U2+x, 11447 ; 124y, 12-x,3/447 ; y.x,T ;
YX, 122 172-x,1/24%,1/8-7 ; 12+x, 112y, 34—,
*x=0210, y=0.164, 7y =0.228. )

_Li and Al are each on diamend nets and the atoms taken all together are on a CrBy net
(this structure is derived from that of 3-BeQ by the substitution 2Be — Li + Al).

4. B-LiGaQ, is orthorhombic:

BLiGa0y PraZy, a =5.402, b = 6372, ¢ = 5.007 A
all atoms in 4 @: (6,y,2 1 X.7.,1/2+42 ; 124x,1/2-y,z ; 12—=x, 12+, 11242
Liix=0421,y=0127 = 0494 ; Ga: x = 0.082, y = 0.126, z = 0.0
O(1): £ =0.070, y = 0.112, 2= (371 5 O(2): & = 0.407, y = 0.139, z = 0.893

Li am? Ga are cach on diamond nets and the atoms taken all together are on a
lonsdaleite net (this structure is derived from that of ZnO by the substitution 27n — Li +
Ga). The O atoms are hep, as are the metal atoms (combined).

5. A 4-connected net considered by Heesch & Laves is derived from 2 space filling by
truncated eirahedra, truncated cubes and truncated cuboctahedra. We call this net HI4,.

Hidy  Frdm a=2+V18=6.2426, r = 0.395
34-6:8:6-8in 96 &: F + (rtvtz I, z = 1/(4 + ¥72) = 0.0801, x = (1 +V2)z = 0.1934

A “spaghetti” model is easily made if it is realized that each triangular face of the
truncated cubes is shared with a similar face of a truncated tetsrahedron and vice verse. The
truncated cuboctahedra and truncated cubes likewise share octagonal faces.

6.. Anotht?r uninodal 4-connected net occurs as the (Si,Al) framework of the natural
zeolite analcime, NaAlSi;Os-H;0. A formal description of the net with unit edge length is:

analcime fa3d, q = \4'(96."5) = 43818, r=0.571 ; 4-4.6-6-84-84 in 48 g: (1/8,x,1/4—x : ete.}, x = 1/3
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Try to make or find a good picture of this net (difficult!).

In the bixbyite structure of ScpO3, the O atom positions are in positions 48 ¢ of 143
x,y.z ete,, with x = 0.390, y = 0.135, z = 0.380. Each O atom has four O nearest
neighbors. Show that the net of the O atoms has the same topology as that of analcime.

7. The net of the recently described mineral montesommaite {approximate composition
(K.Na)oAlgSig30sq- 10H207 is very simple [hint: project on (100)]:

moatesommaite My famd, a =2258, ¢ = 5795, r=0342
4.59-5-82-5-82 in 16 A 1 £ {0,y,z ; etc.), y = 0.028, z = 0.085¢

8. The diamond net is ubiquitous (see Exercises 3 and 4). Here are two more examples
of its occurrence as the metal arrays in oxides. (Note that we are concerned with the
topology of the structure, in this instance the topology of the net defined by edges joining
the first four nearest neighbors.)

corvndum {Al03)  R3c,e=4759,c=12391 A
Alin 12 ¢: R £(0,0,z ;: 0,0,1/242), z = 0.3523; Q in 18 ¢! 0.3064,0,1/4

anatase {Ti02) HMlamd, a =3.785, c = 9.514 A
Tiind a: £ £ (3,3/4,1/8) ; Oin 8 &; 0,1/4,0.0816

9. Another net that occurs in many different contexts is SrAlz (the Al net in SrAlg).
Two examples of compounds iso-structural with SrAly were given in Exercise 3.8.11.
Here are three other examples of its occurrence as the net of (a) Mg and Si in StMg5i, (b)
Both atoms in ¢-Np and {c) Al and Si in synthetic zeolite Li-A (L1A1S1042H;0):

SrMgSi Puma, a =778, b » 4.56,c = 8.49 A
Srin 4 ¢ £x, Uz ; 1/24x,1/4,1/2-7), x = 0.515, 7 = 0.683
Mgin4c,x=0640,z=0057;3iin4 c,x =0.276,z = 0.110

c-Np Pama, a =6.661, b =4.271, c = 4,888 A
Np(l)in 4 o kix, 1,z 5 W24x,1/4,12-2, x = .036, £ = 0.203
Np(2)in 4 ¢, x = 0319, 2 =0.842

Li-A Pra2y,a=1031,b=818,c=5004A
Alin 4 a: (.23 5.5, 10242 3 V240, 1/2-y,2 5 122-x,1/2+y,1/2+2),
x=0136,y=0072,7=025:Siin4a, x=0358,y=0378, z = 0.252

10. The compound NaGaSns can be considered in a formal sense as Nat(Ga-Sns) with
the (Ga-Sns) part having four valence electrons per atom, 8o it is not surprising to find
these atoms forming a 4-connected net. The (Ga,Sn) simcture was reported as:

NaGaSns P3112, a = 6328, c =6.170 A
Miin 3 @ (x%,1/3 ; x,2x,2/3 ; 2%.%,0), x = 0.431
M2 in 3 bt (8,516 ; 225,176 ; 20%,1/2), x = 0.903
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with MI and MZ being a disordered combination of Ga and Sn. Show that the et of the
atoms is a unmpd_al net 5-5-5-5-5-84 which, in its most symmetrical form has symmetry
P6)22. The net is illustrated in Fig. 7.94 below {note that @ and ¢ are approximately equaf).

Fig 7.94. A net 5-5-5-5-5-84 projected down the ¢ axis of P6]2£, Elevalions are in muitiples of ¢/12.

11. The P atom positions in one form of P2Os have been given as:

Fdd2, a=163,b=8.12,¢=525 A

Pin 16 b: F + (xy,z: £.5 .2 ; Vden,lid+y, | /447 ; 1d+x, 1/4—y; 1 {d+z),
x=0.073, y=0.083, z = 0.153

Verify that the five shortest P-P distances are 2.79, 2.92 (2x) and 4,34 (2x) A and that
the three shortest P-P distances define a net with the topology of the Si net in ThSiy.

12. A zeolite we haven’t discussed, but which is nice to draw or to explore using

computer graphics, is known as MAPSO-46 (symbol AFS). Here are data for the
maximum volume form of the net with unit edge:

MAPS0-46  P6s/mem, a = 4.363, ¢ = 8.034, r = 0,366
484848 in 8 hr £(1/3,2/3 3¢ ; 1/3,2/3,1/242), 7 = 0.438
4-4-4-87-62-8 in 24 I H(x,y.z ; ete), x = 0364, v = 0.496, z = 0.365
4-4-4.6.:6-12 in 24 [, x = 0.570, y = 0.703, z = 0.312

.The net is closely related to that of CoAP(-50 (Fig. 7.43, p. 328), the main difference
being that the cubes in that net are replaced by polyhedra with nine faces.

13. BaCu;37 is polymorphic. One form has the ThCrySip structure (§ 6.4.2) with Ba
between tetragonal layers of {Cu)Sy tetrahedra. A second form forms a three-dimensional
4.-ccvmne.cted Cu,S net derived from 4:82 by double zig-zag connections in the manner
simitar to that shown in Fig. 7.17 (p. 306). The vertices are all 4-6-4-6-6-8 but there are
two topologically-different kinds. Crystallographic data for the compound are:
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BaCuaSy Prma, a = 9.308, b = +.061, c = 10.408 A, Atoms in 4 3 #(x, U,z 1 1/2+x,1/4,172-2)
Ba: x = 0240, z = 0.822 ; Cu(1): x =0.056, z = 0.111 ; Cu(2): x = 0.083, z = 0.545
S(1% x = 0483, 2 =0.169 ; S(2): x = 0.339, £ = 0.359

Plot the Cu and S positions in prejection down b to identify the net.
The net symmetry is Crem, but Cu,S ordering lowers the symmetry to Prmcn (Pnmaj.

14. A 4-connected net with “up-down” rods (§ 7.3.8) occurs as the Ga net in MgoGas.
MgzGas Fafmmm, a = 8627, c=T.1HL A
Mg in 8 A2 [ £ {x 0, x = 0.300; Ga(lyind e: { +(00,2),z = 0.288
Ga(2)in 16 n: [ £ (Qy, 2z ; 3.0,42), y = 0.298, z = (.181

Ga(2) atoms form “up-down” rods (shaded in Fig. 7.95) and Ga(1) atoms link the rods.

Fig. 7.95. The Ga arrangement in MgpGas projected on (001}, Numbers are elevations in units of ¢/100.

The silicate, narsarsukite, was mentioned in § 7.3.8. In that compound Ti atoms link up-
down rods of {S1}04 tetrahedra to produce the same 4-connected net with stoichiometry
(TiSiz)O10. An zdditional O atom links the Ti atoms in the ¢ direction producing distorted
{Ti}0g octahedra and the composition is often written NagTiOSigO 1. Drawing the
structure of narsastkite and identifying the net is a nice exercise [for data see D. R. Peacor
& M. 1. Buerger, American Mineralogist, 47, 539 (1962)]. If you do this, you may
notice that the metal atom arrangements are nearly identical (except for a change of scale) in
Mg2Ga(1)Ga(2)4 and NapTiSi4O11.

15. Open (zeolite-like) (4,6)-conrected networks are often produced by linking clusters
of tetrahedra by octahedra and vice versa and indeed some authors include such structures
under the heading of zeolites. The narsasukite framework (Exercise 14) is a (4,6}
connected net if all -O- links are counted. Here are some other examples for exploration:

{a) Part of the pharmacosiderite structure was illustrated as clusters of octahedra linked
by tetrahedra in § 5.2.2 (see Fig. 5.23, p. 154). The coordinates of the metal atoms are:
space group P43m: Fe (octahedral) in 4 e: x.xx ; (x,.X)K ; As (tetrahedral) in 3 d:
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{1/2,0,0)x. Fe has 3 Fe and 3 As neighbors, and As has 4 Fe neighbors. If all edges ﬁre
equal, x = 5A2(V6 - 1) = 0.145 {quite close to the actual value). For the full structure see
M. J. Buerger ¢t al., Zeits. Kristallogr. 128, 93 (1967).

(b) An open structure coasisting of rings of three tetrahedra (comner sharing) joined b
further corner sharing with octahedra occurs in catapleite, NasZrSiz(09.2H>0 in whicg

rings of three corner-sharing {5i}Qy tetrahedra are Joined by {Zr}Og tetrahedra. Data for
the non-water atoms are:

catapleite PGaimme, @ =740, ¢ = 10.07 A, V = 477 A3,
Z.r in 2a:(0.00;001/2); Naind f £ (1/3.273.2; 1/3,2/3,1/242), z = 0.08
Stin 6 b+ {,2x, 104 ; x,%,1/4 ; WX 14, x =020, 0()in 6 k, x = 0.47

O(2in 12 ke b (20,2, x,%.2; 20,2 3 x, 2, 201/2 xX,X,2+102 2% X .2+1/2)
x=0.135,2=0.125 '

In the Zr,Si net, Z'r has 6 Si neighbors and Si has 2 Si and 2 Zr neighbors. Not
unexpectedly, the Zr-Si distances are rather different (larger) than the Si-Si distances.
{c) A related, but different, structure is found in benitoite, BaTiSi30q

benitoite P62, a=661,c=972 A, V=168 A3
Bain2 £ (2/3,1/3,0 ; 2/3,1/3,1/2) ; Tiin 2 e (1/3,2/3,0 3 1/3,2/3,172)
Siin 6k (xy. 204 79,104 y-x.3, 104 3 58,304 ; y-x,3,3/ ; x,0-v,3/4),
x=00711,y=0289%4; O(1)in 6 &, x = 0.2535, y = 0.1972

O(2)in 12 & (as 6 k but 1/4 replaced by z and 1/2~z and 3/4 repla Z
ced by 7, 1/2
x=0.0880, y=0.4302, 7 = 0.1127 P ¢ )

Compare the Zr,5i net in catapleite with the Ti,5i net in benitoite, Note that the latter is
much denser (compare the volumes of the unit eells which contain 6 Si atorms in each case)

16. A fascinating open structure based on a 4-connected net is that of the zeolite-like
compound: [N(CHz)q]oMnGe4S 1o with a framework based on vertex sharing {Min}S4 and
[Ge%S4 tetrahedra. GesS ) “supertetrahedron” units (Fig. 5.18, § 5.2.1) and MnS4 units
are linked as in diamond (or better, as in sphalerite) so the net of the metal atoms is
intermediate between diamond and D4. Here are data for the framework (explore!):

B, a=9513, ¢ =14281 A
Mnin2 d, F+ (0,1/2,1/4)
Gein8 g [+ {xyz;T.5.2 ;¥ 47 ; FuZ), x = 0.570, y = 0.325, z = 0.089

The vertex symbols are Mn: 92-99:92-92:94-92 and Ge: 3-92:3-92-3.9,,

17 ]?raw the structure of BeHz and show that it is topologically the same as that of
moganite (Si09).

Betly lbam, a=9.082,b=4.160,¢=7707 A Be()ind a: I + (0,0,1/9)
Be(2)in 81 /4 (xy.0 5 172-x,1/249,0), x = 0,1699, y = 0.1253’
H(l)in 8§ j, x =0.3055, y = 0.2823
H(2) in 16 &: I £ (xy k2 ) 1/2=x, 12+y,d2), x = 0.0895, 3 = 0.1949, z = 0.1515

APPENDIX 1
MORE INFINITE SYMMETRY GROUPS

In this appendix we describe some infinite symmetry groups other than the space groups
discussed in Chapters 1 and 3. Three-dimensional objects with translational symmetry in
only two dimensions are layers. The symmetry groups of these objects are the 80 layer
groups that are given below. Likewise three-dimensional objects with transiationai
symmetry in only one dimension are rods, The 75 crystallographic rod groups are aiso
listed.! Two-dimensional objects with one-dimensional translational symmetry are called
bands or friezes and we describe the 7 band groups also.

A convenient way to consider these groups is as derived from space groups by removing
translations in one or two dimensions. The reason for doing this is that the coordinates of
general and special positions (and their site symmetries), and the nature and location of
symmetry elements, can be obtained directly from the space group tables in the
International Tables {abbreviated here to IT). As the ceordinates of the general and
spécial positions are the same as those of the space groups from which they are derived, the
same labels (Wyckoff notation) are used for them here.

For completeness we also mention the cylindrical and spherical point groups that
describe the symrnetries of objects with eo-fold rotation axes.

Al.1 Layer groups

In the coordinate system used here it is assumed that the translations are atong the x and
y directions. The lattice can be oblique, either primitive (p) or centered (¢) rectangular,
hexagonal or square as for the two-dimensional space groups. The position in the plane
group symbol has the same significance as for the three-dimensional space groups.

Onee the space group from which the layer group is derived has been identified (and, if
necessary, the axes relabeled as explained below) the symmetry elements and their
locations and the coordinates of special and general positions are cbtained directly from the
IT {but of course there are no tzanslations along z. In fact z is now to be considered as the
height above the z = 0 plane, and as such, has dimensions (e.g. z may be measured in A).
The symmetry elements of the layer group are those of the space group which are contained
in, or which intersect, the plane z=0.

Comments and examples are taken in order of the system of the corresponding three-
dimensional groups. For the full table of groups see § AL.6 (p. 389).

Monoclinic. The cases to be considered are classes 2, m and 2/m. The 2-fold axis of
the layer group can be along z in which case the lattice is oblique. The symbol for the layer

1With translations in only one direction, there is no restriction on the nature of rotation axes in rod
groups. Here we restrict ourselves ¢ those containing only 1-, 2-, 3, 4- and 6-fold axes.
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group is [.he same as that for the sefting “unique axis ¢ in the IT, Only those monoclinic
groups with primitive lattices and that do not have screw axes will have layer groups as
subgroups in this instance,!

If the 2-fold axis of the layer group is parallel to one of the tfanslations, it is taken as the
b dlregtion and the symbol for the layer group is the same as that for the three-dimensional
group in the setting “unique axis " except that (a) the lattice symbol is lower case and (b)
the glide direction (if present) must be along a (so the glide planes are a). The lattice is now
rectangular (either p or c}.

It may be seen, for example, that information in the I7 about p112/b (obligue) and
p12/al (rectangular) are both contained under “nenstandard” setfings of number 13
P1%/cl (“unique axis c, cell choice 3”7 and “unique axis b, cell choice 3" respectively). ’

Orthorhombic. The cases correspond to classes 222, mm2 and mmm. Layer glide

planes can now be a ot b or, for glide planes in the xy plane, 2. Thus there is a layer group
pbar derived from Phan.
Another layer group is p21am derived from P2;am,; which is a nonstandard setting of
Pmc2) (number 26). Thus to get the information about p2 am, one should first ransform
f?chl to P2yam. This involves interchanging x and z. Thus from the I7 for Pmc2| we
fmc! _the general positions: (£x,y.z ; £,¥.1/2+z). For p2|am the corresponding general
positions are: (x,y.£z ; V2+x.347) and the symmetry elements of the layer group are those
of the space group intersecting, or contained in, the old x = 0 (rew z = 0) plane.

A second layer group derived from Pmc2) is p21ma. We first get the genera! positions
of P21ma from those of Pmc2| by cyclic permutation x = y — z —= x as: {x,%v,z ;
1/2+x 4y 7). These are alsa the genaeral positions of p2yma and the symmetry elemce?nts,of,
the layer group are those of the space group contained in the old y = 0 (new z = 0} plane.

At the time of writing, there does not appear to be a generally agreed “standard™ setting
for oblique and rectangular layer groups. Thus, to continue with the same examples
pZiam could be (and sometimes is) written ph2ym, and p2 ma could be written pm2;b. Iz;
both cases the labels of the x and y axes have been interchanged.

If in doubt the transformations of axes for different settings of the orthorhonibic groups
are given on p. 441-442. Note that the last position in the symbol given here for rectangular
layer groups always refers to the unique direction {normal to the lattice}. Layer groups
such as p2mm and pmm?2 are distinct groups although they are both derived from 7’mm2
(gumber 25). emmZ and ¢2mm are also distinct groups but are now subgroups of two
different space groups: Crmm2 {number 35) and C2mm (a non-standard setting of Amm?2
number 38). On the other hand cmdm is an alternative setting of e2mm. - ,

_Tetragonal and Hexagonal. The layer groups are derived from the space groups
with a primitive lattice that do not have symmetry elements with translational components
along z. The layer group symbols in these instances are simpiy derived from the space
group symbots by the substitution of p for P. The positions of the individual entries of the
layer group symbeol have exactly the same significance as they do for the three-dimensional

1 .
Clearly one cannot have symmetry elements that involve translations cut of the plape of a and b.
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tetragonal and hexagonal space groups. The symmetry elements of the layer group are now
those of the space group contained in, or intersecting z = 0.

Al1.2 Rod groups

The only one dimensional lattice is primitive and we use the symbol p for it.

Many of the remarks of § Al.l apply also to the rod group symbols. The major
difference is that the translational symmetry is along the z direction, so symmetry elements
with translational components must be along that direction. In particular glide is always c.

Note that for tetragonal, trigonal and hexagonal rods the last two positions of the rod
grotip symbol can be interchanged. This is because the orientation of the x and y axes is not
determined by the directions of lattice translations. Thus although P3m1 and P3lm are
different space groups and p3m1 and p31m are different layer groups, p3ml and p31m are
the same rod group with the orientation of x and y chosen differently {just as 31m and 3ml
are also the same point group). Such redundant rod groups are in parentheses in the Table
below {p. 389).

The coordinates of general and special positions are directly available from the /7" now z
is a dimensiontess fraction of ¢, and x and y must be considered o have the dimensions of
length. The symmetry elements of the rod group are those of the space groap which are on
or pass through the line z = 0.

A1.3 Examples of layers and rods

There is a large group of layer compounds made up of MXy layers of either {M)Xs
octahedra or {M)Xg trigonal prisms sharing edges. The lattices in both cases are hexagonal
(Fig. A1.D.

Fig. ALL Left part of a layer of MXg octahedra. Right part of a layer of MXg prisms.

Tn the actahedral layer M is at 0,0,0 and X is at 1/3,2/3 7 and 2/3,1/3,7; these ate positions
1 a and 2 d of p3m1. The site symmetries are 3m and 3m respectively. In the trigonal prism
layer 3 is again at ,0,0 and X is at 2/3,1/3,z and 2/3,1/3,7. These are positions 1 a and
2 i of pGm2 and the site symmetries are 6m2 and 3m respectively.

Another common unit in crystal chemistry is a rod of alternating trigonal prisms and
antiprisms (octahedra) sharing triangular faces normal to the rod axis (Fig. A1.2). The
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v 3 s =2 = -
pzrstigss an;zz;:t i;(x,Zx,z : 2x,{¢,z ;2. %,2 VXX /247 3 2,3, 1/242 Tk, 1/242). These are
5 of p6y/mme with site symmetry m. The centers of the antiprisms are at 2 a:

0,0,0 ; 0,0,1/2 with site symmetry 3m i
ith st ey B y ry 3m and the centers of the prisms are at 2 b: + (0,0,1/4)

Fig. A1.2. Part of a rod of alternating trigonal prisms and octahedra,

Exercises:

{i) Find 4, and z for the layers of Fi .

1) Find g, g. ALl made of regular polyhedra of ed A

(i) Find x, z and i olyhodta of odee 1 4.

AT ¢ for the rod of Fig. A1.2 made of regular polyhedra of edge 1 A.
() a=1A, octahedral layer z = 146 A, prism layer z = 1/2 A,

(li)x— 1/3 A,Z.— 1[(4'{"\]24) C»-—2+'q 83 A. {I‘}()te that x ha Q
L] "
( } ( } S dlmﬂns ns and Z 15

Al4 One- and two-dimensional “rods” (bands)

WhIilghc);Z ?;g}:sesi?r; thtﬁre erﬂbblllt two goint symmetry operations, reflection in a point
nt by the symbol /m, and the identity 1. There are th i i

\ ' t _ - . erefore, just two point

grloup;. 1 a:lld m. Combined thp the lattice p we get the two one-dimensionalJ space grltjaups

bl and pm illustrated below (mirror points are shown as small circles, and the combination

of long and short lines re i
. : , — -, represents an asymmetric object). N at i
Iwo mirror points per unit cell. Jeet) Note that n prm there are

pl — —— — —
Proi e Cam s G o O m— () i o () — O = ) s —
Fig. A1.3. One-dimensional space Eroups

bafa‘ tyg-d:menswnal object with one-dimensional periodicity is variously referred to as a
s frieze, or border. The symmetry groups of such objects are readily enumerated, and

It relatﬁd to the two-dimensi P P -~
Ca. 33. o-d 1 Onal Space groups 18t a Q Ve ful
i 1 obi g .} § 5 d e abo for th]:ﬁ
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ol \ A A A A

p2 ‘ ‘ ‘ ‘ ‘

plm

‘k—o—-o! !o-—oA!o--OAEO- 0‘ !“
Wwiw W v

Fig. A1.4. The band groups. In each case the unit cell is the same size. Full lines represent mirror lines
and broken lines represent glide lines, Small open circles represent 2-fold rotation paints.

The permissible point groups are 1, 2, m and mm.! The first two simply give pl and
p2. For groups containing mirror lines we must specify their orientations, and we employ
Cartesian axes x and y with the lastice translations aleng y. In accord with the conventions
for three-dimensions we take the first position after p in the symmetry group symbeol to
refer to mirror (or gfide) lines perpendicular to x and the next symbol to refer to mirror lines

11t should be obvous that a one-dimensional lattice is not compatible with 3-, 4-, or 6-fold rotation
points in the plane centaining the lattice.
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perpendicular to y. If there is no symmetry element we use “1” as a place marker. Note that
a glide line must be along y (perpeadicular to x). Thus corresponding to point group m we
get band groups pml, plm and pgl. From point group mm we get pmm and pgm.
Patterns with these symmetries (generated by the symmetry elements acting on a scalene
tiangle) and the symmetry elements are illustrated in Fig. Al.4. Here they are tabulated as
in§ ALG: ‘

N 2D groups  band groups

i pl pl

2 P2 p2

3 pm plm, pml
4 124 pgl

6 pmm pmm

7 g pgm

N is the number of the space group given in the 7T. Note that (o) in the IT the long
symbols for the space groups are used. To be consistent with the usage in the 77 we should
write as “long” symbols p2mm and p2gm instead of pmm and pgm. (b} for groups pml
and pgm, x and y have to be interchanged from the setting used in the IT.

Al.5 Point groups of infinite order and the symmetry of vectors

In Table 2.4 (§ 2.5.6, p.52) we listed non-crystallographic groups containing a single
axis of arbitrary order N. A shortened version of that table is reproduced here using only
Hermann-Maugin symbols so we need only consider the cases N even and & odd. We use
short symbols for convenience.

N= | N | N N2 |Nmm) | Nm [Nim2im2rm | N +m
In N | N | N2 | Nnm | Nom | Nommm N2m
2+l | N | N | N2 Nm Nm

There is an interesting relationship between these groups and the band groups. Imagine a
finite fragment of the patterns of Fig. A1.4 containing N translations with N even. Now
fold the fragment round to make a circle with beginning and end motifs superimposed.! ¥
this is done with the pattern of pl, an object of symmetry N is obtained. The same exercise
repeated with the p2 pattern will produce symmetry N22 (note the two sets of 2-fold axes).
Similacly plm will produce Nmm (again note the two sets of mirrors), pm1 will produce

IThe rsader who finds the mentat exercise difficult is invited to copy Fig. Al4 and cat the different
patterns (which show & = 4 translations) into bands, which can then be folded into a ring.
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Nim., and pmm will produce N/mimm. The patterns with glide will probably require a litile
more thought, but it will be found that N is obtained from a fragment of pg1, and Nm? is
obtained from a fragment of pgm. As N gets larger the finite patterns approach the band
patterns more and more closely and we can think of the band groups as limiting cases with
N = = of the point groups with N even. Thus there is a one-to-one correspondence
between the band groups and the entrdes for even N in Table 2.3

Let us consider the correspondence Nmm — plm a little further, Fig. Al.5 shows two
mirrors inclined at an angle ¢ = 360°/2N. Successive reflections in the mirrors generate an
N-fold axis at their line of intersection. We can reduce the angle between the mirrors by
increasing r and at the same time keeping d constant (see the figure). In the limit r —5 s we
have parallel mirrors separated by o and successive reflections in these generate a
translation by 2d. Thus the correspondence between point groups and band groups
discussed in the previcus paragraph is equivalent to considering the infinite set of
translations as equivalent to rotations about an axis infinitely far away.

Fig. A1.5. Tilustrating the effects of successive reflections in two inclined mirrors (shown as solid
straight lines). See the texi for details.

There is a second way of reducing the angle between the mirrors. This is by reducing o
while keeping r constant; as 4 goes to zero we will have a finite pattern with an ee-fold
symmetry axis. The symmetry group is now =em {only one “m™ as it is meaningless to talk
of sets of mirror planes) and this is the symmetry of, for example, a cone. There are in fact
five cylindrical symmetry groups. The reason that there are only five (rather than seven as
in the case of the band groups) is that for a finite object with an co-fold axis, «/m cannot he
distinguished from  (recall that, for example, & = 3/m). Thus the cylindrical point groups
are to be considered as limiting cases as N — oo of the entries’in Table 2.3 for N odd.
Accordingly the cylindrical groups are:
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oo . rotating cone
%0 = sofim Cooty = Cog rotating cylinder or rotating double cone
o2 Deo antirotating deuble cone

com Coop cone
o = oofm2im  Dug = Doy cylinder or double cone

In the table we give the peint group symbols (first Hermann-Maugin, then Schoenflies)
and then examples of objects with these symmetries. The {ast two symmetries in the table
are realized in linear molecuies either without a center of symmetry {as in CO = C..,) or
with one (as in Oy = D). To realize the first three symmetries we must consider rotating
objects. Fig. A1.6 illustrates these. Note that the rotating cone and antj-rotating double
cone exist in left- and right-handed (enantiomorphic) forms. In contrast a rotating double
cone (or cylinder) has a center of symmetry. The reader who finds this puzzling is asked to
look at Fig, AL.6 and then turn the book upside down, and to lock at the figure again.}

Fig. AL.6. From left to right: a rotating cone, a rotating double cone, and an antirotating double cone.

It is important to recognize that vectors can have one of two symmetries. Polar vectors,
such as one corresponding to an electric dipole morment have the symmetry (eort} of a cone.
Axial vectors, such as one representing a rotation axjs2 or a magnetic moment have the
symmetry (=) of a rotating cylinder. Confusion can arise because it is conventional to
represent both kinds of vector by the same symbol—an arrow.3 As shown in Fig. 1.7
improper operations such as reflection and inversion transform the two kinds of vector
differently.

Vit is useful to recall that the apparent sense of rotation depends on one's point of view. A person
looking at a clock will see the hands rotating “clockwise.” However from the point of view of the clock,
the hands retate “anticlockwise.” Similarly the rotating double cone in the figure is rotating clockwise when

" viewed from the top but anti-clockwise when viewed from the bottom.

2A 2-fold ratation axis is a special case because 2% = 27 50 the symmetry is =m and a 2-fold axis does
not have a sense (direction), Ironically the symbol for a 2-fold rotation axis in crystallography is an atrow.

35ee Chapter | of fcons and Symmetry by 8. L. Altmann [Oxford University Press (1992)]. Altmann
gives an informative and entertaining account of the @rsted experitent in which a magnetic needle is
deflected by a current flowing i 2 parallel direction above it. if the magnet and current are both represented
by arrows, it appears that the plane coataining the magnet and wire is a plane of symmetry. In fact the
magnet and current have different symmetries (of axial and polar vectors respectively), and as illustrated in
Fig. A1.7, they behave differently on reflection in (hat plane, which is therefore not really a mirror plane.
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| ).

axial

=

Fig. A1.7. Showing how polar and axia! vectors (arrows) and cones and rotating cylinders are transformed
by reflection in a mirror (shown as vertical line) and inversion in a center {open circle).

What about groups with more than one N-fold rotation axis? In Chapter 2 we
enumerated all the possibilities for finite N. With one eo-fold axis we get the cylindrical
groups, With more than one se-fold axis we get the spherical groups. A sphere has in fact
an infinity of «-fold axes and also a center of symmetry so they are actually = axes. We
need at least two to generate spherical symmetry so the symmetry of a sphere is expressed
as o oo, If the center is removed we get the infinite pure rotation group eooo, This second
case is hard to imagine: think of a sphere rotating about an axis, and that axis rotatin g about
a second axis at right angles to the first. Thus the spherical groups are (K and K}, are the
Schoenflies symbeols):

s000 K rotating sphere
20 & Ky stationary sphere

In two dimensions the point symmetry groups are N and Nm. If again we fet N go to
infinity we get the two one-dimensional space groups pl and pm (§ Al.4), and the two
infinite point groups (circular groups) which are the symmetries of a rotating circle (co) and
of a stationary circle (eom),

Al.6 Table of layer and rod group symbols

The table on the following pages is intended to be self-explanatory. N is the sequence
number in the IT of the three-dimensional space groups, which are given in their standard
settings. The first page consists of groups with at most 2-fold axes. Then follow groups
with 4-fold axes (tetragonal) and groups with 3-fold or 6-fold axes (trigonal and
hexagonal)
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N | 3-D groups layer
triclific . c}b\;iqu}h]i:rmqi rod groupe Tetragonal {square) layer and rod groups
1 Pl pl pl
2 | PI pl pl
N 3-D aroup {ayesr group | rod growp
monoclinic oblique rectangular .
3| P12l pli2 pl2l pliz pl2l ' 4 4
4 | Pi2;1 pl2;1 pliz; ' ;2 231 P 541
3| C12t cl2l 27 | P4 pi2
6 | Plm! plim plml pllm piml 78 P42 pds
g }Scll pilb plal picl 21 PEB pé pd
m clml
10| P12imi pl12im | pl2iml pil2m  pl2imi 83 | Pdim pafm paim
11| P12y/m1 pl2iml | pli2im 84 | Plofm pa/m
12| Ci12/m! cl12/ml 85 Pd/n S| pdin
13} P12/l piie | plzal pl2el 89 | P42 paz2 paz2
14§ P12y/el pl2i/al” 90 | P4242 pa2)2
91 | P4122 p4122
arthorhombic | rectangular 93 4 P422 p4222
16 | P222 p222 p222 95 | p4q22 P22
171 p2224 52322 p222; 99 | Pdmm phmm pdmm
18 | P2,2,2 P22 100 | Pabm pabm
21 212 222 101 | Pdsem pdacm
25| Pmm2 pmm?2, p2mm pmm?2 p2mm 163 | Péec pdcc
26 | Pme2, pZima P2iam prac2 111 | PEom pd2m p42m
27 | Pee2 plaa pecl 112 Pch pZI.—ZC
gg ﬁmazZ prZ'rmZb p2mb pc2m 113 | PA2ym pA2im
ca a - - T, T
2o | , HE T
mn mn
3| Paz s 123 | Pdlmmm | pHmmm | palmmm
35| Cmm2 cmm? 124 | Pdimce pdimec
38 | Amm2 c2mm 125 | Pd/nbm piinbm
39| Abm2 ¢2mb 127 | Pdimbm pAmbm
47 | Pmmm pmmm pmmm 129 | Pdinmm pAfnmm
49 | Pecm pmaa peem 131 Pértmme pho/mme
50 | Pban phan
51| Pmma pmma pmam pmem
53 { Pmna phmn
54 1 Pcca pbhaa
55 Pbam pbam
37\ Pbom pmab
59 { Pmmn pmmn
65 | Crmmm cmmm
67 | Cmma cmma
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trigonal and hexagonal layer and rod groups

N 3-D group layer group | rod group

143 1 P3 p3 p3

l44 { P3,y p3:

145 | P3, p32

147 | P3 3 p3

149§ P312 p3iz [p312 =p321]
150 | P321 p321 p32i

152 | P3121 P32t

154 | P3;12 p3221

156 | P3ml piml p3ml

157 ) P3lm p3im p31lm = p3ml)
158 | P3cl p3el

162 | P3lm p3lm (p3lm =piml]
164 | P3ml P3ml p3ml

165 | P3c1 picl

168 | P6 6 po

169 | POy poé1

170§ P65 pos

1711 Py P62

172 { P64 pba

173 | F63 Po3

174 | P8 pb pé

175 | P6/m pbim péim

176 | P63im péa/m

177 | P622 p622 p622

178 | P6122 p6122

179 | P6s22 p6522

180 | P6322 p6222

181 | P6422 Po422

182 | P6y22 p6322

183 | Pomm pomm pomm

184 | P6ee péee

185 | Pbscm pbscm

187 | PEm2 pom2 pém2

188 | P62 poc2

189 | PB2m pb2m [p82m = p6m?2]
191 { Pé/mmm pPolmmm pb/mmm

192 | P6/mce péimec

194 { Pos/mme poa/mme

APPENDIX 2
A GLIMPSE INTO HIGHER DIMENSIONS
A2.1 Introduction: polytopes

Thers are many reasons for considering structures in higher dimensions—some of them
practical, some of them aesthetic. Here we can only give a few teasing hints of the richness
of the geometry of higher dimensions, but it is hoped they will remove some of the
irrational fear of the subject and perhaps kindle a desire to delve more deeply into the
subject, Our main purposes are to introduce terms that are gaining increasing currency in
crystallography and to give some insight into bow higher dimensional problems are
handied. '

We start by generalizing a three-dimensional Cartesian axis system to 7 dimensions so
that there are » orthogonal axes aj, az,...a,. The n coordinates of a point in this space are
X[, x2,...%r. The Pythagoras theorem gives the distance between two points xjj,
X21,... Xt and x19, x722,...%,7 as

a2 = (11 - 20202 + (ezy — 22202 + L+ () — X02)? (A2.1)

The generalization of a polygon (in two dimensions) and a polyhedron (in three
dimensions) to » dimensions is a polytope. A hypercube or measure polytope of edge b
with center at the erigin has 27 vertices at (35/2,£b/2,... £b/2) and has content {“volume”}
b7 Tt is an example of a regular polytope. It is amusing that for a four-dimensional cube
{known as a tesseract) the distance from the ceater to a vertex [which is
V(b4 + b4 + b4 + p2i4)] is equal to the edge length (b).

Another regular polytope is the cross polytope. For edge length & this has 2# vertices at
i(b/\fZ,O,. .-0)k. The three-dimensional version is the regular octahedron. The volume is ¥V
= prAn 2y,

A third polytope of importance is the simplex which has n + 1 vertices each of which is
joined 1o all the others by edges, so that there are n(n + 1)/2 edges. A two-dimensional
simplex is a triangle and a three-dimensional simplex is a tetrahedron. A regular simplex
has all edges equal, say b, and volume V = 5™(n + 1)/[n!2%2], The angle subtended by an
edge at the center is cos*1(~1/r) and the vertex to ceater distance is win/(2n + 2)]. The
order of the symmetry group of a regular simplex is (n + 1)

These are the only regular polytopes for n 2 5, but four-dimensional space has some
beautiful surprises {recall that in three dimensions we have two more regular polyhedra, the
icosahedron and dodecahedron) that are mentioned below.

Points on the surface of a hAypersphere {or just sphere) in n dimensions with center at
the origin (0,0,...,0) and with radius r are given by:

2=x12 412 .+ 5,2 (A2.2)
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The voluzme is given by {the second form avoids non-intégral factorials for odd n):

V= mad2ini2)! = 2= D20 - 123Vt (A2.3)
An often useful formula is for the volume of = general simplex with vertices (in
Cartesian coordinates) {xg1.%02,..-X0n)s (X11,X12,..X10)s «ovs {(Xn1,Xn24... Xnn) [cOmMpare
Eq. 4.25]:
L %oy ... Xo,
Vz—l—l e Xy
L X, Xa (AZ.4)

The sign of V depends on the order of numbering of the vertices.

A2.2 Four-dimensional polytopes and honeycombs

It is convenient to rewrite the Schiéfli symbols we have been using on one line. Thus the
symbol for a cube 43 becomes {4,3} and an octahedron 3% becomes (3,4]. The symbal for
a 4-dimensional hypercube becomes {4,3,3]. This is interpreted as a polytope whose
hyperfaces (cells) are {4,3] (i.e. cubes) and three of these meet at an edge.

Two-dimensional tessellations can be considered as degenerate cases of three-
dimensional polyhedra. For example {3,3}, {3,4} and {3,3} are the tetrahedron,
octahedron and icosahedron respectively whereas (3,6 is a covering of the piane by (an
infinite number of) triangles. Likewise {4,3) is a cube but {4,4} is a covering of the plane
by squares. The other regular tessellation of the plane is {6,3}. In the same way a three-
dimensional space filling by cubes (with four meeting at every edge) can be considered a
degenerate case of a four-dimensional polytope and symbolized {4,3,4}. The way to
interpret {p,q.r} is that r figures that are {p,g}’s meet at an edge. A space filling by
polytopes is often called a honeycomb (elsewhere we reserve this term for (6,3])

The four-dimensional simplex is {3,3,3) and the four-dimensional cross polytope is
[3,3,4}. There is also a polytope {3,3,5} (which might be thought of as the four-
dimensional analog of the icosahedron) whose 600 celis are tetrahedra. Its dual is the
regular polytope {5,3,3} (again we might consider this the analog of the dodecahedron)
whose 120 cells are dodecahedra. It is noted in passing that the order of the symmetry
group of these polyhedra is 14400—this is small for mathematicians but rather impressive
compared to the order (48) of the largest three-dimensional crystallographic point group
{m3m) and the order (120) of the icosahedral group.

It transpires that there is a sixth polytope in four dimensions. This is {3,4,3) whose 24
cells are octahedra {3,4} with three meeting at every edge. {3,3,4} and {3,4,3} are space-
filling polytopes so there are also four-dimensional honeycombs {3,3,4,3) and {3,4,3,3].
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Only in two and four dimensions are there regular honeycombs other than a space filling by
hypercubes. The reader who wants to learn about these beautiful figures can do no better
than read the book by Coxeter cited at the end of this appendix.

It is interesting that four dimensions is richest in regular polytopes. The geometry of
higher dimensions is not dull however, there some remarkable lattices with special
properties known. One teaser: the problem of the number of equal spheres that can contact
a central one (this is sometimes called the maximum “Kissing number™) is remarkably
difficult to solve. It is known to be 12 in three dimensions, but mathematicians don’t know
the answer in four dimensions.! The maximum kissing number is known in 24 dimensions
and is 196560; a lattice with this coordination number is also known. The order of the point
symmetry group of this lattice is 8315553613086720000 which is still small by
mathematical standards (the order of the point symmetry group of the primitive hypercubic
lattice is 2nl—work that out for n = 24), '

A2.3 Four- and higher-dimensional lattices

In four-dimensions we specify a lattice by four vectors ay, as, a3, a4 of length a1, ay,
a3, a4 and with angles between them of ¢y, @3, Q14, ®23, (34, (a4, i.e., in general, ten
unit cell parameters. It transpires that there are 64 Bravais lattices. We look at one or two
here. Conceptually the simplest of these is the primitive hypercabic with gy =az=a3=aq
= g and all angles equal to 90°. The point symmetry of this lattice is the same as that of the
hypercube and has order 384. Each lattice point has § neighbars. The primitive hypercubic
lattice in = dimensions may be symbolized Z7.

Recall that in four dimensions the distance from the center to a vertex of a hypercube is
equal to an edge length. This means that a copy of the simple hypercubic lattice displaced
by 1/2,1/2,1/2,1/2 can be fitted into the first one and generate a new lattice which is known
to crystallographers as Z-centered hypercubic (mathematicians know it as Dy). Each point
of the new lattice has 24 neighbors. The point at 0,0,0.0 has as neighbors, the original
eight of the primitive lattice at (£1,0,0,0)x and 16 more from the second hypercubic lattice
at the vertices of a hypercube with coordinates £1/2,%1/2,%1/2,£1/2. If spheres of unit
radius are put at the lattice points the arrangement with @ = 1 ¢orresponds to the densest
{lattice) packing of spheres in four dimensions. Another way of locking at this lattice is as
the vertices of the regular honeycomb {3,3,4,3}. The interstices of the lattice at
(172,112,005 1/2,0,1/2,0 5 1/2,0,0,1/2 ; 0,1/2,1/2,0 ; 0,1/2,0,1/2 ; 0,0,1/2,1/2) are at the
centers of the {3,4,3) polytopes.

Now for some vertigo. The positions of the interstices given dbove are the regular
honeycomb {3,4,3,3} and the Voronoi potyhedron of the lattice points is a {3.4,3}. This
figure is just the same as that of the 24 lattice peints surrounding a given lattice point. In

'Mathematicians are hard (ot o convince. It is a safe bet that the 24-coordinated lattice described below
pravides the answer to this probler and that of densest sphere packing in four dimensiens. Only recently
has it been proved that there is not a sphere packing in three dimensions that is denser than cubic closest
packing.
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fact the point symmetry of the lattice is the same as that of {3,4,3} and is kigher than that
of the primitive hypercubic lattice; the order of the point group is 1152, This means that in
four dimensions there are distinct crystal systems corresponding to primitive hypercubic
and centered hypercubic.

1f we combine the lattice positions (0,0,0,0 5 1/2,1/2,/12,1/2) with the positions of the
interstices (given above) we have eight points which fall back at the points of the same
lattice but with separation reduced by a facter of V2. In other words we can describe the
same lattice using a non-primitive hypercubic unit cell with either 2 points per cell or 8
points per cell. Thus we have two descriptions of the same lattice: (a) 0.0,0,0 ;
Y2,1/2,1/2,172 5 (&) 0,0,0,0 5 1/2,/12,1/2,1/2 and all six permutatiens of 1/2,1/2,0,0.

The matrix transforming the first description into the second is:

1100

1-100
5=loo011
001 -1 (AZ.5)

In more than four dimensions there are two distinct lattices, reciprocal to each other, that
can be described using a centered hypercubic cell and that are generalizations of the one
above. The first, called D, has lattice points at 0,0,...,0 and 1/2,1/2,...1/2. The second,
called Dy, has lattice points at 0,0,...,0 and all combinations of 0 and 1/2 that add up to an
Integer. If the coordinates of the points in this second unit cell are doubled, it may be seen
that they consist of combinations of integers that add up to an even number, and the lattice
points consist of half of the lattice points of a primitive hypercubic lattice; for this reason
Dy, 13 also called the checker-board lattice. The unit cell of D, contains 2! points, and for
unit distance between lattice points a = V2. We have seen that the reciprocal lattice of the
Z-centered hypercubic lattice (D) is the same lattice (D). Onby when i = 4 is the point
symmetry of Dy, different from that of 72,

We can’t resist menfioning that in eight dimensions two copies of Dy fit together (in the
same way as two primitive hypercubic lattices gave D4) to give a new lattice Eg. The
second [y is displaced by 1/4.1/4,...,1/4 from the first. The reader will possibly find it a
stimulating exercise to verify that Eg represents a 240-coordinated sphere packing (the
densest known in eight dimensions). For spheres of unit radius, the cell edge remains Y2
and there are 256 points in the unit cell, j.e. 16 per unit volume. Eg has attracted some
attention in connection with quasicrystal structures; also of interest is that the points divide
space into regular simplices and cross polytopes (how many and where?). Note that twe
D3 (= A3 = fer) lattices displaced by 1/4,1/4,1/4 give the diamond structure (not a lattice).

Another family of lattices has non-crthogonal lattice vectors. In a plane we can have
three vectors equally inclined to each other at an angle of cos 1{(-1/2) = 120°. Two of these
of equal length generate a hexagonal lattice. In three-dimensions four vectors all making an
equal angle with the others are possible; the angle is the tetrahedral angle, cos-1(~1/3) =
109.47°. Three of these vectars of equal length generate a body-centered cubic lattice (recall
that a primitive cell for body-centered cubic has a = b=c and &= = y= 109.47"). In
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general in n dimensions n+ 1 vectors can be equally inclined at an angle of cos-1(~1/x) and
we can define a lattice using # of them of equal length. Note that the # + 1 vectors are
equivalent so there will be a symmetry operation of erder n + 1 relating them as discussed
below. The four-dimensional jattice with a1 =y =a3=as=aand o = o3 = o4 = U3
= 04 =034 = cos 1(—1/4) = 104.48° is known as the primitive icosahedral lattice. The
order of the point symmetry group of the lattice is 240.

The lattice reciprocal to this 4-dimensional iattice is easily found to have dl=ar=ga3=
a4 =Vaand apa = 03 = e = (23 = 024 = 34 = cos~1(1/2) = 60° . (Recall that in three
dimensions, the lattice reciprocal 1o bec is the fee lattice which has primitive cella=b=c;
o= = y= 60", The simplest way 10 see this is to find the reciprocal of the G matrix:

I -1/4 -1/4 -1/4
J-1E 1 174 —174
~l/4 -l/a 1 -1/4
-174 U4 -1/4 1

1z 12 172

JRIPRS V- T U VI ey
-] =q .
12 112 1 12 (42.6)

172 172 172 1

The off-diagonal elements of the matrices are cOSq.

The new lattice can be described using a centered cell of the same shape as the primitive
icosahedral lattice and it is then called the SN-centered icosahedral lattice. In this description
there are 125 lattice points in the (non-primitive) unit cell.

We have remarked that these two lattices are four-dimensional analogs of the bec and foe
lattices which, it so kappens, are cubic. It is sometimes useful though to consider the bec
lattice in terms of its primitive cell. It is left as a non-trivial exercise for the reader to
describe the fec lattice in terms of a unit cell with the same shape (it needs 16 points per
cell!). The general n-dimensional lattice with primitive cell edges ali equal and all angles
equal to 60° is known as A, and its reciprocal lattice with all angles equal to cos}{~1/n) is
known as A,". A, represents a lattice sphere packing with n(n+1) neighbors and A,"
represents a lattice sphere packing with 7 + 2 neighbors. :

A2.4 Symmetry eperations in four dimensions

1t is instructive to see how symmetry operations arise as the dimensionality of space is
increased. We restrict ourselves to point syrumetry operations {those that leave ar least one
paint invatiant). In one dimension there is just one operation m that takes a point to another
place by reflection in a point. In two dimensions m reflects in a line and in three dimensions
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m reflects in a plape. In general m changes position in one direction (the normal to the
mirror} and leaves an n — 1 figure unchanged. Thus in four dimensions there are mirror
hyperplanes.

In the transition from one to two dimensions we recognize a new operation that changes
two coordinates (leaves a point invariant). The symmetry element is a rotation point. In
three dimensions we have a rotation axis (a line is left invariant) and in four dimensions a
rotation plane (a plane is left invariant).

Continuing from two to three dimensions, we identify a new operation thai changes
three coordinates (leaves just a point invariant). This is a (rotation-) inversion point. In four
dimensions there are inversior: axes! and we must seek new symmetry operations that leave
only a point invariant. To see their nature it is easiest to appeal to the matrix representations
of symmetry operations.

If we use a suitable basis, the matrices representing symmetry operations will always
have elements £1 and a determinant *1 (such matrices are termed unimodular). For
example an inversion point {at 0,0,0) in three dimensions is represented by the matrix
shown below converting x,v,z 10 %,5.2: -

-1 0 0y x ~X
O-10|| ¥ [=|—Y
0 0-1/\z -z (A2

The four-dimensional inversion axis (along the w direction) is represented by:

-1 0 0 Oy x -
0 -10 0l v -Y
0 0-10z ||~z
00 0 1/\w w (A2.8)

An operatjon that leaves only a point (0,0,0,0) unchanged is:

-10 0 0VxY (-x
0-1001y| |~
0 0-10|z2]|7 =
00 0-L)w/ \-w (A2.9)

There are no generally agreed symbols for these symmetry operations, let’s call the last

IThere appears not to be an agreement on the meaning of the word “axis”, We use it to mean a one-
dimensional figure (straight line) left invariant by a symmetry operation, However one commonly sees the
statement that one can have 3-fold symmetry axes in four dimensions; as discussed next the five-foid
symmetry operation only leaves a peint invariant, The axes in four dimensions are (rot?-) inver.sion_axes,
The difficulty arises in part because (for example} in three dimensions one needs to specify the d1rectxor{ of
the rotation component of a 4 symmetry operation as well as the location of the point of the inversion
component even though neither the rotation axis or the inversion point exist separately in this example.
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one Z.1 It is instructive to break this operation into components,

=10 00y (~1000)10C O
0-100] {0-100010 0
00-10[7|0o010loo-1o0
000-1) \ooo1looo-l (A2.10)

To identify the two matrices on the right we recall that in a three-dirmnensional Cartesian
axis system a two-fold rotation about z is represented as:

-1 0 0
0-10
001 (A2.11)

50 that the first of the two matrices on the right of Eq. A2.10 can be identified as rotation
about the zw plane. The second is clearly a rotation about the xy plane. Thus the operation
I corresponds to two 2-fold rotations about orthogonal planes {in four dimensions
orthogonal planes have only a point on common). It should be ohvious that repeating Z
twice produces the identity, so the order of the operation is 2. It transpires that there are a
number of other operations that may be considered as combinations of rotations and that
have orders of 3, 4, 6, 8, or 12. The rotations are restricted to 2-, 3-, 4- or 6-fold rotations
as in lower dimensions, but the new symmetry operations may have different order.

There is also a 3-fold symmetry operation compatible with translational symmetry in
four dimensions. It is instructive to approach it by first considering lower dimensions. A
three-fold rotation about a point in two dimensions can be represented by:

A=(?:D= Az:[:il éj ABZ((I) ?) (A2.12)

In particnlar this operation takes the point 1,0 to 0,1 to 1,1 and back to 1,0: Le. it
interchanges the three equivalent axes of a hexagonal lattice.

In three dimensions there is a 4-fold operation that leaves only a point invariant; this is .
We describe this operation using the basis of a primitive bec cell [i.e. axes inclined at
cos 1(—1/3) to each other]. Successive powers of A =4 in this basis are represented by

0 0-1 0-11 -1 10 1 00
A=|10-1[,a’={0-1 0, A’=|-to1 A*=|01 0
011 1-10 -1 0 0 001 (AZ.13)

The nature of A can be verified (see § 3.7.3) by checking that Tr(A) = 1 and det{(A) =-1
as well as observing that it has an order of 4. Now the point 1,0,0 is successively taken to

{Symbols encountered include 22, 2222, IT and de97.
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0,1,0; 0,0,1; 11,1 and back to 1,0,0. Normaliy the 4 operation js described using an
orthogonal basis so that the matrix representation is different; but of course the trace and
determinant of the matrix are unchanged.

Finally coming to four dimensions, there is a five-fold operation that can be represented
simply using a basis with axes at cos-1(~1/4} to each other and which is represented by the
matrix V: -

[ B e e

0 -
0 -
0
1

[ B e e e
Loha L

(A2.14)

The reader should verify that V3 = E {the unit matrix) and that successive operations on
e.g. 1,0,0,0 produce 0,1,0,0; 0,0,1,050,0,0,1 ; 1,1,1,1 and back to 1,0,0,0. Note that
det(V) = 1, so this is a proper operation. As it transforms a set of integers p,g.r.s
representing a lattice point into another set of integers Tepresenting another lattice point it is
a symmetry element of a lattice and hence compatible with translational symmetry.

Some words of caution. The two-dimensional hexagonal lattice aetually has a six-fold
symmetry element (6-fold rotation) and the four-dimensional icosahedral lattice has a ten-
fold symmetry element (which is a combination of V with Z 1) but the three-dimensional
lattice does not have an eight-fold symmetry element.* The general four-dimensional lattice
with a ten-fold symmetry element is referred to as decagonal. The unit cell parameter
constraints are gy = ga =gz =aqand 12 = Q3 = Q3q = &, o3 = )4 = g3 = }3,
with cosc + cosp = ~1/2 (i.c. there are two independent unit cell parameters), we have
referred in the previous paragraph to the case o= f.

To completely identify symmetry operations corresponding to matrices in four
dimensions one needs as well as the trace and determinant, the second invariant which,
for a matrix with elements a, is:

{ag1a22 — ag2az1) + (a11a33 — a13631) + (211044 ~ ajaa41) +
{ag2033 — az3a32) + (022044 — G240472) + (233044 — T344243) (A2.135)

Interest in quasicrystals, some of whose diffraction patterns have icosahedral
synmumetry, prompts the observation that in six dimensions, 5-fold “axes™ 3 oriented as in
icosahedral symmetry are possible (as well as 7-, 9-, 14- and 18-fold symmetry
operations).

With orthogonal axes the V operation is represented by the matrix:

1t should be obvious that just as every thres-dimensicnal lattice has | for a symmetry element, every
four4d1mens1onal lattice has  (which reverses the direction of lattice vectors) as a symmeltry element,
2A combination of 4 with 1 (exisring separarely) is 4/m.
33ee footnote on p. 398,
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cos p sinp O 0
| -sin p cos p, O 0
V= o o S0P sinp,
0 ¢ —sin p, cos p, (A2.16)

which represents a double rotation first about the zw plane by py and then about the xy
plane by p2 {compare the discussion of = given above). From the fact the trace must be -1
and the second invariant must be 1 (as for V) it cap easily be found that g = 2275 and that
P2 =4na/5. Thus the V operation is the combination of rotations by 1/5 and 2/5 of a circle
about orthogonal planes.

A2.5 Numbers of erystallographic symmetry groups

There are 4895 four-dimensional space groups and, as we have seen, the order of the
point group can be as high as 1152 so that an International Tables for four dimensions
with the same detail as Volume A (1983) would run to hundreds of velumes, and five
dimensions would be out of the question. The table below lists the numbers of
crystallographic groups in # dimensions and with lattices of differing (< n} dimensions of
periodicity.

space lattice dimension - O 1 2 3 4 n
0 1
1 2 2
2 o 7 17
3 32 75 B0 230
4 227 ? 7 1651 4895
n ? ? ? ? ? ?

The entry under column 0 is the nimmber of crystallographic point groups. It is known that
the entry in every column is finite for finite n.
A2.6 Generalization of Euler’s formula for polyhedra
The generalization to # dimensions of Euler’s formula for polyhedra is:
n—=1 .
2 0P =1- (1)
i=0 (AZ.17)
‘Where P; is the number of i-dimensional figures (Pg is the number of vertices, P is the

number of edges etc.). For # = 3, this gives the familiar formula Py~ P; + P2 =2 (j.e.
V-E +F =2). In four dimensions: Pg— Py +P5 ~ P31 = (0. For a four-dimensicnal
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simplex Pp=3, P) =10, P2 =10, P3=35.
From Eq. 2.17 the analogous formula for a honeycomb (space filling by n-dimensional
polytopes)can be derived!:

2 ()P =0
i=0 (A2.18)

Where now the numbers should be interpreted as relative aumbers of figures of the
appropriate dimensionality. For a plane tessellation Eq. A2.18 gives the result: V—E+ F=
@ which we have used many times. We use the analogous expression for three-dimensional
honeycombs in Appendix 3.

A2.7 References

One of the best introductions to elementary n-dimensional geometry is still An
Introduction to the Geometry of n Dimensions by D. M. Y. Sommerville (Dover, New
York, 1958). The definitive work on regular polytopes in n-dimensions is Regular
Polytapes by H. 8. M. Coxeter [third edition, Dover, New York, 1973] and on polytopes
in general Convex Polytopes by B. Griinbaum [[nterscience, New York, 1967]. Four-
dimensional lattices are described fully by H. Wondratschek et al., Acta Crystallogr. A27,
523 (1971) and an account of the four-dimensional space groups is in Crystallographic
Groups of Four-Dimensional Space by 1. Brown er al. [Wiley, New York, 1978]. A
good introduction to four-dimensional crystallographic point groups and symmetry
operations has been given by E. I. W. Whittaker [An Arlas of Hyperstereograms of the
Four-Dimensional Crystal Classes, Clarendon Press, Oxford, 1985]. The four-
dimensional hyperlayer groups (i.e. the symmetry groups of four-dimensicnal objects with
translations in three dimensions) are described in Colored Symmetry by A. V. Shabnikov
and N. V. Belov [Pergammon Press, Oxford, 1964]). For a2 wild ride inte many-
dimensional space (but with some excellent introductory material) Sphere Packings,
Lattices and Groups [Springer-Verlag {1983)] by J. H. Conway aad N. J. A. Sloan is
highly recommended (this book also includes an enormous bibliography). There have been
many recent examples of higher-dimensional crystallography applied to real world
problems a good starting point is T. Janssen, Acta Crystallogr. A42, 261-271 (1986).
Applications to quasicrystals will be found in the review by W. Steurer, Zeits. Kristallogr.
190, 179 (1990). Two commonly used notations for point symmetry operations in four
dimensions are those of C. Hermann [Acta Crystallogr. 2, 139-145 (1949)] and A. C.
Hurley [Proc. Cambridge Philos. Soc. 47, 650-661 (1951)).

IFor Figs. A2.17 and A2.18, see the Coxeter reference cited in the next section.

APPENDIX 3

THE TOPOLOGY OF POLYHEDRA, NETS AND MINIMAL SURFACES

A3.1 Introduoction

Topological aspects of crystal chemistry are attracting increasing atiention. One reason
for the interest is that zeolile catalysts are of major economic importance and their properties
are intimately related to structural features such as the size of the pores and cages. These in
turn are related to topological properties such as the connectivity and the sizes and numbers
of rings in the net of the framework atoms. This Appendix describes some topological
aspects of structures, particularly of 3- and 4-connected nets and infinite polyhedra, It will
be seen that the subject poses some interesting and challenging unsolved problems.

A3.2 Finite polyhedra

Normally a polyhedron is thought of as a simple convex object topologically equivalent
to a sphere: thus if the faces were deformable, it could be “biown up” so that it became a
sphere in the same way as a truncated icosahedron (5.6%) becomes & soccer ball. A finite
polyhedron of this sort is topologically equivalent to a tiling of the surface of a sphere. The
well-known Euler equation for the number of faces (F), edges (), and vertices (V) of such
atilingis F-E+V=2

A torus (an object shaped like a doughnut or the inner tube of a tire) has a hole through
it, and is topologically different from a sphere. For a tiling of a torus, F — £+ V= 0. This
is the same as for a tiling of the plane (see § 5.6.11).

What about surfaces with more than one hole in them? A teacup with one handle is
topologically the same as a torus and contains one hole. A soup bowl with two handles has
two holes and is thus topologically distinet. The number of holes in a surface () is related
to the Enler-Poincaré characteristic y of a surface by:!

and for a surface with characteristic :
V-E+F=1y A32

Thus the torus (and the infinite plane) have ¥ = 0 and a simple closed surface (such as
that of a sphere) has y = 2 {H=0).

ISee H. S. M. Coxeter, fntroduction to Geometry (Book List). A simple proof of Eq. A3.2 is given by
R. Courant & H, Robbins, What is Mathematics? (4th Ed. Oxford (1947}].
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A simple example of 4 polyhedron with ¥ = 0 can be obtained from a ring of eight cubes
fused together 2s shown on the left in PFig. A3.1. There are 32 faces, 64 edges and 32
vertices. Note that there are eight vertices of the sort 43, sixteen 44 and eight 45,

Also shown in the figure is 2 polyhedron made by fusing together 20 cubes. It has fivel
holes (x = ~8) and 72 faces, 64 vertices and 144 edges, so V~ £ + F = -8 confirming the
formula above.

Fig. A3.1. Polyhedra with holes.

A3.3 Infinite polyhedra

An obvious next step is to repeat the above process to make an infinite polyhedron with
connecting holes. Consider a cubic unit cell with side 2 containing a cube of side | centered
at 1/2,1/2,1/2 and fused to unit cubes centered at the face centers (0,1/2,1/2)k. Repetition
of the unit cell will produce a solid figure with 8 vertices, 12 faces, and 24 edges per unit
cell. The empty space left behind will be exactly the same: empty cubes at 0,0,0 and at
(0,0,1/2)x (the same coordinates as before but displaced by 1/2,1/2,1/2). The strocture
shown on the right in Fig. A3.1 is an element of the infinite structure; it may be seen that
square holes emerge through each face of the unit ceil. As holes emerging from opposite
faces are equivaleni (really the same hole) the number of holes per unit cell is 6/2 = 3,

It is interesting to consider this figure as an infinite periodic polyhedron with % < 0. The
numbers of vertices, edges, faces and holes per repeat unit are expressed as lower case
letters (v, e, fand k respectively), we then have with x =2 - 2/

v—e+f=2-2k =x A33

This formula applied to the infinite polyhedron constructed from fused cubes gives
8- 24+ 12 =2~ 72 x3 = —4. Note that each vertex is 45. This polyhedron is an example
of a skew polyhedron.? The edges and vertices form a 6-connected net.

1Counting holes can be tricky. Start with a cube and make a hole between two opposite faces (one
hole). Make a hole through a third face to join the first hole (the total is now two holes). Repeat for the
fourth, fifth and sixth faces (three more holes for a total of five).

2H. S. M. Coxeter, Proc. Lond. Math. Soc. 43, 33 (1937).
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The polyhedron and the complementary empty space have the same connectivity. In this
case the connectivity of the network of face-sharing cubes is just that of the primitive cubic
lattice (six) and / is one half this connectivity. As discussed pasticularly by Wells
(reference in § A3.9) it is often simpler to consider the connectivity of the polyhedron than
to count holes. In some cases (those in which the polyhedron in question and its
complementary polyhedron are topologically identical) care must be exercised in deciding
the repeat unit and the connectivity, and we now give some exampies which also iilustrate
how to count vertices, edges and faces.

For a polyhedron with just one kind of vertex, once the number of vertices in the repeat
unit is identiffed, counting edges and faces is easy. The number of edges is just one-half
the number of vertices times the conrectivity (i.e. 2v if four polygons meet at a vertex). To
count faces note that each n-gon is shared by n faces, so that if there are (for example) v
vertices of the type ny.np.m3.74, the number of faces is viny + wWnz + wna + vina.

An infinite polyhedron can be obtained from the sodalite net (§ 7.3.10) by considering
one-half the polyhedra of a space filling by truncated octahedra. Again the filled and empty
space regions are identical. The cubic unit cell contains a guncated octahedron at 0,0,0 and
it is fused together with its neighbors by sharing square faces, and has the same
connectivity {6 = 2h) as the first infinite polyhedron. The reader should confirm that v =
12, f = 8 (the hexagonal faces) and ¢ = 24, so that again v — ¢ + f = —¢ for a unit cell
including three holes. This structure is also a regular (skew) polybedron, ir this case 6%,

In § 7.4.1 {p. 323} we described the two complementary Archimedean polyhedra 42,62
of the Linde A structure. In this structure the number of vertices in the repeat unit (unit cell)
is v =24, Accordingly € = 48 and f = 20. The connectivity is again six (A =3 and x = -4)
as can be seen readily from Fig. 7.38 (p. 324) and againv~e +f=x.

Consider next the infinite polyhedron 43.6 corresponding to the zeolite rho net (Fig.
7.39, p. 325). The body-centered cubic cell has again three holes and contains 48 vertices.
Note that in considering this structure as an infinite polyhedron we consider points at the
origin as inside the polyhedren and points at 1/2,1/2,1/2 as outside 50 in this sense the
unit celf is primitive (so care must be taken in deciding what is the repeat unit). Thus the net
of the tunnels is again the ¢-connected simple cubic array and 2 =3, x=—4.

We also described the same set of points as the polyhedron 4.8.4.8 which was shown
(Fig. 7.39) as a packing of octagonal prisms; the structure is now connected as the
8-coordinated body-centered cubic array so in this case & = 4 and x = -6 for the primitive
unit as shown in Fig. A3.2. The number of vertices in the primitive unit is 24 so the
number of edges is 48, the number of faces is 18 and v—e + f=24 - 48 3 [8=—6=x.

Fig. A3.2, Left: a repeat unit of hee. Right: the repeat unit of the diamond structure; each bond (except
the one in the center) traverses a face of the primitive unit cell,
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The infinite polyhedron corresponding to the faujasite net (Fig. 7.41, p. 326) is another
43.6. There are 192 vertices in the face-centered cell, or 48 in the primitive cell. The
network of tunnels in the faujasite structure has a diamond connectivity so now a hole
enters (and leaves) through each face of the primitive cell (see Fig. A3.2) so there are now
three holes per primitive ceil. Enumeration shows that for the primitive cell v=48, ¢ = 96
and f=44, Again v—e¢+ f=-4 as expected for & = 3.

So far we have considered infinite polyhedra with four polygons meeting at each vertex,
In § 7.2 (Fig. 7.7) we described two nets 6.82. The one we called 6.32P is a tiling of a
surface with primitive cubic connectivity (i = 3, x = -4). The repeat unit contains 48
vertices (eight hexagons) and as the net is 3-connected the number of edges is 48 x 3/2 =
72 and f = 48/6 +48/4 = 20. Note that the repeat unit is taken as the body-centered cell; this
because, just as for the polyhedron 4.6 (zeolite tho) discussed above, the complementary
polyhedron is the same as the originai polyhedron.

The other polyhedron 6.82 {also shown in Fig. 7.7) called 6.82D also requires some
care, again because the complementary polyhedron is the same. The repeat unit contains 24
vertices. The net of the structure {the surface being tiled) is that of diamond but now the
unit cell contains just one “diamond” unit and the connectivity is 4 (A = 2, x = -2) (contrast
the discussion of the faujasite structure above). The number of edges is 24 x 3/2 = 36 and
the number of faces is 24/6 + 24 x 2/ = l0and v—¢ +f=24 - 36 + 10 =—2 = x as
expected.

Other infinite polyhedra with just one kind of vertex have also been described. In
Chapter 6 on the right of Fig. 6.73 (p. 276) an infinite polyhedron 3.42.3.42 was
iltustrated. The reader may wish to verify that for this structure x = -4, v = 12, ¢ = 36, and
F=20 and that again f—e +v=x

In § 6.8.5 we also mentioned {p. 277) the polyhedron 32.43 made from rhombi-
cuboctahedra and octahedra sharing faces (not illustrated). The net of the surface being tiled
is eight connected (as in bee) so A=4.

Examples of infinite polyhedra with five faces meeting at a vertex were described in
§ 7.9 These are: 3.4% and 33.62 (Fig. 7.75, p. 357) and a second 3.4¢ {Fig. 7.74, p.
356); all have 4 =3 (for the primitive cell in the last two cases).

A polyhedron 37 was described in § 6.8.6 (Fig. 6.78, p. 280). Again & = 3 for the
primitive cefl which coutains 24 vertices, 84 edges (7-connected) and 56 faces. This
polyhedron was derived from the packing corresponding to the Al vertices in WAly3. The
reader might verify that in the latter structure nine triangles meet at every vertex and they tile
a surface with the connectivity correspoading to bee (& = 4) and can therefors be
considered as an infinite polyhedron 3%, It should be clear that many of the sphere packings
of Chapter 6 can also be described as infinite polyhedra. As examples we leave the reader
ta verify that the pyrochlore packing (p. 236) and that of the atoms on the snub cubes in
NaZnj3 (p. 273) are both polyhedra 38.! These polyhedra are included in Table A3.1.

An interesting (and equivalent) way of considering the above polyhedra is in terms of the
sums of angles of the polygons meeting at a vertex. The interior angle at the vertex of a

{The second of these requires some care. The primitive repeat unit is a pair of (opposite hand) snub
cubes. The ten (5o far) unshared square faces of this unit are each shared with other pairs so h = 10/2 = 5.
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regular N-gon is & = m(1 — 2/N). Now for a polyhedron the angular defect at each wertex &
is defined as & = 2/t minus the sum of the angles & Thus consider a vertex common to an
R|-gON, A2-EON, ..., NGO

8, =2n[1—}:(5—ﬁg)} A34

This formula defines & for any vertex even if the individual polygons are not regular; all
that matters is the »;, the number of edges of the polygons. With & so defined an
alternative way of writing equation A3.3 is:

23k = 2®/x
k A3.5

Thus for a finite convex polyhedron (x = 2) we have Descarées’ formula for the sum
over the k vertices:

25k=47r
k A3.6

For a plane tiling (net) with x = 0:

k ALT

For infinite polyhedra with a topology characterized by %, the sum over the v vertices in
the primitive unit gives:

2.8, =dn(l- k)
k A3.8

These formulas hold for all polyhedra of the types indicated even if there are many kinds
of vertex and irregular polygons. They are quite useful for determining the numbers of
different kinds of vertex that can be combined in a potyhedron (or a plane net),

To eliminate the factors of 7 we define A = /47, then fora polyhedron with one kind of
vertex, the number of vertices in the repeat unit for a given connectivity are v = (1 — K)W/A,
Table A3.1 below lists some of the infinite polyhedra we have mentioned above. It may be
verified by referral to the crystallographic data given in the text that indeed v is given
correctly.

Yet another useful form of Eq. A3.3 can be obtained for infinite polybedra with all
vertices with the same connectivity r (the number of polygons meeting at a point). Let there
be f; polygons with { sides per repeat unit so that %f; = £ The number of edges is e = /2
and, as each polygon contributes ifr vertices, v = Lifi/r. Substituting these expressions in
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Eq. A3.3:
2[21‘4—(2— r}ifl. 1=2rx
{ A3Q
With the special cases:
r=13 (three-connected) Z(6~i)f; =6x A3.09a
r =4 (four-connected) 24 - Df =4x A3 9b

As polygons with faces all having » sides are dual to polyhedra with r-connected
vertices, the munber p, of #-connected vertices of polyhedra made of r-gons is:

DU2r+{2=Fnp, 1=2rx
. A3.10a

In particular for simplicial polyhedra (all faces triangles), r = 3 and:
2(6-n)=6x A.3.10b

Table A3.1. Data for some infinite polyhadra (see text for symbols).
Notice that a vertex symbol can refer to more than one polyhedron.

polyhedron name or comment page ~1/A B v = (k- 1)(-1/4)
6.82 6.82 D 296 24 2 24
6.82 682p 296 24 3 43
436 tho, faujasite 324, 326 24 3 48
4262 Linde A 23 12 3 24
4,646 analcime 376 12 3 24
64 regular 405 6 3 12
46 regular 404 4 3 8
438 tho, W3 325, 327 16 4 43
4.8.4.8 Fig. 7.39 325 8 4 24
33 g2 Fig. 7.75 357 12 3 24
3.4¢ Figs. 7.74 and 7.75 356, 357 12 3 24
3.4.6%.4 part of UB 14 packing 356 6 3 12
3.4234%  Fig. .73 (right) 276 6 3 12
3343 not illustrated 277 8 4 24
37 Fig. 6.78 280 2 3 24
38 pyrochiore 236 6 3 12
38 NaZnis 273 6 5 24
39 WAz 257 4 4 12

Note that a 4-connected net has six angles at a vertex and only four of these are
considered when we consider the structure as a 4-connected infinite polyhedron. As the
omitted angles are an opposite pair, there can be as many as three different deseriptions of a
given structure as an infinite polyhedron. Thus the net A-B.C-D-E-F could he described as

Topology of Nets, etc. 409

poiyhedra A.CB.D, CED.F or AEBF.!

A3.4 Space filling by polyhedra: nets and ring sizes

Instead of considering infinite polyhedra (tilings of surfaces with holes), we could
consider the patterns arising from the vertices of a space filling {or tiling) by finite
polyhedra. Let there be P polyhedra, F faces, E edges and V vertices. Euler’s equation
becomes now (see Eq. AZ.18):

P-F+E-V=0 A3.11

We will discuss infinite patterns with p, f, e and v polyhedra, faces, edges and vertices
respectively per repeat unit. We start by verifying Eq, A3.11 for some simple cases.

In closest sphere packing there are two tetrahedra and one octahedron (p = 3) per vertex
(v = 1}. Each vertex is connected to 12 others, so (per vertex) e = 6. The octahedron has §
faces and each of the tetrahedra has 4 faces, but as each face is shared with another the total
number of faces is f=(8+2x4)Y2=8.Inthiscase p~f+e-v=3-8+6-1=0

The body centered cubic structure divides space into six tetrahedra per atom so for v=1,
p=6,f=6x4/2 = 12. To count edges we note that the edges of the tetrahedra are half
cube body diagenals and cube edge lengths, so we consider the vertices as coordinated to
the 8§ nearest neighbors and the 6 next-nearest neighbors; accordingly e = (8 + 62 =7,
Again p—-f+e—-v=0.

Many intermetallic structures {“topologically close packed™} are made up of a packing of
tetrahedra (sharing faces) only. For these f=2p and so p = ¢ — v. If further there are Ny,
vertices that are n-coordinated, then ¢ is half the sum of #,, i.e.

p:ZnNn /12— v
1 A3 12

We now apply this formula to the S-W structure of A3B (§ 6.6.4) in which A is
14-coordinated and B is 12-coordinated. Per unit AsB, p= (3 x 14 + 12)/2 -4 = 23.

Note that if we divide Eq. A3.12 on both sides by p we get the result that the number of
tetrahedra per vertex is half the average coordination nuraber minus one:

piv =2nN,,/20 -1
n A3.12a

An example of a 4-connected net derived from a polyhedral packing is that of sodalite
{see Fig. 7.30, p. 316). Per primitive cell: p= 1, v= 6, ¢ = 12 and f = 7 {half the number

'Note also that we group the angles by opposite pairs when determiniag the long Schléfli symbel for 2
4-connected net; but, in accord with established usage, give the sizes of rings contained in angles in cyclic
order when describing a polyhedron.
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of faces of a truncated octahedron). Again p ~f + ¢ —v = (. We use helow the fact that
there are 3 square faces and 4 hexagonal faces in the primitive cell,
For a 4-connected net ¢ = 2v and Eq. A3.11 becomes:

f-p=v A3.13

Let f, be the number of n-faces per repeat unit {f4 = 3 and fs = 4 for sodalite) then as
each vertex is shared with 6 faces (a 4-connected net has six angles), the number of vertices
is:

v = Tnful6 A3.14

The average ring size is <n> = Tnfy/f so that from Eqs. A3.12-14:
<> =6 - 6pif A3.15

It should be verified that for the sodalite net p/f = 147 and <n> = 36/7.

The derivation of Eq. A3.15 shows that we only count the shortest rings at each angle
{corresponding to polyhedron faces) and not the larger rings inside the polvhedra (for
example the 12-rings around the truncated octahedra in the sodalite structure).

A number of nets derived from a space filling by polyhedra were deseribed in Chapter 7.
(See the exercises § 7.12.5 for HL45). Some of those with just one kind of vertex are listed
in Table A3.2 befow. r is the density expressed as the number of vertices per unit volume
{for unit edge length). Clearly there is not a streng correlation between average ring size
and density. Generally the larger the range of ring size the smaller the density. The nets of
§ 7.6 (clathrate hydrates etc,) with 4-, 5- and 6- rings all have r about 0.57, This suggesis
that the geometric mean ring size should be considered.! This is shown in the last column
of the table as {r} and clearly correlates better with r than does <>,

Be sure to distinguish the two different descriptions of a structure (such as rho) as an
infinite polyhedron (43.6) and as a four-connected net {4-4.4-6-8-8), Nets that can be
described as polyhedron packings have no subscripts in the long Schlafli symbol.

Other 4-connected nets based on polyhedron packings were described in § 7.6. For the
packings of 14-hedra, the average ring size is the same as for sodalite {<n>= 5.142). For
the packings of dodecahedra and larger polyhedra corresponding to the nets of the hydrates
the average ring size is given in Appendix 4 (§ A4.5) and ranges from 5.06 to 5.11. The
average ririg size in all known zeolite structures (including these with more than one kind
of vertex) that are derived from polyhedron packings falls in the narrow range 144/29 =
4.966 < <n> < 36/7 = 5.142. We conjecture that for any 4-connected net realizable with
edges of equal length, and derived from packings of finite polyhedra, the average ring size
is in the range 9/2 = 4.5 < <n> £ 36/7 = 5.142

IRemember to count rings per vertex., An n-ring at a vertex is Yn of an n-ring per vertex as an n-ring
belengs to n vertices,

2The restriction to finite polyhedra is necessary. A net like MAPO-39 (Fig. 7.17, p. 306} is composed
of finite and infinite (in one-dimension) polyhedra and the average ring size is 16/3 = 5.33.
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Table A3.2. Average <n>, and geometric meanring size (r}, and density r of some polyhedron packings.

net symbol <> r {n}
w4 3-8-3-12.3-12 144131 = 4.645 0.197 3,945
W 4.4.4.8.4-12 144/29 = 4,966 0.302 4.636
Linde A 4-6-4-6-4-8 144/29 = 4.966 0.428 4.806
faujasite 4.4.4-66-12 36/7 = 5.142 0.380 4.858
HLd 3-46.8-6:% 36/ = 5.142 0.395 4,799
tho 4.4.4.6.8.8 36/7 = 5.142 0.426 4.917
ZK5 4.4-4.8-6.8 36/7 = 5,142 0.448 4917
sodalite 4.2.6:6-6-6 36/7=5.142 0.530 5.043

In § 7.6 we mentioned the similarity between bubble packings and the hydrate
structures, Experimental studies of froths of approximately equal-volume bubbles show
that some of the bubble faces have four sides and that the average number of edges per face
is 3.14.1 1t has been calculated? that for a randem froth {i.e. with.a random distribution of
edge lengths) the average ring size is 6/(1 + 35/2472y = 5.23.

Many of the 4-connected nets of interest in crystal chemistry have more than one ring of
a given size at an angle. (Diamond has two 6-rings at each angle). They cannot be
considered as packings of polyhedra with three edges meeting at each vertex and for this
reason the above anatysis does not apply directly to them. However we saw in.§.5.1.10
{Fig. 5.16, p. 148) thar diamond could be considered as a packing of hexagonal
tetrahedra (containing divalent vertices) to produce a structure with 2 faces common to each
angle (12 common to each vertex). Let there he gl faces meeting at a veriex in a 4-connected
net derived from a space filling by pelyhedra, then instead of A3.15 {which applies for =
an

<n>= {1l - plf A3.16

In the case of diamond u = 12, and for tetrahedra sharing faces p/f = 1/2, so Eq.
A3.16 gives <> = 6 as is indeed the case.

Note that for quartz, which has Schlifli symbol 6-6-69-62-87-87, = 20 and <n> =
80711, I we were to consider that net as derived from a packing of polyhedra, Eq. A3.16
shows that p/f = 7/11; so some, at least, of the “polyhedra”™ have less than four faces.

A3.5 Coordination sequences and topological density

In Chapter 7 the number ry of kth topological neighbors of a vertex of a net was
defined. The sequence of numbers ny, is called the coordination sequence. A measure of the
local topological density is defined as py which is the sum of all the topological neighbors
in the first k shells divided by &3.

IFor illustrations of bubble shapes see E. B. Matzke, Amer, J. Sotany 33, 58 (1946).
23, L. Meijering, Philips Res. Rep. 8, 270 (1953),
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k
3
P = Z mod ok

=l A317
As n is often given by a quadratic in k, ng = ak? + bk + ¢ (see Chapter 7 for exam-
ples), the limit of p as & ~ = is the global topological density p.. = a/3. For uninodal 4-
connected nets p., seems to be a rational number between 1/3 and 2 and correlates well with

the geometrical density.!

A3.6 Enumerating and identifying nets

It is difficult to enumerate nets in a systematic and comprehensive way. The problem: can
be considered purely topelogical, or it could be required that the nets be realizable. A
realizable net is defined to be one that can be made in Fuclidean space with equal edges and
all shortest distances between vertices corresponding to edges. The problem then becomes
one of enumerating sphere packings. But note that some zeolite nets have as many as a
dozen topologically-distinct vertices.

The topology of a realizable net is very simply specified. Each vertex must be connectad
to others either in the same unit cell or one of the 26 contiguous ones (i.e. the 6 sharing a
cell face, the 12 sharing a cell edge and the 8 sharing a cel} corner). Fig A3.3 shows the
repeat unit of diamond (compare Fig. A3.2). The vertices in the primitive cell are labeled
“I” and “2” and are connected to each other; each “17 is also connected to 2 “27 in a
neighboring cel} related by a primitive lattice translation in the x, y or 7 direction, and

similarly for each “2.” We could code this information in what we call a connectiviry table
as follows:

1200001 2(1007 2[010} 2[001)
2 1{000] 1rioo) ![olo] 1[aoly

Note that the second line is redundant in the semse that it follows immediately from the
first. In general for an n-connected net with v vertices in the repeat unit, we need only
specify the connectivity of the nv/2 edges in the repeat unit. In what follows we omit
redundancies in the connectivity tables.

The regolar ¥* (SrSi) net has four vertices in the primitive cell and the connectivity is
also shown in Fig. A3.3. The connectivity table is:

210000] 310007 4 [000]
311007 4{010]
4 [001]

) ) —

IFor mare on coordination sequences for 4-connected nets see M, O’Keeffe, Zeits. Kristallogr. 196, 21
(1991} and M. O’Keeffe & §. T. Hyde, Zeits. Kristallogr. (1996).
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Fig. A3.3. The connectivity of diamond (ieft) and r* {SrSi2) nets (right).
The connectivity table of the guartz net is:

1 2[000] 2[100} 3{000] 3 [010}
2 3[o11] 3(lo1]

11 should be noted that the topology of the net is completely specified by the connectivity
table and all topological properties such as numbers of rings and coordination sequences
may be obtained from it. Unfortunately as both the numbering of the vertices (v!
possibilities) and the labeling of directions are arbitrary, there are many apparently different

_ connectivity tables that can describe the same net. A further difficulty in erystal structares is

that frequenily the crystallographic unit cell is larger than the topoiogical repeat unit, In
practice coordination sequences combined with Schlafli symbols (both of which are readily
found by computer from the connectivity table} serve to identify & net with some reliability.
This method of describing nets allows ready generalization to higher dimensions {see
references § A3.9). An example of the many interesting unsolved problems in this area is
that of identifying the regular n-dimensional m-connected nets (3 s m S n+ 1) corre-
sponding to the three-dimensional nets Y* (# =3, m = 3) and diamond (n =3, m = 4).

A3.7 Curvature and periodic minimal surfaces

There is currently great interest in periodic minimal surfaces (see § A3.9 for references)
in a variety of contexts. We touch on some aspects of relevance to crystal structure here,
starting with some elementary definitions and a discussion of curvature-—-a concept that
has not entered into our discussion so far as we have been considering discrete, rather than
continuous, structures.!

The curvature at a point P on a two-dimensional curve can be defined informally as
follows (sce Fig. A3.4). Draw a circle through £ and two neighboring points Py and £ on

Iye are content simply to state results that are derived in standard mathematics texts. Two excellent
books (see Book List) are Introduction e Geometry by H. S. M. Coxeter and Geometry and the
Imagination by D. Hilbert & 8. Cohn-Vossen. We have borrowed heavily from the latter for this section,
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either side of P and on the curve (three points defire a circle). As P and P3 approach
closer and closer to P we will obtain a limiting circle with radius r. ris called the radius of
curvature at £ and its reciprocal & = 1/r is called the curvature. It should be clear that the
curvature of a straight line is zero and that the curvature of a circle is constant.

2y Py
P

Fig. A3.4. Defining the curvature at a peint on a curve (see texl).

Now consider a three-dimensional surface such as an ellipsoid {Fig. A3.5) or a hill top.
We can find two plane sections through the surface such that the lines of intersection are ()
of maximum curvature, k1 and (b) of minimum cuzvature, kq. These are known as the
Principal curvatures. Their product K = kiky is known as the Gaussian curvature. We
adopt the convention that as the centers of curvature are “inside” the surface, the curvatures
are considered positive.!

Fig. A3.5. Left: fllustrating a point of positive Gaussian curvature and the directions of principal
f:urvatu_res (heavy lines; the point in guestion is the intersection of these two lines). Right similarly
itiustrating a poiat of negative Gaussian curvature.

An important property of the Gaussian curvature of a surface is that it remains invariant
under bending; bending in this context referring to a deformation in which distances and
angles on the surface remain invariant.2

The mean curvature, H = (k1 + ka2, A sphere has constant mean curvature and
constant Gaussian curvature and is the only closed surface with these properties. The

. ]!.1 may happen at a point on a surface that the curvature is the same in all directions, so that the
principal directions are indelerminate. Such a point is called an umbilical point. Al points on a sphere or a
plane are of this type. More generally there are isolated umbilical peints on a surface {thete are four on an
ellipsoid). If ome of the principle curvatures is zero at a point, the point is referred to as parabelic.

. 2:'i’hus imagine a plane sheet of paper (with zero Gaussiar curvature} being rolled up into a eylinder, the
minimum curvature (in a direction parallel to the axis of the cylinder) vemnins zero: so 100 does the
Gaussian curvature. The maximum curvature becomes edual to the recinracal nf tha rading AF the ~otindan
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sphere is also the solid with smallest total mean curvature for a given surface area; the total
mean curvatare being the mean curvature integrated over the surface.

We turn now to a hyperbolic surface (or a mountain pass or a saddle) as shown
schematically in Fig. A3.5 (right). The two directions along which the principal curvatures
are measured are indicated. The centers of the circles defining the radii of curvature are now
on opposite sides of the surface 50 we adopt the convention that now one of the curvatures
is negative. At such a point on such a surface the Gaussian curvature is negative and the
mean curvature may be positive, negative or zero.

A minimal surface is one for which the principal curvatures are everywhers equal in
magnitude but opposite in sign; i.e. the mean curvature is everywhere zero, A film of soap
solution formed inside an arbitrarily-shaped loop of wire forms a bounded minimal surface.

The integral curvature of a surface is the integral of the Gaussian curvature over the
surface. A remarkable result (the Ganss-Bonnet theorem) is that this surface integral is
simply related to the characteristic of the surface (discussed in § A3.2):!

jSK-da=2;rx A3.18

Thus the Gaussian curvature of a sphere (¥ = 2} is 1/72 and the integral over the surface
(area = 47r?) = 4R,

A geodesic line connecting two points on a suiface represents the shortest line on the
surfuce joining the two points.

The surfaces of infinite polyhedra are (faceted) infinite surfaces, and some, at least, are
closely related to periodic minimal surfaces.

The cuprite (Cup0) structure can be described as two Interpenetrating nets. Imagine the
nets to be replaced by hollow tubes of elastic material and then that the tubes were inflated
equally untit they mer ar a surface. The surface (clearly periodic) divides space into two
halves. It also has negative integral curvature and (less obviously) zero mean curvature,
and is an example of a periodic minimal surface. As the topology of the labyrinth of each
set of tunnels (inflated tubes) is the same as that of the diamond net, this is usually called
the D surface.? The symumetry of the surface is the same as that of cuprite (Pr3m).

A second minimal surface can be derived from two interpenetrating tubes with a six-
connected simple cubic topology (Fig. A3.6). Again the surface separating the two sets of
equally inflated tubes (in contact) is a periodic minimal surface, this time designated P. The
symmetry is fm3m. An alternative way to generate this surface is to arrange red and blue
balloons as in CsCY; the P surface will separate the red and blue balloons after they are all
equally inflated. Red balloons will touch red and blue will touch blue also; buot the P
surface corresponds to the boundary between red and blne. An approximation to the P

L An interesting property of a convex closed surface (such as an ellipsoid) is that it can not be bent (in
the sense used above). Recall that a convex polyhedron is rigid (§ 5.6.3). When a football is deformed by
kicking. the surface must be stretched as well as bent. Those whe haven't tested it will be astonished by
the rigidity of a plastic globe. Or, for that matter, of a ping pong ball.

21n the older literature this is also called the F surface.
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sirface can be obtained by packing truncated octahedra to fill space as illustrated in Fig.
7.30 (p. 316). The hexagonal faces approximate the minimal surface.

Fig A3.6. Left: part of two interpenetrating network of reds with cubic symmetry. Right: part of one set
of rads shown partly “blown up” 1o form intersecting tubes.

A third minimal surface that is often discussed is known as Schoen’s gyroid. The
thought experiment suggested to the reader is now to inflate the two sets of cylinders in the
intergrowth packing 7Si (§ 6.7.3). The surface separating the two sets of equally inflated
cylinders (no fonger ¢ylinders when “blown up”) is the gyroid. The symmetry is fa3d,
becaunse of this, the surface is particularly difficult to illustrate satisfactorily. The references
in § A3.9 may be consulted for help.

Much of the interest in crystal chemistry arises from the fact that some structures can be
considered as tilings of periodic minimal surfaces, A good example of a 4- connected tiling
of the P surface by hexagons and squares is provided by the net of the zeolite rho structare
(see Fig. 7.39, p. 325—if the framework shown in the figure is mentally replaced by a
curved surface one gets an idea of the appearance of the P surface). An example of a 3-
connected 1iling of the same surface by a hexagons and octagons is the 6.8.8 net of Fig.
7.7 (p. 297). A similar tiling of the £ surface is the 6.8.8 net also shown in Fig. 7.7. The
surface of the faujasite structure (Fig. 7.41, p. 326) is topologically the same as the D
surface. Perhaps the most striking example is provided by the framework of the zeolite
analcime (Exercise 7.12.6) which can be described as a tiling of the gyroid. This last
structure is listed as an infinite polyhedron in Table A3.1.

A3.8 Some conjectures about numbers and sizes of rings

The following observations (in this and the next paragraph) apply only to uninodal
4-conpected nets and the statements should be construed as conjectures. Tt is possible that
proving (or disproving!} them could lead to better constraints on the numbers and sizes of
rings in 4-connected nets in general. For convenience the shortest ring at an angle is
referred to as a SR. For 4-connected nets at least one of the SR’s is a 6-ring or larger. For
nets realizable with equal length edges corresponding to shortest distances between vertices
at least one of the SR’s is a 6-cirenit or smaller. (Our “dense” net of § 7.5.1 contains only
7-rings but cannot be realized with shortest distances only corresponding to equal length
edges). The largest SR is a 20-ring and the largest ring is a 24-ring.
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In a net containing 5-rings there is always exactly one 5-ring per vertex.! In nets
containing 10-rings, the total number of such rings meeting at a vertex is always a muitiple
of 5, and in a et containing 7-tings or 14-rings, the total number of such rings meeting at a
vertex is always a multiple of 7. Uninodal 4-connected gets containing 11-, 13-, 15-, 17-,
15-, 22~ or 23-rings have not been described.

Although the number of rings meeting at a vertex must be finite, the number can be quite
farge. Here for entertainment, and to test ring-counting skills of computer programs, are
coordinates for a uninodal 4-connected net (Schiifii symbol 4-62-4-63-6-181422) with two
4-rings, six 6-rings and 3615 18-rings meeting at cach vertex (1422 of the 18-rings are the
shortest rings contained in ang of the angles):

R3c,a=6700, ¢ = 1.881, r = 0.984
vertices in 36 f: (x.y,zetc.}, x = 0.029, y = 0445, z = 0.0

In § A3.6 we mentioned that it might be interesting to examine nets in n-dimensions.
n+l1-connected nets [with sz + 1)/2 angles at each of the vertices] that are generalizations
of diamond and sodalite have been described by M. O’ Keaffe, Acta Crysialiogr. A47,
748 {1991). The generalizations of diamond are al} regular nets with vertex symbols
{617+ D2 that paper may be consulted for coordinates. Some connectivity tables are
given below for other simple #-dimensional m-connected nets. The challenge is to derive
coordinates for uniform edge lengths and to derive the systematics of the connection
between ring size and dimensionality and connectivity, Note that 3 £ m <a+l. Is there a
regular net for every n and m? How many?

The connectivity table for a regular 3-connected 4-dimensional net 124-124-124 i3

T 2[0000]  4[0000] 6 [0000]
2 3[0000]  §10000)
3 4110001 6[0100]
4 5 [0010]
3 610061

This net, which also has fourteen 14-rings meeting at each angle (3 per vertex), might be
compared with the 3-dimensional regular net (Y*) 105-105-105 (p. 295).

A very simple uniform (but not regular) 4-connected, 4-dimensional net with vertex
symbol 86-8¢-87-87-87-27 has connectivity table:

1 2 [0000] 2 (1000 3{0100] 3 (0010)
2 3 [0000) 3 {0001]

A regular 4-connected 6-dimensional net, 1010-1010-1010-1019-104p-10;10, is:

1This means five 5-rings {each of which belongs to five vertices) meet at each vertex and the net cannot
be composed entirely of 5-rings (even though the average ring size may be 5). In the nets of § 7.6, which
have mere than one kind of vertex there is more than one 5-ring per vertex; for example the type II hydrate
net has 18/17 5-rings per vertex.
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1 2[0000007  3[0CO0001  4[000000 3 [0GOO0O)
2 3{100000] 4 [010000] 5 [001000]
3 410001007 5 [000010]
4 5 [000001]

A3.9 References

There is a large literature on the topology of nets and polyhedra. Some referlences were
given in § 7.11,10. The classic references are A. F. Wells’ works: Threg-dzmenssonal
Nets and Polyhedra [Wiley, New York (1977)] and Further Studies of Three-
Dimensional Nets [American Crystallographic Association Monograph No. 8 {1979)]..

The number and sizes of rings in 4-connected nets has been discussed by C. 8. Marians
& 1.. W. Hobbs, J. Non-Crystalline Solids 124, 242 (1990); L. Stixrudc'& M. S T
Bukowinski, Amer. Mineral. 75, 1159 (1990); K. Goetzke & H.-I. Klien, J. Non-
Crystalline Solids 127, 215 (1991); M. O Keeffe, Zeits, Kr{'.s‘tall.ogr. 196, 21 (1991). On
the density of three-dimensional nets and its relationship to ring size, see 8. T. Hyde, Acta
Crystaliogr. ASD, 753 {1954). . - .

The topological characterization of linkages of poiyhedra ha§ also given rise {o quite a
large literature. Some recent papers include E. Parthé, Zeits. Kristallogr. 189, 101 (1989);
E. Parthé & B. Chabot, dcta Crystallogr. B46, 7 (1990); N. Engel, Acta Crysraliogr.
B47, 217 {1991). o .

A iopological topic, which we don’t discuss, but which is neverlthelcs‘s O_f considerable
interest, is that of percolation in nets. A good introduction to this topic is D. Stauffer,
Introduction to Percolation Theory [Taylor & Franci‘s (1985)]. . o

Far applications of topology to molecular chemx;stry see Chemical Applications of
Topology and Graph Theory [R. B. King (ed.} Elsevier, Amsterdam (1983)], and Grc_zph
Theory and Topoelogy in Chemistry [R. B. King & D. Rouvray, {eds.) Blsevier,
Amste 1987). o

Tsliergf:rla(mre (31] periodic minimal surfaces is rapidly expzmlding. A goaod introduction is
Crystailine frameworks as hyperbolic films by 5. T. Hyde [in Defects .and Processes in
the Solid State: Geoscience Applications, J. N. Boland & 1. D. Fitz Gergld (eds.),
Eisevier, (1993)]. Other references (which should be consulted for illustrations) t.hat
emphasize erystal-chemical applications are: S. T. Hyde & S. Andersson, Zeits.
Kristallogr. 174, 225 and 237 (1986); H. G. von Schnering & R. Nesper, An'g:_zw. Chem.
(Int. Ed.) 26, 1055 (1987), S. Andersson, S. T. Hyde, K. Larsson & S. Lidin, Chemt.
Rev, 88, 221 (1988); W. Fischer & E. Koch, Acta Crystallogr. A4S, 726 (1989).. E.
Koch & W. Fischer, Acta Crystaliogr. Ad6, 33 (1990). The last two references. describes
a number of surfaces. A number of applications to chemistry, physics and biology are
described in a collection of papers in J. Phys. C7 (1990).

APPENDIX 4

LARGE POLYHEDRA

Ad4.1 Introduction

In Chapter 5 we discussed some polyhedra with emphasis mainly on those polyhedra
with a small number of vertices that commenly oceur as coordination figures. Here we
discuss some larger polyhedra (with more than 20 vertices) that are of increasing interest in
several areas of chemistry and biochemistry,! First we review some basic material.

Simple polyhedra are those for which three edges meet at every vertex; clearly for v
vertices there are 3V72 edges, so the number of vertices is even. Simplicial poiyhedra have
only triangular faces. It should be obvious that they are the duals of simple polyhedra.

Polyhedra with F faces, all of which are either m-gons or (m-+1)-gons, where m =
[6 - 12/F],2 are sometimes called medial. Their duals are simplicial polyhedra with m-
and (m+1}-connected vertices, Far m < 4 these latter are topologically equivalent to the
deltahedra of § 5.1.6 (i.c. they, and only they, can be realized with equilateral triangles as
faces). The inferest in this appendix is mainly with the case of simple medial polyhedra
with m = 5, i.e. those simple polyhedra with pentagon and hexagen faces (and their duals).
For convenience we refer to these polyhedra as 5-6 polyhedra in what follows. In general,
polyhedra cannot be realized with all faces as plane regular polygons although they are
often “almost” regular polygons.3

Non-crystallographic symmelries are commeonly encountered; as well as icosahedral
syrmetry, 5-fold and T0 and 12 axes often occur. Now the {probably more familiar)
Schoenflies symmetry symbols are more appropriately used. Commoniy encountered non-
crystallographic symmetries in Hermann-Mauguin notation are Dgg = 12m2, Dsp=10m2
and D5y = Sm. We use the number of vertices to identify the polyhedron as this is generally
more useful in chemistry (i.e. it is the number of atoms making up the polyvhedron); the
notation Vy refers to a polyhedron with & vertices.

Ad4.2 5-6 Polyhedra

For 5-6 poiyhedra there are exactly 12 pentagon faces and for V vertices there are E =

ISee e.g. T. G. Schmaliz e al., J. Amer. Chem, Soc. 110, 1113 (1988} for chemical applications and
D. L. D. Caspar & A, Klug, Cold Spring Harbor Symp. Quant. Biol 27, 1 (1962) for biological
applications,

Here brackets indicate rounding down 1o the nearest integer.

3The dodecahedron and the truncated icosahedron are the only 5-6 polyhedra that can be constructed from

regular plane poiygons. See V. A. Zalgaller, Convex Polyhedra with Regular Faces {Consuliants Bureau,
New York (1569)].
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3Vr2 edges and F = V/2 + 2 faces.

The first member of this family is the pentagonal dodecahedron {Vay), already described
in Chapter 5. This and some of the next members are encountered in the structures of the
clathrate hydrates and clathrasils (see § 7.6 for Vo4 and Vog which are also illustrated in
Figs. Ad.1 and A4.2). Note that V37 is topologically impossible, For V > 26 there is more
than one isomer: two for Vyg (Fig. A4.2) and three for V3¢ (Fig. A4.3) and the number of
isomers grows very rapidly with V so we only list some of the simpler cases in Table Ad.1.
The first four of the entries in the table are the duals of the Frank-Kasper polyhedra
(§5.1.7, p. 143). It foliows that these are the only 5-6 polyhedra in which hexagonal
faces are completely surrounded by pentagons (“isolated” hexagons).

Table A4.1 Some smaller 5-6 polyhedra

19 ' symmetry
20 pentagonal dodecahedron Iy = m35
24 14-hedron of Type I hydrates Dgg = 12m2
26 15-hedron Doy = 6m2
28 16-hedron of Type II hydrates Ty=43m
28 isomer of abave Dy =222
30 pentagonat basrel Dsy = 10m2
30 isomer of above (9 kinds of vertex) Cay = mm2
30 isomer of above (10 kinds of vertex) Cay, =mm2
36 hexagonal barrel Dgp = 6fmmm
36 tennis ball Dog=4m2
36 isomer of above D3y, =6m2

Fig. Ad.1. The Vayu (left) and Va4 (right) polybedra of Table A4.1.

The isomers of Vag are iilustrated in Fig. A4.2 and those of Vg are illustrated in Fig.
A4.3. 1t might be noted that the latter are easily inter-converted by rotation of two vertices
and their connecting edge in the manner shown in Fig. 3.76 (p. 206).

Also histed in the Table are three symmetrical isomers of Vag (see Fig. A4.3). The
“tennis ball” is so named as the pentagons form a continuous edge-sharing strip that goes
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round the polyhedron in the same fashion as the seam goes round a tennis ball (which has
the same symmetry). This is the smallest 5-6 polyhedron in which there are no vertices 53
{i.e. vertices at which three pentagons meet),

Fig. A4.2. The isomers of Vag (Table A4.1). Left: Dy viewed down a 2-fold axis. Right: Ty viewed
down a 3-fold axis. :

Fig, Ad.3. The isomers of Vg (Table Ad.1). Left: Dsy (pentagonal barrei}. Middle and right: the two
C3,, isomers viewed down the 2-fold axis.

Fig, Ad.4. Thres isomers of V3g. Left: Dy (hexagonal barrel). Middle: Dsy (tennis ball). Right: D3,

A4.3 Fullerene poivhedra

Large polyhedral carhan malecules Cp, (1 2 60) héve come to be known collectively as
fullerenes. These have structures based on 5-6 polyhedra in which pentagons are
completely surrounded by hexagons. This restriction (known as the isolated pentagon rule
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or IPR), which can be justified by simple chemical arguments, greatly reduces the number
of possible structures. The simplest possibility, and the easiest to prepare pure, is Csp
which has the structure of a truncated icosahedron (5.62). The next possibility is C1g which
is also fairly easy to prepare. Thereafter all stoichiometries with an even number of vertices
are realizable as IPR polyhedra, Fig. A4.5 iliustrates the only possibilities for C7, C72 and
C74 and Fig. A4.6 itlustrates the two possibilities for Cyg; interestingly, the Dy isomer with
19 distinct vertices is favored over the Tz isomer with only 3 kinds of vertex. !

Fig. A4.,5. From left to right: the structures of the fulierenes Cgp, C72 and C74. On the top as “ball and
stick” models, and below as opaque polyhedra.

The numbers of IPR isomers and symmetries of small fullerene polyhedra are given in
Table A4.2.2 The numbers grow rapidly; for 82 vertices there are 9 isomers, for 84 vertices
there are 24 isomers and for 96 vertices there are 196 isomers.

I There have been very many reviews, conference proceedings, etc. describing fulierenes. A collection of
articles appears in Accounts af Chemical Research 25, No. 3 (1992). A good review with many
illustrations and references is Electronic Structwre Calculations on Fullerenes and Their Derfvatives by
J. Cioslowski [Oxford University Press (1995)]. Like other new materials that have brought so much
excitement to solid state chemistry in recent years (quasicrystals, oxide superconductors) fullerenes are very
easy and inexpensive to prepare. Indeed, it has been said, with some justification, that the greatest obstacle
to fullerene synthesis was recognition of how remarkably simple it could be; and, as was the case for the
other materials mentioned, it took non-chemists (W, Kritschmer and D. R. Huffinan in this instance) to
lead the way.

2We give the highest symmetry of polyhedra; molecules which are predicted 1o have degenerate ground
states with that symmaetry will probably distort to lower symmetsy in accordance with the predictions of the
Jahn-Teller theorem (this is the case for Ty C75 and I Cyp for example).
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Possible cubic symmetries for fullerene polyhedra are T (23), Ty (43m) and Ty, (m3).
Compositions for Ty include C7, and Cga. Fig. A4.7 illustrates Cy g with T}, symmetry
{the smallest [PR fullerene with this symmetry} and C;29 with Tz symmetry. The smallest
IPR polybedron with T symmetry is Cgz.! Icosahedral polyhedra are discussed in the next
section.

Table A4.2 Symmetries of the isomers of the first few fullerenes.

v isomers symmetries

60 1 Ir

70 1 Dsp

72 1 Dga

74 1 Din

76 2 T4, D2

78 5 D3p (2), D3, Cap (2)

80 6 > Dsg, Dsjy, D7,C3y (2)

Fig. Ad.6. The structures of the isomers of Cys. Left: Dy projected down a 2-fold axis. Right: Ty
projected down a 3-fold axis (note that seme vertices and edges are superimposed in the projection).

Fig. A4.7. The structures of the fullerene polyhedra T Cj 14 (left) and Tz Cyag (right).

Large fuilerene (IPR) polyhedra can be generated from smaller $-6 polyhedra by a

The interested reader will find that knowing the number of vertices and the symmetry mekes it easy to
consiruct models of the more-symmetrical polyhedra that are not illustrated (sce Notes).
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process known as “leap-frogging.” In this method, edges joining two new vertices are
placed as a perpendicuiar bisector of each of the edges of the parent polyhedron. The new
vertices form (smaller) hexagens inside the original hexagons and pentagons inside the
original pentagons; additionally each of the old vertices is in the center of a new hexagon as
shown in Fig. A4.8. It should be clear that even if the original polyhedron had adjoining
pentagonal faces, the new polyhedronr will have isolated pentagonal faces. Indeed the
truncated icosahedron 5.62 (Vi) is obtained by leap-frogging from the dodecahedron 57
(Vag). A polyhedron that is obtained by leap-frogging must have three times the number of
vertices of the original polyhedron and hence a muttiple of six vertices. Note that only one
of the five isomers of C7g can be obtained by leap-frogging from Vag,.

¥ig. A4.8. Generating part of a larger polyhedron (heavy lines and filled circles) from a smaller
polyhedren (lighter lines and open circles) by leap-frogging.

A4.4, Icosahedral polyhedra

We discuss here only 5-6 polyhedra and their duals.! The icosahedral 5-6 palyhedra are
of interest as symmetrical isomers of larger fullerenes and their duals are of considerable
interest in conmection with virus structures and have been extensively investigated in that
connection.2 To have icosahedral symmetry each of the twelve pentagons centers have to
be on 3-fold axes. The remaining surface of the polyhedron is made up of hexagons. The
arcs of great circles joining each pair of 5-fold axes of icosahedral symmetry enciose an
equilateral spherical triangle covering 1/20 of a sphere as illustrated in Fig. A4.9.

To see how the polyhedron is developed, it is convenient to consider such a triangular
patch which will be made up of a 63 net with the hexagons at the corners replaced by

\These icosahedral polyhedra are sometimes called Goldberg polyhedra, as they appear to have first been
described by M. Goldberg, Tokoku Math. J. 43, 104 {1937). We raust admit 1o net having read this paper.
After discovery of the fullerenes, many authors (including us) independently “rediscovered” the icosahedral
polyhedra, A treaiment similar to the present ane i3 1o be found in T. G, Schmaliz er ai., J. Amer. Chem.
Soc, 110, 1113 (1988) who give further references and describe seme other polyhedra.

2A beautiful picture of the polyoma virus which is based on the dual of 2,1 (see the discussion below)
appeared on the cover of the February 13, 1992 issue of Nature. See J. P. Griffith ez al., Nature 335, 652
(19923,
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pentagons,

Fig. A4.10 shows a fragment of 63 with a triangular tile that is half a unit cell outiined.
The tile contains ore point. Suppose we take a larger hexagonal cell with new axes &' and
b' related to the axes a and b of the elementary cell by:

Gla] = (p—; ! g@ AdL

The new cell is larger by a factor equal to the determinant of the matrix above, i.€.
P+ pg + g+ and a triangular tile {again one half of a unit cell) will contain p2 + pg + g2
points. If now the hexagons at the corners of the triangle are changed to pentagons we will
have a patch corresponding to 1/20 of a poiyhedron. The example of p,g = 3,2 is shown in
Fig. A4.11 and basic units for some smaller polyhedra shown in Fig. A4.12.

There are distinct icosahedral polyhedra corresponding to each distinet pair p,g with p =
g 2 0. The number of vertices is V = 20(p? + pg + g2). The number of edges is 3V/2 and
the number of faces (of which 12 are pentagons) is ¥/2+2. For the symmetry to be /. the
edges of the triangles must lie on mirror planes; it should be evident that this is only the
case If p = g or g = 0, otherwise the symmetry is /. Note that there can be distinct
icosahedral polyhedra with the same number of vertices; the first case is for p.g = 7,0 and
3,3 each of which have 980 vertices. .

The first few simple icosahedral polyhedra with hexagon and pentagon faces are listed in
Table A4.3 below, For their duals interchange V and F. As the number of vertices
increases the shape of the polyhedron tends to that of an icosahedron with pentagons at the
twelve vertices. Fig. A4.13 illustrates Vaoag.

‘\ /’ -’, .
/ pals \ KO SN
[ L S

Fig. A4.9. Some of the icosahedral symmeiry elements. On the left 2, 5 and 3 axes of / are shown with
heavy lines representing the traces of mirror planes. On the right are shown the corresponding 2, 3 and 5
axes of I,

Fig. Ad.1D. A fragment of 6% showing a unit cell and a triangular tile.
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Fig. Ad.11. A tile of the icosahedral polyhedron 3,2 (triangular outline). The arrows correspond to
veetors of length 3a and 24 {a is the distance between centers of hexagons). It might be verified that there
are 32 4+ 332 + 22 = 19 vertices in the tile,

Fig. A4.12. Triangular paiches of icosahedral polyhedra. The number under each diagram is the number
of vertices in the full polyhedron. '

Fig. A4.13. The icosahedral polyhedron Voaq.
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Table A4.3 Properties of the first few icosahedral 5-6 polyhedra. “pg” is the point group and &y, kg and
k are respectively the numbers of topologicaily-distinet vertices, edges and faces.

pa v 3 F P ky kg kp
1.0 20 30 12 I 1 1 1
1 &0 S0 2 I 1 2 2
2,0 80 120 42 Iy 2 2 2
2,1 4c 210 72 i 3 4 2
3,0 180 270 92 I 3 4 3
22 40 360 122 I 3 3 4
3,1 260 390 132 I 5 7 3
40 320 480 162 Iy 5 6 4
3,2 380 370 192 1 7 10 4
4,1 420 630 212 I 7 11 5
50 500 750 252 I 7 9 3
33 540 810 272 In 6 9 5

A4.5 Space filling packings of 5-6 polyhedra

The structures of two clathrate hydrates (Types  and I} were mentioned in § 7.6, These
are based on space-filling packings of dodecahedra {V29) and, respectively, 14-hedra (V24)
and 16-hedra (Vag). It is also possible to fill space with combinations of V2, Va4 and Vog.
These structures are difficult to illustrate clearly, but it easy to make models of them (see
§ A4.7). The simplest is a combination of ¥y, Va4 and V2 in the ratio 3:2:2, for want of a
better name we call this structare IIL! Crystaliographic data for unit edge length are:

Packing III Polmmm, a = 4401, ¢ = 4,399
5555554 b x=1/,y=2/3,2=01137
55555664 x=01312,y=2x,z=00
5.55566in64kx=02272,y=0,2=1/2
5.55.55.51n 12 ¢, x = 0.2085, y = 2x, = 0.1386
555536012 n,x=03579, vy =0, 2= 0.3140

Another combingtion is known in the hydrate of tetra n-butyl ammonium benzoate which
we call struciture IV.2 The relative proportions of polyhedra and the average ring size, <#z,

- are listed in the table below,

The small range of average ring size is striking. Obvibusly 5 < <n> < 6 for any packing
of 5-6 polyhedra, but it would be nice to have tighter bounds and to know the largest

YThis is the framework of the hydrate of tetra isc-amy} ammonium fluoride. The real crystal structure is
orthorhombic [D. Feil & G. A. Jeffrey, J. Chem. Phys. 35, 1863 (19613].

2This is a rather complex structure: there are 172 vertices of 17 crystallographic kinds in the tetragonal
cell. See M.Bonamico, G. A, Jeffrey & R. K. McMillan, J. Chem. Phys. 37, 2219 (1962). Tt should be
remarked that much of our knowtedge of hydrate structures is due Lo the work of Jeffrey and collaborators
published in the early 1960s.
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polyhedron which can participate in such packin

roi ' 2s. We are not aware of a proof that a
space fﬂlmg b}( polyhedra topologically equivalent to pentagonal dodecahgdra is
impossible. Notice that these packings onfy involve polyhedra with isolated hexagons.

structure Vag Vaa Vag Vag <>
;[ 1 3 5.111

2 1 5.100

m 3 2 2 5.106

v 5 8 2 5.109

A4.6 Large coordination polyhedra

In § 5.1.7 (p. 143) we described the Frank-Kasper polyhedra which are simplicial
?olyhedra With 35 and 36 vertices and commonly found as coordination poiyhelcjlra in
Intermetaltic compounds. The 16-vertex tetra-capped truncated tetrahedron (Friauf
poly_hedron) is the largest such polyhedron without adjacent 36 verrices {i.e. 36 vertices
shann'g an edge). To have larger coordination numbers without adjacent 3E5 vertices, the
coordination polyhedra must have n-gon faces with # > 3. An example is provided b ! the
stub cube (34.4) which has triangular and quadrangular faces and occurs as the | Na})én
polyhedron in NaZny3 (p. 273); it is shown again in Fig. A4.14. *

There are polyhedra with 34.4, 3%, and 36 vertices in which the 36 vertices are not
adjacent. The largest is perhaps the polyhedron obtained by capping the eight hexagonal

faces of the truncated octahedron (4.62). The resultin h i
verites (8 x 36 ot 24k 34 g polyhedron {(Fig, 14.14) has 32

Fig. Ad.14, Left: the.snnb cub.e (3‘%.4). Right! the truncated octahedron (4.62) and the octacapped
truncated octahedron with 32 vertices (in the conformation shown they are all equidistant from the center).

In the siractures of BaHg), and ThMn;s (these are the prototype i &
families) there is a tetragonal (4/mmm) 20-vertex coordinationI;olyhsefgl,';no(f{gggglar:i
{Th}Mnzg). This polyhedron can be considered to be derived by capping the hexagzgnal
faces of a polyhedron [38.42.64] known as a “tetragonal hexagon prism™! to produce a
polyhedron with four 36 vertices, eight 35 vertices and eight 35.4 vertices as shown in Fig.

1 “ : :
o tTI;E ta;;m;?;rgasggnal hexagon prism” is used by E. Hellner & W, B, Pearson [Physik Datan / Physics
ata 16, Nr, )] who discuss its eccurrence in intermetalli i
priom o3 (1986 allic compounds. The polyhedron is act a

A4.15.

Fig, Ad.15. Left: The “tetragonal hexagon prism” and the 20-vertex polyhedron oblained by capping its
hexagonal faces. Right: a pojyhedron with two hexagonal faces {top and bottom} and the polyhedron with
22 vertices obtained by capping the hexagona! faces.

Another family of structures is named for BaCd\ ;. In this siructure there are {Ba}Cdy2
polyhedra. These are again tetragonal {(now the symmetry is #m?) and contain two 38
vertices, four 37 vertices and sixteen 34.5 vertices. This is shown in Fig. A4.15 together
with the polyhedron obtained by removing the two 36 vertices. The following table, listing
the number of vertices and faces in the four polyhedra with triangular and quadrangular
faces, suggests that there are more polyhedra between Va4 and Vaz.

polyhedron 33 e 3%4  trigngles quadrangles
Vag 8 4 g 32 2
Van 4 2 16 32 4
Vag Q Q 24 12 4
Vaz 0 3 24 48 6

A4.7 Models of large polyhedra

Most of the polyhedra describe here have irregular faces, so constructing models with
(e.g.) cardboard faces is rather difficult. However satisfying “ball and stick” models can be
made using tesrahedral or triangular stars. For smaller polyhedra, the tetrahedral star is
more suitable (compare the angles of 108° in Vg with the tetrahedrat angle of 109.5%).

The net 1T of § A4.5 may be made the following way: (a} construct a column of Vayu
polyhedra sharing hexagon faces, (b) surround the neck between alternate pairs of these
polyhedra with a ring of six Voo sharing the exposed pentagon faces (it will be found that
there is only one way ta do this). It will now be found that a ring of Vag's fits snugly
(again sharing pentagon faces) in the depressions of the new structure. Remember o keep
the hexagon faces of V¢ parallel to the axis of the original column (which is the ¢ axis).

To make large fullerene polyhedra 3-pointed “stars” are best. A good strategy is to
construct the 12 isolated pentagons first, and then to explore ways in which they can be
linked using the appropriate number of connectors of a different color (these are 6.
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CRYSTAL STRUCTURE DATA

A3,1 Introduction

In this volume we have been almost exclusively concerned with structure, and have paid
little attention to the chemical compositions that have a given structure. There are several
reasons for this approach. One is that some common structire types occur for a rather wide
range of compounds; another is our belief that it is important to have some feeling for
structures in geaeral without being too weighed down with the baggage of theories that
pretend to explain the occurrence of certain structare types for different compositions.

Nevertheless chemists, at least, should have some idea of the sorts of compounds that
adopt the common structure types described in the text, so here we indicate some typical
compositions for these. Of course many compounds are polymorphic, and in particular
many transforrn under pressure. The general rule (there are some exceptions) is that
Increasing pressure causes a transformation to a structure with higher coordination
numbers. Thus sphalerite compounds with 4-coordination zenerally transform o NaCl
with 6-coordination; and NaCl compounds transform under pressure to CsCl with
8-coordination with, of course, an increase in density in each case.!

Crystal data for some compounds, referred to in the text, are given in the final section.

AS5.2 Elements

The metallic elements are nearly all either ¢p or bee (Mn, and the early actinides are
exceptions and they have generaily rather complex stnuctures). Periodic trends are fairly
well developed; for example Ni, Pd, Pt and Cu, Ag, Au are all ccp and V, Nb, Ta and Cr,
Mo, W are ali bee, However many metals are polymorphic; for example Fe is bee at fow
temperature, fcc at higher temperature, and hep under pressure, It should be noted that for
most polymorphic metals the bee and op forms have very similar densities: in particular the
ep forms are not always the densest modification.

C (at high pressure), Si, Ge and Sn {at low temperature) are diamond with 4-
coordination. The remaining non-metallic elements have “covalent” structures with low
coordination numbers (3 for P, As, Sb, Bi; 2 for S, Se, Te; 1 for N, O, F, CI, Br, I.

IBut note that although the density is greater in the high-pressure phase, the A-X bond length is also
greater; indeed the driving force for the transformation under pressure is to reduce the repulsion betwegen
atoms forced to te close together. Notice also in the examples we have given, that the sirecture of AX
combined is diamond for sphalerite, pe (primitive cubic) for NaCl and bec for CsCl 50 the overal
array is transforming to a more efficient packing under pressure.
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AS5.3 Composition AB (4X)

There are hundreds of different AB (or AX) structure types. Some different structures
we have mentioned briefly are those of AuCd, BaCu, FeSi, LiGe, LiP, MoB, NaP, NaPb,
NbO, PbO and WC. These have either just one or at most a few representatives. Other
structure types such as ZnS, NaCl, NiAs, CuZn (CsCl), CuAu, CrB and FeB have
dozens or even hundreds of examples and we discuss them below.

A5.3.1 Sphalerite and wurtzite

The polymerphs of ZnS (see § 4.6.4 and § 6.1.3) lend their names to the two common
structure types with atoms in tetrahedral coordination.

Wurtzite is based on hep arrays of both cations and anions (each in tetrahedral holes of
the other array) and occurs mainly for oxides and nitrides such as BeQ, ZnO, AIN and
GaN. Very many ternary, quaternary, etc. compounds such as f-NaFeOg, LiSiON, eic.
have derived structures.

Sphalerite is more common and occurs for many binary compounds particularly of
elements of columns 13-17 of the periodic table with eight valence electrons (excluding d
electrons) per atom pair. Examples are “III-V” compounds AX with A = Al, Ga, Inand X
= P, As, Sh. and “1I-VY’ compounds AX with A = Be, Zn, Cd and X = 3, Se and Te.
Some compounds have both structures (ZnS!) and then it is common also to find polytypes
based on more complex close packings. SiC is notable in this regard (see § 7.11.4).
Interestingly, SiC is the only known “IV-1V” compound—GeC is unstable (has not yet
been made) and GeSi is a disordered composition in the Ge,Si;_y solid solution series. Just
as for wurtzites there are many derived ternary, etc. structures; the most common type is
chalcopyrite (CuFeSj).

A5.3.2 NaCl and NiAs

NaCl and NiAs (see § 6.1.5) are the 6-coordinated analogs of sphalerite and
wurlzite which are based on cep and hep respectively.

NaCl (also known as rock salt) is of course one of the more common structure types.
It is often considered the prototypicat “ionic” crystal structure and at normal pressures and
ternperatures it is that of all the alkali hydrides and hatides other than CsCl, CsBr and CsL.
Other NaCl compounds are the alkaline earth chalcogenides (MgQ, SrS, BaTe etc.) other
than MgTe and Be compounds (these have ZuS structures) Further examples are
compounds AX with A = 8¢, Y and lanthanide and X = N, P, As, Sb. Carbide examples
include ThC and TiC. Hundreds of ternary compounds ABX2 with the a-NaFeOy structure
(Na and Fe order) are also known. These are mainly oxides and sulfides, but also include
antistructure compounds with ordered anions such as BagPBr and CapNC.

NiAs is also a very common structure type. For most of the compounds AX, A is a
trapsition metai and X is S, Se, Te, V, As or Sh. Recall that the structure is hexagonal (see
§ 4.6.3) and it should be noted that many compounds have an axial ratio {c/a) rather
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different from_the ideal value for hep As. Many of the compounds assigned to this type
alse have a wide range of stoichiometry and some authors include compositions in the
range A2X to AX7 in the NiAs classification.

A5.3.3 CuZn (CsCl) gnd CuAu

CsCl icnic crystals are rare (CsCl, CsBr and Csl are the only alkali halides) at normal
pressures, but many NaCl cempounds transform to CsCl under pressure. The structure
type, now often called CuZn is found for about a hundred intermetallic compounds such
as Lng, BeCu, CaTl, YIn, MnNi, etc. We saw in § 6.6.2 that the structure is in sense a
special case of AuCu (which appears to be confined to intermetallic examples)

AS5.3.4 CrB and FeB

CrB and FeB were described briefly in § 6.4.2. Together they comprise the structures
of another large group (well over 100 binary examples) of intermetaliic cornpounds. These
othorhombic structures have a number of free parameters (see data below) and the t-rigonai
prisms {occupied by B) can vary significantly in shape from one compound to another and
some authors recognize subgroups according to the shapes of the trigonal prisms (e.g.
“short and fat” or “tall and skinny”). Some CrB compounds are CaAg, BaSi, ScGa, LaNi
VB and NiB; some FeB compounds are BaAg, LaSi, ZrGe, LuNi, TiB ané MnB’ Somé
have been found to transform to CuZn with increasing temperature and/or pr;essure.
Although common as silicide and boride structures, no isestructural carbides are known.

A5.4 Composition AB3 (AX2 and A2X)

Just as for compounds AB, the composition AB; give rise to hundreds of structure
types. Some like cuprite (known only for Cu0 and Agy0) and quartz (known only for
forms of 810z, GeO; and BeF7) have only a few examples. Notice that silica (Si07) and
water (HyO) are perhaps the most intensively studied of all binary compounds and the
structures of their crystalline forms have much in common (§ 7.3.13).

We gi\{c examples of compositions belonging to some of the larger families below. We
si‘lould point out here that BaMgSi (PbIFCI) is also called Cu,8h, and SrMgSi is called
either PbClz or Co28i. Both these very farge groups are really temary structure types
Another large group of compounds is known as FeaP and in fact this is really a quatem@
steucture type A3B3X;Y although most reported compositions are ABX (ie. X = V).

A5.4.1 AB3 compounds with {A}Bg octahedra or trigonal prisms

_An important .stmcture type with {A}Bg octahedra is rutile (TiQ4} which is found for
oxides (e.g. of Ti, Ge and Sn) and also for fluorides of (e.g. of Mg, Mn, and Zn) and for
MgHp. It is closely related to CaCl; (see Exercise 6.9.7) which is found only for a form
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of PtO and for halides other than fluorides. :

A second group of structures is that of CACl and Cdlz with respectively ecp and hep
anjons and all the octahedral sites in alternate lavers filled with cations (§ 6.1.3). These are
mostly halides {but not fluorides) but also include a few chalcogenides. Examples of
CdClz compeunds are MgCla, NiCl; and ZnBry; some anti-structure compositions are
Cs20, SraN, Y-C and AgaF. Cdlz compositiens include MgBra, Mgla, TiSz, PtSez and
I1Te;; anti-structure compositions are W4C and TizO. If the H atoms are ignored, then
hydroxides such as Mg(OH); (brucite) and Ca(OH); are Cdly.

A related series of structures has trigonal prism layers These are mostly compounds of
the early transition elements (Nb, Ta, Mo and W) with S, Se and Te and most compounds
are polymorphic—the simplest forms are 2H,, 2Hp and 3R described in § 6.4.1.

A5.4.2 Fluorite and antifluorite compounds

Fhuorite (§ 6.1.5) compounds form a large group of mairly “ionic” crystals such as
CaFg, SrClz, ThOg, U0, but the family also includes compounds such as CoSiz and
NiSis. The group of antifluorite compounds is also large; typical “ionic” compositions
are LizO, Rb0, Ka8, RbySe. Some other isostructural phases are BeaC, Mg Si, MgaSn,
PtAlz and Ptlng.

A5 4.3 Intermetallic structures: AlBa, CuAlz and MgCuy

These three structure types are probably the largest groups of intermetallic AB2
structures. There are hundreds of AlB» compounds with the characteristic graphite-like
honeycomb layers of B {§ 5.3.5), typical compositions are ThAgz, ThAla, CrBs, MgBa,
CaGas, LiaPt, ScSip, YHgy and ThNij. The largest group of cormpounds is that of borides
and gallides, but as the examples given show, a rather wide range of intermetallic
compositions occut.

Some CuAlp compounds (§ 6.4.3) are ThaAg, ThaAl, CrzB, ZrsNi, ThoCu and TapSi.
Notice that the first three examples contain the same elements, but in different proportion,
as the first three AlB2 compounds.

The MgCuz (§ 6.6.3) group is the larzest. Pearson’s Handbook (Book List) has many
hundreds of entries under this heading (not 2ll binary compounds). Most cornpositicns
invoive one or two transition elements, but there are also compounds such as CaAls and
CsBi with the same structure; some other compositions are PbAug, TaCoz, DyPta, ZrWz,
and ZrZn;.

AS.5 Other binary structure types
It would take a sizable book to do justice to binary structures in general.! Important

I'rhe classic reference is Kristallsirukturen zweikomponentiger Phasen by K. Schubert [Springer-
Verlag, Berlin (1964)].
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structure types we have met include corundum (oAl O ich i i

t ( ~-Al303—§ 6.1.6) which is mainly an
g;ﬂfie structure {of AL, Cr, Fe, etc.} with 63 layers of Al in octahedral sites of hep g A

er V t . - . . - - - :

d dl Tffi?vc structure is ilmenite (FeTiO3) in which Al is replaced by alternate layers of Fe

ThaP4 (§ 6.3.7) is the structure of a large group of compounds A3Xy with A = Th, U
Y, .Ln and X = .P.’ As, 8b, 8, Se and Te. Antistructure compounds A4X3 are also comn;on,
typma'l cpmpomnorzs are LasAs3 (contrast La3S4) and LagGes. The structure type is notablf;
for existing aver a range of composition with (presumably) incomplete occupation of one

set Of atomic sites Notablc Comp(}unds Of thls SOrt are p() tions i € range ; -
. Composi
g Lﬂz 3

A5.6 Ternary structure types

‘ With over 102 elements, there are over 106/3! different combinations of three elements:
in many of these cases compounds of several different stoichiometries are formed ami
these in turn are often polymorphic. It may be seen therefore, that to give a comprehe;zsive
account of crystal chemistry would be a daunting task. Here we just meation typical
compositions of some popular ternary structure types that have been met in the text.

AS5.6.1 Oxide structures: spinel and perovskite

The prototypical spinel (§ 6.1.6) composition is MgAl,Q s ok iti
{with 4 in one eigth of the tetrahedral sites and B in ori hZEf t)fihl-:ee;:tzll?epdi?lns??essi?if;
X) are MrlagGe04, NaxW0y4, ZnAlsSs and CdCraSeq. “Inverse” spinels are compounds
AByX4 with B on tetrahedral and half the octahedral sites and A on the other half of the
octahedral sites; examples are LigNiF4 and ZnTizO4. Notice that there are now two kinds
of B atom (with different coordination) and the structure is really quaternary and
compositions such as LiZnNbOQg4 are also included as spinels (but in some, at least, of
these ]a§t compositions, cation ordering occurs to produce a lower-symmetry s,tructure)1 In
nllagnetite, Fe30y4, the tetrahedral sites are occupied by Fe* and the octahedral sites ar.e a
disordered combination of Fe2+ and Fe3+,

T‘hc mineral perovskite is CaTiOa; its structure is a small orthorhombic distortion of the
cubic 'ABX3 structure (described in-§ 6.6.2 and § 5.3.4) with 12-coordinated A and 6-
coordinated B. Many perovskites have the orthorhombic structure, usually known as
QdFeO:;. Examples are NaMgF3, KPdFa, CaZr0O3, SmAIO; and NaUo;. MgSi0s at
high-pressure has the same structure and is thought to be the major component of the
earth’s lp}arer mantle, and thus to be the major phase in the planet. Other cubic perovskite
compositions are compounds AB3X with A and B being metallic elements with CuzAn
arrangement and X =B, C or N in (X}Bs octahedra. Examples are SciryB, ZnCosC and
SnMn3N. An anti-perovskite composition is NazClO (with {C1}Na 5 and {’O}Nag).
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A5.6.2 Intermetallic structures: BaMg8i (PbFCI), SrMgSi (PbCly) and ThCr2Siz

BaMgSi or PbFCI (§ 6.4.1) is also known as Cuz8b or FezAs, but the first two
designations are preferred as they emphasize the ternary nature of the structure. There are
two main groups of compounds. In the first group there are two “anions™ as in PbFCI,
YOCI, BallI and UAsSe with the smaller (given first) in tetragonal layers of {(e.g.} {F}Pbg
tetrahedra. The second group are antistructure compounds with two metal atoms such as
BaMg5Si, NaLi$ and YFeSi; CupSh and FepAs are in this category also.

SrMgSi (§ 5.3.7) is also known as PhCly or Co2Si, but again we prefer the first
name which makes the ternary nature of the structure clear. In compounds with two
crystaliographically-distinct “anions,” these are often the same element as in PbClp, BaHz,
Baly, US7 and ThP;. Compounds like SrMgSi, NbFeP and ReCoB are formally the
antistructure, but often the composition consists of two or three metallic elements as in
LuzAu and LuCoSn. ’

ThCr,Siz (§ 6.4.2) is also named after a chemically binary compesition viz. BaAls,
but again we use the ternary designation. This has the most known examples of all
structure types and we just mention a few typical compositions here. In ThCr2Siz there
are tayers of {Cr}Sig tetrahedra. In the following formulas the tetrahedrally-coordinated
atom is second: BaAgaSny, UOszS8iz, CaCoAs;, LaPipGer, YNizP2, TINi259. Some
compounds with two elements are Baaly, CaGag, RbIng and ThZng. In the anti-structure
type, ThaTeNa, there are {N]}Thy tetrahedral layers; anecther composition is LapTeOy.

AS.7 Crystallographic data

Crystallographic data for some of the simpler structures discussed in Chapters 5-7 are
given here in condensed form (the International Tables or some other source should be
consulted for equivalent positions). The listing is in alphabetical order of the chernical
formula as normally written. See the Book List part D for sources of data.

AlBg PGframm, a = 3.005, ¢ = 3245 A_ Al 10, 0,0,0: B 24, 173,253,172
Al;03 Ric.a = 4759, c = 12991 A. Al 12 ¢, 0,0,0.3523 ; O 18 &, 0.3064,0,1/4

AuCd (HT) Prdm, a=3323 A. V=367 A3, Au 0,00 Cd 1/2,1/2,1/2 (CuZn structure)

AnCd (LT) Pmma, a = 4765, b =3.154, c =4864 A, V=2x355 A3

Auf 14400312 Cd 2 e 1/4,1/2,0.812
AuZns Prin, g =7.503 A Au{i} 2 a, 0,0,0 ; Au(2) 6 <, 1/4,0,1/2 : Zn 24 &, 0,0.165,0.300
8903 P3),a=4336,c= 8340 A, all atoms in 3 &

B(1), 0.223,0.393,0.980 ; B(2), 0.828,0.603,0.062
(1), 0,547,0.397,0.0 ; O(2), 0.149,0.600,0.078 . O(3), 0.005,0.161,0.87!

BaCu Phaimme, a = 4.499, ¢ = 16.25 A, c/a = 3.61
Badf, 1/3,2/3,0.1217 ; Cu(l) 2 b, 0,0,1/4 ; Cu{2) 2 d, 1/3,2/3,3/4
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BaCuyPy

BBaFe)Sy

BaMgSi

BaNiO;

Fddd, a = 5345, b = 18.973, ¢ = 10.244 A,
Ba 8 a, 1/8,1/8,1/8 ; Cu 16 f, 1/8,0.5048,1/8 ; P 32 &, 0.195,0.1789.0.817

H4im, 2 =7.678, c = 5292 A
Ba2a 000 Fe44d 0,142,145 § £ 0.6196, 0.1986,0

Pdinmm, a = 4.610, c = 7.870 A
BaZe, /41740339 : My 2 &, 3/4,1/4,0 ; 81 2 ¢, 1/4,1/4.0.794

Péyimme, a=5629,c=438i1 A
BaZe i/3,2/3,1/4 1 Ni 24,0001 0 6 h, 0.1462,0.2024.1/4

BaTi03(200°C) Pm3m, a=4.012.Ba | a, 0.00;Tilb, 12,/2,1/2, 03¢, 0,112,112

ABeC

C graphite
CaBg
CdCly
Cdlp

CooSg

CrB

CrBy
CuAl;

CuFeS,

CuFe;53

FezAlR)

FeB

FenP

FeSs (pyrite)

Plginmm, a =475, ¢ =274 A, Be 4 g, 0,164,0836,0 ; 0 4 £, 0.190.0,190.0
P6yjmme, a = 2461, ¢ = 6.709 A, C(1) 2 b, 00,14 ; C(2) 2 ¢, 1/3.2/3,1/4
Pmdm, a=4151A. Ca | b, 12121121 B 6 ¢, 0.302,0.0

R3m, a=3846,c= 17493 A. Cd 3 a, 00,0 Cl 6 ¢, 0.0.0.2519
Piml,a=4224,c=6859 A.Cd 1a,000;124, 1/3.2/3,0.2492

Fm3m, a=9.927 A Co(1} 4 b, 1/2,1/2,12 ; Co(2) 32 £, 0.1266, (.1266,0.1266
S(i) 8 &, 174,1/4,1/4 ; 5(2) 24 ¢, 0.2624,0.0

Cmem,a=2.978, b=7870, c =2.935 A
Crde, 3,0.1453,14 ; B 4 ¢, 0,0.4360,1/4

Immm,a=4744 | b= 5477, c=2.866 A. Cr 2 a,0,0,0; B 8 n, 6.175,0.346,0
1d/mem, a =6.067, c =4.877 A. Cu 4 a, 0,0,1/4 : A18 £, 0.1581,0,6851,0

2d,a=5.289, c = 10423 A
Cu4a,000;Fe45000/2;S8d, 02574,1/4,1/3

Prama,a=6231, b= 11117, ¢ = 6.467 A
Cude, 0.123,1/4,0.417 ; Fe 8 d, 0.137,0.0870,0.915
$(1) 4 ¢, 0.258,1/4,0.087 ; S(2) 8 4, 0.267,0.0846.0,588

Cmmm, 2 =2.923, b = 11.034, c = 2.870 A
Al2a,000;Fedj. 603540,1/2; B 4, 0,0.2071,0

Prnma,a = 5495, b =2946, c = 4.053 A
Fe 4 ¢, (0,180,1/4,0.125 ; B 4 ¢, 0.036,1/4,0.610

PB2m, a = 5.868, ¢ = 3.465 A. Fe(l) 3 £ 0.2568,0,0 ; Fe(2) 3 g, 0.5946,0,1/2
P() 14, 00,1/2; P(2) 2 ¢, 1/3,213.0

Pal,a=5418 A, Feda 00.0;:5 8, 0.384,0.384,0.384

FeSi

¥ Ge

Hg3NbEg

Hgz 95bFg

KlnTe;

KoMgFy

KiVs04

LaBoCa

Laz03

LiP

LiY2Sis

MnzHgs

a-MoB
Mo3z (2Hp)

MoSy (3R)

NaP

NaPb
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P213,a=451T A Fe 4 g, 0.136,0.136,0.136 ; Si 4 a, 0.844,0.844,0.844

P43212, a = 5.93, c = 6,98 A. [origin chosen for comparison with SiC»—keatite]
Ge(l} 4 a, 0.4088,0.4088,0 ; Ge(2) 8 b, 0.3270,0.1216,0.2486

Piml, a=5.02c=768 A.
Hg(1) 1 &, 0,0,1/2 ; Hg(2) 2 4; 1/3,2/3,0.500 ; Nb 1 a, 0,0.0 ; F 6, 0.309,0,0.143

Hylamd, a = 7655, ¢ = 12.558 A. Hg disordered in positions 16 A: O,y,z with z = 0
8b: 4 b,0,1/4,3/8 ; F(1) 8 e, 0,1/4,0.230 ; F(2} 16 g, 0.672,0.922,1/4

Itmem, a =852, c =739 A
K4aq001/4:Inab 0,1/2,1/4; Te 8 k, 0.177,0.678,0

Himmm, 2 3.995, ¢ = 13.706 A
K4e 0,0,0350 ;Mg 2a 000;:F4c 0,1/2,0; F2) 4 e 0,00.150

P3lm,a=8.680, c = 4991 A. K 3 ¢, 0.605,0,0.000 ; V(1) 3 ¢, 0.231,0,0.472
V(2)2 b, 1/3,2/3,0.472 1 O(1) 2 b, 1/3,2/3,0.79 ; O(2) 3 ¢, 0.240,0,0.782
O(3) 3 ¢, 0.838,0,0.367 ; O(4) 6 4, 0.469,0.177,0.366

Pd2c,a=3.822,c=7924 A
La2e 0,0,0:B4h 1/2,02261/4; C 4, 0.173,1/2,1/4

Piml,a=3938, c=6.136 A. La2 4, 1/3,2/3,0.2467
O 1 g, 0,0,0 ; O(2) 2 d, 1/3,2/3,0.6470

PZife, a=5.582, b =4.940, ¢ = 10.255 A, § = 118.15". All atoms in 4 ¢
Li(1)x 0.2151,0.3876,6.3299 ; Li(2): 0.2257,0.6597,0.0293
P(1): 0.3165,0.8952,0.292C ; P(2): 0.3050,0.1565,0.1125

Pdimbm, a =7.105, ¢ = 4.144 A.
LiZza 0,00;Y 4% 0.181,0.681,1/2 ; Si 4 g, 0.383,0.883,0

Pdimbm, a =9.758, ¢ =2.998 A
Mn 4 #, 0.180,0.680,1/2 ; Hg(1) 2 d, 0,1/2,0 ; Hg(2) 8 i, 0.063,0.204,0

Hyfamd, a =3.105,¢=16.97 A. Mo & &, 0,1/4,0.071 ; B 8 ¢, 0,1/4,0.227
P63y/mme, a =3.161, ¢ = 12295 A. Mo 2 d, 1/3,2/3,3/4 : § 4f 1/3,2/3,0.1275

R3m,a=3.166,c= 1841 A
Mo 3 ¢, 0,0,0.0 ; S(1) 3 ¢, 0,0,0.2477 ; 8{2) 3 ¢, 0,0,0.4190

P212121, a =6.038, b = 5.643, ¢ = 10.142 A. All atoms in 4 g
Na(l): 0.4174,0.9089,0.0318 ; Na(2): 0.1338,0.6367,0.3313
P(1): 0.3086,0.1404,0.2838 ; B(2): 0.4287,0.4020,0.1341

Myfacd, @ = 10.580, ¢ = 17.466 A. Na(1) 16 ¢, 0.375,0,1/4
Na(2) 16 £, 0.375,0.625,1/8 ; Ph 32 g, 0.0694,0.3814,0.4383
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Na3PtyGey
NaZnj3

Nbgls
NBO
NbSes (2H,)

PbFCl

PbO

PdF,
Pdj7Sers
Pr3RhySnys
ResB
S¢p0nS

¥-8i

5107 (coesite)

Si0y (keatite)
8107 {moganite)

SrMgSi

Sr8iqy

H3m, a=7614 A
Na6 b, 0,1/2,1/22 ; Pt 8 ¢, 0.1366,0.1366,0.1366 ; Ge 8 ¢, (.3136,0.3136.0.3136

Fm3c,a=12284 A
Na8a, 1/4,1/4,1/4 ; Zn(1) 8 b, 0,0,0 ; Zn(2) 96 4, 0,0.1806.0.1192

Im3m, a=8.19 A.Nb 12 e, 0.242,0,0 ; F(1) 6 4, 0,1/2,1/2  F(2) 24 &, 0,0.25,0.25
Pmi3m,a =421 A-Nb3¢c, 0,1/2,1/2; 03 d, 00,172
Pbafmme, @ = 3445, ¢ = 12.554 A. Nb 2 b, 0,0,1/4 : Se 4 1/3,2/3,0.1172

Pdtnmm, ¢ = 4.106, ¢ = 7.230 A
Pb2c, 1/4,1/4,0800: F 2 a, 34,1/4,0 ; CL 2 ¢, 1/4,1/4,0.350

Pdinmm, a =3.972, c = 5.018. Ph 2 ¢, 1/4,1/4,0.7615 i O 2a, 3/4,1/4,0
Pad,a=5239 A.Pdd g, 0,0,0; F 8¢, 0,343,0.343,0.342

Pm3m, a = 10.606 A, PA(1) 2 b, 1/2,1/2,1/2 ; PA(2) 3 d, 1/2,0,0
Pd(3) 6 ¢, 0.238,0,0 ; Pd(4) 24 m, 0352,0.352,0.150 ; Se(1} 6 £, 0.257,1/2.1/2
Se(2) 12 4, 0,0.230,0.230 ; Se(3) 12/, 1/2,0.168,0.168

Pm3n, a=9698 A. Pré&d, 1/4.1/2,0  Rh § e, 1/4,1/4,1/4
Sn(l) 2 &, 0,0,0; $a(2) 24 &, 0,0.3073,0.1535

Crmem, g = 2,850, & =9.313, ¢ = 7.258 A,
Re(1) 4 ¢, 0,0.426,1/4 ; Re(2) 8 £, 0.0,0.135,0.062 ; B 4 ¢, 0,0.744, 1/4.

PGaylmme, a =3.520, ¢ = 12,519 A, ofa = 3.56
Se 4 f, 1/3,2/3,03930 ; O 4 £ 1/3,2/3,0.0661 ; S 2 b, 0,014

Ja3, @ = 6.636 A. 5i 16 ¢, 0.1003,0.1003,0.1003

Cc,a=7.135,b=12372,c = 7173 A, 8= 120.36°

Si(1) 8 £, 0.140,0.1084,0.072 ; 8i(2) 8 £, 0.506,0.1590,0.540

O(1} 4 a,0,0,0; O(2) 4 ¢, 0,0.3839,1/4 ; O(3) 8 7, 0.266,0.1233,0.940
Q&) 8f,0311,0.1037,0328 : O(5) 8 £, 0.018,0.2119,0.478

P43212, a = 7.464, ¢ = 8.620 A. Si(1) 4 o, 0.410,04100
8i{2) § &, 0.326,0.120,0.248 ; O(1} 8 b, 0.445.0.132,0.400
0(2) 8 b, 0.117,0.123,0.296 ; O(3) 8 b, 0.344,0.297,0.143

I2/a, a = 8758, b = 4.786, ¢ = 10.715 A, f = 00.08". Si(1) 4 ¢, 1/4,0.9908,0
Si(2) 8 £, 0.0115,0.2533,0.1678 ; O(1) § £, 0.9686,0.0680,0.2860
0(2) 87, 0.1711,0.1770,0.1050 ; O(3) § 7, 0.3657,0.2148,0.0739

Prma,a=778,b=456,¢c=849 A Scdc, 0.515,1/4,0.683
Mg 4 ¢, 0.640,1/4,0.057 ; Si 4 ¢, 0.276,1/4,0.110

P4332, a = 6540 A, Sr 4 a, 1/8,1/8,1/8 ; Si 8 e, 0.428,0.428,0.428

ThB:C

ThBy

ThE,C

TaCrSip

ThMoB,

ThaP4

ThaPds

ThSi3

Th;TeNy

TIaVSs
WAl2
wC

YCrBy4

Y2ReBg

Zn{CN)2

Zn0O

ZrFe45is
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Pdafmbe, a = 6.791, ¢ = 7.522 A, Tb 8 g, (.313,0.813,1/4
B(l) 8 £, 0.095,0.593,0 ; B(2) 8 £, 0.140,0.035,0 ; C 8 A, 0.456,0.322,0

Pdimbm, a =7.256, ¢ =4.113 A. Th 4 g, 0.313,0.813,0
B(1) 4 e, 00,0212 B(2) 4 &, 0.087,0.587,1/2 ; B(3) 8 j, 0.170,0.042,1/2

R3m, a=6.700, ¢ = 14.467 A
Th(1) 3 ¢, 0,0,0; Th(Z} 6 ¢, 0,0,03156 ; B 18 g, 0.276,0,1/2 ; C 9 4, 1/2,0,1/2

Himmm, a=4.043, c = 10577 A
Th2a 0.0,0;Cr4d 0,1/2,14;Si4e 000374

Cramm, a =7481, b =9.658, ¢ = 3771 A. Mo 4 g, 0.171,0,0 ; Ta 4 i, 0,0.302,0
B(1}4 &, 0.379,0,1/2 ; B(2) 4/, 0,0.093,172 ; B(3) 8 g, 0.234,0.155,1/2

fA3d, a =8.618 A. Th 12 4, 3/3,0,1/4 ; P 16 ¢, 0.083,0.083,0.083

P62m, a =7.149, ¢ = 3.859 A
Th 3 g, 0.350,0,1/2 ; PA(1) 2 ¢, 1/3,2/3,0 ; Pd() 3 £, 0.780,0,0

{4/amd, a = z1‘.134. ¢=14375 A. Th 4 @, 0,3/2,1/8 ; St 8 ¢, 0,1/4,0.2915

J4/mmm, a = 4.094, ¢ = 13.014 A
Th4 ¢, 00,0344 ; Te 2a, 0.0,0 ; N4 d, 0,1/2,1/4

A3m,a=751ATI65,0,1/2,1/2:V24,000:58¢ 0.175,0.175,0.175
Im3,a=17580 A, W2a 0,00; Al 24 g, 0.0,0.194,0.309

Pém2, a=2.906,c=2837 A W14, 000;Cld 1/3,23,1/2
Pbam,a=5972, b = 1146, c = 3.461 A.

Y 4g,0.1250.150,0 ; Cr 4 g, 0.125,0.419,0 ; B(1) 4 4, 0.280,0.315,172

B(Z} 4 h, 0.340,0.465,1/2 ; B(3) 4 h, 0.385,0.050,1/2 ; B{4) 4 h, 0.485,0.180,12
Pbam,a =9.175, b = 11.55, c = 3.673 A

Y(1) 4 g, 0.823,0.087,0 ; Y(2) 4 g, 0.445, 0.131,0 ; Re 4., 0.138, 0.178,0

B(L) 4 h, 0.050,0.060,172 ; B(2) 4 &, 0.250,0.075,1/2 ; B(3) 4 &, (.300,0.240,1/2
B(4) 2 h, 0.140,0.310,172 ; B(5) 4 &, 0.480,0.290,1/2 ; B(6) 4 &, 0.110,0.470,1/2

P33m,a=5928 A Za(1) 1 @, 0,005 Za(2) 1 b, 12,112,112
C4e, 0.1938,0.1938,0.1938 ; N 4 e, 0.3092,0.3092,0.3092

P63me, a =3.250, ¢ = 5.207 A. Za 2 b, 1/3,2/3,00 ; O 2 b, 1/3,2/3,0.3819

Pdaimnm, a = 7004, c = 3755 A
Zr2 b,0,0,172 ; Fe § i, 0.0920,0.3468,0 ; 8i 4 g, 0.2201,0.7799.,0
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Monoclinic space group symbels for various cell choices and settings
TABLES OF 3-DIMENSIONAL SYMMETRY GROUP SYMBOLS :
[n the following list the first symbol in each row is “standard™ and those on the right of it are other
. . possibilities. It is a common practice to omit the “1” space markers when b is the unique axis (so that, e.g.
Crystallogl‘aphlc point groups C12/cl becomes C2/c). The number is the space group number in the fnternational Tables. For numbers

- - 9 and 15 interchanging the labels of the oblique axes results in additional “legal” symbols not used in the
system point group Schoenflies | spacegroups| center? Tables.
triclinic ! C1 1 no b unique ¢ unique
(anorthic) 1 C; 2 yes .
3 P121 P12
! 4 Pl1211 P12
monoclinic 2 G 35 no 1 !
" C.s‘ 6-9 no 5 Cl21 Al2l 21 All2 B112 11z
2im Copy 10-15 yes 5 Plml Piim
K 7 Plel Plal Plal Plia Plin Plib
orthorhombic 222 Dy 16-24 no 3 | Clml Alml Hml Allm Blim Nim
mm2 Cy,, 25-46 ne 9 Clel Alnl Nal Alla Blin 1
JR— Dy, 47-74 yes Alal Clnl fel Bllb Alin It1a
tetragonal 4 Cy 75-80 no 10 | Pl2iml PU2Im
4 S4 81-82 no 11 | Pi2y/ml PLIZ)/m
Alm Cyi, 83-88 yes 12| Cl2ml  Al2iml  [12ml AlZm  Bl2m N12m
422 D4 £0.03 no i3 Pl2fecl Pli2/nl Pi12/al P112/a P112/n P112/5
) 14 | PI2ycl Pi2yml Pi2ifal Pli2i/a  PHU2yn  PU2y/b
%’;m g4v ??11122 20 15 C12/el Al2/nl 112/al All2/a Bl112/n 112/
m 2d B o Al2/al C12/a1 2/} B112/H All2/n T12/a
4frmmm Dy, i23-142 yes
trigonal 3 G 143-146 | no 0 ; ‘ i ;
= rthorhombic space group symbols for various settings
3 Cy; 147-148 ves P Eroup sy g
32 D3 149-155 no The following table gives crthorhombic space groups for various choices of axes.The second column
ém C3V 156-161 no headed a b ¢ is the “standard” setting. The remaining columns are the symbaols for different labeling of the
3m Doy 162-167 yes axes. For example in the columa headed ¢ a b, the new a axis corresponds to the ald ¢ (in the standard
setling), the new b is the old a and the new < is the old b.
hexagonal 6 Cs 168-173 no
6 Gy 174 no abe cab beca a-ch ba-c| -cba
6im Cei 175-176 yes
622 Dy 177-182 | no . 6 | P22 P22 P22 P22 p222 P22
Gmm Cov 183-186 | no 17 | Paaz, P2y22 P2212 P22 P222; P2122
6m2 Dy, 187-190 | no 15§ Pa2gz P23y7, P22, | P2,22 Pn22 | P22
ofmmm Dgy 191-194 [ yes ' 19 | P2;2i1 P12121 | P22y | P22y | P2242y | PRi212
) 20 | C222; A2[22 B2212 B2212 €222, A2122
cubic 3 T 195-199 1 no 20 1 o A222 B222 522 €222 4222
(isormetric) m3 Ty 200-206 | yes 2 | P2 Faz2 F222 Fa22 Fa22 2
432 o 207-214 | no 23 | n P2 j727) 2 nm 222
43m Ty 215-220 | no 4 | 22, ez |omnn | e | oree ) R
m3m Oy 221230 yes
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Tetragonal space groups

abec cab bca a-ch ba-c <<bha
25 Pmm2 Plmm Prizm Pm2m Prm2 Pemm
26 Pmec2y P2yma Pb2im Pm21b Pem2y PZiam
27 Pec2 Plaa Pb2h Pb2h Pee Plaa
28 Prmal Plmb Pc2m Pmla Phbui Plem
29 Peay Piab Pc21b Pbia Phc2y Plyca
30 Pne2 P2na Ph2n Pn2b Pen2 Pan
31 Pmn2| P2ymn Pr2\m Pm2in Prm?y P21nm
32 Pba? Plch Pc2a Fcla Phbal P2ch
33 Pnaly Piinb Pelin Pn2ja Pbn2y Plicn
34 Prn2 P2nn Pnln Pr2n Pnan Plnn
35 Cmm2 A2mm Bmlm Bm2m Crmm? Alim
36 Cme2y A2ima Bb2ym Bm21b Cem2y A2yam
37 Cec2 AZaa Bb2b Bb2b Cecl Alaa
38 Amm2 Brm Cm2m Am2m Bmm?2 C2mm
39 Abm2 Blem Cm2a AcZm BmaZ C2mb
40 Ama2 B2mb Ce2m Am2a Bmb?2 C2em
41 Aba Rlch CeZa Ac2a Bbal C2ch
42 Fmm2 Flmm Fmim Fm2m Frn2 Fimm
43 Fdd2 F2dd Fdid ‘Fd2d Fdd? Fidd
44 Imm2 FPZmm ImZm Im2m mm2 Pmm
45 Tba2 {2ch Ic2a IeZa Iba 12¢h
46 Ima2 12mb Ie2m Imla 1bm2 Pem
47 Pmmm Prunm Pmmm: Pmmin Pmmmn Prmmm
48 Pnnn Pnnn Prnn Pnnn Pnnn Prnn
49 Peem Priaa Pbmb Pbmb Peem Pmaa
50 Pban Puch Pena Pcra Phan Pneb
51 Pmma Pbmm Pmcm Pmam Pmmb Pemm
52 Pnna Pbhrin Pren Pran Prnb Penn
53 Pmna Pbmn Pricm Pman Prmb Penm
54 Peca Pbaa Pbeh Pbab Pech Pcaa
35 Pham Pmeb Pema Pcma Pbam Pmeh
56 Peen Praa Pbnb Pbnb Peen Pnaa
57 Pbem Pmea Pbma Pcmnb Pram Pmab
58 Pnnm Pmnn Primn Pnmn Prnm Prnn
50 Pmmn Primm Prinm Prnm Pmmn Prumm
60 Pbcn Pnea Pbna Penb Pean Fnab
61 Pbca Pbeca Pbca Peab Peab Peab
62 Pnma Pbnm Pmen Pnam Pmunb Pemn
63 Cmcm Amma Bbmm Bk Cemm Amam
64 Cmcea Abma Bbem Bmab Cemb Acam
63 Cmimm Ammm Brimm Bmmm Crumam Ammm
[1:) Ceem Amaa Bbmb Bbmb Ceemt Amaa
67 Cmma Abmm Bmem Bmam Cmmb Actmm
a8 Cera Abaa Bbeb Bbab Cech Acaa
69 Fmmm Frmmm Fmmm Fmmm Fmmm Fmmm
70 Fedd Fddd Fddd Fddd Fddd Fddd
71 Immm Immm Immm Trnim Immm Tmmm
72 Tham Imch fema fema Tham Imch
73 Tbca Thea lbea feab Icab Ieak
74 Imma Ibmm Imem fmam Immb Iemm

75 P4 76 P4 77 P4, 78 P45

79 4 80 4

81 P§ 82 I

83 Pdim 84 Pdaim 85 Pd/n 86  Pdsin

87  MHim 88 e

89  P422 90 P42;2 91 P4,22 92 P442,2

93 P4,22 94 P432,2 95 P4;322 96  Pdq292

97 1422 98 14122

99  Pdmm 100 Pdbm 101 Pdoem | 102 Pdpnm

103 Pdee 104 Pénc 105 Pdymc | 106 Pdrbe

107 Hmm 168 fdem 109 Idymd 110 Ficd

111 P%Zm 112 P42 113 'P§21m 114 P42ic

115 Pdm2 116 Pde2 117 P4b2 118 Pin2

119 I4m?2 120 J4e2 121 I42m 122 1424

123 Pd/mmm 124 Pd/mcc 125 Pdinbm | 126 Pdinnc

127 Pd/mbm 128  Pdimnc 128 Pdinmm | 130 Pdincc

131 Pdo/mme 132 Pdsfmem | 133 Pdafnbe | 134 P42/nnm

135 Pdyimbe 136  Pdoimmm | 137 Pdafame| 138 Pdoinem

139 Mfmmm 140 [4/mcm 141 Mylamd | 142  Hyfacd
Trigonal space groups

143 P3 144 P3 145 P3; 146 R3

147 P3 148 R3

149 P312 150 P321 151 P3;12 152 P3,21

153 P3712 154 P3;21 155 R32

156 P3iml 137 P3lm 158 P3¢l 159 P3le

160 R3m 161 R3c

162 P3lm 163 P31c 164 P3ml 165 P3¢t

166 Rim 167 R3c

443
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Hexagonal space groups

168 P6 169 P& 170 P85 171 P62

172 Pty 173 Poa

174 P8

175 P6/m 176 P6alm

177 P622 178 P622 | 179 P6s522 180 P6922

181 P6422 182 P§322

183 PHmm 184 Pbec 185 PGacm 186 PG3mc

187 PEm2 188 P62 189 P&2m 190 P&2c

191 Pb&/mmm § 192 P6imcc | 193 P6s/mem | 194 P6s/mmc
Cubic space groups

195 P23 196 F23 197 123 198 P213

199 1213

200 Pm3 201 Pn3 202 Fm3 203 Fd3

204 Im3 205 Pa3 206 a3

207 P432 208 Pdy32 | 209 F432 210 F4(32

211 1432 212 P4432 | 213 P4(32 214 14,32

215 P4d3m 216 F43m 217 143m 218 P43n

219 F43¢ 220 1434

221 Pm3m 272 Pn3n 223 Pm?n 224 Pngm

225 Fm3m 226 Fm3c | 227 Fd3m 228 Fdic

229 Im3m 230 {a3d

BOOK LIST

Here is a short iist of books mostly in English that we have found particularly useful.
Some more-specialized books we have referred to in the text. References to all the crystal
structure data given in this book are to be found in the various compitations listed in I (this
is where they came from).

A.INTERNATIONAL TABLES FOR X-RAY CRYSTALLOGRAPHY
These are; Volume A: Space-Group Symmetry, 3rd ed. 1992 [the indispensable reference]. Volume B:

Reciprocal Space, 1993. Volume C: Mathematical, Physical and Chemical Tables, 1992, Kluwer
Academic, Dordrecht.

B. Some books on crystallography and crystal chemistry

BLOSS, F. D.
Crystallography and Crystal Chemistry, reprinted by Mineral. Soc. Amer., Washington, D.C. (1994),
Very clear exposition of the crystallographic point groups.

BURNS, G & GLAZER, A. M.
Space Groups for Solid State Scientiszs 2nd Bd., Academic Press, New York {1990). A good informal
account of space groups with useful tabies.

BOISEN, M. B. & GIBBS, G. V.
Mathematical Crystallography, Reviews in Mineralogy 15, Minezal. Soc. of Amer., Washington,
D.C. (Revised, 1990). A systematic account of how to do crystallographic calculations, and a
derivation of the three-dimensional point and space groups.

DE JONG, W. F.
General Crystallography. Freeman, San Francisco (1959). Subtitled “A brief compendium™ this
useful little book contains a wide variety of information. Particularly useful for geometric aspects.

HYDE, B. G. & ANDERSSON, §.
Inorganic Crystal Stractures, John Wiley & Sons, New York (1989). Systematic description of
crystal structures with special emphasis on the development of “complex™ structuses from simpler ones
using simple building principles, Numerous tables of data.

MEGAW, H. D.
Crystal Structures: A Working Approach, Saunders, Philadelphia (1973). Clear descriptions of
symmetry and the crystallographic desctiption of struciurss.

PEARSON, W. B.
The Crystal Chemisiry and Physics of Metals and Alloys, John Wiley & Sons, New York (1972). A
comprehensive account of the subject at the time and still very useful.

SMITH, J. V.
Geometrical and Structural Crystaliography, John Wiley & Sons, New York (1982). A good
introduction 1o formal erystallography. Intended for those who are prepared to work through a number
of carefully considered examples.

WELLS, A, F.
Striecctural Inorganic Chemisiry, Sth Ed., Clarendon Press, Oxford (1984). Contains a wealth of
organized structural information with due attention te crystal structures. Introductory chapters discuss
polyhedra, sphere packings efe. Every chemist should own a copy.
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C. Some books on geometry

COXETER, H. 5. M,
{ntroduction to Geometry, lohn Wiley & Sons, New York (1971), A classic that everyone should
own and read, Includes a good account of two-dimensional symmetry groups.

CUNDY, H.M. & ROLLET, A.P.
Marhematical Models, 2nd Ed., Clarendon Press, Gxford (1961). Writlen for English sixth-formers,
this book has, among other things, a lot of useful information on, and practical tips for making, poly-
hedra.

GRUNBAUM, B. & SHEPHARD, G.C.
Tilings and Patterns, W. H. Freeman, New York (1986). An aslonlshmg book, beautifully illustrated,
that should dispel any it{usions that two-dimensional patterns are boring. Heavy going in places.

HILBERT, D. & COHN-VOSSEN, S.
Geometry and the Imagination, Chelsea, New York (1932). Another ciassic, and one that is as fresh
today as wher it was written (originally pubhshed in 1932). 330 figures, some very beauliful. Every
personal library should contain a copy.

SHUBNIKOV, A.V. & KOPSTIK, V. A
Symmerry in Science and Art, Plenum Press, New York (1974). A readable guide to symmetry groups
(including black-and-white and color groups) in different dimensions (e.g. rod and layer groups). Also
material of general interest as suggested by the title.

WENNIGER, M. J.

Polyhedron Models, Cambridge University Press (1971). Illustrations of beautiful polyhedra and
instructions for making them.

D. Reference books and data bases

STRUCTURE REPORTS
Griginally Setrukturbericht (Vols. 1-7), these are annual compendia of erystal structure data. The earlier
volumes gave enough information te be a sufficient reference source, but later volumes have become
mainly bibliographies (references without author’s names!). The last volume was for 1990 and the
series which started so auspiciously under P. P. Ewald and C. Hermann in 1931 seems 1o have died
ignominiously without even a whimper. Hampered by a highly eccentric indexing system.
VILLARS, P. & CALVERT, L. D.
Pearson’s Handbook of Crystailographic Data for Intermetallic Phases. 2nd edition, American
Society of Metals, Metals Park, Ohio (1991). “Handbook” may not be the correcl term for four
volumes, sach weighing more than 3 kg. Comprehensive and valuable reference source of structural
dala for compounds invelving metallic elements, also includes data for paictides and chalcogenides.
Only binary oxides and no halides are included, and the price preciudes personal ownership for most,
The second edition omits some compounds reported in Yolume I of the first edition, so one needs to
have both. The assignments (o structure types are not always reliable and one should check the original
papers if unit cells and/or crigins are changed. We have found a number of errors and misprints.
WYCKOFE, R. W. G.
Crystal Struciures. John Wiley & Sons, New York. Vol 1 (1963}, Vol 2 {1964), Val 3 (1965), Vol 4
(1968). A convenient veference organized by structure type if one does not want the latest information.
INORGANIC CRYSTAL STRUCTURE DATA BASE - Ginelin Institut, Karlsruhe.,
Contains 39,000 entries and growing at a rate of = 1500 per year.
Criteria. for inclusion are (3) no C-C andfor C-H bonds (these are in the Cambridge Structure Data Base)
(b) contains at least one of H, He, B, C, N, O, F, Ne, Si, P, §, Cl, Ar, Se, Br, Te, 1, Xe, At and Rn
(i.e. elements right of the “Zintl line” on the periodic table). Neither perfect {we find errors) or
comprehensive (seme surprising omissions) but excellent value for meney.

Formula Index

This index lists chemical compounds for which some structural information appears in Chapters 1-7 or
Appendix 5. If the page number is in bold face full crystallographic data are given. Look also for trivial
names in the subject index (especially for minerals and zeolites).

AgO, 77

Aga0, 129

Ag70gF, 277

AlBg, 172, 233, 244, 435

AlCraC, 288

Ala0g, 221, 360, 435

Al(OH)3, 183

AlPQy, 87

AlP(4-2H-0, 304

Al3Si0s, 131

AlrSin0s(0OH)y, 185

AlrSigQo(OH)2, 186

Alp(WOy)3, 360

Am, 285

Asq54, 148

AunCd, 271, 435

AuZns, 279, 435

B, 152

B2Q3, 129, 298, 435

BaAly, 253

BaAlaSinOg, 181

BaCu, 246, 435

BaCu»,Sy, 378

BaCuaPs, 334, 436

BaFe2S4, 273, 436

BaMgSi, 249, 436

BasMgTa0030. 171

BaNiO3, 257,436

BaTiO3, 257, 436

BaTiSiz0g, 151, 380

BaSiz 03, 182

BeH,, 380

Be(NHa), 151

BeO, 304, 436

Bils, 287

BiCu383, 363

C, 299, 436

CigHye, 148

Cy4Hap, 149

Cla07, 151

CaAl3Si0g, 181, 293,
" 304

Ca3zAlzSig0y g, 80, 261,

" 266, 360
CaBg, 355
CaB20y4, 376
CaB25i70g, 306
CaBeq PGy, 306
CaCusTigOqq, 279
CaCly, 286
CaFy, 118, 213
CaGayQy, 303
CdAsg, 368
CdCla, 220, 436
Cdly, 220, 436
CdPy, 368
CdSOy, 329
CeCuz, 98, 306
Cly09, 151
Cog8g, 196, 436
Coasi, 176
CrB, 176, 250, 436

" CrBy, 303, 436

CrsBa, 255

Cr3Si, 260

Cs, 234
CsAlSi5049, 340
Cs3MoqP30y,, 154
Cs1103, 153
CsW1Qp, {71
CuAlz, 255, 436
CuAu, 257

CujzAu, 236
CuFeS3, 241, 436
CuFe2S3, 367, 436
Cua(, 97

CuySh, 249
CuSi03.H20, 151
CuZn, 257
CusgZng, 139
EuCogPs, 180
FeqAlBo, 253, 436
FeB, 251, 436
FeqP, 204, 436

FeSq, 156, 193, 436
Fe1S4, 286
Feq(SO4)1, 361
FeSi, 238, 243, 437
Fe3W3(C, 237
Ga, 237

Gag03, 130

GapTes, 273

Ge, 322, 437
HPFg-Hz0, 333
H30, 321

HIL;, 287

Hf3NipSis, 180

Hg, 231, 285

Hgly, 288
HgaNbFg, 265, 437
Hg35bFg, 264, 437
KAlGeQy, 367
KAI38i3019(0H)3, 186
KCuy83, 288
KHoPOy, 82, 92
KHgo, 98

KinTeq, 255, 437
KaMgFa, 258, 437
K2Mg3(504)3, 360
KMg1A1Si30 16(0H)3,186
KNaCaThSigCyp. 152
K3V5014, 171, 437
KaWs01s, 171
LaB,Co, 173, 437
LaCosP3, 179
LaFeqPys, 279
LaFe4Sbys, 279
LaNisPs, 179
LaNisSi, 179

LapOs, 220, 245, 437
LigAlg, 131
LiAlOs, 376
LiGa04, 376

LiGe, 364

Liz0, 219

LiP, 263, 437
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LisPaNs, 150 Nbglq1, 150 SrSip, 267, 295, 438 .
LiY;Si, 254, 437 NBO, 317, 438 TazBy, 287 Subject Index
MgAl Oy, 78, 223, 259 NbSs, 240, 438 TaCoB, 176

B (1, 358 Nb3Teq, 153 TasFeQg, &2 . .
ﬁiiﬂl?ollgﬂ ! Nd;c:éig 180 T:’z[‘c 2655 The Table of Contents should be consulted for major topics discussed in this book (space groups,
MgCui’ 258 Nis 119’ 219 Tij(,: 173. 439 polyhedra, sphere packings, etc.). The subject index serves mainly o guide the reader to definitions of
MgGa 564 Ni')S’3 3 lé 160 Tc4{fl :5 15:1 terms, mineral names, ete. so only the principal (defining) occurrences of a term are indicated. Note aiso we
Mgzda 379 Ni;Sn, 256' Teql ! i54 normally use the “natural” order of words as in “clathrate hydrate” not “hydrate, clatbrate” (but try different
MeNis 52'60 Np 3,:,7 ThB;G‘lM 439 combinations). For chemical compounds, alsc consult the formula index.
Mg(Oi);, 183 P20s, 297, 378 ThB,C. 174, 439
MgSiQ3, 151 P40g, 143 ThCry$is, 253, 439
MgaSis05(0H), 184 P40 p, 150 ThMoBy, 172, 439 ) o .
Mg3Sig0)0(0H)2. 186 P4S g, 150 Th3Ng, 220, 286 ABC-6 zeolites, 347 Bisdisphenoid, 141
MgZns, 260 Pe, 287 ThsPy, 237, 439 Abelian group, 24 Bixbyite, 377
M, 266 PbECL, 249, 438 ThaPds, 171, 439 Aze“““" 22 a8 Black-and-white symmetry, 54
MnAlz, MnAly, 189 PO, 248, 438 ThSiz, 234, 207, 439 i df‘;‘:"m“&’ i 191 g"m‘”":* 358
MnBg, 123 P5MogSs, 150 ThyTeNg, 252, 439 Ay T oranes, 142
MnHgs, 168, 437 PdFs, 239, 438 TiOy, 78, 228, 286, 377 : ghante, Boron (B rhombohedral), 162
MoB, 252, 437 * PdFa, 222, 235 Tik, 119, 219, 246 : Alchemist's gold, 264 Bragg indices. 102, 114, 125
MoziBC 2,87 PdGa’j 155 TizISC 2‘88 ’ ; ALPQ zeolites, index, 354 Brass, 159, 257
MoSg, 246, 437 Pdy;8eys, 356, 438 TisTeq, 272 ' Alumina = Al;03, 158, 221 Bravais lattices . .
MoSia, 257 Prly, 288 TI3V&y4. 195, 439 Amman polyhedron, 188 symbals fer 3-dimensional, 58
N4(CH,2)6 43 PraRhaSn 3, 280, 438 TiZnySby, 31 ‘ Analcime (= anaicite), 376 table of 2-dimensionai, 10
Nzh;Al}Si;;O 501, 82, 316 P8 219 UB1a 335 i Anatase = TiO?, 377 tables of 3-dimensional, 60, 61
NaBePO, 3617' T Pthlz 159 UBZC, 174 Angles (calculation of), 111 Brazil twinning, 86
NaloBe4SiqOy7, 152 Pt30y4, 358 UBC, 250 Anorthic, 60 Bronze, 170
NaCl. 118. 210 PtPby, 255 UHy, 280 Angﬂuqnte, 219, 433 hexagonal ungsten, 166, 171
NaC\.:.Oz 130 Pu, 247, 287 ULy, 258 Antigorite, 184 tetragonal tungsten, 171
NaFeOg,,22O Rb7Cs 1103, 153 U3(53, 168, 201 Antllprlsrns, 139 Brucite = Mg(OH), 183, 433
NaGaSts, 377 RbgOy, 153 UsSiy, 254 J Antistructure, 219 C phase, 367
NaP, 263, 437 Rb5cO3, 219 W, 260, 266 .‘ Antisymmetry, 34 Cairo tiling, 207
NaP;J 33'3 437 ResB 1.76 438 W!M ' 273, 439 . Archimedean polyhedra, 136, 193, 197 Cancrinite, 306, 349
Na3Pt;Ges. 195, 438 ReOy, 171,235 WC, 364, 439 ‘ Archimedean tiling, 13, 165, 194, 197 Cartesian coordinates, 112
NagSIng; ‘}95 ’ ch(?; 3.',.;, WC;)B l:,’6 : Asbestos, 184 Cartesian rotation matrix, 47
NaaSinOs, 182 8c,038, 245, 438 W,CoBg, 178 ' i“?‘f’;‘lt.fi’ 212 ga‘ala".l"’bz’,g%dm’ 4l
Na;SiaSs, 150 S635i207, 151 WaCoB1, 178 Kial ghde, 62 atapleite, _
NasTiSiQyy, 379 Si. 233, 267, 319, 438 YAlyCo, 176 Axl:al vectors, 388 Ceo = C-centered orthorhombic, 231
NaWOs, 171 Sic, 301, 365 YCosPs, 179 Bain relationship, 229 Cop = cubic close packed, 213, 231
NaZny3, 273, 438 SiaN40, 129 YCrBy, 172, 439 Band groups, 334 Centrosymmetric, 29

NagZra(Si04)3, 360
NagZr3iag-H40, 380
NbCls, 153

NbsClg, 153

NbCoB, 176
NbsCusSi, 180
NbgFis, 155, 438

8109, 83, 241, 315,

® 317, 321, 369, 438

SiP,07, 151

Sn, 275

Snlg, 287

SrAly, 306
SrMgSi, 176, 377

Y3ReBg, 172, 439

Znly, 151, 287, 333
Zn0, 218, 439

ZnS, 116, 120, 217, 243
Zr3CuySiq, 180
ZrFeqSie, 178, 439
ZrSi0y, 98

Bee = body-centered cubic, 225, 229, 257, 271
Bet = body-centered tetragonal, 229, 231, 247

Benitoite = BaTiSiz0Og, 151, 380
Bentenite, 186
Berlinite = AIPO., 87

- Bernal spiral, 205

Berry pseudorotation, 190
Beryllonite = NaBePQy, 367
Bikitaite, 339

Biot convention, 84
Bipyramids, 141

Chabazite, 348
Chalcopyrite = CuFeSo, 241, 431, 436
Chevrel phase, 150

Chrysotile (asbestos), 184
Circuit {in a net), 290

Class of a crystal, 76

Clathrasil, 349

Clathrate hydrates, 333, 371, 427
Clathrin cages, 429

Clay, 186

Clinographic projections, 114



450 Subject Index

Close packing symmetries, 268
Coesite = 5i07, 313, 438
Commutative group, 24
Compatible patterns, 199
Congressane, 149
Connectivity table, 412
Coordinates
hand of axes, 30
hexagenal crystals, 6
polyhedrz and nets, 193
transformations, 103
Coordination sequence, 269, 293, 411
Corundum = AlaQ3, 221, 360, 361, 377
Crankshaft rod, 308, 341
Cristobalite = §{09, 240
Cross polytope, 393
Crystal class, 70
Crystallographic symmetry, 2
Cubanite = CuFeqSs, 367, 463
Cube, 133
snud
truncated, 136
Cubic-hexagonal transformation, 107
Cubic symmetry, 40, 47, 60, 74
Cuboctahedron, 53, 136
coordinates, 193
truncated, 136
twinned, 215
Cuprite = Cuz0, 97
Curie’s law, 50
Curvature, 413
Cylinder packings, 262, 284
B-Mn, f-W, garnet, 266
y-Si, Sr8ig, 267
* Cyliadrical groups, 387
D phase, 367
I3 surface, 415
Dachiardite, 345
Danburite, 308
Dauphing twinning, 86
Decorating (nets)
Deltahedra, {41
Density {of a sphere packing), 227
Dextrorotatary, 85
Diagonal glide, 63
Diamaend, 218, 299, 430
Diamond glide, 63
Dihedral angle, 111
Dihedral groups, 32
Dioctahedral layer, 183 )
Dioptase = CuSiQ3-H0, 151

Dodecahedron (pentagonal), 133, 193
rhombic, 137, 141, 193
snub, 136
truncated, 136
Dodecasil, 337, 349
Dual of a net, 165
Dual of a polyhedron, 133
Eclipsed conformation, 39
Edingtonite, 352
Enantiomorpheus groups, 50
Enstatite = MgSiQ3, 151
Erionite, 349
Euier equation, 198, 401, 403
Euler-Poincaré characteristic, 403
Eutactic, eutaxy, 147, 209
Faujasite, 326, 372

. Feldspar, 313

Ferrierite, 345

Fluorite = CaFj, 116, 218, 433
Framework density {FD) of a net
Frank-Kasper polyhedra, 143

Friauf polyhedron, 144

Friedel’s law, 30

Friezes, 384

Fulierenes, 421

Fuller’s earth, 1236

G matrix, 110

Garnet, 80, 261, 360, 362
Gauss-Bonnet theorem, 415

Gaussian curvature, 415

General positions, 22, 77

Generators (of groups), 51
Gismondine, 308, 342

Glide symmetry, 14, 62

Gmelinite, 310

Goldberg polyhedra, 424

Graphite, 172, 436

Gyroid, 416

H phase, 288

Hand of quartz, 85

Hand of screw axes, 65

Hep = hexagonal ciose packed, 213, 231, 271
Herrmann-Mauguin notation, 29
Heteropolyanion, 152

Hexagonal lattice (2-dimensional), 10
Hexagonal-rhembohedral transform., 104
Hexagonal system, 46, 60, 74
Hexagonal etrahedron, 148
Hexamethylenetetrammine, 148
Hole, 208

Heneycomb pattern (67), 13, 163, 221

Heneycombs, 394
HTB (= hexagonal tungsten bronze), 166, 171
hurlbutite, 308
¢ subgroup, 81
Icosahedral polyhedra, 424
Icosahedral symmetry, 42, 57, 96
Icosahedron, 133
coardinates, 193
truncated, 136
Icosidodeczhedron, 136
truncated, 136
Improper operation {axis), 28
Incommensurate crysials, 95
Infinite polyhedra, 276, 404
International tables, 445
Inversion point, 28
IPR rule, 421, 422
Isometry, 24
Isomorphic subgroup, 81
Isopolyanion, 152
J lattice complex, 234, 277
Iones symbol, 6
k subgroup, 81
Kagome pattern {3.6.3.6), 13, 166, 221
Kainosite, 151
Kaolinite, 185
Keatite = §i03, 321,
Keggin cluster, 157
Kissing numbers, 283
Klassengleiche, 81
Langbeinite, 360
Lattice (see zlso Bravais lattices), 8, 58
Lattice complexes, symbols for, 88, 281
Laue classes, 50
Laves phase, 260
Layer groups, 381
Eeap-frogging, 424
Levorotatory, 85
Levyne, 349
Linde A, 323,372
Linde L, 344
Liottite, 349
Lonsdaleite, 218, 299, 367
Losod, 349
MacMahon’s net, 207
Magnetic symmetry, 54
Makinawite = FeS, 24%
MAPO zeolites, index, 354
Martensitic ransformation, 230
Matlockite = PbFECI, 249, 435
Maus’s salts, 157
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Maximal subgroup, 80
Mazzite, 344
Mean curvature, 415
Medial polyhedren, 419
Melanophlogite, 335
Merlinoite, 308, 342
Metaprisms, 140
Metavariscite, 304
Metavoltine, 157
Metric tensor, 110
Mica, 186
Miller indices, {01, 125
Minimal surface, 415
Meodulated structure, 95
Moganite = Si0z, 322, 369
Moeissanite = SiC, 302
Monoclinic, 45, 60, 67
Montesommaiie, 377
Montmorillonite, 186
Mordenite, 345
Muscovite, 186
Narsarsukite, 313, 379
Nasicon, 360
Natrolite, 353
MNet
dual (2-D), 165
primary and secondary (2-I), 169
regular, quasiregular (3-D}, 295
self-dual, 175
uniform (3-D}, 294, 417
uninodal (3-D) 294, 416
Niggli matrix, 110
Non-erystaliographic groups, 53
Oblique lattice, 10
Obverse setting (for rhombohedral), 105
Octadecasil, 349
Octahedral symmetry, 44
Octahedron, 133
cartesian coordinates, 193
super, 154
truncated, 136, 193
Offretite, 349
Opal, 274, 283
Optical activity, 50, 84
Order (of a group), 48
Origin of unit ceil, 91
Orthographic projections, 114
COrthorhombic, 46, 60, 70
P surface, 415
Paracelsian, 304, 308
Pearson symbol, 61
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Pearson’s Handbook, 446
Penrose tiles, 187
Pentasil, 349
Perovskite, 171, 234, 257, 434
Pharmacosiderite, 154, 379
Phillipsite, 341
Phlogepite, 186
Phyllosilicates, 184
Piczoelectricity, 50, 88
Pilfared clay, 186
Point group (table), 440
Polar vectors, 388
Polarity and pelar classes, 50
Polybenzene, 257
Polytope, 393
Polytype (of SiC), 365
Primary net, 169
Prisms, 139
Proper operation (axis), 28
Pseudorotations, 199, 202
Pyramids, 141
Pyrite = FeSa, 156, 436
Pyritohedron, 195
Pyro- (silicate, phosphate, etc.), 151
Pyrochiore (urit), 155, 236
Pyrophyllite, 186
Quartz = 8i05, 83, 316, 369
Quagiceystals, 93, 187
Quasiperiodic, 189
Quasiregular net, 295
Radiolaria, 429
Radius ratio rules, 224
Realgar, 148
Reciprocal lattice, 108
Rectangular lattice, 10
Regular net, 295
Reverse setting (for rhormbohedratl), 103
Rho (zeolite), 324, 373
Rhombic dedecahedron, 137,141
Rhombicosidodecatedron, 136
Rhombicuboctahedron, 136, 276
great, 136
small, 137
Rhombohedral, 46, 60, 74
Rhombohedral-hexagonal transform., 104
Rhombohedron, 135
Amman {golden), 188
Ring (in a net), 290
Rod groups, 383
Rotation groups, 2, 32
Rotation matrix, 47

)

Rutile = TiOy, 78, 228, 286, 432
§ lattice complex, 237
Saw-tooth structures, 343
Scapolite, 312
Schlifli symbot
for tilings, 13
for palyhedra, 123, 137
for 3-dimensional nets, 290, 292
Schlegel diagram, 191
Schoenflies notation, 29, 52, 440
Seolecite, 353
Screw symmetry, 63
Secondary net, 169
Seitz operator, 90
Setting (of a space group), 70
Sheet silicates, 184
Sigma-2 (zeolite), 350
Silicalite, 351
Similarity, 24
Stmple polyhedra, 419
Simplex, 393
Simplicial polyhedra, 408, 419
Skew polyhedron, 404
Snub cube, 53, 136, 273
Snub dodecahedron, 136
Sodalite, 82, 274, 315, 348, 373
Space groups
frequency of occurrence, 94, 203
three-dimensional (table), 441
two-dimensional {table), 21
Special positiens, 23, 77
Sphalerite = ZnS, 116, 120, 218, 243, 299, 431
Sphere packing, 227, 255
Spinet = MgAl204, 78, 223, 259, 434
Spinel unit (cluster), 158
Square lattice, 10
Staggered conformation, 39
Steacyite = KNaCaThSigO2g, 152
Stelta (octangula or quadrangula), 136, 195
Stereo drawings, 116 '
Stishovite = §i03, 321
Subgroups of space groups, 80
Supergroups of space groups, 80
Superoctahedror, 154
Supertetrahedron, 150
Symmorphic groups, 14
System, crystal
three-dimensionai, 45, 60
two-diteqsional, 11
¢ subgroup, 81
T lattice complex, 240, 258

Tale, 186
Tammes' problem, 1446, 190
Tapiolite, 82
Tennis ball {polyhedren), 350, 420
Tessellation, 13, 164
Tetragonal, 46, 60, 73
Teiragonal tetrahedral layer, 248
Tetragonal tetrahedron, 148
Tetrahedral symmetry, 43
Tewahedron, 133
circumnscriptible, 126
cartesiarn coordinates, 193
hexagonal, 148
super, 150
tetragonal, 148
truncated, 136, 193
volume of, 113
Theta-1 (zeolite), 340
Thixotropy, 186
Thortveitite = Sc28i207, 151
Tiling, 13, 164
Topological close packing, 144, 409
Topological density, 411
Translationengleiche, 81
Triclinic, 45, 60, 67
Tridymite = i, 302, 322
Trigonal, 46, 60, 74
Trioctahedral layer, 183
Trirutile, 82
Truncated cube, 136, 193
Truncated cuboctahedron, 136, 193
Truncated dodecahedron, 136, 193
Truncated jcosidodecahedron, 136, 193
Truncated octahedron, 136, 193
Truncated tetrahedron, 136, 193
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TTB (=tetragonal tungsten bronze), 171
Twinning

mimetic, 202

in quartz (Brazil, Dauphing}, 36
Ultramarine, 316
Uniform net, 294
Unimodular matrix, 398
Uninodal net, 294
Unit eell, 10, 38
Unit cell volume, 108
Up-down nets, 311
V lattice complex, 320
Yacancy, 208
Variscite, 304
Vectors (symmetry of), 388
Vermiculite, 186
Voronoi polyhedron, 138, 141, 226
VPLS5 (zeolite), 346, 373
Wigner-Seitz celi, 138, 141
Williams’ polyhedron packings, 333
Waurtzite = ZaS, 121, 217, 300, 431
Wyckoff notation, 23, 77
Y lattice complex, 242
¥* lawice complex, 295, 319, 363, 371
Zeolite index, 354
Zhdanov symbo} {for cp), 216
Zircon = Zr8i0y, 58, 130
Zigzag (in nets), 338
ZK-5 (zealite), 325
Zone, 99
Zone law, 102
ZSM zeolites, index, 354
Zuniite, 158
p-phase polyhedron, 144
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