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PREFACE

Geochemistry i s most obviousl y defined a s th e "stud y o f the chemistr y
of the Earth." In the broadest sense , the subject attempts t o describe and
understand the distribution of the elements (and their isotopes) in all parts
of the Earth ; the atmosphere, an d hydrosphere, the Earth's crust , and its
deeper interio r (mantl e and core) . However , geochemist s hav e tradition-
ally concentrate d thei r attentio n o n th e soli d Eart h an d o n surfac e o r
near-surface processe s involvin g fluids, leavin g the atmospher e an d hy -
drosphere t o othe r specialist s suc h a s th e atmospheri c scientist s an d
chemical oceanographers . Geochemist s hav e als o concerne d themselve s
with the chemistry of extraterrestrial matte r (strictly termed cosmochem-
istry) becaus e of its importance i n understanding the origin and history of
the sola r syste m an d henc e o f the Earth . A  recent , an d ver y welcome ,
development i s th e growt h o f interdisciplinar y field s (suc h a s biogeo -
chemistry) and a  return t o attempts to view the chemica l system s of the
Earth (lithosphere, hydrosphere , biosphere, and atmosphere) a s a whole.

The grea t Norwegia n geochemis t V.M . Goldschmid t formulate d th e
tasks o f geochemistry as : (1 ) to establis h the terrestria l abundanc e rela -
tionships of the elements ; (2) to accoun t fo r the terrestria l distributio n of
elements i n th e geochemica l sphere s (suc h a s th e mineral s and rock s o f
the lithosphere); (3) to detect th e laws governing the abundance relation -
ships and the distribution of the elements . Since the pas t century , a very
large body of data on the chemical composition s of mineral and rocks ha s
been accumulated , an d muc h ha s bee n learne d abou t th e crysta l struc -
tures of minerals. A reasonable "dat a base" apparently exist s wit h which
one could tackle the "task s o f geochemistry," althoug h it is important t o
note that direct information is almost entirely limited to the Earth's crust .
Our knowledge of the Earth beneath this thin skin comes chiefl y from th e
gross physica l parameter s o f th e Eart h (mass , momen t o f inertia , mag -
netic field , etc.) , fro m earthquak e shoc k wave s an d fro m th e analogie s
drawn with meteorites an d other solar-syste m bodies .

Although many o f the earl y advance s i n chemistry were achieve d b y
scientists wh o wer e a s muc h mineralogists , crystallographers , and geol-
ogists a s chemists , th e mor e recen t histor y o f geochemistr y has com -
monly see n th e late r application t o geologica l problems o f techniques or
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theories develope d by chemists (and physicists). This i s particularly true
of variou s spectroscopi c method s use d t o stud y chemica l bondin g (se e
Chapter 2 ) and o f chemical bondin g theories tha t ma y b e applie d t o un -
derstanding mineralogica l an d geochemica l system s (see Chapter s 1  and
3). The applicatio n o f quantum mechanics to chemical systems , enabling
the crysta l structures , stabilities , reactivities, an d certain physica l prop-
erties o f phase s t o b e understoo d o r predicted , i s a  well-establishe d
branch o f chemistry, sometime s called quantum  chemistry.  Th e applica -
tion o f quantu m mechanic s t o mineral s an d othe r geochemica l system s
has developed rapidl y over the pas t 1 5 years. Thi s major branch o f theo-
retical geochemistry,  whic h migh t b e terme d quantum  geochemistry,
forms th e subjec t o f thi s book . (Not e tha t muc h o f th e subjec t matte r
could b e described , a t leas t i n part , b y a  variet y o f other terms , som e
currently in use, including "minera l physics, " "physic s an d chemistry of
minerals," o r "quantum mineralogy." )

It i s the thesi s o f this book tha t furthe r majo r advance s i n geochem-
istry, particularl y i n understandin g th e rule s tha t gover n th e way s i n
which elements com e togethe r t o form mineral s and rocks, require appli -
cation o f the theories o f quantum mechanics. Thi s is particularly the case
in gainin g further knowledg e of th e geochemistr y o f th e interio r o f th e
Earth.

In the following chapter s the elements of quantum mechanics are out-
lined, an d variou s model s tha t ma y be used t o describ e bondin g in geo-
chemical system s ar e discussed . Chapte r 2  provides a  brie f accoun t o f
experimental techniques that ca n be used t o study bonding in geochemi-
cal systems. Although the emphasis in this text is not on experimentation,
it i s importan t t o understan d ho w theoretica l model s ca n b e teste d an d
refined usin g such methods . Chapte r 3  is used t o outline th e theoretica l
background an d th e variou s quantum-mechanica l model s an d method s
that ca n b e employed , wherea s i n the firs t par t o f Chapte r 4  high-leve l
applications o f these method s t o simpl e molecule s or compound s o f rel-
evance to mineralogy and geochemistry are considered. Th e latter part of
Chapter 4  and the whole of Chapters 5  and 6 describe th e applications of
various bondin g model s t o majo r group s o f minerals—th e oxides , sili -
cates, carbonates , borates , an d sulfides . Th e application s o f bondin g
models to more genera l problems i n mineral physics and chemistry, geo-
physics, an d geochemistry form th e subjec t matte r o f Chapters 7  and 8 .
These problem s includ e structure , stereochemistry , bon d strength s an d
stabilities of minerals, physical properties (including elastic properties) of
minerals, crystal-melt equilibria and partitioning of elements, behavior of
minerals at elevated pressure , predictio n of solution species and mineral-
solution equilibria , surfac e propertie s o f minerals, an d overal l geochem -
ical distributio n o f the elements.

Although th e emphasi s in th e tex t i s chemica l an d geochemical , th e
subject matte r i s s o fundamenta l t o al l aspects o f the Eart h an d Minera l
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Sciences, tha t we hope i t wil l appea l t o the wide r audience o f mineralo-
gists, petrologists , an d geophysicists . I t i s als o hope d tha t physicists ,
chemists, an d materials scientist s wit h major interests outsid e the Eart h
Sciences wil l fin d i t a  usefu l sourc e o f informatio n an d ideas . Indeed ,
several topic s tha t lin k the minera l science s wit h broader aspect s o f ma-
terials scienc e ar e discussed i n Chapter 7. An attempt ha s been mad e t o
cover ke y reference s u p t o th e en d o f 1990 , althoug h where, a s i s com-
monly the case, th e number of references is too great to include them all,
the reade r i s directed t o majo r revie w articles . Th e appendice s provid e
not onl y information on relevan t symbols , units, constants, an d conver -
sion factors, but also a guide to both experimental and calculational meth-
ods fo r studyin g structur e an d bondin g an d t o th e numerou s acronym s
employed to refer to these methods .

Many people hav e contributed directly or indirectly to the completio n
of this book. Particula r thank s are due to Professor R.G . Burns , who of-
fered advic e an d encouragemen t i n th e earl y stages ; Professo r G.V .
Gibbs, wh o rea d an d commente d upo n th e fina l text ; an d Professo r
C.M.B. Henderson , wh o gav e advic e o n studie s o f glasse s an d melts .
Numerous colleagues responde d t o request s fo r thei r mos t recent work .
In th e preparatio n o f th e manuscript , Mrs . Catherin e Hard y an d Mrs .
Dorothy Thomas devoted man y hours to careful work, and in the prepa -
ration o f figure s muc h hel p wa s provide d b y Mr . Richar d Hartle y an d
Miss Susan Maher . In recent year s th e authors have benefitted from th e
financial suppor t of funding agencie s i n the completio n o f original work
cited i n the tex t (th e National Scienc e Foundatio n and both th e Natura l
Environment and Science and Engineering Research Councils) . Particular
thanks are due to NATO, which provided funds for collaborative researc h
by the authors .

Finally, we wish to thank our wives, Julia and Heather, fo r their con-
tinuing suppor t an d encouragemen t ove r th e year s spen t preparin g thi s
text.

College Park, Md . J.A.T .
Manchester, Eng.  D.J.V .
November 1990
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1
INTRODUCTION

1.1. Historical perspective—ionic and atomistic approaches

The earl y description s o f chemica l bondin g in mineral s an d geologica l
materials utilize d purely ionic models . Crystal s wer e regarde d a s bein g
made u p o f charged atom s o r ion s tha t coul d b e represente d b y sphere s
of a particula r radius. Base d o n interatomic distance s obtaine d fro m th e
early work on crystal structures, ioni c radii were calculated fo r the alkal i
halides (Wasastjerna , 1923 ) and the n fo r man y element s o f geochemica l
interest b y Goldschmid t (1926) . Modification s t o thes e radiu s value s b y
Pauling (1927) , an d other s too k accoun t o f suc h factor s a s differen t co -
ordination number s an d thei r effect s o n radii . Th e widesprea d adoptio n
of ionic models by geochemists resulted both from th e simplicity and ease
of application of these model s an d fro m th e succes s o f rules based upo n
them. Pauling' s rule s (1929 ) enable d th e comple x crysta l structure s o f
mineral group s suc h a s th e silicate s t o b e understoo d an d t o a  limited
extent b e predicted ; Goldschmidt' s rule s (1937 ) to som e degre e enable d
the distributio n o f elements betwee n minera l phases o r minera l and melt
to be understood an d predicted . Suc h rule s are further discussed i n later
chapters. Ionic approaches hav e also been used more recently in attempts
to simulate the structures of complex solids, a  topic discussed in detail in
Chapter 3 .

Chemical bondin g theor y has , o f course, bee n a n importan t compo -
nent of geochemistry and mineralogy since their inception. Any field with
a bas e o f experimenta l data a s broa d a s tha t o f mineralog y i s criticall y
dependent upo n theory to give order t o the data an d to sugges t priorities
for th e accumulatio n o f new data . Jus t a s th e bon d wit h predominantl y
ionic character wa s the first t o be quantitatively understood within solid-
state science , the ionic bonding model was the first used to interpret min-
eral properties . Indeed , moder n studie s describe d herei n indicat e tha t
structural and energeti c propertie s o f some mineral s ma y be adequatel y
understood usin g thi s model . However , ther e ar e numerou s indication s
that a n ioni c mode l i s inadequate t o explai n man y minera l properties . I t
also appears that some properties that may be rationalized within an ionic
model may also be rationalized assuimin g other limiting bond types. It ha s
long been recognize d that minera l propertie s ma y b e affecte d b y depar -

3



4 THEORETICA L GEOCHEMISTRY

tures fro m complet e ionicit y an d tha t suc h covalen t component s o f th e
chemical bon d are correlated with purely atomic propertie s suc h as ioni-
zation potentia l and electro n affinity . I n the earl y 1950s , a number of re-
searchers developed interpretation s o f mineral structure s an d energetic s
by establishing a correlation wit h some atomi c properties (Ahrens , 1952 ,
1953; Fyfe , 1954 ; Ramberg , 1952 ; Ringwood , 1955 ; Verhoogen , 1958) .
Such work provided a framework for systematizing a vast body of exper-
imental data, which was it s primary intent. Understandin g the nature of
chemical bondin g i n minerals wa s no t th e focu s o f this research . I n an y
case, quantum-mechanical theory, computationa l techniques , and exper -
imental capabilities wer e inadequate for the stud y of the chemica l bond s
occurring in minerals. Reasonably accurate solutions to the quantum-me-
chanical equation s ha d been obtaine d fo r a number of atoms, fo r H2, and
for som e alkal i halide solids , bu t i t was no t unti l the early 1950 s that th e
fundamental theor y needed fo r the quantum-mechanica l studies of mole-
cules was developed and not until the late 1950 s that automatic compute r
programs wer e develope d fo r doing the necessar y computation s (Schae-
fer, 1984) . Since tha t time , quantum-mechanica l computationa l capabili -
ties have greatly increased, althoug h there ar e still fairly stric t limitations
on the complexity of systems tha t can be treated.

The early attempts to determine bond typ e also foundered on a num-
ber of obstacles. First , while precise numerica l results could be obtaine d
within a n ioni c model , molecula r quantu m theory coul d onl y be applie d
in a  qualitative , an d ofte n ambiguous , way. Accurately calculatin g even
the propertie s o f free atom s wa s difficult . Mos t molecular quantum-me-
chanical arguments utilized atomic ionization potentials or electronegativ-
ities an d calculate d atomic-orbita l overla p integral s t o obtai n onl y ap -
proximate molecula r orbitals . Second , th e propertie s considere d wer e
generally structura l an d energeti c i n natur e (e.g. , bon d distance s an d
heats o f formation). Properties inherentl y quantum mechanical i n nature
and tha t coul d no t b e considere d usin g atomisti c approaches , suc h a s
spectral propertie s arisin g from th e existence o f quantized energ y states ,
were ofte n ignored . A s w e shal l se e i n ou r discussio n o f a b initio
molecular-orbital (MO ) theory (se e Chapte r 3) , accurat e calculatio n o f
bond distance s require s a n a b initio  approach , an d accurat e calculatio n
of energies demand s high-level ab initio  calculations. Sinc e the 1950 s the
development of new spectroscopi c method s has demanded knowledge of
the allowe d electroni c state s o f minera l systems , ofte n approximate d
semiquantitatively utilizin g a n energy-leve l diagra m (o r specificall y a n
"eigenvalue spectrum, " se e sections 3. 1 and 3.5) of the molecular orbital s
of the material. Suc h an increased emphasi s upon spectral propertie s ha s
encouraged mor e researcher s t o us e molecula r quantum-mechanica l ap -
proaches. Nonetheless, many of the basic questions concerning the effec t
of bon d type on geologi c processes, suc h a s thos e raise d b y Ramberg's
(1952) stud y o f trace-element fractionation between th e differen t silicat e
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structure types , canno t a t presen t b e directl y answere d b y quantum -
mechanical calculation . Experimenta l an d theoretica l studie s o f silicat e
properties have , however , give n us a deeper understandin g o f changes in
silicate bon d typ e wit h degre e o f polymerization. Rather tha n estimatin g
bond typ e based o n atomic propertie s suc h as electron affinities , w e can
now accuratel y calculat e electroni c structure s o f man y differen t mate -
rials. Finally, some o f the difficulties encountere d i n the 1950 s arose fro m
an attempt t o define quantities such as "charge" and "covalency," which
cannot b e uniquely defined. I t i s now clear that suc h quantitie s mus t be
used wit h care an d tha t relativ e value s ar e muc h mor e meaningfu l than
absolute ones. For example, we might convincingly say that NO 3- show s
more evidence o f covalency than BO 3

3-(from the experimenta l evidenc e
of photoemissio n spectra ; se e Chapte r 5) , withou t attemptin g t o giv e
some absolute number to represent the covalenc y o f either.

It is worth noting that th e referenced work s from th e 1950 s addresse d
very large, important , and general question s in geochemistry. Suc h stud -
ies are currently uncommon in mineralogy and geochemistry.

1.2. Crystal-field theory and the geochemistry
of the transition metals

A grea t advanc e i n understandin g th e geochemistr y o f transition-meta l
systems occurre d i n th e 1950 s whe n crysta l fiel d theor y (Bethe , 1929 ;
Orgel, 1966 ) was applie d t o them . Th e partl y fille d d  shel l o f transitio n
elements i s responsible fo r thei r anomalou s geochemical , crysta l chemi -
cal, thermodynamic , magnetic , an d spectra l properties . Experimenta l
studies, particularl y o f optical absorptio n ("crystal-fiel d spectra" ) could
be interpreted usin g crystal-field theory and used to provide informatio n
on th e chemistr y o f transitio n element s i n differen t crystallin e environ -
ments. In mineralogy and geochemistry, crystal-fiel d theory an d spectra l
measurements were used to understand colo r and pleochroism i n certain
minerals, th e distributio n of transition metal s betwee n differen t site s i n
crystals and between minerals in the Earth, properties o f the Earth's man-
tle, and , mor e recently , o f th e surface s o f othe r planet s (Burns , 1970 ,
1985, 1989) . Crystal-field theory thu s provided a framework for relating a
number o f differen t structural , energetic , spectroscopic , an d magneti c
properties o f transition-meta l compounds . Perhap s it s mos t importan t
contribution wa s in providing a connection betwee n spectra l properties ,
of interest t o a  relatively smal l number of scientists , an d energetic prop -
erties, a  fundamental concern o f a very much larger group of scientists. '
It also establishe d tha t properties associate d a t a certain level of approx-
imation wit h th e occupatio n of single-electron orbitals coul d b e use d t o
interpret change s of the tota l interna l energy o f complex many-electron
systems. A  simila r theoretical advance occurre d i n organic chemistry in
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the 1960 s whe n simpl e semiquantitativ e molecular-orbita l calculation s
were use d t o relat e th e electron-densit y distribution s in singl e electro n
orbitals t o the overal l reactivities of the compounds i n which they occur .
In bot h cases , th e significan t properties o f the materia l ar e strongl y de -
pendent upon symmetry properties o f the crysta l sit e o r molecular poin t
group, s o tha t a  highl y accurat e descriptio n o f the chemica l bondin g i s
not crucial .

Crystal fiel d theor y wa s quickl y applied t o a  wide rang e o f problems
in transition-meta l chemistry , including that o f the partitionin g of transi -
tion element s between soli d silicate s an d silicat e magma . A  central con -
cept i n thes e interpretation s wa s th e crysta l fiel d stabilizatio n energ y
(CFSE), whic h is dependent upo n the numbe r of metal 3d electrons, sit e
symmetry, and to a lesser exten t the identity of atoms i n the firs t coordi -
nation sphere . Reasonabl e assumption s about th e nature o f coordinatio n
sites in magmas together with crystallographic knowledge of the site sym-
metry i n silicat e crystal s yielde d CFSE differences between magm a and
solid consisten t wit h observe d elemen t fractionation s i n slowl y coole d
magma chambers . T o understan d th e partitionin g o f element s betwee n
closely relate d site s i n solid s require d mor e detaile d informatio n o n th e
dimensions of the crystallographi c site s and on the energeti c splitting s of
the meta l d  orbitals . Suc h energ y splitting s were acquire d fro m experi -
mental electroni c (ir-visible ) absorptio n spectra l dat a (se e Burns , 1970)
for a  wide variety of silicate minerals and were show n to give CFSE val-
ues in qualitative agreement wit h known metal sit e partitionings. Refine-
ment of this model has, however, proved to be difficult. Direc t calculatio n
of meta l c/-orbita l energie s usin g a  purely ioni c crystal field mode l doe s
not generally give good results . In fact, experimental data attesting to the
limited accurac y o f the ioni c crysta l fiel d mode l ar e commonl y cite d i n
introductory inorgani c chemistr y textbooks . However , a s w e shal l see ,
first-principles quantum-mechanica l calculation s ca n no w giv e quit e ac -
curate value s of metal d-orbita l energies for simple molecules and molec -
ular complexes. Simple , semiempirical molecular approaches suc h as the
angular overlap model (AOM; see Appendix C) can also accurately repro -
duce d-orbita l splittings . I n fact , th e onl y systemati c calculation s o f
d-orbital splittin g fro m crysta l sit e dat a i n th e mineralogica l literatur e
were actuall y obtaine d usin g a versio n o f th e AO M (Wood an d Strens ,
1972).

1.3. Quantum chemistry

In 192 9 Dirac stated that

The underlyin g physica l law s necessar y fo r the mathematica l the-
ory o f a large part o f physics and th e whol e o f chemistry ar e thus
completely known , and th e difficult y i s only that th e exac t appli -
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cation o f these law s lead s t o equation s whic h are much too com -
plicated t o b e soluble . I t therefor e seem s desirabl e tha t approxi -
mate practica l method s o f applying quantum mechanics shoul d be
developed, whic h can lea d t o an explanation o f the mai n features
of complex atomi c system s without too much computation .

In 197 2 Schaefer describe d th e result s of many approximate quantu m -
mechanical calculations o n gas-phase atom s an d smal l molecules tha t in-
dicated tha t Dirac' s goa l wa s clos e t o bein g achieve d fo r suc h species .
Around the sam e time , i t became clea r tha t quantum-mechanica l theory
could als o b e applied t o man y categories o f more complicate d chemica l
systems i n a  qualitativ e manner , leadin g t o substantia l advance s i n th e
understanding of the structur e and reactivit y of such complex materials .
Contemporaneous wit h this improved capabilit y o f quantum-mechanical
theory withi n chemistry was an expansion i n experimental methods tha t
yielded knowledge pertinent to the electronic structur e of molecules.

Recently th e beginnin g of the "thir d ag e of quantum chemistry" ha s
been heralde d (Richards , 1979) . Thi s i s th e ag e i n whic h quantum -
mechanical calculation s yiel d properties wit h accuracies rivalin g experi-
ment for molecules of real interest to practicing chemists. Admittedly, the
example molecul e chose n b y Richard s wa s excite d triplet-stat e ethyne ,
C2H2, which is relatively easy to stud y theoretically becaus e of its small
number o f electrons an d quit e difficul t t o stud y experimentall y becaus e
its C is coordinatively unsaturated and therefore very reactive. Nonethe -
less, th e abilit y of the quantum-mechnica l "computer experiment " t o ri-
val th e accurac y o f laborator y experimen t wa s impressive . Sinc e tha t
time, bot h collaboration s an d healthy rivalrie s hav e arise n betwee n lab -
oratory an d compute r experimental description s o f many molecules, in -
cluding H 2SiCH2 (Schaefer , 1982) , isoelectroni c wit h silanone , H 2SiO.
Theoretical method s have also been usefully applie d to difficult problem s
in surfac e chemistr y and i n catalysi s (Goddard , 1985) . Of course, quan -
tum-mechanical studies can be quite valuable even if the accuracy o f their
calculated propertie s doe s no t riva l experiment . A s Goddar d (1985 ) has
said:

If theory could provid e only exact result s for any desired propert y
of any system, it would not be any better than a collection o f good
experiments. Wha t theor y uniquel y provide s i s th e qualitativ e
principles responsible for the result s from a  particular experimen t
or calculation . Wit h prope r understandin g o f th e principles , on e
can predic t ho w new system s wil l act i n advance o f either experi -
ment or quantitative calculations .

In addition to those groups within quantum chemistry using very accurate
and computationall y demanding theoretica l methods , ther e ar e othe r
groups focusing upo n simple semiempirical methods that rely upon sym-
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metry argument s and qualitativ e models fo r atomic-orbita l interactions .
Although much of this research is interpretative in nature, identifying spe -
cific simpl e chemica l interaction s tha t correctl y reproduc e trend s i n
chemical behavior , ther e i s no w a n importan t predictiv e componen t t o
such research . Suc h wor k ofte n focuse s upo n classe s o f molecule s i n
which ther e i s substantia l syntheti c researc h an d suggest s directions fo r
further syntheti c studies (see, fo r example, Hoffman , 1982) .

1.4. Solid-state quantum physics
(band theory and related approaches)

At the same time as the "thir d age of quantum chemistry" wa s commen-
cing, a  simila r developmen t wa s occurrin g i n computationa l solid-stat e
physics. The development of ab initio pseudopotentials (Cohen , 1979; see
Section 3.11 , Appendix C) allowed accurat e calculatio n o f ground-stat e
equilibrium geometries fo r valence-electron-only systems , even those of
low symmetry . Such success led to serious philosophical consideration of
the best ways for such accurate band-theoretical approache s t o be used.
Since that time the ab initio pseudopotential methods have been used with
great succes s t o stud y materials wit h low symmetries , such a s surface s
of solids , an d t o asses s lattice-dynamic properties. Th e goo d agreemen t
of calculatio n an d experimen t ha s establishe d tha t th e local-densit y ap-
proximations use d i n most band-theoretica l approache s d o no t preclud e
an accurat e determinatio n o f ground-state properties . Althoug h pseudo-
potential approaches remain difficult fo r transition-metal compounds, due
to the necessity for retaining valence characte r for the meta l d  electrons,
other band-theoretical approaches suc h as augmented-plane-wave (APW)
and the linear muffin-ti n orbita l (LMTO ) methods (see Appendix C) have
been successfull y applied to the calculatio n of ground-state propertie s o f
transition metal s an d som e o f thei r compounds . Unfortunately , suc h
local-density approache s giv e poor results fo r excited-state propertie s in
some case s (e.g. , greatl y underestimatin g ban d gap s i n semiconductor s
and insulators). Some workers are trying to avoid suc h problems by using
nonlocal Hartree-Foc k treatment s o f exchang e an d correlatio n (e.g. ,
Dovesi et al. , 1987) , while others ar e trying to reformulate the local-den -
sity approach t o deal wit h such excitations. In the recent developmen t of
high-temperature superconductors , experimentalist s hav e clearl y bee n
the leaders , bu t severa l theoretica l group s hav e mad e notabl e contribu -
tions. The presen t leve l of understanding of the theor y o f such material s
has been reviewed by Pickett (1989).

At the same time that band-theoretical method s have been rapidly de-
veloping in accuracy and breadth of applicability, there has been substan-
tial progres s i n qualitativ e o r semiquantitativ e atomic-orbital-based
methods, whethe r based upo n accurate atomi c potentials or upo n para-
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metrized interaction s aki n to the extended Hiicke l theor y applied to mol-
ecules (se e Appendi x C) . Thes e approache s provid e preliminar y deter -
minations of electronic structure for complicated material s an d constitut e
a basi s for qualitativ e discussion s o f the effec t o f orbital interaction s o n
structural stability .

1.5. Quantum geochemistry

The earl y 1970 s also sa w the birth o f a new subfiel d on the borderline of
mineralogy, chemistry , and solid-stat e physics , th e fiel d w e have calle d
quantum geochemistry  (althoug h th e basi s fo r suc h a  fiel d wa s lai d b y
researchers i n the 1950 s and 1960s , as we have described) .

Quantum geochemistr y exploit s recen t advance s withi n molecula r
quantum chemistr y an d theoretica l solid-stat e physic s tha t hav e mad e
possible accurat e solution s o f the quantum-mechanica l equation s o f mo-
tion for complex materials . It s goa l is to be both interpretive an d predic -
tive, both to rationalize know n properties o f well-characterized material s
and t o predic t unmeasure d propertie s o f poorly characterize d material s
by "compute r experiment. " I t provide s a  theoretica l framewor k within
which the relationships between differen t propertie s o f a material may be
elucidated. B y virtue of the nonuniformity in the geochemical distribution
of the elements , quantu m geochemistry i s more strongl y concerned wit h
some type s of chemical bonds than wit h others. Ther e i s a difference in
emphasis bu t n o shar p boundarie s betwee n i t an d inorgani c quantu m
chemistry or theoretical solid-stat e physics . Although it is predominantly
theoretical i n nature, i t has a n experimenta l component . A n experiment
designed to probe an aspect of the electronic structur e of a mineral is just
as muc h a  part o f quantum geochemistry a s i s a computation using , for
example, some molecular-orbita l method.

Most quantu m geochemistr y studie s hav e s o fa r bee n interpretiv e
rather than predictive in nature. This is partly a consequence o f the com-
plexity o f mineralogica l systems, which makes th e mos t accurat e quari -
tum-mechanical calculations extremel y difficult . However , even a  highly
accurate quantum-mechanica l calculation cannot really "predict " a prop-
erty i f that property has alread y bee n experimentall y determined to high
accuracy. Mos t o f the structura l propertie s o f most mineral s have bee n
accurately determine d experimentally at ambien t temperatur e an d pres -
sure. Synthesi s of compounds with new chemica l compositions is not a n
important componen t o f mineralogy, although we would argue that such
research can be of value. There are , however , important regimes in which
mineralogical and geochemical species ar e poorly characterized—in high-
pressure and -temperature solids, in melts and solutions, and at surfaces .
It i s these species, difficult t o stud y experimentally , fo r whic h quantum -
mechanical calculation s may have the greatest predictiv e value. Another
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area, more clearly identified with cosmochemistry, i s that of condensatio n
of solid s fro m interplanetar y media . I n al l of these regimes , a t leas t th e
simplest o f th e specie s involve d are susceptibl e t o quantum-mechanica l
study, an d w e wil l give illustrative examples o f each .

1.6. Models and methods

Quantum-mechanical calculation s ar e concerne d wit h the (approximate )
solution o f the quantum-mechnica l equatio n o f motion , th e Schrodinge r
equation. Thi s i s the startin g poin t in a series o f choices o f "model" and
"method" emphasized i n Fig. 1.1 .

In quantu m geochemistry , choic e o f a  specifi c mode l fo r th e syste m
of interes t i s a  ste p o f mor e significanc e tha n i n quantu m chemistr y o r
solid-state physics . Quantum-chemica l studie s typicall y consider eithe r
the molecul e o f interest o r som e "friendly " simplificatio n o f it in a "lo -
calized" electro n mode l (se e Fig . 1.1) . For example, a  large hydrocarbo n
group lyin g fa r fro m th e bon d o f interest i n a molecul e migh t well be re -
placed b y a n H  ato m i n a  quantum-chemica l calculation. Such a  proce -
dure i s ofte n thoroughl y justified, bu t i t certainl y preclude s any under -
standing of the difference s at the particula r bon d produced b y variations
in th e natur e o f th e hydrocarbo n fragment . I n solid-stat e physic s th e
model is generally of infinite extent (in at least one dimension) and i s thus
a "delocalized " electro n mode l (se e Fig . 1.1) , although finite molecular -
cluster model s ar e findin g increase d us e withi n thi s discipline . Man y
quantum-geochemical studie s hav e als o employe d molecula r model s o f
infinite exten t (althoug h the resultin g problem i s no t o f infinit e difficult y
due to the simplifications of translational symmetry). However, i t is more
common to employ some finite molecular cluste r (or even an isolated mol -
ecule) t o describ e th e propertie s o f the minera l soli d (e.g. , a  tetrahedra l
SiO4 "molecular " cluste r t o mode l quartz) . Althoug h such a  procedur e
reduces the number of electrons t o be treated, it s disadvantage for a crys-
talline materia l is that i t fails t o tak e advantag e o f the translationa l sym -
metry, althoug h i t ma y wel l exploi t th e point-grou p symmetr y o f th e
smaller cluster . O f course , i f the molecul e o r molecula r cluste r use d a s
model fo r th e minera l i s a  stabl e species , on e ma y b e able  t o compar e
calculated an d experimenta l propertie s fo r th e molecul e an d thu s gai n
information relevan t t o th e minera l itself . Indeed , w e shal l argu e tha t a
great dea l ca n be learned abou t mineral s by studie s on nonmineral solids
or gas-phas e molecule s wit h simila r bon d types . I n principle , on e ca n
enlarge the molecula r cluster somewha t s o as to approac h th e bul k solid
gradually. In practice, suc h enlarged cluster s are very difficult t o perform
calculations upon , an d th e result s ar e har d t o interpret . Generally , en-
larged cluster s are studie d by accurate method s onl y when specific inter-
actions outside the simplest cluster are the focu s of interest. For example,



Fig. 1.1. Diagra m to illustrate the principles involved i n choosing a  model an d a method whe n performin g quantum-mechanical calcu-
lations (to solve the Schrodinger equatio n show n at the apex o f this figure) on geochemical (particularl y mineral ) species. Se e text (and
also Appendix C) for discussion and explanatio n o f abbreviations (fro m Tossell , 1987) .
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one might study the interaction o f transition-metal atoms across a share d
edge of two metal-oxygen polyhedra (e.g., an Fe2O10 cluster involving two
edge-sharing FeO 6 octahedra ) wit h som e expectatio n tha t th e specifi c
metal-metal interactio n migh t be well described, bu t artifacts of the clus -
ter truncatio n might give unreliable result s for the othe r propertie s suc h
as oxyge n orbita l energies . Th e cluste r approximatio n t o th e bul k solid
can be improved by imposing conditions on the electron densit y or othe r
properties a t th e cluste r boundary , bu t suc h condition s ar e no t eas y t o
formulate o r t o reduc e t o compute r algorithms . Nonetheless , som e im-
portant advance s ca n b e mad e i n this area, whic h we wil l late r describ e
(see als o Sauer , 1989) .

Once a model for the mineral has been chosen, one must adopt a  par-
ticular method for the approximate solution of the Schrodinge r equation .
(A ful l accoun t o f the developmen t o f quantum-mechnical theory i s given
in Chapter 3. ) Although this equation ca n be solved exactly only for one -
electron systems , extremel y accurat e approximate solutions are now ob-
tainable fo r system s wit h a  smal l numbe r of electrons (e.g. , <120 ) with
reasonable computationa l effort . I n general , th e computationa l effor t in -
volved increase s rapidl y with the degre e o f rigor o f th e calculatio n and
even more rapidly with the number of electrons i n the system. Thus, most
quantum-geochemical studies have utilized quantum-mechanical methods
with rather lo w levels of rigor.

If we follow th e localized (left-hand ) route of Fig. 1. 1 and thus choose
some for m o f molecular cluster, w e find tha t th e mos t common descrip-
tion of many-electron systems employs the independent-electron approx -
imation, in which the many-electron wave function i s written as a product
of one-electro n wav e function s or orbitals , modifie d so as t o satisf y th e
Pauli exclusio n principle (th e "one-electro n approximation, " Fig . 1.1) .
Only a  few calculations o n geochemically important materials hav e gon e
beyond thi s level of approximation and employe d correlate d wav e func -
tions, bu t procedure s fo r doin g s o usin g the method s o f configuration-
interaction (CI ) an d many-bod y pertubatio n theor y (MBPT ) hav e onl y
recently becom e widel y available . Th e bes t possibl e one-electro n wav e
function i s known as the Hartree-Fock wave function. If a Hartree-Fock
level wave function i s deemed adequat e fo r the study , one must then de-
cide how closel y i t is necessary t o approach thi s wave function [and th e
"Hartree-Fock (HF ) limit"] , whic h requires, i n principle, a n infinite set
of analytica l functions for it s representation . Th e difficult y o f the calcu -
lation increases approximatel y as the fourth power of the number of such
functions. Thus , for system s with large numbers of atoms, the se t o f an-
alytical expansion functions, known as the basis set, i s generally not com-
plete, an d a  self-consistent-fiel d (SCF) calculatio n is carried ou t usin g a
small basi s se t (Fig . 1.1) . Much simple r bu t thereb y muc h crude r than
such ab initio Hartree-Fock methods are the approximate Hartree-Fock
methods tha t involve som e gross assumptions, such as th e complet e ne-
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gleet o f differentia l overla p (CNDO ) o r modifie d neglec t o f differentia l
overlap (MNDO ) methods . Alternative s t o th e Hartree-Foc k approac h
involve mor e approximat e method s o f calculatin g th e exchang e energ y
("local-exchange" methods ) such as the various types of Xa method s dis-
cussed full y i n Chapter 3 .

The delocalize d (right-hand ) sid e o f Fig . 1. 1 involves som e for m o f
calculation o n th e ful l lattic e suc h a s a  band-theor y calculation . Again ,
the Hartree-Fock wave function ma y be employed in an ab initio method
or som e approximat e metho d suc h a s Hilcke l ban d theory , o r th e local -
exchange approximation s employed leading to augmented-plane-wave or
ab initio pseudopotential (PP ) methods. A s an alternative t o band theory ,
the developmen t o f the ioni c approach usin g pair potential s o r modified
electron-gas (MEG ) theor y ha s prove d effectiv e fo r certai n crystallin e
species.

Both i n chemistry an d i n solid-state physic s th e connectio n betwee n
computation an d experimen t ha s becom e considerabl y close r i n recen t
years, wit h computations bein g critically important i n the interpretatio n
of new experimenta l data and in guiding the experimentalist s toward s in -
teresting an d informativ e experiments . I t i s initiall y surprisin g tha t s o
much time has been require d sinc e th e development o f quantum mechan-
ics i n the 1920 s t o reac h thi s stage . Slate r (1975 ) has note d tha t politica l
developments and the growth of new areas in physics have retarded com -
putational solid-stat e physics , but he regards th e overwhelming intracta -
bility o f th e quantum-mechanica l equations an d th e nee d fo r enormou s
computational spee d an d storag e capacit y i n thei r solutio n a s th e mai n
cause o f thi s slo w development . Computer-determine d limitation s hav e
now bee n overcom e t o a  larg e extent , an d bot h sophisticate d quantum -
mechanical softwar e an d supercomputer s ar e becomin g routinel y avail -
able. Thus , th e stag e i s se t for general applicatio n i n the Eart h Science s
and Solid-Stat e Sciences o f the techniques discussed i n this book .

Note

1. I t i s interestin g t o not e tha t a  connectio n ha s mor e recentl y bee n mad e
between macroscopi c thermodynamic data and vibrational spectra (Kiefer, 1979) .
Although i t has lon g been know n tha t hea t capacitie s of minerals are directl y re-
lated to vibrational spectra, quantification of this relationship has been hampere d
by inadequat e experimenta l knowledge . Systemati c studie s o f the spectra , alon g
with clever interpolation s into inaccessible spectra l regions , hav e no w made pos -
sible accurate calculations o f heat capacities—hence linkin g a microscopic prop -
erty o f limited interest t o a macroscopic property o f wide interest.
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EXPERIMENTAL METHODS

An understanding of chemical bondin g in a system can be gained through
calculations based on the theoretical approache s outlined i n the previou s
chapter, o r throug h experimentation . I n a  muc h mor e limite d way , i t is
also possible to gain some understandin g of the bondin g in a system by a
"phenomenological" applicatio n o f (qualitative ) theor y give n certai n
properties o f the system (e.g. , chemical composition, crysta l or molecular
structure, magneti c an d electrica l behavior , etc.) . Ideall y thes e ap -
proaches should be combined s o as to gain a unified understandin g of the
bonding i n a  particula r system . I t i s ver y importan t tha t th e result s o f
quantum-mechanical calculation s ar e compare d wit h experimenta l dat a
so as to asses s thei r validity . Conversely, the result s of calculations ma y
be used in the interpretatio n o f the data from experiments .

In this chapter, th e wide range o f experimental method s tha t ca n pro -
vide informatio n o n chemica l bondin g i n geochemica l system s i s re -
viewed. Followin g a  ver y brie f summar y o f the principle s o f each tech -
nique, som e example s ar e give n o f it s applicatio n t o mineral s (o r othe r
systems o f geochemical interest , suc h a s melts , glasses , o r aqueou s so -
lutions). Th e objectiv e i s to dra w attentio n t o technique s o f importanc e
and t o sho w thei r relevanc e t o bondin g studie s an d thei r relationship s
both to quantum-mechanical calculations and to other experimenta l meth-
ods. N o attemp t i s made t o explai n th e theoretica l backgroun d o f these
techniques full y o r th e practica l problem s involve d in thei r application .
Indeed, eac h o f the m ha s spawne d a  substantia l literature , includin g
books an d revie w articles , som e o f whic h ar e cite d her e fo r th e reade r
requiring further details .

The experimental methods to be discussed hav e been divide d into five
major categories—diffractio n effects , electro n and x-ra y spectroscopies ,
optical (uv-visible-near-ir ) spectroscopy , vibrationa l spectroscopy , an d
nuclear spectroscopy . A  number o f techniques ar e als o discussed i n th e
sixth category—"othe r methods. " Nevertheless , th e range o f techniques
discussed i s very far from complete , an d a fuller listin g is given in Appen-
dix B . Thi s Appendi x als o serve s t o provid e som e usefu l reference s o n
each techniqu e and a  ke y t o th e numerou s acronyms an d abbreviations
used throughou t th e literatur e t o refe r t o thes e techniques . General ref -
erences dealing wit h th e application s of experimenta l method s to th e un -
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derstanding o f chemica l bondin g i n geochemica l an d mineralogica l sys -
tems include Berry and Vaughan (1985) and Hawthorn e (1988) .

2.1. Diffraction effects

X-rays, electrons , an d neutron s al l have wavelike a s wel l as particle na -
ture, and eac h ca n be generated a s a beam o f a very limited energy (an d
therefore o f a  specific , o r "monochromatic, " wavelength) . X-ray s an d
electrons ar e scattere d whe n the y hi t electrons , an d neutron s ar e scat -
tered whe n they hi t nuclei . I f these electrons an d nucle i ar e arrange d i n
the three-dimensiona l regula r arra y o f a  crysta l lattice , scatterin g take s
place only in specific directions; tha t is , diffraction occurs .

2.1.1. X-ray diffraction

Highly monochromatic x-ray s of wavelengths (typically —0.5-2.3 A) suit-
able t o produc e diffractio n effect s i n crystalline solid s ar e easil y gener -
ated. Sinc e th e firs t recordin g o f x-ra y diffractio n pattern s o n photo -
graphic plate s i n the earl y par t o f the twentiet h century , technique s fo r
making diffractio n measurement s hav e evolve d t o ever-greate r sophisti -
cation, and throughout this period very large numbers of crystalline solids
have bee n studied . Th e recordin g o f diffractio n effect s b y powde r an d
single-crystal sample s enables the crysta l symmetry to be determined; in
the case of detailed studies of single crystals (or very high-resolution pow-
der diffraction) , a  crystal structur e analysi s can be performed. Detail s of
the experimenta l methods and o f interpretation an d analysi s o f the dat a
are given in numerous texts (e.g. , Buerger, 1960 ; Arndt and Willis , 1966;
Stout an d Jensen, 1972) . Earlier method s o f recording the angles (relativ e
to th e inciden t beam ) an d th e intensitie s o f diffracte d x-ray s o n photo -
graphic fil m hav e largel y bee n supersede d b y th e us e o f single-crysta l
diffractometers. I n suc h instruments , a detector (scintillatio n or propor-
tional counter ) i s use d t o measur e ver y accuratel y th e intensit y o f dif-
fracted x  rays with angles being varied by rotation o f counter an d crystal .
Because th e whol e syste m i s automate d (compute r controlled) , larg e
amounts of data o f high quality may be obtained i n a very shor t time .

Accurate dat a on interatomic distance s (t o ±0.000 1 A ) and bond an -
gles to ±0.01° ) are therefore no w available for large numbers of minerals.
As wel l a s bein g the sourc e o f accurat e crysta l structur e data , moder n
x-ray crystallography can also provid e information on the distribution of
electron densit y in crystallin e solids . Thi s i s becaus e i t i s th e electron s
within an atom tha t are responsible for scattering an incident x-ray wave,
and scattere d amplitud e falls of f progressively with increasing scatterin g
angle i n a way that depends o n th e distributio n of electron densit y i n th e
atom, th e fallof f bein g less rapi d th e mor e centrall y concentrated i s th e
electron density. This, expressed in terms of scattering factor (f) as afunc -
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tion o f diffractio n angle an d wavelengt h o f x-ray s employe d [(si n 6)/l] ,
appears in the expression fo r the amplitude of x-rays diffracted by a  par-
ticular plane (hkl)  of atoms in the crystal—th e structure factor :

where Fhkl is the structur e factor fo r the se t of diffracting plane s hkl,  an d
fi i s the scatterin g facto r fo r th e atom s o f the typ e i  occurring in the po -
sition given by coordinates x,y,z  o f the uni t cell (where the summatio n is
taken ove r al l atoms i n the uni t cell and the crystal is centrosymmetric).
Thus, from the measured structur e factor (derive d from x-ra y intensities)
can be derived the information on scattering of x-rays by particular atom s
and how this varies in different direction s (i.e. , the spacia l distributio n of
electron density) . Electron densit y data can be presented in the form of a
diagram of the typ e shown in Fig. 2. 1 (an early example from th e classic
work o f M . J . Buerger) . Suc h dat a ca n b e directl y compare d wit h th e
results of quantum-mechanical calculations an d the result s of other spec-
troscopic measurements .

In making comparisons wit h theoretically determine d electro n densi -
ties (als o referred t o as electronic  charge  distributions  o r as charge  den-
sities), a  numbe r of other approache s ar e commonl y used i n addition t o
presenting the total charge density for a molecule or cluster (Smith , 1977).
Because tota l charg e densitie s fo r a  molecul e ma y b e quit e simila r fo r
different models , th e alternativ e approache s mak e us e o f difference
(charge) densities  (Ap) . Essentially thi s involve s considerin g th e differ -
ence betwee n th e molecula r densit y (p mol) an d th e densit y o f superim -
posed free atoms (p SFA) at the molecular geometry (i.e., Ap = p mol -  p SFA).
Various workers have, in fact, used different approach s to the calculatio n
of p SFA. Som e us e th e superpositio n o f the sphericall y averaged ground-
state atom s (th e promolecule); other s superpos e th e dissociate d fre e at -
oms bu t directionall y prepare the m fo r molecula r formatio n (i.e. , a n F
atom woul d be i n th e configuratio n (ls 22s22pz2p2

7lX2p2
7y ),W here z , refers

to th e bon d axis) . Ye t another approach , i n cases where th e bondin g is
assumed to be highly ionic , i s to use the su m of the superpose d fre e ions
(whether entirely free or stabilized by counterions). I n Fig. 2.2 are shown
contour map s o f total  charg e densit y and differenc e charge densit y fo r
LiF usin g both superpose d directionall y prepared fre e atom s an d super -
posed fre e ions . A  critica l discussio n of the differen t approache s i s pro -
vided by Smith (1977).

2.1.2. Neutron  diffraction

Quantum effects requir e that neutrons have a wavelike as well as particl e
nature wit h wavelength s dependent on the velocit y ( l =  h/mv , wher e m
is the mas s of the neutro n and v  its velocity) . Neutrons emerging from a
nuclear reactor, afte r many atomic collisions in passing through a graphite
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Fig. 2.1. Electro n densit y projection p(xy) (projected parallel to c) for coesite (SiO2)
obtained from x-ra y data.

or othe r moderator , hav e energie s correspondin g t o wavelength s o f th e
order o f 1. 3 A, whic h ar e idea l fo r diffractio n b y crystals . "Reflection "
of these neutrons from a  crystal plate can provide a neutron beam tha t is
effectively monochromatic . Th e principle s of the diffractio n of neutrons
by crystal s are entirely analogous t o those o f x-ray diffraction.

The disadvantages of neutron diffraction compared wit h x-ray diffrac -
tion are that the equipment required t o generate a  neutron beam is vastly
more expensiv e and the beams provided are relatively weak and interac t
much more weakly with matter. As a result, much larger specimen s have
to b e used t o obtai n measurabl e effects . The advantage s o f neutron dif -
fraction are that the neutrons interact wit h nuclei instead of electrons, an d
neutrons suffe r additiona l scatterin g b y atom s wit h magneti c moments .
The scatterin g o f th e neutron s b y nucle i enable s determinatio n o f th e
structural positions of light elements such as hydrogen to be determined ;
these atom s hav e s o few electrons tha t thei r scatterin g b y x-ray s i s neg-
ligible. I t also enables atom s o f neighboring atomic number, which there-
fore hav e ver y simila r scatterin g amplitude s fo r x-rays , t o b e distin -
guished, sinc e scatterin g power s o f nucle i generall y var y considerabl y
from on e elemen t t o another . I t i s also true , o f course , that , wherea s a
neutron-diffraction experimen t locates the position o f the atom (nucleus),
an x-ray-diffraction experimen t locates th e cente r o f the electron density
of the atom, an d these two may well be different . The additional scatter -
ing o f neutron s by atom s wit h magnetic moments enables th e magnetic
structures o f solid s to b e studied , since coheren t diffractio n peak s arise
for ferromagneti c and antiferromagneti c materials. A detailed account of
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the theory , experimenta l techniques , an d applications o f neutron diffrac -
tion is given by Baco n (1962) .

2.7.3. Electron diffraction and associated phenomena

Electron beam s ar e generated an d can be accelerated an d focused in the
electron microscope . Th e wavelik e natur e o f suc h a  bea m o f electron s
means tha t i t can b e diffracte d by crystals . However , a t th e hig h accel -
eration voltages employed, wavelengths are much shorter tha n those used
in x-ra y diffraction (e.g. , a t 5 0 kV, the electro n wavelengt h i s 0.0535 A ;
at 100 0 kV, the electro n wavelengt h is 0.0087 A) . Electron s als o interac t
with matte r muc h mor e strongl y tha n x-rays , an d a n electro n bea m i s
seriously attenuate d i n passing throug h a crystal . I n fact , diffractio n ef-
fects can only be observed i n a transmission electron microscop e (TEM) ,
provided very thin crystals (a few hundred angstroms thick ) or thin areas
of crysta l (a s at th e edges ) ar e used . Th e stron g interactio n o f electron s
with matter leads to more complex diffraction effects than those observe d
in x-ray diffraction, so that electron diffractio n i s poorly suited to detaile d
crystal structur e determination . Electro n diffractio n doe s enabl e ver y
small particles o r smal l areas o f crystals (a s in intergrowths) to be exam-
ined and characterized b y determination of their cell dimensions and pos-
sible space-group types. Wit h modern electron microscope s o f very high
resolution, it is also possible t o take the information from certai n "reflec -
tions" an d us e the m t o obtai n a  high-resolution imag e showin g th e uni t
cells o f a crystal, or even a certain amoun t of detail withi n the uni t cells.
Such direc t imagin g of the crysta l structur e enable s irregularitie s a t th e
level o f the uni t cell (e.g. , stackin g disorder , polytypes , defects an d dis -
locations, twinning , and fine-scal e intergrowths ) to be studied . Electro n
microscopes ma y als o no w b e equippe d wit h facilitie s for th e chemica l
analysis of very smal l areas. Electron diffraction , direc t imaging , and mi-
croanalysis ar e discusse d i n numerous reference s (e.g. , Andrew s e t al. ,
1971; White, 1985).

Focused electro n beam s ca n als o b e rapidly scanne d acros s surface s
of very smal l area t o obtai n a  greatly magnifie d image of that surfac e a s
in scannin g electron microscop y (SEM) . There ar e als o electro n diffrac -
tion technique s suc h a s reflectio n high-energ y electro n diffractio n
(RHEED) an d low-energ y electro n diffractio n (LEED) , whic h ar e em -
ployed i n obtainin g structura l informatio n abou t th e surface s o f solid s
(see Appendix B and Chapte r 8) .

Fig. 2.2 . Contou r map s o f the total molecular charge densit y (p mol) and the differ -
ence densitie s with respect t o the superpositio n of the directionally prepared fre e
atoms (Ap ATOMS) and free ions (Ap10NS) for LiF (afte r Smith , 1977, and Bader , 1964;
reproduced wit h the publisher' s permission).
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2.2. Electro n an d x-ray spectroscop y

When matte r i s irradiate d wit h high-energ y photons , electron s ca n b e
ejected fro m thei r orbitals . I f monoenergetic photon s ar e use d t o caus e
the ejectio n o f electrons fro m a  material , then , t o a  firs t approximation ,
the kineti c energy o f the emitte d electron s wil l equa l th e energ y o f th e
incident radiatio n les s th e bindin g energy (i.e. , th e differenc e o f neutral
and catio n tota l energies) . I n x-ra y photoelectro n spectroscop y (XPS ,
also know n a s ESCA , electro n spectroscop y fo r chemica l analysis) , th e
binding energies of electrons i n solids ma y be obtained b y measuring the
kinetic energies of electrons ejecte d b y a  monochromatic bea m of x-rays
(see Fig . 2.3) . Whe n a n inciden t high-energ y photon eject s a n electro n
from on e of the inner orbitals of an atom in the material bein g bombarded,
the resultin g vacancy ca n b e fille d b y a n electro n fro m a n oute r orbita l
dropping into the inner orbita l hole , wit h the energy los t by this electro n
being emitted a s an x-ray photon (Fig . 2.3) . The energy of this x-ray emis-
sion corresponds t o the difference in ionization energies betwee n the two
orbitals. Measuremen t o f th e energie s an d intensitie s o f th e emitte d x -
rays (i n x-ray emission spectroscopy , XES ) ca n therefor e provid e infor -
mation o n th e energ y separatio n o f inner orbital s an d les s tightl y bound
orbitals, includin g th e valenc e orbitals . I t i s also possibl e for th e energy
lost by an oute r electron undergoin g "relaxation," so as to fil l a  core or-
bital vacancy, t o be internally converted. Her e the energy is used to eject
one o f the oute r electron s rathe r tha n bein g emitted a s x-ray s (Fig . 2.3).
Measurement o f the kineti c energies o f these electrons i s the basi s of Au-
ger electro n spectroscop y (AES) . I t i s als o possibl e t o measur e th e ab -
sorption o f a  rang e o f inciden t x-ra y energie s i n th e proces s o f exciting
valence electron s int o higher-energy vacant orbitals . Thi s i s the basi s o f
x-ray absorption spectroscop y an d related spectroscopies .

2.2.1. Photoelectron  spectroscopy
(and Auger electron  spectroscopy)

If a  sampl e i s bombarded wit h radiatio n o f frequency v, then photoemis -
sion wil l occu r fo r electron s wit h ionizatio n energie s o f les s tha n h v
(where h  is Planck's constant) . I f the binding energy of the electron is Eb,
then the ejecte d photoelectro n wil l hav e a  kinetic energy o f Ek, wher e Ek
= h v —  Eb fo r a  fre e ato m i n th e ga s phas e (subjec t t o a  ver y mino r
correction fo r the recoi l energ y o f the positiv e ion) . However , i n a solid,
further correction s ar e required in the form of a work function (C) , which
is a  constant fo r the sampl e and spectromete r concerned . Thi s take s ac -
count of effects suc h as positive charging of the surface following removal
of photoelectrons ; thi s charg e wil l attrac t th e emergin g photoelectron s
and degrade thei r kineti c energies . Thus we have:
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Fig. 2.3. Schemati c illustration o f the mechanism s o f electron an d x-ra y genera-
tion in x-ray emission, ESCA, and Auger spectroscopies (after Urch , 1971 , repro-
duced wit h the publisher' s permission).

The probability that an incident photon wil l cause the ejection of a partic-
ular electron i s proportional t o an integral of the type :

where dr is a differential volume element, ^ and M/y are wave functions
for th e initia l and fina l state s o f the syste m and P  i s the transitio n opera -
tor. Thi s integral can be simplified by approximations involvin g replacing

i and   b y th e wav e functio n fo r th e "atomic " orbita l fro m whic h th
photoelectron wa s ejecte d (<!> ) and a  plane-wave function for a  free elec-
tron f, an d using the electric dipole approximation fo r P, which yields :

where e  is the electroni c charge an d r  the electro n coordinate. No forbid -
den transition s arise from thi s integral , and th e probabilit y of photoemis-
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sion wil l depend on the magnitude of the integral , which depends in turn
largely o n th e spatia l overlap o f <$>,  and 4> f.

Experimentally, photoelectro n spectroscop y require s a  sourc e o f
monochromatic radiation . I n x-ra y photoelectro n spectroscop y th e
sources normally used are the Mg Kal ,2 pea k (1253. 6 eV) and the Al Kal ,2
peak (1486. 6 eV). Althoug h th e pea k width s are effectivel y 0. 7 an d 0. 8
eV, respectively, resolutio n i s adequate t o gain usefu l chemica l informa-
tion. Noble-ga s discharg e radiation source s ar e employe d i n the experi -
mentally distinc t for m o f photoelectron spectroscop y know n as ultravi-
olet photoelectro n spectroscop y (UPS) . Mos t commonly , th e H e i
resonance lin e (21.2 2 eV ) ha s bee n employed , wit h the radiatio n bein g
generated i n a gas discharge lamp. The reason for using the lower energies
of UP S i s that , wherea s x-ray s wil l caus e ejectio n o f core- and valence -
region electrons , th e mor e intens e photoemissio n wil l aris e fro m cor e
electrons. On the other hand, valence-shell electrons wil l most efficientl y
be ejecte d b y far-ultraviole t light (or sof t x-rays) . Synchrotron radiatio n
(see Sectio n 2.2.3 ) may als o b e use d a s a n excitatio n source , allowing
tuning of the excitation energ y within certain limits.

A typical x-ray photoelectron spectromete r i s shown schematically in
Fig. 2.4 . The sample , o n the en d o f a long rod, i s irradiated b y x-rays in
the vacuum chamber (at ~10~ 9 torr)—there may also be provision for an
ultraviolet ligh t source . Th e photoelectrons pas s into an energy analyze r
and detecto r system . Becaus e electron s wit h relatively low kinetic ener-
gies are being studied (<1500 eV), the maximum depth of the sample from
which suc h electron s emerg e i s onl y abou t 1 0 nm. Photoelectro n spec -
troscopy i s therefore a  surface-sensitiv e technique, and , i f interest i s in
the bul k material, grea t car e must be taken t o avoi d surfac e contamina -
tion. Hence the use of a high vacuum and techniques such as ion (usually
argon ion) bombardment to remove contaminated surface layers.

An x-ra y photoelectron spectru m i s typicall y presented a s a  plo t o f
electron binding energies against intensities , an d an example is shown in
Fig. 2.5 . Thi s valence-regio n spectru m o f Pb S (galena ) reporte d b y
McFeely et al. (1973) can be interpreted in terms of published band-struc-
ture calculations and calculations based on molecular-orbital methods . As
further discusse d in Chapter 6 , the peaks labeled 1  and 1 ' at the top of the
valence band arise from electron s i n orbitals o f essentially sulfur 3 p char-
acter (nonbonding molecular orbitals). Belo w these in energy lie the main
bonding orbitals (peak 2) of chiefly lead 6 s plus sulfur 3p character. Peak
3 arise s fro m th e sulfu r 3 s orbitals , whic h are no t involve d in bonding.
The intense double peak a t ~2 0 e V binding energy comes from electron s
in th e lea d 5 d orbitals . Thes e mor e tightl y bound , compact, an d "core -
like" orbital s give rise to much more intense photoemission.

Auger electrons will also be detected in the same spectrometer as used
for x-ra y photoelectro n spectroscopy. The ejectio n of a secon d electron
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Fig. 2.4. Diagrammatic representatio n o f a n x-ra y photoelectro n spectrometer .
The sampl e S  is at th e en d o f the lon g rod tha t ca n b e move d from th e analysi s
chamber A  into the sampl e preparation chambe r B  by mean s o f the bellow s W.
The sample can be treated i n a variety of ways in B; two possibilities are indicated
in the diagram — argon ion bombardment for sample "cleaning" or depth profiling
and gold decoration fo r calibration. Once in position in the analyzer the sample is
irradiated b y x  rays (^^^)  and emits photoelectrons (—). The energ y of the photo -
electrons is measured b y having a retarding potential (V ) between the sampl e and
the entrance to the hemicylindrical energy analyzer. Electrons o f a specific energy
are brought to a  focus at the detector D  by the presence o f a potential difference
(V1-V2) betwee n the two plates of the analyzer . Spectra are scanned b y varying V
with tim e and observin g the chang e i n the numbe r o f photoelectrons arrivin g at
D (after Urch, 1985, reproduce d wit h the publisher' s permission).

by th e proces s o f internal conversio n (Fig . 2.3 ) leaves a  doubl y ionize d
atom. Th e energ y o f this secon d ejecte d electron—th e Auge r electron —
will b e approximately :

where E b i s th e bindin g energ y o f th e origina l photoelectro n [a s in Eq .
(2.2)], E c i s the bindin g energy o f the electro n involve d in the proces s o f
relaxation and generation of an x-ray photon, and Ed is the binding energy
for a n electro n fro m orbita l d  in the ato m wit h an atomic numbe r tha t i s
1 greater than the atom under consideration. In Fig. 2.6 are shown Auger
spectra o f PbS , th e interpretatio n o f whic h i s mor e ful l y discusse d in
Chapter 6.
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Fig. 2.5 . Valence-regio n x-ra y photoelectro n spectru m o f galena , Pb S (afte r
McFeely e t al. , 1973) .

2.2.2. X-ray  emission  spectroscopy

In x-ra y emission spectroscopy , th e energ y los t b y relaxation o f an oute r
electron (bindin g energy E c) int o a  hole create d i n a  mor e tightl y boun d
orbital (bindin g energy E b) i s emitte d a s a n x-ra y photo n o f energy hv'.
Thus the frequency v  of the emitted x-radiatio n is :

X-ray emission spectra ar e subject to an electric-dipole selectio n rul e that
requires tha t th e orbita l angula r momentum quantum number (/ ) changes
only one uni t during the transition ; hence :

Permitted x-ray s ("diagra m lines" ) wil l onl y be generate d b y th e transi -
tions: s<—p,  p<—s  or d , d<—p  orf,f<—d o r g . Althoug h this is essentially a n
"atomic" selection rule , it can be applied t o transitions involving "molec-
ular" orbitals i n the valenc e band. Thus , x-ra y spectra can provide valu -
able information about th e atomic contribution s to molecular orbitals . X -
ray emission peaks ar e classified accordin g t o the orbita l (or "shell"— K,
L, M , etc. ) i n whic h th e initia l vacanc y wa s created , a  familia r syste m
summarized i n Fig . 2.7 .

The intensit y (/) of x-ray emission is given by an equation o f the form :



Fig. 2.6 . Sulfu r LMM Auge r electron spectr a of PbS obtained from a natural spec -
imen o f hig h purity : (a ) differentiate d spectrum ; (b ) undifferentiate d spectru m
showing computer fi t of the data point s (dashes ) to three-component peak s (dots )
at 140 , 145.2 , an d 149. 5 eV , respectively . Dat a wer e obtaine d usin g a  Krato s
XSAM 800 instrument (after Tossel l and Vaughan, 1987 , reproduced with the pub-
lisher's permission) .

25
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Fig. 2.7 . Permitte d x-ra y emissio n transitions . Electro n configuration s an d th e
corresponding spectroscopi c stat e ar e indicate d o n th e righ t (afte r Urch , 1971,
reproduced wit h the publisher' s permission).

where an d ar e the wave functions for initia l and final states , befor e
and after x-ray emission, and P is the transition operator. If a one-electron
(or "frozen-orbital") approac h is used in which only the orbitals involved
in the transitio n are considered an d the others regarde d a s unaffected ,
will b e replace d b y the atomi c orbita l fo r th e initia l vacanc y an d
by the (atomi c or molecular ) orbita l havin g the fina l vacancy . I f a molec -
ular orbital has to be used, the simples t form wil l be a linear combinatio n
of atomic orbitals , wher e i s an atomi c orbita l a t ato m r . If P is
also assume d t o b e dominate d b y th e electric-dipol e term , the n w e ca n
write:

If, fo r example , the final-stat e molecula r orbita l i s composed o f s  an d p
orbitals fro m atom s X  an d Y , an d th e initia l vacanc y i s a n s  orbita l o n
atom X (writte n Xs' t o distinguish it from othe r s  orbitals o n X), the n th e
above integra l becomes :
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The first ter m corresponds t o a forbidden transition s'*-s o n atom X an d
is henc e zero . Th e secon d ter m i s a n allowe d transitio n o n X , an d th e
third and fourt h term s ar e "crossover " transition s fro m orbital s o n Y  to
the vacanc y o n X. Examinatio n of the magnitude s of valence orbital s of

in the region of <& Xs: show s that they will be very small, so that
the third and fourth terms above ca n be ignored. Thus we have:

showing tha t th e intensit y of an x-ra y emissio n peak fro m a  valenc e or -
bital is dominated by th e atomic transitio n term, modifie d by the squar e
of the appropriate molecular-orbita l coefficient. If two or more molecula r
orbitals have Xp character , then the transitions t o a vacancy in a core Xs'
orbital wil l produce tw o o r mor e x-ra y peaks , th e relativ e intensitie s of
which woul d be determine d b y th e magnitude s o f the (a Xp)2 term s i n th e
different orbitals . Thus , th e relativ e intensitie s of x-ra y peak s resultin g
from valence-band-to-cor e transition s ca n b e use d t o measur e th e con -
tributions of specific atomic orbital s i n different molecula r orbitals .

X-ray emissio n spectr a ar e generate d fro m solid s i n a  number o f in-
struments widely used for the chemical (elemental ) analysis of materials.
In th e x-ra y fluoresence spectrometer , th e sourc e o f ionizing radiation is
x-rays fro m a n x-ra y tube , an d i n the electro n prob e microanalyze r th e
source is a beam o f electrons. Bot h instruments can be used to record x -
ray emissio n spectra , althoug h th e forme r i s usually employed. In prac-
tice, th e us e o f spectrometer s fo r chemica l bondin g studie s require s
higher resolutio n than fo r routin e analysis , an d thi s ma y requir e som e
modifications to commercial instruments as well as special care in record-
ing the data . The essentia l features o f an x-ray spectrometer ar e shown in
Fig. 2.8. More sophisticated system s leading to improved resolution may
employ suc h features a s a double-crystal spectrometer , a  curved-crysta l
spectrometer, o r a  diffractio n grating . Long-wavelengt h ("soft" ) x-ray s
have th e greates t potentia l fo r bondin g studie s sinc e th e smal l changes
involved i n chemica l shift s ( a fe w electro n volts ) ar e mor e readil y ob -
served whe n th e overal l transitio n energies ar e o f the orde r of hundreds
rather than thousands of volts. However, th e soft-x-ray region is also the
most difficul t experimentally , requiring an intense radiation source , goo d
vacuum conditions, and especially sensitiv e detectors .

Although valuable information may be revealed i n a single x-ray emis-
sion spectrum, much more information can be gained i f all possible x-ray
emission spectra, alon g with the x-ray photoelectron spectru m of the ma-
terial, can be assembled an d put o n a common energy scale . Give n XPS
and XE S data , thi s i s possible becaus e core ionizatio n energies are mea-
sured directl y usin g XPS . Thi s approach, and th e applicatio n of XES i n
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Fig. 2.8 . Diagrammati c representatio n o f an x-ra y emissio n spectrometer . Char -
acteristic x  rays from th e sampl e (— ) are stimulate d by irradiating it with radiation
from a  sealed (o r open-window) x-ray tube (̂ ^ )̂ . A parallel beam of characteristi c
x ray s i s generated b y passage throug h th e primar y collimato r C p. Those x  rays
that ar e diffracte d by the crysta l A  according t o Bragg' s equatio n ar e detected i n
a gas-fille d proportional counte r (o r scintillatio n counter) D  afte r havin g passe d
through th e secondar y collimato r C s. Spectr a ar e scanne d b y rotatin g A  throug h
0 an d D  throug h 26 . C ' i s a  convenien t positio n fo r extr a collimation , a t righ t
angles to Cp, to improve resolution an d peak profile (afte r Urch , 1985 , reproduce d
with the publisher' s permission) .

the stud y o f minerals , ca n b e illustrate d by considerin g th e spectr a o f
MgO (periclase)—a simple oxide with the rocksalt-type crystal structure.

In Fig . 2. 9 are show n the x-ra y photoelectro n spectru m an d th e Mg
Kb, M g L 2,3M, an d O  K a x-ra y emissio n spectr a o f periclas e fro m th e
work of Nicholls and Urch (1975). Essentially , the magnesium K b spectr a

sibly 3d—>2p,  an d oxyge n Ka fro m O  2p—>1s transitions . Alignment of th e
spectra o n a  common energ y scal e enable s th e relativ e energie s o f thes e
transitions an d henc e o f th e orbital s involve d to b e compared . A  firs t
point o f not e fro m thes e spectr a i s th e actua l existenc e o f th e M g Kf i
spectrum (i.e. , the presence o f electrons i n orbitals expecte d t o be empty
in Mg 2 + ), and a n indication of the covalen t characte r o f the Mg- O bond .
Similarly, th e structur e of the O  K b spectrum , indicating splitting of th e
2p level , show s a  covalen t interactio n between M g and O . Nicholl s and
Urch (1975 ) sugges t tha t th e bondin g between magnesiu m an d oxygen is
best understood using just on e cube of the Mg O lattice with its four mag -
nesiums an d fou r oxyge n atom s a t alternat e corners . Fro m th e magne -
sium atom s ca n b e constructe d a 1 an d t 2 orbitals from p  orbital s o n th e
oxygen atoms. Interaction is also possible between the e, t1, and t2 orbitals
of the remaining magnesium p orbitals and orbitals of the same irreducible
representations from th e othe r oxyge n p orbitals . These interaction s pro-
vide a  qualitativ e explanation for th e splittin g o f Mg Kb, O  Ka , an d M g
L2,3 ,M peaks. The main peak in the XPS is due to oxygen 2s character

arise from Mg 3p—>1s transitions, magnesium L2,3M from Mg 3s and pos-
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Fig. 2.9. X-ray emission (Mg Kb —•— ,L2,3M •••,() Ka ) and x-ray photoelec-
tron spectra for periclase (MgO). Photoelectron kinetic energies are given on the
lower scale, x-ra y emission energies on the upper scales , as indicated. The aster -
isk marks the M g LtL2.3 x-ray line (after Urch, 1985, reproduced with the publish-
er's permission) .

orbitals and lines up with Mg Kb', showing that this peak originates fro m
a smal l amount of Mg 3p character presen t i n molecular orbitals tha t ar e
mostly oxygen 2s in character. A  fuller discussion of the electronic struc-
ture of MgO is given in Chapter 4 .

2.2.3. X-ray absorption spectroscopy
(including EXAFS and XANES)

The absorptio n o f x rays b y material s ha s bee n studie d fo r man y years ,
but x-ra y absorption spectroscop y ha s onl y become a n important tool in
structure and bonding studies over th e past decade . This has been partly
because o f advances i n theory, bu t chiefl y becaus e o f the availabilit y of
synchrotron radiatio n source s providin g x ray s thre e o r mor e order s o f
magnitude more intense than those from th e standard x-ra y tube. Spectral
measurements formerl y taking a week or more can now be completed i n
minutes.

Synchrotron radiatio n i s emitte d when relativisti c charge d particle s
travel in curved paths in magnetic fields (an d hence is a byproduct of high-
energy physic s experiments) . Althoug h x-ra y absorption spectra can b e
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recorded a s a n excitatio n spectru m o f on e o f th e secondar y processe s
(uv-visible o r x-ra y fluorescence , secondary - o r Auger-electro n yield) ,
they ar e mos t simpl y measure d usin g th e single-bea m transmissio n
method illustrated in Fig. 2.10.

The absorptio n o f an x-ra y photon o f energy E  by a  sampl e of thick-
ness x i s given by:

where I t(E) andI0(E) ar e the transmitted and incident photon intensities ,
and |x tota|(.E) is the tota l absorption coefficien t of the sample . When the x-
ray photo n energ y (E) is tuned to th e bindin g energy o f som e core leve l
of an atom in the material, an abrupt increase in the absorption coefficien t
occurs (givin g an absorptio n edge) . Fo r a n isolated atom , a  spectrum of
x-ray absorptio n a s a function o f energy aroun d an d beyond the absorp -
tion edge show s little or no fine structure; after the shar p increase a t the
edge, the absorption coefficient decrease s monotonically (Fig. 2.11) . For
atoms in a molecule or in a condensed phase , the variations of absorption
coefficient aroun d th e absorptio n edg e an d abov e th e absorptio n edg e
display complex fine structur e (see Fig. 2.11) . The former is studied in x-
ray absorptio n near-edg e structur e (XANES) and th e latte r i n extende d
x-ray absorptio n fine structur e (EXAFS). Th e energ y region s studie d in
each of these techniques are shown in Fig. 2.12 . Near or below the edge ,
there als o generall y appear absorptio n peak s du e t o excitatio n o f core
electrons to som e bound states [e.g. , ls—>nd , (n + l ) s , o r (n+\)p orbital s
for th e K  edge] . Th e processe s occurrin g here , whic h are aki n t o thos e
studied in x-ray emission spectroscopy , ca n provide valuable bonding in-
formation, suc h a s th e energetic s o f virtua l orbital s an d th e electroni c
configuration.

For x-ra y absorptio n o f a  meta l ato m embedde d i n a  solid , M t o t a l(E)
beyond th e absorptio n edg e i s made u p of : (1 ) absorption o f the matri x
[M(E)] i n which the meta l atom i s embedded, an d (2 ) absorption du e t o
the metal atom under study [MA'(E)]. Hence :

where M A ' (E) again is composed from three contributions. The first i s rem-
iniscent absorption fro m the preceding absorption edges. [M L(E)]; the sec -
ond i s atomic absorption o f the ato m unde r stud y [M A(E)]; an d th e thir d
is the modulatio n on the secon d du e t o the electro n backscatterin g fro m
the neighboring atoms [MEXAFS(E)]- Thus:

Within th e firs t 20-3 0 e V o f th e edge , a  furthe r contribution due t o
multiple scattering , JJL XANES(£), i s present . Bot h M XANES an d M EXAFS ar e
small contributions to the tota l absorption by the sample.



with the publisher's permission) .
Fig. 2.10. Experimental arrangement for measuring EXAFS and XANES in transmission mode (after Hasnain, 1981, reproduced
with the publisher's permission).



Fig. 2.11. Qualitativ e rationalizatio n o f th e absenc e o f EXAF S i n a  monatomi c
gas suc h as K  [(a ) and (c ) above], an d th e presenc e o f EXAFS in a  diatomic ga s
such a s Br 2 [(b ) and (d ) above | (afte r Te o an d Joy , 1981 , reproduce d wit h th e
publisher's permission).
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Fig. 2.12. X-ra y absorptio n spectru m o f a  calciu m comple x showin g th e wea k
simple EXAFS oscillation s and the stron g near-edge (XANES ) resonances (afte r
Bianconi, 1981 , reproduced wit h the publisher' s permission).

EXAFS i s thus a final-state interference effec t involving scattering o f
the outgoin g photoelectron fro m th e neighborin g atoms , a s simpl y illus-
trated in Fig. 2.11 . Hence, whereas in a monatomic gas the photoelectro n
ejected b y absorption of an x-ray photon wil l travel outwards unimpeded
and the x-ra y absorption curv e simpl y decays smoothly , in the presenc e
of neighboring atoms, thi s outgoing photoelectron ca n be backscattered ,
producing a n incomin g wav e tha t ca n interfer e eithe r constructivel y o r
destructively with the outgoin g wave nea r th e origin . Th e resul t i s oscil -
latory behavio r of the absorptio n rate (Fig . 2.11) , an d th e amplitud e and
frequency o f thi s modulatio n depend o n th e typ e an d bondin g o f th e
neighboring atoms and thei r distances from th e absorber . Th e distinctio n
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between XANE S an d EXAF S ca n b e simpl y pictured a s show n i n Fig .
2.13. Th e XANE S ar e determine d b y multiple-scatterin g resonance s
(MSR), where the final-state wave function in the continuum is localized
inside the molecule ; EXAFS oscillation s are a product of scattering pro -
cesses i n the single-scattering regime.

Both XANES and EXAFS spectroscopie s ar e being widely applied to
materials of mineralogical and geochemical interest. For example, the L2,3
edge (XANES ) spectrum of  Si  in SiF 4 is  shown in Fig . 2.1 4 (after Pitte l
et al. , 1979 ; reproduced b y Bianconi , 1988) . This spectrum i s character-
istic of tetrahedrally coordinate d specie s and shows a close similarity be-
tween the gaseous and solid forms of this compound. There are two strong
peaks below E0 (the continuum threshold, equivalen t to the energy of the
core ionization potential) and two strong peaks above £„; the former have
been assigne d t o unoccupie d valence orbitals . Th e L 3 XANE S o f S i in
solid SiO 2 (Fig. 2.15 , after Bianconi , 1979 ) are als o very simila r t o SiF 4
gas, suggestin g that the spectra are chiefl y determined by multiple scat -
tering inside the first coordinatio n shell , and also lending weight to argu-
ments fo r usin g SiF4 an d SiO 4 tetrahedral cluster s i n modeling the elec -
tronic structure s o f more complex silicates.

Because th e informatio n from EXAF S concern s th e loca l structur e
surrounding a particular atom, i t is especially useful i n studying materials

Fig. 2.13. Pictoria l view o f the scatterin g processes o f th e excite d interna l pho -
toelectron determinin g the EXAF S oscillations (single-scattering regime) and th e
XANES (multiple-scattering regime) (after Bianconi, 1981, reproduced with the
publisher's permission).



Fig. 2.14. Th e L2,3 edge o f Si in the SiF 4 molecule , a  spectrum typica l o f a tetra -
hedral molecul e (afte r Bianconi , 1981 , reproduced wit h th e publisher' s permis -
sion).

Fig. 2.15. Th e L3 XANES o f Si in SiO2 together wit h the surfac e L 3 XANES of a
thin SiO 2 layer (~ 5 A  i n thicknes s "rnonolayer" ) (afte r Bianconi , 1981 , repro-
duced wit h the publisher' s permission).

3.5
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lacking long-range order, suc h as glasses. Studie s of a-quartz, amorphou s
silica, and silicat e and borate glasse s (Greave s e t al., 1981 ) have provide d
new information on the local structure . Thus , i n Fig. 2.16 are shown EX-
AFS spectra above the sodium K edge in sodium disilicate, soda-lime-
silica, an d sodiu m diborat e glasses . Simulatio n o f th e spectr a (dotte d
curves in Fig. 2.16 ) yields the information that the sodium in the disilicat e
is 5-coordinate t o the oxygen, in the diborate i t is 6-coordinate, an d in the
soda-lime glass only 2-coordinate .

2.3. Optica l (uv-visible-near-ir ) spectroscop y

Electromagnetic radiatio n i n the visibl e and near-i r and uv regions o f the
spectrum, particularl y wit h energie s betwee n approximatel y 33,00 0 an d
4,000 cm- ' (3,000-25,00 0 A , -4-0.5 eV) interacts wit h th e electron s i n
solids (or liquids and gases). Thes e interactions giv e rise to the processes
of absorptio n an d reflectio n qualitativel y observe d i n mineral s a s th e
properties o f color and luster . Th e quantitativ e measuremen t o f such ab-
sorption an d reflectio n processe s form s th e basi s o f electroni c (optical )
absorption spectroscopy . Th e absorption an d reflection phenomena aris e
from electroni c excitatio n processe s involvin g the valenc e electrons , ex -
citation processes tha t ma y be of several kinds :

1. Crystal-field  (o r d-d)  transitions.  Splittin g o f th e J-orbita l en -
ergy level s o f a  transition-meta l io n b y th e crysta l (o r ligand )
field o f th e surroundin g anion s give s ris e t o th e possibilit y of
electronic transitions between thes e levels . Such d-d transitions
are responsibl e fo r the color s of many transition-metal-bearin g
minerals an d ar e bes t treate d withi n the formalis m o f crystal -
field theory .

2. Charge-transfer  transitions.  Electron s ma y b e transferre d be -
tween fille d (o r partly filled) orbital s an d empt y orbitals on ad -
jacent anio n (o r ligand) an d catio n (commonl y a  metal ) o r be -
tween adjacent cation s (usuall y metals) . Such ligand-metal an d
metal-metal charge-transfe r transition s ar e bes t treate d withi n
the formalis m of molecular-orbital theory.

3. Electronic  transitions  involving  color  center or other "imperfec-
tions." Th e presenc e o f interstitia l impurities , o f vacancie s o r
of other imperfections, can introduce electrons tha t may absor b
electromagnetic energ y in transitions to various excite d states .

4. Electron  transitions  involving  energy  bands.  I n metal s an d i n
semiconductors i n which the energy gap between larg e numbers
of fille d an d vacan t energ y level s i s smal l (< 2 e V a s i n many
metal oxides and sulfides) , intens e absorption an d reflectio n of
light wil l occur , resultin g in a metallic appearance. Th e absorp -
tion resultin g from transition s between suc h adjacent filled an d



Fig. 2.16. Normalize d EXAF S spectra , x(E) , above th e sodiu m K  edg e i n thre e
glasses: Na,Si 2O5, Na 2CaSi5O12, and Na 2B4O7. Soli d line s ar e experimenta l data ,
dotted line s are simulated spectr a (afte r Greaves et al. , 1981 , reproduce d wit h the
publisher's permission) .
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vacant energy levels is best treated within the formalism of band
theory (or a molecular-orbital/band model).

The electroni c excitatio n processe s liste d a s (1 ) to (3 ) are generall y
localized and give rise to color in minerals that nevertheless remain trans-
lucent (suc h a s th e silicates , carbonates , an d man y o f the oxides) . Th e
processes listed under (4 ) commonly result in opaque mineral s since th e
availability o f large numbers o f vacant energ y levels into which the elec -
trons may be excited causes very strong absorption. Whe n this happens,
reflectance i s also hig h because light is re-emitted whe n the electron s re -
turn t o th e groun d state . Translucen t phase s ma y b e studie d usin g the
methods o f electroni c (optical ) absorptio n spectroscop y an d opaqu e
phases using diffuse an d specula r reflectance spectroscopy .

2.3.1. Electronic  (optical) absorption  spectroscopy

Absorption spectra l measurement s o f transparen t solid s ca n b e under -
taken usin g standar d spectrophotometers . Althoug h earl y wor k i n thi s
field wa s hampere d b y th e lac k o f crystals o f a suitabl e size , th e devel -
opment o f microscope accessorie s for spectrophotometer s (Burns , 1970;
Mao an d Bell , 1973 ; Lange r an d Fentrup , 1979 ) means tha t natura l o r
synthetic crystals only tens of micrometers i n diameter can now be mea-
sured using systems of the type illustrated in Fig. 2.17. Such systems also
permit the routine measurement of the absorption spectr a o f oriented sin-
gle crystals using polarized light . Usin g the high-pressur e diamond anvil
cell and laser heating systems, it is also possible to measure suc h spectra
at elevate d temperature s an d a t hig h pressures. On e disadvantage of mi-
croscope photometry is that, whereas accurate measurements of the ener-
gies of absorption bands are possible, intensity determinations are subject
to erro r du e t o th e convergen t ligh t introduced b y the optica l syste m of
the microscope .

Crystal-field transition s originat e when electrons ar e excite d b y light
between incompletel y filled 3 d orbita l energ y level s withi n a transition-
metal ion. The principal parameters derived from measurin g the positions
of the absorption bands in crystal-field spectra ar e the crystal-fiel d split-
ting parameter (A ) and th e Racah parameter s ( B and C) , which provide a
measure o f the degre e o f covalent characte r o f the cation-anio n bonds .
Such spectr a als o affor d a  mean s o f identifyin g th e oxidatio n stat e an d
coordination o f transitio n metal s i n minera l structures , give n favorable
circumstances.

An example of a "crystal-field " spectru m is shown in Fig. 2.18 . This
is th e optica l absorptio n spectru m o f a  crysta l o f andradit e garne t
[Ca3Fe2(SiO4)3] and i s typical of the profil e arisin g from crystal-fiel d tran-
sitions i n Fe 3+ ion s octahedrally coordinated to oxygen . Assignment o f
the feature s i n such a spectru m is normally undertake n using an energy-
level diagra m of th e typ e show n in Fig . 2.19 . Here, th e energie s of th e
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Fig. 2.17 . Schemati c layou t o f a microscop e spectrophotomete r syste m use d t o
measure polarize d absorptio n spectr a o f very smal l minera l crystals . Th e com-
puter-operated, single-bea m instrument shown here comprises a  polarizing micro-
scope equippe d wit h a stabilize d ligh t source (xeno n ar c lam p o r tungste n lam p
cover th e range 250-200 0 nm) , a modulator tha t chop s th e ligh t beam wit h a fre-
quency of 50 Hz (the amplifier for the photodetector signal s is modulated with the
same phas e an d frequency) , an d a  Zeis s pris m doubl e monochromator . Singl e
crystals a s smal l a s 1 0 Mm diameter ma y b e measure d wit h thi s system . A  dia-
mond-windowed high-pressur e cel l ca n b e readil y mounte d o n th e microscop e
scanning tabl e fo r spectra l measurement s a t ver y hig h pressure s (afte r Burns ,
1985, reproduced wit h the publisher' s permission).

possible d-electro n excited-stat e configuration s hav e bee n calculate d i n
an octahedral fiel d o f increasing strength, using the formalisms of crystal-
field theory . Thus, in order of increasing energy (decreasing wavelength) ,

transitions. Th e intensitie s o f al l o f these transition s ar e wea k since , i n
this d 5 ion, a change of spin multiplicit y (numbe r of unpaired electrons) is
involved i n the transition . Th e intensit y o f an absorption band is, i n fact ,

the peaks here can be assigned as 6A1g to 4Tlg, 4T2g, 4Eg + 4Alg, 4T2g, 4Eg



Fig. 2.18. Electroni c (optical ) absorptio n spectru m o f andradit e Ca 3Fe2(SiO4)3.
The spectru m show s th e typica l profile o f crystal-field transition s in Fe 3+ ions .

Fig. 2.19. Partial energy-level diagram for transition-metal ions with if configu-
rations i n high-spin states i n an octahedra l crysta l field . Onl y sexte t an d quarte t
spectroscopic an d crystal-fiel d state s ar e show n (afte r Burns , 1970 , reproduce d
with the publisher' s permission).
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related to the probability of the transition tha t i s proportional t o the tran-
sition moment (0, where :

and I|J G and \\I E are th e wav e functions of ground an d excite d states , ^  i s
the electri c dipol e moment operator , an d JT the volum e element. A  tran-
sition is forbidden whe n Q  =  0 . The transition moment can be expresse d
in terms of spacial an d spi n components :

Unless (v|O Spin =  (^E^pm . the n the spi n component i s zero an d the transi -
tion i s spin-forbidden . Nevertheless , spin-forbidde n transition s ar e ob -
served a s weak features (a s in Fig. 2.18 ) typically with 10 -3-10-5 th e in-
tensity o f full y allowe d transitions . Thi s i s becaus e o f th e interactio n
between th e electro n spi n magneti c momen t an d th e magneti c momen t
due t o th e orbita l motio n o f the electro n (spin-orbi t coupling) . Th e La -
porte selectio n rule , furthermore , state s tha t onl y transition s betwee n
wave functions with one having gerade an d the othe r ungerad e characte r
are allowed (hence al l d-d transitions ar e Laporte forbidden). This arise s
since the spatia l component ca n be further broke n down :

The las t two remain unchanged ove r th e tim e spa n o f an electronic tran -
sition and integrate out to unity, so that :

The dipol e moment operato r (M ) has associate d wit h it ungerade charac -
ter; s o th e integra l wil l b e zer o i f i|; E an d v|» G are bot h eithe r gerad e o r
ungerade. Again , Laporte-forbidden transitions d o occur (with 1 0 2 -10 3

the intensit y of fully allowe d transitions ) because of mixing of the orbitals
in the excite d stat e in noncentrosymmetric sites , an d even i n centrosym-
metric site s a s a  resul t o f vibration s o f the meta l atom s awa y fro m th e
center o f symmetry (vibronic coupling).

Both spin-allowed and spin-forbidden transitions in Fe2 + ion s are seen
in th e polarize d absorptio n spectr a o f a lunar olivin e show n i n Fig. 2.2 0
(after Bel l and Mao, 1972) . This ferromagnesian silicat e has cations in two
kinds of distorted octahedral site s (Ml an d M2). The broad band s a t 8680
and 11,21 0 c m '  ar e attribute d to Fe 2+ ion s in M l positions , while th e
more intense 9500 cm '  band originates from Fe 2 + ion s in noncentrosym-
metric M 2 positions . There i s debat e ove r assignmen t o f th e abundan t



Fig. 2.20 . Electroni c (optical) absorption spectr a of olivines: (a) polarized spectr a
of a  luna r olivin e containin g 32 mol %  Fe 2SiO4 (after Haze n e t al. , 1977) ; (b ) un-
polarized spectr a o f orientated sections of fayalite a t hig h pressure s (after Smit h
and Langer , 1982) .
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features i n th e visible-regio n spectr a o f olivines . Peak s a t 16,80 0 an d
22,000 cm -1 hav e been variousl y assigned t o Fe2+ spin-forbidde n transi-
tions, Fe3+ spin-forbidden transitions, Fe2+ —> Fe3 + charge transfer (see
below), or, in certain cases , Cr 3+ spin-allowe d transitions .

For an ion such as Cr3 + i n an octahedral sit e (in garnet or olivine) the
lowest-energy spin-allowe d transitio n gives an absorption ban d with fre-
quency v 1 that i s equivalen t to th e crystal-fiel d splitting parameter (A0).
The second spin-allowe d transition gives rise to an absorption ban d v2 the
energy of which is given by:

(Konig, 1971 ) from whic h the B  Racah paramete r ma y be evaluate d

Metal—metal charge transfe r o r intervalence transition s occur in many
mixed-valence compound s an d ma y involv e cation s o f th e sam e meta l
(e.g., Fe 2 +—> Fe3 + , Ti3 +—>Ti4+) o r different metal s (e.g. , Fe2+—> Ti4+).
The majorit y o f intervalence transitions tak e plac e betwee n octahedrall y
coordinated cation s where the octahedra ar e edge-sharing; the transition s
are strongly polarization dependent and occur only when the electric vec -
tor is oriented alon g the appropriate metal-meta l axis in the crystal struc-
ture. Th e absorption peak s ar e often located i n the visible region.

A good example of a mixed-valence mineral showing an Fe2+ —> Fe3 +

intervalence transitio n is vivianite Fe3(PO4)2-8H2O. Freshly cleaved vivi-
anite crystals are pale green-, but they eventually turn blue when expose d
to air . In the polarized absorption spectr a o f a vivianite crystal show n in
Fig. 2.21 the peaks centered aroun d 8,300 and 11,40 0 cm -1 originat e fro m
transitions t o component s o f the 5E

g crystal-fiel d stat e o f Fe 2+ ion s lo-
cated i n distorted (FeO 6) octahedr a i n the structure . Th e wea k pea k a t
22,200 c m - 1 i s als o a  d- d transition , a  spin-forbidde n transitio n i n
Fe3+(6A1g—> 4Alg, 4E

g). However, th e absorption pea k a t 15,80 0 c m- 1 oc-
curs only when light is polarized alon g the b  vector lyin g parallel t o the y
crystallographic axi s an d intensifie s whe n th e vivianit e crystal s ar e al -
lowed t o underg o oxidatio n (Fig . 2.20) . Thi s pea k arise s fro m electro n
transfer betwee n adjacen t Fe 2+ an d Fe 3+ ion s separate d b y onl y 2.85 A
in dimers of edge-shared octahedr a i n the vivianit e structure.

Other mineralogicall y importan t example s o f metal-meta l charg e
transfer include Fe2+ —> Ti4+, known to occur in certain pyroxenes
(Burns an d Vaughan , 1975 ; Burns , 1981 ) an d th e Ti 3+—>Ti4+ charge -
transfer transition s believed t o occu r i n lunar an d meteoritic pyroxenes .
Fe2+—> Fe3+ transition s als o occu r i n the alkal i amphiboles o f the glau -
cophane-riebeckite series , whic h contain thes e cation s i n infinite band s
of edge-shared octahedra. Such intervalence transitions cannot be treated
within the formalism o f crystal-field theory , but calculations using molec-
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Fig. 2.21. Polarize d electronic (optical) absorption spectra of a vivianit e crysta l
with zone s (labele d 1 , 2, 3 ) exhibiting thre e differen t degree s o f oxidation . The
arrows identif y Fe 2+ crystal-fiel d band s at 8,30 0 and 11,40 0 cm - 1 , and the Fe 2+

—>Fe3+ intervalenc e charge-transfe r transitio n a t 15,80 0 c m- 1 (after Amthaue r
and Rossman , 1984; reproduced with th e publisher's permission).

ular-orbital theor y (notabl y th e scattered-wav e X a method ) o n linke d
clusters have been used to describe suc h transitions (Burns and Vaughan,
1975; Sherman, 1984 ; see also Chapte r 4) . Because spectra l feature s aris-
ing from metal-meta l charge-transfer transition s occur in complex spectra
along with d-d transitions, and becaus e model s enabling their prediction
are not wel l established, their assignment has ofte n bee n controversial .

Ligand (commonly oxygen)-metal charge-transfe r transitions also oc-
cur i n mineral systems wit h electron s bein g transferred betwee n cation s
and thei r coordinate d oxygens . Suc h transitions generally occur a t rela -
tively high energies, ofte n i n the ultraviolet , although edges or shoulder s
may extend into the visibl e region. This can be seen in many spectra, fo r
example, i n th e spectru m o f octahedrall y coordinate d Fe 2+ ion s i n th e
periclase structur e shown in Fig. 2.22 . Here, the peak s a t around 10,00 0
and 11,60 0 cm '  arise from th e spin-allowe d d-d (5T2g—> 5Eg) transition in
Fe2+ an d the weaker peaks at 21,300 and 26,200 cm -1 fro m spin-forbidde n
d-d transitions . The intensit y of the latte r is enhanced by the onse t of the
intense oxygen —> Fe2+ charge-transfer transition.
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Fig. 2.22 . Electronic (optical ) absorptio n spectru m o f octahedrall y coordinate d
Fe2+ ions in the periclase (MgO) structure (after Goto et al., 1980; reproduced
with th e publisher' s permission) .

Interpretation and prediction of oxygen —> metal charge-transfer tran-
sitions have been attempte d usin g molecular-orbital theory ; for example ,
using the molecular-orbital diagram for the FeO 6'°- cluste r obtained fro m
MS-SCF-Xa calculation s (see Appendi x C and Chapte r 3 ) shown in Fig .
2.23 (after Loeffle r et al. , 1974) . In this diagram, which shows the effect s
of a spin polarization i n splitting the energ y level s into spin-u p and spin -
down sets , th e highes t occupied orbita l i s the 2t 2 g i , whic h contain s on e
electron. Th e lowest-energ y full y allowe d O 2-—> Fe 2+ charge-transfe r
transition i s from th e 6 t 1 u± orbita l ( a nonbonding orbita l o f largely O  2p
character) t o the 2t2g| ("crystal-field-type" ) orbital . Th e calculated tran -
sition stat e energ y i s 37,500 cm -1 , whic h seemed t o agre e wel l with ex -
perimental dat a (Runcima n et  al. , 1973) . Calculation s and  experiment s
suggested tha t the energies o f oxygen —> metal charge-transfe r band s de -
crease i n the order oct . Cr 3+ >  oct . Ti 3+ >  oct . Fe 2+ >  oct . Ti 41 >  tet .
Fe2+ >  oct . Fe 3 + spanning a range from approximatel y 60,000 cm '  (166
nm) dow n t o 25,00 0 cm -1 (40 0 nm) i n Fe 3+ -bearin g oxides and silicates .
Recent MS-SCF-X a calculation s usin g an improve d overlapping-spher e
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Fig. 2.23 . Molecular-orbita l diagra m fo r th e FeO 6'°- cluste r (at Fe-O distanc e o f
2.17 A) calculated usin g the MS-SCF-Za method (see Sectio n 3.10) . Th e highes t
occupied orbita l i s the 2t 2 g i , containing on e electro n (afte r Loeffler e t al. , 1974 ;
reproduced wit h the publisher' s permission) .

version of the metho d hav e yielde d larger O  2p-Fe 3 d separations (Sher -
man, 1985a) , giving a 6t 2t2 g i transition energ y o f 38100 cm-1 for the
Fe3 + case , i n agreement wit h experiment for well-characterized material s
such a s Fe 3+:MgO. Th e experimenta l result s o f Runciman e t al . (1973)
then presumabl y correspon d t o th e spectr a o f smal l concentration s o f
Fe3 ' i n material s with predominant Fe 2 + . Th e genera l trends in oxygen
—> meta l charge-transfe r energy calculated by Loeffle r et al . (1974 ) see m
still t o b e sound ; that is , th e earl y (touching-sphere) MS-SCF-A'a calcu -
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lations exaggerated the stabilitie s o f metal 3d orbitals versu s O  2p orbitals
by roughl y 1  eV fo r al l the metal s considered . Thi s revision does , how-
ever, sho w how difficul t i t is to calculate such energies accurat e to within
a few thousands o f cm"' .

2.3.2. Reflectance  (diffuse  and  specular)  spectroscopy

Light (o r near-ir an d uv radiation) tha t i s incident o n opaque mineral s is
partly absorbe d an d partly reflecte d b y them. Ther e ar e two kinds of re-
flection processes : tha t occurrin g whe n light is reflected fro m a flat pol -
ished surfac e o f th e minera l (specula r reflectance ) an d tha t occurrin g
when the ligh t is reflected fro m th e minera l afte r i t has been finel y pow -
dered (diffus e reflectance) . Th e latte r arise s fro m radiatio n tha t ha s pen -
etrated th e crystal s (a s i n an electroni c absorptio n spectrum ) an d reap -
peared a t the surface after multiple scatterings; in this case there wil l also
be a  specula r componen t t o th e reflectanc e fro m ligh t tha t i s reflecte d
from th e surface s o f the particles . Th e specula r reflectanc e o f a flat pol -
ished surfac e of an opaque minera l measured a t normal incidence ca n be
related to the n  and k  terms of the complex refractive index (N) in which:

where n  i s th e refractiv e index, k  th e absorptio n coefficient , z  =  \^—~\.
The refractive index terms are related t o reflectance throug h the Fresne l
equation, which for reflection at normal incidence in air is:

where R =  1  = 100 % reflectance. Mor e complex equations describ e the
relationship fo r non-norma l incidence . Usin g specula r reflectanc e dat a
obtained a t differen t angle s of incidence, the value s of n  and k as a func -
tion of wavelength (X) can be obtained through a Kramers-Kronig calcu-
lation (se e Wendland t and Hecht , 1966) . The plo t o f k  against X  approxi-
mates th e informatio n obtained fro m a  transmissio n measuremen t o n a
translucent solid . The variation s i n n  an d k  a s a  functio n o f X  for th e
pyrite-structure disulfid e mineral s ar e illustrate d i n Fig . 2.24 . A s de -
scribed in greater detai l in Section 6.4 , the features in the plot of k against
X can b e interprete d usin g MO and ban d model s for th e electroni c struc -
ture of pyrite and the othe r disulfides . Thus , feature E1 can be attributed
to the onse t of transition s an d peaks E2, E3, E4 to similar transi-
tions or transitions from th e a (valenc e band) to eg* levels.

The commercia l spectrometer s designe d primaril y fo r undertakin g
transmittance measurement s i n th e near-ir-visible-near-u v rang e com -
monly hav e attachments that enabl e specula r reflectanc e measurements
to b e mad e o n polishe d blocks (see Wendlandt and Hecht , 1966 ; Hedel-
man an d Mitchell , 1968) . Specula r reflectanc e measurement s o f smal l
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Fig. 2.24 . Relativ e refractiv e inde x (n ) and absorptio n coefficien t (k ) — th e rea l
and imaginar y parts of the complex refractiv e inde x (N) — as a function of energ y
for th e pyrite-typ e compound s FeS 2, CoS 2, NiS 2, an d CuS 2 (afte r Eithe r e t al. ,
1968; reproduce d wit h the publisher' s permission) .

grains at normal incidence can be made in air and other media using pho-
tometer attachment s t o th e reflecte d ligh t microscop e (se e Crai g an d
Vaughan, 1981; Filler, 1977). Such measurements are usually restricted to
the visibl e rang e and fro m measurement s mad e i n ai r an d unde r a n im -
mersion oil , it i s possibl e t o obtai n values fo r n  an d k  fro m th e Fresne l
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equation. Ther e ar e error s associate d wit h suc h determinations , a s
pointed ou t b y Embre y an d Griddl e (1978) . Commercia l spectrometer s
also commonl y have attachments tha t enable diffus e reflectanc e spectr a
to be recorded. Suc h measurements are only, of course, possibl e on pow-
der sample s and involve finely grindin g the minera l with a white powder
such as MgO so as to suppress the specula r componen t o f the reflectanc e
and compressin g the mixtur e to for m a  pelle t o r disc . I n diffus e reflec -
tance spectroscopy , th e approximat e equivalen t of an electronic absorp -
tion spectru m can b e obtained b y much simpler manipulation of the ra w
data. A commonly used method i s to employ the Kubelka-Munk functio n
f(r), whic h provides a measure of the rati o o f the absorption and scatter -
ing coefficients:

where r  i s th e diffus e reflectance , k  th e absorptio n coefficient , and s  i s
the scatterin g coefficient. Fo r the types of material used in diffuse reflec-
tance studie s of minerals, the scatterin g coefficien t is nearly independent
of wavelength so that the Kubelka-Munk functio n approximate s directl y
the absorptio n coefficient . Diffus e reflectanc e spectr a o f the pyrite-typ e
disulfides are illustrated in Fig. 2.25 and clearly show the absorption edg e
in FeS 2 due to th e onse t o f t2g —> eg* transitions. These dat a are als o fur-
ther discussed in section 6.4 .

Fig. 2.25 . Diffus e reflectanc e spectr a o f pyrite-typ e disulfide s (afte r Vaughan ,
1971).



2.4. Vibrationa l spectroscop y

Electromagnetic energ y i s absorbe d b y molecule s i n th e ga s phas e
through vibration s o f th e atom s o r rotation s o f th e molecula r system .
Such energie s ar e generall y i n th e microwav e (—10 0 Mm-1 0 c m wave -
length) and infrare d (—0.75-100 Mm) regions of the spectru m an d studie d
using infrare d an d microwav e spectroscopies . I n th e cas e o f crystallin e
solids an d glasses , althoug h th e "molecule " i s no longe r abl e t o rotate ,
vibrational spectr a ca n stil l be recorded . Vibrationa l transitions ca n als o
be studied using the Raman effect , whic h involves recording th e energie s
and intensities of light (visible or ultraviolet) scattered o n passing through
a translucen t material . Infrared an d Rama n spectroscopie s ar e powerful
means o f studying the structur e and bonding in materials, includin g min-
erals an d other geologicall y important substances .

2.4.1. Theoretical  basis

The simples t system tha t ca n b e studie d b y vibrationa l spectroscop y i s
the diatomic molecule, and the simples t model for its vibration is the har-
monic oscillator . I f the atom s hav e masses m 1 an d m2 and ar e connecte d
by a n "idea l spring, " a t rest the y hav e a n equilibrium separation r 0 and
on extension o r compression (r 0 ±  Ar ) the masses ar e subject to a restor -
ing force proportiona l t o the displacement :
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where k  i s th e forc e constant . Th e classica l equation o f motio n fo r th e
harmonic oscillator is :

where M is the reduced mass :

The classica l mode l doe s no t explai n the interactio n o f molecular vibra -
tions wit h light ; thi s require s consideratio n o f th e quantum-mechanica l
oscillator fo r which the wave equation is :

Solution o f thi s equatio n provide s a  se t o f vibrationa l eigenfunction s <]; „
and their associated energie s En, where the subscripts n  are all integers—
the vibrational quantum numbers. The vibrational energy levels are found
to be:
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where v0 is the harmonic-oscillato r frequenc y [v 0 =  (l/2ir ) VfoVL
These for m a  sequence o f equidistant energ y level s separate d b y A£'

= hv 0 and bounded by the potential energy curve V  =  1/2k(Ar)2, as shown
in Fig . 2.26 . The lowes t (ground-state ) level wit h n  =  0  has a n energ y

0, know n a s th e zero-poin t energy . Th e vibrationa l eigenfunc -
tions ar e usuall y interprete d i n term s o f probabilit y densit y function s

ijj,, |  2  of the type shown in Fig. 2.26.
Although the harmonic oscillator i s a useful startin g model , true inter-

atomic potential s ar e no t harmonic . Th e repulsiv e force s resistin g bon d
compression var y mor e rapidl y with distanc e tha n th e attractiv e force s
resisting separation. Th e two effects combine to give a minimum in energy
at th e equilibriu m bond distance , r e, but , wherea s th e potentia l rise s
steeply at smal l r, it flattens off to zero energy at large r,  as shown in Fig .
2.27. These potential s may be approximated usin g empirical functions or
by adding higher-order terms in r to the harmonic potential function :

This anharmonic functio n ha s energy levels:

where ve, xe, ye are the anharmonicity constants .
For a  molecular syste m containing N  atoms , th e equations o f motion

give 3 N solution s correspondin g t o th e tota l degree s o f freedo m o f it s
constituent atoms . Thre e o f these solution s always correspon d t o trans-
lations of the entir e system, and three (o r two for linear molecules) to its

Fig. 2.26. Th e harmoni c oscillator : energ y
levels an d wav e functions . Th e potentia l i s

solid line) . Th e quantum-mechanica l proba -

light soli d line s fo r eac h energ y level , whil e
the correspondin g classica l probabilitie s ar e
shown a s dashe d line s (afte r McMillan , 1985 ;
reproduced wit h the publisher' s permission) .

bility density functions <f« 2 are shown as

bounded by the curve V = 1/2k(Ar)2 (heavy
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Fig. 2.27 . (a ) Th e experimenta l potentia l curv e fo r H 2 (ful l curve) ; th e dotte d
curve represents a Morse fit to the data, and the dashed curve show s a harmonic-
oscillator functio n wit h the forc e constan t take n a t r  =  r c (0.741 4 A) . Th e firs t
five energy levels are drawn for the harmonic (dashed lines) and the observed (ful l
lines) potential functions, (b ) Comparison of a typical molecular potential functio n
(full curve) , a harmoni c fi t (dashe d curve) , an d a  cubi c anharmoni c fi t (dotte d
curve) (after McMillan , 1985; reproduced wit h the publisher' s permission).

rotations. The remaining 3N —6 (or 3N—5 fo r linear molecules ) solution s
are the vibrational  normal  modes  fo r the system . The firs t stag e i n a vi-
brational analysi s of a  syste m i s the calculatio n o f the numbe r o f vibra -
tional normal modes; for example, 3N —  5 =  4  for CO 2 (a linear molecule) ,
3N-6 =  3  for H 2O. For crystalline system s N  i s taken a s the number of
atoms i n the primitiv e unit cell an d rotational degree s of freedom ignore d
to giv e 3 N -  3  norma l modes ; fo r example , forsterite (Mg 2SiO4) ha s
N =  2 8 hence 8 1 normal modes .

The quantum-mechanica l descriptio n o f a polyatomic syste m ma y be
extrapolated fro m the treatmen t o f the diatomic molecule . Startin g agai n
with th e harmoni c oscillator , th e energ y level s fo r th e entir e syste m (E )
can b e give n in terms o f the characteristi c frequencie s (v t) and quantum
numbers (n t) of a series of independent harmonic oscillators:

The effect s o f anharmomcity m polyatomic systems are simila r to the dia-
tomic case ; th e zero-poin t level drop s i n energy , energy level s clos e up ,
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and spacing s decrease for higher quantum numbers. However , a  furthe r
effect i s that , wherea s i n the harmoni c mode l each mod e o f vibration is
independent an d discrete , i n the anharmoni c cas e the oscillator s ar e n o
longer independen t and energ y transfe r between mode s i s possible . So ,
for example , when vibrationa l mode s ar e excite d b y light , some o f th e
incident ligh t energ y resonating with a particular vibratio n may b e dissi-
pated throug h anharmonic effects an d appear a s heat .

The dynamics of crystals ca n be treated similarl y to polyatomic mol-
ecules, takin g into accoun t th e periodicit y o f th e crystal . Generally , a
crystal contains n primitive unit cells with TV atoms per cell. If each unit
cell i s treated as a  molecule, i t wil l have 3N norma l modes, sinc e molec -
ular translations and rotations become vibrationa l modes when the "mol -
ecule" i s embedded i n a  crysta l structure . Th e atomi c motion s tak e th e
form of waves traveling through the crystal (lattice vibrations or phonons)
with thei r wavelength s determine d b y th e phas e relationship s between
adjacent uni t cells. Phonons may be completely described b y their energy
(wavelength) an d th e wav e vecto r k  i n the directio n o f propagation , be -
tween which there is a dispersion relation (see Fig . 2.28).

The dispersion relationships of lattice waves may be simply described
within th e firs t Brilloui n zone o f th e crystal . Whe n al l uni t cell s are i n
phase, th e wavelengt h of the lattic e vibratio n tends t o infinit y an d k  ap -
proaches zero . Suc h "zero-phonon " mode s ar e presen t a t th e cente r of
the Brilloui n zone . Th e variatio n i n phono n frequency a s reciproca l (k )
space i s traversed i s wha t is meant by dispersion , and eac h se t o f vibra-
tional mode s relate d b y dispersion i s a branch.  For eac h uni t cell, three
modes correspond t o translation of all the atoms in the same direction . A
lattice wav e resulting from suc h displacements i s simila r to propagatio n
of a sound wave; hence thes e are acoustic  branches  (Fig . 2.28) . The re-
maining 3N- 3 branche s involv e relativ e displacements o f atoms withi n
each cel l and are known as optical branches,  since only vibrations of this
type may interac t with light.

2.4.2. Infrared  spectroscopy

When infrare d ligh t interact s wit h the fluctuatin g electri c dipol e caused
by th e vibratio n of th e constituen t atom s i n molecule s o r crystals , ab -
sorption may occur when the energy of the radiatio n matches tha t of the
vibration. This fluctuating electric dipole can be considered to arise i f two
centers (atoms ) of equa l an d opposit e charg e (±Q)  ar e separate d b y a
distance r , when the dipol e moment (|x) will be:

Such a dipole moment may be defined betwee n any two atoms of differin g
electronegativity. I f r  =  r n and th e atom s ar e a t rest , the n M =  M 0, th e
equilibrium dipol e moment . For a  polyatomi c molecule, each ato m pair
defines a  dipol e moment , an d thes e bon d dipol e moment s ma y b e
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Fig. 2.28 . (a ) an d (b) . Transvers e mode s fo r a  monatomi c chai n o f atom s wit h
lattice spacin g a  [(a ) shows a  mode o f infinite wavelength , hence zero wave vec -
tor; (b ) shows th e mod e wit h wavelength A . = 2a ; henc e k  =  ir/ a a t th e edg e o f
the firs t Brilloui n zone], (c ) Longitudinal mod e wit h X ~ 14 a for th e monatomi c
chain, (d ) and (e ) Transverse mode s a t k  =  0  for a  diatomi c chai n wit h lattic e
spacing d . The mode in (d) has both atoms withi n the unit cell moving in the sam e
direction, henc e i s an acoustic  mode.  Th e mod e i n (e) has th e atom s withi n th e
unit cel l moving in opposite direction s hence i s an optic mode,  (f) The dispersio n
curves fo r th e monatomi c an d diatomi c chains , (Afte r McMillan , 1985 ; repro -
duced with the publisher's permission.)

summed vectorially to give a  net molecular dipole moment. The relative
motion of the nuclei during a vibrational mode may cause a change in the
net dipole moment:

As the vibrationa l motion is oscillatory, thi s create s a fluctuating electri c
field tha t ma y interac t wit h th e electri c part of the electromagnetic radia-
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tion. Generally , the probability of a transition between vibrationa l state s
n an d n ' i s proportiona l t o th e squar e o f th e transitio n momen t M n,n,
where:

The firs t o f thes e tw o term s i s zero , sinc e th e wavefunction s ((;„ . an d *]>„
are defined a s orthogonal; hence vibrations are only infrared active when
Q T^ 0. If the harmonic model is assumed, the transition moment is only
nonzero for transitions where An =  ±  1; although this restriction i s lifte d
for th e anharmonic oscillator, transition s where   n = ±2 , ±3 , etc. , ar e
still much weaker than  ±1  .

Interaction o f infrared radiatio n wit h molecules an d crystal s t o pro -
duce absorption (or reflectance) bands ca n be predicted usin g group the-
ory (se e Orchi n and Jaffe , 1971 ; Cotton, 1971) , and the sam e approach i s
used in the prediction and interpretation of other vibrational spectra (such
as Raman spectra) .

Infrared spectr a ma y b e studie d i n reflectio n o r i n absorptio n usin g
single-crystal or powdered samples of solids (or, in the case of absorption,
of gases and  liquids) . The classica l description of  these phenomena em-
ploys the sam e concep t a s outline d for optica l spectroscop y (th e refrac-
tive index, Fresnel equation , etc. ; se e Section 2.3.2) . Instrumentation i s
also very similar to that employed in the study of optical spectra , the same
commercial spectromete r ofte n bein g use d t o measur e visibl e an d part s
of th e infrare d regions . Th e mos t commo n method s involv e passin g a n
infrared beam through the sample and observing the transmission minima
corresponding t o absorptio n b y vibrationa l transition s i n th e sample ;
rarely this involves a slice of crystalline material; more commonly a solid
is groun d u p an d disperse d i n a  supportin g matri x tha t ma y the n b e
pressed int o a disc. I n detailed work , polarized spectr a may be obtaine d
from singl e crystals.

Figure 2.2 9 shows the powde r transmissio n infrared spectrum o f for-
sterite, Mg 2SiO4 (after Akaog i e t al. , 1984) . A detailed discussio n o f th e
interpretation o f thes e (an d o f single-crysta l polarized ) spectr a i s als o
given by McMillan (1985). The modes between 820 and 1100 cm-1 are
assigned to silicon-oxygen stretching motions. This is supported by com-
parison wit h simpl e silicate s an d b y a b initio  molecular-orbita l calcula -
tions of silicon-oxygen stretchin g force constants (O'Keeff e et al., 1980) .
Studies involvin g calculation s an d chemica l an d isotopi c substitution s
(Paques-Ledent an d Tarte, 1973 ; lishi, 1978 ) indicate mode s a t 364 cm '
arising fro m vibration s o f th e MgO 6 octahedra l group , an d suggestion s
that peaks at 466, 425, 415, 320, 300, and 277 cm-1 chiefly involve the
MgO6 units. Other peaks may arise from th e complex vibrations involving
both magnesium and silicon displacements, and the understandin g of the
crystalline dynamics of forsterite i s stil l fa r fro m complete .
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Fig. 2.29. Powde r transmissio n infrared spectru m of forsterite , Mg 2SiO4 (afte r
Akaogi et al. , 1984 ; reproduced wit h the publisher' s permission).

2.4.3. Raman spectroscopy

In Raman spectroscopy, base d on the phenomenon discovered by Raman
and Krishna n in 1928 , monochromatic ligh t from a  suitable sourc e i s di-
rected throug h a  translucent sample (gas , liquid , glass, crystalline solid ,
or powder), and the light scattered a t 90° or 180 ° is collected, analyzed by
a suitable optical system , and recorded. A  schematic diagram of a Raman
spectrometer i s show n i n Fig . 2.30 . Th e availabilit y of powerfu l mono-
chromatic lase r source s i n the 1960 s produced a  renaissance an d further
development o f the techniqu e after a  lul l following the earl y work . Fur -
thermore, b y usin g polarize d inciden t ligh t (fro m a  laser) , a  scattere d
beam tha t i s polarize d i s produced , increasin g th e variet y o f possibl e
spectra from a  single sample. Fo r a n anisotropic crystal , th e sampl e ca n
be cu t an d measure d i n differen t crystallographi c orientations. Eve n i n
isotropic crystals , glasses, o r liquids , spectra ca n b e measure d wit h po-
larization of the incoming and scattered beam s parallel (as in VV spectra ;
see the following ) o r crossed (a s in V H spectra , se e the following).

The scatterin g o f monochromati c ligh t (th e "excitin g line" ) o f fre -
quency v  by molecules o r crystal s to whic h the light i s transparent (i.e. ,
electronic excitatio n does no t occur ) i s o f tw o kinds : Raman an d Ray -
leigh. In Rayleigh scattering, which accounts for mos t of the intensit y of
scattered light , n o frequenc y chang e occurs. The Rama n effec t involves
a change of frequencies, and the new frequencies (v') are found o n either
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Fig. 2.30. Schemati c diagram of a Raman spectrometer with 90° scattering. P1 and
P2 ar e half-wav e an d polarizin g plates, respectively , to stud y the stat e o f polari -
zation of scattered ligh t (after Griffith, 1975 ; reproduced with the publisher's per-
mission).

side o f the excitin g line (see Fig . 2.31) . The difference s ( v +  v' ) ar e in -
dependent of  v  and are , in  the cas e of  solids , lattice (acoustic ) or  vibra -
tional modes . Combination s an d overtone s o f these constitut e th e much
weaker second-orde r Rama n effect . Th e new frequencies o n the low-fre-
quency sid e o f the excitin g lin e (the so-calle d Stoke s line ) ar e generall y
more intense than those on the high-frequency side (so-called anti-Stoke s
lines). Onl y abou t 10~ 6 of th e inciden t radiatio n i s observe d a s Rama n
scattering. Rama n spectr a ar e studie d with light sources i n the visibl e or
ultraviolet regio n o f th e spectrum . Fo r example , th e Stoke s an d anti -
Stokes Rama n spectr a fo r a-quart z show n i n Fig . 2.3 2 were produce d
using the blu e line o f an argon-io n gas laser (wit h an inciden t energ y of
20,027 cm-1 corresponding to the visible wavelength 487.986 nm). Here,
the intens e lin e o n th e Stoke s sid e a t 20,02 7 cm -1 correspond s t o th e
Raman shif t o f 465 cm-1 , and the weaker anti-Stoke s spectru m a t 20,957
c m - 1 t o a  Raman shif t o f —46 5 cm - 1 .

The origi n o f the Rama n effec t ca n b e see n b y considerin g th e inter -
action of photons of energy hv (v being the frequency of the exciting line)
with the "molecules" in the sample. Photon s ma y be scattered elastically
without los s o f energy (the Rayleigh effect ) o r inelastically , whereby en -
ergy i s given up t o the molecul e or taken fro m th e molecul e (the Raman
effect). Th e energ y exchange d mus t b e i n quant a hv ' =  E \ —  E2, th e
energy differenc e betwee n two stationar y states E 1 and E 2 of the "mole -
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Fig. 2.31. The Raman scatterin g process . Th e incident beam (usuall y a laser) ha s
energy E. Rayleig h scattering is an inelastic scattering process an d gives rise t o a
strong centra l pea k a t the inciden t frequency (zer o Raman shift) . Rama n scatter-
ing i s accompanie d b y a  chang e i n vibrationa l energ y leve l t o giv e peak s a t
E -  e  (Stokes shift ) o r E +  e  (anti-Stokes shift) , wher e e  is the vibrational-level
separation. A t norma l temperatures , th e groun d stat e i s mor e populate d tha n
higher vibrational states; hence the Stokes spectru m is more intense than the anti-
Stokes (afte r McMillan , 1985; reproduced wit h the publisher' s permission).

cule" (e.g. , tw o definit e vibrational energ y levels) . I f the molecul e i s in
the ground state, it may extract energ y hv' fro m th e incident photons (hv)
to raise itself to an excited stat e (v 1 being a fundamental rotational, vibra -
tional, o r lattic e mode) . Th e photo n release d ha s energ y h( v —  v') an d
frequency ( v —  v') an d i s thus a  Stokes line . Conversely, if the molecul e
is in an excited state , i t may impart energ y hv ' t o the incident photon t o
give a n anti-Stoke s lin e o f frequenc e ( v +  v') . Th e grea t intensit y o f
Stokes line s arises becaus e mor e "molecules " will be in the ground state
than in excited states .

Raman scatterin g occurs as a result of a dipole moment induce d in the
"molecule" by incident light . Thus, if an atom or molecule i s placed i n a
static electri c field (E ) suc h as i s produced by passag e o f light, a dipole
moment ((A ) wil l be induced as a  resul t o f the displacemen t of the nucleus
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k

Fig. 2.32 . Stoke s an d anti-Stoke s Rama n spectr a fo r oc-quart z (afte r McMillan ,
1985; reproduced with the publisher's permission) .

within its electron clou d (suc h a dipole is independent o f any permanen t
dipole the molecule ma y possess). Then , to a first approximation :

where a i s the polarizability o f the molecule (and dependent o n the elec -
tron density). The transition probability for the Raman effect is :

where n  an d m  ar e th e tw o energ y state s an d \\i a and \\> m thei r respectiv e
wave functions . I f a  i s constant , thi s integra l vanishe s becaus e o f th e
orthogonality o f the wave functions. In order that a  vibration o r rotatio n
be Raman active, therefore, the polarizability must change during the ro-
tation or vibration .

In the stud y of minerals and othe r geologica l materials , Raman spec -
troscopy ha s bee n applied fo r chemical analysi s and in studies o f molec -
ular and crysta l structure , an d of elastic an d thermodynamic properties .
A particularly important field fo r the applicatio n o f Raman spectroscop y
in chemica l analysis is in the stud y of fluid inclusion s in minerals, where
the Rama n microprob e has bee n develope d t o enabl e nondestructiv e in



60 THEORETICA L GEOCHEMISTR Y

situ analysis o f inclusions as smal l as a few micrometers i n diameter (see ,
for example , Rosasc o an d Roedder , 1979) . I n structura l studies , Rama n
spectroscopy ha s bee n use d t o understan d th e mechanism s involve d in
phase transformation s suc h as the atom displacement s require d t o trans -
form a-quart z t o (3-quart z (e.g. , lishi , 1978 ) o r th e order-disorde r pro -
cesses occurrin g i n man y minera l system s (e.g. , Al-S i orderin g i n cor-
dierite, McMillan e t al., 1984) .

A majo r are a o f application o f Raman spectroscop y i n geochemistry
has bee n i n structura l studie s o f silicat e melt s an d glasses . Muc h o f th e
work i n this area ha s bee n reviewe d b y McMillan (1984a), who ha s als o
studied glasses in the system CaO-MgO-SiO2 (McMillan, 1984b), a system
that provide s goo d example s t o illustrat e this application . Polarize d Ra-
man spectr a o f glasse s i n th e serie s SiO 2-CaMgSiO4 ar e show n i n Fig .
2.33, which also gives their compositions in terms o f component oxides .
Curve fitting o f the spectr a shows bands a t 862, 906, 972, and 105 6 c m - 1

varying in intensity along th e series . I n lin e with the suggestion s o f pre-
vious workers , thes e band s ar e attribute d t o symmetri c silicon-oxyge n
stretching vibration s i n silicat e tetrahedra l unit s with 4, 3 , 2 , and 1  non-
bridging oxygens , respectively . Thes e ar e show n schematicall y i n Fig .
2.34 an d labele d b y McMilla n (1984b ) as SiO 4, -SiO3, =SiO 2, and =Si O
groups, wher e th e numbe r o f horizonta l line s specifie s th e numbe r o f
bridging oxygens. Such assignments are largely made by studying the ap-
pearance an d shiftin g o f bands i n a  serie s o f phases o f related composi -
tions, althoug h calculations hav e bee n use d wit h some succes s t o ai d in
assignment (see Sectio n 8.1) .

A ban d tha t varie s i n position fro m 70 4 to 62 0 cm '  wit h increasing
silica content has generally been associated wit h bridging oxygens corner-
sharing betwee n adjacen t SiO 4 tetrahedra . I n th e middl e regio n o f th e
spectra, a  band aroun d 78 0 cm -1 i n the V H spectr a an d see n a s a  wea k
shoulder i n th e V V spectr a ma y b e predominantl y associate d wit h th e
motion o f silico n agains t it s oxyge n cage . Th e band s a t hig h frequenc y
(—850-1050 cm - 1 ) sho w variation s i n intensit y wit h compositio n (Fig .
2.33) consistent wit h a decrease i n average polymerizatio n o f the silicat e
units a s th e silic a conten t i s decreased . McMilla n (1984b ) suggest s tha t
the major high-frequency bands are highly localized withi n a given silicat e
tetrahedral uni t an d ar e relativel y insensitiv e t o th e natur e o f adjacen t
tetrahedral units .

The effect s o f substitutio n o f the differen t metal s o n th e distributio n
of silicat e specie s ha s bee n investigate d not onl y for Ca/M g substitution
in the CaO-MgO-SiO 2 system , bu t als o fo r a  wide range o f other silicat e

Fig. 2.33. Polarize d (V V an d VH ) Rama n spectr a of SiO2 (above) and of glasses
(of composition s 1  to 1 0 on th e inse t compositiona l triangula r diagram ) near th e
SiO2-CaMgSiO4 join (afte r McMillan , 1984b; reproduced wit h the publisher' s per -
mission).
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Fig. 2.34. (a ) Schematic illustratio n o f silicate structura l unit s indicatin g th e na -
ture of bridging and nonbridging oxygens (M + ma y also refe r to 0.5M 2+ a s in the
alkaline earth series) , (b ) The weak, depolarize d bands a t 120 0 and 106 0 cm- 1 ar e
assigned t o asymmetri c silicon-oxyge n stretchin g vibration s withi n a  full y poly -
merized tetrahedra l network =  Si = . (c) The fou r major polarized high-frequenc y
bands are generally assigned t o symmetric stretching vibration s of tetrahedral sil -
icate unit s wit h one , two , three , an d fou r nonbridgin g oxygens a s show n (afte r
McMillan, 1984b ; reproduced wit h the publisher' s permission).

62
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glass systems . In the case o f Ca/Mg substitution, the spectra sugges t that
the relative proportio n o f =SiO2 to =Si O groups increase s a s magnesium
is substitute d for calciu m in the glas s structure . Trend s interprete d fro m
the dat a o n othe r system s suc h a s increase s i n the proportion s o f =SiO2
and =Si= units relative t o =Si O groups with substitution of Ca or Mg for
Na (Drawe r and White , 1975 ) have been rationalize d usin g a "molecula r
site model" (McMillan , 1981; McMillan and Piriou , 1983) .

As describe d b y McMillan (1984b) , if it is assumed tha t al l oxygen is
coordinated t o silicon and that local electrostati c charg e balanc e mus t be
satisfied, the n a given metal cation wil l have an appropriate combinatio n
of bridging and nonbridgin g oxygens in its coordination sphere . Fo r sys -
tems with high silica content, =SiO 2, =SiO, an d uncharged =Si= units pre-
dominate. Assuming the cation specie s ar e either M + o r M2 + , then a  sin-
gle-site =SiO defines a site for one M+ cation , and a coupled sit e (=SiO)2
may b e formulated to hous e a  singl e M 2+ o r tw o M + cations . Th e unit
=Si= has no associated cation. At a given silic a content, the relative pro -
portion o f these site s wil l be a  functio n o f meta l cation . Larg e cation s
should prefer the single-site =SiO, whil e smaller M+ cation s shoul d allow
a highe r proportio n o f =SiO2 sites . Larg e M 2+ cation s shoul d prefe r th e
more open couple d (=SiO) 2 sit e and smalle r M2+ cation s the =SiO2 sites .
At constant silic a content th e overall distributio n is governed b y the "re -
action":

which will be driven to the right for small doubly charged cations and to
the lef t fo r larg e singl y charge d cations . Thi s i s consisten t wit h experi-
mental observations, wher e bands for =SiO2 and =Si= units become mor e
prominent at the expense o f =SiO groups (at similar silica content ) in the
order of Cs + <Rb + <K+<Na+<Li+ andCa2+<Mg2+. Since the =Si= unit
has no associated cation , the formation of =Si= and =SiO2 units from =SiO
groups can be regarded a s a charge concentratio n effect , an d the cluster-
ing induce d b y i t ma y b e regarde d a s incipien t immiscibility. The model
suggests tha t th e tendenc y fo r unmixin g should increas e i n th e orde r
Cs<Rb<K<Na<Li for the alkali silicates, and Ca<Mg fo r alkaline eart h
silicates, a prediction consisten t with available experimenta l data .

2.4.4. Reporting of data

Studies o f the vibrationa l spectr a o f various material s ar e reported late r
in th e text ; fo r example , i n Tabl e 5.2 2 ar e give n calculate d an d experi -
mental vibrational frequencies for the borate io n in aqueous solution . The
labeling of vibrational frequencies (v,, v2, v}, etc. ) follow s the conventio n
in standar d texts linked to the nomenclature of normal vibrational modes
(see, fo r example , Drago, 1977) . Thus , i t may b e recalled that for a  par-
ticular "molecule " a  vibratio n is designated b y th e lette r A  i f it i s sym-
metric wit h respec t t o th e highest-fol d rotation axis , B  i f i t i s antisym-
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metric. E  stand s fo r a  doubl y degenerate vibration , T  (or F) for a  triply
degenerate mode . Subscript s g  and u  refe r t o symmetr y with respect t o
inversion through a  center of symmetry; if a vibration i s symmetric with
respect t o the horizontal plane of symmetry, this is designated by a prime,
while a  double prim e indicate s antisymmetr y wit h respect to thi s plane .
Subscripts 1  and 2  indicate symmetr y and antisymmetry , respectively, to -
ward a twofold axis that i s perpendicular t o the principal axis.

2.5. Nuclear spectroscopy

Protons an d neutron s bot h hav e a  spi n quantu m number o f '/z , and, de -
pending on how these particle s ar e combined in the nucleus, tha t nucleus
may, o r may not, hav e a  net nonzero nuclea r spi n quantum numbe r /. I f
the spin s of all the particle s ar e paired , ther e wil l b e no ne t spi n and th e
value of / wil l be zero (Fig. 2.35a). When / =  1/2, there is one net unpaired
spin, an d thi s unpaired spi n impart s a  nuclea r magneti c momen t (uN ) to
the nucleus. The distribution of positive charge in such a nucleus is spher-
ical, as symbolized in Fig. 2.35b . When / >  1 , the nucleus has a spin and
the nuclea r charg e distributio n i s nonspherical (Fig . 2.35c) . The nucleu s
is sai d t o hav e a  quadrupol e momen t eQ , wher e e  i s the uni t o f electro -
static charg e an d Q  i s a  measur e o f the deviatio n o f the nuclea r charg e
distribution from spherica l symmetry . Whereas e Q is zero for a spherica l
nucleus, a  positiv e valu e o f Q  mean s tha t charg e i s oriente d alon g th e
direction o f th e principa l axi s (Fig . 2.35c) , an d a  negativ e valu e o f Q
means tha t charg e i s concentrated i n the plane perpendicular t o the prin-
cipal axi s (Fig. 2.35d).

Unpaired nuclea r spi n leads to a  nuclear magneti c momen t ((M N). The
allowed orientations of the nuclear magnetic moment vector in a magnetic
field ar e give n by th e nuclear-spi n angular-momentu m quantum number
(m1). Thi s quantu m numbe r can take o n values o f I,I-1, . . . , ( —  / +
1), -/ . Whe n / =  !/2 , then m1 = ± 1/2, corresponding t o alignments of the
magnetic moment with and opposed t o the field. When / =  1 , m, can take
values o f 1 , 0 , an d —  1, corresponding, respectively , t o alignment s with,

Fig. 2.35 . Representation s of nucle i wit h differen t properties .
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Fig. 2.36. Splittin g of the m  =  ±¥ 2 states of the nucleu s i n a magnetic field .

perpendicular to , an d opposed t o the field . In the absenc e o f a magnetic
field, al l orientations of the nuclear magnetic moment are degenerate, but ,
in th e presenc e o f a n externa l field , thi s degenerac y i s removed . Fo r a
nucleus with 1 = 1/2, the m, = 1/2 state will be lower in energy and the
— !/2 higher, as shown in Fig. 2.36. In nuclear magnetic resonance (NMR),
an externa l fiel d i s applied , an d th e resonan t absorptio n o f electromag -
netic radiatio n directe d a t th e sampl e an d causin g transition s betwee n
these energ y states i s studied . In nuclea r quadrupol e resonanc e (NQR) ,
the degenerac y of the nuclear-spi n angular moments (wher e /> 1/2) is re-
moved simpl y by the electri c fiel d create d b y the charge distributio n sur-
rounding the nucleus in the materia l under study . Resonant absorptio n of
electromagnetic radiation , resultin g in transitions betwee n thes e energ y
states, i s again studied , bu t withou t the nee d t o appl y a n externa l mag -
netic field . I n Mossbaue r spectroscopy , th e nucleu s unde r stud y i s ac -
tually excite d t o a  higher-energy spi n state , wit h resonan t absorptio n o f
very muc h greater electromagneti c radiatio n takin g place. I n all of thes e
spectroscopic methods , th e exac t energie s o f the transition s an d natur e
of fine structur e in the spectr a resultin g from partia l o r complete remova l
of the degenerac y o f energy state s i s affected b y th e molecula r o r crys -
talline environment in which the atom (and hence nucleus) is placed. The y
are powerfu l probe s o f the natur e o f bonding associated wit h particula r
atoms i n a molecule or crystal .

2.5.1. Nuclear quadrupole resonance

Nuclear quadrupol e resonanc e spectroscop y depend s o n the interactio n
between the quadrupole moment of the nucleus (eQ) and the electric-fiel d
gradients a t th e nucleu s arisin g fro m th e charg e distributio n i n a  solid
(molecular motio n average s th e electric-fiel d gradients i n gases an d liq -
uids s o tha t quadrupol e splitting does no t occur) . I n theory, i t is a tech -
nique applicable to all atoms wit h a nuclear spin greater tha n !/2 , because
all such nuclei have a quadrupole moment greate r tha n zero. I n practice ,
however, a  nucleu s mus t hav e reasonabl y larg e value s fo r th e nuclea r
quadropole momen t and b e reasonably abundant to be suitabl e for NQ R
studies. I t is also necessary for the electric-fiel d gradien t to be quite large
for th e resonanc e t o b e observable . Ther e ar e abou t 13 0 different iso -
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topes, the nuclei of which can be detected by NQR spectroscopy. I n Table
2.1 are listed some more frequently studie d NQR-active nuclides of inter-
est in geochemistry.

The quadrupol e momen t i s a measure o f deviation o f a nucleus fro m
spherical symmetr y and is defined as :

where p  is the densit y distribution of the charg e in the nucleus , r 2 = x2 +
y2 +  z 2, and zm is an axis coincident with the direction of the nuclear-spin
vector /  (th e principal axis in Fig. 2.35) . eQ is positive i f the nucleu s is
elongated along this axis and negativ e i f the nucleu s is shortened i n tha t
direction. Th e value of eQ is constant fo r a  particular isotope.

Nuclei of atoms bonded together in molecules or crystals may be sub-
ject t o an inhomogeneous electric fiel d produce d by an asymmetric elec-
tron distribution—thi s i s defined b y the electri c field gradien t (q) at th e
nucleus. This gradient i s a tensor quantity . If q is axially symmetric with
respect t o Z and the coordinate axe s are selected suc h that the tensor for
q take s a  diagonal form , then th e tenso r ca n be represented by si x irre-
ducible components . Thos e abou t th e X , Y , and Z axe s ar e q zz, q yy, an d
qxx (wit h q zz >  q yy >  q xx). B y Laplace's equation , th e su m of the tenso r
components equal s zero , s o tha t onl y tw o parameter s ar e require d t o
specify th e field-gradient tensor. B y convention, these two quantities are
qzz and the asymmetry parameter (in) . If qzz= q yy =  q xx, the field gradien t
is spherica l and ther e i s no splittin g of quadrupole energy levels. I f q zz ¥̂

Table 2.1. NQR-activ e nuclides of geochemical interest

Natural Nuclear Quadrupole moment

»Be4 100. 0 3/ 2 2  x  10 - 2

10

"B, 81.1 7 3/ 2 3.5 5 x  10- 2 (3.6 x  10- 2)
27A113 100. 0 5/ 2 0.14 9

"C1I7 75. 4 3/ 2 -7.9 7 x  10- 2(-8.5 x  10- 2)
37C1I7 24. 6 3/ 2 -6.2 1 x  l0- 2(-6.7 x  l0" 2)
59Co27 100. 0 7/ 2 0. 5
63Cu29 69. 1 3/ 2 -0.1 5 (-0.16 )
75As33 100. 0 3/ 2 (-0.3)0.2 7

12 lSb5 l 57.2 5 5/ 2 -0. 8 (-0.5)(-1.2 )
121Sb51 42.7 5 7/ 2 -1. 0 (-0.7)(-1.5 )
209Bi83 100. 0 9/ 2 -0. 4

10B5    18.83 3 11.1 x 10-2(8.6 x 10-2)

Nuclide abundance (%) spinI (Qe *10-24 cm2)
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qxx =  q yy, th e maximum field gradien t q zz lies along the highest-fold sym-
metry axis (Z) and there is axial symmetry. When qti ^  q xx = £ qyy, the fiel d
gradients are nonsymmetric and

When a nucleus with a quadrupole momen t is situated i n an inhomo-
geneous electri c field , ther e i s a  quadrupol e splittin g o f nuclear energ y
states directly proportional t o the quantity e2Qq, the nuclear quadrupol e
coupling constant. I n an axiall y symmetric field (T ] = 0) , the energy aris -
ing from th e quadrupol e moment (eQ)  in an electric-field gradient (q ) is:

where m  is the nuclear magneti c quantum number. For a  nuclear spi n of
/ = 3/2, m can take values of 3/2, 1/2, -1/2, -3/2. Substitution of m = 3/2
into Eq . (2.40 ) gives the resul t E 3/2 =  e 2Qq/4, and because m  i s square d
in Eq . (2.40) , the sam e valu e i s obtained fo r m  =  - 3/2. Substitutio n of
m =  1/2 gives E1/2 = — e

2
Qq/4 and the result for m = - !/2 is again iden-

tical. Hence , fo r a  nucleu s wit h a  spi n /  =  3 /2 in an axiall y symmetri c
field, ther e ar e tw o doubl y degenerat e quadrupol e energ y states , a s
shown in Fig. 2.37, separated by an energy A£ corresponding t o e 2Qq/4 —
(-e2Qq/4) =  e 2 Qq/2. A single transition i s observed, resulting in absorp-
tion of electromagnetic energy :

It i s thi s absorption o f electromagnetic energ y tha t i s measured i n NQ R
spectroscopy. Radiatio n i n th e radio-frequenc y regio n i s actuall y em -
ployed t o effec t transition s amon g th e variou s orientation s o f a quadru-
polar nucleus in a nonspherical field . I n the experiment , whic h is gener-
ally carried ou t on a powder sample , one set of resonances i s exposed fo r
each chemicall y or crystallographically inequivalent quadrupolar nucleus

Fig. 2.37 . Nuclear-quandrupol e energy level s i n (a ) a  spherica l fiel d an d (b ) a n
axially symmetri c field .
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(further experimenta l detail s ar e provide d b y suc h work s a s Da s an d
Hahn, 1958) . The quantit y e2qQ that i s measured i n NQR experiment s i s
commonly expresse d a s a  frequency i n megahertz (althoug h strictly thi s
should be e 2qQ/h).

For nuclei with values of/ othe r than 3/2, splittings and transition ener-
gies i n a n axiall y symmetric field ca n b e similarl y calculated usin g Eq .
(2.40). Thu s for /  =  7 /2, four energy level s result , as show n in Fig. 2.38 .
Three transition s ar e allowe d betwee n thes e energ y levels , governe d b y
the selectio n rul e A m =  ±  1 (see Fig . 2.38) . In measured spectra , devia -
tions from th e energie s (frequencies ) predicted whe n n =  0  are attribut -
able t o deviation s from axia l symmetry o f the fiel d gradient surrounding
the nucleus in the sampl e (Fig . 2.38).

When a  nucleus with a  quadrupole momen t i s situated i n an inhomo-
geneous fiel d tha t i s not axiall y symmetri c (i.e., n  ^  0) , the energie s of
the various quadrupole level s ar e no longer given by Eq. (2.40). For / =
3/2, th e followin g equations ca n b e derive d fo r th e energie s o f th e tw o
states:

One transition is thus expected, wit h an energy correspondin g t o the dif-
ference o f Eqs . (2.42 ) an d (2.43 ) (i.e., A s ther e
are tw o unknown s (n) and q) , th e valu e of e2Qq cannot b e obtaine d fro m
measuring this energy (frequency). For nuclei with values of / othe r than
3/2, more than on e absorptio n lin e is often observed i n the spectrum , an d

Fig. 2.38 . Nuclear-quadrupol e energy-level diagram fo r /  =  7/2.
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Fig. 2.39 . Nuclea r energy-level diagram for I =  1  under different conditions ; (a)
n =  0  and applied magnetic field H 0 =  0 ; (b) n ^  0  and H0 =  0 ; (c) n ^ 0  and
H0 ^  0  but constant.

both TI and e2Qq can be obtained from the experimental measurements.
The case o f nuclei with / =  1  is illustrated an d the equation s show n in
Fig. 2.39 . The evaluation of q and n in a case such as that where /  =  3/2
and onl y one transitio n is observed ca n be achieved b y applying a stati c
magnetic field t o remov e the degenerac y o f the ±  1/2 and ±  3/2 levels and
measuring the energies o f the fou r transition s no w allowed i n addition t o
the transition in the absence o f a field .

Having obtaine d value s fo r q  an d n) from NQ R measurements , ho w
can thes e value s be relate d t o molecula r structure ? Towne s an d Daile y
(1949) applied a valence-bond approach t o this problem and presented th e
formula:

where e2Qqmol is determined b y NQ R measurement s o n th e "molecule "
under consideration , e 2Qq^ i s th e quadrupol e couplin g constan t calcu -
lated fo r occupanc y o f th e p z orbita l b y a  singl e electron i n the isolate d
atom, . v is th e fractio n of s  characte r employe d b y th e ato m i n the bon d
to it s neighbor , d  i s the fractio n o f d  character i n this bond , an d ii s th e
fraction o f ioni c character (fo r a molecul e A-B, an d z
- c 2 —  d2). Thi s approach i s based o n the argumen t that, provide d th e
atom being studied is not the least electronegative i n the "molecule, " the
maximum fiel d gradien t a t thi s ato m i n th e molecul e (q mol) i s th e fiel d
gradient for a  singl e electron i n a  pz orbita l o f the isolate d ato m (q at). A
modified form of Eq. (2.44) includes the term TT to represent the extent of
TT bonding:
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A molecular-orbital approach t o the problem has also been developed,
since th e electroni c wav e function an d th e fiel d gradien t a t ato m A in a
molecule are related by :

The firs t ter m i n the equation is a summation over al l nuclei external
to the quadrupolar nucleus, and the second ter m is a summation over all
electrons. I f the crysta l (or molecular) structure is known, the firs t ter m
is easily evaluated sinc e Z B i s just the nuclea r charge of any ato m in th e
crystal (or molecule) other than A, an d QAB is the angle between the bond
axis for A and the radius vector from A to B, RAB. The second term, which
represents th e contributio n t o th e fiel d gradien t i n the crysta l (o r mole-
cule) from th e electro n density , is an integral that i s much more difficul t
to evaluate. Here, i s the ground-state wave function an d QAn is the angle

between the bond axis and the radius vecto r r An to the nth electron. Var -
ious semiempirica l methods have been proposed fo r evaluating this inte-
gral. One such approach lead s to the following expression :

where e2Qq/h is the quadrupole coupling constant, e2QqJh is the coupling
constant fo r a  singl e electron i n the p  orbital , an d PzPx,P y ar e the gros s
atomic population s of each o f the p  orbitals . Equatio n (2.47 ) is a simpli -
fied molecular-orbita l analog of Eq. (2.44) .

NQR has been used to study structure and chemical properties o f cer-
tain minerals; for example, the spectr a of As, Sb , and Bi in sulfosalts and
in mineral s suc h a s antimonite , orpiment , and realgar . Thu s i n realga r
(As4S4) th e value s o f e 2Qq ar e 178.44 , 182.10 , 184.10 , 189.9 2 MH z
(Pen'kov an d Safin , 1963 ) arising from fou r nonequivalen t As atom s i n
the structure . Their differin g fiel d gradient s can b e attributed to varying
contributions from donor-accepto r and van der Waals bonds. Order-dis -
order phenomen a hav e also bee n studie d in mineral systems by NQR of
a variet y of nuclides, notably 27A1, and th e approac h ha s bee n simila r to
that applied in the NM R studie s discussed in the following .

As wit h man y spectroscopi c techniques , NQR dat a ar e mos t usefu l
when compared wit h quantum-mechanical calculations for the mineral or
system unde r study . Thus , Vaugha n an d Tossel l (1973 ) compare d th e
quadrupole couplin g constant s fo r " B i n BO 3 (2.5-2. 6 MHz ) an d BO 4
(0.5-0.7 MHz) polyhedra in borate minerals to the result s of calculations
on [BO 3]3- an d [BO 4]5- cluster s using a n approximat e molecular-orbital
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method. Th e Townes and Dailey formula [Eq. (2.44) ] was used to relate
the electric-fiel d gradien t a t the 11B nucleus to th e anisotropy i n B 2P or-
bital population s give n by th e [BO 3]3- calculation.  Usin g the measure d
atomic valu e o f e 2qQ for th e fre e boro n ato m wit h on e unbalance d 2 p
electron (5.39 MHz), the predicted imbalance of CT and TT B 2p orbital
populations for trigonally coordinated boron (2.55 MHz) is 0.47 electrons .
The calculatio n on [BO 3]3 gav e a p-orbital imbalance o f 0.43 electrons ,
in good agreemen t wit h the predictio n o f the Towne s and Dailey model.
However, a s noted by Snyde r et al . (1976) , there ar e substantia l difficul -
ties associate d wit h the Towne s and Daile y treatment , includin g the ne -
glect o f the charg e dependence o f the r-3An integral, th e neglec t o f contri-
butions fro m othe r nuclea r centers , an d th e crudenes s o f th e method s
generally use d t o calculat e charg e distribution s from electronegativitie s
within the Towne s and Dailey model . By contrast, th e electric-field gra -
dient ca n no w b e directl y calculated usin g Hartree-Fock molecular-or -
bital methods . Semiquantitativ e values an d trend s see m t o b e obtaine d
adequately for B-containing systems using routine Hartree-Fock methods
(Snyder et  al. , 1976 ; Tossell and Lazzeretti , 1988c) , although very accu-
rate results require quite sophisticated wav e functions .

2.5.2. Nuclear  magnetic resonance

Spin quantu m number s (/ ) o f nucle i o f geochemica l interes t includ e
'H(/='/2), l9 F(/='/2),

 23
Na(/=

3
/2),

 27
Al(/=

5
/2),

 29
Si(/=

1
/2),

 31
P(/='/2). For

nuclei i n whic h / ¥ ^ 0, spinnin g of the positivel y charge d nucleus give s
rise to nuclear magnetism (paramagnetism), whereas, in cases where / =
0 (as in I6O), the nucleus is nonmagnetic. For a nucleus with a spin /, th e
nuclear angular momentum is [/(/ +  l)] l/2 (/z/2ir) and the magnitude of the
nuclear magnetic moment ((JL N) is given by:

where p N i s th e nuclea r magneto n ( = e h / 4 M , wher e e  an d M  ar e th e
charge an d mas s of the proton ) and g N i s the nuclea r g  factor. I f suc h a
nucleus is placed i n a uniform externa l magnetic field o f flux B 0 and with
the nuclea r magnetic moment vector (MN) inclined at an angle of 9 to th e
Z axi s o f the externa l field , i t wil l experienc e a  torqu e L  tha t tend s t o
align i t with the field , an d i t can be shown that:

Since the nucleus is spinning, this torque causesMN to precess (i n the way
a spinnin g top precesses under the torqu e o f a gravitational field) abou t
B0(Z) a t an angular frequency v 0, where
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and 7N is the gyromagnetic ratio (= g NjJiN). The frequency v0 is the Larmor
frequency.

Quantum mechanic s require s tha t th e magneti c momen t vecto r (|JL N)
component i n the directio n of the fiel d i s restricted t o values :

where m N, th e nuclear-magneti c quantu m number, may take value s of /,
/— 1, 1—2, . . . , —/. For the simplest case, where / = !/2 (applicable to
'H, I9 F, 29Si), then mN can take values of + !/2 and - 1/2 and in the external
magnetic field B 0 the degenerac y o f these state s is removed an d they are
split in energy (see Fig . 2.40) . This can be conceptualized a s two possible
orientations o f the "nuclea r magnet" i n the external field an d the energ y
difference A E between the m is given by:

The frequenc y o f the radiatio n correspondin g t o thi s energ y (an d tha t
would be absorbed in bringing about th e transition) woul d be:

and this turns out to be the same as the Larmor precession frequenc y (v0).
This energ y differenc e i s very smal l and lie s i n the microwav e regio n o f
the electromagneti c spectrum . Attempt s t o measur e thi s energ y b y con -
ventional absorptio n o r emissio n spectroscop y wer e unsuccessful , bu t
when a n oscillatin g electromagneti c fiel d o f frequency equivalen t t o th e
Larmor frequenc y is applied , a  resonance effec t i s observed tha t ca n b e
measured.

A simplifie d illustratio n of the apparatu s use d in NMR measurement s
is shown in Fig. 2.41 . The magne t applies a n external field , commonly of
— 1.5 T (15 kG, althoug h fields up t o 50 kG are no w used) , the strengt h of

Fig. 2.40. Nuclea r magnetic resonance (NMR) : (a ) precession o f vecto r abou t z
(the directio n of/?„) ; (b ) splitting o f th e m  =  ±  '/ > states in a  magnetic field .
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Fig. 2.41. Schematic illustration of a simple NMR spectrometer .

which can be varied, and this split s the nuclear energ y levels (Fig. 2.40).
The low-powe r radio-frequenc y transmitter (operatin g at , say , 6 0 MHz)
applies a  smal l oscillating electromagnetic field t o the sample . This is, in
fact, a  fixed field , an d i t is the fiel d o f the larg e magne t tha t i s varied t o
produce th e resonance condition. Whe n transitions occur i n the sample ,
the fluctuations in the overal l fiel d ar e detected b y a receiver coil .

The resonance frequenc y measure d i n NMR i s normally expressed i n
terms o f units independent o f the spectromete r fiel d strengt h and henc e
as a  chemical  shift  (8 ) in part s pe r millio n with respec t t o a  referenc e

6

are positions o f the respectiv e absorption lines (in Hz) and v1 is the spec -
trometer operating frequency].

Modern NM R spectrometer s subjec t th e spi n syste m t o a  serie s o f
equally space d pulse s o f radio-frequency energy, the objectiv e bein g t o
examine the decay in magnetization of the specimen as a function o f time
between pulses rather than use continuous-wave excitation. I f an external
field B0 is applied along the z  axis of a cartesian coordinat e se t that rotates
about z  at the Larmo r frequenc y (v0 =  J NB0), th e ne t magnetization vec -
tor M  i s invariant with time. 5 , (i n Fig. 2.42 ) rotates a t th e Larmo r fre -
quency i n th e laborator y framewor k an d i s applie d i n th e x y plane . A t
resonance, B 0 i s cancelle d alon g z , leavin g onl y B1 to interac t wit h M .
Since B1 and the rotating cartesian se t rotate a t the sam e frequency, B1 is
considered directed alon g x, s o that M  wil l begin to precess about x. I n tp
seconds i t will precess throug h 6 radians, where :

A puls e of radio-frequency energy i s applie d fo r t p seconds , an d th e in -
strument i s arranged t o detec t onl y the componen t o f M alon g y s o tha t
maximum intensity is obtained i f 6 =  ir/ 2 (the 90° pulse). After tp seconds ,
B1 returns to zero , an d th e syste m relaxes t o equilibriu m wit h M  alon g
the z  axis . The componen t of magnetization along y decay s to zer o wit h
a tim e constant T 2 (the spin-spin relaxation time) an d th e restoratio n of

compound [i.e., 8 = (Hsample - Hreference)/v1(1o), whereHsample and Hreference
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Fig. 2.42. Precession of M about yx .

the z  component of M to the equilibrium value occurs with time constant
T, (th e spin-lattice relaxatio n time) . The nucle i under investigation in a
sample will likely have different chemica l and magnetic environments, so
that a  spectrum of Larmor frequencies wil l be observed; excitation o f all
transitions ca n occu r simultaneously , given appropriate radio-frequenc y
pulses. The decay following the 90° pulse is now not a simple exponential
decay bu t a n interferogra m containin g al l resonanc e frequencies . Th e
spectroscopic informatio n in this "time-domain" for m ca n b e processe d
to data in the more familiar "frequency-domain" for m by a Fourier trans-
formation.

NMR studie s of solids have presented particula r problems in that, us-
ing normal experimenta l procedures , ver y broad line s will be observed ,
masking details of the spectrum . This can be seen i f we consider that th e
energy of interaction between th e nuclear magnetic moment (MN) and th e
external magnetic field (B 0) can be expressed as the eigenvalues of a Ham-
iltonian operator // :
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which can be, i n turn, regarded as comprising :

where H cs relate s t o chemica l shift , H j t o spin-spi n coupling , H D t o di-
polar terms, an d H Q t o quadrupole terms . I n liquids, HD and H Q ar e av -
eraged t o zer o b y molecula r tumbling, whereas i n solid s the y ar e ver y
large terms (5 x  10 4 and ~10 6 MHz, respectively , compared t o 10 3 MHz
for H cs an d 1 0 MHz fo r H J i n both solid s an d liquids) . Since th e infor -
mation o f value regarding the chemica l environmen t is contained i n th e
Hcs term , ways have to be found t o extract thi s or to modif y th e experi -
ment an d so suppress the othe r terms. On e approach that ha s been par -
ticularly applie d to mineral s is magic-angle spinning (MAS). Here, rapid
spinning of the sampl e about a rotation axi s inclined at 54.7° with respect
to the magnetic field results in the HD term going to zero. For nuclei where
/ =  1/2 (e.g., 29Si) there are no quadrupolar terms , so that high-resolutio n
information o n chemical shift s can be obtained from 29Si MAS NMR.

There are no w numerous examples of the applications of NMR spec -
troscopy in mineralogy, certain o f which will be further discusse d later in
the book. In Fig. 2.43, the 29Si MAS NMR of zeolite Y is illustrated. Such
studies have bee n used to determin e the distributio n of Si and Al within
the framework structure of these minerals. The peaks with chemical shift s

Fig. 2.43. 29 Si MA S NM R spectru m o f zeolit e Y  (585 8 scan s a t 79. 5 MH Z, 3762
scans a t 17. 9 MHZ) (after Fyf e e t al. , 1982 ; reproduced wit h the publisher' s per-
mission).
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centered around 88, 94, 99, and 10 5 can be assigned to SiO4 (silicate) tetra-
hedra with , respectively , 3 , 2 , 1 , an d 0  A1O 4 (aluminate) tetrahedr a a s
next-nearest neighbors . Th e area s unde r th e resonanc e peak s provid e
data o n the ratios o f silicon atoms occupying these different tetrahedr a i n
the structure . Lippma a e t al. (1980 ) have show n that 29Si MAS NMR is a
technique tha t ca n be applie d t o silicat e mineral s s o as to identify a  par -
ticular environment for a SiO4 tetrahedron. High-resolutio n NMR studies
have also been undertaken on 23Na, 'H, an d 27A1, and there is considerable
potential for future wor k on these an d rarer system s such as l7 O-enriched
synthetic oxides . Broad-lin e (a s oppose d t o "high-resolution" ) studie s
have chiefl y involve d ' H an d 2 D spectr a i n clays , micas, an d othe r hy -
drated minerals . The considerable potentia l for further work is illustrated
by the table of NMR properties of nuclei (Table 2.2) . NMR is a technique
of considerable versatilit y that ha s been develope d fo r chemical applica -
tions through numerous adaptations an d modifications of the basic meth-
ods. Man y of these NMR-base d method s are separatel y liste d in Appen-
dix B  (including , for example , thos e referre d t o b y th e acronym s CP -
MAS, COSY, DANTE , NMDR, and NOESY) , but few of them have , a s
yet, been applie d to geochemical problems .

Table 2.2. Som e nuclides of potential use in NMR studie s of solids

Quadrupole Frequency
Readily moment Natural (MHz)

'H ye s 1/ 2 —  99.98 5 50 0

-H ye s 1  0.002 8 0.01 5 76. 8
7

9Be ye s 3/ 2 0.051 2 10 0 70. 3

"'B ye s 3  0.07 4 19.5 8 53. 7

"B ye s 3/ 2 0.035 5 80.4 2 160. 4
13C ye s 1/ 2 —  1. 1 125. 7
I4N ye s 1  0.01 6 99. 6 36. 1
I5N ye s 1/ 2 —  0.3 7 50. 7
I7O ye s 5/ 2 -0.02 6 0.03 7 67. 8
19F ye s 1/ 2 —  10 0 470. 4
23Na ye s 3/ 2 0.1 4 10 0 132. 3
25Mg ye s 5/ 2 N D 10. 1 30. 6
27A1 ye s 5/ 2 0.14 9 10 0 130. 3
HSi ye s 1/ 2 —  4. 7 99. 3

Nucleus observed Spin (10-24 cm2) abundance (%) (11.7 T)

Li yes 3/2 -0.03 92.58 194.3
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Table 2.2. Continue d

Quadrupole Frequency
Readily moment Natural (MHz)

31P ye s 1/ 2 —  10 0 202. 4
33S n o 3/ 2 -0.06 4 0.7 6 38. 4
35Cl ye s 3/ 2 -0,078 9 75. 5 49. 0
39K ye s 3/ 2 0.1 1 93. 1 23. 3
45Sc ye s 7/ 2 -0.2 2 10 0 121. 5
49Ti n o 7/ 2 N D 5. 5 28. 2

"V ye s 7/ 2 -0.0 4 99.7 6 131. 4
63Cu ye s 3/ 2 0.1 6 69. 1 132. 5
67Zn ye s 5/ 2 0.1 5 4. 1 31. 3
7lGa ye s 3/ 2 0.11 2 39. 6 152. 5
73Ge ye s 9/ 2 -0. 2 7. 8 17. 4
77Se n o 1/ 2 —  7. 6 95. 3
79Br ye s 3/ 2 0.3 3 50. 5 125.3
85Rb ye s 5/ 2 0.2 7 71.25 48.3
87Sr n o 9/ 2 0. 2 7.0 21.7
89Y ye s 1/ 2 —  10 0 24. 5
91Zr n o 5/ 2 N D 11. 2 46. 7
93Nb ye s 9/ 2 -0. 2 10 0 122. 2
95Mo ye s 5/ 2 0.1 2 15. 7 32. 6

109 Ag ye s 1/ 2 —  48.1 8 23. 3
113Cd ye s 1/ 2 —  12.2 6 110. 9
115In ye s 9/ 2 1.1 4 95.7 2 109. 6
119Sn ye s 1/ 2 —  8.5 8 186. 4
125Te n o 1/ 2 — 6.99 158. 0
133Cs ye s 7/ 2 -0.00 3 10 0 65. 6
l37Ba n o 3/ 2 0. 2 11. 3 55. 6
139La ye s 7/ 2 0.2 1 99. 9 70. 6
I 7 l Y b n o 1/ 2 —  14. 3 88. 1
195Pt n o 1/ 2 —  33. 8 107. 5
199Hg ye s 1/ 2 —  16. 8 89. 1
205Tl ye s 1/ 2 —  70. 5 288. 5
207Pb ye s 1/ 2 —  22. 6 104. 6

Nucleus observed Spin (10-24 cm2) abundance (%) (11.7 T)
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Many parameter s tha t ar e accessibl e directl y o r indirectl y b y NM R
experiment ar e also parameter s tha t ca n be calculated quantu m mechan-
ically, a s wil l be see n i n the followin g chapters . O f particular interes t ar e
the NMR properties tha t are strongly and uniquely dependent upo n loca l
structure and that can be accurately measured; for example, th e nuclear-
quadrupole coupling constant (NQCC ) due (as already explaine d i n Sec -
tion 2.5.1 ) to th e interactio n o f the electric-fiel d gradient , eq , a t th e nu -
cleus with the nuclear quadrupole moment, eQ, so that NQCC =  e 2qQ/h.
Properties tha t contribut e t o th e NQC C ca n also b e calculated , suc h as
the asymmetry parameter T|, defined in Eq. (2.39 ) or specific component s
of th e electric-field-gradien t (EFG ) tenso r (q xx, q yy, q zz). Als o accessibl e
from NM R spectra and by quantum-mechanical calculations are the NMR
shielding constant s CT, where th e effectiv e fiel d a t th e nucleu s (H eff) i s
given by H eff =  ( 1 - cr)H app|ied. Again , specific contributions to the aver-
age shieldin g constant (o- av) such as diamagnetic (crd) or paramagnetic (CTP)
contributions, o r contribution s paralle l (<T| | ) o r perpendicula r (cr_l_ ) t o a
major symmetr y axis and their difference (Acr, henc e a  shielding constant
anisotropy) ca n als o b e calculated . NM R shieldin g constants relat e di -
rectly t o chemica l shift s (8 ) and lik e them ar e reporte d i n ppm. Dat a o f
this type are presented i n Chapters 4  and 5  (see, for example, Tables 5.4 ,
5.13, an d 5.14).

2.5.3. The  Mossbauer  effect

As we have already see n (Sectio n 2.3) , the interaction o f photons of light
with the electrons i n solids (or liquids and gases) can result in the resonant
absorption o f photon s o f particula r energies . Measuremen t o f suc h ab -
sorption effects a s a function o f the energy (wavelength) of the light yields
an optical absorption spectrum . Th e absorption o f energy quanta b y ex-
citation o f electrons i n atomic system s shoul d hav e a  paralle l i n the ab -
sorption o f muc h greater energie s in the excitatio n o f nuclei . However ,
for many years attempt s t o observe resonant absorptio n of-y-ra y photon s
(particularly wit h energies o f ~10 3-105 eV) b y thei r excitation o f appro -
priate nuclei were frustated by the effect s o f recoil. Th e energies o f -y-ray
photons ar e s o much greater tha n thos e o f visible radiation tha t consid -
erable energ y i s los t throug h recoil durin g emission and absorptio n pro -
cesses in free-atom systems. Consequently, the -/-ray photons do not have
sufficient energ y to raise th e nucleu s from it s ground state  to an excite d
state. I n 1958 , Rudolf Mossbaue r discovere d tha t i f decaying nucle i ar e
rigidly hel d i n a  crysta l lattice , certai n - y rays ma y b e emitte d withou t
recoil. Conversely, recoiless resonan t absorptio n of these y rays may also
take plac e b y appropriat e nucle i i n a solid . Th e recoilles s emissio n an d
resonant absorptio n o f nuclea r 7  ray s i n solid s subsequentl y became
known as the Mossbauer effect, an d the measurement of Mossbauer spec-
tra is now a routine laboratory procedure. Many excellent introductions
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to the theory and experimental methods of Mossbauer spectroscopy hav e
been publishe d (e.g. , Wertheim , 1964 ; Greenwood an d Gibb , 1971) , in -
cluding som e dealin g particularl y wit h application s i n mineralog y an d
geochemistry (Bancroft , 1973 ; Maddock , 1985 ; Hawthorne , 1988) . Al -
though the Mossbauer effec t ha s been studie d in isotopes o f more than 20
of the chemical elements, it is only readily studied in a much smaller num-
ber. Th e vas t majorit y of studie s involvin g minerals an d rock s concer n
the Mossbaue r effect i n the nucleus of 57Fe (2% natural abundance) . Dis-
cussion here wil l be confined to this isotope (although data of geochemi-
cal interest have also been obtained o n systems such as 119Sn, 125Te, l21Sb,
197 Au).

The stable isotope 57Fe may be formed by the decay o f the radioactive
isotope 57 Co, as show n in Fig. 2.44 . This process is accompanied b y th e
emission of y rays of various energies as the decaying 57Co passes through
various excite d state s o f 57 Fe characterize d b y differen t nuclea r spi n
quantum number s (I). Thes e ar e very short-live d specie s with half-live s
(t1/2) of 10-7 s or less. The 14.4-keV -y rays emitted when 57Fe in the first
excited stat e ( / = 3/2) passes t o th e groun d stat e (I=1/2 ) ar e use d i n th e
Mossbauer-effect experiment . Whe n - y rays o f thi s energ y ar e emitte d
without recoil, they may be absorbed resonantl y (again without recoil) by
the nucle i of 57Fe atoms in  a solid absorbe r suc h as  a  mineral. However ,
the precise energ y at which this absorption occur s an d the natur e of the
absorption is influenced by the environment of the 57Fe nucleus, and thus
a range of •y-ray energies must be provided by the source. This is achieved
by makin g use o f the Dopple r effec t an d vibratin g the sourc e throug h a
range o f velocities. In th e experimenta l syste m (Fig. 2.44 ) the sampl e is
placed betwee n the source , mounte d on the vibratin g system, and th e -y-
ray detector . A s th e sourc e sweep s throug h a  rang e o f velocities , th e
counts fro m th e detecto r pas s int o a  range o f counting cell s i n a  multi-
channel analyzer . The resultin g spectrum is a plot o f "y-ray energie s (ex-
pressed a s velocit y of the sourc e i n rnm s~1) versus absorption (se e Fig .
2.44). The influence the environment of the nucleus exerts on the energies
of the ground and firs t excite d state s o f 57Fe makes the Mossbauer effec t
a powerfu l tool i n th e stud y o f th e electroni c structur e o f iron-bearing
solids. The effects o f the perturbations on the energy levels and their cor-
responding spectra ar e summarized in Fig. 2.44 .

Differences i n the electron density at the nucleus between source an d
absorber resul t i n shiftin g o f the relativ e energie s o f ground and excite d
states. This isomer shif t (IS ) results from th e electrostatic interactio n be -
tween the charge distribution of the nucleus and those electrons tha t have
a finit e probabilit y o f bein g found in the regio n o f the nucleus . I n fact ,
only s  electrons have a finite probabilit y of overlapping with the nuclea r
charge density, so that the isomer shif t i s a function o f the s-electron den-
sity a t th e nucleus (although p, d , andfelectron s can exer t an influence
by screenin g th e s  electrons) . Th e nucleu s i s not, i n fact, a  poin t charge
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Fig. 2.44. Mossbaue r spectroscopy : (a ) nuclea r transition s givin g ris e t o th e
Mossbauer effec t i n 57Fe; (b ) principles involved in the Mossbaue r spectrometer ;
(c) Mossbauer resonan t absorptio n o f iron i n different crysta l environment s an d
the resultin g spectral types . (After Vaughan and Craig , 1978 ; reproduced wit h the
publisher's permission) .

but ha s a  radiu s (R ) that differ s in the excite d stat e an d groun d stat e b y
an amount 87 ? = 7? cx-7?gr. Thi s term , alon g wit h the nuclea r charg e (Z) ,
electronic charg e (e),  an d a  term for the ^-electro n densit y at the nucleus
[ |  iKO) s

 2 ], appears i n the expressio n for isome r shif t derive d from first -
order perturbatio n theory:
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For a  given source materia l w e can simplif y thi s expression to :

where C  is a  constan t fo r th e sourc e used . Th e nuclea r facto r (R 2 &R/R)
in the above expression i s also constant for a given nucleus, which shows
the direct dependence o f isomer shif t o n s-electron density at the nucleus.
Electron densit y in p o r d orbitals directly affects th e isomer shif t becaus e
it can penetrat e th e s  orbita l and thus scree n th e s-electro n densit y fro m
the nuclear charge. Eve n in the early days following the discovery of the
Mossbauer effect , th e result s o f Hartree-Fock calculation s (Dunca n and
Wigley, 1963 ; Watson an d Freeman , 1960 ) demonstrated tha t a  decreas e
in the number o f d electrons causes a marked increas e in the total s-elec -
tron densit y at the iro n nucleus . In a  well-known diagram reproduced i n
Fig. 2.45 , isomer-shift values in various iro n compounds are show n plot-
ted agains t 3d - an d 4d-electro n charg e densit y base d o n Hartree-Foc k
calculations fo r fre e ion s o f differen t configuration s (afte r Walke r e t al. ,
1961).

If th e electroni c environmen t o f th e nucleu s i s no t sphericall y sym -
metrical, the resulting electric-field gradien t (q ) may interact wit h nuclea r
states havin g a quadrupole momen t (Q ) (i.e., an y nuclea r stat e havin g a
spin / >  1/2). In the case of 57Fe, this results in splitting of the excited stat e
(/ = 3/2) so that two transitions can occur, producin g a two-peak spectrum
(see Fig . 2.44) . This corresponds t o alignment of the quadrupole moment
of th e "nonspherical " nucleu s eithe r with , o r across , th e electric-fiel d
gradient produce d by , fo r example , a  distorte d coordinatio n sit e o r a n
asymmetric distribution of electrons in the orbitals. Allowed energies (EQ)
are given by the formula:

as discussed for NQR spectroscopy (Sectio n 2.5.1, where the terms Q , q,
m, an d i n are mor e full y explained) . I n th e cas e wher e th e excite d stat e
has / = 3/2 (as in 57Fe), the allowed energies give rise to two transitions
and hence tw o peaks separate d b y a quadrupole splittin g (QS), where :

The Mossbauer nucleus can, therefore, be used as an "observer" or probe
to obtain information about sit e symmetrie s and fiel d gradients , muc h a s
in NQ R spectroscopy . However , wherea s i n NQ R transition s ar e ob -
served directl y betwee n ground-stat e sublevels , i n Mossbaue r spectro-
scopy transition s betwee n sublevels o f the excite d stat e an d th e ground -
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Fig. 2.45. Th e isome r shif t o f 57 Fe a s a  functio n of 3d - an d 4s-electro n charg e
density (after Walker et al. , 1961 ; reproduced i n Wertheim, 1964).

state leve l (o r sublevels ) ar e observed . Becaus e o f this , Mossbaue r
spectroscopy i s applicable t o a wider range o f nuclei than NQR (not just
those wit h ground-state spin s />1/2) and i s easier t o measure . I t i s also
possible t o obtain the sig n as well as the magnitud e of the field gradient ,
particularly through the use of an external magneti c field (as discussed in
the following).

As noted i n Section 2.5.2 , a nucleus with a spin / ha s a nuclear mag-
netic moment (MN) given by :

Thus, i f a magnetic field i s applied t o thi s nucleus i n some way , there i s
an interactio n betwee n th e fiel d an d th e momen t MN such tha t (2 1 +  1 )
energy levels result with energies:
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where Hmi is the magnetic field at the nucleus and ml =  I, I — I , .  . . ,  —I.
The result i s that the degeneracy o f the ground- and the excited-state en -
ergy levels is completely removed by this magnetic hyperfine splitting, as
shown in Fig . 2.44 . The origi n of this magnetic fiel d may b e internal , a s
in a  material that i s magnetically ordered at the temperatur e o f study, or
it may be externally applied. I f there is no quadrupole splitting in addition
to the magnetic splitting , then the separation s betwee n th e energy level s
are identical (and equal to gN Hint p N) and the magnitude of the splittin g is
directly proportiona l t o H int (an d g N). Because transition s ca n tak e plac e
only i f Am =  ±  1 or 0 , onl y si x transitions are possible , givin g rise t o a
six-peak spectrum. In a randomly oriented powder sample, the intensities
of peaks 1  to 6  will vary in the ratio s 3:2:1:1:2:3 . The presence o f quad-
rupole splittin g i n additio n t o magneti c splitting , as show n i n Fig . 2.44 ,
gives rise to an asymmetric six-peak spectrum. However , in this case the
m, value of each level (and spectral peak ) is identifiable, so the sig n of the
quadrupole splittin g ca n b e obtaine d fro m th e relativ e separation s o f
peaks 1, 2 and 5, 6 (Fig. 2.44) . Thus Mossbauer spectroscop y yield s valu-
able information on the presenc e o f magnetic ordering in a material, an d
the variatio n of this ordering ca n be studie d as a  function o f temperatur e
and pressure . Th e us e o f externally applied fields enables th e sig n of the
quadrupole splitting to be determined,

The Mossbauer spectr a o f iron in numerous minerals have been stud -
ied, but a  few examples will serve to illustrate this technique. In the rock-
forming silicat e minerals , Mossbaue r spectroscop y ha s bee n use d t o
study the oxidation state, spi n state and coordination of iron, and its dis-
tribution betwee n differen t site s i n a  structure . Thus , Fig . 2.4 6 (afte r
Williams e t al. , 1971 ) show s th e spectru m o f a n augit e [essentiall y
(Ca,Mg,Fe)2Si2O6], th e structur e of which contains tw o kind s of sixfold-
coordinate site s that may be occupied by iron (the Ml an d Ml sites) . The
Mossbauer spectrum can be fitted to three quadrupole doublets : peaks 1
and 1 ' have paramete r characteristi c o f Fe3+ (i n both Ml an d M l sites) ,
peaks A and A' hav e parameters characteristi c o f Fe2+ i n Ml, an d peaks
C an d C ' o f Fe 2 +  in the M 2 sites . Thes e assignments , based chiefl y o n
comparisons with endmember compositions an d related species , als o en-
able estimate s o f sit e population s t o b e mad e o n th e basi s o f the area s
under the peaks . Studie s of the variation in site populations a s a functio n
of composition and thermal treatmen t hav e led to importan t advance s in
understanding intercrystallin e order-disorder equilibria , a s pioneere d i n
the wor k of Virgo and Hafne r (1970).

In the minera l pyrite (FeS2), the isomer shif t an d quadrupole splitting
values indicat e tha t iro n i s presen t i n on e (octahedral ) sit e a s low-spi n
Fe2+ (Vaugha n and Craig , 1978) . However, smal l amounts (—2% ) of iron
impurity i n th e isostructura l MnS 2 (hauerite ) exhibit th e large r isome r
shift an d quadrupol e splitting parameters characteristic of high-spin Fe 24

(see Fig . 2.47). It wa s found b y Bargeron et al . (1971 ) that, on subjectin g
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Fig. 2.46 . Th e "F e room-temperatur e Mossbaue r spectru m o f augit e
[~(Ca,Mg,Fe)2Si2O6] (after Williams et al. , 1971) .

this materia l to high pressures, change s in the spectru m (as illustrated in
Fig. 2.47 ) occur tha t indicat e a  progressive conversio n o f iron fro m th e
high-spin t o th e low-spi n state . Complet e conversio n wa s achieve d b y
120-130 kbar and the process shown to be reversible with only slight hys-
teresis. I n addition to suc h spin-pairing , high-pressure Mossbauer spec -
troscopy has led to observation of a wealth of other phenomena, including
pressure-induced reductio n o f iron an d pressure-induce d magneti c tran -
sitions (many of which are reviewed by Drickamer an d Frank , 1973).

The applicatio n o f Mossbaue r studie s t o magneti c material s i s wel l
illustrated b y th e spectr a o f magnetit e (Fe 3O4) show n i n Fig . 2.48 . Al -
though thi s ferrimagnetically ordere d materia l i s a n invers e spine l wit h
nominally tetrahedra l Fe3+ an d both Fe2+ an d Fe3+ o n octahedral sites ,
at temperature s abov e 11 9 K (th e Verwe y transitio n temperature ) onl y



Fig. 2.47. Th e 57Fe Mossbauer spectrum of (Fe,Mn)S2 at 4 and 65 kbar, illustrating
a pressure-induce d high-spin —» low-spin transition (afte r Bargero n e t al. , 1971) .

85
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Fig. 2.48. Th e "F e Mossbaue r
spectra o f magnetit e (Fe 3O4) a t
temperatures (a ) abov e an d (b )
below th e Verwe y transitio n (af -
ter Sawatzk y et al. , 1969).

two sets of superimposed six-pea k spectra ar e observed. Thes e aris e from
the tetrahedra l Fe 3+ an d a n average d contributio n fro m th e octahedra l
sites due to electron hoppin g between Fe 2+ an d Fe 3 + , which takes plac e
more rapidly than the Mossbaue r transition . However , o n cooling belo w
119 K, thi s i s no longe r the case , an d additiona l peak s (Fig . 2.48 ) aris e
from Fe 2+ an d Fe3+ specie s o n octahedral sites , although matters are fur-
ther complicated b y subtl e changes in crystal structure .

The Mossbauer-effec t experiment ca n also b e applied t o the stud y of
surfaces i n the variation known a s conversion electron Mossbauer spec-
troscopy (CEMS) . Here , wha t i s monitore d a s a  function of inciden t -y-
ray energy i s not absorption, bu t the emission of electrons throug h a pro-
cess o f interna l conversio n (i.e. , a s a  byproduc t o f th e absorptio n o f
Mossbauer -y rays). Since the conversion electrons can only escape from
the surfac e layer s o f the solid , data ar e selectivel y acquired fo r th e sur -
face region , arisin g fro m th e Mossbaue r effec t i n th e (mos t commonl y
iron) atom s o f th e surfac e layers . Th e monitorin g o f emitte d electron s
results in a "mirro r image " o f the usua l absorption spectrum . Transmis -
sion and CEM spectr a o f vivianite [Fe3(PO4)2-8H2O] are illustrated in Fig.
2.49 (after Tricke r e t al. , 1979] .

It wil l b e eviden t fro m th e abov e discussio n o f the natur e an d origi n
of the Mossbauer effect tha t i t should be possibl e to calculate Mossbauer
parameters accuratel y using quantum-mechanica l methods . This ha s no t
proved t o be a  straightforwar d matter , and th e subjec t of the calculation
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Fig. 2.49. (a ) Transmission and (b ) conversion electron 57Fe Mossbauer spectra of
a singl e crysta l o f vivianite. Spectra (c) and (d ) represent transmission and CE M
spectra, respectively, of the sam e material after heating at 120° C for 1  h and sho w
that the bul k i s largely Fe 3+, whereas the surfac e comprise s largely Fe 2+ species
(after Tricke r et al., 1979; reproduced wit h the publisher's permission).

of Mossbauer parameter s i s discussed i n detail i n Chapter 4 , with partic-
ular reference to the iron oxides and related compound s (se e Section 4.5) .

2.6. Other methods

As noted i n the introduction to thi s chapter , a  very wide  rang e o f exper-
imental methods is now available for the study of the electronic structure s
of earth materials . Man y o f the mos t importan t method s hav e bee n dis -
cussed i n the preceding sections , an d an attempt mad e i n Appendix B  to
list all of the relevant methods, along with a very brief explanation of each
technique an d informatio n o n furthe r reading . On e majo r spectroscopi c
method wa s no t discusse d abov e bu t i s worthy o f inclusion in this chap -
ter: electron spi n resonance .

2.6.1. Electron spin resonance

Electron spi n resonanc e (ESR ) spectroscopy , als o know n a s electro n
paramagnetic resonanc e (EPR ) or electron magnetic resonance , involve s
the absorptio n o f microwave-frequency radiation b y molecules , ions, o r
atoms possessin g electrons wit h unpaire d spins . More detailed accounts
of th e techniqu e are provide d by Atherto n (1973) , Symon s (1978) , an d
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Abragam and Bleaney (1970), and McWhinnie (1985) has reviewed appli -
cations i n minera l chemistry . ES R spectroscop y i s possibl e becaus e a n
electron has a  spin together wit h an associated magneti c moment. Thus,
for a  "free electron," this electron wil l have a spin quantum number S =
± 1/2 and a magnetic moment M = B  (the electronic Boh r magneton =  eh /
4imzc). I f the electro n i s placed i n a magnetic fiel d B , th e magneti c mo-
ment ca n alig n eithe r paralle l o r antiparalle l t o th e field , thu s removing
the spin degeneracy, a s shown in Fig. 2.50. If the system is then irradiate d
with electromagnetic energ y o f the correc t frequency , transitions can oc-
cur betwee n the tw o spi n orientations. Becaus e th e lowe r stat e i s mor e
"populated" tha n the upper energy state at thermal equilibrium, there is
a net absorption o f energy (and loss of power from th e incident radiation )
as absorptiv e transition s ( - 1/2 —> + 1/2 ) outnumber radiative transition s
(+ 1/ 2 —>- 1/2) . The transitio n energ y (A£) or it s observed frequenc y (hv)
is given by

where b  i s the electroni c Boh r magneton, B  i s the applie d field , an d g  is
termed the "g value. "

In a  free multielectro n atom o r ion , the spi n an d orbita l angula r mo-
ments o f the electron s coupl e t o giv e a  total  angula r momentu m repre-
sented in the Russell-Saunders schem e by the quantum number /. Sinc e
J arise s fro m vectoria l additio n of L  (th e total orbita l quantum number)
and 5  (tota l spi n quantum number), it may take integra l (o r half-integral

Fig. 2.50. Th e principle s of electron spi n resonanc e (ESR ) spectroscopy .
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if S  i s half-integral ) value s betwee n (L-S)  an d ( L + S). Th e resultin g
(2J+ 1 ) states are degenerate i n the fre e ion, but spli t into (2J+  1 ) equally
spaced energ y level s i n a magnetic fiel d (B).  The energ y o f each stat e is
given b y g L B M j , wher e M , i s the magneti c quantu m number with inte -
gral o r half-integral values of J, (J - 1 ) . .  . ,  -J , an d gL i s the Land e g
factor,

Thus, i n a  magnetic-resonanc e experimen t performe d o n th e fre e ion ,
transitions ma y be induced between thes e level s unde r th e selectio n rul e
MJ =  ±1 , givin g the resonance condition :

For a  paramagnetic molecule  or  for an ion in a crystal  (wit h a nondegen-
erate ground state) , th e orbita l angula r momentu m of the unpaire d elec -
tron i s not free t o respond t o the aligning force of the external field , sinc e
it i s likel y t o b e strongl y aligne d alon g a  specifie d molecula r (o r crystal )
axis b y the intramolecula r (intracrystalllne ) electri c field . Thi s result s i n
a "quenching" o f the orbital contribution. If the quenching were total, th e
value of g would be 2 minus the free-electron valu e (actually 2.0023 after
relativity effects ar e considered). I n practice, i t may not be total becaus e
spin-orbit couplin g ca n produc e som e breakdow n o f th e couplin g be -
tween th e orbita l angula r momentu m and th e electri c field . Thi s ma y be
described b y an admixture of various excite d state s tha t ca n be couple d
to the ground stat e b y components o f the orbital-angular-momentum op -
erator along various molecular axes .

The valu e o f g  an d henc e deviatio n (Ag ) in it s valu e fro m th e free -
electron valu e is measured i n the ESR experiment . Th e smal l difference s
arising fro m locatio n o f th e paramagneti c io n i n differin g "molecular "
environments are readily detectable, enablin g the technique to be used as
a "probe " i n crysta l chemistr y an d bondin g studies . Also , give n th e
above, A g may assum e differen t value s fo r each "molecular " o r crysta l
axis i f the symmetr y i s lowe r tha n cubic . Hence , th e g  valu e ma y b e
anisotropic an d represented b y a second-rank tenso r wit h principal axe s
that may , or may not , coincid e wit h the molecula r axes . In axiall y sym -
metric "molecules," two values g\\ and g_,_ are given; for lower symmetry
cases, thre e values ar e determined (g xx, g yy, gZz).

Contributions to Ag can arise fro m man y atoms in the molecule. Stud -
ies o f mineral s commonl y involv e meta l ion s i n relativel y wea k ligan d
fields, wher e the majo r contribution i s from th e metal . Th e calculation o f
A# in this case involves the Hamiltonian:
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where the Zeeman interaction between th e electron spi n (S) and the mag-
netic field (B ) i s

where g e =  2.0023 , the free-electro n value . Th e perturbatio n H ' i s th e
sum o f orbital Zeeman interaction s an d the spin-orbi t interaction :

where /M is the orbita l angula r momentum of the |xt h electron, whic h has
spin S M, an d LM is the spatia l par t o f the spin-orbi t interaction . A  first -
order perturbatio n treatmen t show s that , fo r an y nondegenerat e elec -
tronic wave functions (e.g., the ground state , al l matrix elements
of the for m vanish . This i s a mathematica l statemen t o f th e
quenching of the orbita l contribution . Henc e calculation o f the firs t con -
tribution to Ag requires second-order perturbatio n theory . Terms linear in
B and S  ar e selecte d fro m th e complet e expressio n for the second-orde r
energy, and this part o f the energy is written as kg$BMs, wher e Ag is the
g shif t fo r a particular orientation of B and M s is the projection of the tota l
spin on B. I f one particula r excited stat e give s the majo r contribution to
Ag, th e resul t takes the form:

where 1 > denotes the wavefunction of the low-lying excited state of
energy E t, an d LB,SB ar e the components of /M and SM along B .

For man y of  the  transition-meta l ion s of  geochemica l interest , the
number of unpaired electrons i s greater tha n one, an d severa l spi n states
are accessible. Th e field generate d b y the other electro n add s a  constant
energy t o al l Zeeman terms i n cubic symmetry , but, when the symmetry
is low, polarization o f the secondar y field ma y occur , causin g splitting in
the absence o f a magnetic field. Thu s for Fe 3 + , where S =  5 /2, separation
of th e ±1/2 , ±3/2, ± !/2 state s ma y b e cause d b y suc h zero-field  splitting
and result in the states known as Kramers doublets.  Experimentally , ESR
spectra ar e onl y readil y observed i n transition-meta l ion s i f the groun d
state is a Kramers doublet (e.g., in Cu2+, Mo5 + , V4 + , Cr3 + , Fe3 + , Mn2+).
In thes e cases , wher e crystal-fiel d effects ar e o f greater magnitud e than
magnetic effects , th e spi n Hamiltonian is:

and D  describe s a n axial distortion, £  a  rhombohedral distortion . I n an
example suc h a s Fe 3+ i n a n axia l field , E  = Q, and th e energ y level s (W)
are given by:

where m  =  ± 5/2, ±3/2,  ±  1/2. Small distortion s result in a  fine-line spec -
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trum, wherea s fo r larg e values of D  a  limitin g case i s reached wher e a
" g _ " featur e is seen close to 6, whereas "g {" remain s at 2.

Hyperfine interactions  betwee n the electro n an d any magnetic nuclei
(/>0) presen t (suc h as a  proton, fo r example ) produces hyperfin e split-
ting, a s illustrated in a very simple example in Fig. 2.51 . This hyperfine
interaction ma y be divide d int o a n isotropi c an d a n anisotropi c compo -
nent. Th e isotropic par t arise s fro m unpaire d electron densit y at the nu-
cleus and ca n onl y b e nonzer o for s-type orbitals . The anisotropi c ter m
corresponds t o th e classica l par t o f th e magneti c dipol e interaction fo r
which the Hamiltonian is:

where

A0 is the isotropic component, and B is the anisotropic contribution. Com-
monly Eq. (2.63 ) may be modified to :

Fig. 2.51. Hyperfine interaction s in electron spi n resonance.
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In fact , A  i s usuall y measure d a s th e separatio n o f peaks i n a n experi -
mental spectrum (see Fig . 2.51) . The selectio n rule s governing hyperfine
interactions are AMS= ± 1, AM, = 0. Hence, a  magnetic nucleus of spin /
will spli t the resonance int o 21+ 1 components, an d when g is anisotropi c
all component s wil l b e spli t [e.g. , i n the axiall y symmetric case, g+ _ and
g|| wil l b e spli t int o (2I + 1 ) components separate d b y A| _ and A ||, respec -
tively, an d th e difference s i n A_ and A || will arise from th e anisotrop y of
B in Eq. (2.74) .

In an ESR experiment , the principa l components o f g and A are mea-
sured; linewidths and line shapes are also studied, as they can give insight
into unresolved hyperfine splitting and to various relaxatio n phenomen a
whereby energy may be transferred t o other parts of the system (e.g., the
crystal lattic e i n spin-lattice relaxation) . ES R spectr a ar e recorded a t a
fixed microwav e frequency by scannin g the magnetic field, an d usually it
is th e firs t derivativ e o f the absorptio n versu s the fiel d tha t i s recorde d
(see Figs. 2.5 0 and 2.51). Solutions , glasses, powders , and single crystals
may b e studied, and a  wide variety of applications ar e relevant to miner-
alogy and geochemistry. In Fig. 2.50 are shown ESR spectra of powdered
calcite (CaCO 3) containing Mn2+ impurity . This complex spectrum shows
some g  anisotropy and othe r fin e structure . Heatin g to 800°C causes de -

Fig. 2.52 . (a ) The ES R spectru m o f powdere d calcit e (CaCO 3) containin g Mn2+

as an impurity; (b) the same specimen as in (a) heated to 800°C. (After Mc-
Whinnie, 1985 ; reproduced wit h th e publisher' s permission).
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composition t o cubi c calciu m oxid e wit h a  simpl e isotropic six-lin e pat -
tern as shown in Fig. 2.52. The ESR spectrum can thus be used to monitor
such reactions . Amon g many other application s migh t be mentione d th e
use of ESR to characterize minor Fe3+ impuritie s in kaolinite (Mead s and
Maiden, 1975 ) that occur in the octahedral layer, and to study the absorp-
tion of transition-metal ions into a range of other clay mineral structures .

2.7. Concluding remarks

In thi s chapter , th e mos t importan t experimenta l method s availabl e t o
study chemica l bondin g an d crysta l chemistr y i n geochemica l system s
have bee n briefl y reviewed , an d som e example s provide d o f their appli -
cations. Numerou s further example s wil l be considere d i n the followin g
chapters. Wha t i s already evident , however , i s that meaningfu l interpre -
tation o f th e result s obtaine d usin g these experimenta l method s i s only
possible usin g model s o f chemica l bonding , model s base d o n quantum -
mechanical theories. Th e development an d application o f such models is
further discusse d i n the nex t chapter , fro m whic h it wil l be eviden t tha t
the bondin g models i n tur n ca n onl y b e properl y teste d b y compariso n
with experiment.



3
THEORETICAL METHODS

In this chapter, th e most important quantum-mechanical method s that can
be applie d t o geologica l material s ar e describe d briefly . The approac h
used follow s tha t o f moder n quantum-chemistr y textbook s rathe r tha n
being a historical accoun t o f the development o f quantum theory and the
derivation o f the Schrodinge r equatio n from the classica l wav e equation .
The latte r approac h ma y serv e a s a  bette r introductio n t o th e fiel d fo r
those readers wit h a more limited theoretical backgroun d and has recently
been wel l presented i n a  chapte r b y McMilla n and Hes s (1988) , whic h
such reader s ar e advise d t o stud y initially . Computationa l aspect s o f
quantum chemistry are also wel l treated b y Hinchliff e (1988) .

In th e sectio n tha t follow s thi s introduction , th e fundamental s of the
quantum mechanic s o f molecules ar e presente d first ; that is , the "local -
ized" side of Fig. 1. 1 is examined, basing the discussion on that o f Levine
(1983), a  standar d quantum-chemistr y text . Detail s o f the calculatio n o f
molecular wav e functions using the standar d Hartree-Foc k method s ar e
then discussed, drawing upon Schaefer (1972) , Szabo an d Ostlund (1989),
and Hehr e e t al . (1986) , particularly in th e discussio n o f th e agreemen t
between calculate d versu s experimenta l propertie s a s a  functio n o f th e
size of the expansion basis set . Improvement s on the Hartree-Fock wave
function usin g configuration-interaction (CI ) o r many-bod y perturbatio n
theory (MBPT) , evaluation o f properties fro m Hartree-Foc k wav e func -
tions, and approximate Hartree-Foc k methods are then discussed .

The focu s the n shift s t o th e "delocalized " sid e o f Fig . 1.1 , first dis -
cussing Hartree-Foc k band-structur e studies , tha t is , calculation s i n
which th e ful l translationa l symmetr y of a  soli d i s exploite d rather tha n
the point-grou p symmetr y o f a  molecule . A  goo d genera l referenc e fo r
such studies i s Ashcroft an d Mermin (1976). Density-functional theory is
then discussed, base d on a review by von Barth (1986), and including both
the multiple-scattering self-consistent-field Xot method (MS-SCF-JVa) and
more accurate basis-function-density-functiona l approaches . W e then de-
scribe the success o f these methods in calculations o n molecules and mo-
lecular clusters. Advances in density-functional ban d theory are then con-
sidered, wit h a  presentatio n based o n Srivastav a and Weair e (1987) . A
discussion o f the purel y theoretica l modified electron-ga s ionic models is

94
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followed by discussion o f empirical simulation, an d we conclude by men
tioning a recent approach incorporatin g density-functiona l theory and mo-
lecular dynamics (Car an d Parrinello , 1985) .

Qualitative molecular-orbita l theor y approache s (an d related qualita -
tive treatments ) ar e discusse d throughou t the tex t (particularl y i n Chap-
ters 4 and 6) , and a more detaile d discussio n of the contributions of such
approaches presente d i n Chapte r 8 . A s wit h th e experimenta l method s
discussed i n Chapte r 2 , th e topic s presente d i n the presen t chapte r ar e
associated wit h numerou s abbreviation s an d acronym s (an d alternativ e
titles). Bot h to serv e a s a  key t o thes e abbreviations , an d as a  source o f
reference to the numerous theoretical approaches no w available, the y are
listed along wit h brief description s an d reference s t o further informatio n
in Appendix C.

3.1. Elements of quantum mechanics

Although the Schrodinger equation , the fundamental equatio n of quantum
mechanics, ma y be derived from th e classical wav e equation by a heuris-
tic approach, i t is currently more common to present quantu m mechanic s
as a set of postulates, suc h as those tabulate d belo w (Levine , 1983) .

Postulate 1. The state of a system is described by a function y of the
coordinates an d the time. This function, calle d th e state function o r wave
function, contains all the information that can be determined about the
system. y  i s single-valued, continuous, an d quadratically integrable .

Postulate 2 . T o every physica l observabl e ther e correspond s a  linea r
Hermitian operator . T o find thi s operator , writ e dow n th e classical-me -
chanical expressio n for the observabl e i n terms o f Cartesian coordinate s
and corresponding linear-momentu m components , an d then replace eac h
coordinate x  by the operator x  and each momentum component p x b y the
operator -  i h d/dx.

Postulate 3. Th e only possible values that can result from measurements
of the physical observable G  are the eigenvalues g i of the equation :

where G  is the operator correspondin g t o the property G .

Postulate 4. I f G is any linear Hermitian operator that represents a  phys-
ical observable , the n th e eigenfunction s 0 i o f th e eigenvalu e equation
above form a  complete set .
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Postulate 5. I f y (q,t) i s the normalized state  function o f a system at time
t, then the average valu e of a physical observable G  at time t is:

Postulate 6. Th e time development of the state of an undisturbed system
is given by the Schrodinge r time-dependen t equation

where H i s the Hamiltonian  (i.e. , energy) operator o f the system.
If the Hamiltonian is independent of time, the wave function as a func-

tion of coordinates and time may be written as :

where the spatia l part of the wave function satisfie s the time-independen t
Schrodinger equation :

This time-independen t Schrodinge r equatio n provide s the theoretica l
foundation fo r th e solutio n o f virtuall y al l problems i n chemistry. Sinc e
the exac t analyti c solutio n o f the Schrodinge r equatio n i s only possibl e
for system s with one electro n (se e Levine , 1983) , one mus t tur n to ap -
proximate solutions to obtain information on systems of interest to chem-
ists (or geochemists).

For molecules , a  commo n simplificatio n i s th e Born-Oppenheimer
separation i n which the slow-moving nuclei and the fast-moving electrons
are treated separately . Usin g this approximation (an d suppressin g the q
dependence), w e first solv e the electronic Schrodinge r equation :

for variou s position s o f the N  atom s withi n the molecule . Th e resulting
electronic energie s E e form a potential energy surface V(R 1, R2, .  .  . ,  Rn)
where RA specifies the coordinates o f atom A. This leads to a Schrodinger
equation describing the motion of the nuclei :

where:

in which        is the quantum-mechanical operator expression for the ki-
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netic energy of nucleus A. Equatio n (3.7) may then be solved to yield the
approximate tota l wav e function:

and the total energy E .
The nonrelativisti c Hamiltonian operato r fo r a  molecule  i n field-fre e

space ma y be written as:

where the firs t summatio n represents th e repulsions between pairs o f nu-
clei A an d B  wit h nuclear charge s Z A an d ZB; the secon d su m goes ove r
all n electrons an d includes the operators for electron kineti c energy and
electron nuclea r attractio n (wher e r iA is the separatio n o f electron i  an d
nucleus A); and the third term gives the repulsions between pairs of elec-
trons i and j, rij being the distance betwee n them.

In writing the Hamiltonian in Eq. (3.10 ) we have used atomic units , in
which h  (Planck's constan t divide d by 2ir), the electronic charg e (e),  and
the electron mass are all set to unity. Distances are then given in bohr (a0),
where 1  a0 = 0.5291 8 A. Th e atomic uni t of energy is the hartree , wit h 1
hartree =  27.2 1 eV =  627. 5 kcal/mol . Th e boh r i s th e mos t probabl e
electron-nuclear separation i n the ground state of the hydrogen (H) atom,
while th e hartre e i s twice th e ionization potential (IP ) of ground-state H
(a related quantity , the Rydberg, is equal to the H-atom ionizatio n poten-
tial, or one-half the hartree) .

If we have a wave function y  fo r the ground state  o f our system, then
we can calculat e th e energy as the expectation valu e of the Hamiltonia n
operator

If the wave function i s the exact wave function, w e obtain for E the exac t
(nonrelativistic) energy. I f y  i s an approximate wav e function, th e varia-
tional principle  (Levine , 1983 ) tell s u s tha t th e lowe r th e E  th e mor e
closely y resembles th e exact wav e function, s o long as it satisfies certai n
conditions, th e mos t importan t bein g the Paul i exclusio n principle . I f y
contains parameters , the n tha t choic e o f parameters givin g the lowes t E
will giv e the bes t wav e functio n i n the sens e o f maximu m overlap wit h
the true wave function .

A necessary an d reasonable approximatio n i n the generation o f wave
functions fo r many-electro n system s i s t o represen t th e many-electro n
wave function usin g products of one-electron wav e functions o r orbitals,
0i. T o ensur e complianc e wit h th e Paul i exclusio n principle, th e wav e
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function fo r th e n-electro n syste m i s writte n a s a  normalize d antisym -
metric product o r Slater determinant:

The one-electron orbita l 0 i is , in turn, the product o f a spatial par t an d a
spin function a (fo r ms = +

 1
/2) or (3 (for ms = -

 1
/2). If the orbital 0i has

infinite variationa l flexibility , w e obtain th e bes t possibl e singl e determi-
nant wave function, called the Hartree-Fock wave  function.

By minimizin g the energ y o f 0 i i n Eq. (3.12) , we obtain a  se t o f cou-
pled integro-differentia l equations, th e Hartree-Foc k equations , whic h
may b e expresse d i n th e followin g for m fo r closed-shel l system s (fo r
open-shell cases se e Szabo an d Ostlund, 1989):

where F( 1) , th e Fock  operator,  i s given by:

and th e Coulomb  operator  J j an d th e exchang e operato r K j are defined
by:

The firs t ter m o n th e righ t o f Eq . (3.14 ) i s th e operato r fo r th e kineti c
energy o f one electron; the secon d ter m i s the potential-energ y operato r
for th e attractions betwee n on e electron an d the nuclei . These two terms
form th e one-electro n core  Hamiltonian; th e core Hamiltonia n omit s in-
teractions with the other electrons. Th e Coulomb operator J j(1) i s the po-
tential energ y o f th e interactio n betwee n electro n 1  and a  smeared-ou t
electron wit h electronic density [0 j(2)]2; the factor 2  occurs because fo r a
closed-shell stat e there ar e two electrons i n each spatia l orbital . Th e ex-
change operator ha s no simple physical interpretation bu t arises from th e
requirement that the wave function be antisymmetric with respect to elec-
tron exchange . Th e Hartree-Fock molecula r orbital s 0 i i n Eq. (3.14 ) are
eigenfunctions o f the sam e operato r F(l) , th e eigenvalue s bein g the or -
bital energies e,.

The true Hamiltonian operator an d wave function involv e the coordi-
nates o f al l n  electrons . The Hartree-Foc k Hamiltonia n operator F  i s a
one-electron operato r (i.e. , i t involves the coordinate s of onl y on e elec -
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tron), and Eq. (3.12 ) is a one-electron differentia l equation. Thi s has been
indicated by writing F and $ , a s functions o f the coordinate s o f electro n
1; of course, th e coordinate s o f any electro n coul d hav e been used . Th e
operator F  is peculiar in that it depends o n its own eigenfunctions, which
are no t know n initially . Henc e th e Hartree-Foc k equation s mus t b e
solved by an iterative process. One obtains approximat e solution s for the
0i an d from thes e construct s the firs t approximation to F. Equation (3.13)
is the n solve d t o obtai n a  ne w se t o f 0 i (whic h are generall y occupie d
according to their order of ei) and a new F is constructed. Suc h a process
is calle d a  self-consistent-field  approach , an d th e proces s i s terminated
when th e orbitals ' outpu t from on e ste p ar e virtuall y identical t o thos e
that are input from the preceding step (in practice, the energy E is usually
monitored).

A ke y developmen t tha t helpe d mak e feasibl e th e calculatio n o f ac -
curate SCF wave functions for molecules was Roothaan's (1951 ) proposa l
to expand the spatial orbitals as linear combinations of a set of basis func -
tions Xk :

Substitution of this expansion into Eq. (2.9 ) gives:

Multiplication by x j* and integration gives:

where:

Equations (3.16) are a set of simultaneous linear homogeneous equation s
in the unknowns ckl. For a  nontrivial solution, we must have:

This i s a  secular  equation  whos e root s giv e the orbita l energies . Thes e
Hartree-Fock--Roothaan (HFR ) equation s mus t b e solve d b y a n intera -
tive process , sinc e th e F Jk integrals depen d o n th e orbital s 0 i, whic h i n
turn depend on the unknown coefficients cki.

3.2. Details of Hartree-Fock-Roothaan calculations:
Choice of basis set

To solve the HF R proble m one mus t choose a  basis  set.  Th e larger and
more flexibl e th e basi s set , th e bette r (i n general) the calculate d proper-
ties.
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A basis se t may be employed that i s of the sam e form throughou t the
space of the system, or one in which the orbitals are expanded in differen t
types of basis functions i n different part s of space. Such partitioned bases
are ofte n use d i n solid-stat e calculations i n which one mus t describe a n
overall wave function tha t i s rapidly varying near th e nucle i and slowly
varying an d "free-electron-like " whe n fa r fro m th e nuclei . Suc h parti -
tioned bases wil l be considered further i n our discussion of band-theoret-
ical calculations and the multiple-scattering Xa. molecular-orbital method.

Most molecula r calculation s emplo y nonpartitione d base s tha t ar e
constructed eithe r of Slater orbitals  with the form:

where A i s a  normalizin g factor, n  th e principa l quantum number, r th e
electron-nucleus distance , an d a th e orbital exponent; or Gaussian func-
tions with the form :

where n  is the analog of the principa l quantum number and a th e analo g
of the orbita l exponent. Angular dependence ma y be introduced by mul-
tiplying these radia l function s b y spherica l harmonics , bu t fo r the Gaus -
sians i t is often introduce d by using a function o f the form :

where p , s , an d q  ar e integers , givin g wha t ar e calle d Cartesian  Gaus-
sians.

In principle , on e woul d prefer t o us e Slate r function s for molecula r
calculations sinc e the y mor e closel y resembl e Hartree-Foc k atomi c or -
bitals i n thei r functiona l form , and , thus , a  smal l se t o f Slate r orbital s
gives the energy and other propertie s wit h much greater accurac y tha n a
set of individual (or primitive) Gaussians of the smal l size. However , th e
integrals of electron-electron repulsion ar e much more difficul t t o evalu-
ate ove r Slate r orbital s sinc e numerica l integration i s required . B y con -
trast, the same integrals over Gaussians have closed analytic expressions,
as show n by Boy s (1950). Use o f fixed linea r combinations o f the Gaus -
sians (contracted  Gaussians ) reduce s th e numbe r of integrals over vari -
able basis functions, althoug h it remains necessary t o calculate al l of the
electron-electron repulsion integrals over th e primitive Gaussians.  Most
modern quantum-chemica l calculation s emplo y Gaussia n orbita l basi s
sets.

3.2.1. Minimum  basis  sets

A minimum  basis  se t (MBS ) includes on e expansio n functio n fo r eac h
orbital occupie d in the groun d states o f the fre e atoms . Fo r example , a
minimum-basis-set calculation on diatomic MgO would employ 1s, 2s, 3s ,
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and 2 p functions on M g an d 1s , 1 s, an d 2 p functions on O . A  commo n
slight extension of the basi s would employ a Mg 3p function as well. Sla -
ter-type minimu m basis function s ar e characterize d b y thei r orbita l ex -
ponents, which may be obtained from variou s prescriptions, suc h as min-
imization of atomic energies. Alternatively, the best molecular exponents
may be obtained by minimizing the total energy of a molecule with respect
to the orbita l exponents . A  common procedure i s to determine suc h op-
timum Slate r orbita l exponent s fro m calculation s o n on e o r a  few small
molecules, and then to transfer these values to calculations on other mol-
ecules. I f Gaussian functions are to be used in the molecular calculation ,
a fixed linea r combination o f Gaussians i s used wit h coefficients chose n
to give the best overlap o f the contracted Gaussia n and the Slate r orbita l
whose behavior it is intended to mimic. A common Gaussian basis is des-
ignated STO-LG, wher e L i s the number of primitive Gaussians (G) used
in th e contractio n t o simulat e the ST O (Slater-type orbitals) . Thi s basi s
has a number o f special features for speeding integral evaluation, as de-
scribed elsewher e (Hehr e et al. , 1986) .

Prior t o 1960 , virtually all molecular electronic-structur e calculation s
utilized minimu m basis sets . Man y calculation s o n comple x molecula r
clusters o f mineralogical significance still employ minimum bases. Mini-
mum-basis-set calculations give qualitatively reasonable minimum energy
geometries, eigenvalu e spectra ("energ y levels") , an d electron distribu-
tions, bu t th e result s ar e no t o f quantitativ e accuracy . STO-3 G calcula -
tions fo r compound s o f first - an d second-ro w element s giv e average er -
rors in bond lengths of 0.02-0.03 A and average error s in bond angle s of
2-3°. Fo r third-ro w elements , average error s in bond distance s increas e
to abou t 0.0 6 A  (Hehr e e t al. , 1986) . Unfortunately , fo r compound s o f
transition metals, minimum-basis STO-3G calculations give somewhat er-
ratic results , wit h errors i n metal-ligand distance routinel y ranging from
0.05 to 0.20 A (Hehre et al. , 1986) .

3.2.2. Extended  basis sets:  Double-t, bases

The usua l nex t ste p i n improvement upo n the minimu m basis se t i s th e
use o f two functions in place of each minimum basis se t function, a dou-
ble-l, basis. Th e orbita l exponent s o r £ s of these two functions are gener-
ally chose n t o be somewha t large r and somewha t smalle r tha n the opti -
mum minimum-basis-set exponent, allowing for expansion o r contractio n
of th e correspondin g atomi c orbita l o n molecul e formation b y variatio n
of the expansio n coefficients . I n many cases, doubling of the cor e basi s
functions i s unnecessary, and it is efficient t o use a valence double-t,  basis
or split valence  basis  (e.g. , 1s, 2s , 3s, 3s',  3p , 3p' on Mg and is , 2s , 2s',
2p, 2p ' o n O  fo r MgO) . Commo n set s o f contracte d Gaussian s (G ) fo r
such calculations are the 4-31G, 6-31G, and 3-21G, where the first number
gives the numbe r of Gaussians in the core function, th e secon d the num-
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ber in the more contracted valenc e shel l function, and the third the num-
ber in the mor e diffus e valenc e shel l function. Since the 3-21 G bases ar e
cheaper t o use and give results ver y simila r to N-31G, the y are generally
preferable.

Equilibrium geometries calculate d a t the spli t valence leve l almost al-
ways show shorter bond distances than the minimum-basis-set results and
are generall y i n bette r agreemen t wit h experiment . Spli t valenc e wav e
functions als o giv e considerabl y bette r electro n distributions , a s evi -
denced b y dipol e moment s an d molecule-ato m electron-densit y differ -
ences that compare bette r with experiment (Hehre et al., 1986 ; Szabo and
Ostlund, 1989) .

3.2.3. Extended  basis sets: Polarized bases

To improve upon a double-E basis, on e generally add s polarization func-
tions whose /  values correspond t o orbitals unoccupied in the free atoms .
For example , to expand upon a double-E basis for H2O, one would add 2p
functions o n H  an d 3 d functions on O . Suc h function s ar e calle d polari -
zation function s since the y describ e th e polarizatio n o f atomic electro n
density arisin g fro m molecul e formation . Fo r example , i f a  H  ato m i s
placed i n the electrostati c fiel d o f an O  atom, it s electron densit y will b e
polarized alon g the O- H bon d direction , a  change tha t ca n be describe d
by the mixin g of H 2p character int o the H  1s wave function .

Polarization-function exponent s ca n b e chose n b y varyin g the expo -
nent t o obtai n a  minimum molecular energy . Optimu m values for 3d po-
larization function s hav e bee n tabulate d fo r bot h first - an d second-ro w
elements. Suc h functions are importan t fo r describin g electron distribu -
tion properties , bu t the y ofte n hav e onl y smal l effect s upo n geometri c
properties, eigenvalues , and energetics . A  common type of polarized ba -
sis se t fo r hydrogen-containin g molecule s i s designated 6-31G** . I n ad -
dition to a split-valence 6-31G basis, i t has 2p functions on the hydrogens
and 3 d functions on the othe r atoms .

3.2.4. Extended  basis sets: Other approaches

Finally, t o approac h th e Hartree-Fock limit , i t i s necessary t o use eve n
more flexible bases. I n particular, on e must use less severely contracte d
Gaussians (i.e. , wit h mor e variabl e coefficients) , more Gaussians , an d
functions wit h even highe r /  quantum numbers. Man y properties requir e
the inclusio n of highly diffuse basi s function s that d o no t contribut e sig -
nificantly t o th e molecula r energy . A n excellen t discussio n o f basis-se t
selection for accurate calculations i s given by Davidson and Feller (1986).
When ver y larg e basi s set s ar e employed , i t i s commo n t o specif y th e
number of primitive and contracted Gaussian function s of s, p, an d d (or
higher e ) type . Fo r example , a calculatio n on Si O tha t use d 13, y an d 9p -
type primitive Gaussian functions on Si contracted to 9s and 5p-type func-
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tions, together wit h 9s and 5p primitive Gaussians o n O contracted t o 4s
and 3 p functions, then further augmented b y two uncontracted 3 d polar-
ization functions on S i and on e o n O , would be designate d a s (13 s9p2d/
9s5p\d)-> [9s5p2d/4s3p 1d].

It i s wort h notin g two promisin g improvements i n atomic basi s set s
that hav e occurred i n the pas t few years : (1 ) valence basi s set s wit h the
cores replace d b y effective potential s (EC P bases) (e.g. , Ha y an d Wadt,
1985), an d (2 ) uncontracted Gaussia n bases fro m atomi c calculation s in-
corporating electro n correlatio n (Almlo f an d Taylor , 1987) . Th e EC P
bases ope n u p th e possibilit y of accurat e calculation s o n system s wit h
heavy atoms , eve n thos e wit h significan t relativistic effects , whil e th e
Gaussian bases obtained from correlate d ato m calculations provide more
accuracy both at the HF level and for later correlated calculations . Effec -
tive core potentials ar e no w available for man y atoms an d in many SC F
packages. Miyoshi and Sakai (1988 ) have recently shown good agreement
of effective cor e potentia l an d all-electron calculation s for severa l transi-
tion-metal compounds.

3.2.5. Basis  set and calculated properties

To giv e som e ide a o f th e effec t o f choic e o f basi s se t upo n compute d
properties, w e have taken results from Szab o an d Ostlund (1989) for th e
series o f 10-electro n molecules CH 4, NH3, H 2O, and H F (Tabl e 3.1 ) and
from Saue r (1983) , Erns t e t al . (1981) , an d Meie r an d H a (1980) for th e
silicate models Si(OH)4 and H3SiOSiH3 (Table 3.2) . A more complete tab -
ulation o f basis-se t effect s i s give n in Saue r (1989) . The trend s i n bond
lengths and angles evident from Table s 3.1 and 3.2 are, in fact, quite gen-
eral. Fo r compound s of first-row elements, expansio n of the basi s fro m
STO-3G to 4-31G (or 3-21G) almost always gives shorter bond distances ,
6-31G** results are very close to the HF-limit results, and HF-limit bond
distances are systematically shorter than experimentally determined val-
ues. The neglec t of electron correlation in the HF calculatio n causes th e

Table 3.1. Equilibriu m bond lengths (in a0) for a  series of ten-electron molecules
from (SCF ) Hartree-Fock-Roothaan calculation s using different basi s sets,
compared with experimenta l values

Molecule

Basis se t
STO-3G
4-3 1 G
6-3 1G**
Near HF limi t

CH4

2.047
2.043
2.048
2.048

NH3

1.952
1.873
1.897
1.890

H2O

1.871
1.797
1.782
1.776

HF

1.807
1.742
1.703
1.696

Experimental valu e 2.05 0 1.91 2 1.80 9 1.73 3

Source: Data from Szab o an d Ostlund , 1989.
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Table 3.2. Equilibriu m Si-O bond length s [R(Si-O) in A] for S 4 symmetr y
Si(OH)4 and Si-O-Si angle s (<Si-O-Si ) fo r H3SiOSiH3 fro m (SCF) Hartree-
Fock-Roothaan calculation s usin g different basis sets

Basis set

STO-3G

6-3 1G

6-3 1G +  Si3 d

6-3 1G*

STO-3G*

R(Si-O)a

1.654c

1.635c

1.640c

1.635c

—

<Si-0-Sib

145d

180d

180d

142d

140e

"The average Si-O bond distance experimentall y determined fo r th e SiO 4 uni t i n olivine i s 1.63 5 A.
bThe experimentally determine d <£Si-O-S i i n a-quartz is 143.7° .
•Sauer (1983) ; Si-H distance =  0.93 8 A; Si-O-H angle =  115.9 ° (fixed) .
dErnst e t al . (1981) ; Si-O distance =  1.63 4 A, Si-H distance =  1.48 6 A (fixed) .
eMeier an d H a (1980) .

energy a t shor t bond distance s t o be systematically too low compared t o
that a t lon g bond distances , givin g calculated bon d length s tha t ar e to o
short. Fo r second-ro w element s (e.g. , A1-C1) , the effec t o f inclusion of 3d
polarization function s is more variable . I n general , 3 d polarization func -
tions on the second-row ato m give shorter bond distances, i n better agree -
ment wit h experiment. Indeed , STO-3G * base s (STO-3 G plu s 3d polari -
zation functions ) giv e bette r distance s tha n 4-31G . However , th e
magnitude of the geometry effect s changes throug h the secon d row , with
3d additio n t o SO 3

2- , fo r example , givin g a very substantia l equilibrium
distance reduction , particularl y i f 3 d function s wit h hig h orbita l expo -
nents ar e included (Stromberg e t al., 1984).

3.3. Improvements on the Hartree-Fock wave function

In the Hartree-Fock approximation, the equation of motion of each elec-
tron i s solved fo r in the presence of the averag e potentia l create d b y th e
remaining n-1 electrons . Thus , the HF approximation considers onl y the
averaged, no t th e instantaneous , repulsion s betwee n pair s o f electrons .
The contribution to the total energ y due to the difference between instan -
taneous an d average d repulsion s i s defined a s th e correlation  energy.  I n
general, th e correlatio n energ y contribute s a  significan t percentag e t o
bond dissociatio n energies , whic h ar e therefor e no t give n accuratel y i n
the HF approximation .

If a wave function of higher accuracy tha n the single-determinan t H F
wave function is desired, a  number of techniques ar e available. Th e mos t
frequently use d method i s that o f configuration interaction,  in which the
wave function ha s th e form:
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where th e I i ar e a n orthonormal se t o f Slate r determinants . Th e coeffi -
cients C i are determined s o as to minimize the energy . This requiremen t
leads to the eigenvalue equation :

where H  i s composed o f matrix elements between configurations :

From Brillouin' s Theorem (Levine , 1983) , we know that H tj vanishe s i f i
and j diffe r b y a single one-electron excitation . A  consequence i s that th e
HF wave function gives one-electron propertie s (expectatio n value s of an
operator tha t is a sum of n terms, each depending on the coordinates o f a
single electron) tha t are correct to first order. A well-known one-electron
property of a molecule is the dipole moment . The operator for the x com-
ponent of the dipol e moment is:

where XA an d x i are the coordinate s o f nucleus A an d electro n i , respec -
tively.

In principle , a  C I approac h provide s a n exac t solutio n o f the many -
electron problem . I n practice, however , onl y a  finite se t o f Slate r deter -
minants can b e handled i n the linear expansion . A  common procedure i s
to retai n al l Slater determinant s tha t diffe r fro m th e H F determinan t by
one o r tw o excitation s (althoug h one-electro n excitation s d o no t coupl e
directly t o th e groun d state ; the y coupl e wit h two-electro n excitations ,
which i n tur n affec t th e groun d stat e indirectly) . Unfortunately , such a
procedure i s not siz e consistent . Fo r example , th e energ y o f two highl y
separated monomer s wil l not be twice that of a single monomer in such a
truncated CI calculation. Fortunately, a slightly modified approach calle d
quadratic C I has recently been develope d (Popl e e t al. , 1987 ) that is size
consistent.

Various method s ar e availabl e fo r improvin g the orbital s use d i n a
truncated CI calculation. One is to variationally optimize both the CI mix-
ing coefficients , C i, and th e for m o f the orbital s i n $ i, yieldin g what i s
called a  multiconfiguration  SC F wav e function . Anothe r i s to generat e
approximations to those orbital s that give the most rapidly convergent CI
expansion of the electro n density , called th e natural  orbitals.  Almos t no
CI or multiconfiguration SCF approaches hav e ye t been use d within geo-
chemistry.

An alternative method treats the effec t o f electron correlation accord-
ing to perturbation theory.  The perturbation is the difference betwee n the
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Table 3.3. Equilibriu m bond distance [R(O-H) in a 0 fo r H2O from a n (SCF)
Hartree-Fock-Roothaan calculation , and calculations using correlated wav e
functions (C l and MBPT ) compared wit h experiment

Values R(O-H)

Calculated value s
Hartree-Fock-Roothaan (near-HF limit ) 1.76 6
Configuration interactio n (CI ) 1.80 0
Many-body perturbatio n theor y (MBPT ) 1.81 6

Experimental valu e 1.80 9
Source: Dat a fro m Szab o and Ostlund , 1989.

true Hamiltonian , wit h instantaneous electro n repulsions , an d th e Har -
tree-Fock Hamiltonian, containing the averaged electro n repulsions. Ap-
plication of conventional perturbation theory leads t o a  result now com-
monly known as Moller-Plesset perturbation theory (Moller and Plesset ,
1934; Hehr e e t al., 1986) . Perturbations to the Hartree-Fock Hamiltonia n
may als o b e include d using the many-bod y Green's-function method (in
ma y-body perturbation  theory,) a n approach well adapted to calculation
of ionization potentials an d electro n affinitie s o f complex system s (Ced-
erbaumetal., 1980) .

The effect s o f including correlation o n the calculated bond distance in
H2O i s show n i n Tabl e 3.3 , usin g dat a take n fro m Szab o an d Ostlun d
(1989). Introduction of correlation effect s generall y results in increases in
bond distance , an d fo r H 2O the bes t correlate d calculation s giv e almos t
exact agreemen t with experiment.

3.4. Dependence of computation time on basis-set size
(and property calculated) for Hartree-Fock-Roothaan and
configuration-interaction calculations

It i s apparent fro m ou r descriptio n of the HF R procedur e (and has bee n
well established numerically) that the time required for a HFR calculation
increases as somewhere betwee n the third and fourth power of the size of
the basis set . Similarly , the time required for going beyond HFR b y con -
figuration interactio n increases a s abou t th e sixt h powe r o f the basis-se t
size fo r conventiona l C I calculations . Thes e importan t result s explai n
why dramati c increase s in computer speed lea d only to modest increase s
in th e siz e o f system s treatable b y suc h methods . Fo r example , a n in -
crease o f 1000 in computer speed increases th e size of molecules tractabl e
by CI by slightly more than a factor of three, and those accessible to HFR
procedures b y a  factor o f about six . Thus , i t appears tha t CI techniques
are directl y applicabl e to onl y the simples t models of the specie s occur -
ring in solid minerals . Eve n an approach to th e Hartree-Fock limi t wave
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function fo r such species require s heroic computation. Nonetheless , cal -
culations at lower levels provide useful information. One may also be able
to obtain correction factor s fro m a  few accurate calculations t o improve
systematically the values of properties calculated a t a lower level .

Contemporary Gaussia n HFR program s als o have ver y efficien t pro -
cedures fo r calculating minimu m energy geometries o f complicated mol-
ecules (and other stationary points of the energy) and for evaluating force
constants and vibrational spectra (Pulay , 1977; see Appendix C by Zerner
in Szabo and Ostlund , 1989). Such efficien t optimizatio n methods, along
with techniques for speeding integral evaluation and for accelerating SC F
convergence ar e commo n feature s o f th e variou s Gaussia n HF R pro -
grams.

3.5. Prediction of properties other than equilibrium
geometries from Hartree-Fock-Roothaan calculations

So far we have focused upon the geometric structure s o f molecules, tha t
is, th e arrangemen t of their nuclei , for which the predictions of Hartree-
Fock-Roothaan calculation s ar e i n goo d agreemen t wit h experiment .
From th e total energie s calculated b y such methods for atoms and mole-
cules, w e ma y als o calculat e bon d dissociatio n energies , bu t her e th e
agreement is poorer due to correlation effects . Fo r example, the dissocia -
tion energy calculated fo r SiO at the Hartree-Fock level is about 4.9 eV,
compared wit h an experimental value of about 8.3 eV (see further discus-
sion in Chapter 4). Such a discrepancy is fairly typical (e.g., see Schaefer ,
1972). I n mos t cases , however , w e ar e intereste d i n reaction  energies ,
which ma y be calculate d quit e accurately i f the reactio n i s homodesmic
(containing the same number of bonds in reactants an d products) or, even
better, i s isodesmi c (containin g the sam e numbe r an d type s o f bonds) .
Such energie s are often obtaine d quite accurately (e.g. , see Hehre e t al. ,
1986). For example , we might wish to compare reactio n energie s for:

and

to probe the competition between multipl y and single-bonded carbon and
silicon oxides . The results to be expected an d those calculate d fo r thes e
reactions ar e full y discusse d in Chapte r 4  and sho w multipl e bonding in
silicon oxides to be much weaker than in carbon oxides .

For reactions that are not isodesmic, we can obtain improved reaction
energies by calculating total energies o f reactant and products a t a partly
correlated level usin g geometries optimized at the HF level . For example,
we migh t optimize geometries of reactants an d products at the H F 3-21G
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level an d d o singl e calculation s a t thes e geometrie s usin g 3-21G* basis
with second-orde r Moller-Plesse t (MP2 ) corrections, a  procedur e indi -
cated b y the symbo l MP2/3-21G*//HF/3-21G, as described i n Hehre e t al.
(1986). Thi s approac h assume s tha t basis-se t an d correlatio n effect s ar e
approximately additive , an d seem s t o b e accurat e s o lon g a s th e basi s
used for the correlated correctio n i s at least polarized spli t valence.

In addition to geometries and reaction energies , Hartree-Fock-Root-
haan calculations yiel d data o n the energie s o f occupied an d unoccupied
orbitals (a n "eigenvalu e spectrum") . Accordin g t o Koopmans ' (1933 )
theorem, th e negativ e energie s o f th e occupie d orbita l eigenvalue s ar e
approximately equa l t o th e energie s neede d t o remov e electron s fro m
these orbitals . Withi n th e Hartree-Fock-Roothaa n approximation , a
more accurate method for calculating ionization potentials i s to solve the
SCF problem separately for both the neutral molecule and the cation, and
take the energy difference (th e so-called "ASC F method"). This approach
includes th e reorganizatio n o f electron densit y i n the catio n bu t ignore s
differences i n correlation energ y betwee n molecule and ion . Finally , th e
effects o f correlation ca n b e incorporated throug h configuration interac-
tion or many-body perturbation theory (Cederbau m et al. , 1980) .

For molecule s containin g only main-group atoms, Koopmans ' Theo -
rem applie d t o wav e function s o f spli t valenc e o r bette r qualit y usually
gives the righ t ordering of orbital ionizations , although for orbitals clos e
in energy and of different symmetr y or atomic-orbital composition , inver-
sions in the order of ionization potentials occasionall y occur . Koopmans '
Theorem almos t alway s overestimate s ionizatio n potential s i n suc h ma-
terials, and empirical reduction factors (generally involving multiplication
of th e Koopmans ' ionizatio n potential s b y aroun d 0.9 ; Brundl e e t al. ,
1970) ca n b e use d t o obtai n bette r agreemen t wit h experiment . A  one -
electron orbita l interpretation (i n which, for example, each peak in a pho-
toemission spectrum is associated wit h a single orbital) seems to be valid
for th e outermost valenc e orbitals , bu t the inner valence orbitals , fo r ex-
ample, the O2s-type orbitals o f CO2, show large configuration mixing so
that no simple correspondence betwee n orbital s an d cation state s ca n be
drawn (Cederbau m et al. , 1980) . The dependenc e o f ionization potentia l
upon method of calculation is shown for N2 in Table 3.4 using results fro m
Szabo and Ostlund (1989) and Ermler and McLean (1980) . Further detail s
are given by Ermler and McLean (1980) .

Our discussion of Hartree—Fock-Roothaan calculations has s o far fo-
cused upo n main-group elements; suc h calculations fo r transition-metal-
bearing molecules have been somewha t less successful . Although calcu -
lated bon d distance s see m t o b e abou t a s accurat e fo r transition-meta l
fluorides a s for main-grou p fluorides (Schaefer , 1981 ; Pietro an d Hehre ,
1983; Barandiara n e t al. , 1986) , seriou s discrepancie s wit h experimen t
have appeared for many transition-metal organometallic compounds with
IT accepto r ligands . Fo r ferrocene , Fe(C 5H5)2, poor agreemen t wit h ex -
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Table 3.4 . Compariso n of the firs t ionizatio n potential s (in eV) of the N 2
molecule calculate d using different methods , along with the experimenta l value s

Electronic state of N2 ion

Calculated value s
Hartree-Fock-Roothaan (usin g Koopmaris ' Approximation )

Basis Set: STO-3G
4-3 1G
6-31G*
near HF limi t

Hartree-Fock-Roothaan (usin g ASCF approach)
Many-body perturbatio n theor y (MBPT )
Configuration interactio n (CI)

Experimental valu e

3

14.7
17.1
17.1
17.3
15.9
15.5
15.6
15.6

15.6
16.9
16.9
16.8
15.3
16.9
16.8
17.0

Source: Data fro m Szabo an d Ostlund , 1989; Ermler and McLean , 1980 .

perimental bon d length s wa s eve n obtaine d a t th e Hartree-Foc k limi t
(Almlof e t al. , 1984) . Fo r transition-meta l oxides and sulfide s th e accu -
racy o f HF bon d length s is stil l somewhat uncertain. Double- e basis-se t
results fo r M(OH 2)6

2+ (Tabl e 3.5 ) an d minimum-basis-se t result s fo r
M(OH6)4- specie s (San o an d Yamatera , 1982 ; Tossell, 1985b ) are abou t
as good a s those for main-group compounds, but recent accurat e studie s
of neutral-metal-atom-OH2 complexes (Saue r e t al., 1986 ) have indicate d
that correlation effect s ma y be very important and that previou s studie s
suffered from large errors due to basis-set superpositio n effects (Boy s and
Bernardi, 1970) . There hav e been almos t no studies of the geometries o f
metal sulfide systems , although Tossell (1990d) has calculated a  Zn-S dis -
tance o f 2.40 A in Zn(SH)4

2-at th e polarize d spli t valenc e leve l (abou t
0.05 A larger than experiment).

Table 3.5. Compariso n of metal-water bond length s and binding energie s
calculated using (SCF ) Hartree-Fock-Roothaa n methods with
experimental values

Hydration energy
(kjmol-1)

Metal

Mg
Ca
Cr
Mn
Fe
Co
Ni
Cu
Zn

calc.

1659
1272
1529
1510
1577

(1588)
1689
1710
1688

expt.

1997
1668
1925
1920
2008
2105
2170
2174
2120

Metal-water distance (A)

calc.

2.07
2.40
2.13,2.32
2.19
2.14
2.09
2.05
2.00, 2.12
2.04

expt.

2.40

2.20
2.12
2.08
2.04
1.94,2.43
2.08

Source: Afte r San o an d Yamatera , 1982 ; see text and this referenc e fo r further details.
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As describe d earlie r i n thi s section , on e ca n obtai n accurat e orbita l
ionization energie s throug h many-bod y perturbation theor y (Cederbau m
et al. , 1980 ) or by using the ASCF method. Many-bod y perturbation the -
ory ha s bee n extremel y successfu l for smal l molecules , sinc e i t incorpo-
rates bot h electroni c relaxatio n an d correlatio n effects , whil e the ASC F
method, incorporating relaxatio n alone, generall y leads to substantia l im-
provement in absolute ionizatio n potentials an d some improvement in rel-
ative ionizatio n potentials . Unfortunately , both approaches requir e con -
siderably more computation than that for the ground-state wave function .
It is , therefore , stil l commo n t o estimat e ionizatio n potential s directl y
from eigenvalue s through Koopmans' Theorem .

Although thi s procedure generall y give s correct assignments of orbit-
als to ionization potentials fo r main-group molecules, it fails disastrousl y
for transition-meta l compounds (Cowley , 1979) , giving metal 3 d orbital s
too deeply bound with respect to ligand valence orbital s by many electron
volts. Fo r transition-meta l compound s the ASC F metho d o r correlate d
calculations ar e essentia l t o giv e good agreemen t wit h experiment (Smi t
et al. , 1978) . Suc h deficiencie s appea r t o exten d als o t o Hartree-Foc k
band theor y (Kun z and Surratt , 1978) , where, i n metal oxides , meta l 3d
levels are too tightly bound compared t o oxygen 2p levels, again by many
electron volts . I t i s worthwhil e t o not e tha t suc h problem s ar e no t en -
countered withi n density-functiona l theory, wher e eigenvalue s (particu -
larly for transition states , a s explained later ) giv e proper relative ioniza -
tion potentials fo r both main-group and transition-metal compounds .

3.6. Evaluation of spectral and other experimental
parameters using Hartree-Fock-Roothaan calculations

Hartree-Fock-Roothaan methods have often been quit e successful in the
calculation o f propertie s despit e th e fac t tha t th e variationa l principl e
upon whic h they ar e based ensure s onl y the bes t tota l energy . I n partic -
ular, other energeti c properties such as force constants an d charge-distri -
bution properties suc h as electron-density distribution s and electric-field
gradients ar e well reproduced .

Many of the properties describe d i n Chapter 2 can be rather routinely
evaluated from ground-state wave functions fo r the equilibrium geometry.
Such properties , P , can b e expresse d a s a  su m ove r molecula r orbital s
i as:

where P jk i s th e valu e o f th e propert y fo r th e j, k basis-functio n pair .
Charge distribution properties such as electron-density contours (studied
by x-ra y or neutro n diffraction) , electro n densities a t th e nucleus (deter-
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mining Mossbaue r isome r shifts) , an d electric-fiel d gradient s a t nucle i
(determining th e nuclea r quadrupol e interactio n see n i n NQR o r NMR)
can be obtained in this way. Other spectral properties can be estimated in
terms o f thei r energie s usin g ground-stat e eigenvalue s an d i n term s o f
their intensitie s using ground-state electro n distributions . For example ,
uv absorption spectr a can be estimated from ground-stat e eigenvalues for
many materials , althoug h thei r accurat e evaluatio n require s som e ap -
proach incorporatin g change s i n relaxation an d correlatio n energ y wit h
orbital occupation. Similarly , atomic-orbital characte r i n molecular orbit-
als can yiel d estimates of transition intensities. Direct calculation s of in-
tensities by perturbation theory, as described later , ar e necessary fo r ob-
taining accurate result s but are often very difficult t o perform. Vibrational
spectra ca n be obtaine d from th e variatio n o f energy with nuclear coor -
dinates a t th e energ y minimum , requirin g only slightl y mor e calculation
than th e equilibriu m geometry alon e usin g present compute r algorithm s
(Hehreetal., 1986) .

One set of quantities often evaluated from the ground-state wave func -
tion tha t ar e no t quantum-mechanica l observables ar e th e variou s com -
ponents o f the Mullike n population analysi s (Mulliken , 1955, 1962) . Fo r
example, we could define the ne t Mulliken charge on an atom A as:

by dividing the charge arising from orbita l overlap equally between pairs
of atoms. Such a charge partitioning is not unique, and a number of other
partitioning scheme s hav e bee n devise d (see discussio n i n Hehre e t al. ,
1986). I n general , compariso n o f ne t Mullike n charges betwee n relate d
molecules usin g comparabl e basi s set s i s meaningful . Th e Mullike n
charges are , however , highl y basis-set dependen t and ar e b y n o mean s
theoretically comparabl e wit h effective atomi c charge s determine d fro m
x-ray diffractio n o r other experimenta l studies. Thus, absolute numerical
values of Mulliken charges are essentially meaningless , and w e shall no t
use them within this book.

There ar e also properties for which the magnitude is dependent upo n
transition intensit y and for whic h accurate result s ca n b e obtaine d onl y
with perturbation theory; examples occur in currently much studied areas
like NMR spectroscop y (describe d in Chapter 2) , but als o involv e othe r
properties like magnetic susceptibilitie s and refractive indices, which are
not much studied from a n electronic structur e point of view (although we
would argu e that , du e t o advance s i n theory , suc h experimenta l tech -
niques are ripe for further exploration) . Within a Hartree-Fock approac h
the perturbatio n o f a  molecule by electric or magneti c fields ca n b e cal-
culated a t a  numbe r o f level s of theory . Couple d Hartree-Fock pertur -
bation theory (Lipscomb, 1966; Ditchfield, 1974) , whic h arrives at a  self -
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consistent molecula r energ y distributio n a s a  function o f field strength ,
has bee n applie d t o som e smal l molecula r cluste r model s o f minerals .
Calculations base d upo n equatio n o f motio n theory (Oddershede , 1978 )
have also recently bee n used (Tossel l and Lazzeretti, 1988b) .

The interaction o f an atom o r molecule wit h radiation , o r its collisio n
with a particle, may also be treated usin g perturbation theory . If we define
the Hamiltonia n fo r th e syste m i n field-fre e spac e a s H ° an d th e total
Hamiltonian as:

the H' i s the perturbation. The theory may be developed t o various order s
in a  parameter measurin g the strengt h o f the perturbation , bu t th e mos t
common approach yield s a perturbed energy .

where E° and y° are th e energ y an d wav e function i n the absenc e o f the
perturbation an d E  an d y i ar e th e energ y an d wav e functio n fo r som e
excited stat e i . I t i s clear tha t applicatio n o f a radiation fiel d t o an ato m
or molecul e give s informatio n on eithe r it s groun d stat e [ f y o H ' y ° d r i n
Eq. (3.32) ] or on both its ground and excited state s [th e summation in Eq.
3.32)].

Perturbations ma y b e divide d int o tw o categorie s o n th e basi s o f
whether H and H° have a common se t of eigenfunctions. If they do, then
only the ground-state term on the right-hand side of Eq. (3.32 ) is nonzero
and th e perturbatio n ca n b e evaluated fro m y° alone . A n example i s the
case in which H' i s the nuclea r quadrupol e moment . The first-order en-
ergy fy o

H'y0 ¥  0  if and only if the electri c fiel d has a  nonzero gradient a t
the nucleus of interest. The gradient of the electric field a t this point may
contain valuabl e information about th e electron-density distribution and/
or th e spatia l arrangemen t o f nuclei . A n exampl e o f the secon d typ e of
perturbation i s an electromagneti c field , th e majo r effects o f which may
be described b y a n electroni c dipol e operator , er , for whic h H doe s no t
have common eigenfunctions with ff. B y applying such a perturbation to
the system , we can stud y the propertie s o f excited state s o f the system.
In general , th e energie s o f excited state s ma y b e describe d mor e accu -
rately tha n th e integral s o f the perturbatio n Hamiltonia n tha t determin e
the spectra l intensities.

Information o n particl e an d potentia l distribution s withi n a  syste m
may als o b e obtaine d fro m particl e (e.g. , photon , electron , o r neutron)
scattering i n which the initia l and fina l energ y moment a of the scattere d
particle are monitored. Such scattering processes may also be treated by
perturbation theory . I n som e scatterin g arrangements , simpl e connec -
tions ma y be made between scattering intensities and ground-state prop-
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erties. The best known example is elastic x-ray scattering , whic h may be
used to study the electron distributio n within the system .

3.7. Approximate Hartree-Fock methods

Calculation of the molecular Hamiltonian, the time-consuming step in the
Hartree-Fock method , may be greatly simplifie d by ignoring or approxi-
mating either the component integrals making up the Hamiltonian matrix
or th e Hamiltonia n matri x element s themselves . Method s makin g such
approximations ar e usuall y designated a s "semiempirical " o r "approxi -
mate" molecular-orbital theorie s and require much less time than the ab
initio methods discusse d previousl y in which al l integrals ar e calculate d
accurately (particularl y a s the siz e o f the syste m increases and the num-
ber o f electron repulsio n integral s become s overwhelming) . In general ,
such method s eithe r tr y t o approximat e a n a b initio  Hamiltonia n a s
closely as possible (usuall y within a minimum basis set ) or utilize param-
eters designed to fi t certain type s of experimental data for a  class of ref-
erence molecule s as closel y a s possible . Th e complet e neglec t o f differ -
ential overla p (CNDO ) an d intermediat e neglec t o f differentia l overla p
(INDO) method s o f Popl e an d Beveridg e (1970 ) are method s i n which
electron repulsio n integral s an d som e Hamiltonia n matri x element s ar e
approximated an d th e approximat e Hartree-Foc k equation s ar e solve d
and iterate d t o self-consistency , wit h the goa l o f matching minimum-ba-
sis-set SC F calculation s a s closel y a s possible . Unfortunately , such cal -
culations ar e less reliabl e tha n the minimum-basis-se t SC F calculation s
they mimic , particularly fo r unusua l bonding situations (e.g. , se e Thiel ,
1978). Nonetheless , i f minimum-basis-se t SC F calculation s giv e a n ac -
ceptable descriptio n of a  smal l verskm o f the syste m and CND O calcu -
lations adequatel y reproduc e th e minimum-basis-se t SCF results , the n
CNDO calculations applie d t o a larger syste m should be accurate. How-
ever, whe n such methods give surprising results, inconsistent with those
for smalle r system s o r wit h chemica l intuition , i t i s pruden t t o doub t
them. Lasaga (1982) has show n that i t is virtually impossible t o paramet -
rize CNDO t o reproduc e minimum-basis-se t SCF result s fo r simpl e sili-
cate clusters .

An approach i n which parameters of the theory are adjusted to match
experiment i s exemplifie d b y extende d Hilcke l molecular-orbita l
(EHMO) theory (Hoffma n an d Lipscomb , 1962 ; Hoffman, 1963 ) and b y
modified IND O (MINDO) theory (Dewa r and Thiel , 1977 ) and its decen-
dents, lik e AM1 (Dewar e t al. , 1985) . The EHM O theory i s very simple ,
using diagona l matri x element s o f th e Hamiltonia n matrix , H ih fro m
atomic quantities called valence-shell ionization  energies  (VSIE) and sim-
ply settin g the off-diagnoa l matri x elements Hij proportional to the prod -
uct o f overlap integral s S ij an d averag e diagona l elements . Through the
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use o f VSIE's, relativ e orbital energie s ar e wel l reproduced b y extended
Hiickel calculations . I n fact , suc h calculation s ofte n reproduc e photo -
emission spectr a an d other aspects of valence-band structur e better than
do Hartree-Fock calculations (a t the Koopmans'-theor y leve l of approx-
imation) fo r transition-meta l systems . Effect s arisin g fro m orbita l sym -
metry and overlap are also well described by this method, so that angular
properties are often wel l predicted. Since this method effectively employ s
a minimum-basi s Hartree-Fock approach , i t lends itsel f to simpl e popu-
lation analysi s i n the sam e wa y a s a  minimum-basis-se t SCF Hartree -
Fock calculation, and this often proves valuable in interpretation. EHM O
theory is weak in its prediction of bond distances, which actually depend
on rathe r subtl e competitio n betwee n nuclear-electro n attraction , elec -
tron-electron repulsion , and kinetic-energ y terms , an d the absolut e val -
ues it generates for properties are only qualitatively correct. It is generally
used for compariso n o f properties i n related molecule s rather than in as-
sessing accurate value s of properties fo r a single molecule.

MINDO is a much more powerful theory when properly parametrized,
giving generally better prediction s o f structures an d energie s tha n mini-
mum-basis-set Hartree-Foc k calculations . W e shall later describ e appli -
cations of MINDO and similar approaches to borates (Uchida et al., 1985)
and to defects in SiO2 (Edwards and Fowler, 1985) . However, some of the
claims made for this semiempirical approach hav e been strongly criticized
(e.g.,Pople, 1975) .

3.8. Hartree-Fock band-structure calculations

Hartree-Fock calculations on molecules commonly exploit the symmetry
of the molecular point group to simplify calculations ; suc h studies on per-
fectly ordered bul k crystalline solids are possible if one exploits the trans -
lational symmetr y o f th e crystallin e lattic e (se e Ashcrof t an d Mermin ,
1976) as well as the local symmetry of the unit cell. From orbitals centered
on variou s nucle i withi n the uni t cel l o f th e crysta l Block  orbitals  ar e
generated, a s given by the formula (in one dimension):

where k is the electron wav e vector or crystal momentum and the functio n
unk(x) ha s th e periodicit y o f th e crystallin e Bravai s lattice . Thi s allow s
solution o f a Hamiltonian matrix equation o f the orde r o f the numbe r of
orbitals i n the uni t cel l fo r eac h valu e o f k , whic h i s essentiall y a  sym-
metry inde x fo r th e infinit e grou p o f translatio n symmetr y operations .
Nonetheless, constructio n o f thi s Hamiltonia n matri x i n a n a b initio
scheme requires consideration of orbitals (and nuclei) outside a single unit
cell.

Hartree-Fock ban d calculation s were performe d b y Euwem a e t al .
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(1974) and others i n the early 1970s , and extensive methodological studie s
were carried ou t in the mid - and late-1970s b y a  number o f workers, bu t
relatively fe w computations wer e reporte d unti l the metho d wa s revive d
by a  group o f Italian researcher s (Pisani , 1987) . W e shall briefly mention
their recent result s for MgO (Causa e t al., 1986a,b,c ) and wil l describe in
detail thei r SiO 2 studie s (Doves i e t al. , 1987) . Hartree-Fock ban d calcu -
lations ar e computationall y ver y demandin g becaus e o f th e enormou s
number of integrals that mus t be calculated an d processed. A n orbital on
one atom i n a crystal ha s finite electron repulsio n integral s wit h orbital s
on al l other atoms , no t just thos e i n the sam e uni t cell . Criteri a mus t be
carefully chose n fo r th e neglec t o f integral s o f smal l magnitud e wit h
proper consideratio n fo r th e balancin g o f nuclea r attraction , Coulomb ,
and exchange electro n repulsion . In principle, Hartree-Fock calculation s
benefit fro m a sounder , o r at leas t bette r defined , theoretica l foundatio n
than density-functiona l band methods , allowin g mor e rigorou s correc -
tions for correlation . I n practice, correlatio n correction s remai n ver y dif-
ficult an d hav e no t ye t bee n applie d t o Hartree-Fock ban d theor y i n an
ab initio  manner . Th e early painstakin g work by Surrat t e t al . (1973) and
Euwema e t al . (1974 ) yielded lattic e constant s fo r C  (diamond) and Li F
that wer e abou t 1 % smaller tha n experiment , an d bul k moduli that wer e
too high by 5-10%. These error s ar e of the sam e direction an d magnitude
as observed fo r Hartree-Fock calculations on gas molecules. Result s for
MgO are a s goo d a s thos e fro m density-functiona l methods, an d th e ge-
ometry calculated fo r SiO2 is similar to that from Hartree-Fock-Roothaan
calculations usin g a simila r basis se t o n fre e molecule s an d i s in reason -
able agreement wit h experiment.

3.9. Elements of density-functional theory

An alternative t o Hartree-Fock theor y i s density-functional (DF) theor y
in which certain elements i n the Hamiltonian are evaluated at fixed points
directly fro m th e electro n densitie s a t those points . Thi s ca n circumvent
the nee d fo r calculatin g the enormou s number s o f electron-electron re -
pulsion integral s encountere d i n Hartree-Foc k calculations . W e her e
briefly describ e density-functiona l theory base d upo n review s b y vo n
Barth (1986) and Srivastav a an d Weair e (1987).

During the 1970 s and 1980s , density-functional theory becam e a n im-
portant too l fo r calculatin g stati c electroni c an d structura l propertie s o f
solids. Th e theor y represent s i n principl e a n exac t formulatio n o f th e
many-electron proble m i n terms o f a singl e particle movin g in the mea n
field o f the other electrons. All the difficulties associated wit h the solution
of the many-electro n problem are enclose d i n thi s mean field , fo r which
some approximation must be adopted. In practice, most calculations have
been carried ou t using the local-density approximation (LDA), which has
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proved to be surprisingly accurate. For example, bond distances in solids
are predicted wit h an accuracy o f the order of about 0.05 A, and cohesive
energies ar e accurat e t o withi n about 1  eV. In fact , the mai n problem in
obtaining accurate result s has not been associated with the LDA itself but
with th e difficult y o f solvin g the one-particl e proble m i n periodic solid s
with complicate d geometries . Density-functiona l theory i s base d o n a
theorem b y Hohenber g an d Koh n (1964 ) that state s tha t a  knowledge of
the one-particle position space density p(r) in the ground state is sufficien t
to characterize completel y a  many-electron system . This means tha t th e
total ground-stat e energ y i s a  functional 1 of p(r) . Hohenberg an d Koh n
(1964) als o prove d tha t thi s functional is minimized by th e tru e ground -
state density . Thei r proo f relie d o n som e assumption s tha t wer e late r
shown to be unnecessary. Generalizatio n to a spin-density-functional the -
ory, necessary for open-shell systems, was suggested in the original paper
by Koh n an d Sha m (1965 ) and rigorousl y developed b y vo n Bart h an d
Hedin (1972) .

The Hohenberg-Koh n theore m wa s o f grea t importanc e fo r th e de -
velopment of density-functional theory , but a  practical implementation of
DF theory was first presented by Kohn and Sham (1965). This paper con -
tains tw o importan t advances o f the theory : (1 ) the exac t conversio n o f
the many-electro n problem to a n effective one-electron problem , and (2)
the local-density approximation.

The conversio n t o a  one-electron proble m wa s achieved b y a simple
reshuffling o f terms in the functional for the total energy normally written
as:

Here, T[p ] is the tota l kinetic energy, U[p] is the interelectronic Coulomb
interaction, and the las t term represents th e interaction with the external
potential V(r).  Introducing the kineti c energy T 0[p] in the groun d state of
a fictitious system of noninteracting electrons also having the density p(r),
we can write:

so tha t the secon d ter m i s the classica l par t o f U[p]  an d -E xc[p] is simply
the remainder, that is, what is needed to make the two energy expressions
(3.34) and (3.35) equal. The quantity Exc[p] is referred to as the exchange-
correlation energy.  I t has a kinetic contribution that, however, only orig-
inates in exchange and correlation, tha t is, T ~ T 0, but the dominant elec-
trostatic interaction energy is not included in Exc. The quantity E xc is thus
relatively small , and the simples t possible approximation to it , the LDA,
gives th e majo r par t o f it . Th e smal l valu e o f E xc i s th e mos t important
reason fo r the succes s of density-functional theory.
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As mentioned above, th e total energy is minimized by the true density,
and by rewriting E[p] a s in Eq. (3.35 ) the stationary propert y o f E[p] leads
to the following equation:

and the exchange-correlation potentia l V xc(r) is obtained a s the functional
derivative o f EK wit h respect t o the density,

The constan t x , the chemica l potential , i s a  Lagrang e paramete r tha t i s
introduced to ensure proper normalization, a s in Hartree-Fock theory. At
this stage, Koh n and Sham noted that Eq. (3.36 ) is the Euler equatio n for
noninteracting electrons i n th e externa l potentia l V eff. Thus , findin g th e
total energy and the densit y of the syste m of electrons subjec t to the ex-
ternal potentia l V  is equivalent t o finding these quantities for a noninter -
acting syste m i n th e potentia l V ett. Suc h a  proble m ca n i n principl e b e
solved exactly , but w e have t o know Exc and the potentia l V xc.

The one-particle proble m can be solved as :

with

From th e solutio n of these Kohn-Sha m equations , w e can evaluat e th e
noninteracting kineti c energ y T 0 neede d i n Eq . (3.34 ) for obtainin g th e
total energ y o f the interactin g system. The resulting density can then b e
used t o obtai n V eff. Consequently , th e many-electro n proble m ha s bee n
reduced to a one-electron problem with self-consistency required. A t this
point, the theory outlined is an exact theory for obtaining the ground-state
energy an d the electron density . Exac t excitatio n energie s are , i n princi-
ple, beyond the reac h o f the theor y excep t i n special cases, but thi s fac t
does no t preven t u s fro m obtainin g approximat e an d sometime s rathe r
accurate excitatio n energies. 2

Since E xc i s unknown , i t i s fortunate that th e simples t approximation
to it, the local-density approximation, works quite well. The basic idea of
the LD A i s to vie w the inhomogeneou s system as being made u p of vol-
umes s o smal l tha t eac h ca n b e considere d t o contai n a  homogeneou s

Here,
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electron ga s havin g a  densit y equa l t o th e loca l densit y o f that volume .
The total exchange-correlation energ y is then the sum of the contributions
from al l these quasihomogeneou s volumes:

Here, e xc(p) is the exchange-correlation energy per particle of a homoge -
neous but interacting electro n ga s of density p. Consequently, the LDA is
defined i n term s o f formally exac t bu t imprecisel y know n propertie s o f
the homogeneous electro n gas . I n applications o f density-functional the -
ory, a  numbe r o f differen t electron-ga s potential s ar e used , on e o f th e
most prominen t bein g th e Hedi n an d Lundquis t (1971 ) potential . I n al l
such calculations , th e local-densit y approximatio n ha s bee n employed ,
and th e differen t potential s normall y have a  negligibl e effec t o n th e re -
sults. Knowledge of electron-gas energies has greatly improved lately, and
it i s generally believed tha t th e dat a o f Ceperley an d Alde r (1980 ) fitted
by Perdew and Zunger (1981) are close to the exact results, and that their
results should be used in the implementatio n of the LD A in density-func -
tional theory .

One of the earlies t representation s o f the exchange-correlation poten -
tial was give n by Slate r (1951 , 1974 ) as:

In mos t formulations a i s treated as essentially an atomic parameter tha t
is chosen t o give a local densit y or Xa tota l energy identical t o the Har -
tree-Fock valu e fo r eac h ato m o f th e molecul e (Schwarz , 1972 , 1974) ,
although othe r criteri a fo r choice o f a hav e been considere d (Smit h and
Sabin, 1978) . The valu e o f a obtaine d b y matchin g to atomi c Hartree -
Fock energies i s around 0.7 for all atoms, and smal l variations in a caus e
little change i n properties .

Calculation o f the potentia l withou t further approximatio n withi n the
LDA schem e i s somewha t comple x fo r molecules , an d a  numbe r o f
schemes hav e bee n develope d (e.g. , Baerend s e t al. , 1973 ; Samb e an d
Felton, 1975) . The nee d fo r carefu l numerica l procedure s ha s bee n doc -
umented b y Dunla p e t al . (1979a) . Equilibriu m bond distanc e an d bon d
dissociation fro m th e variou s X a scheme s (referre d t o a s LCAO-Xa,
LMTO-A'a, DV-Jta ) compar e wit h experiment almost a s wel l as do Har -
tree-Fock calculations fo r first-row diatomic molecules (Tabl e 3.6). It ap-
pears tha t th e Xa bon d distance s ar e les s stabl e tha n th e Hartree-Fock
(compared t o experiment ) and hav e a  slightl y large r averag e error . Fe w
geometrical optimization s hav e been don e withi n the Xa schem e for po-
lyatomic molecules , du e t o th e absenc e o f methods fo r analyticall y cal -
culating th e derivative s of energ y wit h respec t t o nuclea r coordinates .
The recen t developmen t o f a n analytica l gradien t procedur e withi n th e
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Table 3.6. Compariso n o f the result s of various types of (local) density -
functional calculation s (LCAO-Xa,  LMTO-Xa,  DV-Xa)  wit h ab initio  SC F
Hartree-Fock and multiple-scattering Xa calculation s (using overlapping
spheres, OS) and experimenta l data (expt. ) for equilibrium bond distanc e
[Re (a0)]and bond dissociation energ y (D e in eV) i n the nitroge n molecule (N2)

N2 expt. a HF b LCAO-Xa'

R e (a 0 ) 2.0 7 2.0 1 2.0 8
De(eV) 9.9 0 5. 3 9. 2
aHubner (1972) .
bCade e t al . (1966) .
'Dunlap e t al . (1979b) .

LMTO-Xad DV-Xa'  M

2.16 2.1 1
7.8 8. 4

dGunnarrson e t al . (1977) .
eHeijseret al . (1976).
fSalahub e t al . (1976).

IS-SCF-Xaf (OS)

2.4

DVM-Xa approac h (Verslui s an d Ziegler , 1988 ) promise s greatl y t o ex -
pand th e us e o f Xa calculation s fo r molecula r geometr y optimizations .
For H 2O and NH 3, X a calculation s wit h smal l orbita l bases (Kitaur a e t
al., 1979 ) and with larger bases (Mulle r et al., 1983 ) give results in as goo d
agreement wit h experimen t a s doe s th e Hartree-Foc k approac h (Tabl e
3.7). A n advantag e o f th e local-density-functiona l approac h i s tha t i t i s
easily extende d t o heavier atoms . Fo r example, spin-polarize d LD F the -
ory accurately predict s bond distance s an d energies fo r Cr2 and Mo2 (Del-
ley e t al., 1983; Bernholc an d Holzwarth , 1983) , which ar e ver y difficul t
to describ e usin g Hartree-Fock methods , eve n wit h configuratio n inter -
action (Goodgam e an d Goddard , 1982) .

Table 3.7. Calculated equilibrium structural properties o f H,O and NH 3 [bon d
lengths, R(O-H ) and R(N-H) in A, bond angle s <H-O- H and <H-N-H in
degrees] obtained using density-functional theory (local-density approximation ,
LCAO-Xa method ) and Hartree-Fock-Roothaan theory, compared wit h
experimental dat a

Density-functional theory

H2O R(O-H) (A)
<H-O-H (deg)

NH3 R(N-H) (A)
<H-N-H (deg)

(LCAO-Xa

Small
basis set

0.979
1 1 1

1.021
1.06

method)

Large basis
set

0.974
106

1.027
108

Hartree-
Fock

theory

Large basis
set

0.941
1 1 1

0.989
105

Experimental
value

0.957
104.7

1 . 0 1 3
106.7

Source: Afte r Kitaur a e t a l . . 1979 ; Mul ler e t al. , 1983 ; see tex t fo r othe r data sources .
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3.10. The multiple-scattering or scattered-wave X-a. method

Although local-density-approximatio n schemes utilizin g expansion basi s
sets give accurate structures and energetics for both solids and molecules,
further simplificatio n of the potentia l t o "muffin-tin " form (se e below),
as i n the MS-X a method (Johnson , 1973) , gives much poorer result s for
such properties . Throug h the us e o f overlapping atomic sphere s (Rosc h
et al. , 1973 ) one can obtain bond distances in modest agreement with ex-
periment i f there i s no t grea t ambiguit y in th e choic e o f atomic spher e
radius (Salahu b e t al. , 1976) . Eve n calculate d angula r propertie s sho w
qualitative agreement with experiment i f overlapping atomic sphere s and
interstitial sphere s (t o reduc e th e volum e o f the interatomi c region ) ar e
used (Webe r and Geoffrey , 1979) . However , i t i s apparent tha t th e MS -
Xa metho d is not the mos t appropriate if equilibrium geometries ar e th e
primary focus o f the study.

However, the multiple-scattering or scattered-wave (SW)-X a method
has given accurate result s for many spectral properties o f both molecules
and molecular cluster models for solids. Results for mineral systems have
been reviewed by Tossel l and Gibbs (1977b). More general reviews have
been provide d b y Johnson (1975) and Cas e (1982) . Although more accu-
rate schemes, such as the discrete variatio n method Xa (DVM-Xa;  Baer -
ends et al. , 1973 ) are being increasingly applied to mineral systems, most
of th e spectra l result s fo r oxid e an d sulfid e mineral s presente d i n late r
chapters wer e obtaine d wit h the MS-X a method . Thi s method ha s als o
recently bee n extende d t o th e calculatio n o f photoionization an d x-ra y
absorption spectr a (Dil l and Dehmer , 1974 ; Kutzler et al. , 1980) , which
requires the solutio n of an electron-molecule scatterin g proble m and re -
mains the onl y practical metho d for solving such scattering problems for
complex molecules.

In the MS-Xa method, the exchange correlation potentia l produced is
approximated b y th e Slater , X a potentia l [Eq . (3.42)] . Th e easie r Cou -
lomb terms are obtained fro m electrostatics . Once the quantum-mechan-
ical potentia l ha s bee n obtained , i t is simplifie d t o facilitate the solutio n
of Schrodinger' s equation . Th e molecula r cluste r i s first divide d into re-
gions by surroundin g each nucleu s with an atomic spher e an d the entir e
cluster with an outer sphere. Anionic clusters are neutralized by enclosing
them i n a  uniforml y charge d positiv e spher e (th e Watson  sphere).  Th e
atomic spher e radii chosen ar e usually similar to the covalent radi i of the
atoms. The radii chosen wil l have a moderate impact on the results (Nor-
man, 1976) . Atomic regions, a n interatomi c region , an d an outer-spher e
region are thus defined. The potential i n the atomic an d outer-sphere re -
gions i s the n sphericall y averaged , an d th e potentia l i n the interatomi c
region volum e averaged . Th e resultan t potentia l ha s wha t i s calle d a
"muffin-tin" form . Wit h thi s form fo r the potential , one ca n obtain solu -
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tions of the one-electro n Schrodinge r equation s in each o f the thre e spa -
tial regions, th e solution s being expressed i n the form o f radial functions
times spherica l harmonic s o f the angles . Th e equations to be solve d de -
pend implicitly upon the orbita l energy e i, and solutions can be obtaine d
for an y e i. B y settin g boundar y condition s tha t requir e th e orbital s an d
their firs t derivative s t o b e continuou s acros s the boundarie s o f the re -
gions, on e ca n generat e a  secula r equatio n constrainin g th e expansio n
coefficients fo r the solution s in the various regions. This equation can be
solved t o yiel d th e orbita l eigenvalu e an d expansio n coefficients . Thi s
continuity requiremen t constitutes the scattered-wav e componen t o f the
method. From th e one-electron orbital s obtained (an d their assumed oc-
cupations), a  ne w charg e distributio n is generated , an d fro m it , a  ne w
potential. Thi s proces s i s continue d unti l self-consistenc y i s obtained .
One then has a set of one-electron orbital s describing the electronic struc-
ture o f the material , wit h which one ca n interpre t spectra l dat a an d th e
nature of the bonding. One-electron energies, total energies, and electron-
density distributions may all be evaluated from thi s orbital set . To obtain
accurate absolut e bindin g energie s o r orbitals , th e transition-stat e ap -
proach described below must be used.

Since th e MS-SCF-X a eigenvalu e i s a  partia l derviativ e o f the tota l
energy with respect t o occupation number ,

it doe s no t satisf y Koopmans ' Theorem . I f the tota l energy i s expande d
as a  Taylo r serie s i n the occupatio n numbers , direc t calculatio n show s
that al l term s beyon d th e second-orde r ter m ar e small . Th e ionizatio n
energy of an electron ca n then be expanded in a Taylor series and , if one
defines a  transition state (TS) midway between the initial and final state s
(with n, = nio-l/2), the n AE = \d<E>/dn i|TS +  third-orde r terms. Thus, the
eigenvalue difference fo r this transition state accurately approximates th e
energy difference . I n practice , th e eigenvalu e differences ar e sometime s
only weakly dependent on occupation number.

The MS-A' a metho d ha s bee n ver y successfu l for th e calculatio n o f
ionization energie s fo r bot h gas-phas e molecule s and molecula r cluste r
models o f solids . DeAlt i e t al . (1982 ) hav e employe d bot h th e MS-X a
method an d th e LCAO-A'o t schem e o f Samb e an d Felto n (1975 ) in th e
transition-state procedure for calculating ionization potential s fo r a num-
ber o f molecule s wher e th e Koopman s approximatio n withi n Hartree-
Fock theor y give s th e wron g ordering . The y foun d tha t th e LCAO-Xa
ionization potential s wer e mor e accurat e than th e Hartree-Fock Koop -
mans values, while the MS-X a result s typicall y showed errors of one or
two electron volts . Representative results are given for ozone (O3) in Ta-
ble 3.8.



Table 3.8. Calculate d ionization potentials of ozone (O 3) obtained using MS-SCF-Xa, LCAO-Xu,  an d Hartree-Fock calculations

Calculated values

MS-SCF-Xaa

Molecular
orbital

4a1

3b2

la,
2b2, lb1, 3a1

Experimental
value

12.7
13.0
13.6
20.0

TS

15.0
14.6
15.0
20.0-20.7

OS

13.2
13.2
13.6
19.4-20.7

LCAO-Xa
method

11 .9
12.2
12.6
18.2-18.9

Hartree— Fock
method

15.8
16.3
14.0
21.9-23.3

Hartree— Fock
+ MBPT

12.9
13.3
1 4 . 1
19.4

"Results for touching sphere (TS ) and overlappin g spher e (OS ) calculations .
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3.11. Density-functional band theory

The local-density-approximatio n schem e ma y als o b e easil y applie d t o
calculations of the structura l propertie s o f solids usin g band theory . Fo r
example, an ab initio LDA pseudopotentia l method (discusse d in the fol-
lowing) has been use d to obtain lattice constants , cohesiv e energies , and
bulk modul i o f diamon d structur e C , Si , an d G e tha t ar e i n ver y goo d
agreement wit h experiment , a s show n i n Table 3. 9 (Cohen, 1984) . LD A
band calculation s may als o b e extende d t o th e soli d phase s o f heavie r
elements usin g th e mor e approximat e augmented-plane-wav e (APW )
method. Studies on the transition metals (Moruzz i et al., 1977 ) accurately
reproduce trend s in lattice constants, cohesiv e energies , an d bulk moduli.
Extension t o simpl e soli d compound s i s als o possibl e i f the numbe r o f
atoms in the uni t cell is not too large . Fo r example , LD A calculations o n
solid Be O correctly predic t i t to b e mos t stabl e in a wurtzite-type struc-
ture an d giv e accurat e structura l an d energeti c propertie s (Chan g an d
Cohen, 1984 ) for the atmospheric-pressure structure .

There ar e a number of band-structure methods tha t make varying ap-
proximations in the solutio n of the Kohn-Sha m equations . The y ar e de -
scribed in detail by Godwal et al. (1983) and Srivastava an d Weaire (1987),
and w e shal l discuss them only briefly. For each method , one mus t con-
struct Bloch functions delocalize d b y symmetr y over al l the uni t cells of
the solid . Th e method s may be convenientl y divided into : (1 ) pesudopo-
tential methods , (2 ) linear combinatio n o f atomi c orbita l (LCAO ) meth-
ods; (3 ) muffin-tin methods , an d (4 ) linear band-structur e methods . Th e
pseudopotential method i s described i n detail by Yin and Cohe n (1982) ;
the linea r muffin-ti n orbita l metho d (LMTO ) i s describe d b y Skrive r
(1984); the most advanced o f the linear methods, the full-potential linear-
ized augmented-plane-wav e (FLAPW ) method , i s describe d b y Janse n

Table 3.9. Stati c structural properties for C, Si , and Ge obtained from th e a b
initio pseudopotential calculations of density-functional ban d theory compared
with experimen t

Lattice
constant (A)

C:

Si:

Ge:

calc.
expt.

calc.
expt.

calc.
expt.

3
3
5

.60

.57

.45
5.43

5.
5

.66

.65

Cohesive
energy (eV)

7
7

4
4
4
3

.57

.37

.67

.63

.02

.85

Bulk modulus
(Mbar)

4.
4.

0.
0.

0.
0,

.41

.43

.98

.99

.73

.77

Source: Cohen, 1984
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and Freema n (1984) ; and th e mos t accurat e a b initio  form o f the LCA O
method (withi n the LD A formalism ) i s describe d b y Chelikowsk y an d
Louie (1984) .

The mos t difficul t problem s i n solving the Kohn-Sha m equations fo r
solids aris e fro m thre e sources : (1 ) the differen t rat e o f variation o f th e
electron wav e functio n i n differen t region s of space; (2) the complicate d
angular variatio n o f the potentia l abou t th e nuclea r centers ; an d (3 ) the
energy dependence o f the radia l wave functions nea r the nuclei. Poin t (1)
means that, although electron orbital s far from th e nuclear centers can be
well describe d b y a  modes t numbe r of plane waves , th e cor e electron s
and localized valenc e electron s mus t either be described b y nuclear-cen-
tered function s expresse d a s localize d radia l function s multiplie d b y
spherical harmonics , o r must be omitted from th e calculation . I f omitted
from th e calculation , thei r effect upo n the valence orbitals mus t be prop -
erly accounted fo r by subjecting the valence orbital s to a fictitious poten-
tial or "pseudopotential. " I f the more localized electrons ar e represente d
by basis functions, these must have adequate flexibility, and, if mixed sets
of basis function s ar e used , the y mus t connec t continuousl y throughout
space. Poin t (2 ) demands tha t one either make a  shape approximatio n to
the potential , for exampl e retainin g only its sphericall y symmetri c com -
ponent, o r face the prospect o f solving a much more complicated matrix
equation for the orbital coefficients. Point (3) requires that the radial wave
functions b e treate d a s implicitl y dependent upo n th e energy , consider -
ably complicatin g the solutio n o f the radia l equations , o r tha t som e "li -
nearization" of the radial wave functions be carried out , simplifying thei r
energy dependence .

In th e pseudopotentia l method , core state s ar e omitted fro m explici t
consideration, a  plane-wave basis i s used, and no shape approximation s
are made to the potentials. Thi s method works well for complex solid s of
arbitrary structur e (i.e. , no t necessarily close-packed ) s o long as an ade -
quate divisio n exist s betwee n localize d cor e state s an d delocalize d val -
ence state s an d the properties t o be studie d do not depend upo n the de-
tails o f th e cor e electro n densities . Fo r material s suc h a s ZnO , an d
presumably othe r transition-meta l oxides , the 3 d orbitals ar e difficul t t o
accommodate sinc e they are neither completely localized nor delocalized .
For example , Chelikowsky (1977) obtained accurat e results for the O  2s
and O  2p part o f the ZnO band structure but treated th e Zn 3d orbitals a s
a core , thu s ignorin g the Z n 3 d participation a t th e to p o f the valenc e
region found in MS-SCF-Xa cluste r calculations (Tossell , 1977) and, sub-
sequently, i n energy-dependent photoemissio n experiment s (Disziuli s et
al., 1988) .

The LCAO method s can treat al l electrons an d need no t make shap e
approximations to the potential. However, as for Hartree-Fock band cal-
culations, there is a ver y larg e number of electron-electron repulsio n in-
tegrals, an d car e mus t be take n i n truncatin g their sums . A  numbe r of
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different type s o f LCAO basi s function s ar e possible , bu t thei r numbe r
must be fairly strictl y controlled, wit h most calculations employin g what
are essentially minimum basis sets . Since the potential mus t be expande d
over the basis a t each iteration , i t is common for such calculations t o not
fully iterat e t o self-consistenc y i n th e electro n distribution , ofte n con -
structing th e potentia l fro m superimpose d free-ato m densities . Th e
strengths o f thes e method s li e i n thei r generatio n o f approximat e elec -
tronic structure s fo r comple x material s containin g heav y atoms , an d i n
their ease o f qualitative interpretation withi n an LCA O approach . Thei r
weakness i s in their computationa l difficulty , whic h generally force s th e
use of small bases and assumed charge distributions. Several LCAO stud-
ies of transition-metal oxides and sulfides will be described i n later chap-
ters, includin g wor k b y Bullet t (1980, 1987) . I t shoul d b e note d tha t th e
LCAO method i s also wel l known as the "tight-bindin g method" an d has
a long history as an approximate metho d in which the atomic-orbita l ma -
trix element s o f th e Hamiltonia n ar e approximate d o r estimate d fro m
atomic data. The simplest such approach i s that of extended Hilcke l band
theory (Burdett , 1984) . This approach require s prope r empirica l inpu t in
order to reproduce relative atomic-orbital energies , and relies upon simple
symmetry an d overla p effect s t o explai n qualitativ e features o f electron
distributions and geometries. Som e examples o f such calculations wil l be
considered later .

In "muffin-tin " method s such as the augmented-plane-wave an d Kor-
ringa-Kohn-Rostoker (KKR ) methods , th e electroni c charg e densit y i s
spherically average d withi n spheres centere d o n the nuclei , an d volume
averaged i n the interatomic region, much as in the MS-SCF-Xa molecular
method. Ful l energy dependenc e i n the nuclear-centered basi s function s
is maintained, and the charge density is iterated t o self-consistency. Such
methods work well for close-packed high-symmetr y solids , for which the
shape approximation s t o the potentia l d o not introduce seriou s error . In
the discussio n of transition-metal oxides , w e will describe KK R calcula -
tions o f equilibriu m geometries an d cohesiv e energie s (afte r Yamashit a
and Asano, 1983a,b) .

Finally, an important advanc e wa s made throug h the developmen t of
"linear" band-structur e methods , startin g wit h th e wor k o f Anderse n
(1975). The idea is to approximate energy-dependen t basi s functions a s a
linear combination of solutions to the radial Schrodinge r equatio n inside
the muffin-tin sphere s and their energy derivatives a t some carefully cho -
sen fixed energy . The secula r matri x equations the n become linea r in en-
ergy, and the computatio n is reduced b y one or two orders o f magnitude
with littl e loss o f accuracy. Thi s advance ha s bee n develope d i n two di-
rections, the linear muffin-ti n orbita l method, whic h has been widel y and
generally applie d to man y material s because o f it s lowe r compute r cos t
(Skriver, 1984) , an d th e full-potentia l linearize d augmented-plane-wave
method (Janse n and Freeman , 1984) , whic h retains the ful l nonspherica l
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potential within the "muffi n tins. " The FLAPW metho d is still very com-
putationally demanding, and, aside from it s initial test applications , i t has
been mos t commonl y applied t o problem s a t th e forefron t o f solid-stat e
physics, suc h a s high-temperatur e superconductor s o r th e structur e o f
surfaces. Preliminar y result s hav e bee n presente d fo r Fe O (Meh l e t al. ,
1987) an d wil l b e discusse d alon g wit h th e transition-meta l oxide s i n
Chapter 4. Result s fo r metalli c Fe obtained usin g a  number o f different
methods (some of which have not been discussed) ar e summarized in Ta-
ble 3.10 (Hathaway et al., 1985) . Results of the different method s are very
similar fo r thi s close-packed materia l an d ar e i n reasonably goo d agree -
ment with experiment.

Although local-density-approximatio n result s fo r equilibriu m struc -
tures and other related properties suc h as phonon frequencies are in quite
good agreemen t wit h experiment , i t i s wel l known tha t ban d gap s esti -
mated fro m LD A ground-stat e eigenvalue s are muc h lower than experi -
mental values . Severa l group s ar e explorin g correction s t o th e LD A in
order t o remov e thi s difficult y (Perde w an d Zunger , 1981 ; Pickett an d
Wang, 1984 ; Hybertsen an d Louie , 1987) . However, n o feasible schem e
for genera l application to complex materials has yet appeared .

Note that , i n the abov e discussion , we have neglecte d method s tha t
generate band structures from empirica l data. Mos t band calculations be-
fore the 1970 s were of this type. The considerable contribution s to knowl-
edge mad e throug h us e o f th e empirica l pseudopotentia l approach , fo r
example, hav e bee n discusse d b y Cohe n (1979) . Suc h approache s hav e

Table 3.10. Compariso n wit h experimenta l values of calculated properties for F e
obtained by differen t density-functiona l band-theor y methods

FLAPW (vBH)"

FLAPW (VWN)"
FLAPW (KSG) "
LMTO
Pseudopotential
ASWh

KKR
KKR ASA c

Experimental value s

Lattice
constant (a 0)

5.225 ±  0.00 5

5.21
5.35
5.30
5.17
5.33
5.27
5.28

5.41

Bulk
modulus
(Mbar)

2.5 ±
0.4

2.72
1.90
2.43
2.00
2.1
2.17
2.60

1.68-1.73

Magnetic
moment

(fiB)

2.06 ±  0.0 1

2.18
2.29
2.16
1.72
2.18
2.15
2.17

2.12

Cohesive
energy (eV )

6.56 ±

6.38

6.11
6.26

4.28

0.03

"Various forms o f electron gas-potentia l (see Hathaway e t al . , 1985, for details) .
bAugmented-spherical-wave method .
cAtomic spher e approximatio n (ASA ) o f th e KK R method .
Source: Fro m Hathawa y e t a l . , 1985 ; se e tex t an d Appendi x C  fo r informatio n o n methods .
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now bee n supersede d b y a b initio  band-structur e methods , whic h yield
the quantitative data of most valu e to earth an d mineral scientists .

3.12. Theoretical ionic models—the modified
electron-gas approach

Although the ionic model of solids has long been used in a qualitative form
or as a parametric theory in which ion-ion repulsive parameters ar e fitted
to experimenta l dat a (Tosi , 1964) , such fittin g procedure s inevitabl y in-
corporate covalenc y effects , i f such exist , throug h empirica l parametri -
zation. Thus, they do not provide a test of the ionic model per se (Gaffne y
and Ahrens , 1970) . I n th e 1970 s a mode l was develope d b y Gordo n an d
co-workers (Gordo n and Kim, 1972) in which the total energy of the crys -
tal was calculated directl y from a n ionic-limit charge density, thus provid-
ing a much better tes t of the ionic model.

The detail s o f the modifie d electron-gas (MEG ) ioni c mode l metho d
have bee n full y describe d by Gordo n an d Ki m (1972) . The fundamental
assumptions of the method are: (1) the total electron density at each point
is simply the su m of the free-ion densities, with no rearangements o r dis-
tortion takin g place ; (2 ) ion-ion interaction s ar e calculate d usin g Cou -
lomb's law, and the free-electro n gas approximation is employed to eval-
uate th e electroni c kinetic , exchange , an d correlatio n energies ; (3 ) the
free ion s ar e describe d b y wav e function s o f Hartree-Foc k accuracy .
Note tha t thi s method does no t iterat e t o a  self-consisten t electron den-
sity.

The Coulombic part of the interaction energ y between ion s a  and b  is
given by the expression :

where Za an d Zb ar e nuclea r charges , R  th e internuclea r distance, r 12 the
separation of electrons 1  and 2, rlb the separatio n o f electron 1  and nucleus
b, and p a(r1) the electron density arising from ion a evaluated at a distanc e
of r, from th e nucleus of a. The Hartree-Fock portion o f the energ y den-
sity o f an electron ga s i s given by :

where th e term s represent kineti c energ y and exchang e energy , respec-
tively. The energy arising from th e correlation of electron motions is then
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added, usin g a  for m describe d b y Gordo n an d Ki m (1972) . I f w e the n
define th e tota l energy-density functional fo r an electron gas as:

the contribution of this term to the interaction energy becomes :

The tota l interaction energy is just the su m of V Coul and VG.
Once th e ion-io n interactio n energ y ha s bee n calculated , i t ca n b e

partitioned into the sum of a long-range point-charge Coulombic term and
a short-rang e ion-pai r repulsion term. The su m of the point-charg e Cou-
lombic terms for an entire solid may be obtained simply from th e nearest -
neighbor distance and the Madelung constant. Th e total lattice energy is
then given by this Madelung energy plus the su m of the short-rang e ion-
pair repulsions . Generally , short-rang e repulsion s betwee n catio n pair s
are smal l enough to be neglected , an d cation-anion and anion-anion re-
pulsions need to be included only out to second-nearest neighbor s (Cohen
and Gordon , 1976) . For example , th e tota l lattic e energ y o f MgO in th e
NaCl (o r BY ) structur e is give n accurately b y th e su m o f the Madelun g
energy, si x time s th e Mg 2+ —  O2 - short-range pai r repulsio n energy , si x
times the O2- -O2 short-range repulsion, and eight times the short-
range repulsio n o f Mg 2+ an d O 2- second-neares t neighbors . Thus , th e
total lattic e energ y i s constructed a s a  sum of pairwise interactio n ener -
gies.

Since it s origina l formulation , the ME G metho d ha s bee n improve d
and ha s bee n extensivel y applie d withi n solid-stat e physic s (Mackrod t
and Steward, 1979 ; Boyer, 1981) , gas-phase inorgani c chemistry (Tossell,
1979, 1981) , mineralogy (Tossell, 1980b,c) , and geophysics (Cohen et al. ,
1987, and references therein). Representative results for a number of gas-
phase fluoride s fro m Tossel l (1979) are show n in Table 3.11 and for metal
oxides (Mackrod t an d Stewart , 1979 ) in Table 3.12 . Although there have
been som e improvement s i n th e for m o f th e electron-ga s energ y func -
tional, th e mos t importan t improvement s fo r oxide s an d sulfide s hav e
been in the evaluation of the ion densities. These developments have been
reviewed by Cohen e t al . (1987) . Paschalis an d Weiss (1969) showed tha t
properties o f anions were strongly dependent on the incorporation o f the
stabilizing effect s o f nearb y cations . Cohe n an d Gordo n (1976 ) studie d
oxides using an O 2- wav e function stabilized b y a  fixed-radius sphere of
positive charge, resulting in a stabilized rigid-ion model. Muhlhausen and
Gordon (1981) introduced a  self-consistency requiremen t o n this stabiliz -
ing potentia l by requirin g i t to matc h the Madelun g potential at th e site .
In a  late r versio n of thi s approach , ofte n designate d the shell-stabilized
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Table 3.11. Value s of bond distances (in A) calculated (R ca lc) usin g th e modifie d
electron-gas (MEG) metho d compared wit h experimenta l values R exp) and
showing error s in calculated values (AR) for gas-phase halides

Compound

BeF,

Bed,

BF3

BC13

CF4

CCI4

MgF2

MgCl2

A1F,

AICI3

SiF4

SiCl4

CaF2

CaCl2

TiF4

TiCl4

MnF2

MnCI2

CuF

CuCl

ZnF2

ZnCl2

Rcalc

1.36

1.83

1.32

1.80

1.33

1.80

1.70

2.15

1.60

2.05

1.53

1.99

1.94

2.35

1.72

2.14

1.94

2.37

2.17

2.60

1.94

2.38

Rexpt

1.40

1.75

1,31

1.74

1.32

1,77

1.77

2.18

1.63

2.06

1.56

2.02

2.10

2.51

1.70

2.18

1.73

2.21

1.74

2.16

1.81

2.05

AR

-0.04

0.08

0.01

0.06

0.01

0.03

-0.07

-0.03

-0.03

-0.01

-0.03

-0.03

-0.16

-0.16

0.02

-0.04

0.21

0.16

0.43

0.44

0.13

0.33

Source: After Tossell , 1979 .

(SS) MEG , th e energ y o f the componen t ion s was corrected fo r the sta -
bilizing effec t (Hemle y an d Gordon , 1985) . Finally , i n an approac h des -
ignated potential-induce d breathin g (PIB) , Meh l e t al . (1986 ) explicitly
included the dependence of the ion self-energy and the ion-ion interactio n
energy o n th e Madelun g sit e potentia l i n the total-energ y expression . A
dramatic effec t o f thi s couplin g o f ion-ion interactio n an d sit e potentia l
was an improvement i n the elasti c constants fo r oxide s such a s MgO. In
particular, th e Cauch y equality C12 =  C 44 that held in al l rigid-ion calcu-
lations bu t tha t wa s violate d experimentall y by abou t a  facto r o f 2  wa s
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Table 3.12. Calculate d lattice energies (WL) an d lattice parameters (a 0) obtaine d
for a  range of metal oxides using the modifie d electron-ga s approach, compared
with experimenta l value s

Oxide
phase

Li,O

BeO
MgO
a-Al2O3

CaO
TiO2

MnO
a-Fe2O3

Ga203

SrO

CdO
SnO2

BaO
CeO2

PbO2

ThO2

UO2

CaTiO3

BaTiO

MgAl2O4

Calculation

-31.6

-40.4

-40.75

-161.9

-36.0

-122.4

-37.49

-148.7

-149.7

-33.9

-34.7

-113.6

-32.0

-107.7

-109.7

-101.5

-102.4

-159.1

-154.5

-203.6

WL(eV)

Experiment

-30.1

-46.9, -47. 7

-40.8, -40. 4

-160.4

-37.0, -36. 1

-126.0

-39.54

-156.3

-157.4, -161. 8

-34.3, -33. 9

-40.2

-123.0, -  177. 8

-32.4, -31. 9

-107.2

-121.8, -119. 9

-103.0, -104. 7

-106.7

- 161.9

-158.2

-200.7

Calculation

2.30

2.72

2.18

13.2

2.46

4.59

2.36

14.3

14.3

2.62

2.58

4.87

2.78

2.72

5.05

2.87

2.84

3.90

4.04

4.12

a0(A)

Experiment

2.31

2.70
2.11

13.0

2.41

—

2.22

13.7

13.4

2.58

2.35

4.74

2.76

2.71

4.95

2.80

2.73

3.84

4.01

4.04

Source: From Mackrod t and Stewart , 1979.

also violated to the proper degre e i n the PIB model calculations . Both the
shell-stabilized MEG and the PIB models hav e since bee n use d t o evalu -
ate th e equilibriu m structures an d elasti c propertie s o f many oxide s an d
silicates, an d numerou s application s o f these method s wil l be discusse d
in later chapters .

The MEG method seem s t o be of considerable genera l utilit y even for
compounds in which on e woul d expec t considerable covalency, s o lon g
as the structur e i s relatively compact an d does not involve important an -
gular variables . For example , the geometrie s o f main-group sulfides an d
nitrides ar e predicte d fairl y accuratel y by thi s method (Muhlhause n and
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Gordon, 1981) . However, for Si oxides the SS-MEG method yields Si-O -
Si angles that are too large. Models incorporating oxygen polarization are
currently bein g develope d t o dea l wit h suc h deficiencie s (Jackso n an d
Gibbs, 1988) .

This method ha s a  number of powerful features. First, it is very fast.
Thus, on e ca n calculat e man y structure s an d als o stud y th e effect s o f
pressure and temperature upon the structures . Structure s o f low symme-
try ca n be considered i f covalency effects ar e small , so as to obtain a  ful l
set o f elastic constants . Indeed , th e mos t importan t applications of this
method within geophysics have been in evaluating equations of state (vol-
ume as function of pressure and/or temperature) and elastic constants that
can be related to seismic velocities.

3.13. Simulatio n methods

In additio n t o th e quantum-mechanica l studie s usin g th e ioni c mode l
charge distribution s w e have described i n Section 3.12 , there hav e bee n
a numbe r of illuminating studies o f minerals an d other condensed-phas e
systems employin g techniques i n whic h interatomi c o r interioni c inter -
action potential s ar e "simulated. " Suc h potential s ma y be obtaine d b y
fitting calculated  quantitie s to experiment without any explici t consider -
ation o f quantum-mechanical calculations. Sinc e the pioneerin g work of
Rahman utilizin g molecula r dynamic s an d Metropoli s developin g th e
Monte Carlo method, enormous advances hav e been mad e in numerical
methods, computer architecture, and in the construction of realistic pair
potentials. Results of such studies have recently been reviewed by Wood-
cock (1975) , Catlo w and Mackrod t (1982), Klein (1985) , and Matsu i and
Kawamura (1984) . Suc h studie s hav e relate d bul k propertie s t o thei r
atomistic details in a way that is extremely difficult t o do experimentally.
Nonetheless, a s Klein (1985) has noted:

[C]omputer studie s o n "real " systems , b e the y soli d o r liquid ,
have muc h in common with the modelin g of the econom y o r th e
weather .  .  .  althoug h in principl e on e ca n no w obtai n exac t nu -
merical results, we cannot thereby evade the question of how faith-
fully th e mode l mimics reality.

In thi s section, w e wil l briefly describ e th e stati c an d dynamic simu-
lation methods and the n give som e result s fo r the liqui d of greatest geo -
chemical importance : water . Application s o f suc h method s t o minera l
structures wil l be discussed in later chapters.

Static simulations are generally based on an energy minimization pro-
cedure; that is, the energy of the syste m is written as a function o f struc-
tural variables that include atomi c coordinates and cel l dimensions . Th e
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energy i s generall y describe d a s a  functio n o f interatomic o r interioni c
pair potentials, giving an equation of the form :

where V ij is an analytical or numerical function o f the distance r (j betwee n
particles i and j. Mor e recen t approache s t o partially covalen t material s
such as SiO2 have utilized angle-dependent or "three-body" terms as well
(i.e., V ijk), wit h a significant improvement in accuracy of description, but
a concomitan t increase i n the difficult y o f the calculatio n (Catlow e t al. ,
1985).

The interparticle potential is generally written as the sum of a Coulom-
bic interaction , a  short-rang e repulsio n of exponentia l o r inverse power
form, an d sometime s an attractive short-rang e term arising from disper -
sion o r covalence . Parameter s i n the interparticl e potentials ma y be de-
termined by fitting to the propertie s o f known systems or by theoretical
methods. Empirica l fitte d potential s hav e th e weakness of relying on the
validity of the fitted potential terms, even when the interparticle spacings
are differen t fro m thos e i n the system s used fo r parametrization . I n ad -
dition, a potential parametrized to reproduce accurately one experimental
property ma y wel l give a  poo r descriptio n o f othe r properties . Havin g
established the functional dependence of £ on the interparticle distances,
we can proceed to minimize E with respect to some or all of the structural
variables i n a stati c simulation . Considerable car e mus t be taken i n this
step, an d the particula r method chosen ma y depend upo n the siz e of the
minimization problem . Dynami c simulatio n method s emplo y eithe r a
Monte Carl o o r a  molecular-dynamics approach (Berr y et al. , 1980 , pp.
846-51). I n the Mont e Carlo approach , a  given number of particles N  i s
confined a t a fixed volume V  (often a cubic box) at a temperature T. The
particles interac t by a potential Vij and periodic boundar y conditions are
used to simulat e an infinit e system . An initial configuration for the parti-
cles is chosen, and they are then moved either sequentially or at random.
If a  mov e lowers th e tota l energ y o f the system , i t is accepted, an d th e
resulting configuration is allowed to contribute to the average energ y and
other thermodynamic quantities. However, a particle move that raises the
energy is only accepted wit h a probability proportional to its Boltzmann
weight. Afte r a  sufficien t numbe r of configurations have bee n sampled ,
the average valu e of the energy stabilize s a t the appropriate value . Fluc-
tuations about this average provide information on specific heat and elas-
tic constants, bu t n o detailed informatio n on particle motio n is obtained.
In molecular-dynamic s simulation, Newton' s secon d la w o f motio n i s
solved:
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by numerica l integration, startin g from a  fixed configuratio n of particle s
within a  set  of  periodic boundar y conditions . If  the integration s are  car -
ried out with a sufficiently smal l time step, the total energy E is conserved
as the syste m evolves in time to reach a n equilibrium condition. Th e ad-
vantage of the molecular-dynamics approach i s that on e can stud y prop-
erties suc h a s self-diffusio n coefficient s an d correlatio n functions . Th e
first molecular-dynamic s calculation s wer e don e fo r a  microcanonica l
(constant N, E , V ) ensemble, bu t procedures hav e since been develope d
to perfor m calculation s a t constan t temperatur e and/o r pressur e an d t o
allow changes in the shap e of the periodic cell .

Water ha s bee n th e subjec t o f many simulations , some relying upon
quantum-chemical potential s an d other s upo n empirica l potentials . Th e
first simulations were of the properties of bulk liquid water, with attention
focused upo n the structura l features present i n the x-ra y radial distribu-
tion functions . Contemporar y simulation s also yiel d accurat e value s for
structural properties suc h as density and thermodynamic properties suc h
as hea t of  vaporization and  specifi c heat at  constant pressure. Although
present empirica l potentials provid e a  good descriptio n o f water mono -
mers an d dimers , th e descriptio n i s by n o mean s exact . Sinc e th e pai r
potential model s use d mus t i n som e wa y mimi c the many-bod y force s
existing in bulk liquid water, they do not provide exact result s for oligo-
mers with different mixe s of two-body and many-bod y forces. Although
most suc h simulation s solve purely classical equations o f motion, i t ha s
been shown that quantum-mechanical effects significantl y influence some
fundamental observables , suc h as the atom-atom radial distribution func -
tions, leadin g t o a  genera l smoothin g o f the structur e appearin g i n th e
classical simulation (Kuharski and Rossky, 1984).

Classical simulation s have also bee n applie d to various phases o f ice
(Tse e t al. , 1984) , resultin g i n goo d description s o f th e vibrationa l fre -
quency spectr a o f several forms of proton-ordered ice . Studie s hav e also
recently appeared o n the dynamic s of melting of ice using molecular-dy-
namics techniques (Weber and Stillinger , 1983) . A topic of substantial in-
terest in clay mineralogy is the modificatio n of water propertie s betwee n
clay minera l surfaces . Severa l recen t studie s hav e focuse d upo n liquid
water enclose d b y hydrophobi c surface s (Mull a et al. , 1984 ; Lee e t al. ,
1984). The genera l observatio n i s that optimizatio n of hydrogen-bonding
interactions tends to prevent the water dipole s fro m alignin g either with,
or against, the surface normal. There have also been numerous studies by
molecular dynamics of the structur e an d dynamic s of dilute aqueous so -
lutions o f electrolyte s (Chandrasekha r e t al. , 1984 ; Heinzinger , 1985 ;
Bopp, 1987) . Such studies have accurately reproduce d radia l distributio n
functions, heat s o f solution , and change s i n self-diffusion coefficients . A
general conclusion of these studies is that cations have fairly well-define d
coordination shells , wit h coordinatio n number s and cation-oxyge n dis -
tances muc h like those in solids, while anion coordination polyhedra are
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considerably les s wel l defined. Th e structure s an d energetic s o f ions in
solution ar e also found t o be simila r t o those o f gas-phase ion-molecul e
clusters, whic h hav e recentl y bee n extensivel y studie d experimentall y
(Castleman and Keesee, 1986) .

It i s importan t t o not e tha t simulatio n techniques ar e als o use d rou -
tinely withi n organic chemistr y and biochemistry , wher e the y ar e gener -
ally know n a s effective-force-fiel d o r molecular-mechanic s approache s
(Allinger, 1976 ; Burkert and Allinger , 1982) . I t i s now commo n t o opti -
mize th e geometrie s o f ver y larg e biomolecule s usin g suc h technique s
(see issue s o f the Journal  o f Computer  Assisted  Molecular  Design),  an d
such method s hav e been extende d t o siloxane s (Timofeev a e t al.,  1984 ;
Abraham an d Grant , 1988 ) and zeolite s (Mabili a e t al. , 1987) . Usually,
force-field parameter s ar e obtaine d fro m a b initio  SC F calculation s o n
small model molecules .

3.14. Combined local-density-functional
molecular dynamics approach

An importan t new development withi n solid-state theor y is the combina-
tion o f self-consisten t band structure , structur e determination , an d mo -
lecular dynamic s within the local-density approximation a s developed b y
Car and Parrinell o (1985) . Our discussion follow s tha t o f Srivastava an d
Weaire (1987).

The basi c theor y fo r crystal-structur e determinatio n involve s choos -
ing inpu t atomi c coordinates , iteratin g th e LD A equation s t o electroni c
charge self-consistency , calculating the forces on the atoms, adjusting the
coordinates appropriately , reiteratin g to self-consistency in the electroni c
charge distribution, and continuing to follow this procedure unti l the equi-
librium geometr y i s obtained . Thus , on e mus t d o tw o distinc t type s of
iterative calculations , on e o f the electro n distributio n and on e involving
the adjustment of nuclear coordinates . Alon g the way, much superfluous
information o n electronic structure s a t nonequilibrium geometries is gen-
erated. I t would be desirable t o simplify thi s procedure, performin g onl y
one interative step on electron an d nuclear coordinates simultaneously .

In th e Ca r an d Parrinell o (1985 ) scheme , io n dynamic s i s combine d
with a  fictitiou s classica l electro n dynamics , wit h nucle i assigne d rea l
masses an d th e electro n wav e function s arbitrar y fictitiou s masses .
One start s th e molecular-dynamic s simulatio n a t hig h temperatur e an d
"cools" progressively to zero temperature to find the ground state of both
electrons an d ion s simultaneously. Although this approach a t firs t seem s
strange and unphysical , it has yielde d excellen t result s for amorphous Si
(Car an d Parrinello , 1988) and recentl y for SiO 2 (Allan and Teter , 1987 )
and S  clusters (Hohl e t al., 1988) and wil l probably play an important role
in the futur e developmen t of the field .
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3.15. Relationships between localized and
delocalized approaches

3.15.1. Orbital and band energies

For many problems in solid-state science , on e can usefully emplo y eithe r
localized cluste r approache s o r delocalize d band-structur e approaches .
Comparison of results between the two different approache s i s sometimes
straightforward, fo r example , i n comparin g equilibriu m bond distance s
from cluste r calculations o n Si(OH)4 or band calculations o n polymorphs
of SiO 2 (although analysis o f the reason s fo r discrepancie s ma y b e ver y
difficult). Compariso n o f energ y spectr a obtaine d b y th e differen t ap -
proaches can , however , b e difficult .

The qualitativ e relationshi p betwee n molecular-orbita l an d electro n
band energy levels has been discussed by a number of authors (Gerstein ,
1973; Albrigh t et al. , 1985 ; Hoffman, 1986 ) based o n a  tight-bindin g or
LCAO approach . I n general , th e energie s o f crystal or band orbital s ar e
functions o f the wave vector or crystal momentum k of the electron, lead-
ing t o characteristi c plot s o f orbita l eigenvalue s versu s k , suc h a s tha t
shown in Fig. 3.1 for GaAs, labeled wit h respect t o symmetr y directions
in k (reciprocal) spac e (Wang and Klein, 1981). Such structure in E versus
k i s directl y observabl e i n angle-resolve d photoemissio n spectroscop y

Fig. 3.1. Self-consisten t energ y bands and densit y of state s calculated for GaAs
(after Wan g and Klein , 1981 , reproduced with th e publisher' s permission).
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(Himpsel, 1983) , as shown in Fig. 3.2. However, such angle-resolved pho-
toemission results are not yet commonly available for minerals. It is more
common t o construc t fro m th e E  versu s k  diagra m a  densit y o f state s
(DOS), in terms of number of states per (e V unit cell) , as show n in Fig .
3.1, b y taking [ d e ( k ) l d k \ - l integrate d ove r al l directions. Suc h DOS plots
can b e qualitativel y compared wit h photoemissio n spectra , a s show n in
Fig. 3. 3 for GaAs . On e ca n als o decompos e th e DO S int o partia l DO S
(PDOS) corresponding to partia l orbita l character on the atoms an d esti-
mate photoemissio n spectr a intensities more accuratel y fro m th e PDO S
and atomic-orbita l cros s sections . W e will later illustrat e thi s approac h
for SiO 2 and othe r materials . Th e calculate d DO S fo r GaA s i n Fig . 3. 3
can be characterized i n terms of energies a t particular point s i n k space ,
positions of DOS maxima, and widths of various parts o f the DOS.

The difficultie s o f quantitatively relating orbital eigenvalues of a finite
cluster mode l t o th e DO S o f a n infinit e soli d hav e no t ofte n bee n dis -
cussed explicitly , although Carding (1975) has examined the questio n for
Si. In general, it has been assumed that the energies of the cluster molec-
ular orbitals correspon d t o positions of peaks in the DOS. Man y cluster
calculations apparentl y giv e goo d value s fo r th e separation s o f DO S
peaks, bu t the y invariably underestimate band widths ; that is , th e sepa -
ration o f highest - and lowest-energ y molecula r orbital s withi n a par t o f
the valence region is less than the width of that portion of the DOS, mea-
sured betwee n tw o point s a t whic h the DO S drops t o zero . O f course ,

Fig. 3.2. Compariso n o f theoretica l valence-ban d energie s (soli d lines ; cf . Fig .
3.1) wit h experimenta l angle-resolve d photoemissio n measurement s (afte r Wan g
and Klein , 1981 ; reproduced wit h the publisher' s permission).
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Fig. 3.3. Compariso n o f calculated densit y of states (solid line) with experimental
x-ray (dashe d lines ) and ultraviole t (chain-dotte d lines ) photoemission measure -
ments fo r GaA s (afte r Wan g an d Klein , 1981 ; reproduced wit h th e publisher' s
permission).

such comparisons mus t be made cautiously, since neither the orbital ener-
gies fro m a  molecular-orbita l calculatio n no r th e DO S from a band cal -
culation are real observables. The y are only approximations to ionization
energies an d wil l diffe r fro m the m du e t o relaxatio n an d correlation ,
which ar e ver y differen t (a t leas t formally ) in th e molecular-orbita l an d
band approaches . I t i s sometimes argue d that , i f the E(K)  versu s k  plot i s
flat, a  localized o r molecular-orbital approac h wil l be (more) appropriate .
Although this i s in general true, the E(k) versus k  dependence varie s wit h
the siz e o f th e crystallin e fragmen t containe d withi n the uni t cell , an d
molecular-orbital cluster calculation s almos t invariabl y include less than
a unit cell of atoms.

3.15.2. Incorporation of external atoms of the solid into
cluster calculations

Molecular clusters used to model solids are generally charged an d do not
have the correct stoichiometry . For example, the simplest model for four-
coordinate S i in oxides is SiO4, which, using formal charges for al l atoms,
has a  charge o f 4- (i.e. , SiO 4

4-). We can approximate th e effec t o f the
atoms externa l t o the SiO 4 groups i n a number o f ways. Th e simples t i s
to enclos e th e SiO 4

4- io n i n a  shel l o f uniforml y distribute d positiv e
charge, ofte n calle d a  Watson  sphere.  Suc h a  procedur e ha s als o bee n
used to stud y unbound anionic state s o f free molecule s (Tossel l and Dav-
enport, 1984 ; Chou an d Jordan , 1987) . I f the electro n densit y in al l th e
molecular orbitals lie s inside the radius of this sphere , the n all the eigen -
values are shifted by about the same amount, and the spectrum of relative
eigenvalues i s littl e affecte d b y th e choic e o f Watso n spher e radius . A
slightly more complicated procedure is to surround the cluster by an array
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of point charges (wit h either formal or calculated values ) at the appropri -
ate lattic e positions that wil l give the correct Madelung potential a t eac h
atom of the cluster. In principle, this is a better approach, bu t in practice
it seem s t o give much the sam e result s a s does th e Watson sphere . Bot h
methods giv e reasonable relativ e eigenvalue s an d orbital-to-orbita l exci -
tation energies, an d the Madelung potential method can also give reason-
able absolute eigenvalues . Accurate absolut e energies wit h respect t o the
vacuum are of value in interpreting spectra (suc h as XANES; see Section
2.2.3) but are difficul t t o obtain . Neithe r approac h i s adequate fo r calcu -
lating the effec t o f external atoms on the geometry or cohesive propertie s
of the cluster , since there i s no unambiguous way to chang e th e Watso n
sphere radiu s or th e io n positions , an d sinc e onl y the attractiv e electro -
static component o f the cluster-ion interaction is represented whe n using
the point-charge array .

One ca n als o us e "saturator " atom s o r pseudoatoms . Fo r example ,
SiO4

4- coul d be protonated to give Si(OH)4. This approach works wel l for
geometries i f th e electroni c structur e o f th e resultin g group i s no t to o
greatly perturbed. However, structural ambiguity is produced by the need
to choos e angle s involvin g the saturator s (e.g. , Si-O-H angles ) an d th e
results [e.g. , equilibrium (Si-O) distances] are somewhat dependent upon
choice o f angle . I f straigh t angle s ar e assumed , T d symmetry is retaine d
for th e Si(OH) 4, and calculation s o n i t are littl e more difficul t tha n thos e
for SiO 4

4-. However , ful l geometri c optimizatio n o f Si(OH) 4 yield s a
structure of S4 symmetr y (Gibbs, 1982 ; Hess e t al. , 1988) , with bent Si -
O-H angles , and the computationa l problem i s much more difficult .

One could als o attempt t o develop saturator "pseudoatoms " tha t dif-
fer from H in having different bon d distances to the cluster atoms (Kenton
and Ribarsky , 1981) , o r i n the characteristic s o f the expansio n basis set .
The difficult y i s in determinin g how suc h pseudoatom s shoul d b e para -
metrized. Although reasonable scheme s hav e been develope d for cluster
models o f elementa l S i (Redondo e t al. , 1981) , i t i s not clea r ho w thes e
can b e generalize d t o othe r solids . Anothe r approac h use d fo r slightl y
larger clusters, with atoms that are equivalent in the solid but inequivalent
in th e chose n cluste r (e.g. , centra l an d periphera l meta l atoms ) i s a n
"embedding" procedure (Elli s e t al. , 1979) . I n this approach, th e poten -
tials o f exterio r cluste r atom s ar e require d t o b e identica l t o thos e o f
equivalent internal atoms , thus building up the correct potential from th e
inside outwards. Not onl y does thi s procedure eliminate cluster termina-
tion effect s o n electroni c structure , i t give s equilibrium bond distance s
that ar e i n good agreemen t wit h experiment; for example , tha t i n FeO i s
too long by only three percen t (Pres s and Ellis , 1987).

The developmen t of the bes t metho d fo r constructin g cluster model s
for solid s ha s concerne d man y researchers . Gilber t (1972 ) an d Adam s
(1962) independentl y develope d a Hartree-Foc k theor y o f localize d or -
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bitals, but this method has never been applied in an ab initio form. Hein e
(1980) discusses , i n detail , severa l loca l approache s t o soli d electroni c
structure, an d Saue r (1989 ) discusses pseudoato m approache s withi n a
Hartree-Fock framework.

It i s clea r tha t bot h localize d an d delocalize d approache s wil l b e of
value in mineralogy and geochemistry for the forseeable future . In addi -
tion t o thei r direc t capabilitie s in describin g the structure s o f minerals,
such approache s encourag e transfe r of ideas an d technique s into miner-
alogy from differen t areas . Localized-cluster-type approaches emphasiz e
and exploi t the connection s betwee n gas-phas e inorgani c an d physica l
chemistry an d mineralogy , whil e th e delocalize d ban d method s buil d
a connectio n betwee n mineralog y and the physic s o f simpler crystalline
solids.

3.16. Concluding remarks on different theoretical approaches

In this book, the main focus i s on the application of quantum-mechanical
methods to elucidate th e geometric and electronic structure s of minerals,
so tha t detaile d discussio n o f th e relativ e merit s o f th e differen t ap -
proaches is not appropriate. Nonetheless , i t is important for the reader to
appreciate som e o f th e majo r controversie s tha t hav e arise n betwee n
theoreticians in the field .

First and foremost is the disagreement over whether delocalized (e.g.,
band-theoretical) o r localized (e.g. , MO cluster) approache s ar e prefera-
ble. Our position is that both approaches are essentially computer exper-
iments that can incorporate some , but no t all , of the basic  physics of the
problem, and that succes s i n any particular case depends no t only upon
the methodology but on the nature of the property and the material stud-
ied. Some properties o f some materials (e.g. , lattice parameters of close-
packed solids ) migh t be accuratel y describe d even  b y a  fairl y low-leve l
band approach , whil e other propertie s (e.g. , spectra l excitation s a t tran-
sition-metal center s i n minerals ) might be mor e efficientl y studie d wit h
localized methods . A n interesting scientific question related to this con-
troversy is the speed of convergence of cluster results to band results with
increasing size of the cluster. Unfortunately , it appears tha t suc h a ques-
tion ca n onl y b e addresse d theoretically , since , experimentally , smal l
metal clusters generally have geometries muc h different fro m simple trun-
cations of  the bulk solid (e.g., Raghavachari, 1986).

Another area of controversy has been the choice o f Hartree-Fock (or
Hartree-Fock plu s CI ) method s a s agains t density-functiona l methods.
For example , Goodgame an d Goddard (1982 , 1985) , Bernholc and Holz -
warth (1983) , an d Delle y e t al . (1983 ) hav e debate d the us e o f Hartree-
Fock versu s density-functional theor y to describ e the very complex and
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subtle bonding in Cr2 and Mo2. It appears that both Hartree-Fock-CI and
density-functional approaches , i f employed carefull y and a t th e highes t
levels possible, ca n describe th e bonding in these molecules well but not
exactly. Th e questio n o f whether density-functiona l theory i n some wa y
incorporates electro n correlatio n (whic h is actually defined with respect
to th e Hartree-Foc k formalism ) has als o bee n muc h debated . Burste n
et al . (1981 ) have provide d evidenc e tha t th e potentia l averagin g in th e
MS-Xa metho d actually mimics some effects o f correlation fo r transition-
metal compounds, and Cook and Karplus (1987) have noted that the den-
sity-functional energ y doe s no t suffe r fro m th e incorrec t mixtur e o f
covalent an d ionic terms in the molecular-orbita l wav e function a s much
as does th e Hartree-Fock energ y fo r diatomics . Mor e genera l compari -
sons o f Hartree-Fock an d density-functiona l theory hav e no t ye t bee n
convincingly made .

The terminolog y employed i n the res t o f this book i s essentiall y de -
fined i n the previou s tex t an d i n Appendix C . I n addition , i t shoul d b e
noted tha t Hartree-Fock-based methods with no integral approximations
will b e describe d i n thi s book a s a b initio,  i n conformity with standar d
quantum-chemical usage . W e shal l no t us e thi s ter m fo r density-func-
tional calculations (eve n when they clearly giv e better result s tha n com-
peting a b initio  Hartree-Fock methods ) but shal l refer to them as "firs t
principles." W e will generally use the term nonempirical for methods that
are base d upo n mode l potential s and/o r mode l charge distributions , but
which do not incorporate experimenta l data , suc h as the MS-Xa method
or the potential-induced breathing method .

Computer codes base d o n the variou s methods differ substantiall y in
availability and ease of use. Gaussian-orbital ab initio SCF programs such
as th e GAUSSIA N serie s describe d b y Hehr e e t al . (1986 ) and th e GAMES S
series (Schmid t et al. , 1987) , dat a fo r which are describe d b y Hinchliff e
(1988), are the most easily obtainable and are "user-friendly." An ab initio
SCF band-theory program, CRYSTA L 88 (Dovesi et al. , 1988) , is also avail -
able All these ca n be obtained throug h the Quantum Chemistry Program
Exchange a t Indian a University , althoug h th e mos t recen t versio n o f
GAUSSIAN shoul d b e obtaine d directl y from th e compan y founde d t o dis -
tribute it . Multiple-scatterin g Xa. codes ar e als o availabl e fro m QCPE ,
and som e band-structure programs (e.g. , LMTO ) are availabl e fro m th e
Computer Physics Communications Program Library in Belfast. More so-
phisticated band-structure programs an d analytic orbital-basis LD A pro -
grams (suc h a s DV M Xa.)  must generally b e obtaine d fro m thei r devel -
opers o r other users .

It is important to keep in mind that each suc h piece o f software is the
product of hundreds (or more) person-years of work and should be treated
as a valuable resource . Even the most user-friendly program s can be un-
intentionally misuse d to produc e erroneous or misleadin g results , vindi-
cating the ancient computer science axiom: garbage in =  garbag e out. On
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the othe r hand, few creators of such complicated softwar e have the time
to acquaint themselves with the most recent and interesting developments
within geochemistry and materials science . Som e of the most  interesting
applications o f such softwar e have thu s bee n mad e b y basically experi -
mental scientist s who have identified an d solved computationally critical
problems within their areas o f interest.

Notes

1. A  functional is an expression whos e valu e depends o n the values of a func-
tion [i n this case p(r) ] rather than on a set of independent variables .

2. I n principle , the Kohn-Sha m orbital s obtaine d a s solution s t o Eq . (3.39 )
are for noninteracting particles, no t the rea l electrons , bu t i n practice thi s differ -
ence i s often ignored .



4
APPLICATION OF QUANTUM-MECHANICAL

METHODS TO SIMPLE INORGANIC
"MOLECULES" OF RELEVANCE

TO MINERALOGY, AND TO OXIDE MINERALS

As noted i n the introduction to this text, muc h can be learned throug h th e
application o f bot h quantum-mechanica l calculation s an d experimenta l
techniques t o simpl e molecule s tha t contai n bond s o f the typ e foun d in
the importan t group s o f minerals . On e reaso n fo r thi s approac h i s tha t
calculations a t a  higher level of quantum-mechanical rigor can be applie d
to suc h simpl e systems . Thi s approac h wil l be illustrate d with referenc e
to the SiO , SiO 2, Si2O2, Si3O3, and SiF 4 molecules .

Attention will then be turned to the major oxide minerals MgO, A12O3,
and SiO 2 and th e binar y transition-meta l oxide s of Ti, Mn, an d Fe , with
some brie f discussio n o f the serie s of transition-metal monoxides (MnO,
FeO, CoO , NiO ) and comple x oxide s (FeCr 2O4, FeTiO 3, etc.) , an d o f the
problem o f the calculatio n o f Mossbaue r parameter s i n iron oxide s (an d
other compounds).

4.1. The inorganic molecules SiO, SiO2, Si2O2, and Si3O3

Although silico n monoxide, SiO , i s not a n importan t componen t o f min-
erals, i t i s a n importan t chemica l constituen t i n interstella r an d circum -
stellar space and an important startin g material for the gas-phase synthe-
sis of silicates from components o f the nebula (Day and Donn, 1978) . The
structure, energetics , an d spectral properties o f SiO have been calculate d
by a  numbe r o f differen t methods . Th e Si- O bon d distanc e calculate d
using a b initio  Hartree-Fock-Roothaa n SC F method s a t th e 6-31G * ba-
sis-set level is 1.48 7 A (Snyder an d Raghavachari , 1984) , slightly smaller
than th e experimenta l valu e of 1.509 7 A (Field e t al. , 1976) . A near Har -
tree-Fock limit basis se t and limited configuration-interaction calculatio n
has given the slightl y better valu e of 1.496 A (Langhoff and Arnold, 1979).
This stud y also gave a  bond dissociation energy of 8.10 eV, compared t o
an experimental value of 8.26 + 0.13 eV (Hildenbrand, 1972), and a  bond-

142
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stretching frequency of 1248 cm- 1 , compare d t o an experimental value of
1242 cm-1 (Anderson and Ogden, 1969). Even more highly correlated cal-
culations giv e a bon d distanc e o f 1.51 5 A an d a  stretchin g frequency of
1242 cm-1 (Werner et al., 1982).

The 6-31G * basis-set Hartree-Fock-Roothaan calculatio n als o give s
an almos t exactl y correc t bond-stretchin g frequenc y after th e standar d
correction facto r describin g correlatio n effect s i s applied (Hehr e e t al.,
1986). Energie s and intensitie s for transition s to low-lying excited state s
were also obtained from C I calculations and were in good agreement with
experiment. Valence-region u v photoelectron spectr a have also been ob-
tained for Si O and compared with values calculated usin g ab initio Har-
tree-Fock-Roothaan SC F method s an d MS-SCF-X a transition-stat e
methods, as shown in Table 4.1 (Colburn et al., 1978).

Studies of triatomic SiO 2 using ab initio Hartree-Fock-Roothaan SC F
calculations near th e Hartree-Fock limi t (Pacansky and Hermann, 1978)
gave an  equilibriu m Dah geometry and  yielde d a  Si-O bond distanc e of
1.488 A (compared t o 1.49 4 A in SiO for calculations using the same basis
set). This near constancy in Si-O bond distanc e with decrease in formal
bond orde r i s unexpected . I t i s contrar y t o th e increas e i n C- O bon d
length observed betwee n CO and CO 2 (1.13 versus 1.1 6 A). Similarly , the
calculated Si- O bond stretchin g forc e constan t i s a s large i n SiO 2 a s in
SiO, contrary to the trend for CO and CO2. The experimental bond energy
of eac h Si- O bond i n SiO 2 i s abou t 6. 5 eV , compare d t o a  Si-O bond
energy of 8.3 eV in SiO, so that SiO 2 is bound with respect t o SiO and th e
ground-state (3P) oxygen atom by about 4.7 eV.

Since the estimated energy of the Si-O bond is 4.7 eV (Huheey, 1983),

it woul d b e expecte d tha t S i S i (with four Si- O bonds) migh t b e

bound wit h respec t t o tw o SiO (two Si=O). Indeed , accurat e quantum-

mechanical calculations indicate that S i S i (D2h symmetry ) is about

1.9 eV more stable than two SiO, in very good agreement with the gas-
phase dimerizatio n dat a (Snyde r an d Raghavachari , 1984) . Th e vibra -
tional frequencies calculated afte r standard correctio n fo r correlation ef -
fects ar e als o i n reasonable agreemen t wit h the experimenta l data . Th e
calculated minimu m energy structur e i s o f D 2n symmetry , with a  Si-O
bond length of 1.683 A and a O-Si-O angle of 85.7°. A very similar dis-
tance (1.67 0 A ) an d O-Si- O angl e (87.1° ) wer e obtaine d fo r H 4Si2O6
(which ha s edge-sharin g 4-coordinate S i polyhedra ) b y O'Keeff e an d
Gibbs (1984 ) usin g identica l theoretica l methods. This suggest s tha t th e
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Table 4.1. Comparison of orbital ionization potentials (in eV) for Si O observed
experimentally fro m u v photoelectron spectroscopy wit h thos e calculated by the
MS-SCF-xYa method, ab initio Hartree-Fock-Roothaan method , incorporating
the ASC F approach (HFR ASCF), and with perturbation theory (HFR +  PT )

Molecular
orbital

7(T

2ir
60

Experimental
data

1 1 . 6
12.2
14.8

Calculated ionization potentials

MS-SCF-Xaa

10.1
13.8
14.9

HFRa

12.0
13.0
16.6

HFR ASCFa

10.7
10.3
15.4

HFR + PTb

11 .4
12.3
15.3

4"Coltmrn et al . (1978) .
bChong and Takahat a (1977) .

Si-O bon d distanc e i s determine d largel y b y th e oxyge n coordinatio n
number and the numbe r and type of polyhedral contacts .

It i s well known tha t CO 2 is most stabl e i n its molecula r form , while
SiO2 i s stabl e a s a  condense d phase . A  simila r difference exists fo r th e
dimerization o f CO and SiO—th e first ste p towar d formatio n of a  solid .
The lowest-energy state of the CO dimer is a triplet state (two unpaired
spins) with a linear geometry O  = C = C = O, and this is unstable with re-
spect t o tw o C= O molecule s b y abou t 2. 8 eV (Rain e e t al. , 1983). Th e
analogous O = Si = Si = O dimer of Si-O is calculated to be unstable by 4.8
eV with respect to two Si=O molecules (Snyder and Raghavachari, 1984) .
The importan t qualitativ e differences betwee n C O an d Si O tha t affec t
their dimerization are: (1) charge separatio n i s greater i n SiO than in CO
[as for the Pacansky an d Hermann (1978) discussion of CO2 and SiO 2], so
that approac h o f Si and O  stabilizes (SiO) 2 more than approac h o f C and
O stabilize s (CO)2; (2) the C-C IT bond is much stronger than the Si-Si TT
bond (Kutzelnigg , 1984), so that a Si = Si configuration has relatively low
stability, and (3) all TT bonds formed by Si are weaker than the correspond-
ing bonds formed by C so that the decrease in bond strength with decrease
in bon d orde r i s greater fo r C- O tha n fo r Si-O bonds (Tabl e 4.2) . Using
simple bond-strength arguments and Table 4.2 , one would predict the D2h
form o f (CO), (fou r C- O bonds ) to be unstable with respect t o two C=O
by 1. 6 eV an d th e correspondin g D 2h dimer of Si=O to b e stabl e b y 5. 8
eV. The lesser stabilit y of (SiO)2 obtained in the ab initio calculations (an d
shown by experiment ) probably arises fro m th e presenc e o f the straine d
four-membered ring . Calculated and experimental structural properties of
SiO and Si 2O2 are summarize d in Table 4.3.

Snyder an d Raghavachar i (1984 ) have suggeste d tha t (SiO) 2 with th e
D2h geometry may model solid amorphous SiO. The existence and struc-
ture o f soli d Si O i s a  subjec t o f considerabl e debate . X-ra y diffractio n
(Yasaitis an d Kaplow , 1972 ) yields a Si-O distance of 1.6 4 A and a n O -
Si-O angl e o f 96.7°,  i n reasonabl e agreemen t wit h thos e calculate d for
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Table 4.2. Experimenta l carbon-oxyge n and
silicon-oxygen bond energies (in eV)

c-o
c=o
c=o

3.7
8.3

11.1

Si-O
Si=O
Si=0

4.7
6.5
8.3

Source: From Kutzelnigg , 1984 .

(SiO)2. Recen t x-ra y spectroscopic studie s (Cost a Lim a an d Senemaud ,
1976; Biancon i and Bauer , 1980 ) also indicat e tha t Si O does no t contai n
any S i in four coordination wit h oxygen. Whether the x-ray emission an d
absorption result s are consistent wit h two-coordinate S i is not ye t clear .

The sam e approach may , of course, b e extended t o higher oligomers,
such a s th e Si 3O3 molecule, bu t th e computation s becom e rapidl y mor e

Table 4.3. Experimenta l propertie s of SiO and Si 2O2 compared to those
calculated b y Snyder and Raghavachar i (1984) usin g a b initio Hartree-Fock-
Roothaan SCF calculations

HFR calculation

Basis se t
STO-3G
6-3 1G*

Experimental value

Si-O molecule

Bond length
R(Si-O) (A)

1.475
1.487
1.51

Vibrational frequency v  (cm -1)

1349
1407 (scaled to
1242

1252)

HFR
calculation

Basis se t
STO-3G
6-31G*

Experimental
value

Vibrational
frequency

Scaled 6-31G *
basis

Experimental
value

Bond

R(Si-O)
(A)

1.684
1.683

vB2u

789

804

lengths

«(Si-Si)
(A)

2.530
2.469

VB3u

758

766

Bond angle
(O-Si-O)

(deg)

82.6
85.7

v
B1u

247

252

AEdimer (kcal/mol )

-59. 8 (HF), -38.9(MP4 )
-44.6 ±  3.0

molecule
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time consumin g du e t o th e large r numbe r of electrons an d o f geometri c
degrees o f freedom. Calculations usin g the a b initio Hartree-Fock-Root-
haan method wit h the STO-3 G basi s se t (Tossell , unpublished results) on
the D 3h structure of Si3O3 yield a Si-O bond distanc e o f 1.63 6 A and Si -
O-Si angl e o f 141° . Si3O3 i s calculate d t o b e stabl e wit h respec t t o D 2h
symmetry Si 2O2 and Si O by 82 kcal/mol. Although th e geometry o f Si3O3
calculated usin g the STO-3 G basi s se t i s expected , b y compariso n wit h
Si2O2, t o b e i n reasonably goo d agreemen t bot h wit h results from large r
basis-set calculation s an d wit h experiment , th e condensatio n exotherm -
icities appear to be exaggerated b y basis-set error s and by neglect o f cor-
relation effects . Fo r example , i n th e reactio n Si O + SiO->Si2O2 the cal-
culated exothermicit y i s 7 8 kcal/mol usin g a  STO-3 G basi s set , 50 kcal/
mol usin g a  6-31G * +  diffuse , s, p basis , an d 3 9 kcal/mol afte r fourth -
order Moller-Plesse t correlatio n corrections (Snyde r and Raghavachari ,
1984). Nonetheless , the STO-3 G basis-se t results certainly suggest stabil-
ity fo r a  Si3O3 species wit h planar D 3h geometry.

Although th e Si,O 2 specie s seem s strang e i n term s o f soli d silicat e
structures du e t o it s lon g Si-O distance (1.6 8 A), smal l Si-O-S i angl e
(97.4°), and short Si-Si distance (2.53 A), the geometry of Si3O3 calculated
using th e STO-3 G basi s se t seem s muc h mor e understandable , wit h its
Si-O distanc e o f 1.6 4 A, Si-O-Si angle of 141° , and Si-Si distance of 3.09
A. It s Si-O skeleton i s very much like that calculated for H 3Si3O3 at both
the STO-3 G basis-se t (Chakoumako s e t al. , 1981) and 6-31G * basis-set
(O'Keeffe an d Gibbs, 1984 ) level. O'Keeffe and Gibbs (1984) have argued
that thei r calculate d frequenc y of 650 c m- 1 fo r th e A I

` vibrationa l mod e
of H3Si3O3, which primarily involve s oxygen motion, supports the assign -
ment of a 600 cm-1 feature in the Rama n spectrum of amorphous SiO 2 to
a three-Si-rin g structure, a s suggeste d b y Galeener (1982a,b) . Their cal-
culated frequency is also consisten t with the observed value for benitoite
of 564 c m- 1 (Griffith , 1969) . Similarly, a peak i n the Rama n spectru m of
Si3O3 (Khanna e t al. , 1981) has been assigned to an Al' vibratio n and may
be the analo g o f that observed i n amorphous SiO 2. I t appears, therefore ,
that th e condensatio n o f Si O monomer s lead s t o structure s simila r t o
those observe d i n amorphous SiO 2. It i s indeed strikin g how simila r th e
Si-O skeleton s seem  to be for two-coordinate an d four-coordinate oxides .
This similarit y indicate s tha t additio n o f O  (e.g. , i n th e reaction :
Si3O3 + 3O -> Si 3O6) does not greatly disturb the Si-O bonding. For Si3O3,
the lowest-energ y unoccupie d orbital s ar e predominantl y S i P T (i.e. , p
orbitals perpendicula r t o th e Si 3O3 ring) and hav e th e righ t symmetry to
accept electron s from th e TT * orbital s of O 2.

Rings containin g thre e silicat e tetrahedr a ar e observe d i n cyclosili-
cates (e.g. , benitoite). The relative prevalence o f three-, four- , and higher-
membered ring s ha s bee n discussed b y Chakoumako s et al . (1981) , an d
we wil l retur n to thi s topic in Chapter 5.
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4.2. The SiF4 molecule

Although SiF 4 does no t occur a s a mineral, it represents a n isoelectroni c
model fo r SiO 4

4- an d ha s man y propertie s simila r to thos e o f silicates .
Because, unlik e SiO4, i t is a stable gas-phas e molecule , i t can be readily
studied by many spectroscopic techniques , and because i t has high sym-
metry and contains relatively few electrons, it can be treated wit h a fairly
high leve l o f quantum-mechanica l rigor. W e shall , therefore , explor e a
number of aspects o f the geometric and electronic structure of SiF4, start -
ing with its geometry and stability , proceeding to its photoelectron spec -
trum an d x-ra y emission and absorptio n spectra , an d concludin g with a
discussion o f the 29 Si NMR chemical shif t in SiF4.

4.2.1. Geometric  structure of SiF 4

The dependence of calculated Si-F bon d distance on the basis set used in
ab initio Hartree-Fock-Roothaan SCF calculations has been studied sys-
tematically, giving the results shown in Table 4.4. The near Hartree-Fock
limit basis o f Tossell and Lazzeretti (1986 ) also gives a Si-F bon d energ y
of 10 9 kcal/bond mol, compared with an experimental value of about 142
kcal/bond mo l (Kutzelnigg, 1984), an d th e forc e constan t fo r symmetric
stretching i s calculate d t o b e 7.65 4 mdyn/A, compared wit h an experi -
mental valu e of 7.15 mdyn/A (Heicklen an d Knight , 1964) . Calculations
using the AM 1 method (th e newes t versio n of MINDO) also give struc-

Table 4.4. Experimenta l properties o f SiF4 compared t o those calculated b y
Hess e t al. (1986) using ab initio  Hartree-Fock-Roothaan SCF calculation s

HFR calculatio i

Basis set
STO-3G
6-3 1G
6-31G*
TZ +  T D (tripl e £ plus I

Experimental value

HFR calculation

Basis se t
STO-3G
6-3 1G
6-3 1G*

Experimental valu e

n

triple S i 3d )

E

263
233
274
267

Vibrational fr<

T2

370
356
406
390

iquencies (cm - 1)

A1.

761
757
849
807

Bond length
R(Si-F) (A)

1.585
1.625
1.557
1.54
1.552

r2

1,099
1,037
1,108
1,044
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tures and bond energies for SiF4 in good agreemen t wit h experiment (De -
war and Jie , 1987) .

4.2.2. Electronic  structure of SiF 4—electron spectroscopy

Valuable information on th e electroni c structur e o f this molecule is con-
tained in its photoelectron spectru m (Bassett and Lloyd, 1969 ; Hall et al.,
1972). Qualitative molecular-orbital theory suggests that the four F 2s or-
bitals wil l generat e a 1 an d t 2 symmetry molecular orbitals , a s wil l th e 0
symmetry F  2 p orbitals . The F  2 p orbital of I T symmetry with respec t t o
the Si- F bon d wil l generate t 1, t 2, and e  molecular orbitals. S i 3s orbitals
can contribute to the molecular orbitals of a1 symmetry, and Si 3d orbitals
to thos e o f e  and t 2 symmetry. Initial disagreement a s t o th e assignment
of peaks i n the photoelectro n spectru m aros e fro m th e us e o f a H e I  uv
source wit h insufficien t energ y t o excit e the a , symmetr y Si-F bondin g
molecular orbital, an d fro m th e use o f the semiempirica l CND O molecu-
lar-orbital calculation s tha t give exaggerated S i 3d participations an d ex -
aggerated stabilit y for th e e  molecular orbital . I t i s now wel l established,
on th e basi s o f experimenta l an d theoretica l studies , tha t th e orde r o f
orbitals in terms of increasing ionization potential s i s 1t1 < 5t 2 < l e <  4t2
< 5fl , < 3t 2 <  4a 1, wher e the numbering system includes both core and
valence orbitals. Experimental ionizatio n potentials from Perry an d Jolly
(1974a) are compare d wit h a number of different calculate d value s in Fig.
4.1. Th e ionizatio n spectru m o f SiCl 4 i s quit e simila r t o tha t o f SiF 4,
merely showin g slightly larger spacings . Fo r example , th e t t orbita l to a\
bonding orbita l spacin g i s 6. 0 e V i n SiCl 4 versus 5. 0 e V i n SiF 4. As w e
shall see in Chapter 5 , the SiO 4

4- anio n (e.g. , in Li4SiO4) has a  very sim-
ilar photoelectron spectrum .

It is apparent fro m th e results shown in Fig. 4.1 that all of the methods
give the right sequence of orbital ionization potentials. However , onl y the
ab initio  Hartree-Fock-Roothaa n SC F many-bod y perturbatio n theor y
results o f Fanton i e t al . (1986 ) are i n goo d quantitativ e agreement wit h
experiment. Fo r SiCl 4, both MS-SCF-X a calculation s usin g overlapping
spheres (Zh u e t al. , 1983 ) and DVM-Xa  calculation s (Anderse n e t al. ,
1979) give results in reasonable quantitativ e agreement wit h experiment,
but n o studie s by Hartree-Fock-Roothaan ASC F o r many-body pertur-
bation theory technique s have yet appeared for this molecule .

Information o n the electronic structure of the molecule is contained in
the energies , intensities , and width s (o r the vibrationa l structure ) o f the
photoelectron peaks . Earl y studie s suggeste d tha t th e \ e orbita l i s more
stable than the 5a l orbita l due t o S i 3d T T bonding with the F  2p . I t i s now
clear tha t th e strengt h o f such S i 3d bonding is modest . Attempt s t o de -
duce the amount of stabilization of the predominantly F 2p orbitals ( I t
5t2, an d 1 e) fro m th e experimenta l ionization energies o f SiF 4 an d H F
compounds lead to an average stabilizatio n of 0.9 eV compared to pure F
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Fig. 4.1 . lonizatio n potential s fo r SiF 4 derive d experimentall y (exp.) from x-ra y
photoelectron spectroscop y (afte r Perry an d Jolly, 1974a ) and compared wit h val-
ues calculate d usin g MS-SCF-X a (MS-Xa ; DeAlt i e t al. , 1978) , Hartree-Foc k
Roothaan (HFR; Tossell and Lazzeretti, 1986 ) and Hartree-Fock many-body per-
turbation theory (HFMBPT; Fanton i e t al. , 1986 ) (after Tossell , 1987) .

2P orbitals (Jolly, 1983) . It is, however , unclea r whether thi s stabilizatio n
should be attribute d t o S i 3d or S i 3p admixture, which is substantia l fo r
the 5t2 orbital. Thi s question can also be studied theoretically b y perform-
ing calculations wit h and without d functions on the Si . However, suc h a
procedure yield s ambiguou s result s since : (1 ) the calculation s eve n with
d functions do not show exact agreement with experiment, and the effect s
of including d  functions may be smal l compared t o other error s stil l pres-
ent; (2) the self-consistency procedure cause s mos t of the orbital energie s
to change , eve n i f participation o f S i 3d atomic orbital s i n the molecula r
orbitals i s forbidden by symmetry ; and (3 ) any decompositio n o f molec -
ular electron densit y between nuclea r centers i s nonunique, although cer -
tain decomposition s ar e mor e theoreticall y justifie d tha n others . Give n
these caveats , availabl e MS-SCF -Xa studie s of SiF4 (DeAlti et al. , 1978)
indicate tha t th e 5t 2 and \ e orbital s are stabilize d by 0.2 7 and 0.1 5 eV,
respectively, upo n the additio n o f S i 3 d functions . MS-SCF-A' a calcula-



150 THEORETICA L GEOCHEMISTR Y

tions ar e particularl y suite d t o the elucidatio n o f such difference s since ,
for eac h angula r momentum , they utiliz e a n infinitel y flexibl e basi s set .
Thus, a  MS-SCF-Xa calculation usin g € = 0 and 1  functions on S i has a n
effectively complet e S i s,p basis (although the potential is , of course, only
a sphericall y symmetri c model potential within the S i sphere) .

Information o n orbita l compositio n ca n als o b e obtaine d b y analysis
of th e relativ e intensitie s o f the photoelectro n peaks , particularl y whe n
more than one radiation sourc e i s available. Fo r the case of x-ray excita-
tion, i n which the electro n i s excited t o hig h energies i n the continuum,
we can ignore possible structure in the low-energy continuum and express
the photoionization cros s sectio n fo r a molecular orbita l a s a sum of con-
tributions from it s component atomic orbitals . Schofiel d (1976) calculated
x-ray photoelectron spectroscop y cros s section s for various atomic orbit -
als, whil e Leckey (1976 ) obtained cros s section s throug h analysi s o f ex-
perimental data . Orbita l composition s an d intensitie s calculate d fro m
Schofield's (1976 ) atomic cross section s are compared wit h experiment in
Table 4.5 . Whe n uv photon s are used , thi s simple summation of atomic-
orbital contributions is not adequate, an d multiple-scattering effects mus t
be included . Such calculation s hav e been don e b y tw o slightl y differen t
methods, producing significantly different tota l photoionization cross sec-
tions and decompositions over different symmetr y channels i n the contin-
uum. Result s fo r ionizatio n o f the 1t 1 electron s fro m Yate s e t al . (1985)
and Gofma n e t al . (1986 ) are compare d i n Fig . 4.2 . Yate s e t al . (1985 )

Table 4.5. Composition s o f molecular orbital s of SiF4 from semiempirica l
molecular orbita l (CNDO ) calculation s and MS-SCF-Xa calculations, together
with compariso n of calculated x-ra y photoelectro n transitio n intensitie s wit h
experimental value s

Molecular
orbital

lt1
3t2

\e
2t2

2a1

It2,
la1

Calculated atomi c

CNDO metho d

100%F2p
97% F  2p, 3 % Si

3p
100% F  2p
86% F 2p, 2% F

2s, 12 % Si 3p
75% F  2p, 5% F

2s, 20 % Si 2s
9\%F2s, 9% Si 3p
86% F 2s, 14 % Si

3s

-orbital composition *

MS-SCF-Xa method

100% F  2p
96% F  2p, 4 % Si 3p

98% F 2p , 2 % Si 3d
85% F  2p , 14 % Si 3p

7l%F2p, 14%Si3p ,
22% S i 3 s

94% F  2s , 6 % Si 3p
88% F 2s, 9 % Si 3s

Intensitiesb,c,d

Calculation

0.28
0.27

0.18
0.25

0.11

1. 00
0.32

Experiment

0.11
0.13

0.09
0.17

0.12

1.00
0.60

4aTossell. unpublished results.
bJonas et al . , (1972).
cUsing MS-SCF-A' a compositions an d atomic-orbita l cros s section s from Schofiel d (1976) .
dPerry an d Joll y (1974 a).
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Fig. 4.2. Calculate d cros s sections for It 1 orbita l ionizatio n from : (a) Yates et al .
(1985), and (b ) Gofman e t al . (1986) .

assign th e lowest-energ y cross-sectio n pea k t o th e t 2 channe l (qualita -
tively speaking, a t2 "orbital" embedded in the continuum), while Gofman
et al . (1986 ) assign i t to th e e  channel. Th e experimenta l data in this en-
ergy range are sparse , an d neither calculation seem s to provide an accu-
rate description .

Additional informatio n o n orbita l typ e an d compositio n i s availabl e
from "(e,2e)"  o r electro n momentu m spectroscopy (Moor e e t al. , 1982;
see Appendi x B) performed on SiF 4 b y Fanton i e t al . (1986) . Electro n
momentum distributions measured at various binding energies have been
compared wit h thos e from a b initio  Hartree-Fock-Roothaan SC F calcu-
lations usin g a  double- E wav e functio n wit h a  singl e S i 3 d polarization
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function fo r SiF 4 and ar e show n in Fig. 4.3 . I n most cases , agreemen t i s
good, an d th e compariso n confirm s th e identificatio n o f the 2 1 eV ioni-
zation as the 5a1 Si-F 0  bondin g orbital. Agreement betwee n calculatio n
and experimen t i s actuall y poores t fo r the lt 1 orbital , essentiall y pur e F
2p i n character , whic h ha s a  muc h lowe r momentu m tha n calculated .
Such discrepancie s fo r diffus e orbital s at , o r near , th e lowes t bindin g
energies ar e ofte n see n i n (e,2e)  spectr a (Bagawa n e t al. , 1988 ) and aris e
from correlatio n effects .

High-resolution uv photoelectron spectroscop y als o allows the obser -
vation o f vibrationa l structur e i n th e ionization s o f thos e electron s tha t
are o f strong bondin g or antibondin g character , an d whos e ejectio n pro -
duces a  substantia l chang e i n bond distance . Fo r SiF 4, ionizatio n o f 5t2
electrons produce s a  peak , th e fin e structur e o f whic h ha s bee n inter -
preted i n term s o f excitatio n o f vibration s of bot h A 1 and T 2 symmetry,
with the vibrational energies observed for the cation bein g about 10 % less
than those for the neutral molecul e (Lloyd and Roberts, 1975) .

One ca n als o obtai n informatio n on charg e distributio n and bondin g
character fro m the Auge r electro n spectrum . As discussed i n Chapter 2 ,
the Auge r spectrum result s fro m th e ejectio n of electrons accompanyin g
de-excitation o f a  cor e hole . Fo r example , when a  S i 1s hole i s create d
(e.g., b y photon impact ) a S i 2p electron ca n drop into the hole , and th e
energy release d ca n eithe r b e emitte d a s a n x-ra y o r utilize d t o ejec t a
second S i 2 p electron , identifie d a s a  Si(KLL)  Auge r electron . Experi -
mental Si(KLL) Auger energies and those obtained from MS-SCF-A' a cal -
culations (Hartman n an d Szargan , 1979 ) are in good agreemen t fo r SiF 4.
For th e Si(LVV)  Auge r o f SiF 4 (involvin g holes i n th e S i 2p orbita l an d
two valenc e orbitals) , th e situatio n is more complicate d (Ry e and Hous -
ton, 1983) , wit h th e result s showin g localizatio n o f th e valence-orbita l
hole state s tha t cannot b e accommodated withi n a  T d symmetry model.

4.2.3. Electronic structure of SiF4 — x-ray-absorption spectra

Although x-ra y emissio n spectr a ar e availabl e fo r som e gaseou s mole -
cules, such as SF6 (Taniguchi and Henke, 1976) , they are not yet availabl e
for SiF 4. Calculation s sugges t tha t th e x-ra y emissio n spectr a o f SiF 4
should b e qualitativel y similar t o thos e o f MO 4"- anion s suc h a s SO 4

2-

(discussed i n Taniguch i an d Henke , 1976 ) or SiO 4
4 ,  t o b e discusse d i n

Chapter 5 . X-ra y absorptio n spectr a are , however , availabl e fo r SiF 4 i n
the regio n o f th e S i 2p ionizatio n limi t (e.g. , Friedric h e t al. , 1980 , an d
references therein) . Angle-resolved S i 2p photoelectron spectr a hav e als o
been obtained for SiF4 (Keller et al., 1983) . The Si 2p XANES, previously
discussed i n Chapte r 2 , i s show n agai n i n Fig . 4.4 . Direc t measuremen t
of the S i 1p ionization potential using hard x  rays yields a  value of 111.6 5
eV (Perr y an d Jolly , 1974b) , establishin g tha t tw o o f th e SiF 4 XANE S
features li e belo w th e ionizatio n threshol d an d correspon d t o boun d
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Fig. 4.3. Measure d momentu m distribution s (dots) o f the oute r valenc e ban d o f
SiF4 obtained fro m electro n momentu m spectroscop y an d compare d wit h values
obtained usin g a b intitio  Hartree-Fock-Roothaa n (SCF ) calculation s (soli d line)
(after Fanton i e t al. , 1986 ; reproduced wit h the publisher' s permission) .

states, an d tw o li e above correspondin g t o scatterin g resonances . Har -
tree-Fock calculation s usin g th e equivalen t ionic-cor e virtual-orbita l
model and treating SiF 4 wit h a  core hole as PF 4

+(Friedrich e t a). , 1980) ,
and MS-SCF-A' a calculation s (Tosset l an d Davenport , 1984) , giv e th e
same assignments an d energies for the bound-state peaks (Table 4.6) wit h
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Fig. 4.4. Th e S i 2p,2s x-ray  absorptio n (XANES ) spectra of gaseous (molecular )
and solid SiF4 (after Bianconi , 1981 ; reproduced wit h the publisher's permission) .

the deepest peak arising from an a1 symmetry 0* orbital and the next peak
having a  contributio n from th e t 2 symmetry 0* orbital . Th e peak s lyin g
above threshol d have been assigne d using the continuu m version o f the
MS-SCF-Xa metho d by Pavlychev et al . (1982) , Tossell (1987), and Ban-
croft e t al . (1986) . According to the firs t tw o studies , the firs t continuum
peak correspond s t o continuu m states o f e  symmetry , while the secon d
corresponds to t2 symmetry states. However , Bancroft e t al. (1986) assign

Table 4.6. Experimenta l term energies o f a1 and t 2 bound states i n Si L2,3
XANES spectra o f SiF4 compared wit h energies calculated using the MS-SCF -
Xa metho d and ah initio Hartree-Fock-Roothaan SCF calculations. Oscillato r
strengths are given in parentheses fo r MS-SCF-Xa calculation s

a1

t2

e
t2

Calculated value s

MS-SCF-Xa method a

4.7(0.00304), 2. 1 (0.00190)
2.8 (0.00097)

Continuum Boun d stat e
~-7.7 -6. 0 (.0824 )

20.0 —

HFR method b

4.4, 2.1
2.6

—
—

Experimental*
values

5.5
2.7

-5.5
-18.1

"Tossell an d Davenpor t (1984) .
''Fnedrich e t al . (1980) .
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Fig. 4.5. Si 2 p — » continuum x-ra y absorptio n cros s section s ( 0 i n megabarns ,
Mb) calculated b y the MS-SCF-Xa method fo r SiF4 a t Si-F distances of 1.54 and
1.59 A; electron energie s (E ) in rydbergs (after Tossell , 1987).

both thes e feature s t o th e t 2 channel. I n th e S i 2p XANES o f SiO 2 and
other silicates , the second pea k i s qualitatively the same as that for SiF 4.
The separatio n o f the continuu m peaks, correspondin g t o the energy dif-
ference o f e  and t 2 channels, ma y be qualitatively interpreted a s an S i 3d
orbital "crystal-field" splitting , mainly due to the large Si 3d orbital radius
(Pavlychev e t al., 1982). Continuum MS-SCF-Xa calculation s o n SiF 4 a s
a function o f Si-F distance [R(Si-F ] indeed show that the t 2 resonance i s
substantially lowered as R(Si-F) is increased and that the t2 - e  separation
varies approximatel y a s R -5 (se e Fig. 4.5, from Tossell , 1987) . S i 1 s
XANES have also recently been reporte d fo r SiF 4 (Bodeu r e t al., 1986),
but the term energies and splittings seem inconsistent both with the S i 2p
XANES an d wit h calculations suggestin g an erroneou s valu e fo r th e S i
Is- IP . Recently , furthe r experimenta l an d theoretica l studie s o n th e
Si(CH3),F4_x, x  =  0-4 , serie s (Boze k e t al. , 1990) have confirme d th e
existence of peaks in both the e  and t 2 channels above th e S i 2p edge.

4.2.4. Electronic structure of SiF4 — 29Si NMR spectra

The e  and t 2 resonances occurrin g i n the XANE S of SiF 4 ar e ver y high-
energy features that probably have little effect upo n the uv absorption o r
other propertie s dependen t upo n excite d orbita l energetics , suc h a s th e
29Si NMR shifts . Withi n the contex t o f quantum-mechanical perturbation
theory, we can calculate th e NMR shielding as the su m of a diamagnetic
term (cr d) dependent onl y upo n th e ground-stat e electro n densit y an d a
paramagnetic ter m (o- p) arisin g from transition s to excited state s induced
by th e magneti c field (Tossell , 1984a) . Direct calculation s usin g the cou-
pled version of Hartree-Fock perturbation theor y (Lipscomb, 1966 ) have
been performed for SiH 4 (Lazzeretti an d Zanasi , 1980 ) and for SiF 4 (Tos-
sell and Lazzeretti, 1986) . Such calculations indicate that the diamagnetic
contribution t o th e shif t ma y b e readil y obtaine d fro m fairl y crud e SC F
molecular-orbital calculations or even from a n atom superposition mode!,
while accurat e determinatio n of th e paramagneti c ter m require s a n ex -
tremely accurate wave function (i n the above studies, the S i atom was the
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origin o f th e vecto r potentia l fo r th e magneti c fiel d i n eac h case) . I t i s
found, however , that th e dominan t contribution to th e averag e <r p, repre -
senting 50% or mor e o f the total , arise s fro m mixing of the electron s i n
the occupied t 2

0 orbita l wit h those i n the empty t2a* orbital. Energies fo r
such orbitals ar e available from photoelectro n an d x-ray absorption spec -
troscopies, providin g an opportunit y for interpreting crp in terms o f other
spectral properties . Th e couple d Hartree-Foc k calculation s als o repro -
duce semiquantitativel y the chang e i n 29 Si chemica l shif t fro m SiF 4 t o
SiO44

-, an d from SiF 4 to S iF6
2 - as show n in Fig. 4.6 . It thus appears that

at leas t major trends (i f not details ) of 29Si chemical shif t variatio n can b e
understood throug h couple d Hartree-Foc k perturbatio n theor y calcula -
tions on smal l molecular cluster models. Recently , Fleischer e t al. (1987 )
have obtaine d a  mor e accurat e valu e fo r th e 29 Si NMR shieldin g of SiF 4
using a  modifie d couple d Hartree-Foc k metho d wit h individual choices
of origin fo r individua l localized molecula r orbital s (th e IGLO method) .
Their result s indicat e tha t conventiona l couple d Hartree-Foc k calcula -
tions like those o f Tossell an d Lazzerett i (1986 ) probably exaggerate th e
increase i n tota l c r with coordinatio n number . Bot h conventiona l an d
IGLO result s indicat e tha t < r change s ver y slowl y with Si-F distanc e in
SiF4.

It i s thus apparen t tha t ground-stat e structura l and energeti c proper -
ties o f (SiO), , and SiF 4 can b e calculated quit e accurately usin g Hartree-

Fig. 4.6. Compariso n of calculate d 29 Si NM R shieldin g constant s (a calc )and  ex -
perimental 29Si chemical shift s (5 exp) fo r SiF 4 an d othe r silico n compound s (afte r
Tossell an d Lazzeretti , 1986; see tex t fo r discussion) .
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Fock theor y wit h many-bod y perturbatio n correction s fo r correlation .
Much progress has  als o bee n mad e in  the calculatio n of  spectral proper -
ties, although it remains difficult t o calculate intensitie s in photoemissio n
and x-ray absorption spectra .

4.3. Major oxide minerals

A very large number of theoretical studie s have been performed on MgO
and A1 2O3. Onl y some o f the earl y studie s an d som e o f the mos t recen t
will be described here, in order to give some idea of the extent of progress
over the past two decades. Important advance s hav e recently bee n mad e
in th e applicatio n o f ioni c model s t o suc h material s a s wel l a s i n band-
theory studie s and embedded-cluste r studies . Afte r reviewin g the earl y
work, contemporar y studie s o f structure , stability , phase relations , an d
dynamic properties wil l be described, followe d by recent studie s of spec-
tral properties an d characteristics o f the electron-densit y distribution for
each o f these materials. Attention is then turned to SiO 2, the silic a poly-
morphs, and various compounds and clusters that ma y be used to model
tetrahedrally coordinated S i in silica and the silicates .

4.3.1. MgO (periclase)

In th e mid-1970s , accurate band-theoretica l an d cluste r method s wer e
first applie d to MgO, with a Hartree-Fock approach bein g used by Pan -
telides e t al . (1974) , Hartree-Fock-Slate r density-functiona l band an d
cluster approaches use d b y Walch and Elli s (1973), and the MS-SCF-X a
cluster method by Tossell (1975a) . These calculation s represente d a  con-
siderable methodologica l advance ove r th e earlie r calculation s o f Cohen
et al . (1967 ) (employing the empirica l pseudopotentia l method) , i n tha t
they involv e n o parameters fitte d to experiment . Compariso n wa s made
with experimenta l optica l propertie s obtaine d b y absorptio n o r reflec -
tance measurements, with x-ray emission spectra, an d with x-ray absorp-
tion an d electron-energy-los s spectr a (EELS) . Th e availabl e photoelec -
tron spectr a wer e o f rather poo r resolution , partly du e t o limitation s in
photon source s an d partl y du e t o problem s o f surfac e preparatio n an d
contamination. Generally, spectral interpretations were made on the basis
of ground-state orbital energies, although it was recognized that effects o f
relaxation for the variou s charge state s (e.g. , core io n states in x-ray ab-
sorption spectra) could be of importance. Such comparisons also suffere d
from th e well-known overestimation o f band gaps calculated by Hartree-
Fock method s an d thei r underestimation when calculated usin g density-
functional theory . Fo r example , the results of Pantelides e t al. (1974) , be-
fore correlatio n corrections, give a  band ga p o f 18. 3 eV compared to a n
experimental valu e of 7.8 eV . The widt h o f the uppe r O  2p-like valence
band calculate d by Pantelide s et al . (1974 ) wa s mor e than 7 eV afte r in -
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corporation o f correlation, i n apparen t agreemen t wit h an experimenta l
value o f abou t 6. 5 e V fro m Kowalczy k e t al . (1977) . By contrast , non -
self-consistent Hartree-Fock-Slate r density-functiona l calculation s b y
Walch an d Elli s (1973 ) using both a  MgO 6'°- cluste r an d a  ban d mode l
gave ban d gap s aroun d 7- 8 e V for th e ban d approac h an d 10-1 4 e V for
the cluster (depending upon startin g electron configuration and choice of
statistical exchang e parameter , a) . Th e calculate d O  2p bandwidth wa s
smaller for both ban d an d cluste r results , about 2. 5 eV for the ban d cal -
culation and about 5  eV for the cluster, contrary t o the naive expectatio n
that bandwidth s should alway s b e large r tha n the sprea d o f eigenvalue s
(molecular-orbital energy levels) obtained fo r the cluster .

It was, therefore , clear in 1974 that electronic-structure method s were
not sufficientl y advance d t o reproduc e experimenta l dat a accuratel y fo r
even a simple ionic oxide such as MgO. The emphasis a t the time was on
the determination of the effect s o f different approximation s upo n the cal -
culated results . Compariso n wa s usually made betwee n on e calculation
and anothe r rathe r than betwee n calculatio n an d experiment . Th e theo -
retical paper s reporte d th e quantitie s arisin g directl y fro m th e calcula -
tions, suc h a s orbita l eigenvalue s an d atomic-orbita l charg e decomposi -
tions, an d spectra l propertie s wer e interprete d primaril y i n term s o f
orbital energies . N o attempt was made to evaluate equilibrium structural
or energetic properties .

In fact , compariso n o f experimenta l an d theoretica l photoelectro n
spectra wa s somewha t ambiguous . I n th e experimenta l photoelectro n
spectrum, one can distinguish both an overall bandwidth (i.e., the energy
separation betwee n the points at which the spectral intensit y decreases to
background levels) and, in most cases, a set of peaks in the intensity ver-
sus energ y spectrum . I t i s generally easier to determine accurate value s
for pea k energie s tha n fo r bandwidths , althoug h th e pea k energie s an d
overall appearance o f the spectru m will, o f course, var y with the energy
resolution. High-resolutio n x-ra y photoelectro n studie s o f Mg O .show a
two-peak O  2p spectrum with a peak separatio n o f about 2. 5 eV (Kowal-
czyk et  al. , 1977 ) and an  O  2p bandwidth of 6.5 eV (se e Fig . 4.7) . Non e
of the existing calculations accurately reproduced this , with the band cal -
culations giving too large a  peak separation , an d the cluste r calculation s
giving too smal l a bandwidth.

A more detaile d analysi s of the chemica l bonding in MgO may be ob-
tained by a study of the ful l serie s of x-ray emission spectra, a s shown by
Nicholls an d Urc h (1976 ; se e Fig . 2.9) . The relativ e energie s o f feature s
in th e M g KB , M g L2.3 , an d O  K a spectr a ma y b e obtaine d usin g a
MgO6

10- cluste r model . Essentially , th e uppe r valence regio n i s divided
into a low-binding-energy, almost entirely O 2p region, and a higher-bind-
ing-energy regio n wit h som e M g s  an d p  characte r mixe d int o the O  2p
band. However, there has been no satisfactory explanation, as yet, of the
relative intensitie s o f thes e spectra l peaks . N o direc t intensit y calcula -
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Fig. 4.7. X-ra y photoelectron spectra for (a) MgO and (b) A12O3 (after Kowalczy k
et al. , 1977 ; reproduced with the publisher' s permission) .

tions have been don e eithe r withi n a cluster o r a band mode l formalism,
and semiquantitativ e assessments o f intensit y based o n orbita l electro n
distribution seem inconsistent with the spectra .

The nature of the unoccupied states in MgO may be addressed through
uv absorption , x-ra y absorption , o r electron-energy-los s spectroscopy .
Comparison o f Mg K, M g L, an d O  Ka x-ra y absorption spectr a (Fomi -
chev et al. , 1969 ) establishes that the lowest-energy unoccupied orbitals ,
giving a  prominen t peak i n the M g L x-ra y absorption spectra , ar e pre -
dominantly of Mg 3s character, consisten t wit h an "ionic" interpretation .
Recent EEL S studie s o f Mg (as wel l a s A l and Si ) K  edge s i n mineral s
(Tafto an d Zhu , 1982 ) have also establishe d a  unique signature for octa -
hedral Mg, presumably involving transitions into states with Mg 3p char-
acter. Calculation of oxygen EELS spectra of MgO (Weng and Rez, 1989)
using multiple-scatterin g method s reproduc e th e spectr a semiquantita -
tively.
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The accuracy o f theoretical studie s of MgO began to improve substan-
tially in the lat e 1970 s and earl y 1980 s particularly because o f interest in
its high-pressur e behavior , a  topi c furthe r discusse d i n Chapte r 7 . Th e
self-consistent Korringa-Kohn-Rostoke r band calculation s o f Liberman
(1978) established fo r both B\ (NaC l structure-type ) and B2 (CsCl struc-
ture-type) phases tha t the band gap actually increases with applied pres -
sure t o abov e 1  Mbar an d onl y approache s zer o (metallization ) unde r
pressures on the order of 50 Mbar. The calculated pressure versu s volume
curves fo r th e B \ phas e ar e als o i n reasonabl e agreemen t wit h experi -
ment. This result for the band gap was supported by the later augmented-
plane-wave calculation s o f Bukowinsk i (1980), establishing tha t experi -
mental reports o f MgO metallization at mantle pressures were erroneous.
Modified electron-gas studie s by Cohen and Gordon (1976) gave a reason-
ably accurate lattic e constant and compressibility for MgO and predicte d
a B1->B 2 transition pressur e o f 25 6 GPa. Self-consisten t KK R calcula -
tions were reported by Yamashit a an d Asano (1983a), whic h yielde d ac -
curate lattic e constants, cohesiv e energies , an d bulk moduli for MgO, us-
ing an y o f a  numbe r o f differen t exchange-correlatio n potentials . Th e
equation o f state wa s also i n good agreemen t wit h experiment. Mor e re-
cently, self-consistent (APW) methods (Bukowinski , 1985), ab initio pseu-
dopotential method s (Chan g and Cohen , 1984) , potential-induced-breath-
ing ioni c mode l method s (Meh l e t al. , 1986) , ful l potentia l linea r
augmented-plane-wave method s (Meh l e t al. , 1988) , an d a b initio  Har -
tree-Fock method s (Caus a e t al. , 1986a ; Pisan i e t al. , 1988 ) have bee n
used t o calculat e th e B1->B 2 transition pressure fo r MgO . Althoug h all
methods give transition pressures above 200 GPa, consistent with the lack
of an experimentally observed transitio n a t pressures u p to 12 0 GPa, th e
calculated values differ b y a  factor o f five. I n addition, the pseudopoten -
tial result s apparentl y underestimat e th e O  2 p valence-ban d widt h (al -
though no densities of states were given to compare with experiment) and
certainly underestimat e th e ban d gap , a s i s observe d i n othe r density -
functional calculations . Earl y Hartree-Foc k band-structur e calculation s
on MgO (Causa e t al. , 1986a ) yielded a B1->B2 phase transition pressur e
of 22 0 GPa, bu t exponen t optimizatio n increase d thi s valu e t o 77 0 GPa
(Pisani e t al. , 1988) . The equilibriu m parameters a t ambien t pressur e fo r
the B\ phas e wer e also in good agreemen t wit h experiment.

Modified electron-ga s procedure s als o yiel d quite accurate result s for
equilibrium and dynamic properties o f MgO, if the effec t o f the Madelung
potential upo n th e oxid e ion charge density is properly incorporated , a s
in th e potential-induce d breathin g mode l (Meh l e t al. , 1986 , an d refer -
ences therein) . As describe d previously , this approach yield s less infor -
mation than that from a  band calculatio n (e.g. , no spectra l quantitie s are
obtained), bu t i t i s extremel y rapid computationall y and ca n readil y b e
extended t o low-symmetr y situations , s o a s t o evaluat e properties such
as shea r modul i i n additio n t o th e bul k modul i readil y obtaine d fro m th e
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band calculations . Th e calculate d B1->B 2 transitio n pressur e usin g th e
PIB for m o f thi s mode l i s als o 25 1 GPa, i n goo d agreemen t wit h othe r
estimates. Mg O has also been used a s a  test case for two other forms of
the shell-stabilized MEG method: one in which the charge on the stabiliz-
ing Watso n spher e i s reduced belo w 2. 0 (to ~  1.7 ) to reflec t th e actua l
charge withi n the Watson spher e (Jackson an d Gordon, 1988a) , an d on e
in whic h the Watso n spher e radiu s i s varie d t o obtai n th e lowes t tota l
energy (Wol f an d Bukowinski , 1988) , calle d a  variationall y stabilize d
MEG method . Differences between the result s of these method s and th e
PIB result s ar e a t th e 1 % level for th e 1  atmosphere densit y bu t ca n b e
significantly large r for the bulk modulus and the B1->B2 phase-transitio n
pressure. I t i s not ye t clea r whethe r either o f these procedure s wil l lead
to systematically improved results for other oxides .

It i s no w clea r tha t accurat e band-theoretica l an d ME G result s fo r
MgO ar e convergin g toward th e experimenta l values , but eve n fo r thi s
simple materia l som e importan t propertie s (e.g. , th e B 1-+B2 transitio n
pressure) are very sensitive to details of the method. Nonetheless, al l ac-
curate method s agree tha t th e transitio n pressur e i s abov e th e rang e of
pressures encountered in the Earth's mantle.

There ha s als o been a  great dea l of interest in assessing the natur e of
the bondin g in MgO. The basi c question is whether MgO can be consid -
ered, i n some sense , a n "ionic" material . There ar e a  number of ways in
which suc h a  question can b e answered , al l of which focus upon one o r
more properties o f the materia l and consider ho w accurately the y can be
described usin g various limitin g models . A n ol d criterio n i s t o utiliz e a
semiempirical pair potential o f ionic form (i.e., point-charge Coulomb in-
teraction plus short-range repulsion) and evaluate the lattice energy . An-
other approac h i s to construct charg e densities b y superposition o f limit-
ing-case componen t atomi c o r ioni c charg e densitie s an d calculat e
properties for these limitin g cases. The genera l observation is that many
properties var y littl e with th e assume d inpu t charge densities . A  thir d
approach i s to calculat e accuratel y som e fundamenta l observable, suc h
as the electron density, and then examine the match between it and simple
model quantities . Ther e i s als o th e questio n o f how muc h refinement a
model can undergo without losing its essential character. For example , a
charge-density model for MgO in which the component anion charge den-
sities var y wit h thei r sit e potential s coul d reasonabl y b e describe d a s
ionic, wherea s a mode l i n which the valenc e electro n densit y i s distrib-
uted among shells, some situated along bond directions, might be reason-
ably described a s partly covalent .

We shal l consider , i n detail , studie s o f MgO lattice propertie s usin g
the potential-induce d breathin g mode l an d thre e complementar y band -
theoretical studie s of electron distribution. Earl y studies using the modi-
fied electron-ga s method (Cohen and Gordon, 1976) gave reasonably good
agreement wit h experimen t for equilibriu m stati c lattic e properties an d
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bulk modulus , an d predicte d a  B 1->B2 transition pressur e o f 25 6 GPa.
However, i n the earl y studies , the effec t o f lattice potentia l o n th e O 2

charge densit y wa s no t determine d i n a  self-consisten t way . Whe n th e
lattice potentia l wa s incorporate d self-consistentl y b y Mulhause n an d
Gordon (1981), agreement with experiment was somewhat improved. Fur-
ther improvement occurred when the effect o f lattice potential o n oxygen
self-energy wa s correctl y incorporate d (Hemle y e t al. , 1985) . Allowance
for relaxatio n o f th e O 2- io n densit y a s a  functio n o f lattice Madelun g
potential for both th e high-symmetr y lattice an d for the distorte d lattic e
arising fro m shea r motion , allowe d a n accurat e calculatio n o f both th e
bulk modulus and the elastic modulus tensor, including the failure t o sat-
isfy th e Cauch y relation, C 12 =  C 44 (Mehl et al. , 1986) . The latte r obser-
vation is very important, since departures fro m th e Cauchy relation have
traditionally been considered indicativ e of covalent (o r at least of "three-
body") forces . Th e calculation s thus established tha t an ionic-model ap-
proach t o pai r potential s could , i n fact , explai n thi s failur e wit h semi -
quantitative accuracy.

Three studie s using band-theory approaches tha t address th e question
of bonding character an d charge distribution in MgO are those of Bukow-
inski (1980) , Caus a e t al . (1986a) , an d Redinge r an d Schwar z (1981) .
Bukowinski (1980 ) an d Redinge r an d Schwar z (1981 ) performe d aug -
mented-plane-wave calculation s an d analyze d th e charg e distributio n
both by radial charge-density plots within the atomic spheres , and by in-
tegrations o f tota l charge s withi n th e spheres . Redinge r an d Schwar z
(1981) also compared th e AP W charge distributions wit h those obtaine d
through superposition of free spherical atoms or Watson sphere stabilized
ions. Th e genera l conclusio n wa s tha t Mg O is very clos e t o th e "ioni c
limit," wit h onl y a  smal l valence charg e densit y withi n the M g spher e
associated wit h the "tails " o f the O  2p functions, an d wit h ~  7  valence
electrons withi n the spher e an d ~  1  valence electro n i n the interspher e
region. However , i t wa s note d tha t suc h a  distributio n of charg e coul d
almost equally well be obtained by a superposition of free atoms in which
charge would be accumulate d on the oxygen throug h charge overlap , o r
by a  superpositio n o f fre e ion s i n whic h charge i s accumulate d o n th e
oxygen through charge transfer. Compariso n of the difference densit y for
superimposed atomic and ionic models compared t o the APW density do
show, however , tha t th e discrepancie s ar e considerabl y smalle r fo r th e
ionic-model limit . I n fact , a  properl y Watson-stabilize d O 2- io n density
reproduces th e AP W results almos t exactly . Bot h worker s not e tha t th e
effect o f lattice stabilizatio n on the anio n electron densit y is quite signif -
icant. The Hartree-Fock study of Causa et al. (1986a) discusses the elec-
tron distributio n both i n term s o f Mullike n populations an d i n term s of
electron-density distributions. The Mulliken charges indicate almost com-
plete charge transfer, and the electron-density maps at Mg and O are con-
sistent wit h a  Watson-stabilized io n model. Causa et al . (1986b ) and Pod-
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loucky and Redinger (1984) have also considered th e electron momentum
distributions in MgO as obtained by the technique of Compton scattering .
The general result is that the Compton scattering data are reasonably con -
sistent with an ionic model, bu t tha t both ioni c models and band calcula -
tions, whether APW or Hartree-Fock, underestimate th e density of slow
electrons. Suc h a n underestimatio n appear s t o b e a  correlatio n effect ,
which ca n onl y b e eliminate d usin g very high-leve l calculation s o f th e
type performed for smal l molecules lik e H2O.

The use of electron densities or interaction energies from accurate a b
initio calculations to generate pai r potentials for simulations is a powerful
approach. A  version o f this approach wa s developed fo r Mg O by Boye r
(1983). He fitted O 2- electro n densitie s from a n APW band calculation on
MgO to a  Slater-orbital basi s se t and used th e resultin g electron densit y
to calculate pai r potentials within a MEG scheme. Thes e potential s wer e
then ver y efficientl y use d withi n a  quasiharmoni c approximatio n (se e
Chapter 3) to calculate the normal-mode vibrational frequencies as a func-
tion of volume, the vibrationa l free energy and pressure, and the therma l
expansion, obtainin g result s i n reasonabl e agreemen t wit h experiment .
This approac h als o allow s calculatio n o f th e temperatur e a t whic h th e
isothermal bul k modulu s will g o to zer o (whe n the vibrationa l pressur e
exceeds the stati c pressure fo r all values of lattice constant) . Thi s critica l
temperature is , in many cases, ver y close to the melting point and , there -
fore, provides a way to estimate the melting point without considering the
free energ y o f the mel t (which would have to be treated b y a  statistical -
mechanical technique such as molecular dynamics).

4.3.2. A1 2O3 (corundum)

In contrast t o the extensive theoretical studie s described abov e for MgO,
there ha s bee n relativel y littl e theoretica l researc h o n A1 2O3. Thi s i s pri-
marily du e t o th e muc h large r an d les s symmetri c unit cel l (tw o A1 2O3
units) for thi s corundum structure material . Anothe r facto r ma y be tha t
A12O3 is not expecte d t o be quite so well described by a model involving
spherical ions , partl y becaus e o f a  smalle r electronegativit y differenc e
between th e ion s than tha t i n MgO, and partl y becaus e o f the lo w sym-
metry at the Al and O sites. This neglect is unfortunate, since A12O3 is an
important ceramic materia l an d ruby (Cr:Al2O3; corundum containing C r
as an impurity ) provides th e calibratio n material for many high-pressure
studies.

The firs t theoretica l studie s on A1 2O3 were o f electronic structur e an d
spectra. Photoelectro n studie s on A1 2O3 (Balzarott i an d Bianconi , 1976 ;
Gignac et al., 1985 ) show a two-peak O  2p valence band with a peak sep -
aration of 4-4.7 e V and an overall width of about 8.5 eV (Fig. 4.7). Cluster
calculations using the MS-SCF-A'a method (Tossell, 1975a) , and the semi-
empirical molecular-orbita l EHMO (Cirac i and Batra , 1983 ) and CND O
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(Balzarotti e t al. , 1984 ) methods, al l give orbital energies fo r A1O 6
9- clus -

ters in qualitative agreement with the experimental photoelectron densit y
of states . Th e EHM O ban d calculation s o f Cirac i an d Batr a (1983 ) also
give a  densit y of state s i n reasonable agreemen t wit h the photoelectro n
results, for both the O  2p upper valence band an d the O  2s lower valenc e
band. No significan t differenc e is seen i n the photoelectron spectr a o f the
various crystallin e and amorphou s form s o f A1 2O3. Comparison ca n als o
be mad e wit h x-ra y emission spectr a obtaine d i n the A l KB , A l L, an d
O K u region s (se e Tossell , 1975a) . Similarly , the empt y state s ca n b e
probed b y x-ra y absorptio n (Balzarott i e t al. , 1984 ) and b y electron-en -
ergy-loss spectroscopy (Gignac et al., 1985) . Comparison o f energies from
photoelectron spectr a wit h energie s an d intensitie s i n x-ra y emissio n
spectra allow s identificatio n o f th e higher-binding-energ y feature i n th e
upper valenc e ban d a s havin g substantial Al s characte r (th e 6a lg orbita l
within an A1O 6

9- cluste r model) .
Comparison o f the variou s x-ray emission and x-ray absorption spec -

tra o f A1 2O3 o n a  commo n energ y scal e an d employin g selection rule s
appropriate t o th e A1O 6

9- octahedra l cluste r yield s assignments fo r th e
features show n in Table 4.7 (from Tossell , 1975a) . The general conclusio n
is that the state s wit h Al s character li e lowest in energy, followed by th e
Al p  an d A l d  states . A  surfac e stat e wa s foun d t o li e mor e tha n
4 e V belo w th e valence-ban d minimum . EHM O calculation s o n th e
a-Al2O3(0001) surface indicate the presence of surface states involving Al
s orbital s an d A l p  orbital s perpendicula r to th e surface . However , th e
energies o f these orbital s see m t o b e strongly dependent upo n geometr y
and atomic charge . Surfac e studie s are discussed i n detail in Chapter 7 .

Table 4.7. Compariso n of relative molecular-orbital energies (AE in eV) in A12O3
obtained fro m x-ra y emission and absorptio n spectr a an d from calculation s usin g
the MS-SCF-Xa method on an A1O 6

9- cluste r (after Tossell , 1975 a)

Molecular-orbital
assignment Experimenta l AE

Al K B x-ra y emissio n spectru m
4t1u

5t1u
6ttu

Al L  x-ra y emissio n an d absorptio n
2t2g
7alg
2eg
l t 2 g 6 a l g
5a lg, 1 eg

O K a x-ra y emissio n spectr a
1t1g

- 1t
2u

lt2g-5tju

-15.6
-2.2

0

spectra
12.7
10.1
0

-3.5
-16.0

0
-4.1

Calculated AE

-15.1
-3.1

0

+ 11.4
+ 7.5

0
-2.7

-16.1

0
- 3.1
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There have been many studies of the equilibrium geometry and energy
of A1,O 3 using semiempirica l ionic models , and som e incorporatin g shel l
model distortio n o f the oxyge n anions. Earl y studie s usin g the modifie d
electron-gas mode l withou t a  self-consisten t O 2 electro n densit y (Tos-
sell, 1980 ) yielded reasonabl e agreemen t wit h experiment , bu t reveale d
systematic error s i n the A1-A 1 distances, which were much too long. Re-
cent MEG calculations incorporating potential-induce d breathin g (Cohe n
et al., 1987 ; Cohen, 1987 ) give better agreement wit h experiment. The c:a
axial ratio an d th e interna l O and Al coordinates calculate d fo r the A1 2O3
crystal stil l show substantia l error s (attribute d b y Cohen , 1987 , to defi -
ciencies i n the kinetic-energ y expression) giving A1-A1 distances tha t ar e
too long . Nonetheless , th e calculated  equatio n o f state an d elasti c con -
stants ar e i n quite good agreemen t wit h experiment (see Tabl e 4.8) . Th e
results also indicate high-pressur e lattice instabilities that are certainly of
interest t o experimentalist s usin g ruby as a  high-pressure calibrant. Fur -
ther studie s usin g the PI B metho d (wit h a number of different forms for
the input ion charge densitie s and the detail s o f the exchange-correlatio n
energy functional) confirm that a  Rh2O3(II) structure for A12O, should be-
come mos t stabl e thermodynamicall y somewhere betwee n 6  and 62 GPa
(Cynn et al., 1990) . A12O3 is currently being studied experimentally at high
pressure t o determin e whethe r th e predicte d phas e transition s actuall y
occur. A b initio  Hartree-Foc k band calculation s hav e recentl y bee n re -
ported fo r A1 2O3 (Caus a e t al. , 1987 ) at th e equilibriu m geometry wit h a
STO-3G basi s set . Th e calculated densit y of states has a  two-peak struc -
ture and approximately the width seen in the photoelectron spectra . Th e
Al an d O  Mullike n charges fro m this minimum-basis-se t calculation ar e
similar to those obtained in an x-ray diffraction stud y (Lewis et al., 1982) .

Table 4.8. Elasti c constants (in GPa) an d their pressure derivatives at zero
pressure fo r corundum (from Cohen , 1987) , calculated usin g the potential -
induced breathing model and compare d wit h experimental (expt. ) values"

C11

C12

c13
C14

c33
C44

C66
K( =  BK)
BV
Gv

G,<

Elastic co

PIB static

540
157
130

-48
455
157
191
261
264
176
163

nstants

Expt.

498
163
177

-23
502
147
168
254
255
166
161

5/SP o f elast i

PIB static

5.78
3.44
3.56
0.18
4.36
1.62
1.17
4.06
4.11
1.24
1.50

c constants

Expt.

6.17
3.28
3.65
0.13
5.00
2.24
1.45
4.32
4.28
1.64
—

"See Cohe n (1987) fo r clarificatio n o f symbol s and fo r source s o f experimenta l data .
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Charge-density difference maps from the ban d calculation (crysta l minus
superimposed fre e atoms ) clearl y sho w charg e transfer , bu t th e limite d
basis se t precludes detaile d compariso n wit h experiment.

Another feature of the charge distributio n in A12O3 that has been much
studied i s the electri c fiel d gradien t (EFG ) a t Al , whic h can b e obtaine d
from th e A l nuclear quadrupole couplin g constant (NQCC ) derived fro m
NQR o r NM R spectroscopy . Thi s propert y ha s traditionally been calcu -
lated within an ionic model, using both monopole and higher-order terms ,
and sometime s incorporatin g distortio n o f th e ion s du e t o thei r mutual
overlap. Withi n this approach th e EFG a t the Al site induces an enhance d
EFG a t th e A l nucleus throug h "antishielding, " distortio n o f the cor e p
orbitals resultin g from th e valence-regio n EFG . Thi s mode l ha s recently
been tested b y Nagel (1985c) using an MS-SCF-Xa cluster method, mod-
ified t o avoid the muffin-ti n averagin g of the charge distribution . He found
that the local contribution to the NQCC of Al was about 80% of the total ,
while the lattice sum contribution was only about 20% . The loca l contri -
bution arose mainly from charg e transfe r from O  to the Al 3s, 3p , and 3d
orbitals rathe r tha n from distortion of the Al 2p core. The overal l NQC C
calculated wa s i n good agreemen t wit h experiment. A s note d b y Nage l
(1985c), previous ionic-model studie s had also obtaine d good agreement ,
but th e earlie r studie s utilize d adjustabl e o r inaccuratel y know n antish -
ielding parameters. Th e difference densities obtained from this MS-SCF -
Xa study , as wel l as thos e fro m th e Hartree-Foc k band  calculatio n an d
experiment, sho w almos t spherica l ion s wit h no (o r weak ) charg e accu -
mulations alon g th e Al- O bonds . B y contrast to the result s fo r the EF G
at A l i n th e A1O 6

9-cluster, th e MS-SCF-X a calculatio n o f th e oxyge n
EFG from an A14O cluster calculation seem s to be qualitatively incorrect,
both i n comparison t o experimen t an d t o the Hartree-Fock ban d calcu -
lations. This illustrates the principle that metal-centered oxygen-ric h clus-
ters seem  t o give much better representation s o f bulk solids tha n th e re -
verse oxygen-centered clusters , a t least for ordinary choices o f boundary
conditions. Lewi s e t al . (1982 ) attempted t o evaluat e th e EF G a t A l di-
rectly fro m thei r x-ray-determine d charg e density , bu t conclude d tha t
only the qualitative symmetry and sig n of the EFG coul d be determined ,
not accurat e numerica l values . I n general , th e valenc e electro n densit y
and the nuclear EFGs were found to be loosely coupled, so that one prop-
erty wa s not wel l constrained b y the other . Th e density difference maps
were also found t o depend significantl y on the details o f the x-ra y refine-
ment.

The electronic structur e of Cr3+ :A12O3 has also been studied by a num-
ber o f worker s usin g density-functiona l theory . Attentio n ha s bee n fo -
cused o n the so-called R  pea k an d U band, correspondin g roughl y to the
single-electron transitions: t2g t—>t2e j. (spin flip) an d t 2g->ee (crystal field),
respectively. Experimenta l and calculate d energie s fo r thes e transitions
are give n i n Tabl e 4.9 . Shangd a e t al . (1987 ) showe d that th e calculated
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Table 4.9. Optica l absorption transition-state calculation for ruby , Cr:Al 2O3
(energies in  eV)

Transition
Experimental data
Parameter fittin g
DV-Xa calc . on isolated CrO6
Embedded cluste r CrO6
Embedded cluste r (CrAlO 6

Peak R

spin fli p t 2gt - > t 2g
1.79
1.83
1.63
2.29
2.17

Band U

crystal field t2g -> eg
2.26
2.12
2.27
2.70
2.74

Source: From Shangda e t al. , 1987.

spectrum for Cr 3 + i n an unrelaxed A1 2O3 oxygen environment exhibit s a
trigonal splittin g muc h larger than that observed experimentally. Requir -
ing octahedra l symmetr y fo r th e nearest-neighbo r oxygen s (thei r CrO 6
cluster, where the ba r signifie s an O modified by their embedding proce -
dure), an d embeddin g th e cluste r i n the potentia l fo r undistorte d A1 2O3,
gave a qualitatively correct spectrum , but the excitation energie s were in
worse agreemen t wit h experimen t tha n fo r a n isolate d CrO 6

9- cluster .
Larger cluster s wer e considered, fo r example, CrAlO 6 in which the near -
est-neighbor A l an d th e si x oxygen s ar e allowe d t o rela x an d al l thei r
electrons treated explicitly , with this cluster embedded in the A12O3 lattice
potential. This model i s in only marginally better agreemen t wit h experi-
ment. N o studie s o f Cr3+:A12O3 spectra a s a function of applied pressur e
or Cr-O distanc e hav e been published . Earlie r unpublishe d MS-SCF-Xa
studies by Tossell yielded the surprising result that the spin-flip transition
t2g t- 2 g i producin g the sharp R  peak actually decreases in energy as the
Cr-O distanc e decreases . Clearly, a study of this property usin g a method
avoiding the model potential assumption s of MS-SCF-Xa would be desir-
able.

4.3.3. SiO2 [silica polymorphs; also Si(OH)4 , S iO 4
- 4 , (SiH3)2O,

and (OH)3SiOSi(OH)3]

The sam e method s described fo r the SiF 4 molecul e i n the earlie r par t of
this chapte r ma y als o b e applie d t o Si(OH) 4, a  mode l fo r tetrahedrall y
coordinated S i i n silic a an d th e silicates . Hes s e t al . (1986 , 1987 ) have
calculated th e geometr y an d vibrationa l frequencie s o f this molecul e i n
both it s D 2d and it s equilibrium S4 symmetry geometries. A  tabulation o f
earlier SC F result s for Si(OH) 4 is given in Sauer (1989) , and the previou s
results of Sauer (1983 ) have been presented i n Table 3.2 . The equilibrium
Si-O bon d distanc e o f 1.62 9 A  calculated usin g a  Hartree-Fock-Root -
haan metho d wit h 6-31G** basis se t (and found for both D 2d and S 4 sym-
metries) i s clos e t o th e averag e valu e fo r orthosilicates ; th e calculate d
vibrational frequencies for D 2d symmetry Si(OH)4 are betwee n those ob -
served in aqueous silicate solutions , presumably containing SiO2(OH)2

2-,
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and thos e observed i n orthosilicate glasse s (e.g. , CaMgSiO 4) as shown in
Table 4.10. Of course, Si(OH) 4 is only a simple model for the silicat e spe-
cies occurring in condensed phases , an d so we can expect i t to reproduc e
at bes t onl y the averag e propertie s o f such species . Nonetheless , agree -
ment betwee n calculatio n an d experimen t fo r th e Si(OH) 4 species , al -
though slightl y poore r tha n tha t fo r SiF 4 (Hes s e t al. , 1986) , i s goo d
enough t o sugges t tha t th e basi c feature s o f the Si-O bonding ar e being
correctly reproduced . Th e Si(OH) 4 result s als o indicat e that, i n contras t
to th e usua l assumption o f rigidity for th e SiO 4

4- tetrahedra l group , th e
O-Si-O angle s are, in fact, readily deformable within the rang e o f about
103-116°, consisten t wit h experimentall y observe d value s i n olivines .
Further, th e torsiona l angle s (angle s o f the H-O-S i versu s th e O-Si- O
planes) and O-Si-O angle s are strongl y coupled (Hes s et al., 1988).

These results for Si(OH) 4 are consistent wit h the observation tha t av-
erage bond distances in solids can b e reproduced quit e well using molec-
ular cluste r model s an d a b initio  Hartree-Foc k techniques , a t leas t fo r
three- t o six-coordinat e centra l meta l atom s fro m th e firs t throug h third
rows o f th e Periodi c Table . Gibb s e t al . (1987 ) hav e show n excellen t
agreement betwee n calculated  equilibriu m bond distance s i n tetrahedra l
molecules and average experimenta l bond distances for tetrahedrally co-
ordinated meta l atoms. Fo r the third-ro w elements , th e additio n o f flexi -
ble d polarization functions wa s required to match experiment closely (in

Table 4.10. Th e Si-O bon d length s [R(Si-O)] and
vibrational frequencies calculated " using Hartree-
Fock-Roothaan (SCF) molecular-orbital method s
with differen t basi s set s and compare d with
experimental'' properties o f Si(OH) 4 i n D2d
symmetry

Basis set

STO-3G
6-3 1 G
6-3IG*

Experimental valu e
(average)

S(Si-O) (A)

1.655
1.662
1.629

1.635 (Si-O in monosilicates )

STO-3G 77 0
6-31C 60 4
6-31G* 81 6

Experimental valu e 85 4
aFrom Hess . McMi l l an , an d O'Kccff e (1986) .
bFrom Pirio u an d M c M i l l a n (1983) .

Vibrational frequency (cm ')
A1

Symmetric stretch
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agreement wit h studies b y othe r researcher s o n related gas-phas e mole -
cules). However, for central atoms from the second row, relatively mod-
est basis sets give reasonable absolut e average values and properly repro-
duced trends as a function of both central atom identity and coordinatio n
number.

Another structura l parameter o f great importanc e i n silicate mineral-
ogy is the Si-O-Si bond angle, which has a typical value around 140-150 °
but shows a range of observed values from about 120° to 180°. For the
simplest possibl e molecula r model , disiloxan e (SiH3)2O, ab initio  Har-
tree-Fock-Roothaan (SCF) calculation s wit h an STO-3G basis se t give a
minimum-energy Si-O-Si angle as noted in Chapter 3  (Table 3.2) but only
at the double £ plus polarization basis-set level are both the Si-O distance
and Si-O-Si angle reproduced correctly , as shown in Table 4.11. Indeed,
disiloxane appears t o be a very flexible molecule with a very small barrier
to linearity. The calculated equilibriu m Si-O-Si angle is even sensitive to
the detaile d values chosen fo r th e O  3d and S i 3d Gaussian orbital expo-
nents (Grigora s an d Lane , 1987) . Onl y whe n SCF-C I calculation s ar e
done ca n quantitativ e accuracy i n the Si-O-S i angl e an d the barrie r t o
linearity b e obtaine d (Koput , 1990) . However , eve n fo r mor e strongly
bent molecules , inclusion of d  polarization function s on th e oxyge n ha s
generally bee n foun d necessar y t o obtai n accurat e bon d angle s (Hehr e
et al. , 1986) . A  molecula r specie s tha t i s probabl y mor e relevan t t o
mineralogy, althoug h involvin g mor e demandin g computation , i s
(OH)3SiOSi(OH)3. This molecule has a deeper energ y minimum as a func-
tion of Si-O-Si angle and low-level calculations such as ab initio Hartree-
Fock-Roothaan calculation s wit h a n STO-3 G basi s se t fortunatel y give -
reasonable equilibrium Si-O-Si angles, a s also show n in Table 4.11. Full
optimization a t th e 6-31G * basis-set leve l als o give s accurat e bon d dis-
tances and angles. Note that no unpolarized split-valence basis-set result s
have bee n reporte d fo r (OH) 3SiOSi(OH)3 becaus e suc h studie s o n
(SiH3)2O gave poor results . Simila r methods have been applie d to a num-

Table 4.11. Hartree-Fock-Roothaa n SCF molecular-orbita l calculation s o f
Si-O-Si angle s (i n degrees) for (SiH 3)2O and (OH) 3SiOSi(OH)3

Basis se t (SiH 3)2O  (OH).,SiOSi(OH) 3

STO-3G 12 8 [fi(Si-O) =  1.6 3 A ] 13 7 [S(Si-O) fixed a t 1.6 2 A]b

DZ 18 0 —
DZ +  S i d  18 0 —
DZ +  O  d  1  45 —
DZ +  Si . O  d 15 4 (143) 13 9 [R(Si-O) =  1.615 , 1.62 3 A, opt.] '

Experimental valu e 14 4 (a-quartz)

"Ernst c t al . ( 1 9 8 1 ) an d reference s therein ; sec als o Sauer (1989) .
"Gibbs (1982) .
O.Kceffe and McMillan (1986).
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ber o f molecule s containing T-O—T  linkage s (where T  i s a  tetrahedrall y
coordinated meta l atom) , an d the y sho w minimu m energy angles , an d
variations o f energ y wit h angle , consisten t wit h th e averag e value s an d
the range s of bridging angles observed i n solids (Geisinger e t al. , 1985) .

It i s worth notin g here tha t a b initio  cluste r calculation s ca n als o b e
used t o evaluat e th e compressibilit y o r bul k modulu s of the SiO 2 poly-
morphs. A b initio  Hartree-Fock-Roothaa n calculation s o n H 6Si2O7 by
Newton e t al . (1980 ) usin g a  STO-3 G basi s se t yielde d a  valu e o f
3.97 x 1010 Pa fo r th e bul k modulus of a-quartz, i n fortuitous agreement
with th e experimenta l valu e estimated a s 3.9 3 x 1010 Pa. Usin g a 6-31G*
basis se t ( d functions o n bot h S i and O) , O'Keeff e and McMilla n (1986)
obtained a value of 5.1 x 10 10 Pa, consisten t with the usual overestimation
of force constant s a t thi s leve l o f calculation . Calculation s o n structur e
and compressibilit y for a-quartz using Hartree-Fock band theor y a t the
STO-3G basis-set level (Dovesi et al. , 1987 ) give results much like those
from th e STO-3G cluster calculation s an d will be discussed in more detail
in Chapter 7.

As discusse d i n Chapter 2 , accurate x-ray diffractio n studie s give in-
formation o n electron-densit y distribution s i n solids . Suc h studie s fo r
coesite (Geisinger et al., 1987 ) show that the difference density, or differ -
ence of total electron density and the sum of the superimposed free spher-
ical atom electron densities, shows bond-charge accumulations in reason-
able agreemen t wit h calculated electron-density distribution s for Si 4O4H8
(Fig. 4.8). However, rather than being directly along the Si-O internuclea r
vectors, th e bond-charg e peaks ar e displace d int o the interio r o f the Si—
O-Si angl e (i.e. , th e bond s ar e "bent") . Suc h ben t bon d characte r i s
shown i n th e calculation s fo r an y valu e o f th e Si-O-S i angl e (i.e. , th e
bond-charge distributio n is reasonably independen t of the angle chosen) .
At present , th e valenc e electron-densit y distributio n i s primaril y usefu l
for testing the adequacy of theoretical model s and giving some qualitative
idea of bond character . Fo r example, Hartree-Fock band calculations on
a-quartz using an STO-3G basis se t (Dovesi et al., 1987 ) show essentially
no bond-charge accumulation , in disagreement wit h the 6-31G * basis-set
cluster calculatio n result s o f Gibb s (1982) . This resul t probabl y arise s
from insufficien t basis-se t flexibility i n the band calculations. More quan-
titative interpretation of bond character from suc h electron-density maps
awaits a  fuller understandin g of the relationship of difference densitie s to
other properties , a s wil l be discussed in Chapter 7 .

Further information on the electronic structur e of SiO2 and othe r sili -
cates may be obtained fro m variou s spectroscopi c studies . A n excellent
review of the various spectra and their interpretation can be found in Gris-
com (1977) . We will consider, in turn, the photoelectron, x-ra y emission,
x-ray absorption, uv absorption, Auger, NMR, and NQR spectr a o f SiO2,
primarily i n the quart z polymorph. A discussio n o f th e spectr a o f othe r
polymorphs of SiO2 and their differences compared to quartz will be pre -
sented i n Chapter 7.



Fig. 4.8. Tota l deformatio n electro n densitie s (Ap ) in 4-membere d silicat e rings :
(a) experimenta l A p in O(3)-O(4 ) rin g o f coesite ; (b ) theoretica l A p for H 8Si4O4,
calculated usin g Hartree-Fock-Roothaan method with a 6-31G* basis set ; an d (c)
experimental A p in O(3)-O(5) rin g o f coesit e (afte r Geisinge r e t al. , 1987 ; repro -
duced wit h the publisher' s permission) .
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In photoelectron spectroscopy , th e energies required to create various
ion state s startin g fro m th e neutra l materia l ar e determine d (se e Sectio n
2.2.1). Both the energies and the intensities of the peaks in the photoelec -
tron spectru m ma y yiel d informatio n o n th e electroni c structur e o f th e
material. A s describe d i n Chapter 2 , different relative intensitie s ar e ob -
tained fro m differen t excitatio n sources . A s note d earlie r i n this chapte r
for SiF 4, calculation s a t th e Hartree-Foc k plu s MBP T leve l ca n accu -
rately reproduc e ionizatio n energies i n the uppe r valenc e region , bu t in-
ner-valence ionizatio n spectr a ar e stil l difficul t t o calculat e accurately .
Inspection o f th e x-ra y an d ultraviole t photoelectro n spectr a o f amor -
phous SiO , [Fig . 4.9 , adapte d fro m DiStefan o an d Eastma n (1971 ) by
Griscom (1977) ] shows thei r similarity to that o f gaseous SiF 4.

The SiO , spectru m ma y b e interprete d usin g either a  cluste r mode l
(e.g., SiO 4

4- )  or a band-theoretical modelforaSiO2polymorph. Th e bond
character o f th e state s generatin g th e photoelectro n spectru m feature s
may be determined from energy , symmetry, atomic function composition ,
or charge densit y within the calculation. Withi n a cluster model, it is gen-
erally easy to account for relaxation, and incorporation of correlation cor -
rections, though more difficult , i s stil l feasible. Consideratio n o f such ef-
fects i n an ab initio  way in a band-theoretical calculation is more difficul t
since, i f the hol e produce d b y photoemissio n i s localized, i t wil l disrupt
the translational periodicity of the lattice. Recently , supercell approaches ,
that is , consideratio n o f a  materia l wit h a  large r uni t cel l an d periodi c

Fig. 4.9. X-ra y photoelectro n (XPS) and ultraviole t photoelectron (UPS) spectra
of amorphou s SiO, [fro m Grisco m (1977) modifie d fro m DiStefan o an d Eastma n
(1971); reproduced with th e publisher' s permission] .
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holes, have become feasible for some materials . O n the other hand, clus -
ter calculations obviously cannot incorporat e al l of the interactions pres -
ent i n the solid . In favorable circumstances, the y can reproduce th e main
features i n the densit y of states , bu t canno t properl y giv e the breadt h o f
the features.

For simplicity , we wil l qualitatively interpre t th e photoelectro n spec -
trum of SiO2 using the MS-SCF-Xa cluster calculatio n o n SiO 4

4- (show n
in Fig . 4.10) as our interpretiv e model (Tossel l et al. , 1973b) . The feature
with the lowes t binding energy (~2 e V in Fig. 4.9 ) is then identified with
the If , orbital , which i s essentially O  2p nonbonding, an d th e featur e a t
~4 e V i s identified with \ e an d 5t 2 orbitals, whic h ar e weakl y S i p,d-O
2p TT bonding. At higher binding energies lie the 4t2 orbital (~7 eV), with
Si 3p-O 1 p CT bonding character, an d the 5a1 orbital (~10 eV), with Si 3s -
O 2p a bondin g character. I n the inner-valence region ar e the 3t 2 and 4a1
orbitals (~2 2 eV), whic h are bot h predominantl y O  2 s i n characte r bu t
with som e S i 3p o r 3 s contribution , respectively . Assessmen t o f the or -
bital type for the various peaks from band calculations (Chelikowsky and
Schluter, 1977 ) is similar ; the lowest-binding-energ y peak i s O  2 p non -

Fig. 4.10. Molecular-orbita l diagram for the SiO 4
4 - cluster from MS-SCF-X a cal -

culation (afte r Tossel l e t al. , 1973b ; reproduced wit h the publisher' s permission).
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bonding; the densit y of states maximum corresponding t o th e 4t 2 orbital
is S i 3p, O  2p bonding; the pea k corresponding t o the 5a1 is Si 3s-O 2 p cr
bonding; and the DOS maximum corresponding to the 3t2 and 4a1 orbitals
is predominantly O  2s in character. Calculated and experimental energies
are show n in Table 4.12 . There ar e relatively minor differences between
different ban d calculation s for a  given polymorph, and modes t bu t mea -
surable differences between the photoelectron spectr a of a-quartz and the
various other SiO 2 polymorphs. I n the 5a t region, both the a-quartz pho -
toelectron spectru m an d th e quart z ban d calculation s sho w a  two-pea k
structure arisin g fro m mixin g o f S i 3s-O  2 p an d S i 3p-O  2 p lik e state s
away fro m th e cente r o f the Brilloui n zone. Discrepancie s betwee n cal -
culation an d experimen t ar e actuall y larges t i n the O  2s region fo r bot h
cluster and ban d calculations , and localizatio n o f the photoelectron hol e
may increas e th e magnitud e of relaxation an d correlatio n effect s i n thi s
region, as observed i n SiF 4.

In additio n t o th e reasonabl e agreemen t o f experimenta l an d calcu -
lated photoelectro n energies , th e overal l intensit y distributio n is given
reasonably wel l b y cluste r an d ban d calculations . DVM-.X a cluste r cal -
culations (Sasak i an d Adachi , 1980a,b ) on SiO 4

4- reproduc e th e overal l
valence-region x-ra y photoelectro n spectru m intensitie s observe d i n
Li4SiO4 (whic h ar e simila r to those in SiO2), although relativ e intensities
in the upper valence region are not particularly good. The band-structure
calculations o f Chelikowsky and Schlute r (1977) give a densit y of state s
that matche s relative intensities in the photoelectro n spectru m of the up-
per valenc e region fairly well , as shown in Fig. 4.11 . Nucho and Madhu-
kar (1980) have shown that the weighting of their parametrized version of
the DOS by atomic-orbital photoelectro n cross sections causes only slight
modifications i n photoelectron intensities . Similar densities o f states ar e
found i n the Hartree-Fock band calculations of Dovesi e t al. (1987).

The overall conclusion from thes e studies shoul d be that, although the
basic features of the photoelectron energie s and intensities of SiO2 can be
explained by either molecular-cluster or band calculations, th e quality of
agreement wit h experimen t is clearly inferior t o tha t fo r SiF 4. Whil e this
may wel l be du e t o deficiencies i n the method s so far applied to SiO 2, it

Table 4.12. Feature s in the electroni c density of states for SiO 2. The energies
are i n eV and th e valence-band maximu m is referenced t o zero

Feature

Nonbonding oxygen 2p
Bonding oxygen 2p-silicon 3 p
Oxygen 2p-silicon 3.s
Oxygen 2 s

Experimental valu e

-2.5
-6.5

-10.0
-20.5

Theoretical value
(LDA pseudopotential )

-2.5
-7.0

-12.0
-25.5

Source: From Chel ikowsk y an d Schluter , 1977 .
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Fig. 4.11. Theoretica l densit y of state s o f a-quartz fro m a b initio  LDA pseudo -
potential calculations compared to experimental x-ray and uv photoelectron spec -
tra (afte r Chelikowsk y and Schluter , 1977 ; reproduced wit h the publisher' s per-
mission).

may als o involv e some differenc e i n the physic s o f the photoionizatio n
process i n solids versus molecules .

Additional informatio n o n electronic structur e ma y be obtained fro m
the x-ray emission spectra o f the SiO2 polymorphs. As explained in Chap-
ter 2 , x-ray emission spectra obe y rathe r stric t selectio n rules , an d their
intensities can therefore give information on the symmetry (atomic or mo-
lecular) of the valence state s involve d in the transition . In order to draw
a correspondenc e betwee n th e variou s x-ra y emissio n spectr a an d th e
photoelectron spectrum , th e bindin g energie s o f cor e orbital s mus t b e
measured. In Fig. 4.12 (Fischer e t al., 1977) , the x-ray photoelectron an d
x-ray emission spectra of a-quartz are aligned on a common energy scale .
All thre e x-ra y emissio n spectr a ma y b e readil y interprete d withi n th e
SiO4

4- cluste r model . Indeed , th e S i x-ray emissio n spectr a o f silicate s
are al l similar to those o f SiO2, no matter what thei r degree of polymeri -
zation. Som e difference s in detail exis t betwee n the spectr a o f a-quart z
and other well-studie d silicates, suc h as olivine, and such differences will
be discussed later .

The O  Ka . x-ray emissio n spectru m show s transition s fro m th e O  I s
core int o valence-band state s wit h significant O 2p character. Th e maxi -
mum i n the O  Ka x-ra y emission spectru m ca n be identified wit h the It 1
O 2p nonbonding orbital, while three additional features at higher binding
energy can be identified with the (Ie,5t2), 4t 2, and 5a1 orbitals. The 4t2 and
5a} orbital s ar e expecte d t o hav e significan t S i contributions , whic h is
consistent wit h thei r hig h intensit y in the S i x-ray emission spectra l se -
ries, thus reducing their O  Ka intensities . Nonetheless, there has been no
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Fig. 4.12. Compariso n o f th e x-ra y photoelec -
tron spectru m o f a-quart z wit h the x-ra y emis -
sion spectr a (afte r Fische r e t al. , 1977 ; repro -
duced wit h the publisher' s permission).

accurate calculation o f O  Ka intensitie s incorporating localizatio n o r re-
laxation effects . The band calculations o f the 0 Ka x-ra y emission spectra
of SiO 2 giv e qualitativel y correc t result s bu t significantl y underestimate
the intensit y variation betwee n th e differen t peaks . I t i s important i n ob-
taining a complete representatio n o f the x-ray emission spectr a to include
at least the complete SiO4 cluster. Previous studie s using Si2O were unabl e
to reproduce th e complete valenc e region, giving essentially a two-feature
spectrum fro m the O  2p nonbonding an d th e S i 3s,p-O 2p bonding orbit-
als, rather tha n the four features foun d in the experimenta l O  Ka o f SiO2
(Gilbert e t al. , 1973) . The S i KB spectrum arise s throug h transitions from
the valence-ban d state s with Si p characte r t o the S i l s core . The main Si
KB pea k arise s fro m th e 4t 2 orbital , wit h significan t S i 3p-O 2 p bonding
character, whil e it s low-binding-energ y shoulde r come s fro m th e 5t 2 or -
bital. A n additional pea k a t higher binding energy come s fro m the 3t 2 or-
bital, o f predominantly O  2s character wit h som e S i 3p admixture. Inter -
pretation o f the S i L x-ra y emission spectru m i s somewha t les s certain .
A two-pea k structur e i s observed a t lo w binding energy , consisten t wit h
contributions from th e (l e,5t2) an d 5a1 orbital sets . A  small blip that ma y
occur between the m can be associated wit h the 4t2 orbital. The 4a1 orbital
gives a Si L feature at considerably higher binding energy. Calculated and
experimental x-ra y emissio n energie s base d o n thes e assignment s ar e
given i n Table 4.13.
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Table 4.13(a). S i KB and L2,3 spectral result s for quartz from experimenta l data
and SiO 4

4- ground-stat e eigenvalue differences (calculated by the MS-SCF-A' a
method); energies i n eV (fro m Tossell , 1975b) . Also shown are energy
separations fro m x-ra y photoelectron spectr a

Assignment

Si K B

Si L2,3

3t2->
4t2 ->
5t3 ->
4a1->
5a1->
4t2->
1e,5t2

Si l s
Si l s
Si I s
Si 2 p
Si2p
S\2p
-> S i 2 p

Expt. AE

-13.7
0
2.9

-13.0
0
3.3
5.5

Calc. AE

-11.3
0
2.2

-10.1
0
4.2
5.7,6.4

AE from XP S

-13.7
0
2.8

not resolve d
0

= 3.0
=5.8

Table 4.13(b). O  Kot spectral results for quart z from experimenta l data an d
SiO4

4- ground-stat e eigenvalue differences calculated b y the MS-SCF-X a
method; energies in eV (fro m Tossell , 1975b) . Also show n are energ y
separations fro m x-ra y photoelectron spectr a

Assignment

4t2 -> O ls
l e,5t2-->O ls
It1-> O1s

Expt. AE

0
3.0
4.8

Calc. AE

0
1 . 6 , 2 . 2
2.7

AE from XPS

0
2.8
4.8

Although th e S i L  pea k energetic s ar e easil y explaine d wit h thi s
model, the hig h intensity of the lowest-binding-energ y peak, presumabl y
from th e (1e,5t 2) orbita l set , i s difficul t t o reconcil e wit h the smal l per -
centage contributio n of S i 3 d characte r i n thes e orbitals . Local-densit y
calculations performe d o n th e isoelectroni c anion s PO 4

3 -and C1O 4
- b y

Tossell (1980c ) and by Dietz (1983 ) have established that relativ e intensi-
ties in good agreemen t wit h experiment can b e obtaine d i f the transition
moments ar e accurately calculate d usin g a flexible representation o f the
central atom 3d function, accounting for the effec t o f the core hole on the
valence orbital s usin g the transition-stat e metho d an d includin g the so -
called "cros s transitions " involvin g the oxyge n component s o f the val -
ence orbitals , as shown in Table 4.14. Thus, the high intensity of the low-
binding-energy S i L pea k in SiO 4

4- doe s arise , at leas t partly , from S i 3d
participation, bu t a smal l percentage S i 3d participation ha s a  dispropor-
tionate effec t o n th e intensity . Another interesting result o f these calcu -
lations i s th e appreciabl e intensit y fro m th e 4t 2 an d 3t 2 orbitals , whic h
have n o S i 3 s an d negligibl e S i 3 d character . Contribution s fro m thes e
orbitals shoul d be apparen t a t high resolution i n the S i L x-ray emissio n
spectrum.

Information on electronic structur e is also present i n the x-ray absorp-
tion spectrum, as has been previously discussed for SiF4. Based on results
for th e SiF 4 molecul e as a n isoelectroni c analog , an d upo n th e SiO 4

4-

molecular-orbital diagram, we expect to fin d feature s belo w the core ion-
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Table 4.14. Variatio n of relative Cl x-ray emission spectra intensities fro m
different calculation s on C1O 4

- .  Intensitie s are given relative to that for the 5a ,
—> C l 2 p transitio n

Localized Cl 2p hole

Orbital

\e
4t2

5a1

4a1

Pop. ratio x
(AE/AE2a1)

0.15
0.31
1.0
2.36

Ground state

0.91
2.29
1.0
1.98

XES transition
state

1.25
2.58
1.0
2.50

Delocalized Cl 2p hole
XES transition state

1.68
2.60
1.0
2.57

Source: From Tossell, 1980a .

ization potentia l correspondin g t o excitatio n t o unoccupie d a 1 and t 2 or-
bitals, an d tw o resonance s i n the continuum , corresponding t o e  and t 2
symmetries. Qualitatively , exactl y such spectra are observed for SiO2 and
silicates as well as for other tetrahedra l oxyanion s suc h as PO4

3-, SO 4
2 - ,

and ClO 4
- (Bianconi , 1988).

In Fig . 4.1 3 (from Griscom , 1977) , the x-ra y emission and absorptio n
spectra o f SiO 2 ar e show n o n a  commo n scale . Al l th e abov e feature s
appear i n the S i L x-ray absorption spectrum , which by symmetry should
sample a 1, e , and t2 unoccupied states. I n previous work (Tossell, 1975b),
the lowest-energy Si L x-ray absorption peak was assigned to the t2 orbital
and the more intense peak about 2  eV higher to the a1, on the basis of the
ground-state eigenvalu e spectru m o f SiO 4

4-. Thi s ignore d th e effec t o f
core-hole creation , whic h i s found t o lowe r th e a 1 significantl y with re-
spect t o th e t 2 (as show n in Tossel l an d Davenport , 1984 ; compare thei r
Fig. 1  and Table 1) . It now appears mor e probable tha t the lowest-energy
Si L x-ra y absorption peak arises from excitatio n to the a1 orbital in SiF4.
Features appea r in the S i Kfi x-ra y absorption spectru m from th e t 2 orbit-
als, an d ther e i s a n additiona l pea k i n th e positio n expecte d fo r th e e
resonance. Althoug h such a feature may arise fro m th e reduction of sym-
metry at the real crystallographic Si site, it may also be due to intrachan-
nel couplin g in th e continuum , as previousl y discusse d fo r SiF 4. Thus ,
although suc h feature s ma y contai n informatio n on sit e distortion , on e
must conside r othe r possibl e contribution s to thei r intensity, such as in-
terchannel couplin g and magnetic quadrupol e transitions . Fo r th e O  K a
x-ray absorptio n spectrum , th e interpretatio n i s les s straightforward . A
major pea k i s observed abou t a t th e positio n o f the boun d t 2 orbital ob -
served i n the S i L x-ra y absorptio n spectrum , an d a  t 2 continuum pea k
appears abou t 3 0 eV abov e th e O  1s ionization potential . However , th e
spectrum is broad, an d i t is not clea r whether th e SiO 4

4- uni t is of suffi -
cient siz e t o describ e th e delocalize d state s involve d in th e continuu m
resonances. Multiple-scatterin g calculation s by Stizz a et al . (1987 ) o n a
Si,O7 cluste r sho w a substantia l effect o f the Si-O-Si angl e variation on
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Fig. 4.13. X-ray emissio n and absorptio n spectr a of SiO2. Dashed curv e in (b) is
for a-quartz ; other curves are for amorphous SiO2. Vertical lines indicate the con-
duction-band and valence-band edges. Numbers refer t o original data sources —
see Griscom (1977) for further details (after Griscom, 1977; reproduced with the
publisher's permission).

the peak about 25 eV above the O  1s ionization potential, suggestin g that
the x-ray absorption spectru m can give some information on the Si-O-Si
angle.

Some additiona l informatio n o n electroni c structur e i s availabl e
through the Auger spectra of SiO2 (Rarnaker et al., 1979) . Through the use
of experimenta l value s fo r valence-orbita l bindin g energies , calculate d
valence-orbital compositions , an d fitte d value s fo r relaxatio n energie s
(which caus e th e Auge r energ y t o diffe r fro m th e differenc e o f orbita l
binding energies by a systematic amount), the various Auger spectra ca n
be calculated . Bot h energie s an d intensitie s ar e reasonabl y wel l repro -
duced. The Si LVV Auge r spectrum of SiO2 shown in Fig. 4.14 is actually
somewhat simple r than that o f SiF 4 (Rye and Houston , 1983) , which ap-
parently show s tw o differen t value s of relaxation energ y correspondin g
to two different type s of hole localization .

The experimental uv spectra of SiO2, as shown in Fig. 4.15, have been
known accurately for som e time (Philipp, 1971). Little difference i s see n
between th e spectr a o f crystalline quartz and fuse d quartz . In fact , th e
same features are seen in the uv spectr a of Na2O:CaO:SiO2 glass (Ellis et
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Fig. 4.14. Auge r electron spectr a o f SiO2. (a ) Comparison o f experimental (soli d
line) S i LVV Auge r spectrum with that calculated (dashe d line) ; (b) major Auger
transitions arising from individua l molecula r orbitals (afte r Ramaker e t al. , 1979 ;
reproduced wit h the publisher' s permission).

al., 1979) . A  larg e numbe r o f differen t assignment s hav e bee n give n fo r
the quart z u v spectrum , a s discusse d i n detai l b y Grisco m (1977) . Th e
most recen t semiempirica l band-theoretica l studie s (Laughlin , 1980 ) in-
dicate tha t al l four u v peak s (a t 10.2 , 11.7 , 14.3, and 17. 2 eV) shoul d be
interpreted a s "excitons " (i.e. , localized excitations ) fro m maxim a in the
upper-valence-region densit y o f state s t o a  singl e fina l stat e lyin g belo w
the vacuu m threshold , bu t thi s i s stil l a  poin t o f debate . Th e ide a o f a
single final state for the uv transitions has been favored b y many workers
(see Nithiananda m an d Schnatterly , 1988 , an d discussio n i n Griscom ,
1977). Withi n th e SiO 4

4- cluste r model , calculate d excitatio n energie s
from occupie d valence orbitals to th e t 2 symmetry empty orbital are con-
sistent with experimental uv spectra l energies , a s show n in Table 4.15.

29Si an d I9 O NM R spectroscopie s hav e recentl y bee n employe d t o
study th e loca l geometri c an d electroni c structur e in SiO 2 and othe r sili -



Fig. 4.15. u v reflectance spectr a o f crystalline an d fused quartz . Reflectivity val-
ues fo r fused quart z hav e bee n reduce d b y 5 % to separat e spectra (after Philipp ,
1971; reproduced wit h the publisher' s permission) .

Table 4.15. u v spectra l result s fo r SiO 2, showing assigned molecular-orbita l
transition, energy separatio n (AE ) from ultraviole t (uv ) and x-ra y emissio n
spectra, an d calculated energ y separation ; energie s i n eV

MO
transition

It1 -> 6t2

5t2
, le-> 6t2

4t2 -> 6t2
5a1 -> 6t2

Experimental uv A E

10.2
11.7
14.3
17.2

\E fro m XES

9.8
11.8
14.0
17.3

Calculated

10.2
11.1, 11 .
13.3
17.5

AE

5

Source: F rom Tossell. 1975b.
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cates. Direc t a b initio  calculation s o f the NM R shieldin g requires Har-
tree-Fock perturbation theory, preferably in its self-consistent or coupled
form (CHFPT ; Lipscomb , 1986 ; Ditchfield, 1974 ) and ver y larg e basi s
sets. Althoug h CNDO level theories have been applied i n the past (Wolf f
and Radeglia , 1980 ) and continue to be applied t o the presen t (Malkin et
al., 1988) , suc h methods require extensive parametrization, and the phys-
ics of the phenomena is therefore obscured. Ab initio  calculations for the
simplest model of SiO2 having correct first and second coordination shells
about th e centra l ato m [e.g. , Si(OSiH 3)4] have not yet been done. How-
ever, couple d Hartree-Foc k calculation s ar e feasibl e fo r SiF 4, SiO 4

4-,
(SiH3)2O, H3SiO7H3, where J=A1 or P, and (H2Si)nOn, where n = 2-4, and
such model system calculations allow us to study a number of important
trends i n the S i and O  NMR shieldin g (0si and 0° ) an d th e electric-fiel d
gradient at oxygen (q°) as a function o f nearest-neighbor identity , degree
of polymerization, ring size, Si-O distance, and Si-O-Si angle.

NMR shieldin g calculations on isoelectronic SiF 4 and SiO 4
4- (Tossel l

and Lazzeretti , 1986 ) give a  difference i n 0 si consisten t wit h the experi -
mental data fo r gaseous SiF 4 and th e SiO 4

4- anio n withi n orthosilicates .
The lowe r valu e of cr si i n SiO 4

4- (calculated difference ~43 ppm, versus
experimental difference ~40) can be attributed to the larger amount of Si
character i n the Si-O t2 symmetry bonding orbital an d th e consequently
larger magnitude for cr p. Recent calculation s on Si(OH) 4, a t it s optimum
S4 geometry , give a 0 si valu e that differ s fro m tha t fo r SiO 4

4- b y onl y a
few ppm ; so Si(OH) 4 and SiO 4

4- see m t o be model s o f equivalent accu -
racy fo r describin g th e S i NM R shielding s o f orthosilicate s (Tossell ,
1991). Analysi s o f changes in 0Si with <Si-O-H in Si(OH)4 also allows a
connection to be made between th e orbita l energy approach t o shielding
trends developed by Tossell (1984) and the Si-O bond-polarization model
recently developed by Sternberg (1988). The calculated absolute Si shield-
ing o f 556 ppm i n SiF 4 i s in reasonable agreemen t wit h the accurat e ex -
perimental value of 482 ± 10 ppm (Jameson and Jameson, 1988) , although
distributed origin CHFPT methods like that of Fleischer e t al. (1987) give
more accurate absolut e values (e.g., 488 ppm for SiF4).

Increases i n 0Si with increased coordinatio n number for F (Tossell and
Lazzeretti, 1986 ) and O  (Tossell , 1989 ) can als o b e accuratel y obtaine d
from CHFP T calculations o n molecular clusters suc h as SiO 3

2- ,  SiO 4
4-,

and SiO 5
6-. Fo r example , th e calculate d increas e i n a si betwee n SiO4

4-

and SiO 5
6 - is 7 7 ppm, while the experimenta l difference between unpo-

lymerized SiO 4
4- an d a  specie s identifie d as SiO 5

6- a t hig h pressure i n
silicate glasses i s about 7 5 ppm (Stebbin s an d McMillan , 1989). This in-
crease in shielding with coordination number can be understood in terms
of a sligh t increase i n the diamagneti c shielding with increased coordina -
tion numbe r and a  substantia l decrease i n the magnitud e of crp due t o de -
creased Si-O mixing in the a-bonding orbitals.

Analysis o f the effec t o f polymerization o f the SiO 4
4- group s is more
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difficult, sinc e th e onl y computationally feasibl e model s ar e H 3SiO o r
H3SiOH versus H3SiOSiH3. H3SiOSiH3 is indeed calculated to  be shielded
by ~1 9 pp m wit h respec t t o H 3SiO~ (Tossel l an d Lazzeretti , 1988a) ,
which is near to the typical difference betwee n orthosilicate s an d sorosil -
icates (Magi et al., 1984). Calculations for (SiH3)2O at a series o f Si-O-Si
angles (holdin g the Si-O distance constant ) als o reproduc e th e experi -
mentally observed decrease i n 0si as the Si-O-Si angle decreases (Engel -
hardt and Radeglia, 1984), as shown in Fig. 4.16. A simple orbital inter-
pretation o f the decrease i n asi as the Si-O-Si angle decreases i s that th e
Si-O 0-bondin g orbita l i s destabilize d a s th e angl e narrows , s o tha t it s
separation fro m th e unoccupie d orbital s decreases . Th e consequenc e i s
that the magnitud e of the cr p contribution from thi s orbital increases , thu s
reducing CT overall. Thi s interpretatio n focuse s upo n th e dominan t
changes i n o- p and attribute s the m mainl y t o change s i n orbita l energ y
differences, as  in the origina l qualitative interpretation of  Tossell (1984a)
for th e 0 S| differenc e betwee n orthosilicate s an d tektosilicates . I n tha t
work, excitatio n energie s fro m occupie d t o unoccupie d state s wer e ob -
tained from experimenta l spectral dat a rathe r than from calculations .

NMR shielding s at th e oxyge n ca n als o b e obtained fo r minera l sys-
tems an d ar e calculate d t o sho w th e sam e angula r trend s a s fo r silico n
(Tossell an d Lazzeretti , 1988a) . However , 17 O i s a  quadrupola r nuclid e
(i.e., wit h a  nonzer o quadrupol e moment) , an d it s nuclea r quadrupol e
coupling constant is thus an easier to measure quantity and, probably, one
of mor e interest . Whe n fe w dat a o n th e I7 O NM R o f silicate s existed ,
Janes and Oldfield (1986) noted that different bondin g models for silicate s
predicted differen t dependence of q° upon Si-O-S i angle . In particular,

Fig. 4.16. Experimental chemica l shif t 8 si and calculated change in NMR shield -
ing Arr si a s a  functio n o f Si-O-S i angl e «.Si-O-Si) ; experimenta l correlatio n
shown a s crosses , tren d i n calculated value s show n a s circle s an d reference d t o
experimental valu e a t <Si-O-Si = 140° . (after Tossel l an d Lazzeretti , 1988a ; re -
produced wit h the publisher' s permission).
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for a  a-bonding-only model , q ° shoul d decrease as the Si-O-Si angle de-
creases, while for a IT overlap model, it should increase. However, for Si-
O-Si angle s fro m 180 ° to 120 ° in (SiH 3)2O, in calculation s wit h d  polari -
zation function s o n bot h S i an d O , an d fo r simila r calculation s o n
(H2Si),,On, with energy-optimized Si-O-Si angles (Tossell and Lazzeretti ,
1988a; Tossell , 1990b) , it is clear tha t q ° invariabl y decreases a s the Si -
O-Si angl e decreases (Fig. 4.17) , in clear disagreement with the T T overlap
model as developed by Janes an d Oldfiel d (1986 ) but qualitatively consis-
tent wit h their constan t overlap model . The value of the nuclear quadru-
pole couplin g constant a t th e oxyge n calculated fo r a n Si-O distance =
1.607 A  an d Si-O-S i angl e =  144 ° by Tossel l an d Lazzerett i (1988a ) i s
about 5.3 MHz, in good agreement with the value obtained for amorphous
SiO2 by Geissberger and Bray (1983). Given the calculated dependenc e of
q° on Si-O-Si angle, one could determine the distribution of Si-O-Si an-
gles from the distributio n of oxygen NQCC values.

The question o f the dependenc e o f cr Sl o r other quantitie s upon Si-O -
Si angle is a very important one, since this angle is such a significant local
structural paramete r i n both crystallin e and amorphou s SiO 2. A number
of different correlation s o f o-si and Si-O-Si angle have appeared (Coomb s
et al., 1985; Pettifer et al., 1988, being some of the most recent). For
example, differen t assumption s fo r th e relationshi p between <r Sl an d Si -
O-Si angl e lea d t o differen t interpretation s of the Si-O-S i angl e distri -
bution i n amorphou s SiO 2, as shown in Fig. 4.18 (from Pettifer et al.,
1988). In all cases, however, we believe that both bond distance and angle
must be considere d i n evaluating 0si. We therefore fee l tha t th e bes t cal-
culated dependenc e o f 0 si o n Si-O-S i angl e i s tha t obtaine d fo r th e
(H2Si)nOn , where n = 2-4, series, with results shown in Table 4.16.

The overal l conclusio n fro m ou r discussio n of crystalline SiO 2 is that

Fig. 4.17. Rati o o f calculate d q 0 a t a  give n Si-O-S i angl e (<Si-O-Si ) t o q ° a t
<Si-O-Si=180- versu s <Si-O-S i compare d wit h cos(<Si-O-Si ) (afte r Tossel l
and Lazzeretti , 1988a ; reproduce d wit h th e publisher' s permission) .
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Fig. 4.18. Si-O-Si bon d angl e (<Si-O-Si; here labele d a ) distribution s deduced
for SiO, glass using various models for 8s' versus <Si-O-Si . (a ) Linear model , (b)
point-charge model , (c ) secan t model , an d (d ) x-ra y resul t (afte r Pettife r e t al.,
1988; reproduce d wit h the publisher' s permission).

the averag e structura l parameters (i.e. , Si-O distances an d Si-O-Si an-
gles) ca n no w be calculate d wit h error s of a few hundredths of an ang-
strom and a few degrees, respectively. No systematic attempts have been
made to calculat e difference s in structura l parameters betwee n differen t
structure types at the ab initio  level for the tetrahedrally coordinated po -
ly morphs, although some suc h studie s have been performed using modi-
fied electron-ga s methods and, for polymorphs with other S i coordination
numbers, usin g band-theoretica l methods . Furthe r discussio n o f thes e
calculations wil l be presented in Chapter 7. Those spectra l properties in-
volving the occupied orbitals of SiO, (e.g. , photoelectron an d x-ray emis-
sion spectra) can be considered reasonably well understood, although cal-
culated energie s an d (particularly ) intensitie s ar e stil l no t particularl y
accurate. Propertie s involvin g empty orbitals (e.g., x-ray absorption and

Table 4.16. Calculate d 29 Si NM R
shielding constants for H 2Si(OH)2 and th e
oligomers (H 2Si),,On, n  =  2- 4

0
si (ppm )

H2Si(OH)2
H4Si2O, (<Si-O-S i
H,,Si,O, «Si-O-Si
H6Si4O4 «Si-O-Si

= 90°)
= 133°)
= 160°)

469
472
526
541

Source: From Tosscll , 1990b .
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uv spectra) are not yet well understood; i n particular, assignment s are stil l
in doub t in many cases. NM R propertie s see m t o b e wel l understood i n
principle, bu t calculation s o n mode l system s o f adequate siz e remai n a
daunting task .

4.4. Transition-metal oxides

The transition-meta l oxide s ar e a  particularl y importan t grou p o f com -
pounds in terms o f their interes t t o mineralogists , geochemists , an d ma -
terials scientists .

The partiall y fille d d-shell  responsibl e fo r th e distinctiv e propertie s
(particularly optical an d magnetic properties) o f these phases also makes
them an interesting and challenging group for which to develop electronic -
structure models . W e begin b y considerin g th e titaniu m oxide s an d th e
manganese oxides , usin g the m t o compar e crystal-field , molecular-or -
bital, and band-structure approaches. The iron oxides are then considere d
in detai l befor e som e genera l comment s ar e mad e o n molecular-orbita l
and band-theor y model s fo r transition-meta l oxide s a s a  whole , an d a
brief discussio n o f som e comple x oxide s containin g transitio n metal s i s
given.

4.4.1. Titanium  oxides

Titanium is commonly found in nature as the TiO2 polymorph rutile , con -
taining the Ti 4+ catio n i n octahedra l coordination . Althoug h rutile is te-
tragonal, th e distortio n o f the coordinatio n polyhedr a i s smal l (two Ti- O
distances ar e 1.98 8 A, fou r ar e 1.94 4 A; Grant, 1959) . The Ti 4+ catio n in
octahedral coordinatio n i s th e mos t commo n naturall y occurrin g for m
(also found in more comple x oxides an d silicates) , although the Ti 3+ spe -
cies does also occur, sometime s in fourfold coordination .

The Ti 3 + ion, wit h it s singl e d  electron , offer s th e simples t exampl e
that ca n b e treate d usin g crystal- (o r ligand-) field theory . I t ma y b e re -
called tha t i n an octahedra l environmen t th e d  orbitals o f Ti are spli t b y
the crysta l field o f surrounding O 2- ion s into t2g and e g sets (Fig. 4.19) and
the singl e d electron i n the ground state occupie s one of the t 2g levels, the
energy separatin g t 2g an d e g set s bein g A , th e crystal-fiel d splittin g pa -
rameter. A n energy-leve l diagram o f the typ e show n in Fig. 4.2 0 can b e
constructed t o sho w the variatio n o f orbital energie s wit h A, the applie d
crystal (o r ligand) field. Onl y one transition is expected whe n the d  elec-
tron goe s fro m a  t 2g orbita l (th e groun d state ) t o a n e g orbital . Suc h a
transition i s observe d i n the solutio n specie s Ti(H 2O)6

3 + , in whic h Ti 3 +

ions ar e i n sixfol d coordination , whic h exhibits a viole t colo r du e to ab -
sorption o f ligh t a t 50 0 nm resultin g fro m thi s transition . Recen t HF-C I
studies on Ti(OH) 2)6

3+ (Tachikaw a et al., 1990) have established that there
is a  sligh t D 3d symmetr y distortio n i n the equilibriu m geometr y and tha t
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Fig. 4.19. Energ y level s o f the five d orbital s of a transition-metal io n in different
environments (afte r Bloss , 1971 ; reproduced with the publisher' s permission) .

the shoulde r observe d nea r 57 0 nm probabl y arise s fro m a  Jahn-Telle r
distortion in the excited E g' symmetr y state.

Molecular-orbital cluste r calculation s hav e bee n performe d o n Ti 3+

and Ti 4+ i n regular octahedral coordinatio n with oxygen (Loeffle r e t al. ,
1974; Tossell et al. , 1974) . Calculations usin g the MS-SCF-Xa metho d on
the TiO 6

8 cluste r yiel d th e energy-leve l diagra m show n i n Fig . 4.21 ,
which shows both the molecular orbitals labeled  according to the irreduc-
ible representation s o f the O h symmetry group an d th e energ y level s of

Fig. 4.20. Crystal-field-theor y energy-level diagram for a  d1 ion (after Orgel , 1966 ;
reproduced wit h the publisher' s permission).
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Fig. 4.21. Molecular-orbital diagra m fo r a  TiO 6
8- cluste r (Ti- O distance =  1.965

A) calculate d usin g the MS-SCF-X a method ; th e highes t occupie d orbita l i s th e
ltle (after Tossel l e t al., 1974; reproduced wit h the publisher' s permission) .

the fre e atoms . I n thi s an d othe r transition-meta l oxid e octahedra l clus -
ters, the molecular orbitals fall into five sets distinguishable by their ener-
gies an d b y the spatia l distribution o f electron density . Th e orbital s wit h
eigenvalues aroun d —2 2 eV (5a lg, 4tiu, leg) are essentially O 2s nonbond-
ing orbital s wit h a  sligh t meta l orbita l admixture . Th e mai n bondin g or -
bitals of the syste m (5t l u , 6a lg, l t2g ,  and 2e g) possess appreciable meta l an d
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oxygen character . Th e l t2u ,  6t lu, an d lr l g orbital s ar e al l primarily O 2p
nonbonding orbital s wit h relatively little metal character . Th e l t l g i s th e
highest-energy fille d orbital . Th e tw o lowest-energ y empt y orbital s ar e
the 2t 2g an d 3e g "crystal-field" orbitals , whic h have bot h T i 3d and O  2p
character. Th e empt y orbital s tha t for m th e "conduction-band " level s
(7a,g and 7t lu) ar e diffus e Ti- O antibondin g orbitals.

The result s o f the calculation s o n th e TiO 6
8- cluste r were compare d

by Tossel l e t al . (1974 ) with the experimentall y determined x-ra y and uv
photoelectron, optical absorption, and uv reflectivity, an d x-ray emission
and absorption spectr a o f rutile. The experimenta l and calculated value s
are shown in Tables 4.17, 4.18, and 4.19, and, in all cases, th e agreemen t
between calculation and experiment is relatively good. In the cas e of the
photoelectron spectra (Table 4.17), uncertainties in the absolute values of
photoelectron binding energies due to charging and reference-level effect s
were avoided by setting the energ y o f the lf, g orbital equa l to that o f the
lowest-binding-energy photoelectro n peak , an d adjustin g othe r orbita l
energies accordingly. The optica l absorptio n spectru m show s an absorp -
tion edge at 3.03 eV (Cronemeyer, 1952) that arises from a  ligand —> metal
charge-transfer transition, specifically the lt lg —> 2t2g transition from a n O
2p nonbondin g orbital —> Ti 3d type orbita l accordin g t o th e calculation s
(Fig. 4.21 , Table 4.18) . The u v reflectivit y spectr a (Tabl e 4.18 ) and th e
x-ray emission and absorption spectr a (Table 4.19) provide a great deal of
information o n th e relativ e energie s o f th e fiv e mai n set s o f molecula r
orbitals show n in Fig. 4.21 . Assignments of all features are show n in the
tables and are discussed in more detail by Tossell et al . (1974).

The MS-SCF-^a calculatio n for the TiO 6
9- cluster , correspondin g t o

Ti3+ ion s octahedrally coordinated t o O2 - , yielded molecular-orbita l en-

Table 4.17. Experimenta l and calculated uv and x-ra y photoelectron spectra of
rutile (energies  i n eV )

Experimental
peak label

Experimental
relative E"

Calculated
relative E

MO
assignment

uv photoelectro n spectrum

02p
O 2s b

X-ray photoelectron
O2p
02s

0
-2.2
-4.8

spectrum
~5 e V wide

~-16eV e

0
-1.5
-4.6

5.4 eV wid e
13.9 e V

6t1u ,
1t

2
1t2g,6a

1t1g-

leg,4t11

u,2eg

I g , 5 tl u

5tlu

u,5a1g

"Experimental u v data from Derbenwic k (1970) ; experimental x-ra y dat a from Hufne r an d Werthei m
(1973).
bAs show n b y Fische r (1972) , thi s labelin g i s definitely erroneous .
cRelative E  take n wi t h respec t t o cente r o f O  2 p pea k (experimental ) o r t o cente r o f valenc e regio n
(calculated).
Source: Afte r Tossel l e t al. , 1974 .

1t1g
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Table 4.18. Experimenta l and calculated optical spectra of rutile
(energies in  eV)

ergy level s ver y simila r to those described abov e fo r TiO6
8 -Loeffler e t

al., 1974) . The singl e 3d electron o f Ti3+ occupie s a  2t 2g level , producin g
a crystal-field transition to the 3eg level at energies around 2.4 eV in oxide
environments (Burn s an d Huggins , 1973) . Th e lowest-energy , full y al -
lowed oxygen —> Ti3+ transition s ar e calculated t o occur a t 5.1 eV ( 6 t t u

- > -
2t2g) an d 5. 7 e V (1t 2u — > 2t2g) an d t o lea d t o intens e absorptio n wel l into
the ultraviole t regio n o f the spectrum .

Band-structure model s an d calculation s o f variou s type s hav e bee n
applied t o th e oxides o f titanium. The qualitative one-electron mode l fo r
rutile proposed by Goodenough (1971) , as show n in Fig. 4.22 , clearly re -
lates i n a simpl e way to the molecular-orbita l diagra m o f Fig. 4.21 . No w
the overlap betwee n s  and p orbital s o n Ti4+ an d O 2- i s shown as giving
rise t o fille d an d empt y bondin g an d antibondin g bands . Th e empt y d
orbitals o f Ti4+ ar e show n here a s split , not just into t2g and e g levels, bu t
also b y a n axia l fiel d resultin g fro m the distortio n o f the octahedra l site .
As i n the perfec t octahedron , th e orbital s no t proxima l t o the oxyge n li-
gands (a ts,b2g,b3g) ar e show n a s remainin g nonbonding , wherea s thos e
proximal t o th e ligand s (a lg,blg) ar e involve d i n a  bonding-antibondin g
interaction. Recent quantitativ e band-structure calculation s includ e those
of Schwarz (1987 ) on TiO2 with the rutile structure, employin g a self-con-
sistent augmented-spherical-wave metho d (William s et al., 1979) . Result s
from thi s calculation are show n in Fig. 4.23 , where information obtained
on th e tota l densit y o f state s i s compared wit h the site-projecte d partial
density of states for Ti 3d and for oxygen ,s and p. Th e separatio n between

Optical absorption
Absorption edge 3.03 * 3. 2 lt 1g->2t2g

(O 2p n b -> T i 3d )

uv reflectivit y
1u, 1t 2u) -> 2t 2g

(O 2p n b -> T i 3d)

(Ti-O b  -> Ti 3d)
Peak D  10. 7 O 2- 2 p -> 3 s
Peak E 14. 0 13. 3 (6/, u,U2u) -> (7a ig,7tiu)

(O 2p nb -> Ti-O ab )
Peak F  17. 4 18. 5 (\e e,4t iu,5a lg) - > 2t 2g

(O 2s nb -> Ti 3d)

"b, nb, an d a b refe r to bonding, nonbonding, an d antibondin g orbitals, respectively .
bCronemeyer(1952).
cCardona and Harbek e (1965).
Source: After Tossel l et al. , 1974.

Observed feature Experimental AE Calculated AE MO assignmenta

Peak A ~4.7** 4.2,4.8 

PeakC `8.8 8.4 5tu  2t2g

(6t
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Table 4.19. Experimental and calculated x-ray emission and absorption spectra
of rutile (energies i n eV )

Experimental peak
label

TiKB emission
KB1

KB1

KB"
KB5

KB5
`

TiL emission
F

A

G )
C
D

O Ka
Main peak

Low-energy shoulde r

Ti K, T i L, O  K absorption
b
c
d
e

Experimental
relative E"

~-16

0
15.2

| 30.4 , 29.7
I 31. 4

0

-4.2

-18.8
-21.3

0

(-2.6
I -2. 7

h

3.1
5.2

11.5
18.9

Calculated
relative E

-15.8

0
17.1
27.8

32.1

0
-2.1
-3.8
-4.6

-15.3
-16.7

0

-3.4

2.6
6.2

12.5

MO assignment

3 t , u
- > T i ls-lt2g,->

3 t l u
- > T i l s

4t lu->Ti l s
5t lu-> T i l s

6t l a-> T i l s

ltlg-> Ti 2p 3/2
2eg -> Ti 2p3/2
l t 2 g->Ti2p 3 / 2
6alg-> Ti2p3/2
leg->Ti2p3 /2
5a l g ->Ti2p 3 / 2

(1tlg,6tlu,
lt2u,2eg)->0 1s

(lt2g,6a lg,5t lu)->0 I s

Core hole -> 2t 2g
Core hole — > 3eg
Core hole — > 7alg,7tlu

"See Tossel l e t al . (1974 ) for origina l dat a sources. £ value s calculated relativ e to 1t lg (ground-state
energy differences) .
Source: Afte r Tossel l e t al. , 1974.

groups o f energy levels and thei r makeu p in terms o f metal and oxyge n
contributions can b e gauge d fro m thi s diagra m an d i s clearl y i n genera l
agreement wit h tha t obtaine d fro m th e MS-SCF-X a cluste r calculatio n
(Fig. 4.21) .

4.4.2. Manganese oxides

Manganese mos t commonl y occurs i n natur e a s variou s oxid e an d hy -
drated oxid e minerals , rangin g fro m simpl e binar y compound s suc h a s
manganosite (MnO) , partridgit e (Mn 2O3) an d pyrolusit e (MnO 2), con -
taining manganes e i n th e Mn 2+, Mn 3+, an d Mn 4+ oxidatio n states ,
respectively, t o comple x mixed-valenc e oxide s suc h a s birnessit e
(Ca,Na)(Mn2 + ,Mn4 + )7O14

.3H2O an d todorokit e (Na,Ca,K,Ba,Mn 2 + )2
Mn5O12

.3H2O (see Burns and Burns, 1979). In the crystal structures of the

7ttu)



Fig. 4.22. Qualitativ e one-electro n ban d mode l fo r the bondin g in TiO, (modifie d
figure afte r Goodenough , 1971) .

Fig. 4.23. Result s o f band-structur e calculation s o n TiO , usin g th e SC F aug -
mented-spherical-wave method . Show n ar e th e tota l densitie s o f state s an d th e
site-projected partia l densitie s of state s fo r T i 3d , O  2s, an d O  2p (normalized t o
one atom ) (afte r Schwarz , 1987 ; reproduced wit h the publisher' s permission).

192
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manganese oxides , manganes e cation s ar e octahedrall y coordinate d t o
oxygen anions; the resulting MnO6 polyhedra are linked by either edge or
corner sharin g t o form infinite-chain , sheet , o r three-dimensiona l units .
The simple binary oxides, in fact, have the rocksalt (MnO), rutile (MnO2),
or the C  rare-earth sesquioxid e (Mn 2O3) structure .

If we consider the octahedrally coordinated Mn2+ ion (as in MnO), the
crystal-field mode l ha s th e fiv e d  orbital s o f M n spli t b y th e crysta l (o r
ligand) field o f the surroundin g oxygens into the lower-energ y t2g set and
higher-energy e g se t (Fig . 4.19) . For ion s with more tha n on e d  electro n
(cf. Ti3+ discusse d previously), there are more than two ways of arranging
the electrons in the d  orbitals leading to different configuration s and Rus-
sell-Saunders states . Th e relativ e energie s o f differen t arrangement s o f
the electron s in the d  orbitals of the free io n and in an octahedral crysta l
(ligand) field o f increasing strengt h are a s already show n in Fig. 2.19 , an
energy-level diagram calculated usin g the formalisms of crystal-field the-
ory. Suc h diagrams have commonl y been use d t o assign peaks i n an ab-
sorption spectru m (suc h a s i n Fig . 4.24 ) to transition s between th e 6 Alg
ground stat e an d th e excite d state s show n in the energy-leve l diagram.
The intensities of observed transitions are governed by the selection rules
(notably th e spi n multiplicit y and Laport e selectio n rules ; se e Burns ,
1970), which greatly reduce the intensitie s of "forbidden" transitions .

The cluster molecular-orbital approach ha s also been successfull y ap-
plied to studie s of the electroni c structure s of manganese oxide minerals
and related compounds , notably in the work of Sherman (1984 ) using the
MS-SCF-Xa method . Calculation s wer e performe d o n th e cluster s

Fig. 4.24. Optica l absorption spectrum of Mn 2+ i n octahedral coordination to ox-
ygen i n rhodochrosite, showing th e numerou s spin-forbidde n peak s (afte r Ross -
man, 1988 ; reproduced with the publisher' s permission).
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MnO6
10-, MnO 5

9-, an d MnO 6
8- ,  correspondin g t o Mn 2+, Mn 3+, an d

Mn4+ i n regula r octahedra l (O h) coordination t o oxygen . Th e calculate d
molecular-orbital energy-level diagrams for the clusters are shown in Fig.
4.25. Since the manganese oxides have ground states wit h total spins S ¥=
0, an unrestricted MS-SCF-X a calculation , i n which the spin-u p (a) an d
spin-down (B) electrons occup y differen t orbitals , mus t be performed. I t
is notable tha t th e spi n splittings are quite large for the crystal-field-type
(2t2g,3eg) orbitals . Th e energ y level s show n i n Fig . 4.2 5 are thos e of th e
valence, crystal-field , an d low-energy conduction-ban d molecula r orbit -
als derived from the manganese 3d, 4s, 4p, and oxygen 2p atomic orbitals .
The core molecula r orbital s ar e no t show n and are essentiall y th e man -
ganese \s , 2s , 2p, 3s, and 3p and oxygen l s atomi c orbitals tha t occur at
much lowe r energy , ar e localize d o n M n o r O , an d ar e no t involve d i n
bonding.

The valence-band orbitals include nonbonding oxygen orbitals such as
the lt lg, 6tlu, 1t2U

, and 5tlu an d those orbitals with appreciable meta l an d
oxygen characte r (2e g, 6a lg , lt 2g). Th e atomi c composition s o f the latte r
are give n in Tabl e 4.2 0 alon g wit h the composition s o f th e crystal-fiel d

Fig. 4.25 . Molecular-orbita l diagrams for the MnO 6
10- MnO 6

9 ,  and MnO 6
8- clus -

ters (Oh symmetry) obtained usin g the MS-SCF-Xa method. Orbita l energies hav e
been scale d relativ e t o th e nonbondin g l t l g , lt 2u, an d 6t lu orbita l energies . Th e
numbers of electrons in the highes t occupied molecula r orbitals are shown by th e
arrow symbols , and the a an d p  symbol s refer to spin-up and spin-down orbitals,
respectively (afte r Sherman , 1984 ; reproduced wit h the publisher' s permission) .
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Table 4.20. Molecular-orbita l compositions i n three MnO 6 clusters fo r crystal -
field-type an d bonding orbitals shown in terms of percentage Mn , percentage O ,
and percentage intersphere contributions

MnO6
10-

3e
gi

3egT
2t2
2t2 |

2eg|
2eg|
lt2g|

lt2g|

6aIg|
6alg|

% Mn

80
73
56
86

7
24
2
7
8
10

% O

13
25
21
8

90
75
73
69
76
75

% Int

6
1

23
6

2
1
24
23
16
15

MnO6
9-

% Mn

80
56
84
73

17
43
5

21
8
10

% O

18
39
8
18

64
43
57
46
57
57

% Int

1
4
8
8

17
13
36

. 32
34
33

MnO6
8-

% Mn

71
52
82
67

26
46
10
27
8
8

% O

27
43
10
22

59
43
56
43
62
61

% Int

2
4
8
10

13
10
33
29
30
29

Source: Afte r Sherman , 1984.

orbitals. Th e mos t importan t bonding orbitals ar e the a-bondin g 2e g and
•rr-bonding 1t2g, composed o f manganese 3 d and oxyge n 2 p atomic orbit -
als. With increasing oxidation state of the manganese atom, these orbital s
become mor e bonding in character, inasmuc h a s they donate mor e elec -
tron densit y to th e M n ato m an d becom e mor e stable . Th e 2t 2g an d 3eg
orbitals correspon d t o th e one-electro n crystal-fiel d states . Wherea s i n
the purely ionic bonding description o f crystal-field theory, these ar e th e
Mn 3 d atomi c orbital s tha t hav e los t thei r degenerac y b y electrostati c
interaction wit h the surroundin g oxygen anions, i n the molecular-orbita l
description they are the antibonding equivalents of the lt 2g and 2ee bond-
ing orbitals. A s the meta l atom characte r of the bondin g lt 2g an d 2e g or-
bitals increases, th e ligand character o f the antibonding 2t2g and 3eg orbit-
als increases accordingly.  Thus , a s the lt 2g an d 2eg orbitals becom e mor e
bonding i n character , th e 2t g and 3e g crystal-field orbital s becom e mor e
antibonding. Despite this , the average energ y of the crystal-fiel d orbital s
(relative t o the O  2p nonbonding orbitals ) decreases with increasing oxi-
dation stat e o f the manganes e atom. Sinc e thes e orbital s ar e dominantly
manganese in character, thei r increasing stability i s a consequence o f the
increasing electronegativit y o f the manganes e atom . A s anticipated , th e
crystal-field splitting increases wit h the formal oxidation state of the man-
ganese cation , partl y becaus e o f increase d electrostati c interactio n be -
tween the cation and the oxygen anions, but more importantly because of
an increase d degre e o f e g or bonding relative to t2g IT bonding in the clus-
ters. Th e 7a,g and 7tlu orbitals in Fig. 4.25 are the lowest-energy orbitals

of conduction-band character an d ar e the antibondin g equivalents of the
6alg an d othe r bondin g orbitals . I n a  ver y localize d (ionic ) description
they would be the manganese 4s and 4p atomic orbitals, whereas the MS-
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SCF-xa calculation s sho w the m t o be extensivel y delocalize d ove r th e
oxygen, interatomic, an d extramolecular regions .

As wit h the MS-SCF-x a calculations on titanium oxides , th e calcu -
lated orbital energies for the MnO6 clusters can be verified by comparison
with experimental x-ra y emission, x-ray photoelectron, an d optical spec -
tra fo r manganese oxides (Sherman, 1984) . For example, th e Mn KB and
Mn La x-ra y emission spectra, involvin g electron transitions from higher-
energy (includin g valence region ) orbitals t o hole s i n the M n 1 s and M n
2p levels , hav e bee n studie d by Koste r an d Mende l (1970) , Tsutsumi et
al. (1976) , an d Woo d and Urc h (1976) . The transitio n energie s measure d
by thes e author s ar e show n i n compariso n wit h the calculate d energie s
obtained using the transition state procedure in Table 4.21 (after Sherman,
1984). The situation with regard to optical spectra is somewhat more com-
plex, sinc e i t may be recalled that , wherea s th e spectroscopi c transition s
are between multielectro n wave functions (spectroscopi c states) , th e re-
sults o f molecular-orbital calculations emplo y a  one-electron formalism.
As a  consequence o f interelectronic repulsion, a  given electronic config -
uration over severa l one-electron orbital s can generate severa l multielec-
tronic states . Thus , fo r example, th e ground-stat e configuration of Mn 4+

in MnO6
8 i s (2t2g t  )3, which gives the multielectronic state 4 A2g. However,

the excited-stat e configuratio n (t 2gf)2(eg)1 yield s the tw o state s 4 T2gand
4TIg, s o tha t th e energ y o f th e one-electro n transitio n 2t 2g —> 3eg corre -
sponds to a weighted average o f the energies o f the spectroscopi c transi -
tions 4 A2g - > 4 T2g an d 4 A 2 g

- > 4 T Ig. In some cases, however, an electronic
transition between two one-electron orbital s doe s correspond t o a unique
transition between two multielectronic spectroscopic states . Compariso n
between th e energie s calculate d fo r one-electro n transition s usin g th e
MS-SCF-A'a metho d and the experimentally observed spectra l transitions

Table 4.21. Experimenta l [E(expt.) ] K  an d L  x-ra y emission spectra l energie s
for Mn O and MnO 2 compared wit h energies calculate d [E(calc.) ] usin g the
MS-SCF-JTa metho d

XES band

KB1

kB"
KB5kB"'
La

Transition

Mn 3 p —  > l s
O2s-> l s
5t lu-> l s
7t1u-> ls
2 t 2 g

- > 2 p

Mn

E(expt.)

6491.8
~6521.0

6533.2
~6549.8

643.

O

E(calc.)

6495.1
6520.0
6532.8
6549.5

643.1

Mn

E(expt.)

6490.0
6521.0
6534.7
6549.8
643.

,02

E(calc.)

6495.1
6528.5
6541.0

643.3

Reference

a,b
a
a,b,c
a
c

"Koster an d Mende l (1970) .
''Tsutsumi e t al . (1976) .
eWood an d Urc h (1976) .
Source: After Sherman , 1984.
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for oxygen —> metal charge-transfer (CT), crystal-field (CF), and valence-
band (VB) or conduction-band (CB) transitions are show n in Table 4.22.

The molecular-orbita l cluste r calculation s describe d i n the preceding
text hav e bee n use d t o conside r mor e genera l problem s concernin g th e
crystal chemistry of manganese oxides (Sherman, 1984) . For example , in
spite o f radiu s rati o considerations , Mn 4 + i s foun d t o b e considerabl y
more stable in octahedral than in tetrahedral coordination. Although crys-
tal-field theory predicts a very large octahedral sit e preference energy for
Mn4+ (2.7 9 eV ; Burns , 1970) , th e molecular-orbita l approac h offer s a
more complete picture. Comparison of calculations for MnO 6

8- an d a  te-
trahedral MnO 4

4- cluste r sho w the occupie d Mn 4+ crystal-fiel d orbital s
to be less stable in the tetrahedral cluster, whereas the bonding molecular
orbitals in the MnO 6

8- cluste r are more stable than the analogous orbitals
in M n O 4

4 - b y abou t 1  eV. I n anothe r application , th e distributio n o f
charge betwee n the differen t region s was used to estimate the covalenc e
of bonding, which was shown to increase as the formal oxidation state of
the manganes e ato m increases . Th e covalen t natur e o f bondin g i n th e
MnO6

8- cluste r explains the lo w solubilities of Mn4+ oxide s i n solution s
where stron g complexing agents ar e absent; conversely , the ionic nature

Table 4.22 . Optica l spectral (one-electron) transition energies (E) calculated fo r
manganese oxides using the MS-SCF-Xa method, compared wit h
experimentally observed transitions assigned to charge transfer ,
crystal field , valenc e band —> conduction band and crysta l field - >
conduction band transitions

One-electron t

(MnO,,)8-
1 t 2 u ( | ) - >
6t1u( |  )  ->
2t2e( T ) ->
2t2e( t ) ->

(MnO6)9-
1t2u(|)->
6tlu( | ) ->

6t l u( |)->
2t2g( | )  ->
2 t 2 E ( | ) - >

(MnO6)10-

6tlu( | )  ->
1tlg(|) ->
2t2g( | )  ->

ransition

2t28( | )
2t2g( | )
3eg( |  )
2t2g( | )

2t2g( | )
2t2g( | )
3eg( T  )
3eg( |  )
2t28( 1 )

2t2e( | )
7 t l u ( T )
7tlu( | )

E(calc.)a

5.17
4.32
3.33
2.95

6.27
5.55
4.65
2.42
3.42

7.00
5.80
5.17

Corres

o2-
O2-

4A2
-

4A-> 2T22-

o2-
o2-
o2-
5E-

O2-

VB
CF

sponding spectral transitions*

-> Mn, CT
-> Mn, CT (ca. 4.3 )

-> 4T2 (2.64), 4T1

E,
2
T1,

2

-> Mn, C T
-> Mn , CT
-> Mn, CT (4.09, 4.2, 4.5 )

> 5  T2(2.25-2.73)

-> Mn, CT (7.2 , 6.9 )
-> C B (5.7 )
-> CB (5.4? )

"Energies i n eV.
''Observed spectra l feature s give n i n parentheses .
Source: Afte r Sherman , 1984 ; see thi s referenc e fo r sources o f experimental data.
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of bonding in the MnO 6'°- cluste r is in agreement with the higher solubil-
ity o f Mn 2+ i n aqueou s solution s and th e abilit y o f Mn 2+ t o ac t a s a n
exchangeable cation i n complex oxides. A n explanation was also offered
for th e relativ e instability of Mn 3+ cation s (Sherman , 1984) .

Certain manganese oxides have also been the focus o f band-structure
calculations, notabl y MnO (see Yamashita and Asano, 1983b; Terakura et
al., 1984a,b) , and these aspects will be further discussed in the following .

4.4.3. Iron oxides (and hydroxides)

Iron is the most important naturally occurring transition element because
it is the most abundant in the Earth , an d therefore occurs in a wide range
of mineral s an d geochemica l systems . Th e mos t importan t oxidatio n
states of iron in minerals are the Fe3+ an d Fe2+ states , and these are most
commonly foun d i n essentially (albei t ofte n distorted ) octahedra l sixfol d
coordination an d tetrahedral fourfold coordinatio n t o oxyge n in a wide
range of oxides and silicates . Th e bonding of iron to oxygen in such sys-
tems ha s bee n studie d using a wide range o f experimental method s an d
calculational approaches, both because of its geochemical importance and
because o f the applicabilit y of s o many techniques, som e o f which (no-
tably Mossbaue r spectroscopy ) ar e particularl y wel l suited to th e stud y
of iron . Lik e man y of the othe r transition-meta l oxides , th e iro n oxide s
are o f interes t t o material s scientist s becaus e o f thei r properties . The y
also have a special importanc e in geophysics because the y are, by far, the
dominant contributors t o the magnetic properties o f rocks.

In the crystal-field-theory approach, Fe 3+ with its d5 configuration can
be describe d i n octahedra l coordinatio n b y th e energy-leve l diagra m al -
ready show n i n Fig . 2.19.  Suc h diagram s hav e bee n widel y used i n th e
interpretation o f optical absorption spectra , suc h as the spectru m o f an-
dradite garne t also already show n in Fig. 2.18 , and which contains Fe 3 +

in octahedra l coordination . I n order of increasing energy , the peak s her e
can be assigned a s 6Alg to 4 T l g t 4 T 2 r a n s i t i o n s .

Cluster molecular-orbital methods were first applie d to iron oxides by
Tossell e t al . (1973a,  1974 ) and b y Vaugha n et al . (1974 ) usin g the MS -
SCF-Xa metho d t o calculat e th e electroni c structure s o f th e FeO 6

9-,
FeO6

10- ,  and FeO 4
6- octahedra l an d tetrahedra l clusters . Furthe r calcu -

lations usin g th e sam e metho d fo r tetrahedrall y coordinate d Fe 3 + (a n
FeO4

5- cluster ) wer e don e b y Tossel l (1978a ) an d b y Tan g Ka i e t al .
(1980), wh o used the m t o interpre t Mossbauer isome r shift s o f Fe3+, a s
further discussed later in this chapter. Maruthe and Trautwein (1983) used
simple extended Hilckel molecular-orbital calculations on FeO 6

9- cluster s
to interpre t isome r shifts , quadrupol e splittings , an d magneti c hyprfine
splittings in the Mossbauer spectra of Fe3 + i n oxides. More recently , th e
MS-SCF-Xa metho d ha s agai n bee n applie d t o th e octahedra l FeO 6

9 -
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cluster, tetrahedra l FeO 4
5- cluster , an d to a  trigonally distorte d FeO 6

9

cluster (Sherman, 1985a) .
The FeO 6

9- cluste r (Tossell e t al. , 1973a , 1974 ; Sherman, 1985a ) pro-
vides a model for hematite (Fe2O3) and for octahedrally coordinate d Fe 3+

in a variety of other oxides , including spinel oxides, and in silicates. Th e
calculated molecular-orbita l diagra m i n it s spin-unrestricte d for m i s
shown in Fig. 4.26(a) (after Sherman, 1985a) . The order o f the molecular -
orbital energ y level s is the sam e a s i n the earlie r studies , bu t ther e ar e
slight differences i n energy separation and orbital compositions compared
with Tossel l e t al . (1973 , 1974) . Th e orbital s groupe d togethe r i n Fig ,
4.26(a) as in O 2p include nonbonding orbitals (lt lg, lt 2u, and 6t lu), and th e
Fe-O bondin g orbital s o f whic h th e mos t importan t i s th e 3e g orbital ,
which corresponds to the Fe 3d- O 2 p cr-bonding interaction. O f next im-
portance is the lt 2g orbital, which corresponds t o the Fe 3d-O 2 p it-bond-
ing interaction. Th e orbital s labeled 2t 2g an d 4e g are the antibondin g ver-
sions of the lt 2g and 3eg bonding molecular orbitals. If the Fe-O bon d were
purely ionic, they would be the iron 3d atomic orbitals, but sinc e there is
significant covalency they have a significant oxygen 2p component. At an
energy approximately 10 eV above the 2t 2g and 4eg orbitals are the 7t lu an d
7alg orbitals , whic h correspond t o F e 4 p and F e 4 s atomi c orbitals , al -
though the calculations show them to be highly delocalized i n nature.

Tossell e t al . (1973a , 1974 ) compared th e result s o f their calculation s
with dat a fro m x-ra y emissio n an d x-ra y photoelectro n spectroscopi c
studies, demonstratin g reasonabl y goo d correlatio n betwee n calculate d
and experimenta l energies. Sherma n (1985a ) concentrated o n the calcu -
lation o f electronic ("optical") absorption spectr a including th e crystal -
(or ligand-) field transition s and th e ligand-to-meta l charge-transfer tran -
sitions. Th e problem o f using calculated "one-electron " orbita l energie s
to interpre t transition s involving multielectronic state s wa s actuall y ad -
dressed i n this work by using the multiple t theory of Slater (1968, 1974).
A ful l accoun t of this approach i s given by Sherman (1985a), who, as well
as presentin g the result s o f MS-SCF-Xa calculation s o n th e tetrahedra l
FeO4

5- an d FeO 6
9- trigonall y distorted clusters , als o use d thes e i n th e

calculation of  "optical" spectra . The  molecular-orbita l energy-level dia-
gram for the trigonally distorted (C 3V) cluster is shown in Fig. 4.26(b) and
is a closer approximation to the coordination polyhedron of Fe3 + i n Fe2O3
(hematite). Compare d t o th e octahedra l FeO 6

9- cluster , th e descen t i n
symmetry t o C 3V causes splittin g of th e tripl y degenerat e orbital s int o
combinations o f twofold-degenerate e and singl y degenerate a 1 o r a 2 or-
bitals. Although the makeup of the molecular orbitals in terms of atomic-
orbital characte r i s fairl y simila r t o tha t i n th e octahedra l cluster , th e
width of the O  2p nonbonding orbital set (~2 eV ) is much greater because
the shortenin g of certai n oxygen-oxyge n distance s an d lengthenin g of
others causes either increased or decreased repulsiv e O-O interaction.



Fig. 4.26. Molecular-orbita l energy-leve l diagrams for the (FeO 6)9- cluste r calculated usin g the MS-SCF -
Xa. method: (a) in regular octahedral (O h) symmetry; (b) in the distorte d octahedra l (C 3v) symmetry. Th e
symbols a and B refer to spin-up and spin-down electron orbitals, respectively; EF is the Fermi level below
which al l the orbitals are occupied; a  an d n  refer to 0 bonding (or a* antibonding , etc.) and nonbonding
molecular orbitals (after Sherman 1985a ; reproduced wit h the publisher' s permission).
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Sherman (1985a) also uses the result s of these calculations t o discuss
the covalency o f the Fe3+-O bond and the magnetism in iron oxides. The
problems arising in any attempt a t a quantitative estimation of covalency
are addressed i n Chapter 7 ; the poin t made by Sherman is that, wherea s
the Fe3+-O bond has significan t covalency a s measured by the donatio n
of charge from O 2- t o Fe3 +, th e extent of this covalence is much the same
in th e thre e cluster s studied . However , i t i s highly spin dependent , an d
the spi n polarizatio n o f th e Fe- O covalenc y differ s appreciabl y amon g
the differen t clusters , a  feature that ca n be use d to predic t th e mai n fea-
tures of the magnetic structures of Fe3+-containing oxides . Fo r example,
in the (FeO 6)9- cluster , th e a-spi n e g and t 2g antibonding orbitals are oc -
cupied and cancel much of the a-spin t 2g and eg Fe-O bondin g interaction.
At the same time, the B-spin antibonding orbitals ar e unoccupied. Hence ,
most o f the charg e donate d t o th e Fe 3+ b y th e O 2 anion s i s o f B-spin
character. Th e spin-dependent covalency leaves the oxygen atoms with a
net a-spin excess, and they wil l favor donatin g a-spin electron charge to
any othe r Fe 3+ ion s to which they are bonded . Thi s can be done onl y if
the antibondin g orbitals localized o n these Fe 3 + ion s are occupied b y (3-
spin electron s (i.e. , if these Fe 3+ ion s ar e antiferromagneticall y coupled
to the first Fe 3+ center) .

The FeO 6
10- octahedra l cluster (Tossel l et al., 1974 ) has the electroni c

structure show n b y th e molecular-orbita l energy-leve l diagra m i n Fig .
4.27. I n thi s case , th e crystal-field-typ e 2t2g an d 3e g orbital s ar e at , o r
above, th e O  2 p nonbondin g orbital s (lt lg, 6t lu, lt 2u) but , wherea s th e
2t2g |-3e g |  energ y separatio n i s somewhat smaller in the octahedra l Fe 2+

cluster tha n in the Fe 3 + case , th e spi n splitting is somewhat larger. Th e
6alg, 5t lu, lt 2g, an d 2eg are the Fe 2+-O bonding orbitals of the system . As
in many other studie s employing MS-SCF-Xa calculations, comparison s
were mad e wit h optical an d x-ra y emissio n spectroscopic dat a t o ai d in
spectral interpretation and to establish the validity of the calculations. Fo r
example, in Table 4.23 are shown experimental data for Fe KB x-ray emis-
sion spectr a o f FeO an d Fe 2O3 (hematite) in comparison with energies of
spectral feature s calculate d b y MS-SCF-X a method s b y Tossel l e t al .
(1974).

Hematite an d th e othe r binar y iron oxide s hav e bee n th e subjec t of
numerous experimental and theoretical studies , particularly of their com-
plex magneti c and electrical propertie s as well as of electronic structure .
Notable amon g mor e recen t investigation s have bee n thos e centere d o n
"photoernission" studie s (i.e. , u v an d x-ra y photoelectro n spectr a ob -
tained usin g "tunable " synchrotro n radiation ) o f electroni c structur e
(e.g., Fujimori et al., 1986 ; Lad an d Henrich, 1989) . Fujimori et al. (1986)
studied a-Fe 2O3 (hematite ) using XPS, Auger , and uv photoernission and
compared thei r results wit h a  calculation on a n FeO 6

9 cluste r using th e
methods o f configuratio n interaction . As show n b y th e exampl e in Fig.



Fig. 4.27 . Molecular-orbita l energy-level diagram for the (FeO 6)10- cluste r calcu-
lated usin g the MS-SCF-X a method . Th e highest-energ y occupie d orbita l i s the
2t2g |  containin g one electron . Als o show n ar e th e energie s o f Fe an d O  atomi c
orbitals. Spin-up (|) an d spin-down (|) molecula r orbital s ar e shown in this spin-
unrestricted calculatio n o n a  regula r octahedra l (O h) cluster a t a n iron-oxyge n
distance o f 2.17 A (after Tossell et al. , 1974 ; reproduced wit h the publisher' s per -
mission).
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Table 4.23. Compariso n of experimental Fe KB x-ray emission spectra fo r Fe O
and a-Fe,O3 with energies (in eV) calculated using MS-SCF-Xa methods "

XES
peak

KB
1

KB
1,3

KB"
KB5

KB5`
KB'"

FeC

Experimental
relative
energy

-13 .4

0
33.0
47.4

)

Calculated
relative
energy

- 1 1 . 3

0
32.8
44.0
47.4
56.8

Fe2C

Experimental
relative
energy

-14.3

0
34.2
48.1

61.7

»3

Calculated
relative
energy

-13.4

0
34.6
45.5
49.5
60.9

Assignment

3t lu->

3 tlu->
4tlu->
5tlu

->

6t lu->
7tlu->

Fe ls
->7tlu

| )
Fe ls
Fe 15
Fe Is
Fe ls
Fe ls

"See Tossel l e t al . (1974 ) for source s of experimental data .

4.28, this calculation successfull y reproduces th e features i n the valence -
band x-ray photoelectron spectru m of Fe2O3 that arise from Fe 3d-derived
emission, specificall y fro m multiple t structur e involvin g mixed d 4, d sL,
and d6L2 configurations (where L is a ligand hole). In Fig. 4.28 are shown
both the final-state multiplet lines giving rise to the spectrum and the com-
ponents givin g rise t o them . I n effect , th e XP S o f Fe 2O3 i n the valenc e
region i s not onl y derived from the ejectio n o f d  electrons , an d henc e a
simple d 4 multiplet, but als o involve s oxygen (ligand) to 3 d charge-trans -
fer screenin g o f the 3 d holes. La d an d Henric h (1989 ) undertoo k eve n
more detailed photoemission studies of the valence-band electronic struc -
ture of a-Fe2O3 (an d also FexO and Fe3O4) by using cleaved single crystals.
They als o foun d goo d agreemen t betwee n experimen t an d the C I calcu -
lations on the FeO 6

9- cluste r of Fujimori et al . (1986) . The application o f
band theory to understanding of the transition-meta l monoxides i s further
discussed later . Wustit e (Fe1_xO) has also bee n th e subjec t of numerous
studies because of its defect structure (e.g., the work of Chou et al., 1986,
using the DV-Xa method) .

The differences between Fe-O and Fe-OH bonding in hydroxyl-bear-
ing iro n oxides and silicate s hav e als o bee n investigate d usin g MS-SCF -
X calculation s an d x-ra y photoelectron spectroscop y (Sherman , 1985b ;
Welsh and Sherwood , 1989) . The molecular-orbita l energy-leve l diagra m
for th e trans-[FeO 4(OH)2]7- cluste r (Sherman , 1985b ) i s show n i n Fig.
4.29. I n thi s cluster, which ha s C 2h symmetry, the calculate d molecular -
orbital energy levels should be compared with those of the FeO 6

9- cluste r
in Fig . 4.26(a). A s fo r th e latte r cluster , th e molecula r orbital s ca n b e
grouped int o set s i n relatio n t o thei r atomic-orbita l character , wit h th e
dominantly Fe 3d (crystal-field-type) orbital s being at the top o f the "val-
ence band." Now, however, as shown in Fig. 4.29, the orbitals below
these i n energ y fal l int o fou r groups : O  2 p nonbondin g orbitals, Fe-O

(1 t -
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Fig. 4.28. Th e experimental valence-band x-ray photoelectron ("photoemission" )
spectrum o f a-FeO, compared wit h a calculated spectrum based o n a  configura-
tion-interaction calculatio n o n an FeO 6

9- cluster . Th e dotted an d dashed curve s
represent O  2p emission and integral background, respectively. The bottom panel
shows a  decompositio n int o configuratio n components fo r eac h final-stat e line
(after Fujimor i et al. , 1986 ; reproduced with the publisher's permission).

bonding orbitals , Fe-O H bondin g orbitals , an d O- H bondin g orbital s
(with increasin g bindin g energy) . Stud y o f the charg e distributio n i n th e
different region s o f the cluste r (i.e. , i n Fe , O , H atomi c regions , inter -
sphere and outer spher e regions) show s tha t the Fe3+-OH -  bond i s more
"ionic" tha n th e Fe3+ -O 2 bond ; i t also ha s a  smalle r spin polarization ,
and thi s explains wh y th e magneti c couplin g vi a superexchang e interac -
tion betwee n OH-bridged Fe 3+ cation s i s much weaker tha n that betwee n
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Fig. 4.29. Molecular-orbita l energy-leve l diagra m fo r th e trans-[FeO 4(OH)]7-

cluster calculated using the MS-SCF-X a method. Th e symbol s a  an d B refer t o
the spin-up and spin-down electron orbitals, respectively, and EF is the Fermi level
below which al l the orbital s are occupied (after Sherma n 1985b ; reproduced with
the publisher's permission).

O-bridged Fe3+ cation s (Sherman , 1985b) . The MS-SCF-Xa calculation s
on a C2V symmetry FeO 6H3

3- cluste r (Welsh and Sherwood, 1989 ) showed
good agreement wit h the valence-band x-ra y photoelectron spectru m and
show tha t FeOO H an d Fe 2O3 can clearl y be distinguished b y XPS in the
valence-band region.

4.4.4. Complex oxides

Many of the mineralogically important transition-meta l oxide phases con -
tain more than one cation species , or more than one type of coordinatio n
site for the cations. Commonly, the cations are in more than one oxidation
state. Examples include ilmenite (FeTiO3) and the family o f minerals with
the spinel-typ e crystal structure , includin g magnetit e (Fe3O4), chromite
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(FeCr2O4), and ulvospinel (Fe2TiO4). In addition to their mineralogical im-
portance, suc h phase s hav e prove d o f interes t i n material s scienc e be -
cause of the diversity of their properties. On e other complex oxide famil y
of interest to mineralogists has proved of very great importanc e to mate-
rials scientists ; th e perovskite s (CaTiO 3 an d numerou s othe r ABO 3
phases) have become th e focus of intense research sinc e the discovery of
high-temperature superconductivit y i n certai n perovskite-typ e phases .
The perovskit e family i s also o f particular interest in mineralogy because
of the propose d importanc e o f perovskite-structure high-pressur e phases
at depth in the Earth , a s further discussed i n Chapter 7.

Attempts have been mad e t o model the electronic structure s o f com-
plex oxide s by combinin g the result s o f molecular-orbita l cluste r calcu -
lations o n relevan t polyhedra, o r b y usin g various band-structur e meth-
ods. Vaugha n an d Tossel l (1978 ) use d th e result s o f MS-SCF-X a
calculations o f the typ e described abov e t o discus s th e electroni c struc -
tures of ilmenite, magnetite, chromite , an d ulvospinel . Energy-leve l dia-
grams from th e calculations (as in Fig. 4.27) were used to construct sche -
matic "one-electron " MO/band-theor y energy-leve l diagrams, a s show n
in Figs. 4.30 and 4.32. In Fig. 4.30, such an energy-level diagram is shown
for ilmenit e (FeTiO3) alongsid e th e mode l fo r th e isostructura l hematit e
(Fe2O3). Althoug h thes e ar e relativel y simplisti c models , the y hav e th e
advantage o f clarifying the majo r features of the electroni c structure s of
these phase s an d th e relationshi p between electroni c structur e and min-
eral properties . Fo r example , the lower resistivit y of hematite correlates
with th e smalle r separation betwee n occupie d an d unoccupie d level s in
this phas e tha n i n ilmenite , and th e spectra l reflectanc e curve s o f these
minerals in the visible region (Fig . 4.31) show features that can be corre-
lated with electronic transitions [labeled (a) , (b), and (c) in both Figs . 4.30
and 4.31] giving higher values of k and hence of R(%) (see Section 2.3.2).
These an d other propertie s ar e discussed i n more detai l b y Vaughan and
Tossell (1978) . The sam e approach wa s use d by these author s t o discuss
the electroni c structure s o f the spinel-structure d oxide s chromite , ulvo-
spinel, an d magnetite , as illustrated in Fig. 4.32 . Again, a wide range of
properties wer e discusse d usin g these models . Tossel l (1978a ) also pre -
sented a  one-electron energy-leve l diagram fo r Fe 3O4 based o n suc h cal-
culations.

An extension of the molecular-orbital cluster calculation approach rel-
evant to the complex oxides, and to silicate s containin g transition metals
of more than one element o r oxidation state, is the study of clusters com-
posed o f two (o r more) linked polyhedra. Sherma n (1987a,b ) has applie d
this approac h t o th e stud y o f metal-metal charge-transfe r processe s b y
performing MS-SCF-X a calculation s on pairs o f edge-sharing octahedra l
clusters containin g adjacent Fe 2+ an d Fe 3+ o r Fe 2+ an d Ti 4+ cations .
Thus, th e (FeTiO 10)l4- cluste r shown in Fig . 4.33(a ) was use d t o mode l
Fe2+-Ti4+ charg e transfe r o f th e kin d occurrin g in ilmenit e an d i n ulvo -
spinel. Th e molecular-orbita l calculation yields a n energy-leve l diagram



Fig. 4.30. Molecular-orbital/ban d model s to illustrate the electronic structure s of
hematite and ilmenite and based o n MS-SCF-Xa calculations o n FeO6

9-, FeO 6
10-,

and TiO 6
8- clusters . Th e doubl e arrow s labele d (a) , (b) , (c ) refe r t o electroni c

transitions giving rise to optical propertie s (afte r Vaughan and Tossell , 1978) .

Fig. 4.31. Spectra l reflectanc e dat a i n the visibl e light range (~400-70 0 nm) fo r
hematite (left ) an d ilmenit e (right). Dat a are show n for both the ordinary (R0) and
extraordinary (Rc)  vibratio n directions i n plane-polarize d light . The arrow s (la -
beled t o correspon d wit h Fig . 4.30 ) indicat e energie s o f calculate d majo r elec -
tronic transitions (after Vaugha n and Tossell , 1978).
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Fig. 4.32. Molecular-orbital/ban d model s to illustrate th e electronic structures o f chromite, ulvospinel , and magnetite and based o n MS-
SCF-A'a calculations on FeO6

9-, FeO6
10- ,  TiO6

8 ,  FeO4
6 - , FeO4

5 ,  and CrO 6
9- clusters . The double arrows labeled (a ) through (g) refer

to electronic transitions giving rise to optical properties (after Vaugha n and Tossell , 1978) .



Fig. 4.33. Molecular-orbita l calculation s o n the (FeTiO 10)14- cluste r using the MS-
SCF-A'a method : (a ) geometry o f th e (FeTiO 10)14- cluster ; (b ) molecular-orbita l
energy-level diagram for th e cluster ; a . and ( 3 spin ar e spin-u p and spin-dow n elec -
tron orbitals ; energ y level s indicate d b y dashe d line s ar e unoccupied ; (c ) calcu -
lated wave-functio n contour s fo r th e 16a 1 orbital s o f the cluster ; th e 16a 1 orbita l
corresponds t o th e d xy Fe(t 2g) orbita l an d i s clearl y Fe-T i bondin g i n characte r
(after Sherman , 1987b ; reproduce d wit h the publisher's permission).
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shown i n Fig. 4.33(b ) and the lowest-energ y Fe2+-Ti4+ electro n transfe r
according to thi s calculation take s plac e fro m a  filled, dominantl y Fe(t2g)
orbital t o a n empty Ti(t 2g) orbital . Th e energ y o f this transitio n i s calcu-
lated to be 18,04 0 cm- 1 , i n reasonable agreemen t wit h experiment (ulvo-
spinel: 18,15 0 cm - 1 ; ilmenite : 20,20 0 cm - 1 ; se e Sherman , 1987b) . I t i s
interesting to not e tha t suc h calculation s sho w that both Fe 2+-Ti4+ an d
Fe2+-Fe3+ charg e transfe r ar e associate d wit h wea k chemica l bondin g
between the metals across th e shared edge [e.g. , by overlap of Fe(t2g) and
Ti(t2g) orbitals, a s show n in Fig. 4.33(c)].

4.4.5. Band theory and the transition-metal monoxides

Although the serie s o f oxide phases , MnO , FeO, CoO , an d NiO are rela-
tively unimportan t a s minera l species , the y occup y a  specia l plac e i n
solid-state physic s because o f the problem s the y pos e i n understanding
their electronic structures . Al l have the simple rocksalt-type crystal struc -
ture, but , despit e havin g fully occupie d oxyge n p states , empt y meta l s
states, an d partially  occupied  meta l d  states , the y ar e al l antiferromag-
netically ordered an d electrically insulating.  It is the apparent incompat -
ibility of this insulating behavior with the partial occupation o f the d  shell,
expected i n terms o f the independent-electron mode l to give these mate -
rials metallic conductivity, that has proved s o puzzling. The longstanding
explanation i s tha t thei r behavio r arise s fro m electron-electro n correla -
tions not encompassed withi n the independent-electron model , concept s
first pu t forwar d b y Mot t an d late r associate d wit h the ter m Mott  insu-
lator (Mott, 1974). This view was challenged by Wilson (1970) on the basis
of non-self-consisten t band calculation s tha t wer e no t considere d con -
vincing and, more recently, by Terakura e t al. (1984a,b). The latter work-
ers performed more accurate calculation s using the local-spin-density for-
malism, an d th e augmented-spherical-wav e metho d (William s e t al. ,
1979); calculation s tha t wer e full y self-consistent . Th e result s o f thes e
calculations suggest tha t the oxides have a band gap at the Ferm i energy
and are therefore band  (o r Bloch) insulator s rathe r tha n Mott insulators .
The qualitativ e pictur e arisin g fro m th e calculation s o f Terakur a e t al .
(1984a) i s illustrate d i n Fig . 4.34 . It differ s fro m th e widel y held (Mott -
insulator) model i n terms o f the energ y position of the empty d  states .

The interpretation o f spectral properties i n oxides such as NiO, in par-
ticular th e valence-ban d photoemissio n spectr a an d invers e photoemis -
sion data (McKay and Henrich, 1984 ) has proved controversial. However ,
recent calculations usin g a supercell approach hav e given results for NiO
in good agreemen t wit h suc h spectroscopi c dat a (Norma n an d Freeman ,
1986). Thes e calculation s reconcil e th e ban d pictur e o f Terakur a e t al .
(1984a,b) an d th e experimenta l studies tha t hav e indicate d large values
(~ 8  eV ) fo r th e intra-atomi c Coulom b integra l (Hufne r e t al. , 1984 ;
McKay an d Henrich , 1984 ; Sawatzky and Allen , 1984) .
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Fig. 4.34 . Ban d pictur e of the transition-meta l monoxides . Th e qualitative differ -
ence betwee n thi s pictur e an d th e Mot t insulato r i s th e energ y positio n o f th e
empty d  states (afte r Terakur a et al. , 1984a ; reproduced wit h th e publisher's per -
mission).

Band-structure calculations (using a self-consistent KKR method; see
section 3.11) have yielded accurate equilibriu m lattice parameter s fo r the
oxides MnO , FeO , CoO , an d Ni O (Yamashit a and Asano , 1983b) . A s
shown i n Table 4.24 , the calculation s wer e performed for nonmagnetic,
ferromagnetic, an d antiferromagneti c states , an d th e effec t o f magnetic
ordering on the lattic e constant s wa s show n to be quit e significant . The
same authors also calculated the lattice energies and total energies, show-
ing the antiferromagneti c states t o be the most  stable , i n agreement with
experiment. I t therefor e appear s that , sinc e thes e material s ar e highly
symmetric (cubic) structures, and can be viewed simplistically as "tightly
packed," calculationa l methods of the type used by Yamashita and Asano

Table 4.24. Th e equilibriu m lattic e constant (aL) o f CaO an d som e transition-
metal monoxides . Th e experimenta l value s ar e given i n the second column. Th e
theoretical values o f aL in the nonmagnetic state are given in the thir d column .
The theoretical value s of aL are also calculated for the ferromagneti c an d
antiferromagnetic states

CaO
TiO
VO
MnO
FeO
CoO
NiO

aL(expt.) (A)

4.81
4.24
4.08

4.446
4.34
4.27
4.17

aL(calc.) (A)

Nonmag. state Ferromag . state Antiferromag . state

4.820
4.374
4.222
4.121 4.41 9 4.43 6
4.141 4.30 4 4.28 8
4.112 4.23 8 4.21 6
4.174 4.1 7 4.18 3

Source: afte r Yamashit a and Asano , 1983h .
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(1983b) or , indeed , b y Terakur a e t al . (1984b) , and tha t us e sphericall y
averaged atomi c potentials , ca n nevertheles s giv e accurat e structura l
properties.

4.5. Calculation of Mossbauer parameters in iron oxides
(and other iron compounds)

Although the Mossbaue r isomer shif t (8 ) and the electric-field gradien t a t
the nucleus both depend only upon the ground-state electron distribution,
they are stil l difficul t t o calculate accurately . Thi s is because the y depend
upon propertie s a t th e nucleus , wher e relativisti c effects ar e important ,
the effect s o f core-orbita l polarizatio n canno t b e neglected , standar d
Gaussian basis set s ar e problematic because the y d o not satisf y theoreti -
cally necessar y "cus p conditions" , an d many other basi s set s ma y hav e
inadequate flexibility . Anothe r difficult y i n any comparison of calculation
and experimen t i s that th e nuclea r parameters tha t relat e th e "observa -
ble" electron density to the measured spectral properties ar e not well con-
strained. For example , Duff (1974 ) has noted that th e proportionality fac -
tor (a ) fo r 57Fe in the expressio n 8, — 8, =  a[p/(o ) —p(o)], where p(o) is th e
electron densit y at the nucleu s and 8  the isome r shift , ha s quoted value s
from —0.1 1 t o —  0.62an3 mm sec - 1 . Give n suc h uncertaint y i n nuclea r
parameters, observe d change s i n Mossbaue r isome r shift s ca n b e ex -
plained by a  wide range o f theoretical results .

There have, however, been som e important advances i n the direct cal -
culation of isomer shift s an d quadrupole splittings within the past decad e
or so , particularl y fo r Fe , Zn , an d Sb . Nieuwpoor t e t al . (1978 ) carrie d
out a b initio  Hartree-Fock-Roothaa n calculation s o n FeF 6

4-, FeF 6
3-,

Fe(CN)6
4-, an d Fe(CN) 6

3- wit h larg e Gaussia n bases , fo r exampl e
(14s 11 p6d) — > [9s7p4d] o n Fe , obtainin g -0.30a 0

3 mm s - 1  fo r th e calibra -
tion constant a. The y also established that, although their Gaussian bases
give a p(o) considerably differen t fro m Hartree-Fock results for Fe2+ an d
Fe3+ fre e ions , the difference  o f p(o) [which may be symbolized as Ap(o)]
for th e tw o charge state s i s given very accurately. I t was also found that
inclusion o f th e crysta l Madelun g potentials fo r th e FeF 6

n -  case s give s
little change i n p(o) and essentiall y n o change i n Ap(o) for FeF 6

4- versu s
FeF6

3 - . Importan t contributions to Ap(o) occur in both the Fe core orbit -
als (1s , 2s, 3s ) and in the outermos t two a lg symmetr y valence molecula r
orbitals. Neglec t o f change s i n core-orbita l contribution s to p(o ) would
lead t o a n a  valu e severa l time s larger . Thes e result s sugges t tha t all -
electron a b initio  Hartree-Fock-Roothaa n SC F calculation s wit h mod -
erate base s would probably give p(o) values that correlate ver y well with
observed isome r shifts , althoug h there i s stil l uncertaint y about th e rela -
tionship between Hartree-Fock an d more accurat e relativistic , so-called
Dirac-Hartree-Fock (DHF) values for Ap(o) .
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Ab initio  Hartree-Fock-Roothaa n SC F calculation s hav e als o bee n
used to calculate the nuclear quadrupole moment (eQ) of 57Fem, using cal-
culated values of eq and the measured quadrupole splittings for FeBr2 and
FeCl2 i n certain matrices (Duf f e t al. , 1981) . Unfortunately, details o f the
Gaussian basi s se t used i n these calculation s wer e no t given . One inter -
esting aspect o f the calculation s is the importanc e of the effec t o f the F e
3P orbitals on the electric-field gradient (eq),  which shows a larger differ -
ence between FeCl2 and FeBr2 than does the larger-magnitude Fe 3d con-
tribution. One should note, however, that late r DVM-Xa.  calculation s o n
FeCl2 an d FeBr 2 (Elli s et al. , 1983 ) found e q t o hav e a  sig n opposite  t o
that found b y Duf f e t al . (1981) , and t o be strongl y dependent o n the as -
sumed Fe-anio n bon d distance . Recen t a b initio  HF R SC F studie s o n
Fe(CO)n (Sawary n et al. , 1986 ) suggest the eve n more optimistic conclu-
sion tha t minimu m basis set s (e.g. , [4s2pld]  fo r Fe) , an d calculatio n o f
p(o) fro m Mullike n population s an d DH F atomi c orbita l value s o f p(o),
give good correlations betwee n experimenta l isomer shift s and calculated
p(o) value s (although with a considerabl y smalle r magnitude of a) . Cal -
culated EF G value s are als o i n good agreemen t wit h experiment fo r th e
whole Fe(CO) n series . I t thus appear s that even  small-basis-se t a b initio
studies ma y b e usefu l i n evaluating both th e electro n densit y a t th e nu -
cleus and the EF G fo r transition-metal compounds.

Mossbauer paramete r calculation s usin g density-functiona l methods
have been somewha t less successful . In MS-SCF-Xa studies , i t has bee n
found tha t p(o) is strongly dependent upon the choice of Fe sphere radius.
If ratios of Fe and anion (X) sphere radii are kept constant, then MS-SCF-
Xa. calculation of p(o) as a function o f Fe-X distanc e for a given polyhed-
ron (e.g., FeO 4

6-) give s results that correlate wel l with experimental iso-
mer shift s (Tan g Kai e t al. , 1980) . Presumably, such studie s could b e ex-
tended to other Fe- O (an d Fe-S) polyhedra , evaluating p(o) as a function
of bon d distanc e o r applie d pressure . However , th e dependenc e o f th e
results o n th e choic e o f sphere radi i make s th e quantitativ e comparison
of different bondin g environments (e.g., four- versus six-coordinate Fe) a
difficult matter , althoug h norma l choice s o f radi i giv e reasonabl e semi -
quantitative trends in p(o) for different material s with only moderate scat -
ter (Guenzburge r e t al. , 1977) . MS-SCF-X a wav e function s hav e als o
been use d t o calculate electric-fiel d gradients usin g the extended spher e
charge partitioning schemes of Case and Karplus (1976) or Nagel (1985a).
Even fo r ver y complicated systems , suc h as iro n (II ) porphine (Sontum
et al., 1983 ) and Fe 2O3 (Nagel, 1985b) , the results are in reasonable agree -
ment with experiment, bu t the variation i n calculated quantitie s wit h the
choice o f MS-SCF-A' a spher e radi i does rende r thes e result s somewha t
ambiguous. Guenzberger et al . (1984) have used the DVM-Xa metho d t o
calculate electric-fiel d gradient s and isome r shifts i n the Fe(CO) n series ,
obtaining results that are qualitativel y correc t although , sometimes, con-
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siderably in error quantitatively. It therefore appear s tha t eithe r Hartree-
Fock-Roothaan or density-functional molecula r cluster methods with rea-
sonably flexible core-valence basis set s should provide good isomer shif t
and electric-field-gradient values for molecules, and probably also for mo-
lecular cluste r model s o f solids . O f course , fo r a  soli d th e electric-fiel d
gradient may be influenced by the ions outside the molecular cluster , but
for man y case s suc h effect s wil l b e small . Fo r example , Nage l (1985b)
found th e externa l contributio n t o e q t o be ver y smal l compare d t o th e
local FeO 6

9- cluste r contributio n in Fe2O3.
Reasonable result s have also been obtained fo r 67Zn Mossbauer isome r

shifts i n zin c chalcogenide s fro m LMT O ban d calculation s (Svan e an d
Antoncik, 1986 ) and fo r S b compound s (Ravena k e t al. , 1983 ) using the
DVM-A'a method. The overall conclusion must be that the time is ripe for
the systemati c calculatio n o f F e isome r shif t an d electric-field-gradien t
values in Fe-O, Fe-S , an d other polyhedr a using ab initio Hartree-Fock-
Roothaan o r DVM-Za methods .



5
APPLICATIONS TO SILICATE,

CARBONATE, AND BORATE MINERALS
AND RELATED SPECIES

5.1. Introduction

The mos t abundan t material s makin g up the crus t o f the Eart h (i.e. , th e
"rock-forming minerals" ) ca n b e regarde d a s dominate d b y oxyanio n
units; notably , the unit s tha t ca n b e formally represented b y SiO 4

4- an d
A1O4

5- cluster s of the silicat e minerals, and the CO 3
2 uni t of the carbon -

ates. Les s common , bu t geochemicall y interesting , oxyanio n unit s in -
clude, for example, BO 3

3-, BeO 4
6- ,  and PO 4

3-
.

In thi s chapter, application s o f quantum-mechanical calculation s an d
experimental techniques to suc h materials ar e considered . First , th e sili -
cates ar e discussed , commencin g with the larg e amoun t o f work under -
taken o n th e olivines , befor e considerin g suc h wor k a s ha s s o far bee n
done o n th e othe r silicat e mineral s an d relate d materials . Second , th e
most importan t o f the nonsilicat e rock-formin g minera l groups , th e car -
bonates, ar e discussed . Finally , although of less petrologica l importanc e
but interestin g geochemically an d i n term s o f contras t wit h th e other -
groups, the borates and related specie s are considered. I n each case, geo-
metric aspect s o f structur e an d th e problem s o f calculatin g structura l
properties ar e considere d befor e goin g o n t o conside r electroni c struc -
tures and th e factors controllin g stabilities an d a wider range o f physical
properties. I n al l of these materials , there i s considerable interes t i n the,
bonding i n th e oxyanio n uni t an d ho w thi s i s affecte d by , an d controls ,
the interactio n wit h counterions o r the polymeri c units . The buildin g up
of the minerals by such interactions exert s the dominant control over their
crystal chemistries an d properties an d thus forms a central them e of this
chapter.

5.2. Silicates

The silicat e minerals are, o f course, characterize d b y the presence o f the
tetrahedral SiO 4 cluster unit an d th e crysta l chemistry and classificatio n
of silicate s dominated b y th e structure s buil t u p b y th e linkin g together

215
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(polymerization) of these units . In the "simplest " of the silicates , the is-
land silicate s suc h a s th e olivin e mineral s (dominate d b y th e forsterit e
(Mg2SiO4)-fayalite (Fe 2SiO4) solid solution series) , the SiO 4 units are iso-
lated b y counterion s suc h a s Mg 2+, Fe 2+, Ca 2+. Th e mos t highl y poly-
merized phases , th e framework silicates , i n which all oxygens of a tetra -
hedral uni t ar e shared , includ e silic a itsel f (se e Chapte r 4  fo r a  ful l
discussion o f SiO 2) an d th e feldspar s (KAlSi 3O8-CaAl2Si2O8), i n whic h
both SiO 4 an d A1O 4 tetrahedra ar e important . Silicate s o f intermediat e
polymerization rang e fro m thos e wit h pair s o f linke d tetrahedr a (Si 2O7
units), t o variou s single-chai n [(SiO 3)n] structures , a s i n th e pyroxenes ,
and double-chain structures [(Si 4O)n], as in the amphiboles, to the sheets
of linke d tetrahedr a characteristi c o f laye r silicates , suc h a s mica s an d
clay minerals. The formation of structures containing rings of linked tetra-
hedra (wit h typically 3, 4, o r 6  members) commonly leads t o mor e com -
plex phases wit h other oxyanio n unit s present, fo r example , BO3 in tour-

3(Al,Fe)6(OH)4(BO3)3[Si6018].
The extensive crystal chemical , geochemical , an d mineralogica l liter-

ature o n th e silicate s ha s bee n reviewe d i n th e classi c text s o f Deer ,
Howie, an d Zussma n (1966 , 1978 , 1982 , 1986) and i n volumes of the Re -
views i n Mineralogy serie s of the Mineralogica l Societ y o f America .

5.2.1. Olivines:  Geometric structures

Magnesium olivines (Mg2SiO4) were among the first minerals to be studied
quantum mechanically , du e bot h t o th e simplicit y o f thei r chemica l
makeup as "salts" of SiO 4

4- an d Mg2+ ions , and to the considerable com -
plexity o f thei r precise structures , tha t is , th e distortion s fro m idealize d
symmetry o f thei r polyhedra l units . Onl y whe n high-accurac y crysta l
structure refinements wer e obtained could th e great complexity of struc-
tural distortions i n olivines be appreciated (Birl e et al. , 1968) . To explain
the geometri c distortion s qualitatively , a  numbe r o f theorie s coul d b e
evoked a t tha t time . Som e o f these wer e theorie s curren t withi n solid -
state an d inorgani c chemistry , suc h a s th e d-pv  bondin g (Cruickshank ,
1961) and valence-shel l electron-pair repulsio n (VSEPR) theories (Gilles -
pie, 1960) , first applie d t o silicate s b y Brow n and Gibbs (1970). The cen -
tral concept o f d-pit bondin g theory, the structura l importanc e of overlap
of unoccupied central atom 3 d orbital s an d ligand 2p orbitals (e.g. , S i 3d -
O 2p interactions in silicates), has sinc e been significantly modified to de-
emphasize th e directiona l ir-bondin g aspect s an d emphasiz e th e greate r
penetration o f d polarization function s int o the atomi c core for the third-
row atoms , Si-C l (Cruickshank , 1985) . Th e centra l concep t o f VSEPR ,
the structura l importanc e o f maximizin g the separatio n o f valence elec -
tron pairs , ha s sinc e bee n muc h used, and it s quantum-mechanical basis
has been elucidated (Bader et al. , 1988).

Unfortunately, al l o f th e phenomenologica l theories, eve n whe n ap -

maline NaMg
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parently contradictor y i n terms o f the electroni c structure s o f the bond s
they described, could be construed to explain experiments. An important
advance occurre d whe n the importanc e o f Bartell' s wor k o n distortion s
in th e length s of P-O an d S- O bond s usin g extended Hucke l molecular -
orbital theor y (Bartel l e t al. , 1970 ) was realize d an d thi s semiempirica l
method then applied to silicates (Louisnatha n and Gibbs, 1972a,b). In the
extended Hucke l method , equilibriu m bon d distance s canno t b e calcu -
lated directly , but shorter , stronge r bond s ar e expecte d t o be associate d
with larger overlap populations (often symbolize d by n). For various mol-
ecules, extende d Hucke l wav e function s ca n b e calculated , assumin g
either experimental bond distance s an d angles, or requiring all bond dis -
tances o f a given type (e.g. , Si-O ) t o be equal and utilizing experimental
angles. If the extended Huckel results for the given cluste r correctly de-
scribe th e energetic s determinin g the bon d lengths , a  correlatio n o f in-
creasing n  with decreasing experimental bond distances should be found.
Such correlations wer e found, and are shown for P-O an d Si-O bond s in
Figs. 5. 1 and 5.2 , respectively . The mos t convincin g results o f this type
utilized constan t distance s an d sp-only  basi s sets , avoidin g the bia s du e
to th e differen t bon d distance s an d th e uncertaintie s regardin g d -orbital
size and involvement in bonding. However, al l such EHMO calculations ,
no matter what their details, gave good correlations o f n against observed
bond length . Such calculation s were late r extende d t o man y other M- O
bonds, an d direc t calculatio n o f minimum energy angle s for silici c aci d
molecules with unequal bond length s showed that shor t Si-O bond s lead
to large equilibrium O-Si-O angles (Fig . 5.3). However , ther e wa s som e

Fig. 5.1. Experimenta l P-O bon d lengt h versus bon d overla p populatio n calcu -
lated usin g extended Hucke l molecular-orbital theory. Se e Bartel l e t al . (1970) for
further detail s (after Bartel l e t al. , 1970 ; reproduced wit h the publisher' s permis-
sion).
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Fig. 5.2 . Bon d overla p populations , n(Si-O), calculate d usin g extended Hucke l
molecular-orbital theor y fo r th e (SiO 4)4- tetrahedro n o f forsterit e an d plotte d
against Si- O bon d distanc e (A) . Inset tetrahedro n a t lef t show s dimension s ob-
served fo r SiO 4 cluster and on e a t the righ t shows overlap populations with max-
imum rang e of n(Si-O) i n square bracket s for th e estimate d standar d deviation s
in the bond length (after Louisnatha n and Gibbs, 1972b; reproduced with the pub-
lisher's permission).

skepticism abou t thes e results ; first , becaus e th e EHM O metho d i s ap-
proximate, non-self-consistent, an d not designed to handle ionic systems ;
second, becaus e o f th e indirectnes s o f th e geometri c prediction , and ,
third, because o f the neglect o f atoms outsid e the SiO4

4 -or Si(OH) 4 clus-
ter. A n alternativ e approac h (Baur , 1971 ) attributed th e distortion s t o
ionic effects , du e eithe r t o mismatc h o f the dimension s o f edge-sharin g
polyhedra, distortion s du e t o deviation s fro m electrostatic neutralit y re-
lated t o Pauling' s secon d rule , o r t o shared-edg e shortening s relate d t o
the operation o f Pauling's third rule (see Sectio n 7.1.3) . Such shared-edg e
effects wer e describe d b y Tossel l an d Gibb s (1976 ) using semiempirica l
SCF molecular-orbita l methods for a SiMgO8H10 cluster, a SiO4 unit shar-
ing a n edge wit h a  MgO 6 unit. They found tha t the share d O- O edg e wa s
indeed shortened , with a  calculated O-Si-O angle of 103° , in fortuitousl y
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Fig. 5.3. Plo t of total Hilcke l energy o f a silicate ion (C3v, symmetry) a s a function
of a =  O(apical)-Si-O(basal ) angle for the three cases indicated in the figure (afte r
Louisnathan an d Gibbs , 1972a) .

good agreemen t wit h the experimenta l angl e i n olivine (Tabl e 5.1) . Later
studies b y McLarna n e t al . (1979 ) extende d thi s wor k b y applyin g th e
method t o larg e cluster s [(SiO 3(OH)Mg3(OH)10)7-] an d t o som e fluorid e
and sulfid e olivin e structures . Althoug h the resulting equilibrium shared -
edge angles for the Mg2SiO4 case were similar, the analysis was somewhat
more complex. Tossell an d Gibbs (1976) focused upon bond overlap pop-
ulations a s a  measur e o f bon d energ y an d identifie d a  negativ e Si-M g
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Table 5.1. Energ y and charge distribution as a function o f Obr-Si-Ohr
angle in SiMgO 8H10

Obr-Si-Obr
angle

109.95
105.0
99.5
90.0

E(Hartree)

-1074.963
- 1074.96 9
-1074.967
-1074.932

Si-Mg
distance (A)

2.59
2.67
2.77
2.93

n(Si-Mg)a

-0.259
-0.225
-0.196
-0.161

B(0br-0br)

-0.009
-0.011
-0.015
-0.024

"n i s the bon d overlap population, a s define d i n Mullike n (1955) .
Source: From Tossel! and Gibbs , 1976 .

overlap populatio n wit h an antibondin g interaction tha t leads t o shared -
edge shortenin g or Si-Mg avoidance acros s the share d edge . McLarna n
et al. (1979) used an energy decomposition scheme for their semiempirical
molecular-orbital (CNDO/2 ) calculation s an d foun d tha t man y energ y
terms changed significantl y as a  function of angle, resultin g in a complex
balance o f forces . Al l these studie s suffere d fro m th e limitation s of ap -
proximate molecular-orbita l method s (whic h were clearly inadequat e fo r
quantitative bond-distanc e prediction ) an d fro m th e us e o f highl y con-
strained model s with many geometric variables hel d constant .

It i s no w possibl e t o calculat e directl y som e o f th e basi c structura l
properties o f olivine. For example , th e calculate d Si- O bond distanc e in
a full y geometricall y optimize d Si(OH) 4 molecul e (o f S 4 symmetry ) ob-
tained from a b initio  SCF Hartree-Fock-Roothaan calculation s at the 6-
31G** basis-set leve l is 1.62 9 A, ver y close to the averag e valu e of 1.635
A in olivine and in other monosilicates (Hess et al., 1986; see Fig. 5.4).
Minimum-basis-set (STO-3G ) calculation s o n Mg(OH) 2(OH2)4 (Gibbs ,
1982) give a Mg-O distance of 1.91 A, somewhat smaller than the averag e
Mg-O distanc e o f 2.10 3 A i n fayalite . Sinc e th e calculate d equilibrium
distance o f 1.77 A for diatomic Mg O obtained usin g the sam e metho d i s
much close r t o th e experimenta l valu e o f 1.7 5 A, i t appear s tha t
Mg(OH)2(OH2)4 is not a n adequate model for six-coordinate Mg in an ox-
ide environment . On the othe r hand , a  MgO 6 model wit h fewer H satu -
rators woul d b e negativel y charged , an d w e woul d thus expec t th e cal-
culated bond distance t o be too large .

No a b initio  SC F calculation s hav e ye t bee n performe d o n the geo-
metries o f distorted SiO 4 environments in olivines. Ab initio  SC F calcu -
lations on SiO 4

4- wit h the olivine geometry (Tossell , unpublished results)
do no t giv e large r bon d overla p population s fo r th e shorte r Si- O dis-
tances; s o this resul t mus t be considered a n artifac t o f the non-self-con-
sistent EHMO calculations .

There hav e bee n a  numbe r of atomisti c simulations , mos t o f which
have focused upo n unit-cell parameter s an d fractional coordinates in oli-
vines o r upo n elasti c properties. Man y suc h simulation s are reviewed by
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Fig. 5.4 . Th e total energ y of Si(OH)4 as a function of Si-O distanc e LR(SiO) (A)] .
The histogra m superimposed o n the plo t i s a frequency distribution of the exper-
imental Si- O bon d length s i n monosilicates , wit h averag e valu e 1.63 5 A  (fro m
Gibbs, 1982) .

Price an d Parke r (1984) , wh o foun d tha t simulation s wit h ful l ioni c
charges coul d satisfactoril y reproduc e eithe r th e structur e o r the elasti c
properties of olivines but not both. They presented a  simulation with frac-
tional charge s an d a  semiempirica l Morse potential 1 fo r th e Si- O bon d
and found tha t both structura l and elastic propertie s coul d be adequatel y
modeled (see Chapter 7 for further discussion). Thei r calculated Si-O dis -
tances, shown in Table 5.2, are in quite good agreement with experiment.
The atomi c charge s use d in this simulatio n are als o i n reasonable agree -
ment wit h th e effectiv e charge s inferre d fro m x-ra y diffractio n studie s
(Fujinoetal., 1981) .

It is apparent from this description that both ionic and covalent force s
are probably important in determining the detailed geometries o f olivines.
The balanc e o f forces determining the structure s seems complex , and i t
is no t clea r whethe r th e observe d distortion s ca n b e attribute d t o an y
single qualitative factor.

5.2.2. Olivines: Electronic structures

As note d b y Tossel l (1977a) , th e electroni c structure of Mg2SiO4 can b e
partly described i n terms o f the sam e SiO 4

4- anio n cluste r used t o inter-
pret th e photoelectro n an d x-ra y emissio n spectr a o f SiO 2 (see Chapte r
4). Moreover , there ar e clea r indication s tha t quantitativel y th e SiO 4

4 -

cluster model gives a better description for Mg2SiO4 than for SiO2. Tossell
(1977a) noted tha t th e experimenta l energie s for th e S i 3s-O 2 p bonding
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Table 5.2. Observe d Si- O an d Mg- O bon d length s in forsterite an d ringwoodite
(units of A) compared wit h those derived fro m atomisti c simulation

Bond

Forsterite
Si-O(l) (1 )

0(2) (1 )
0(3) (2 )

Mg(l)-0(l) (2 )
0(2) (2 )
0(3) (2 )

Mg(2)-0(l) (1 )
0(2) ( I )
0(3) (2 )
0(3) (2 )

Ringwoodite
Si-O (8 )
Mg-O (16 )

Observed lengt h

1.614
1.651
1.635

2.096
2.068
2.130

2.156
2.049
2.067
2.213

1.655
2.070

Calculati

P4"

1.608
1.645
1.634

2.079
2.087
2.135

2.214
2.065
2.105
2.239

1.660
2.064

I'd length

PS"

1.615
1.655
1.640

2.047
2.062
2.117

2.243
2.023
2.043
2.263

1.671
2.040

UP^ an d 7* 5 ar e differen t potential s used in th e calculations .
Source: Afte r Pric e and Parker , 1984.

orbital s o f SiO 2 sho w the m t o b e mor e stabl e tha n thos e calculate d fo r
SiO4

4-. Compariso n o f the experimenta l S i L x-ra y emissio n spectr a o f
quartz and olivine (Fig. 5.5; from Kurod a and Iguchi, 1971) shows the 5a,
Si 3s-O 2 p bonding orbital producing peak C  to b e less stabl e in olivine
than i n quartz by abou t 1. 4 eV and th e 4t 2 Si 3P-O 2 p producing peak B
to b e les s stabl e b y 1. 8 eV. A comparison o f quartz an d olivin e experi-
mental energies with theoretically calculated energies in Table 5.3 shows
this clearly. Neither small changes in Si-O distance , nor distortions fro m
tetrahedral symmetr y occurring i n olivine, change th e calculate d orbita l
energies by more than a few tenths of an electron volt . Later experimental
studies by Diko v e t al . (1976 , 1977 , 1986 ) confirmed th e difference s be-
tween olivin e and quart z spectra , givin g stabilizations of the S i 3p-O 2 p
and S i 3s-O 2 p b  orbitals of 1. 1 and 2. 0 eV, respectively, in quartz com -
pared t o olivine . DVM-Xa calculation s (see Sectio n 3.9 ) by Dikov et al .
(1986) o n SiO 4

4- an d Si 2O7
6 als o sho w a  significan t stabilizatio n o f a

Si2O7
6- orbita l (6a2" in thei r notation), whic h is strongl y bonding across

the bridgin g oxygen (described as [3s,3p(Si|)-2/>a(O br)-3s,3P(Si2)]. Suc h
stabilization of bonding orbitals involving bridging oxygen is probably re-
sponsible for the differences between olivine and quartz . Additional sup-
port fo r thi s interpretation comes fro m a  compariso n o f orbital energie s
along the anio n series (TO n

4
 -- ) C1O4

 -  ,SO4
2-, PO4

3 - , SiO 4
4- Fig. 5.6;from

Tossell, 1977a ) obtained from Li nTO4 spectra, which show both the anom-
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Fig. 5.5. Th e S i L x-ray emissio n spectr a
of quart z an d olivin e (afte r Kurod a an d
Iguchi, 1971) .

alous character o f SiO2 versus Li4SiO4 and the continuity of SiO 4
4-orbital

energies with the trends show n by the other tetrahedral oxyanions .
A mor e complete view of the electroni c structur e o f Mg2SiO4 may b e

obtained by comparing its photoelectron spectra with Si, Mg, and O x-ray
ray emissio n spectra (Al-Kadie r et al. , 1984) . The onl y feature no t see n
in our previou s analysis of the electroni c structur e of SiO2 is the positio n
of the Mg 3p-O 2 p bonding orbitals. From  the data o f Urch (1985) shown
in Fig . 5.7, we see that the M g p character , a s shown in the M g Kfi x-ray
emission spectrum, occurs both in the predominantly O 2s orbital se t and

Table 5.3. Compariso n of experimental quart z and olivine relative molecular-
orbital energie s (i n eV) with MS-SCF-Xa result s fo r silicon-oxygen bond
lengths, R(Si-O)  =  1.60 9 and 1.63 4 A

Molecular orbital

Experimental energies
SiO2: XPS data
Olivine: XP S and XES data
Difference (SiO , versus olivine)

4a1

-20.8
-20.2
-0.6

3t2 5a 1

-18.4 -7.8
— -6. 4
— -1. 4

4t2

-4.8
-3.0
-1.8

le,5t2

-1.9
-1.1
-0.8

It,

0
0
0

Calculated energies
MS-SCF-jfa calculatio n
R(Si-O) =  1.60 9 A -17. 4
MS-SCF-Xa calculation
R(Si-O) =  1.63 4 A -17. 2
Difference (1.60 9 versus 1.634 -0. 2

A)

-14.5 -7. 4 -3.2 -1. 2 0

-14.4 -7. 3 -3. 1 -1. 2 0
-0.1 -0. 1 -0. 1 -0. 1 0

Source: From Tosscll , 1977.
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Fig. 5.6 . Energie s (relativ e t o the l t1 molecula r orbital) o f the valence orbital s of
third-row tetrahedra l oxyanion s derived from x-ra y photoelectron spectr a (afte r
Tossell, 1977a ; reproduced wit h the publisher' s permission).

in th e O  2p nonbondin g (with respect t o Si ) orbitals nea r th e to p o f th e
valence region.

Additional evidence for the effect of polymerization appears in the x-ray
ray photoelectro n spectra l intensitie s of silicates . DVM-Z a calculation s
on the energies an d intensities of spectra b y Sasaki an d Adachi (1980a,b)
satisfactorily reproduc e relativ e intensitie s in the upper-valence-band re -
gion fo r SO 4

2- [Fig . 5.8(a) ] bu t seriousl y underestimat e th e intensit y of
the 5a l orbita l feature of SiO2 using a SiO 4

4- cluste r mode l [Fig . 5.8(b)] .
This erro r ma y b e a  resul t o f the influenc e o f polymerizatio n i n SiO 2,
although th e calculate d spectru m i s als o somewha t differen t fro m tha t
observed fo r olivine in Fig. 5.7 .

Information o n unoccupie d orbita l electroni c structur e i s availabl e
from th e XANE S o f silicates . Althoug h few dat a ar e availabl e fo r oli -
vines, studie s o f the anio n serie s C1O 4

- ,  SO 4
2-, PO 4

3- ,  as describe d i n
Bianconi (1988) , indicate them to have structures similar to SiF 4, with a1
and t 2 absorptions below threshold, and e  and t 2 resonances in the contin-
uum (Tossel l et al. , 1985a ; Tossell, 1987). S i L2,3 XANES for Mg 2SiO4 are
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Fig. 5.7. X-ra y emission (Si KB, ;  L 23M,---; Mg KB,---; O Ka,- - ) an d x-ray
photoelectron spectra for forsterite (Mg 2SiO4). The x-ray photoelectron energy is
shown on th e lowes t scal e — the othe r scale s are fo r the x-ra y spectra , as indi -
cated (afte r Urch , 1985 ; reproduced with the publisher' s permission).

similar t o thos e fo r quartz , bu t th e XANE S o f Fe an d N i olivine s show
additional feature s o n th e low-energ y sid e o f th e a 1 an d t 2 bound-stat e
peaks, presumabl y du e t o excitatio n t o predominantl y meta l 3 d empt y
orbitals (Iguchi , 1974).

There have also been investigations of the electron density distribution
in olivines (Fujino et al. , 1981) , which show positive differenc e densities
(Ap) along the Si-O bon d that ar e larger for the shorte r Si- O bond s [Fig .
5.9(a)]. Ab initio  Hartree-Fock-Roothaan SCF calculations on  monosilic-
ic aci d [Si(OH) 4, Gibbs , 1982 ] show qualitativel y simila r A p maps [Fig .
5.9(b)]. Quantitativ e reproductio n o f experimenta l A p plots ma y requir e
even larger basis sets, thermal motion corrections, an d perhaps als o con -
sideration o f correlation effects . Informatio n o n th e charg e distributio n
surrounding oxygen in Mg2SiO4 may also be obtained usin g the measure d
e2qQlh valu e fro m 17 O NMR studie s (Schram m an d Oldfield , 1984 ; Old-
field an d Kirkpatrick , 1985) . The thre e inequivalen t oxygens in Mg2SiO4
have e 2qQlh value s o f 2.35 , 2.35 , and 2.7 0 MHz , typica l o f nonbridging
oxygens. Th e calculate d value of e 2qQlh for isolate d tetrahedra l SiO4

4-

with an Si-O distanc e =  1.63 4 A (Tossell and Lazzeretti , 1987a ) is about
2.9 MH z whe n th e prope r Hartree-Foc k valu e o f e Q =  2.23 3 x  10 - 2
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barns i s use d (se e Tossel l an d Lazzeretti , 1988a) , i n semiquantitativ e
agreement wit h experiment. NQC C value s for bridging oxygen are con -
siderably larger, for example, 5.8 MHz i n cristobalite (Oldfield and Kirk -
patrick, 1985 ) and abou t 5. 2 MHz i n amorphou s SiO 2 (Geissberge r an d
Bray, 1983) . The calculate d valu e fo r oxyge n i n (SiH 3)2O with a n Si- O
distance o f 1.60 7 A and Si-O-Si angle of 144 ° is about 5. 3 MHz (Tossel l
and Lazzeretti , 1988a) .

The respons e o f th e silicat e grou p i n olivin e t o magneti c field s ha s
recently bee n studie d experimentall y using 29Si and 17 O NMR, an d com -
putationally usin g Hartree-Foc k perturbatio n theory . Compute d NM R
shieldings fo r SiF 4 an d SiO 4

4- cluster s compar e wel l with experimental
data fo r the gas-phas e SiF 4 molecule an d SiO 4

4- i n olivines, while the S i
shieldings of H3SiO -  and H3SiOSiH3 reproduce reasonabl y wel l the effec t
of silicate polymerization (Table 5.4) . Anisotropies in the shielding tensor
have bee n accuratel y reproduce d fo r phosphates , suc h a s HPO 4

2- an d
PO3F2- (Tossel l an d Lazzeretti , 1987b) , bu t preliminar y calculation s in -
dicate tha t silicat e NMR anisotropie s suc h a s those measure d i n olivine
(Weiden an d Rager , 1985 ) may b e mor e difficul t t o evaluat e accuratel y
and may depend upo n second-neares t (o r more) neighbor atom identities
and positions as well as on the geometry of the first coordination sphere .

The electroni c polarizabilit y o f Mg 2SiO4 has bee n evaluate d fro m re -
fractive inde x and volum e data by Lasag a an d Cyga n (1982) as 6.3 5 A3.
Assuming ~0.08 7 A 3 for th e polarizabilit y of Mg2+, the polarizabilit y of
SiO4

4- (fo r sodiu m D  light ) shoul d b e ~6. 2 A 3. Couple d Hartree-Foc k
calculations (unpublished) by Tossell, using the same basis sets as in Tos-
sell and Lazzerett i (1987a) , give a static polarizabilit y o f 5.7 A3.

5.2.3. Element distributions and solid solutions in olivines

The distribution of divalent cations over the inequivalent Ml an d M2 sites
in olivines has long been of interest. Albert i and Vezzalini (1978) modeled
ordering i n olivine structures usin g observed structure s an d considerin g
only the electrostatic energy . They calculated energie s for various charge
distributions i n Ml an d M 2 sites an d obtaine d result s in agreement wit h
experiment. Bis h and Burnham (1984) modeled eigh t ordered an d antior -
dered olivin e pair s usin g a n optimum-distanc e least-square s procedur e
(Dollase, 1980 ) to determin e th e structure , an d evaluate d energie s fro m

Fig. 5.8 . (a ) Calculated x-ra y photoelectron spectu m for the SO 4
2- cluste r (uppe r

curve), togethe r wit h the experimenta l spectru m (below ) for Li 2SO4. I n th e cal-
culated spectrum : O  I s , - - - ; O  2p , («~) ; S 3s—-- ; S  3p , .  (b ) Calculated x-ra y
photoelectron spectru m fo r th e SiO 4

4- cluste r (uppe r curve) , togethe r wit h th e
experimental x-ray photoelectron spectrum and x-ray emission spectrum of amor-
phous SiO2. In the calculated spectrum: O 2s, ;  O 2p, •••',  Si 3s, —  (after Sasak i
and Adachi , 1980b ; reproduced wit h the publisher' s permission) .
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Fig. 5.9. Electro n densit y distributions in olivines : (a ) Experimenta l differenc e
density map of part of the forsterite structur e showin g the residual peaks aroun d
Si. Contours are at intervals of 0.1 electrons A - 3 , negative contours being broken
and zero contours dotted. Number s i n decimal fraction s o f the a  length indicat e
the height s of the atoms . Th e tetrahedro n formed b y oxygen atoms aroun d S i is
shown (after Fujin o et al., 1981 ; reproduced with the publisher's permission), (b )
A comparison o f a theoretical differenc e densit y ma p (i ) of the O-Si-O group in
the monosilicic acid molecule [Si(OH)4] with an experimental map (ii) of the sam e
group i n the monosilicat e minera l andalusite (Al2SiO5). Contours ar e a t intervals
of 0.07 electrons A -3 i n (ii) . The regio n aroun d th e nucleu s of each ato m i n th e
theoretical map represents the core region, where the data are not expected t o be
accurate (afte r Gibbs, 1982 ; reproduced wit h the publisher' s permission).

electrostatic plu s repulsion contributions , wit h repulsive parameter s ob -
tained from empirical fit s t o crystal structur e data . Sit e preferences wer e
correctly predicte d qualitativel y in all cases (Table 5.5), although no crys-
tal-field stabilizatio n energy (CFSE ) or covalency effect s were included
Ottonello (1987) used a  similar procedure, bu t with significantly different
parametrization in both the distance-least-squares and lattice energy cal -
culations, to model the enthalpies and free energies of both end members
and intermediat e compositions i n a  numbe r of olivin e solid solutio n se -
ries, obtainin g reasonabl e agreemen t wit h experimen t fo r bot h phas e



Fig. 5.9. Continue d

Table 5.4. Calculate d NM R shielding s (0si, a° , an d q° ) for linear (SiH3)2O,
SiH3OAlH3

+, SiH 3OH, SiH3OMg+, and PH3OA1H3 units obtained from Hartree-
Fock perturbatio n theory (sp ; O  3 d, T  3d basis)

0Si

a°
k°
e2qQIh

(e2qQ/ti) l6.77

(SiH3)2O

515.5
418.5

1.290
6.77
1

SiH3OAIH3
-

525.9
389.8

0.9945
5.22
0.77(0.63)a

PH3OAIH3

400.9
1.534
8.05
1.19(1.13) a

SiH3

134°

443.8
339.6

1.116
5.86

—

OH

115° SiH 3O-

438.5 454. 0
— 328. 7

1.208 0.79 2
6.34 4.1 6

— —

SiH3OMg+

451.4
363.7

1.218
6.39
—

"Experimental value s fro m Tabl e II I o f Timken e l al . (1986) .
Source: Afte r Tossel l an d Lazzcretli , 1988a.

229



230 THEORETICAL GEOCHEMISTRY

Table 5.5. Structur e energ y difference s (AU) between optimu m distance model s
of ordered an d antiordered olivines , Ml-M2-SiO4 (kcal/mol) . Positive value s
indicate the cation distributio n shown (ordered ) has the lower energy; negativ e
values indicate the opposit e (antiordered ) distributio n has the lower energ y

Ml

Fe

Co

Ni

Fe

Mg

Mg
Mn

Fe

M2

Mg

Mg

Mg

Mn

Mn

Ca
Ca

Ca

AU, Coulom b
only parameters

-5.0

-2.7

+ 4.3

+ 1.3

+ 11 . 1

+ 11.0
+ 16.7

-6.7

AU, Coulom b
plus repulsive
parameters

-0.1

+ 0.1

+ 2.3

+ 6.8

+ 11.0

+ 17.1
+ 6.6

+ 10.5

Observations

Fe usuall y i n M l — very sligh t
ordering; som e CFSE a fro m Fe 2 +

Co in Ml — partial ordering; CFSE
from Co 2 +

Ni in Ml — strong ordering; CFSE
from Ni 2 4

Fe i n Ml — partial ordering ; som e
CSFE from Fe 2 +

Mg in Ml — nearly complet e
ordering

Mg in Ml — complete ordering
Mn i n Ml — nearly complet e

ordering
Fe i n Ml — strong ordering; som e

CFSE fro m Fe 2 +

"CFSE. crystal-fiel d stabilizatio n energ y (see section 1.2).
Source: Afte r Bis h an d Burnham , 1984.

boundaries an d sit e occupancie s a s function s o f compositio n (Fig.
5.10a,b). Further development s within this approach wil l require ab initio
potentials for the transition-metal-oxyge n interaction s and incorporatio n
of crystal-field effects an d covalenc y corrections , bu t i t i s clear tha t th e
empirical potentials reproduce mos t o f the structura l and energetic prop -
erties.

5.2.4. Structure and stability of silicates of
intermediate polymerization

Direct quantum-mechanica l stud y o f th e stabilitie s o f silicate s o f inter -
mediate polymerizatio n i s currently impossibl e becaus e o f the immens e
complexity an d variet y o f structures . However , som e principle s hav e
emerged a s a  resul t o f quantum-mechanical calculation s o n cluste r units
(Tossell and Gibbs , 1978 ; Newton an d Gibbs , 1980 ; Meagher e t al., 1979;
Meagher, 1980) . The basic conclusion s ar e that not only the Si-O-Si an-
gles (<Si-O-Si) , bu t th e O-O-O bridgin g angle s [<(O-O-O) br] ar e re -
stricted t o abou t 125-180° , regardles s o f the presenc e o f counterions. A
contour plo t of energy as a  function of <Si-O-Si and <(O-O-O) br gives
a partial explanation for the presence of only certain structure types (Fig.
5.11). Unfortunately , th e system s studied in the chai n silicate work were
so large that it was necessary t o employ an approximate molecular orbital



Fig. 5.10. Calculation s of the propertie s of olivine solid solution s (see Ottonello ,
1987, fo r ful l detail s and dat a sources) : (a ) Calculated phas e fiel d boundarie s i n
the syste m (Mn,Mg),SiO 4; ful l circle s ar e calculate d boundaries , dashe d curve s
are extrapolated , dotte d lines are experimenta l solubilit y gap . (b ) Plot of site oc-
cupancy versus molar composition along the binary join (Ni,Mg)2SiO4.
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Fig. 5.11. A  contour total-energy map for two-repeat chains over a  range of <(Si -
O-Si) an d <(O-O-O)br. Observed structure s indicated by letters hav e energy val-
ues nea r valley in middle of diagram (from Meagher , 1980) .

method, CNDO (see Section 3. 7 and Appendix C). A similar problem was
encountered i n studie s o f the relativ e stabilit y o f silicate ring s b y Chak -
oumakos e t al. (1981). Although the bond distance s an d angles calculate d
using a b initio  Hartree-Fock-Roothaa n SC F method s (a t the minimum-
basis-set, STO-3 G level ) for a four-membered rin g [modeled b y (H2SiO)4]
were in reasonable agreemen t wit h experimental electro n diffractio n stud-
ies o n th e molecule , th e calculate d equilibriu m geometry wa s differen t
from tha t observed , correspondin g t o a different type o f distortion o f the
Si4O4 uni t from planarity . Similarly , th e stabilit y o f th e three-membere d
ring (H2SiO)3 was overestimated due to the tendency of the STO-3G basis
set to underestimate th e Si-O-Si angles, giving undue stability to the Si -
O-Si angl e o f 130 ° calculated fo r (H 2SiO)3. CND O calculation s (whic h
give large r Si-O-Si angles ) gave th e four-membered ring as mor e stabl e
than th e three-membere d ring , bu t showe d continuousl y decreasing en -
ergy pe r S i as th e rin g siz e expanded rathe r than highe r stability for th e
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six-membered rings, which are more numerous in silicates. Late r studie s
of (H2SiO)3 using 6-31G* (d functions on Si only) basis sets (O'Keeffe and
Gibbs, 1984 ) yielded a somewha t large r Si-O-Si angl e (136.7° ) and a  re-
versal in  the calculate d stabilitie s of  D3h and C 3v geometries wit h the D3h
structure no w more stable . Kud o and Nagase (1985 ) obtained simila r re-
sults a t the 3-21 G level while Tossell (1990b ) using 3-21G** bases (polar -
ization functions on all atoms; Si 3d, O 3d, H 2p) obtained a Si-O distance
of 1.63 0 A and Si-O-S i angl e of 133.4° , and a  rigorously plana r D 3h ge-
ometry. The geometry of [(CH3)2SiO]3 was found to involve an Si-O dis-
tance o f 1.63 5 A an d Si-O-S i angl e o f 131.6 ° from electro n diffractio n
(Oberhammer e t al. , 1973) . Kud o an d Nagas e (1985 ) establishe d tha t
oligomerization in the (H 2SiO)n series i s exothermic, for n =  2-4 ; that is,
for th e reactions :

and

the calculate d A E values a t th e 3-21 G basis-set leve l ar e -162. 3 and
-74.2kcal/mol.

Atomistic simulation s hav e als o bee n performe d o n pyroxene s an d
pyroxenoids by Catlow e t al . (1982 ) and predict the stabl e M g end mem-
ber to have the diopside structure and the stable C a end member the wol-
lastonite structure , as observed. However , onl y pair potentials wer e em-
ployed i n thi s study , an d Pos t an d Burnha m (1986 ) hav e foun d tha t
diopside structure s ar e poorl y describe d withi n suc h a  model . I t would
clearly b e o f interest t o repea t th e simulation s usin g the three-bod y sili -
cate potentials , whic h hav e yielde d accurat e Si-O-S i angle s i n quart z
(Catlow et al., 1985).

Separate from th e question o f preferred structur e type is the question
of existence . Wh y ar e ther e s o man y topologicall y an d compositionall y
possible silicate s tha t d o not exist ? Dent Glasse r (1979 ) suggests tha t for
stability the Lewis acid strength of the cation and the Lewis base strength
of the silicat e anio n mus t be matched , wher e th e Lewi s aci d strengt h is
simply th e atomi c valenc e divide d by th e averag e coordinatio n number .
The Lewis bas e strengt h for bonding to the catio n i s the atomic valenc e
divided by coordination number , less th e base strength expended in bond-
ing to Si , so that silicat e anion s wit h different degrees o f polymerization
have differen t bas e strength . Thus , cation s wit h high aci d strengt h typi -
cally for m depolymerize d silicates , whil e those wit h low aci d strength s
are foun d in more highl y polymerized silicates . Jense n (1980 ) has note d
that th e les s electronegativ e o f isovalen t cation s tend s t o partitio n int o
more polymerized silicates. Ramberg (1952) has noted that the more elec-
tronegative Fe 2 '- io n partitions int o olivine s whil e the mor e electroposi -
tive Mg 2+ partition s into pyroxenes.
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5.2.5. Electronic structures of silicates other
than olivines and SiO2

The electroni c structure s o f silicate mineral s o f polymerization interme -
diate betwee n nesosilicate s an d tektosilicate s hav e bee n studie d t o a
lesser exten t than have SiO 2 or the olivines. The complexity of their crys-
tal structure s make s calculatio n difficult , an d thei r diversit y in terms o f
local chemica l environment makes phenomenologica l assignment of their
spectra difficult . Nonetheless , som e recen t comparativ e studie s hav e
given valuable electronic structur e informatio n on such materials .

For example , band calculations hav e been performed, an d x-ray pho-
toelectron spectr a have been determined o f crystals and glasses alon g the
(NajO)x

. (SiO2)1-xseries (Ching et al. , 1983) . Thes e studie s complemen t
earlier wor k o n the S i KB spectra (Sakk a an d Matusita , 1976 ; de Jong e t
al., 1981 ) and the O  1s x-ray photoelectron spectr a (Bruckner et al., 1980 )
of this serie s o f materials. S i NMR data have als o been studie d fo r thi s
series (Stebbins , 1987 ; Selvara y e t al. , 1985) . A s x  increase s alon g thi s
series, th e silic a framework gradually depolymerizes, producin g specie s
with nonbridging oxygens and lower polymerization, as well as modifying
the Si- O distance s an d Si-O-Si angles (Soules , 1979) . The band calcula -
tions o n crystallin e Na 2SiO3 usin g a  non-self-consistent , valence-onl y
LCAO metho d (Ching et al., 1983 ) show distinct differences in the partia l
densities o f state s fo r bridgin g and nonbridgin g oxygens (Fig . 5.12) . Th e
nonbridging oxyge n level s are , i n al l cases , les s tightl y bound tha n th e
bridging oxygen levels. Thi s effec t occur s in the O  2s nonbonding levels
and the O  2p nonbonding levels (and presumably in the O Is cores as well,
according t o experiment; Bruckner e t al., 1980) . The S i 3p-O 2 p bonding
levels also diffe r i n energy i n the sam e way . These calculate d trend s ap -
pear clearly i n the experimenta l x-ra y photoelectro n spectr a (Fig . 5.13),
with the splittin g of O  2s nonbonding and O  2p nonbonding, and th e de -
stabilization o f Si- O 2 p bonding orbital s readil y observable . Th e desta -
bilization o f the S i 3/?-O 2p orbital s i s also eviden t from th e S i Kfi spec -
trum, where low resolution shows a  shift o f a broad peak to higher energy
while x increases (Sakk a and Matusita, 1976) , and higher-resolution spec -
tra sho w the appearance of a high-energy shoulder (d e Jong et al., 1981) .
These spectr a ar e shown in Fig. 5.14 . The O 1s x-ray photoelectron spec -
trum, as shown in Fig. 5.1 5 (Jen and Kalinowski , 1989) , has an asymmet-
ric peak tha t can be decomposed int o a peak associate d wit h nonbridging
oxygen a t lowe r energy , an d a  bridgin g oxygen pea k a t highe r binding
energy, with an energy separatio n o f about 2  eV.

Glasses alon g th e (NaO) x.(SiO2)1-x serie s hav e als o bee n studie d b y
29Si NMR  (Stebbins , 1987 ; Selvara y et  al. , 1985) . Stebbin s (1987 ) dem-
onstrated, fo r sodiu m silicate glasses, th e existenc e of polymerized spe-
cies no t dictate d b y th e stoichiometr y (e.g., i n Na 2Si2O5 composition
glass), whic h in crystallin e for m contain s entirel y Q 3 species. 2 He foun d
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Fig. 5.12. Calculated densit y o f state s an d partia l densit y o f states for Na 2SiO3:
(a) total DOS in arbitrary units ; (b)-(e) PDOS for each type of atom, as indicated
and normalize d t o th e numbe r o f state s pe r ato m [O(l) , nonbridgin g oxygens ;
O(2), bridging oxygens] (after Ching et al., 1983; reproduced with the publisher's
permission).

Q2, Q3, and g4 specie s al l present, with Q3 predominant (Fig . 5.16). Stud-
ies of  glasses wit h Li2Si2O5 composition als o yielded Q2, Q 3, and  Q 4 spe-
cies by curve fitting and, based upo n 29Si chemical shif t distributions , th e
Si_O-Si angle s wer e interprete d a s narrowin g as the polymerizatio n de -
creased (Fig . 5.17) . This woul d be consisten t wit h the expecte d effec t o f
increased coordinatio n o f the bridgin g oxygens to Na. Studie s of the op -
tical absorption spectra o f Cu2+ a s a probe ion in Na2O-SiO2 glasse s (Ho-
sono e t al. , 1979 ) also indicate changing electronic structur e wit h com -
position. Fo r Na 2O mol e percen t abov e 55 , th e optica l (ligand-field )
absorption wa s interprete d a s arisin g fro m a n orthosilicat e microscopi c
environment for th e Cu 2+ ion .

For silicate s such as MgSiO 3, differences i n electronic structure with
respect t o SiO 2 are mor e elusive. S i KB spectra (Dod d and Glenn , 1969;



Fig. 5.13. (a ) X-ray photoelectro n spectr a of (Na2O)x(SiO2)1_x. The inse t show s an enlargemen t o f the valenc e regio n (afte r
Ching e t al . 1983) . (b) X-ray photoelectro n spectru m of Na2Si2O5 (i ) compared wit h (ii ) a density o f state s calculatio n (afte r
Chingetal., 1983) .



Fig. 5.14. X-ra y emission spectr a of silicate glasses: (a) Si Kfi spectr a of SiO2 and
45 Na 2O-55 SiO 2 glasses (afte r Sakk a an d Matusita , 1976 ; reproduce d wit h th e
publisher's permission) . (b ) S i K B spectru m o f 1 5 K2O-85 SiO2 glass an d th e de -
composition o f thi s spectru m int o tw o peak s ( Ip an d I r), whic h represen t th e
"ideal" Si Kfi spectru m and the deviation of this spectrum due to potassium ions,
respectively (afte r d e Jong e t al. , 1981 ; reproduced wit h th e publisher' s permis -
sion).
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Fig. 5.15 . Th e x-ray photoelectron oxyge n Is spectru m of a sodium silicate glas s
(30 Na2O-70 SiO,), showin g contributions from bridgin g oxygens (BO) and non -
bridging oxygen s (NBO ) (after Je n an d Kalinowski , 1989 ; reproduced wit h th e
publisher's permission).

de Jong e t al. , 1981 ) for enstatite and for MgO-SiO2 glasses ar e very sim-
ilar to those fo r quartz. S i L x-ra y emissio n spectra als o apparently sho w
little difference (Dikov et al. , 1977) . Mg Kfi an d L 2,3 , x-ray emission spec -
tra (Bryto v e t al. , 1984 ) ar e somewha t mor e informative , clearl y distin -
guishing betwee n enstatit e an d periclase , bu t no t betwee n enstatit e an d
forsterite. Mor e informatio n can be obtained b y focusing upon propertie s
of the oxygen . Fo r example , Yin et al . (1971 ) obtained O  l s x-ra y photo -
electron spectr a for enstatite, which could be deconvoluted int o peaks for
bridging and nonbridgin g oxygen, although th e differenc e is in the oppo -
site sens e t o tha t foun d i n the (Na 2O)x(SiO2)1- x  series. Tossell (1973) , us-
ing semiempirica l molecular-orbita l calculations , wa s abl e t o reproduc e
this difference in O l s bindin g energies. Mor e recently , 17 O NMR studie s
(Timken e t al. , 1987 ) have distinguishe d between bridgin g and nonbridg -
ing oxygen s i n alkalin e eart h metasilicate s an d hav e foun d symmetri c
changes i n the NQCC value s for nonbridging oxygens as a function of the
identity o f the alkalin e eart h counte r io n (Tabl e 5.6) . NQC C value s ar e
systematically smalle r fo r nonbridgin g (O nb) than fo r bridgin g (Obr) oxy-
gens, an d decreas e a s th e alkalin e eart h elemen t become s heavier . A b
initio calculation s b y Tossel l an d Lazzerett i (1987a ; 1988a ) indee d giv e
smaller I7 O NQCC value s in SiO 4

4- tha n in (SiH3)2O by an amount similar
to that observed (Tabl e 5.4) , but calculations o f the effec t o f nearby coun -
terions on the NQC C ar e ye t t o be performed . Analysis of the spectr a is
also difficult , sinc e chemica l shieldin g anisotropie s affec t magic-angl e
spinning and stati c spectra differently , reducin g the accuracy o f the stati c
results.



Fig. 5.16. 29 Si NM R spectr a o f sodiu m silicat e glasses (Na 2O-SiO2) wit h mo l %
Na,O compositio n as shown : (a ) spectr a recorde d withou t sample spinning ; (b )
spectra recorde d wit h magic-angl e spinning (MAS) of samples . Sample s studie d
were enriched to 57% 29Si. Cross-hatching shows the areas o f Q4 peaks (afte r Steb -
bins, 1987 ; reproduced wit h th e publisher' s permission).

239



Fig. 5.17. 29 Si MA S NM R spectr a of lithium silicate glasse s an d thei r decompo -
sition t o Gaussian components both in terms o f the chemica l shif t ( 8 in ppm, with
Gaussians show n as dotte d line s on left-han d sid e above) an d i n terms o f Si-O —
Si bond angl e (a ) distributio n (right-hand side above) . Sample s studie d were : (a )
vitreous silica ; (b)  15  Li2O-85 SiO 2 glass ; (c)  33. 3 Li 2O-66.7 SiO 2 glass ; (d)  40
Li2O-60 SiO, glas s (afte r Selvara y e t al. , 1985 ; reproduce d wit h the publisher' s
permission).
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Table 5.6. Oxygen-1 7 (bot h bridging, O br, and nonbridging , O nb) nuclear
quadrupole coupling constants, asymmetry parameters (iq) , and isotropic
chemical shift s (8 i) for the alkalin e earth metasilicates a

System

MgSiO3

CaMgSi6

a-CaSiO3

a-SrSiO3

BaSiO3

Oxygen
type

onbonb
obronb
onb
obr
onbonbobr
onbonb
obronbonb
obr

e2qQ/h
(MHz)

(3.2)
(3.2)
(5.1)

2.7(2.9)
2.7(3.0)
4.4(4.5)
2.1
2.3
3.8
2.1
2.2
4.1
2.1
1.6
3.7

il

(0.0)
(0.0)
(0.3)

0.0(0.0)
0.1(0.1)
0.3(0.2)
0.1
0.1
0.2
0.1
0.1
0.4
0.1
0.1
0.4

8,

(60)
(42)
(62)

84(86)
63(64)
69(71)
94
91
75

108
105
80

169
159
87

"All parameters are derived from spectra l simulations of 67.8 MHz (11.7 T)I7O NMR spectra , except
for the values derived from the static spectra of diopside and clinoenstatite, which were obtained at
48.8 MH z (8.4 5 T). Value s i n parentheses indicate that th e sampl e was static . Al l other values are
taken fro m MA S NMR spectra . Error s are typicall y ±0. 2 MH z eiqQIh,  ±  0. 1 (TI) , and ± 2 (8,) .

Source: Taken from Tinki n e t al. , 1987.

More genera l studie s o f the electroni c structure s o f silicat e mineral s
have bee n performe d b y Diko v e t al , (1976 , 1977 , 1986) . Fro m S i L2,3
spectra (se e Fig . 5.18) , they wer e abl e t o divid e silicate s int o tw o cate -
gories: (typ e I) those showin g "two-humped" S i L2 ,3 x-ray emission spec -
tra, simila r to SiO 2, although actually showin g three hump s i n the com -
plete valenc e region , correspondin g t o 4a , ( O 2s), 5a 1 (S i 3s-O 2p ) and
\e, 5t 2 (S i IT - O 2p ) orbitals , respectivel y (labele d C , B , an d A  i n Fig .
5.19); (typ e II ) thos e showin g "three-humped " S i L 23, x-ra y emissio n
spectra (wit h the additional features B' and A' in Fig .5.18). Type I spectr a
are found in silicates tha t ar e fully condense d (e.g. , SiO 2), and those tha t
are isolate d (e.g. , Mg 2SiO4). In bot h cases , ther e ar e n o othe r strongl y
covalently bonde d atom s present . Fo r suc h mineral s the B  peak, corre -
sponding to very weakly bonding orbitals, i s essentially fixe d i n position
while the A peak, corresponding to Si 3s-Q 2 p CT bonding, is about 1. 4 eV
more stabl e i n SiO2 than in olivine (as previously discussed) . I n mineral s
of spectra l typ e II , ther e ar e othe r tetrahedra l oxyanion s (e.g. , BeO 4

6 ,
BO4

5- ,  or Al(OH),, 3 groups ) linked to SiO 4
4 b y mor e than one oxygen .

Covalent bondin g to these oxyanions perturbs the oxygen s of the SiO 4
4-

tetrahedron, an d mixe s other meta l orbital character int o them, givin g a



Fig. 5.18. Th e S i L2,3 x-ray emissio n spectra o f various silicates , a s shown , an d
of quartz . I n term s o f structura l silicat e groups : (1-7 ) ar e islan d silicates , (8-9 )
ring silicates, (10-11 ) single-chain silicates , (12-15 ) double-chain silicates, (16-19)
sheet silicates , (20-22 ) framewor k silicate s (afte r Diko v e t al. , 1976 ; reproduce d
with the publisher' s permission).
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more comple x spectrum . Semiempirica l M O calculation s (Diko v e t al. ,
1977) indicat e tha t th e width s of the Si- O 2 p cr bonding an d th e S i ir- O
1p (weakly) bonding regions are both change d b y substitutio n o f some Si
by Be , B , Al , o r P , but n o quantitativ e interpretatio n o f the resultin g Si
L2, 3, x-ray emission spectra has been provided. Earlie r theoretical studies
of the S i KB x-ray emission spectru m b y Tossell (1973 ) satisfactorily re -
produced the chang e in Si Kfi pea k position when Al is substituted for Si ,
using a n average o f orbital eigenvalues weighte d b y th e S i 3p atomic or -
bital contributio n in the Si 2O7

2- an d the AlSiO 7
3- clusters . I n the S i L 23

x-ray absorptio n spectr a o f Diko v e t al . (1977) , ther e ar e als o change s
with minera l identity, although their categorization i s not s o clear. I t ap-
pears tha t in aluminium-containing minerals, suc h as andalusite, th e low-
energy S i L2, 3 x-ray emission peaks (correspondin g t o S i 3p—O  2 p cr * or-
bitals), are intensified while the corresponding peaks i n boron-containing
minerals, such as danburite, are reduced i n intensity.

It i s surprising that no significant difference s i n Si KB x-ray emission
spectra ar e observe d betwee n olivine s and pyrosilicates , sinc e th e P  Kf t
spectra o f pyrophosphate s (Mazalo v e t al. , 1979 ) clearl y sho w extr a
features aroun d th e P  3s-O  2 p c r position arisin g from symmetr y lower-
ing.

The effect s o f polymerizatio n upon S i 2p an d O  I s bindin g energies
has been controversial . Early studie s (Yin et al., 1971 ; Huntress and Wil-
son, 1972 ) indicated distinguishabl e O  I s bindin g energies fo r differen t
minerals, bu t late r studie s b y Adam s e t al . (1972 ) foun d n o difference s
outside experimental error. Later, more comprehensive studies by Clarke
and Rizkalla (1976) and Wagner et al. (1982 ) showed more systemati c be-
havior. I n th e wor k o f Wagner e t al . (1982) , the S i 2p and O  1s binding
energy was stated t o decrease by about 0.5-0.6 eV in each depolymeriza-
tion step , fro m SiO 2 to laye r to chai n t o dimer structure , but inspectio n
of the actual data shows considerable scatter . It seems clear that the Au-
ger parameter, a s discussed below , correlate s bette r with structure. This
is somewha t surprisin g sinc e th e x-ra y photoelectro n spectr a o f phos -
phates (although admittedly for a small sample) show systematic changes
in P  2p (Fluck and Weber , 1975 ) and O l s bindin g energies (Gresc h et al. ,
1979) with structure type .

General studies of the absorption spectra of silicate minerals have also
been performe d (Nitsa n and Shankland , 1976) . The result s indicat e tha t
the band-gap transition in Mg silicates involves charge transfer from O  2p
nonbonding state s t o th e M- O cr * states associate d wit h th e weakes t
bond, for example, Mg-O i n Mg2SiO4 (Fig. 5.19). The band gap increases
with averag e M- O bon d strength , being larger i n Mg2SiO4 than i n MgO,
and consequently also with degree o f silicate condensatio n o r mole frac -
tion SiO 2 i n MgO-SiO 2 system s (Fig. 5.20) . Whe n transition metals are
present, the y invariabl y lea d t o a  lowering of the ban d ga p compared t o



Fig. 5.19 . Ban d gaps (E g) in (a) simple oxides an d (b ) mixed oxides. E1 is the bond
strength o f th e correspondin g diatomi c molecule ; E 2 i s th e strengt h o f a  singl e
bond i n the correspondin g oxide . Al l values ar e i n eV. For source s o f data se e
Nitsan an d Shankland , 197 6 (after Nitsa n an d Shankland , 1976 ; reproduced wit h
the publisher's permission) .

Fig. 5.20. UV absorption spectra of forsterite, MgO and SiO2, with dependence2 ence
of the band gap energy on composition in the system MgO - SiO 2 also show n as
an inset . For source s o f data se e Nitsa n and Shanklan d (1975) (after Nitsan and
Shankland, 1976 ; reproduced with the publisher' s permission) .
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the Mg-only system. A systematic correlation o f the energy gap (Eg) with
(n0

2- 1) - 1 , where n 0 is the refractiv e index a t 2.1 eV, was also observe d
(Fig. 5.21) . Studie s o f the S i Auger paramete r A  [wher e A  =  E b(ls) +
EKU —  hv] across a  broad serie s of  silicate s hav e also establishe d tha t in-
creasing polymerization leads t o decreasing Auge r parameter an d that A
correlates wit h (n 0

2-l) (Fig . 5.22 ; Wes t an d Castle , 1982) . The Auge r
parameter (A ) can also be written as A =  A0 + Epol, where A0 is the Auger
parameter fo r fre e Si 4+ an d E POl i s the polarizatio n energy o f the lattice ,
dominated b y th e contributio n from th e oxygens . Clearly , th e Auge r re-
sults indicat e tha t bridgin g oxygen s giv e les s polarizatio n stabilizatio n
than nonbridging oxygens. As described b y Duff y an d Ingram (1976), the
optical basicit y als o decrease s wit h increasin g polymerization , sinc e
bridging oxygen s are les s polarizabl e tha n nonbridgin g oxygens. Recal l
that Wagne r e t al . (1982 ) have also establishe d systemati c change s i n Si
2p an d O  1s binding energies a s the polymerizatio n changes, wit h varia -
tions of the orde r o f 0.5 eV as Qn changes by one unit . The general con -
clusion of these studie s is that chang e in degree o f polymerization signif -
icantly influence s th e environment s o f meta l atom s i n silicates , sinc e

Fig. 5.21. Relationshi p betwee n th e (lowest ) energ y o f the ban d ga p (E B) and (n0
2

— 1 ) ' , wher e n a i s th e refractiv e inde x (a t 2. 1 eV) , fo r severa l oxide s an d sili -
cates. Fo r source s o f dat a se e Nitsa n an d Shanklan d (1975 ) (afte r Nitsa n an d
Shankland, 1976 ; reproduce d wit h th e publisher' s permission) .
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Fig. 5.22. Correlatio n of the S i Auger parameter wit h refractive index (n) for var -
ious silicates; the inse t shows the whole Auger parameter rang e for S i (after West
and Castle , 1982 ; reproduced wit h the publisher' s permission).

nonbridging oxygen s ar e mor e basi c an d mor e polarizabl e than bridgin g
oxygens.

Crystal-field stabilizatio n energies , obtaine d fro m optica l absorptio n
(d-d) spectr a o f the meta l ion , hav e bee n quit e successfu l i n interpretin g
many aspect s o f trace-metal partitionin g in silicates. Ther e are , however ,
some case s i n whic h suc h consideration s alon e see m insufficien t t o ex -
plain the results . For example, in pyroxenes Fe 2+ partition s int o M2 sites
at th e expens e o f Mg 2 + , eve n thoug h th e M l an d M 2 sit e crystal-fiel d
stabilization energie s ar e ver y similar . An importan t distinctio n betwee n
the M \ an d M 2 site s i s th e presenc e o f bridgin g oxygen s a t M2 . A n in -
creased covalenc y of the bridgin g oxygen a t th e sit e has bee n invoke d in
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order to explain the Fe2+ partitioning (Burnham et al., 1971 ; O'Nions and
Smith, 1973) . Electrostati c plu s repulsio n energ y calculation s o n ortho -
pyroxenes usin g empirica l metal-oxyge n potential s (Ohash i an d Burn -
ham, 1972 ) and modifie d electron-gas potential s (Tossell , 1980b ) give es-
timated M1-M 2 site energy difference s o f 5-8 kcal/mol , compared t o a n
experimental free-energy difference less tha n 4  kcal/mol (Virgo and Haf -
ner, 1969) . Such calculations ignore crystal-field effects (calculate d t o be
<1 kcal/mo l by Burns , 1970 ) and the influenc e of the differen t electroni c
character o f bridging and nonbridgin g oxygens. X-ray diffraction studie s
by Sasak i e t al. (1982) indicate that the M2 sites in orthopyroxenes, com-
posed partl y of bridging oxygens, are more covalent tha n the Ml sites .

In fact, there i s considerable genera l evidenc e fro m studie s o f transi-
tion-metal optical absorption (d-d)  spectra , transition-meta l EPR spectra ,
and main-group metal uv absorption (s—>p)  spectr a tha t the bonding char-
acter o f an anion suc h as O 2 o r C l i s strongly influenced by th e num-
bers an d identities of the majo r cation s withi n the phase . I n general , th e
more highl y charged, more highly polarizing cations suc h as Si4+ reduc e
the basicit y o f th e oxygen s t o whic h the y ar e boun d an d decreas e th e
covalency o f th e M- O interaction . A  har d acidi c catio n suc h a s Mg 2+

would thus prefer a  more basic sit e with no bridging oxygens. A weakly
basic site also favors large M-X distance s and coordination numbers. For
example, M2+ transition-meta l ions are four-coordinated in alkali chloride
melts, bu t whe n th e basicit y o f th e Cl - i s reduce d b y th e presenc e o f
polarizing cation s lik e A1 3+ i n A1C1 3 melts, th e coordinatio n change s t o
octahedral (Angel l and Gruen, 1967) .

This basicit y concept (furthe r discusse d i n Chapter 8 ) may be quanti-
fied b y study of the spectra o f probe ion s such as Pb2+, leadin g to values
of "optica l basicity." Thes e optica l basicitie s ca n be correlated wit h po-
larizabilities, either macroscopic optica l polarizabilitie s o r the molecular-
level polarizabilities, which influence the Auger parameter .

5.3. Carbonates

The carbonate minerals , characterize d b y the presence o f the CO 3
2 an -

ion unit , ar e dominate d petrologicall y b y calcit e (CaCO 3) and th e isos -
tructural phases magnesite (MgCO3) and dolomite [CaMg(CO3)2]. The cal-
cite structur e i s illustrate d i n Fig . 5.23 , an d i n thi s phase , a s i n al l th e
mineral carbonates, th e CO3 groups are linked by the intermediate (Ca2 + )
cations (counterions) . Th e minera l carbonate s hav e bee n reviewe d b y
Reeder (1983) .

In the carbonat e minerals , the CO 3
2- grou p can be regarded a s quite

well isolate d from th e counterions , as evidenced by th e independence of
its properties [such as bond distance (Zemann, 1981), vibrational frequen-
cies, and photoemission spectra] on the natur e of the counterions . Thus,
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Fig. 5.23 . Th e CO 3
2- cluste r take n

from th e structur e o f calcite ,
CaCO,.

most calculations o f carbonate properties hav e focused upon the isolate d
CO3

2 io n (Fig . 5.23) , although th e influenc e of stabilizing charge array s
has sometimes been considered. Th e effec t o f the counterions o n most of
the properties appear s t o be smaller than the expected error s i n the quan-
tum-mechanical calculations , s o tha t identifyin g the source s o f discrep -
ancy wit h certainty i s difficult .

5.3.1. Carbonates:  Geometric structures

Calculations o f th e equilibriu m carbon-oxygen distanc e i n CaCO 3 hav e
been don e a t a  number of different levels , startin g with a  modifie d elec -
tron-gas approac h (no t shel l stabilized ; Tossell , 1985a ) an d proceedin g
through various SCF-M O calculations , wit h the simples t minimum basis
set incorporating some effect s o f counterions (Jul g and Letoquart , 1978) .
The small-basis-se t calculations give C-O distance s a  few hundredths of
an angstrom larger tha n experiment , and large r basis set s (Radom , 1976 )
converge close r t o the experimenta l values (Table 5.7) . The trend i s that
expected, the more flexible basis set s giving shorter calculate d distances .
However, split-valenc e basis-set plus polarization 6-31G * calculations on
both th e C O and CO 2 molecules give bond distance s shorte r tha n exper -
iment (by 0.014 and 0.019 A, respectively), while similar calculations give
a bon d distanc e a t just abou t th e experimenta l averag e fo r CO 3

2- (Tabl e
5.7). For the CO molecule, correlatio n increase s the calculated bon d dis-
tance b y about 0.02 A (Hehre e t al. , 1986) . We estimate tha t the effec t o f
the surroundin g lattice i s to increase R(C-O)  b y abou t 0.0 2 A. Thi s i s in
the sam e direction , bu t considerabl y large r tha n th e 0.00 5 A  effec t cal -
culated b y Julg and Letoquar t (1978 ) using a point-charge arra y t o simu-
late the counterions . B y comparison fo r the NO 3

- cluster , th e calculate d
distances ten d t o b e abou t 0.0 2 A  lowe r compare d t o th e experimenta l
range in nitrates tha n for CO 3

2- (Radom , 1976) , indicating that th e effec t
of th e lattic e i s even  smaller . Th e calculate d symmetri c stretchin g fre -
quency fo r CO 3

2- show s th e sam e leve l o f agreement wit h experiment ,
with the split-valence plus polarization SCF calculation value for isolated
CO3

2- bein g larger tha n experimen t by abou t 5 % (Table 5.7). Since cor-
relation generally reduces such stretching force constant s by about 10%,
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Table 5.7. Calculate d and experimental C-O distance s (in A) and A, vibrational
frequencies (v Al in cm-1) in carbonates

3
 2-

symmetric stretching frequency. The other vibrationa l frequencies are ob-
tained wit h equivalent accurac y fo r CO 3

2 -and, fo r comparison , NO 3
-

(Table 5.8, after Konovalov and Solomonik , 1983) . The polarizability de-
rivative fo r th e A, ' symmetri c stretchin g mod e in CO 3

2- wa s calculate d
to be 1.0 7 A2 per bond by Tossell and Lazzerett i (1988b ) by coupled Har -
tree-Fock perturbation theory using a [4s3p2d]  basi s on each atom . Th e
experimental valu e obtained fro m th e Rama n intensit y b y Chantr y an d
Plane (1960 ) was 1.0 4 A2 per bond . Th e calculated  dipol e derivative s of
Konovalov an d Solomoni k (1983 ) also giv e i r intensitie s i n goo d agree -
ment with experiment (Table 5.8).

Recently Hotokka an d Pyykko (1989) have calculated geometrie s an d
vibrational spectr a a t th e 6-31G * basis-set leve l for BO 3

3- ,  CO 3
2- , and

Table 5.8. Calculate d (calc.) and experimental (expt.) vibrational frequencies v
(in cm ' ) and dipole derivatives, du /d Q (i n debye per A) for NO 3

- an d CO 3
2-

v,(A, ' )
v,(A,")
v,(E')
v 4 (E ' )
S u / 8 Q 2
d l ^ / d Q ,
3ix/ag4

p

Calc.

1087
849

1388
700

2.90
3.83
0.05

<o3-
Expt.

1048-1062
838-852

1372-1426
712-736

0.47-0.51
3.3-4.1
—

C

Calc.

1046
926
1493
692

4.09
4.30
0.28

o/-
Expt.

1076-1099
852-879

1429-1504
704-735
—
—
—

Source: Fro m Konovalov an d Solomonik , 1983.

C-O
distance (A) v Al(cm~')

Calculated values
Modified electron-ga s method 1.3 4
Free CO, 2- cluster , Hartree — Fock-Roothaan Calculation s

Minimum-basis SC F 1.327,1.33 0 110 5
Split-valence basis SCF 1.31 6 104 6
Split-valence and polarizatio n SCF 1.28 8 113 8

CO,2- i n charge array, Hartree-Fock-Roothaan
Calculations

Minimum-basis SC F 1.33 2 106 4
Experimental values"

CaCO, 1.28 3 108 2
All carbonate s 1.27-1.3 1 1076-109 9

"See Jul g and Letoquar t (1978).

a correlated calculation on free CO32- would probably underestimate the
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NO3
 - . Althoug h calculated value s were in reasonable agreement wit h ex-

periment, there wa s a clear tendency to predict bon d distance s tha t were
too larg e an d stretchin g frequencie s tha t wer e to o smal l fo r th e highly
charged BO 3

3 - , whil e th e NO 3 calculation s gav e bon d distance s to o
short an d stretchin g frequencie s to o large , typical of 6-31G* calculations
on neutral molecules .

There ha s bee n littl e attempt t o go beyond calculations o n the CO3
2

cluster and to model the full carbonate structure , althoug h such work has
been quit e successfull y undertaken fo r nitrates . Tossel l (1985a ) has per -
formed a  modifie d electron-gas calculatio n o n MgCO 3 using R(C-O)  =
1.27 A  a s a  constan t valu e an d varyin g th e Mg 2+-CO3

2" distance . Th e
Mg2f-CO3

2 interactio n wa s calculate d usin g bot h fre e CO 3
2~ an d

charge-stabilized CO 3
2 wav e functions , an d th e calculate d Mg- C dis -

tance wa s foun d t o b e 3.1 A for th e stabilize d ion and 3. 3 A for th e fre e
ion, compared t o the 2.95 A experimental value . This indicates that suc h
an MEG approac h t o the structure s o f MgCO3 and other saltlike crystals
is feasible. Previous atomistic simulations of carbonates focuse d upon de-
termination of the CO3

2 charg e distributio n (e.g., Ladd, 1980) , which, as
we have seen , i s a rather arbitrary concept .

5.3.2. Carbonates:  Electronic structures and properties

The electroni c structur e o f CO3
2~ ma y be determined from a  study of its

x-ray and ultraviolet photoelectron spectra , x-ra y emission, and x-ray ab-
sorption spectra . Earl y studie s of the x-ray photoelectron spectr a of car-
bonates (Connor e t al. , 1972 ; Calabrese and Hayes, 1975 ) indicated th e
basic structur e shown in Fig. 5.24 , in which the spectru m i s divided into
O 2s nonbonding (IV), C-O bondin g (III and II), and O  2p nonbonding (I)
levels. Structur e wa s apparen t withi n th e C- O bondin g region , corre -
sponding to separabl e C  2s-O 2 p and C  2p~O 2 p bonding regions, II I and
II. A n MS-SCF-Jfa orbita l energ y diagram i s shown in Fig. 5.25 , and ex -
perimental relative orbital energies ar e compared wit h those from ab initio
Hartree-Fock-Roothaan calculations (Connor et al. , 1972 ) and MS-SCF-
Xa. calculation s (Tossell , 1976b ) i n Tabl e 5.9 . Later , u v photoelectro n
spectroscopy studie s (Connor e t al., 1978 ) were able to resolve two com-
ponents in the O  2p nonbonding region (Fig . 5.26) .

Further informatio n i s availabl e fro m th e carbo n an d oxyge n x-ra y
emission spectra , whic h ca n b e obtaine d i n angle-resolve d for m fo r
CO3

2 ,  perpendicula r t o an d incline d to th e CO 3
2 planes . Thi s allow s

orbitals with cr and TT character with respect to the C—O bond to be sep-
arately identified . The onl y occupied orbital s o f IT type ar e th e Ia 2" and
le", which produce the -IT features in the oxygen and carbon x-ray emis-
sion spectra . B y alignin g th e experimenta l x-ray emission an d u v photo-
electron spectr a usin g core-electro n bindin g energies , we ca n sho w that
the orbital s at th e to p o f the valenc e region (4e',  le",  1<2 2") tha t yiel d th e
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Fig. 5.24. Th e x-ray photoelectron spectrum o f Li2CO, (afte r Connor et al., 1972) .

lowest-energy uv photoelectron peak and the main oxygen x-ray emission
peak, ar e predominantl y O 2p in character. Th e nex t orbital s (3e',  Ia 2")
have C 2p-O 2 p bonding character an d generate the second photoelectro n
peak (at about —  10 eV binding energy), the secon d oxygen x-ray emission
peak, and the carbon x-ray emission peak. The angle resolution allows us
to distinguish between ir-typ e (Ia 2") and a-type (3e r) C 2p-O 2 p bonding
orbitals. Th e nex t orbital , 4a/, i s o f C  2s-O  2 p bonding character an d
gives the photoelectron spectrum shoulder at around - 12 eV and a weak
shoulder in the oxygen x-ray emission spectrum. It is symmetry forbidden
in th e carbo n x-ra y emissio n spectrum . Th e 3a / an d 2e ' orbital s ar e
mostly O  2s in character, with some C  2s (3a,') and C  2p (2e') admixture.
In x-ra y photoelectron spectra , the y produc e a  broad featur e with som e
structure. Composition s of the molecula r orbital s ar e given in Table 5.10
based upo n the MS-SCF-^f a calculations , an d i n Table 5.1 1 based upo n
the ab initio Hartree-Fock-Roothaan SCF calculations. Although the de-
composition schemes used are quite different, th e results are comparable.
From th e atomic-orbita l character s of the molecula r orbitals , w e can ob-
tain som e qualitativ e understandin g of th e relativ e spectra l intensities .
However, a s we have see n for SiO 4

4~, present calculation s canno t quan -
titatively reproduc e x-ra y photoelectro n intensitie s usin g a n atomic-or -
bital analysis, and there have been no direct calculations of uv photoelec-
tron o r x-ra y emissio n spectr a fo r CO, 2 .  Withou t suc h calculations,
discrepancies remain; for example, although the 4e', \e",  and \a 2' orbitals
are al l almost 100% O 2p i n character, th e u v photoelectro n and oxygen



Fig. 5.25 . Molecular-orbita l energy -
level diagram for the CO 3

2~ cluste r ob -
tained usin g th e MS-SCF-ATc t metho d
(after Tossell , 1976 ; reproduce d wit h
the publisher's permission) .
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Table 5.9. Electroni c structure of the CO 3
2- cluster : compariso n o f

experimental ionizatio n potential s (i n eV) for valence-regio n
molecular orbital s wit h those derived fro m multiple-scatterin g X a
calculations an d fro m Hartree-Fock-Roothaa n calculations (i n eV)

MO

la,'
le"
4e"

Y }la, I
4a,'
2e'
3«,'

Experimental

0

-6.0

-7.7
-19.8
-24.1

MS-SCF-Xa"

0

-1.6

-5.5

-7.6
-18.2
-21.4

HFR*

0

-6.0

-8.0
-23.3
-27.7

"After Tossel l (1976b). 'After Conno r et al . (1972) .

Fig. 5.26. X-ra y photoelectron , u v photoelectron , an d angle-resolve d carbo n K
and oxygen K  x-ray emission spectr a fo r carbonates, shown along with molecular-
orbital assignment s an d atomic-orbita l population s derive d from th e calculation s
of Conno r e t al . (1972 ) an d orbita l assignment s derive d fro m th e calculation s o f
Tossell (1976b ) (after Tegeler e t al., 1980 ; reproduced wit h the publisher' s permis-
sion).
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Table 5.10. Electroni c structure of the CO 3
2 cluster : distribution o f valence

electron density betwee n regions of the cluster as define d b y a  multipl e
scattering Xa calculatio n [electron density value s are percentages; .R(C-O) =
1.240 A] "

Molecular orbital s

O 2 p nonbonding
la,'
le"
4e'

C-O 2 p bonding
la,"
3e'
4(1,'

O 2s nonbondin g
2e'
3a,'

Carbon
atomic

0
1
3

16
17
16

14
23

C

Oxygen
atomic

79
72
70

45
66
66

76
64

luster region s

Interatomic

18
24
24

37
13
14

9
12

Extramolecular

3
3
3

2
4
4

1
1

"After TosselKI976b) .

x-ray emissio n peak s the y generat e ar e significantl y different i n shape .
Similarly, th e calculate d ionizatio n potential s ar e base d upo n eithe r a
Koopmans' theore m o r on a transition-state approach an d do not correc t
for many-bod y effects , whic h ar e importan t fo r quantitativ e matching
with spectr a (Cederbau m e t al. , 1977) . Thi s i s particularly importan t fo r
the O  2 s region , whic h does no t sho w the clea r two-pea k structur e ex -
pected o n th e basi s o f th e SC F calculation s i n th e x-ra y photoelectro n

Table 5.11. Electroni c structur e o f the CO 3
2 cluster : molecular-orbita l

compositions in terms of atomic-orbital component s based on ab initio Hartree-
Fock-Roothaan SCF calculations "

Molecular
orbital

la, '
le"
4e'
3e'
la,"
4a,'
2e'
3a,'

Energy
(eV)

3.7
3.1
2.3

-2.8
-2.9
-4.9

-20.2
-24.6

Carbon

2s

—
—
—
—
19
—
19

Atomic compo

orbitals

2p

—
3

20
40
—
13
—

nents (pe r cen t

Oxygen

2s

—
—
15
—
30
83
70

)

orbitals

2p

100
100
97
64
60
51
3

10

"After Conno r ct al . (1972) .
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spectra. Suc h "inner-valence " spectr a typicall y sho w a  "sever e break -
down" o f the one-electron ionizatio n model (Nakatsuji , 1983).

The XANES of carbonates hav e been studie d by Madix et al . (1988),
who observe d a  transitio n a t 29 0 e V t o a n orbita l the y identifie d a s
TT*C_O, corresponding to the 2a 2" orbital in Fig. 5.25, about 1  eV above th e
C I s ionizatio n potentia l (Fig . 5.27 ; Tegeler e t al. , 1980) . Th e carbo n x -
ray emissio n spectru m an d XANE S calculate d fo r C(OH) 3

+ b y Tossel l
(1986) ar e compare d wit h experimenta l value s i n Tabl e 5.1 2 and sho w
reasonable agreement. Note that the previously calculated C Is ionization
potential o f Tossel l (1986 ) wa s to o hig h b y almos t 2 0 eV (306. 4 versus
288.8 eV) , leadin g t o th e erroneou s conclusio n tha t th e C  Ij-»2a 2"
XANES pea k la y below  th e C  I s ionizatio n threshold . A s observe d i n
numerous other cases , th e cor e — » a* resonanc e ( C ls-*4e'  i n this case )
is sensitive to nearest-neighbor distance and is thus a measure of/?(C-O) .

Based on the carbon and oxygen x-ray emission and XANES energies
in Figs. 5.26 and 5.27, we would estimate a  \e"— >2a2" uv excitation energy
of abou t 7  e V (-53 3 fo r th e O  ls-»2a " XANES , les s -52 6 fo r th e O
ls—>le" x-ra y emission). Studies of carbonate i n solution give an absorp -
tion that goes off scale at about 6 eV, with a distinguishable shoulde r at
5.7 e V (Mulle r et al. , 1967) , consistent wit h expectations fro m th e x-ray
spectra.

Fig. 5.27 . Surfac e carbonat e compare d t o bul k CdCO , C\ s XANES , wit h TT C_O*
and <T C_0* orbital features identified (fro m Madi x et al. , 1988) .
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Table 5.12. Compariso n o f calculated an d experimenta l carbo n K
x-ray emission an d XANES energie s fo r the carbonate io n

Transition [f t

Cls-» la, "
Cls-» 2a,"
Cls^> 3e'

Calculated valu e
>rC(OH)3+ cluster] "

289.7
297.5
306.8

Experimental value

279.0*
290<
300<

"Tossell (1986) .
Tegeleret al . (1980) .
'Madix e ta l . (1988).

The electro n distributio n o n th e carbonat e io n in dolomit e ha s bee n
determined experimentally by Effenberger et al. (1983) and has been cal-
culated using ab initio Hartree-Fock-Roothaan theory by Tossell (1985a).
Calculated an d experimenta l differenc e densities (se e Sectio n 2.1.1 ) ar e
compared i n Fig . 5.28 . Ther e i s a n accumulatio n o f charge i n th e bon d
region compared to free spherica l atoms. I t is also informative to compare
the molecula r densit y to tha t o f superimpose d fre e componen t ions , a s
shown in Fig . 5.28 . Clearly , there i s charge buildu p both i n the bon d re -
gion and near t o the carbon an d a reduction i n the charge externa l to the
carbon.

A new area of theoretical stud y is that o f the "second-orde r respons e
properties" o f CO 3

2 suc h a s th e dipol e polarizabilit y o r th e 13 C or 17 O
NMR shielding . Earlie r studie s o f th e NM R propertie s o f anions in th e
series NO 3~, CO 3

2 ,  and BO 3
3 (Tossel l and Lazzeretti , 1988c ) showed

increased shieldin g of oxygen, along with a lowering of the oxygen NQCC
value. A t th e sam e time , th e anisotrop y i n th e shieldin g of the trigona l
atom decrease s (Tabl e 5.13) . That calculate d fo r CO 3

3~ i s i n fai r agree -
ment with the experimenta l valu e of Lauterbur (1958) . Recent, mor e ac-
curate calculation s o n CO 3

2 (Tossel l an d Lazzeretti , 1988b ) show sub -
stantial distance dependence fo r both the I3 C NMR shieldin g (Table 5.14)
and the electric-dipole polarizability (Table 5.15). The polarizabilities and
refractive indice s calculate d usin g the mos t flexibl e CO3

2 basi s se t fea-
sible (Tabl e 5.16 ) are i n reasonable agreemen t wit h experimental values
for CaCO , from L o (1973) and Kinase et al . (1979) . Only for the magneti c
susceptiblity (Pauling , 1979 ) are the calculate d value s in poor agreemen t
with experiment, indicating that this property (whic h scales as the expec-

Fig. 5.28 . Electron-densit y distribution s in the carbonate ion: (a ) electron density
in CO, 2~ minu s the su m of the superimpose d spherica l fre e atom densitie s in the
CO, plane ; (b ) electro n densit y i n CO, 2 minu s th e su m o f th e superimpose d
spherical fre e io n densities along the C- O internuclea r axis (afte r Tossell , 1985a ;
reproduced wit h th e publisher' s permission).
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Table 5.13. Calculate d NMR properties of trigonal oxyanions (experimental
values of Ao T in parentheses )

NO,-
co,2-
BO,'

|q°|(a.n.)

2.220
1.336
0.684

°c
-19.3
182.1
239.1

qT

0.696
0.615
0.360

O-av

-99.6
80.2

141.3

AoTa

372.2(210)"
124.3(75)''
33.6

"Ao = o j -  <0 ±>, direction s with respec t t o C3 axis.
bExperimental values .
Source: From Tossel l and Lazzeretti , 1988c.

Table 5.14. Calculate d I3 C NMR shieldin g components: averag e diamagneti c
(od

av) and paramagneti c (0 p
av) components , overal l average (0 av), an d

shielding anisotropy (CT H -  CT±) as a function o f carbon-oxygen distance ,
R(C-O), for CO3

2-

R(C-O) (A)

1.24
1.265
1.29
1.315

0d
av

450.1
446.1
442.3
438.8

0p
av

-386.0
-390.6
-396.1
-402.7

0av

64.0
55.5
46.2
36.0

0|| -0  +

101.3
105.1
110.1
116.1

Source: After Tossel l and Lazzeretti , 1988b.

Table 5.15. Calculate d electric-dipole polarizability , a, o f CO 3
2- i n sodium D

light as a  function o f carbon-oxygen distance , R(C-Q).  Component s of a(D) are
given |j and 1  t o the C 3 axis. A is the differenc e of _ L and | | components

a(D) (A 3)

R(C-O) (A) | | ±  A  averag e

1.24 2.45 7 3.65 5 1.19 8 3.25 6
1.265 2.49 0 3.75 3 1.26 3 3.33 2
1.29 2.52 1 3.85 6 1.33 5 3.41 1
1.315 2.55 2 3.96 3 1.41 1 3.49 3

Source: From Tossell and Lazzeretti , 1988b.

Table 5.16. Calculate d electric-dipol e polarizabilit y fo r CO 3
2- an d refractiv e

index n  of calcite i n sodium D light , for carbon-oxygen distance =  1.2 9 A

a(D) (A3) n(D )

|| ±  a v A  | | 1  a v A

Calculated 3.21 5 4.63 2 4.16 5 1.41 4 1.42 9 1.63 2 1.56 4 0.20 3
value

Experimental 3.18 5 4.20 4 3.86 5 1.01 9 1.48 6 1.65 8 1.60 1 0.17 2
value

See Table 5.15 for explanatio n o f symbols .
Source: Fro m Tossell an d Lazzeretti , 1988b.
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tation valu e o f r 2) ma y b e significantl y perturbe d b y th e presenc e o f
counter ions.

In Table 5.17 we show a decomposition o f the isotropic polarizability,
aav, th e average paramagneti c contribution t o the C NMR shielding, oav

p,
and the average paramagnetic susceptibility, xav

p , over the valence molec -
ular orbitals of CO3

2-. The qualitative bond type of the molecular orbitals
in the secon d colum n of Table 5.17 are in accord wit h numerous calcula -
tions and x-ray emission studies on COj2-. Fo r a an d x, the largest con -
tributions com e fro m th e O  2 p nonbonding-type orbital s (Ia 2' ,  le",  and
4e'), whil e for 0 pC th e C  2p, O  2p bonding orbital i n the CO 3 plane (3a' )
gives the dominan t contribution . Th e core contributio n ( O 1s, C 2s, an d
O 2s) is negligible for a bu t for x is 25% of the total.

Before leaving the carbonates , w e should note that carbon i n four co -
ordination with oxygen is observed in inorganic compounds and has been
studied quantu m mechanically . Tossel l (1976b ) calculate d a  molecular -
orbital diagra m fo r CO 4

4- fo r a  rang e o f distances ; th e result s showe d
valence orbital energies for the occupied orbital s to be much like those in
CO3

2 - , suggestin g that the CO 4
4- polyhedra l anion is not intrinsically un-

stable. Calculations on C(OH) 4 using modified electron-ga s an d a b initio
SCF Hartree-Fock-Roothaan (STO-3G basis-set) methods (Tossell, 1981;
Gupta e t al. , 1981 ) yielde d equilibriu m C- O distance s o f 1.4 2 A, com -
pared t o a n experimenta l valu e o f 1.4 0 A i n C(OCH 3)4. The calculate d
symmetric stretchin g frequencies wer e 117 0 and 96 1 cm- 1 . Recen t SC F
Hartree-Fock-Roothaan 6-31G * basis-se t calculation s o n C(OH) 4 b y
Hess e t al . (1988 ) yielde d C- O distance s o f 1.3 8 A  an d a  symmetri c
stretching frequenc y o f 96 9 cm - 1 . Th e optimize d symmetr y o f C(OH)4
[and the other T(OH) 4 molecules considered] wa s S4.

As noted much earlier, th e stable crystallin e form of CO2 is molecular
in nature , no t a  framework structur e lik e quartz . Instabilit y i n a  postu -
lated quartz-type structure for CO2 may arise fro m repulsion s of oxygens
on adjacent CO 4 groups. Fo r a C-O distance of 1.40 A and a C-O-C angl e
of ~120° , thi s O- O distanc e i s onl y 2.4 2 A, muc h shorte r tha n typica l
O-O distance s in solids.

Table 5.17. Decompositio n o f a, 0 pC, an d x p over valenc e MO s for CO 3
2-

MO

la2
`

1e"
4e'
1a2

"

3e'
4a1'
Cores

Type

O 2 p n b
"
"

C 2 p, O  2p  b
"

C 2s,  O  2p b

- ei (eV)

-2.1
-1.8
-0.3
3.6
4.4
6.8

aav (A 3)

0.429
1.441
1.171
0.360
0.524
0.174
0.060

— apc
av (ppm)

23.0
37.5
83.5
38.9

165.6
4.5

46.0

Xp
aV (ppm emu)

20.65
29.41
26.45
5.66

15.99
4.29

33.8
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5.4. Borates

Boric oxide , B 2O3, is a  material o f less mineralogica l interes t tha n SiO 2,
since it represents a  relatively minor component in a few mineral systems.
The structure of B2O3 (at low pressure) i s composed o f BO 3

3- clusters , as
shown i n Fig . 5.29. The BO 3

3- unit , as alread y noted , i s a n importan t
constituent o f some of the more unusual and complex silicates . B 2O3 and
the related borate s ar e also of much interest in structural chemistry, since
they hav e a  potentia l rang e o f structur e type s eve n greate r tha n thos e
observed i n SiO2. Borosilicate glasse s (e.g. , "Pyrex" ) are also of consid-
erable technologica l importance .

As note d b y Geisinge r et al . (1985) , the calculate d optimu m bridging
angle at oxygen is considerably smalle r for the B-O-Si (125°) than for the
Si-O-Si (144° ) o r Si-O-Al (139° ) linkages, and the barrie r t o linearity is
larger by a factor of two or more. This explains the limited miscibility and
intermediate compoun d formatio n i n system s lik e Na 2O-B2O3—SiO2,
compared t o the analog system containing A12O3 rather tha n B2O3. Unfor-
tunately, there i s relatively littl e experimental informatio n on the molec -
ular structures of the compounds i n the former system, and essentially no
theoretical studie s have been done of their properties .

In general , borate s ar e structurall y complex , sinc e th e boro n atom s
can be in 3 and/or 4 coordination an d oligomer, ring, and chain polymers
are all found (Christ and Clark, 1977; Wells, 1975). We shall not attempt
to describ e full y th e complexit y o f these structure s bu t wil l concentrat e
on the fundamental polyhedral units . The molecular geometric an d elec-
tronic structures of these materials ca n be studied using many of the site-
specific spectroscopie s previousl y discussed. Th e bulk properties o f the
materials also change, of course, depending upon the molecular structure.

5.4.1. B2O3 and the borates: Geometric structures

Crystalline B 2O3 has tw o differen t forms , a  low-pressur e structur e con-
taining only BO3 triangular unit s with bond lengths of 1.34—1.40 A (Gurr
et al., 1970), and a  high-pressure form with rather asymmetri c BO4 units
(three long bonds of 1.506-1.512 A, and one short bond of 1.373 A) (Prew-
itt an d Shannon , 1968) . Our understanding of the structur e of B2O3 glass

Fig. 5.29. The BO 3
3

- cluste r taken from th e structur e of B 2O3.
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is described in the book edited by Pye et al. (1978). B2O3 glass is believed,
on the basis of NMR (Jelliso n et al., 1977 ) and Raman (Konijnendij k and
Stevels, 1976 ) spectroscopie s an d x-ra y diffractio n studie s (Mozz i an d
Warren, 1970) , to consist o f boroxol (B 3O6) rings and linked BO 3 triangles
(Fig. 5.30) . Th e stronges t evidenc e fo r suc h a  distributio n o f specie s
comes from the NMR studies of Jellison et al. (1977), showing two distinct
oxygen sites , wit h significantl y differen t nuclea r quadrupol e couplin g
constants an d asymmetr y parameters . Recen t calculation s o f electric -
field gradient s a t bridging oxygens as a function o f B-O-B angl e (Tossell
and Lazzeretti , 1988c ) suppor t th e existenc e o f distinct populations with
angles of 120° , as expected i n boroxol rings , and abou t 130° , as expecte d
for non-ring-bridgin g groups. This i s in substantia l oppositio n t o th e re -
sults o f molecular-dynamics simulation s o f B2O3, which give no boroxo l
groups an d B-O- B angle s i n the rang e of 150-160° (Soules, 1980 ; Amini
et al. , 1981) . This suggests , as in the Si-O case , that molecular-dynamic s
simulations withou t covalenc y corrections , o r angle-dependen t term s i n
the potential , fai l t o satisfactoril y reproduce bridging-angl e variations .

The structura l propertie s o f B-O bond s hav e bee n calculate d b y a b
initio SCF Hartree-Fock-Roothaan theory applied to molecular clusters ,
such a s th e BO 3

3- cluste r i n Fig . 5.29 , the minimal-basis-se t (STO-3G)
calculations o f Gupta an d Tossel l (1981 ) an d Gupt a e t al . (1981 ) yielded
B-O bon d lengths for B(OH) 3 and B(OH) 4

- withi n 0.03 A of the averag e
experimental values . Modifie d electron-ga s ioni c mode l calculation s
based on B3+ an d OH - ion s (Tossell, 1981) also gave reasonably accurat e
B-O bon d distances . Thes e earl y studie s establishe d tha t fairl y crud e
methods coul d giv e reasonable absolut e value s an d trend s i n bond dis -
tance fo r oxy and hydroxy anions o f boron, s o long as the cluster charg e
was mad e clos e t o neutra l b y saturatin g wit h hydrogens . Mor e recen t

Fig. 5.30. Tw o boroxol (B 3O6) rings linked by a shared oxygen atom (fille d circles ,
boron atoms ; open circles , oxyge n atoms) .
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MNDO calculation s (Uchid a et al. , 1985 ) have also given accurate equi -
librium geometries fo r monomers. Large-basis-se t a b initio SCF Hartree-
Fock-Roothaan calculations (Fjeldberg et al., 1980 ; Zang et al., 1985 ) give
slightly shorter B- O distances , in even better agreement wit h experiment,
provided that O 3d polarization function s are included. Calculated geome-
tries for three- and four-coordinate B- O polyhedr a an d for dimers formed
from suc h polyhedra are shown in Table 5.18. It is interesting to note tha t
the BO 3 unit is often slightl y distorted fro m planarit y (Zobetz, 1982) , but
that all calculations t o date hav e assumed a  planar geometry .

The boroxol ring, B3O6
3- , and its protonated form , H3B3O6, have als o

been studie d b y ab initio  Hartree-Fock-Roothaan SC F methods (Gupt a
and Tossell , 1983 ; Zang e t al. , 1985 ; Tossell, 1990b ; Tossell and Lazzer -
etti, 1990 ) and th e semiempirica l MND O metho d (Uchid a e t al. , 1985) .
All th e H 3B3O6 calculation s giv e th e bond s t o nonbridgin g oxygen s a s
somewhat shorte r tha n those t o bridging oxygens (Obr), and the B-Obr-B
angles a s withi n 2-3° o f 120 ° (Table 5.19) . This i s qualitatively in accor d
with experiment , although the difference in B-O bon d distances change s
with basi s se t an d th e experimenta l dat a are , i n som e cases , bette r de -
scribed b y unprotonated B 3O6

3 - .
For a  (OH) 2BOB(OH)2 model , th e calculate d B-O br-B angle s ar e

Table 5.18. Calculate d an d experimenta l geometrie s in borate polyhedra. Bon d
lengths and bond angle s fo r the borat e clusters show n calculate d usin g ab initio
SCF Hartree-Fock-Roothaan method s wit h various basi s sets , and the modifie d
electron-gas an d modifie d neglect o f differential overla p method , an d compared
with experimental values (see tex t for data sources)

Cluster

BO3
3-

B(OH),

B(OH)4-

A b in

STO-3G
basis

1 . 4 1 9
1.364

1.48

B

itio SCF-I

4-31G
basis

1.435
•1.364

—

ond lengths

IFR

6-3 1G*
basis

1.358

1.474

i [R(B-O) il

MEG
method

1.37

1.53

nA]

MNDO
method

1.371

~1.47a

Experime

Average

1.37
1.361

1.478

ntal values

Range

1.34-1.40
1.353
1.365

Cluster

[(OH),B],0
(OH)3B-O-B(OH)2-
H(OH),B-O-B(OH),H

Abi

STO-3G
basis

130
123
123

nitio SCF-H

4-31G
basis

180

FR

6-31G*
basis

1 3 1 . 3

Experime]

Average

134

1 1 9

ital values

Range

128-153
118-128

aB(OH), valu e not reporte d bu t tetrahcdra l B bond distances in large r cluster have value given.

Bond angles (<B—Obr—B in degrees)
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Table 5.19. Calculate d an d experimental geometries o f protonated boroxo l rings
B,O6H3. Bond lengths involving bridging oxygens [R(B-O) br] an d nonbridging
oxygens [R(B-O)nbr], an d B-O-B angle s involving bridging oxygens (<B-Obr-B)
calculated using ab initio SCF Hartree-Fock-Roothaan methods with differen t
basis sets , the Modified Neglect of Differential Overla p method, and compare d
with experimental values (se e tex t for data sources )

Calculated values
Ab initio  SCF-HFR

R(B-0)br (A)
R(B-0)nbr (A)
<B-Obr-B (deg)

STO-3Ga

1.374
1.289

121

6-31Ga

1.390
1.351
123.8

3-21G*c

1.371
1.351
119.9

MNDO
methodd

1.389
1.354

120

Average
experimental

value

1.401
1.322
122.7

V-B203

1.36

121

"Gupta and Tossell (1983).
bZang e t al . (1985) .
'Tossell (1990a).
dUchidaet al . (1985) .

la er than in B 3O6
3- (o n the orde r of 1.32° ) and inclusio n o f 3d polariza -

tion functions on the bridging oxygen seems necessary t o obtain accurat e
results. An interesting feature of the geometry o f (OH)2BOB(OH)2 is that,
its lowest-energy form has a nonplanar C2 geometry wit h a nonzero dihe -
dral angl e betwee n th e tw o BO 3 groups. A b initio  SC F Hartree-Fock-
Roothaan calculation s wit h large basi s set s give dihedral angle s of about
60° (Zang et al., 1985) , while MNDO serniempirical molecular-orbital cal -
culations (Uchida et al. , 1985 ) give a value of around 30° . In either case,
the barrier to bending for the planar structur e i s very low, around 5  kcal/
mol. O f course , withou t suc h twisting , th e structur e o f B 2O3 would b e
planar lik e that o f graphite. Th e questio n o f why the borate group s twis t
instead o f adopting a planar it-syste m geometry i s an intriguing one. Ac -
curate theoretica l studie s o n H 2BOBH2 by Fjeldber g e t al . (1980 ) hav e
established a strong interdependence o f the B-O-B angl e and the dihedral
angle. I t is presumably this strong dependence tha t account s fo r the vari-
ability i n BIII-O-BIII angles i n metaborates note d b y Wells (1975) . In th e
planar C2v geometry, one O 2p lone pair is involved in TT bonding with the

-BH2 group , while the other i s nonbonding. In the twisted structure , th e
bonding is more complex, indicating that other properties tha n the energy
may vary strongly with dihedral angle . Fo r example, Tossel l and Lazzer -
etti (1988c) observed substantia l change s in  the oxygen electric-field gra -
dient (EFG ) i n twiste d geometries . MND O studie s o f large cluster s i n
which boroxol rings are connected b y bridging oxygens confirm the twist-
ing, while giving B-Obr bond length s somewha t shorte r an d B-Obr-B an-
gles somewhat larger than those in (OH)2BOB(OH)2.

Calculations hav e also bee n performed on other borat e dimers , such
as two linked BO4 units (B IV-O-BIV) o r one BO 3 unit linked to a BO4 unit
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(B'"-O-B1V) using ab initio SCF Hartree-Fock-Roothaan methods (Zang
et al. , 1985 ) and o n larger molecula r clusters usin g semiempirica l molec-
ular-orbital (MNDO ) methods (Uchid a et al. , 1985 , 1986) . The a b initio
results, eve n a t th e STO-3 G basis-se t level , giv e accurate bon d length s
and reproduce th e experimentally observed reductio n in B-Obr-B angles
when one o r mor e B 1V units is present i n the linkage . The calculate d po -
tential energ y curv e fo r B-O br-B angl e variatio n i n the B I II-O-BIV case
(as in H5B2O6

-) matches wel l against a  histogram of observed BI!I-O-BIV

angles. MNDO calculations on two boroxol rings bridged through oxygen
give almos t the sam e B-O br-B angle as in (HO)2BOB(OH)2, but th e exo -
cyclic bond /?(B-Obr) is shortened s o that th e bridging bond between th e
rings is substantially shorter (b y 0.03 A) than the bond within the boroxo l
ring. MNDO calculations on larger clusters also give good agreement be -
tween optimize d structure s an d experimenta l geometries ; fo r example ,
the H 8B9O18 mode l fo r pentaborat e structure s (Fig . 5.31 ) matches wel l
against the structure of K2B4O7

 . 4H2O (Table 5.20) .
Accurate calculation s hav e als o bee n performe d o n gas-phas e B 2O3

species, establishin g clearly tha t th e equilibriu m geometry i s planar an d
V shaped with symmetry C2v (Sellers et al. , 1981 ; Barone et al. , 1981 ) and
that th e bipyramida l D3h structure i s of much higher energy (Snyde r and
Wasserman, 1980) . A n interestin g feature o f th e calculate d geometr y i s
the ver y smal l barrier to linearity of ~2. 4 kcal/mol e for the B-O br—B an-
gle. This contrast s wit h H2BOBH2, for whic h the barrie r t o linearit y for
the B-O- B angl e i s much larger. Thi s difference may be associated wit h
the Tt-orbita l conjugation possible i n linear B 2O3 (Sellers e t al. , 1981) .

The discrete B 2O3 molecule i s of interest since it is the principal com-
ponent o f boric oxid e vapo r an d ha s bee n presume d t o be the dominan t
species i n B2O3 melts above abou t 800K . Althoug h the bipyramida l spe-
cies lies around 200 kcal/mole above the experimental energy of the vapo r
species, a s show n b y Snyde r an d Wasserma n (1980) , the calculate d en -
ergy o f the C 2v structure i s lowe r b y abou t 14 0 kcal/mol fo r a  (roughly)
comparable basis set , suggesting that its energy is compatible with that of
B2O3 vapor . Theoretica l studie s hav e als o bee n performe d o n th e gas -
phase LiBO 2 molecule, which is predicted t o have a  linear Cooh geometry
with a B-O bon d lengt h of about 1.2 2 A (Nguyen, 1986). The calculate d
ir spectr a ar e als o i n reasonabl e agreemen t wit h experiment , althoug h
there i s some indicatio n tha t the structur e may be the les s symmetri c Cs
when held in a matrix.

Frequencies fo r th e symmetri c stretchin g vibration s o f B(OH) 3 and
B(OH)4

- hav e also been calculate d (Gupt a and Tossell , 1981) , with good
agreement between calculation and experiment. The minimum bases used
in the a b initio  Hartree-Fock-Roothaan calculations gav e B— O distance s
that were slightly too long and force constants smaller than their Hartree-
Fock limi t value s (recall that, a s discusse d i n Chapte r 3 , Hartree-Foc k
results typicall y underestimat e bond distance by 1-2 % an d overestimate
stretching vibrationa l frequencie s by abou t 10%) . Much more accurat e
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Fig. 5.31. Th e H 8B9O18
- cluster , a  model for the pentaborate structures .

calculations employin g double-E plus polarizatio n basi s set s an d ful l ge -
ometry optimizations have recently bee n performed o n H 4BO4

- (Hes s e t
al, 1988) , yieldin g calculated vibratlona l frequencie s i n reasonably goo d
agreement wit h the experimental value s of Edwards e t al . (1955). Results
are show n i n Table 5.21 . Fo r gas-phas e B 2O3, the tw o calculate d transi -
tions o f highest intensity are als o i n reasonable agreemen t energeticall y

Table 5.20. Compariso n o f experimentally determined bon d length s with
those calculated usin g the modifie d neglect o f differential overlap metho d
for th e pentaborate structur e (se e tex t for data sources )

Cluster

Pentaborate structur e

Bonda

BI-O2
O2-B3
B3-O4

Bond 1

Calculated

1.474
1.348
1.402

ength (A )

Experimental

1.478
1.349
1.373

"See Fig . 5.3 1 for labelin g o f atoms.
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Table 5.21. Compariso n o f calculated vibrationa l frequencie s an d thos e
observed i n aqueous solutio n for the H 4BO4

- io n

Assignment, Td

v,
V2

v3
v4

Species, Td

A1
E
F2

F2

Observed, Td

(assumed)

754
379
947
533

Species, S4

A
A + B
B + E
B + E

Calc., S4

775
420, 430
940, 1086
515, 569

with the two bands most definitively assigned t o B2O3 in the experimental
spectrum.

5.4.2. B2O3 and the borates: Spectra and electronic structures

In addition to the geometric structures , man y other propertie s o f borate s
have bee n studied . The valence-regio n photoemissio n spectru m an d th e
boron Ka. x-ray emission spectra o f solid B2O3 have been studie d by Joy-
ner an d Hercule s (1980 ) and th e oxyge n K a x-ray  emissio n spectr a b y
Hayashi (1968 ) (Fig . 5.32) . The valenc e region consist s o f features with
binding energie s o f 6.9 , 10.7 , 14.4 , and 26. 4 eV , correspondin g respec -

Fig. 5.32 . X-ra y photoelectro n an d x-ray emission spectra fo r B2O3. The O  2s and
valence-band x-ra y photoelectro n (ESCA ) spectr a (obtaine d usin g Al K a radia -
tion) ar e show n aligne d wit h the oxyge n K  an d boro n K  x-ra y emissio n spectr a
("soft x-ra y spectra, " SXS) . Pea k I  in th e ESC A spectru m is B  2s ; peak I I i s O
2p. Spectr a wer e aligne d usin g \ s core-leve l bindin g energies (afte r Joyne r and
Hercules, 1980 ; reproduced with th e publisher' s permission).
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lively to O  2p nonbonding, B  2p-O 2 p bonding, B  2s-O 2 p bonding, and
O 2i-typ e orbital s (Gupt a an d Tossell , 1981) . Thi s assignmen t i s sup -
ported b y the correspondence of x-ray photoelectron an d x-ray emissio n
features and by calculations o n the BO 3

2- an d B(OH)3 groups, the energy-
level diagram for the latte r of which is shown in Fig. 5.33. The B  2s-O 2 p
bonding feature does not appear i n the oxygen Ka spectrum , i n the same
way tha t th e analogou s featur e i s remarkably wea k i n SiO 7. There was a
suggestion in Gupta and Tossell (1981 ) that their BO 3

2- calculatio n under-
estimated the stabilit y of the B  2s-O 2 p bonding orbital, presumabl y be -
cause o f cluster-size effects . However , neithe r the effec t o f cluste r siz e
upon theoretical energies no r the effec t o f degree of polymerization upo n
experimental bindin g energies ha s bee n systematicall y investigate d fo r
either solids or gas-phase molecules . Based on relative spectra l intensities
in the x-ra y photoelectron an d variou s x-ra y emission spectra , a  qualita -
tive valence-band structure (shown in Fig. 5.34) has been constructed b y

Fig. 5.33 . Molecular-orbita l energy-leve l
diagram fo r B(OH) 3 i n D 3h symmetr y
(ground state ) wit h a  B- O distanc e o f
1.361 A , calculate d using the MS-SCF-X a
method (afte r Tossell , 1986 ; reproduce d
with th e publisher' s permission).
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Fig. 5.34. Schemati c valence-band structure of B2O3 (band limits and shape s ar e
not intende d to b e accurate ) (afte r Joyne r an d Hercules , 1980 ; reproduced wit h
the publisher's permission) .

Joyner and Hercules (1980 ) that is consistent wit h the B(OH)3 calculation
of Gupta and Tossel l (1981).

The boron Auge r electron spectru m o f B2O3 shows peaks tha t can b e
assigned as KL1L1 and KL2,3 L2,3, wit h energies and widths consistent with
those seen in the x-ray photoelectron spectrum , but i t also show s severa l
additional feature s associated wit h solid-state processes . Th e resolutio n
of the Auge r spectru m i s insufficien t t o resolv e contribution s fro m indi -
vidual molecular orbitals .

X-ray absorptio n spectr a hav e als o bee n calculate d b y Tossell (1986)
for three- and four-coordinate boron using the continuum MS-Xa method .
For th e D 3h symmetr y BO 3 unit, th e lowest-energ y empt y orbital s tha t
yield XANE S feature s ar e o f a 2" symmetry an d B- O P TT* type , an d e '
symmetry and B- O CT* type, with the TT * orbital s lower in energy. The a2

"

orbital lie s belo w threshold , an d it s energ y i s rathe r insensitiv e t o th e
B-O distance , whil e th e e ' orbita l i s actuall y a  shap e resonanc e i n
the continuum, and its energy varies strongly with the B-O distance . The
calculated spectr a o f B(OH) 3 and BF 3 ar e i n reasonable agreemen t wit h
experiment (Tabl e 5.22) . For B(OH) 4 th e lowes t x-ray absorption pea k
is just a t threshold . Th e spectru m o f B(OH) 3 and BF 3 ar e qualitatively
similar, but the a 2" and e ' li e at higher relative energy versus threshold for
B(OH)3. Th e variatio n o f the e ' orbita l energ y wit h distance i s abou t 24
eV/A, similar to that observed for other cr* resonances (Sette et al., 1984),
while the a2" orbital changes at about half this rate. It is important to note
that th e propertie s o f solid borates , suc h a s B(OH) 3, are mimicke d well
by thos e o f gas-phase molecule s such a s B(OCH,) 3, which have similar
widths in their valence-region photoelectron spectra (Kroner et al., 1973) .
The electro n transmission spectru m (ETS; see Appendix B) of B(OCH 3)3
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(Tossell, 1986 ) also show s a  featur e attributabl e t o a n a 2" orbita l reso -
nance.

Information i s also directly available abou t the electron distributio n in
the B- O bon d from x-ra y diffraction studie s (Gajhede et al. , 1986 ; Kirfe l
et al. , 1983 ) and, indirectly , fro m studie s o f th e gradien t o f th e electri c
field a t B  and O  (Snyder et al. , 1976 ; Gajhede, 1985 ; Tossell and Lazzer -
etti, 1988a ; Tossell , 1990b) . Fo r soli d lithiu m metaborate, LiBO 2, with
chains of BO3 triangles, x-ray studies yield deformation densities that d o

Table 5.22. Ter m energies (in eV) of empty 4e ' (B- O cr* )
and la " ( B p-n) orbitals in BF3 and B(OH), (experimental
values in parentheses)

Orbitals BF3 B(OH)3

4e' -1. 8 (-2.3 ) -5. 1 (-4.1 )
2a" 8. 4 (7.2 ) 4. 0 (4.2 )

not change with B-O distance as expected. Rather , the shortest an d long-
est B- O bond s (with distances of 1.325 and 1.40 7 A) have significant pos-
itive difference density (—0. 6 e  A - 3 ) , while the intermediate bon d (1.39 2
A) show s very littl e deformation density alon g the B- O bond . Wha t de-
formation densit y exists i s cylindrical abou t th e bond (e.g. , o f a symme-
try), whil e the deformatio n densities fo r the othe r B- O bond s ar e elon -
gated an d ir-like . Thes e result s wer e interprete d i n term s o f strongl y
bonded LiBO 2 units that wer e mor e weakl y coupled b y a n empt y B  sp2

hybrid on one unit and an oxygen lone pair on an adjacent one. However ,
calculations by Zang et al. (1985) on H4B2O5 indicate that a Ap peak exists
for B-O br bu t i s off the bon d axis , interio r t o B-O br-B angles . Thu s th e
Ap peak i s merely displaced rathe r than being missing (Fig. 5.35).

The deformatio n density o f B(OH)3 is less dramatic , showin g the ex -
pected positiv e deformation densities along the B-O and O-H bond s and
the O  2 p lon e pairs . Althoug h calculations suc h a s thos e o f Gupta an d
Tossell (1981) give a reasonable qualitativ e description o f the Ap map, the
more sophisticated calculation s o f Gajhede et al . (1986) , utilizing d polar-
ization functions , ar e i n bette r agreemen t wit h experimen t an d sho w
higher charge densit y in the bon d regio n an d les s charg e aroun d th e ox -
ygens. Studie s by the above author s sho w that suc h basis-set expansio n
is mor e importan t tha n configuratio n interactio n i n determinin g defor-
mation densities that are in agreement wit h experiment (Fig. 5.36).

As noted i n Chapter 2 , deformation densitie s suffe r fro m ambiguitie s
in definition of reference stat e and are not (even in theory) directly related
to other bon d properties . Inspectio n o f the tota l molecula r density or its
derivative may ultimately prove more valuable (Bader et al., 1979 ; Bader,
1985). A  star t ha s bee n mad e i n thi s endeavo r b y Swop e an d Down s
(1988), who found feature s in the Laplacian of the densit y for B- O bonds

Orbitals BF 3 B(OH) 3

4e' -1. 8 (-2 . 3 ) -5. 1 (-4.1 )
2a" 8. 4 (7.2 ) 4. 0 (4.2 )
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Fig. 5.35. Electron-densit y distributions in borates —  deformation density maps
for corner-sharin g BO , plana r triangula r units : (a ) calculate d densit y ma p fo r
planar H 4B2O5; (b) experimental densit y map for LiBO2 (contour interva l 0.1 elec-
trons A -3; dashe d contou r i s zero ; negativ e contours ar e dotted ) (afte r Zan g e t
al., 1985 ; reproduced wit h the publisher' s permission) .

indicative o f share d interactions . A  comparativ e theoretica l stud y o f a
number o f boron-containin g rings show s share d interaction s betwee n B
and O in boroxine (H 3B3O3) (Boyd et al. , 1984) .

Studies o f the electric-fiel d gradient at th e B  atom i n borates (Snyde r
et al. , 1976 ; Gajhede, 1985 ; Tossell and Lazzeretti , 1988c ) all yield results
for B(OH) 3 in reasonable agreemen t with experiment, but uncertaint y re-
mains concernin g th e prope r valu e of eQ to us e fo r "B , an d substantia l
changes are observed dependin g on basis-set size and correlation. In gen-
eral, large r basi s set s giv e large r EFGs , an d correlatio n decrease s th e
EFG. Th e I7 O EFGs in (H2B)2O and H 3B3O6 were also calculated b y Tos-
sell and Lazzerett i (1988c) , and i t was confirmed that oxygens in boroxyl
rings with B-O-B angle s o f 120 ° and those outsid e suc h rings with B-O -
B angles o f around 132 ° should indeed give the distinctiv e NQCC value s
of 4.7 and 5.8 MHz observe d experimentall y (Jellison et al. , 1977 ) (Table
5.23). However , i n the H 2BOBH2 calculations, the I7 O NQCC was found
to depend strongl y upon the dihedra l angle between the -BH2 planes . I n
the isolate d molecule , th e minimum-energ y dihedral angle i s 61°, but it s
energy i s only 6 kcal/mole below tha t o f the untwisted geometry (Zang et
al., 1985) . Sopp e e t al . (1988 ) have suggeste d tha t (BH 2)2O groups with
dihedral angles not equal to zero coul d explai n the Raman spectr a o f vit-
reous B 2O3. Tossell (1990b ) foun d that for a B-O-B angl e of 132° , a goo d
fit o f calculate d and experimenta l oxyge n NQCC value s occurred onl y
for a  dihedra l angl e of zero an d tha t n o (BH 2)2O mode l could reproduc e
the intens e Raman peak observe d a t 80 0 cm"1 an d usuall y attribute d to



Fig. 5.36. Electron-densit y distribution s i n borates — deformation densit y map s
calculated fo r B(OH) 3: (a ) static mode l ma p calculate d fro m pseudoato m model ;
(b) theoretica l deformatio n densit y ma p fro m a b initio  Hartree-Fock configura -
tion-interaction calculatio n (afte r Gajhed e e t al. , 1986 ; reproduce d wit h th e pub -
lisher's permission).
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Table 5.23. Calculate d propertie s a t O  in H2BOBH2 (planar C 2v; B 3d, O  3d ,
H 2p basis) as a function of B-O-B angl e (<B-O-B) (experimental value s
in parentheses )

<B-O-B (deg)

|q°| (a.u.)
e2q°Q°/ha

•n0

o-° (ppm)

120

0.957
5.02 (4.69 )
0.54(0.58)

76.8

132

1.158
6.07 (5.75 )
0.58 (0.4)

86.8

144

1.291
6.77
0.36

104.6

"Assuming eQ° =  2.23 3 X  10 - 2 6 cm 2 .

boroxol rings. By contrast, direc t calculation at the Hartree-Fock 3-21G*
basis-set leve l o f the i r and Rama n spectr a o f H3B3O3, the simples t pos -
sible boroxol ring model, give an A1' symmetry oxygen symmetric breath-
ing mod e wit h a n energ y tha t matche d wel l agains t experimen t (Tossel l
and Lazzeretti , 1990) .

The NMR propertie s of B in three an d four coordinatio n wit h oxygen
have also been studie d (Tossell , 1986; Tossell and Lazzeretti , 1988c) . For
three-coordinate an d four-coordinate B , the B  2p-O 2 p a-bonding orbitals
make the dominant contribution to the paramagnetic shielding , CTP. Large-
basis-set calculation s o n BO 3

3- indicat e tha t i t ha s a  les s anisotropi c
shielding tenso r a t th e B  ato m tha n d o isoelectroni c CO 3

2- an d NO 3 ,
and a  more shielde d oxygen . BO 3

3- als o ha s a  smalle r polarizability an-
istropy tha n d o CO 3

2- o r NO 3
- , consisten t wit h a  smalle r separatio n o f

IT* and a * unoccupie d orbital s (Lo , 1973) . Four-coordinate boro n i s pre -
dicted t o hav e a  3 8 ppm highe r " B shieldin g tha n thre e coordinate , a
difference i n the righ t directio n bu t considerabl y large r tha n th e experi -
mental valu e o f 1 7 ppm (a s discusse d fo r Si , conventiona l couple d Har -
tree-Fock calculation s overestimat e coordinatio n numbe r effects) . O f
course, th e mai n difference in NMR spectr a betwee n three - an d four-co -
ordinate boro n i s th e larg e NQC C valu e i n th e three-coordinat e case ,
compared t o value s nea r zer o fo r fou r coordinatio n (exactl y zer o fo r a
perfect tetrahedron) . Thu s three- and four-coordinate boron can easily be
distinguished b y NM R bot h in glasses an d b y wide-lin e NMR i n crystal-
line solid s (e.g. , Cuthber t an d Petch , 1963) . Mor e recentl y MAS-NM R
has reveale d change s i n " B shieldin g with second-nearest-neighbo r ef -
fects (Turne r et al. , 1986) .

Limited information is available o n the uv-visible spectral propertie s
of B2O3 and related materials , bot h as pure material s an d with transition-
metal impurities . The lowest-energy fundamental absorption i n B2O3 is at
about 8. 6 eV (Izumitan i and Hirota , 1985) , close t o th e valu e o f 8.4 eV
calculated b y Tossel l fo r B(OH) 3 (Tossell, 1986) . T o assess th e environ -
ment encountered by meta l ion impurities , crystal-field (d-d)  transitions,
uv absorptio n spectral transitions (e.g., 6s—>6p  i n Pb 2 +) , o r ES R spectr a
of od d electro n specie s ca n b e studied . Fo r example , Li n an d Angel l
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(1984) found Ni 2+ t o coexist i n tetrahedral an d octahedral coordinatio n in
potassium borate glass . Interesting interpretations can be made by study-
ing impurity "probe ion" propertie s a s a function o f composition i n alkali
borate glasses , sinc e abov e 1 7 mol % M2O, th e BO 3 groups ar e partially
converted t o BO 4 groups, which have substantiall y differen t effect s upo n
the probe metals. As explained by Kawazoe et al. (1978a,b) and discussed
in mor e genera l term s b y Duff y an d Ingra m (1971 , 1976 ) the oxyge n at -
tached to three-coordinate boro n has a relatively low basicity, presumably
due to B-O IT bonding, which renders the O 2p orbital less susceptible to
attack by acids. A s discussed earlier , basicit y in solids may be related to
spectral quantitie s called optical  basicities.  I t is apparent from change s in
Pb2+ prob e ion s->p energies and from Cu2+-oxygen covalencie s deduce d
from ESR , tha t BO 3 groups provide less covalent (o r less "basic" ) envi-
ronments than do BO4 groups. Thus, addition of alkali oxide to B2O3 (e.g.,
in (Na2O)x(B2O3)1 _ _ x , whic h converts B III to B 1V starting at abou t x  =  0.1 7
(Griscom, 1978) , increase s th e basicit y o f the glass . Presumabl y th e ba -
sicity of oxygen coordinated i n BIV species i s greater because ther e are no
low-energy empty orbitals t o bond covalently with the oxygen lone pair s
to reduce their availability.

Notes
1. Tha t is , a potential o f the form V  =  D e[l -  exp(-Bp] 2 , wher e p  = R - Rc

is the departur e fro m equilibrium , De the dissociation energy, and (3 a parameter.
2. Q  notation specifie s the numbe r o f oxygens o f the SiO 4

4- uni t bridgin g to
other S i (or Al) atoms (e.g. , a  Q 3 silicate ha s three bridgin g and on e nonbridgin g
oxygen per silicate tetrahedron) .



6
APPLICATION OF BONDING MODELS

TO SULFIDE MINERALS

6.1. Introduction

The sulfid e mineral s ar e a  grou p o f materials dominate d b y binar y an d
ternary compound s o f sulfu r wit h iron, cobalt , nickel , copper, zinc , and
lead. Othe r member s o f this group of naturally occurring crystallin e ma-
terials incorporat e a  variet y o f cations (e.g. , Mn 2+, Mo4 + , Ag +, Hg 2+,
Cr3 + , Sn4+, Pt 4+) an d several other anions (Se 2- , Te 2 - , As2 - , Sb2 -). The
sulfides ar e not only the most importan t group of ore minerals, constitut -
ing the raw material s for most of the world' s supplie s of nonferrous met-
als, bu t als o ar e substance s tha t exhibi t a  fascinating diversity in struc -
tural chemistry and in electrical, magnetic , and other physical properties
(Ribbe, 1974 ; Vaughan an d Craig , 1978) . The sulfid e mineral s rang e i n
properties fro m material s tha t ar e diamagneti c insulators , formin g vir -
tually colorles s crystal s whe n pure (e.g. , ZnS) , t o diamagneti c semicon -
ductors (e.g. , PbS) , t o semiconductor s o r metallic conductors exhibiting
various forms of ordered magnetis m (e.g., CuFeS 2, Fe 7S8, CoS 2), and t o
metals exhibitin g wea k temperature-independen t Paul i paramagnetis m
(e.g., Ni 3S4, Co9S8). Th e diversit y of sulfide propertie s indicate s that th e
valence electron s i n these material s can rang e fro m extensivel y delocal-
ized a s i n metals , t o localize d o n th e atom s a s i n insulators . Thi s ha s
presented problem s fo r those attemptin g to develop bonding models and
has also led to certain misconceptions regarding the kinds of models tha t
may be appropriate .

Earlier attempts t o develop qualitative bonding models for sulfide min-
erals have been reviewed by Vaughan and Craig (1978) and include appli-
cations o f valence-bon d theor y (Pauling , 1970 ) an d ligand-fiel d theory
(Nickel, 1968 , 1970) , zone theor y (Freuh , 1954) , and qualitativ e molecu-
lar-orbital/band model s (Burns and Vaughan , 1970 ; Vaughan et al. , 1971;
Prewitt and Rajamani, 1974). At about the sam e time, band-structure cal-
culations o n som e o f the binar y sulfide s o f importance i n material s sci -
ence wer e bein g performe d b y physicists , an d certai n o f th e dat a o f
mineralogical interes t have been reviewed by Marfuni n (1979) . Th e mid-
1970s sa w th e firs t successfu l attempt s t o perfor m M O calculation s on
metal-sulfide minera l systems, and a  substantial number of systems have
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since been studie d (many having been reviewe d by Vaughan and Tossell ,
1983).

In this chapter, th e application of bonding models to an understanding
of th e sulfid e mineral s wil l be discussed . A  diversity o f approaches wil l
be illustrated b y considerin g certai n o f the majo r sulfid e mineral group s
as examples. Th e subdivisio n of the sulfide minerals into groups i s base d
largely on crystal structure an d follows the syste m proposed b y Vaughan
and Crai g (1978) . It i s presente d i n a  summarize d for m in Tabl e 6.1 , t o
enable the reader to place th e examples discussed belo w into the contex t
of the res t o f the sulfid e minerals. Th e emphasi s i n this chapte r i s mor e
on electroni c structur e an d th e interpretatio n o f spectr a an d propertie s
rather tha n o n geometric structure . Indeed , fa r fewer studies hav e bee n
performed o n the sulfides with the aim of understanding geometric struc -
tural variations , partl y because of the difficultie s o f undertaking calcula -
tions at a high level of quantum-mechanical rigor. The  opportunity is also
taken, i n thi s chapter , t o illustrat e th e relationship s betwee n qualitativ e
and quantitativ e molecular-orbita l an d band-model approaches whe n ap-
plied to a  group of materials wit h diverse properties .

6.2. Sphalerite, wiirtzite, and related phases
[ZnS, CdS, HgS, (Zn,Fe)S]

Sphalerite ((3-ZnS ) has a  cubic crysta l structur e i n which both Z n and S
occur in regular tetrahedra l coordination . Pur e sphalerit e is a diamagnetic
semiconductor wit h a large band gap (—3.6 eV; Shuey, 1975) . On the basi s
of the observed structur e and properties, th e simple MO energy-level dia -
gram show n i n Fig . 6. 1 ca n b e propose d t o describ e th e bondin g i n a
"ZnS4" cluste r molecula r unit . Overlap s betwee n outermos t s  an d p

Major subdivision
and group Structure type Examples

Bisulfide grou p Pyrite-typ e (cubic) Pyrit e (FeS2), cattierite (CoS 2),
(all containin g vaesit e (NiS 2), etc .
dianion unit s in
the structure)

Marcasite-type Marcasit e (FeS 2)
(orthorhombic) Ferroselit e (FeSe 2), etc .

Arsenopyrite-type Arsenopyrit e (FeAsS), gudmundite
(orthorhombic) (FeSbS) , safflorit e (CoAs2)

Loellingite-type loellingit e (FeAs2), FeSb2, etc .
(orthorhombic)

Galena group NaCl-typ e (cubic ) Galen a (PbS), clausthalite (PbSe),
altaite (PbTe), alabandite (a-MnS)

Major subdivision
and group Structur e type Example s

Disulfide grou p Pyrite-typ e (cubic) Pyrit e (FeS2), cattierite (CoS 2),
(all containin g vaesit e (NiS 2), etc .
dianion unit s in
the structure)

Marcasite-type Marcasit e (FeS 2)
(orthorhombic) Ferroselit e (FeSe 2), etc .

Arsenopyrite-type Arsenopyrit e (FeAsS), gudmundite
(orthorhombic) (FeSbS) , safflorit e (CoAs2)

Loellingite-type loellingit e (FeAs2), FeSb2, etc .
(orthorhombic)

Galena group NaCl-typ e (cubic ) Galen a (PbS), clausthalite (PbSe),
altaite (PbTe), alabandite (a-MnS)

Table 6.1. Structural classification of the sulfide minerals



Table 6.1. Continue d

Major subdivisio n
and grou p

Sphalerite group

Wurtzite grou p

Niccolite grou p

Thiospinel grou p

Layer sulfides
group (variou s
layer
structures)

Metal-excess
group (variou s
unusual
structures
adopted b y
metal-rich
sulfides)

Chain structur e
group (variou s
structures
containing
chains o f
atoms)

Sulfosalt group(s )
(complex
minerals of
formula
A,,,TnXp, wher e
A =  Ag,Cu,Pb ;
T =  As,Sb,Bi;
X =  S )

Structure type

Sphalerite (zinc-blende) -
type (cubic )

Derivative o f sphalerite -
type

Wilrtzite-type
(hexagonal)

Derivatives o f wtirtzite-
type

NiAs-type (hexagonal )

Derivatives o f NiAs-type

Spinel-type (cubic )

Molybdenite-type
(hexagonal)

Covellite-type
(hexagonal)

Cd(OH)2-type
(hexagonal)

Tetragonal PbO-typ e

Pentlandite-type (cubic )

Chalcocite-type
(monoclinic)

Argentite-type (cubic)
Digenite-type

Stibnite-type
(orthorhombic)

Cinnabar-type
(hexagonal)

A range of comple x
structures wit h TS3
pyramidal group s
present (T =  As , Sb ,
or Bi)

Examples

Sphalerite (B-ZnS )
hawleyite (CdS), etc .
Chalcopyrite (CuFeS 2), stannit e

(Cu2FeSnS4), talnakhit e
(Cu,Fe8Sl6), etc .

Wurtzite (a-ZnS), greenockite (CdS) ,
etc.

Cubanite (CuFe 2S3), enargit e
(Cu,AsS4), etc .

Niccolite (NiAs) , breithauptit e
(NiSb), etc .

Troilite (FeS) , monoclini c pyrrhotit e
(Fe7Ss), etc .

Linnaeite (Co,S 4), polydymite (Ni 3S4),
greigite (Fe 3S4)

violarite (FeNi 2S4), etc .

Molybdenite (MoS 2), tungstenite
(WS2)

Covellite (CuS) , idait e (~Cu 3FeS4)

Berndtite (SnS 2), melonite (NiTe 2_x)

Mackinawite (Fe,Co,Ni,Cu) l+xS

Pentlandite [(Ni,Fe),S sl, cobalt
pentlandite (Co,S g)

Chalcocite (Cu 2S), acanthite (Ag 2S)

Argentite (Ag 2S), crookesite (Cu2Se)
Digenite (Cu,S 3), bornite (Cu 5FeS4)

Stibnite (Sb 2S3), bismuthinite (Bi2S3),
etc.

Cinnabar (HgS )

Pyrargyrite (Ag 3SbS3) tetrahedrit e
[(Cu,Fe)12Sb4S13], boulangerit e
(Pb5Sb4S11)

Source: After Vaugha n an d Craig , 1978.
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Fig. 6.1. Th e electroni c structure o f ZnS : (a ) simplisti c qualitative one-electron
MO energy-level diagram for a  ZnS4 (tetrahedral) cluster; (b) simplistic one-elec-
tron band model for ZnS .

atomic orbital s o n zin c an d sulfu r ar e regarde d a s resultin g i n the mor e
stabilized a-bondin g molecula r orbital s o f the cluste r an d correspondin g
destabilized a*-antibondin g molecula r orbitals , th e forme r bein g com -
pletely filled wit h electrons and the latter empty. Overlap between molec -
ular orbitals on adjacent "ZnS 4" cluster s i n a sphalerite crysta l wil l lead
to broadening of the MO energy levels into bands, as shown by the simple
one-electron MO/ban d model shown in Fig. 6.1 .

The structur e o f the valenc e ban d in ZnS has been investigated using
x-ray photoelectro n an d x-ra y emissio n spectroscop y (Le y e t al. , 1974 ;
Sugiura et al., 1974 ; Domashevskaya e t al., 1976) . As outlined in Chapter
2, combination s of thes e tw o spectroscopi c method s aid s i n the assign -
ment o f feature s i n th e spectra . Thus , i n Fig . 6.2 , w e ca n sugges t tha t
peak I  i n the XP S an d XE S arise s fro m th e sam e orbitals . Sinc e thi s i s
the S KB main peak in the XES, we can assign it in both spectra to orbitals
that are dominantly sulfur 3p in character. Usin g similar arguments, peaks
II, III , an d I V ma y b e assigne d t o orbital s wit h zinc an d sulfu r s  an d p
and som e zin c 3 d character (II) , to dominantl y zin c 3 d orbitals , an d t o
orbitals of dominantly sulfur s  character (IV) .

Quantum-mechanical calculations on sphalerite hav e been performe d
using a  variet y of band-structure method s (se e th e following ) and using
the MS-SCF-X a cluste r metho d (Tossell , 1977c) . The latte r involve d a
ZnS4

6 cluster , and th e result s i n the for m of MO energ y level s labele d
according to the irreducible representations o f the T d symmetry group are
also show n in Fig. 6.2 . Result s ar e give n here fo r both th e ground-state
(GS) electroni c configuration and usin g the transition-state  (TS ) proce -
dure, whic h incorporate s electroni c relaxatio n effect s occurrin g during
ionization (se e Sectio n 3.10) . A s see n i n Fig . 6.2 , th e latte r sho w quite
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Fig. 6.2. Valence-regio n x-ra y photoelectron an d x-ra y emissio n spectra for Zn S
(after Ley et al., 1974; Sugiura et al., 1974; Domashevskaya et al., 1976) compared
to MS-SCF-Xa cluster calculation results, both for the ground state and transition
state (afte r Tossell , 1977c) .

good agreemen t wit h th e XP S an d XE S results . O f course , a s wel l a s
providing information on the orde r an d relative separatio n o f the M O en-
ergy levels, th e MS-SCF-A'a calculation s als o provide information on the
composition o f particular molecula r orbital s i n terms o f the contributio n
of atomic orbital s o f metal o r sulfur . Thus , th e 4t 2, 1t2, and 2 e molecula r
orbitals ar e dominantl y sulfur 3 p in characte r an d nonbonding , wherea s
the 3t2 and 2a1 orbitals are the main metal-sulfur bondin g orbitals. The 1e
and 2t2 orbitals ar e the dominantly metal 3d ("crystal-field")-type orbital s
in thi s system, and th e 1t 2, la1 orbitals ar e sulfu r 3 s nonbonding in char -
acter. I n Fig . 6.3 , th e result s o f the MS-SCF-X a calculatio n o n a  single
ZnS4

6- cluste r ar e compare d wit h th e result s o f a  (non-self-consistent)
band-structure calculatio n on sphalerit e usin g the Korringa-Kohn-Ros -
toker metho d (Eckelt , 1967) . Here a conventional energ y band-structur e
diagram i s shown , wit h dat a als o simplifie d t o a  one-dimensiona l
representation indicatin g the band limits . The band model also shows that
the to p o f the valenc e ban d o f ZnS i s composed o f essentially sulfu r 3 p
nonbonding orbitals an d that the zinc 3d levels are buried ~7 e V beneath
the top of the valenc e band .

In fact, because o f its importance in solid-state science, a  large variety
of band-structure approache s hav e bee n use d t o calculat e the electroni c
structure of sphalerite . These hav e included self-consisten t and semiem -
pirical orthogonalized-plane-wave (OPW ) (Stukel et al. , 1969) , empirical-
pseudopotential (Cohen and Bergstresser, 1966) , tight-binding (Pantelides
and Harrison , 1975) , APW (Rossle r and Lietz , 1966) , and modifie d OP W
(Farberovich e t al. , 1980),  a s wel l as KK R (Eckelt , 1967) methods. In a
recent an d extremel y detailed study usin g a  density-functiona l approac h
(specifically a  metho d terme d th e self-consisten t potentia l variatio n



Fig. 6.3 . Compariso n of results obtained from (a) a cluster calculation on a ZnS4
6-

tetrahedron usin g the MS-SCF-Xa method (transitio n state) wit h the results o f an
earlier band-structur e calculatio n employin g (c ) th e Korringa-Kohn-Rostoke r
method vi a (b) a simplistic one-dimensional representatio n derive d fro m the band -
structure calculatio n (afte r Vaughan an d Tossell , 1983) . Below thi s i s shown (d ) a
self-consistent local-densit y ban d structur e o f sphalerit e calculate d b y Bernar d
and Zunge r (1987) , in which dashed line s sho w doubly degenerat e band s an d th e
shaded area i s the fundamental band-gap region. The origi n of the coordinat e sys -
tem i s o n th e anio n site . Als o show n o n th e nex t page , (e ) i s a  plo t o f charge -
density contour s fo r th e valenc e band o f ZnS (logarithmicall y spaced i n units of
e/a.u.3). Soli d circles represent core regions (afte r Bernar d an d Zunger , 1987 ; re-
produced wit h the publisher' s permission) .
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Fig. 6.3. Continue d

mixed basis) , Bernard and Zunger (1987 ) calculate d the electronic struc -
tures o f ZnS alon g wit h the sphalerite-typ e ZnS e an d ZnT e an d variou s
ordered intermediat e ZnS-ZnSe-ZnTe compounds . Th e calculated ban d
structure of sphalerite i s shown in Fig. 6.3(d ) and the charge densit y con-
tours for the valence band in Fig. 6.3(e) . These calculations do show sig -
nificant difference s compare d t o th e olde r OP W an d KK R calculation s
and are more simila r to the results of the self-consisten t OPW calculation
of Stuke l e t al . (1969) . As commonl y found with a local-densit y model ,
interband transitio n energies are underestimated when compared with ex-
periment.

Isostructural with sphalerite are the phases hawleyit e (CdS) and meta-
cinnabar (HgS) , providin g a n interestin g serie s o f compound s fo r com -
parative study. Thus, for example, the results of MS-SCF-Xa calculation s
on appropriat e cluster s ar e presente d an d discusse d b y Tossel l an d
Vaughan (1981). As shown in Fig. 6.4 , the overall structure of the valence
region is similar. In each cas e a group of S 3p nonbonding orbitals occur s
at the to p of the valenc e region , the n th e mai n metal-sulfu r bondin g or -
bitals o f the system , then th e dominantl y metal 3 d orbitals an d th e S  3s
nonbonding orbitals . Althoug h th e orde r o f molecula r orbital s wit h in-
creasing bindin g energy is the sam e in each case , ther e ar e some marked
variations in the relative stabilities o f different groups of orbitals betwee n
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Fig. 6.4. Energy-level diagrams derived from MS-SCF-X a calculation s on tetra-
hedral ZnS 4

6 - , CdS 6
4-, an d HgS 4

6- cluster s and th e linea r HgS 2
2- cluste r (afte r

Tossell and Vaughan , 1981) . Makeu p of particular molecular orbitals in terms of
atomic-orbital character i s shown by the boxes in the diagram.

the compounds , fo r example , th e tren d toward s decreasin g stabilizatio n
of th e mai n metal-sulfu r bondin g orbital s i n th e serie s ZnS-CdS-HgS .
The marke d fluctuation s i n th e energie s o f the meta l d  orbital s ar e du e
partly to relativistic effects (incorporate d i n the calculations in an approx-
imate wa y for H g 5d states) . I n Fig. 6.4 results are als o show n for a  cal-
culation on a HgS2

2 cluste r considered b y Tossell and Vaughan (1981) as
the basic uni t occurring in the mineral cinnabar (HgS) . Again, band-struc -
ture calculations have been performed o n CdS (hawleyite) using a variety
of method s (e.g. , Zunge r and Freeman , 1978 ; Farberovich e t al. , 1980) .
Several author s hav e pointe d ou t th e importanc e o f includin g meta l d
states i n the calculation s i n order t o obtai n result s i n reasonable agree -
ment with experimental data (e.g., Farberovic h e t al., 1980).

Many natura l sphalerite s contai n substantia l amount s o f Fe2+ substi -
tuting for Zn 2+ i n the tetrahedra l sites , an d this system provides th e op -
portunity t o stud y a  sulfid e wit h increasin g amount s o f thi s transition
metal. Detaile d studie s of the electrica l and magneti c properties o f iron-
containing zinc sulfid e by Keys et al . (1968) showed that a  sphalerite with
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12.4 at . %  iron exhibit s typical semiconducto r behavio r wit h the forbid-
den energy gap reduced to 0.49 eV. Magnetic susceptibility measurements
showed paramagneti c behavio r a t lowe r iro n concentration s an d sug -
gested antiferromagneti c couplin g at higher iron concentrations. Th e lat -
ter suggestion , however , i s no t supporte d b y th e Mossbaue r spectr a of
iron i n sphalerite . Gerar d e t al . (1972 ) observed a  singl e pea k fo r iro n
concentrations < 1 at . %  an d a  superimpose d quadrupol e double t fo r
higher concentrations (<3 1 at . %) . They interpre t th e singl e peak a s due
to iron atoms without other iron impurity atoms as nearest neighbors, and
the doublet as the effect o f one or more other iron atoms as nearest neigh -
bors.

The mos t obviou s effec t o f iro n substitutio n i n sphalerit e i s o n th e
optical properties : Pur e sphalerit e i s transparent an d virtually colorless ;
with increasin g iro n conten t th e colo r range s fro m pal e yello w t o dar k
brown, and som e specimen s appear black and opaque i n hand specimen.
Thus, wherea s pur e sphalerit e ha s a n absorptio n edg e i n the ultraviole t
(-3400 A; 29,40 0 cm- 1 ) , Lo w and Wege r (1960) observed a n absorptio n
band i n th e infrare d (a t -30,000 A ; 350 0 cm - 1) attribute d t o th e spin -
allowed transitio n betwee n th e e  and t 2 levels of the 3 d orbitals ( SE->5T2)
and henc e a  measur e o f th e crystal-fiel d splittin g (A) . Marfunin e t al .
(1968) reported the spectrum shown in Fig. 6.5 for iron-bearing sphalerit e
and obtaine d a  valu e of 3500 c m - 1 fo r A . Data fo r th e visibl e and near -
ultraviolet regions ar e also show n in Fig. 6.5 , an d these spectra l feature s
have bee n variousl y attributed t o spin-forbidde n d- d transition s an d t o
Fe-S charg e transfer .

An MS-SCF-Xa calculation on an FeS 4
6- tetrahedra l cluster (Vaughan

et al., 1974 ) can be used to model the nature of the iron-sulfur bondin g in
this system and can be compared with the optical absorption spectra . Th e
results of the calculation ar e show n in Fig . 6.6; they illustrate th e impor -
tance o f spi n polarizatio n du e t o th e fou r unpaire d 3 d electron s o n th e
Fe2+ cation . Thi s split s the MO energy levels into spin-up and spin-down

Fig. 6.5. Th e electroni c (optical) absorptio n spectru m o f iron-bearing sphalerite
(after Vaugha n and Craig , 1978 ; based on data o f Marfuni n e t al. , 1968) .
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Fig. 6.6. Energy-leve l diagram to illustrate the electronic structure of iron-bearing
sphalerite and base d on MS-SCF-Xa cluste r calculations on the FeS 4

6- tetrahe -
dron (after Vaugha n et al., 1974) . Discrete MO energy levels (spin up, f , an d spin
down, I ) ar e show n on the right; on the lef t i s a simplistic band model based on
this, wit h fille d (o r partl y filled ) band s show n shade d (lines : crystal-field-typ e
band; dots: sulfur nonbondin g band; dashes: metal-sulfur bonding band).

groups, and , i n som e cases , the calculate d energ y differenc e betwee n a
spin-up and it s equivalent spin-down MO is as much as ~ 2 eV . The cal-
culations provide information on the composition and character of partic-
ular molecula r orbitals, a s show n schematically in Fig. 6.6 . Compariso n
of th e observe d pea k energie s fro m th e optica l absorptio n spectr a with
those fro m th e calculatio n (utilizin g the transition-state procedure ) sho w
generally goo d agreement , a s see n fro m Tabl e 6.2 . Th e energie s o f th e
spin-forbidden spin-fli p d->d transitions and of the ligand-> meta l charge-
transfer transition s ar e particularly well reproduced b y the calculations ;
that o f th e spin-allowe d d-> d transition i s no t s o wel l reproduced , an d
none o f the experimentall y observed fin e structur e associated wit h thi s
transition is reproduced. However , this fine structur e has been attributed
by severa l authors to Jahn-Teller distortion of the Fe2 + site s in sphalerite
(Marfunin e t al. , 1968 ; Ham an d Slack , 1971) , although thi s i s no t sup -
ported b y the Mossbauer data (Gerard et al., 1972) . However, any effect s
resulting fro m distortio n o f th e tetrahedra l FeS 4 cluste r woul d not , o f
course, be predicted by the calculation on a perfect tetrahedron. The good
overall agreement between calculation and experiment shown in Table 6.2
both establishes the validit y of the calculation and clarifie s interpretation
of the spectra .

Other impurit y ion s foun d i n sphalerit e and hawleyit e include Ni 2 + ,
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Table 6.2. Experimenta l an d calculate d optica l spectra for the FeS 4
6- unit .

Transition energies , AE , ar e al l in cm- 1

Type of transition

Spin-allowed d- d

Spin-forbidden
Spin-flip (ver y weak )

Ligand-metal charg e
transfer

Assignment

3e|

10t2

10t2

3e
l,e

2t,
2t1

9/2
9/2

2 |

|->3e |
|-10t2
T - > 3 e |
T->10t2

i->3e |

i-> 10t 2
i -> 3e

|
i - > 10t 2

Calc. A.E  (TS)

2194

13,149
14,279
17,586
18,586

14,279
13,100
17,586
19,764

Experimental A E

3850, 3500 ,
2950

3700, 2850

12,120, 13,00 0
14,500
16,950
19,600

14,500

16,950
19,600

Source: Afte r Vaugha n e t al. , 1974 , who provide detail s of the experimenta l data.

Co2 + , Mn2+ , an d Cu + an d th e optica l absorptio n spectr a resultin g have
been studie d b y variou s author s (e.g. , Platono v an d Marfunin , 1968) .
Again, calculation s usin g cluste r model s hav e bee n successfull y em -
ployed t o interpre t an d predic t thes e spectr a (e.g. , Muelle r an d Scherz ,
1980, an d Weide r an d Scherz , 1985 , use d a  CND O metho d t o mode l
ZnS:Cu, CdS:Cu , ZnS:Ni , an d CdS:Ni) . On e othe r interestin g experi -
mental observation , recentl y supporte d b y calculation s usin g th e MS -
SCF-Xa method (Li e et al. , 1988) , is of tetrahedrally coordinate d Fe + a s
a product of the deca y o f 57Co as a  dilute impurity in ZnS.

6.3. Galena (PbS) and the isostructural selenide and telluride
minerals (PbSe, PbTe)

The sulfide s of the galen a grou p hav e th e familia r rocksalt (NaCl ) struc -
ture (Table 6.1) with metals and anions in regular octahedral coordination .
Galena i s a diamagnetic semiconductor , th e electrical propertie s o f which
have been reviewed by Dalven (1969). The forbidden energy gap at 300 K
is ~0.4 1 eV . For th e isostructura l PbS e (clausthalite ) an d PbT e (altaite) ,
values of 0.27 and 0.31 eV, respectively, have been reported for the energy
gaps (Zeme l e t al. , 1965) . Th e conductio n mechanism s an d carrie r con -
centrations i n al l of these compound s ar e ver y sensitiv e t o precis e stoi -
chiometry an d to the presence o f minor impurities . The electronic prop -
erties o f th e lea d monochalcogenide s hav e bee n extensivel y studie d
because o f the technologica l application s of these compounds .

The valence-regio n x-ra y photoelectron spectr a o f the lea d chalcoge -
nides have been reported by McFeel y e t al . (1973) ; as Fig. 6.7(a) shows,
there i s a  remarkable similarity betwee n the sulfide , selenide , an d tellur -
ide. Band-structur e calculations (e.g., Tung and Cohen , 1969 ; Rabii and

-> 10t
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Fig. 6.7 . (a ) Valence-ban d x-ra y photoelectro n spectr a o f PbT e (altaite) , PbS e
(clausthalite), an d Pb S (galena ) (after McFeely e t al. , 1973 ; reproduced wit h th e
publisher's permission) . (b ) Angle-resolve d u v photoemissio n spectr a o f Pb S
along with the x-ray and uv photoelectron spectra . Th e diagram gives data on the
incident photon energ y (TJCO ) and angl e of measured photoemissio n (6 ) relative t o
the norma l (0 = 0°) to th e (100 ) surface (afte r Grandk e e t al. , 1978 ; reproduce d
with the publisher' s permission).

Lasseter, 1974 ) an d M O calculation s usin g th e MS-SCF-X a metho d
(Hemstreet, 1975 ) have been undertake n on these compounds, which aid
in the interpretation o f the spectra . I t is also possible, therefore , t o com -
pare the result s of band-structure and MS-SCF-Xa calculations an d their
agreement wit h the experimenta l data , a s illustrate d i n Fig. 6.8 . Hence ,
in examinin g the spectr a alongsid e th e calculations , w e can se e tha t th e
peaks labeled 1  and 1 ' at the top of the valence band are essentially sulfu r
(or Se or Te) p orbita l in character (an d therefore nonbondin g molecula r
orbitals). Below these li e the main bonding orbitals o f the system , which
are chiefl y lea d 6.s7sulfu r (Se,Te ) p i n character. Peak 3  represents sulfu r
3s orbital s tha t ar e no t involved in bonding, and th e intens e double peak
below this (at ~2 0 e V bindin g energy) arises from th e lea d 5d orbitals.



Fig. 6.8 . Electroni c structur e model s for galen a (PbS) : (a ) simplistic band-structure representatio n base d o n spectroscopi c
data; (b ) molecular-orbital energy levels calculated fo r SPb 6Sl2Pb8 cluster using the MS-SCF-X a metho d (afte r Hemstreet ,
1975) and with features from the x-ray photoelectron spectru m (labeled as in Fig. 6.7) superimposed; (c) band-structure model
for Pb S calculated usin g the orthogonalized-plane-wav e method (afte r Tun g and Cohen , 1969) ; (d ) information o n the ban d
structure of PbS obtained from u v photoemission measurement s (hw is the inciden t photon energy) . In thes e plot s of peak
position (in terms of binding energy) versus momentum component (k,), crosses represen t well-define d peak s and open sym-
bols weak peaks or shoulders (after Grandk e et al. , 1978).
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Fig. 6.8. Continue d

A muc h mor e detaile d "dissection " o f th e valence-ban d electroni c
structure o f thes e compound s i s possibl e usin g angle-resolve d photo -
emission studies of single crystals. In a . classic example of this approach,
Grandke e t al . (1978 ) use d angle-resolve d u v photoemissio n measure -
ments of PbS, PbSe, an d PbTe to study electronic structure . Th e spectr a
obtained fo r Pb S ar e show n i n Fig . 6.7(b) . Her e ar e show n the spectr a
obtained from a  (100) surface of PbS and representing different angle s (0)
relative to the normal to this surface and, hence, an electron wav e vector
(k) parallel to the [001 ] direction. Als o shown, for comparison, are the x-
ray an d uv photoelectron spectr a o f the type already discussed fo r poly-
crystalline material. Because of the relationship of binding energy (E) and
sin 6  wit h th e wave-vecto r componen t paralle l t o th e surfac e (k ||),
whereby k || =  \/ -2E si n 0, a direct formulatio n of the energ y band struc -
ture showin g peaks i n binding energy versus momentum component ca n
be acquired from th e spectra , as show n i n Fig. 6.8(d). Comparison of the
experimental data wit h band-structure calculations shows best agreement
with augmented-plane-wav e (Rabi i and Lasseter , 1974 ) methods. Similar
studies have also been undertaken on PbSe and PbTe (Hinkel et al., 1989).
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The optical properties of  galena, PbSe, and PbTe have been studied in
considerable detail , as reviewed by Schoolar and Dixon (1965); numerous
subsequent studie s have refine d these data . Schoola r an d Dixo n (1965)
performed specula r reflectanc e measurement s an d transmittanc e mea -
surements on a  thin film o f galena, as shown in Fig. 6.9 . Galena i s trans-
lucent at long wavelengths (<3225 cm- 1 , <0. 4 eV ) but is opaque beyond
the fundamental absorptio n edge . Specula r reflectance measurements on
the lea d chalcogenide s wer e performe d ove r a  longe r energ y rang e b y
Cardona and Greenaway (1964), as also shown in Fig. 6.9. The electronic
structure models shown in Fig. 6.8 can again be applied in initial attempts

Fig. 6.9. Electroni c (optical) absorption and reflectance data for galena (PbS) and
the isostructural PbSe and PbTe: (a) reflectance and transmittance data for a thin
film (0.3 7 |xm thick) o f galen a o n a n NaC l substrate (after Schoola r an d Dixon,
1965); (b ) reflectance spectr a o f PbS, PbSe , and PbT e (afte r Cardon a and Green-
away, 1964) . Se e tex t for explanation of labeling .
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to interpret these data. Hence , peak s E1, E2, E3 arise from transition s int o
the conduction band from sulfu r (Se,Te ) p-type nonbonding molecular or -
bitals a t th e to p o f the valenc e band , an d E 4, E s, E 6 from lea d 6s/sulfu r
(Se,Te) s  nonbondin g orbitals . Schoola r an d Dixo n (1965 ) attribute th e
rise i n reflectance a t energie s >1 5 e V to transitions int o the conductio n
band fro m th e 5 d band, which i s filled wit h electrons and , a s show n by
the x-ra y photoelectron spectra , "buried " beneat h th e valenc e band . A
more detaile d assignmen t o f peaks i n the reflectanc e spectr a i s possibl e
by compariso n wit h detaile d band-structur e calculation s (Bas s an d Par -
ada, 1970) . The magnitud e o f spin-orbi t splittin g i s ver y hig h for com -
pounds of the heav y elements ; thus , interband transitions are the transi -
tions between spin-orbit sublevels, and a peak in the reflectance spectru m
usually arise s fro m a  superpositio n o f two o r thre e transition s clos e t o
each othe r i n energy.

6.4. Pyrite (FeS2), pyrrhotite (Fe1_x.S), and related phases
(CoS2, NiS2, CuS2, ZnS2; CoS, NiS )

Pyrite (FeS 2), th e mos t abundan t natura l sulfide , ha s a  crysta l structur e
in which octahedrally coordinated iro n atoms ar e a t the corners and face
centers o f a  cubi c uni t cel l an d dumbell-shape d disulfid e group s a t th e
cube center an d midpoints of the edges. Pyrit e is a diamagnetic semicon -
ductor with an energy gap of 0.9 eV (Either et al., 1968) . These magneti c
and electrica l properties, alon g wit h the Mossbaue r parameter s fo r iro n
in pyrite (see Vaughan and Craig, 1978 ) are consistent with low-spin Fe2 +

in the octahedra l sites .
Simple qualitativ e MO energy-level diagram s to illustrat e iron-sulfu r

bonding in pyrite were first published by Bither et al. (1968) and by Burns
and Vaugha n (1970), and a  modified version is  shown in  Fig. 6.10(a ) (al-
though se e als o Fig . 8.25) . Overla p betwee n orbital s o n adjacen t "FeS 6
clusters" lead s to broadening o f the energy levels to give bands as shown
in the qualitativ e "one-electron" energy-band diagram of Fig. 6.10(b ) (af-
ter Goodenough , 1972) . Here , conductio n result s fro m promotio n o f an
electron fro m th e fille d t 2g level s (show n as localized o n the cation ) int o
the antibonding band formed by overlap o f eg orbitals vi a sulfu r interme -
diaries (a 0*eg*band).

The valence-regio n uv photoelectron spectru m of pyrite shows an in-
tense peak at low binding energy arising from the six spin-paired electron s
in the t2g levels (Fig. 6.11) . Less pronounced features arise from th e othe r
valence-band electrons . Th e photoelectron spectru m can be aligned with
x-ray emissio n spectr a usin g mor e deepl y burie d cor e orbital s and , a s
shown fro m Fig . 6.11 , provide furthe r experimenta l data o n th e compo -
sition of the valence region. Thus, the Fe KB spectrum shows the contri -
bution from orbital s tha t are predominantl y Fe 4 p in character, the S  KB
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Fig. 6.10 . Electroni c structur e o f pyrite : (a ) molecular-orbita l energy-leve l dia -
gram (modifie d after Burn s an d Vaughan , 1970) ; (b ) schemati c "one-electron "
energy-band diagram. Number s in brackets refe r to the number of electron state s
per molecul e available . E F is the Ferm i level ; hatched band s ar e fille d wit h elec-
trons (modified afte r Bither et al. , 1968 ; Goodenough, 1972) .

spectrum show s the S 3p contribution, an d the S  L spectru m arise s fro m
orbitals wit h S  3 s character . Interpretatio n o f thes e spectroscopi c dat a
are facilitated by comparison wit h the result s of calculations .

Pyrite has been the subjec t of a number of molecular-orbital an d band-
structure calculations. Thus, MS-SCF-Xa calculations on an FeS6

10-

cluster hav e bee n performe d by L i e t al . (1974) , Tossel l (1977b), Harris
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(1982), an d Brag a e t al . (1988) , and the dat a of Tossell (1977 ) are show n
in Fig . 6.1 2 [and als o in Fig . 6.17(a) ] and compare d agains t th e spectro -
scopic data in Fig. 6.11. The calculation place s the filled 2t 2s levels 2.7 eV
above th e to p o f the mai n valence-band orbital s an d show s the m t o b e
localized nonbondin g orbital s o f almos t entirel y F e 3 d character . Th e
empty 3>e s orbitals have , b y contrast , appreciabl e S  3p character a s well
as Fe 3 d character. The l t l g an d 3t lu, 2e g, and lt 2u level s are largely non-
bonding S  3p type, wherea s th e 2t lu, lt 2g, and 2a lg orbitals ar e the mai n
bonding orbitals o f the syste m with substantial iron and sulfu r character .
About 1 0 eV belo w th e sulfu r nonbondin g orbitals ar e a  se t o f orbital s
(la lg , l t l u , an d 1eg) that ar e essentially S  3s nonbonding orbitals .

Khan (1976) used a non-self-consistent LCAO tight-binding method to
calculate th e energ y band s i n FeS 2, Bullet t (1982 ) used a  partiall y self -
consistent scheme , an d Laue r e t al . (1984 ) used a  self-consistent LCA O
tight-binding method to calculate th e band structure , a s well as MO clus-
ter calculation s t o deriv e loca l propertie s (Mbssbaue r parameters) . Th e
band structure of pyrite has also been calculate d b y Folkerts e t al. (1987)
using a self-consistent augmented-spherical-wave method. The result s of
Lauer e t al . (1984 ) are simila r t o thos e o f Bullet t (1982) , an d Fig . 6.1 3
shows the energy dispersion of the bands along some principal symmetry
directions in the Brillouin zone of FeS2. The bands can be roughly labeled
as show n in Fig. 6.13 , although all except th e t 2g band contain significant
admixtures from othe r orbitals. In particular, for example, the e g band has
contributions arising from sulfu r p  orbital s resultin g in some antibonding
character. Ther e i s much in common between the valence-band structur e
shown in Fig. 6.13 and that calculated using the MS-SCF-^fa metho d (Fig.

Fig. 6.11. Th e F e Kfi,  S  L2,3 , and S  KB x-ray emissio n spectr a of pyrite togethe r
with th e u v photoelectro n (ESCA ) spectru m an d energ y level s from a  MS-SCF -
Xa cluste r calculation (based o n Tossell , 1977b) .
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Fig. 6.12. Energy-leve l diagra m fo r th e
octahedral FeS 6

10- cluste r fro m a n MS -
SCF-Xa calculatio n (after Tossell , 1977b).

6.12), although the former includes the effects o f S-S bondin g such as the
splitting o f th e sulfu r 3 s ban d int o bondin g (S 2 s0 ) an d antibondin g (S 2
sa*) states .

The pyrite-structure disulfides CoS2 (cattierite)-NiS2(vaesite)—CuS2-
ZnS2 have also been extensively studied experimentally and using various
calculational methods . Earlie r wor k (reviewe d b y Vaugha n an d Craig ,
1978) emphasize d th e importanc e o f successiv e additio n o f d  electron s
across thi s serie s i n describin g th e change s i n electroni c structure . A s
shown schematically in Fig. 6.14, whereas the e* ban d is empty in pyrite,
in CoS 2 i t i s one-quarter filled , a s supporte d b y th e n-typ e metalli c con -
ductivity. Th e propertie s o f NiS 2 ( a semiconducto r wit h a  ban d ga p o f
~0.27 e V at 300 K) have been explaine d by spin splitting of the e* band ,
whereas the p-type metallic conductivity of CuS2 was originally explaine d
by a  three-quarters-fille d e* band . Whe n th e compositio n o f ZnS 2 i s
reached, th e d  levels are completely filled wit h electrons, and the material
is a  diamagnetic semiconductor with a  large band gap .



Fig. 6.13 . Result s of a band-structure calculatio n o n pyrite showing dispersion of
energy band s alon g som e principa l symmetr y directions (afte r Lauer e t al. , 1984 ;
reproduced wit h the publisher's permission) .

293

Fig. 6.14 . A  qualitativ e energy-level diagram illustratin g the changin g electroni c
structure wit h occupatio n o f meta l 3d-typ e orbital s alon g th e serie s o f pyrite -
structure disulfide s from FeS 2 t o 7nS 2 (after Vaughan and Tossell , 1983) .
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Again, x-ra y emissio n an d absorptio n spectr a (Sugiur a e t al. , 1976 ;
Matsukawa e t al. , 1978) , numerous u v an d x-ra y photoelectro n spectr a
(Li e t al. , 1974 ; Ohsaw a e t al. , 1974 ; van de r Heid e e t al. , 1980 ; etc.) ,
bremsstrahlung isochroma t spectr a (Folkert s e t al. , 1987 ; se e Appendix
B), an d near-ir-visible-uv reflectance spectr a (Bithe r et al. , 1968 ; Schle-
gel an d Wachter , 1976 ; Suga et al. , 1983 ; Sato, 1984 ; etc.) hav e been re -
ported for these compounds and the data compared wit h MO cluster (e.g.,
Vaughan and Tossell, 1983 ; Harris, 1982 ) and band-structure (Khan, 1976;
Bullett, 1982 ; Lauer e t al. , 1984 ) calculations. Certai n trend s i n valence-
band structure s are evident from th e result s of these calculations , the va-
lidity of which may be supporte d b y comparison wit h experiment. Thus,
as illustrated in Fig. 6.15 , calculations o n MS 6

10- cluster s usin g the MS-
SCF-Xa metho d (Vaugha n and Tossell , 1983 ; Harris, 1982 ) show a  gen-
eralized trend toward s decreasing stabilizatio n of the metal-sulfu r bond -
ing orbital s acros s th e serie s fro m FeS 2 t o ZnS 2. The narrowin g o f th e
valence ban d resultin g fro m thi s tren d i s also seen in the schemati c dia -
gram of band limits based o n the calculation s of Bullett (1982) and repro -
duced a s Fig . 6.16 . This diagram also show s the way in which the t 2g and
<?g* band s (o f essentially metal 3 d character) dro p dow n beneath th e to p
of th e valenc e ban d i n moving across th e series . Althoug h this wa s no t
seen for CuS2 in Fig. 6.15, this is because the oxidation state was assumed

Fig. 6.15. The electroni c structure s o f pyrite-typ e disulfide s base d on MS-SCF-
Xa calculation s o n MS 6

10- cluster s (afte r Harris , 1982 ; Vaughan an d Tossell ,
1983).
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Fig. 6.16 . Schemati c diagram of band limit s in the electroni c structure s o f FeS2,
CoS2, NiS 2, CuS2, and ZnS 2 from th e calculations of Bullett (1982). The zero level
of energy is taken a s the highes t occupied stat e (afte r Bullett , 1982 ; reproduced
with the publisher' s permission).

to be Cu2+; in fact, an appreciable bod y of spectroscopic evidenc e (e.g. ,
Nakai et al., 1978 ) now shows the copper t o be present in CuS2 as Cu + .

The monosulfide s FeS , CoS , an d Ni S posses s th e nicke l arsenid e
structure a t elevate d temperature s bu t underg o distortion , structura l
transformation, o r breakdown o n cooling (see Vaugha n and Craig , 1978) .
In the cas e o f FeS, troilit e is a distorted for m of the NiA s structure, bu t
there i s also a n omission soli d solutio n of the typ e Fe1-xS1 extending to
approximately Fe 7S8 t o for m th e mineral s know n a s th e "pyrrhotites. "
Ordering of vacancies o f the iron atom sites leads to a complex variety of
superstructures, an d ver y comple x structura l an d phas e relations , an d
electrical, magnetic , and relate d properties (aspect s o f which have been
reviewed by Vaughan and Craig, 1978; Ward, 1970; Power and Fine , 1976;
and Putni s and McConnell , 1980). FeS i s a n antiferromagneti c semicon-



296 THEORETICA L GEOCHEMISTRY

ductor with T N ~588 K) ; the pyrrhotites are highly conducting and exhibit
both antiferromagneti c an d ferrimagneti c properties ; Co S i s reportedl y
metallic and antiferromagnetic (TN ~35 0 K) ; NiS (in the high-temperatur e
form) exhibit s a  transitio n fro m a n antiferromagneti c semiconducto r a t
low temperatur e t o a  paramagnetic metalli c phase a t close to room tem-
perature (7 N ~26 3 K) . Thes e comple x propertie s hav e resulted i n a con-
siderable numbe r of studies ; however, onl y th e pyrrhotite s ar e o f much
importance a s minerals .

As with the disulfides , a variety of spectra have been studie d o f FeS,
CoS, an d NiS, for example, S  KB x-ray emissio n spectr a (Suguira et al.,
1974) an d x-ra y photoelectro n spectr a (Gopalakrishna n e t al. , 1979) .
Band-structure an d cluster calculation s have als o bee n undertake n (e.g. ,
the DV-Xa  cluste r calculations o f Freidman an d Gubanov , 1983) , as well
as speculation s o n electroni c structur e base d o n observe d propertie s
(e.g., Goodenough , 1967 ; Wilson, 1972) . Tossel l (1977b ) has performe d
MS-SCF-Xa calculations on an FeS 6

10- cluste r with Fe2+ i n the high-spin
state (quintet ) as a model for NiAs-structure-type Fe S phases. The result
of thi s calculatio n i s show n i n Fig . 6.17(a) alongsid e th e energ y level s
calculated fo r low-spin Fe2+ i n octahedra l coordinatio n t o sulfur . I n th e
quintet state , th e 2a lg, 2t lu, and lt 2g orbital s ar e the mai n Fe-S bondin g
orbitals an d ar e followe d b y a  group o f essentially S  3p nonbonding or-
bitals (2eg, 1t2u, 3tlu, and lt lg). Above these lie the 2t 2g and 3e g antibonding
crystal-field orbital s o f Fe 3d and S  3p character. Calculated energies ar e
in reasonabl e agreemen t wit h data available fro m x-ra y emission an d ab -
sorption spectr a (Tossell , 1977b) . An energy-ban d mode l fo r pyrrhotit e
presented b y Sakkopoulo s e t al . (1984 ) and base d o n th e MS-SCF-X a
cluster calculations by Tossell (1977) is shown in Fig. 6.17(b). The mode l
consists o f a sulfu r 3 p valence band , 5.4 eV wide, separate d b y a 0.8 eV
gap from the conduction band . The spin-pairin g energy (2.3 eV) deduced
from spectroscopi c data put s the one-third-fille d t2g Bband in such a  po-
sition that the 0.8 eV gap is almost bridged. The occupancy of the t2g
B band determines the position of the highest occupied level (EF) and leaves
an empty strip about 0. 2 eV wide, at the top of the valenc e band .

In troilite , th e NiAs-typ e structur e undergoe s a  distortio n belo w T a
(140°C) that involves triangular clusters of iron atoms forming in the basal
plane an d som e associate d movemen t o f sulfu r atom s (Evans , 1970) .
Goodenough (1967 ) has discussed th e distortio n a t T a to form the troilite
structure in terms of band models [see Fig. 6.17(c)]. At high temperature ,
the majorit y spin electron s i n th e t 2g orbital s paralle l t o th e c  directio n
(where cation-cation interactio n ca n tak e place ) for m a  fille d band ; th e
remaining t 2g an d e g electrons remai n localized . Th e minorit y spi n elec -
trons i n t 2g orbital s ca n for m band s bot h perpendicula r an d paralle l t o
c wit h th e e g* orbital s agai n remainin g discrete. Onl y th e T 1*(p) ban d
shown in Fig. 6.17(c) contains electrons and is actually half-filled. Accord -



Fig. 6.17. Electroni c structur e models for FeS: (a ) molecular-orbital energy levels
for th e FeS 6

10- octahedra l cluste r calculate d usin g th e MS-SCF-Xa method , fo r
low-spin Fe 2+ (singlet , as in pyrite) and high-spin F'e2+ (quintet) states (afte r Tos -
sell, 1977) ; (b) electron structur e model for pyrrhotite based o n calculated energ y
levels for th e FeS 6'°- cluste r (fro m Tossell , 1977 ) and sulfu r K p emissio n an d K
absorption spectra (Diagra m after Sakkopoulos e t al., 1984) ; (c) schematic energy -
level diagram for the troilit e form of FeS (afte r Goodenough, 1967) .
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Fig. 6.17. Continue d

ing to Goodenoug h (1967) , this narrow ban d "invite s a  spontaneous dis -
tortion tha t wil l spli t th e ban d i n two, " an d thi s i s wha t happen s
below T a.

There are , in fact, two other known forms of FeS, bot h containing iro n
in tetrahedra l coordination . On e i s the tetragona l laye r structur e sulfid e
mineral mackinawite (see Table 6.1) , and the other is a cubic FeS with the
sphalerite structure . I n an interesting study of the electronic structure s of
both o f these phases , Wel z and Rosenber g (1987 ) used a  self-consisten t
LMTO method. Both sulfides were calculated t o be metallic with conduc-
tion band s o f mainly d  character . However , wherea s th e cubi c sulfid e is
ferromagnetic a t lo w temperature an d th e momen t ca n b e fairly well re-
produced by the calculations, direc t Fe-Fe interactions acros s edge-shar -
ing FeS 4 tetrahedra ar e show n to be responsible fo r a  reduced densit y of
states a t th e Ferm i leve l and th e absenc e o f magnetism in mackinawite,
in accordance wit h Mossbauer data (Vaughan and Ridout , 1971) .
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6.5. Marcasite (FeS2), arsenopyrite (FeAsS), loellingite
(FeAs2), and related minerals

The marcasite-arsenopyrite-loellingit e serie s o f mineral s hav e crysta l
structures related to that of pyrite; all contain dianion groups and cations
in octahedra l coordination . However , wherea s i n pyrit e th e MX 6 octa -
hedra share corners, in marcasite, arsenopyrite , and loellingite they share
edges an d for m chain s o f linke d octahedr a paralle l t o th e c  axi s (Fig .
6.18). Compared t o marcasite, loellingite has an appreciably compresse d
c axis, and arsenopyrite contains metal atoms that are displaced alon g the
c axis, so that short metal-metal distances alternate with longer ones. The
pyrite, marcasite , arsenopyrite , an d loellingite structure s occu r i n othe r
minerals an d relate d compounds , example s o f which are liste d i n Tabl e
6.3. Muc h has bee n written in attempts t o establis h th e structure-deter -
mining principles tha t relate to membership of these groups, and it is in-
structive to consider the differen t approache s employed .

Earlier workers emphasize the possible importance o f interactions in-
volving electrons in d  orbitals on the metals . Thus, Hulliger and Mooser
(1965) an d Nicke l (1968 ) applie d a  ligand-field mode l that center s o n in -
teraction o f the t 2g orbitals across th e share d octahedra l edge. Magnetic

Fig. 6.17. Continue d
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Fig. 6.18. Th e linkin g o f MX 6 octahedra i n the: (a) pyrite; (b) marcasite; (c) loel-
lingite; and (d ) arsenopyrite structures .

and Mossbauer dat a indicate that marcasit e (and pyrite) contain low-spin
Fe2+ ( t 2g 6 ) ,and mutua l repulsio n betwee n fille d t 2g orbital s acros s th e
shared edge in marcasite was regarded a s causing an elongation in this (c-
axis) direction. In loellingite , for which magnetic data again indicate spin
pairing of d  electrons i n the t 2g orbitals, i t was suggeste d that the number
of d electrons no t involved in M-X bondin g is reduced to four. The model

Table 6.3. Bisulfid e mineral s an d thei r structur e type s
(ignoring minor structura l distortions )

Pyrite-type structur e FeS 2 (pyrite)
CoS2 (cattierite)
NiS2 (vaesite )
MnS2 (hauerite )
CoSe2 (trogtalite )
CoAsS (cobaltite )
NiAsS (gersdorffite )
NiSbS (ullmannite )
NiSe, (penroseite)
CoSbS, CuS 2, ZnS 2

Marcasite-type structure FeS 2 (marcasite)
FeSe2 (ferroselite )
FeTe2 (frohbergite )
CoSe2 (hastite)
NiAs2 (rammelsbergite )

Arsenopyrite-type structur e FeAs S (arsenopyrite )
FeSbS (gudmundite )
CoAs2 (safflorite)

Loellingitc-type structur e FeAs 2 (loellingite) , FeSb ,
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proposed spi n pairing o f these electron s i n two o f the thre e t 2g orbitals ,
leaving the one across the share d edg e empty , thus enablin g a  compres-
sion of the structure in this direction. Th e alternate lon g and short metal-
metal distance s alon g th e c-axi s directio n i n arsenopyrite , assume d t o
have 5 available d electrons, wer e attributed t o spin pairing of 4 electron s
in two t2g orbitals an d us e o f the additiona l electro n i n forming electron-
pair metal-metal bonds . Thes e author s pointe d t o a correlation betwee n
compounds tha t (largel y on magneti c evidence ) have 4  available d  elec -
trons (FeAs 2, FeSb 2) an d 5 available d  electrons (FeAsS , FeSbS , CoAs2)
and the occurrence o f the loellingite and arsenopyrite structur e types .

Goodenough (1972 ) criticize d th e ligand-fiel d approac h outline d
above, attributin g the observe d distortion s t o metal-anio n interactions ,
not metal-meta l interactions , an d proposin g energy-ban d model s o f the
type shown in Fig. 6.19 (for FeAsS or CoAs2). Here, splittin g of the metal
3d orbita l energ y level s b y th e ligan d fiel d i n the arsenopyrit e structur e
differs markedl y fro m tha t in regular octahedral coordination and is such
as to raise the energy of the t2g orbital, which is parallel t o the c  axis. The
other t 2g-type orbital s remain nonbonding and form a  narrow filled band;
the e g-type empt y antibondin g orbital s for m a  conductio n band . Th e
unique t2g-type orbital is split by a bonding interaction int o a lower-energy
filled ban d an d higher-energ y empty band. Th e importan t differenc e be -
tween thi s mode l an d th e ligand-fiel d mode l i s that th e interactio n (an d
hence th e structura l deformation ) i s attribute d t o metal-anio n bonding
not metal-meta l bonding . Goodenough (1972 ) argues tha t th e arsenopy -
rite structur e represent s a n expansion , no t a  contraction , o f alternat e
metal-metal separation s along the c  axis and that electron density is con-
centrated i n the regions of greater separation .

Tossell, Vaughan , an d Burdet t (1981 ) and Tossel l (1984c ) suggested
that th e abov e model s give inadequate attentio n t o th e influenc e o f th e
dianion electro n distributio n upon structur e type s i n these compounds ,
and used MO calculations on the dianion units along with qualitative per -
turbational MO arguments to provide another interpretation. Here, atten-

Fig. 6.19. Schemati c one-electro n energy -
band diagra m fo r arsenopyrite , FeAs S (o r
safflorite CoAs 2) (after Goodenough, 1972) .
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tion i s focussed o n th e highes t occupie d M O of the electro n dono r an d
lowest unoccupie d M O o f the electro n accepto r an d thei r energie s an d
overlaps. A  molecular-orbital schem e for the S 2

2~ ion , based o n calcula -
tions usin g the MS-SCF-Jf o method , i s show n in Fig . 6.20 . I n S 2

2~, 14
electrons are involved in filling the orbitals up to lir g*, which is antibond-
ing i n character . Mixin g of thi s lir g* orbita l wit h meta l d  orbital s o f <r
symmetry wit h respect t o M- S bondin g generates tw o pair s o f orbitals,
one oriented i n the x z plan e and the othe r i n the yz plan e (wher e z  is the
internuclear axi s direction) . Eac h pai r consist s o f a n orbita l stabilize d
compared t o lir g* and hence a  metal-sulfur bondin g orbital (ir b) together
with a  destabilized antibonding orbital (IT* ) (see Fig . 6.20) . In a  disulfid e
such as FeS 2 wit h a 14-electro n dianion , counting the electrons adde d t o
the orbital s show s tha t al l o f th e -rr b orbitals wil l b e fille d an d al l th e TT*
empty. I f we consider FeAs 2, th e evidenc e from Mossbaue r isomer shift s
(Vaughan an d Craig , 1978 ) strongly suggest s tha t th e oxidatio n stat e o f
iron remains Fe 2 + (no t Fe4+, as suggested in the ligand-field mode l argu-
ments above) and hence th e dianion is As2

2~. Calculations sho w that th e
molecular-orbital schem e fo r thi s dianion is th e sam e a s fo r S 2

2~ (Fig .
6.20), but there are only 12 valence electrons, so that only one component
of th e TT b orbital set would be filled (say TTbx). This should be reflected in

a differenc e i n th e geometr y o f metal-anion coordination , and , indeed ,
whereas th e metal s ar e symmetricall y disposed abou t th e anio n i n th e
pyrite structure, in loellingite the metal-anion coordination is distorted so
that the metal atoms lie almost in the same (say xz) plane (Fig . 6.20). This
approach point s t o th e electro n occupanc y i n the dianio n syste m a s th e
structure-determining factor , an d ca n b e extende d t o explai n the struc -
tures adopte d b y othe r disulfides , diarsenides , an d sulfarsenides . I n
FeAsS, fo r example , th e A s en d o f the As S grou p i s effectivel y a  "12 -
electron system, " resulting in alternately greate r o r less distortio n of the
coordination o f metals aroun d th e anion , an d henc e crystallizatio n with
the arsenopyrite-type structure .

Generally, accurat e quantum-mechanica l calculation s o n fragment s
large enoug h to model the whole of the structur e for these minerals hav e
not ye t proved possible . However , Bullet t (1982) did use a  partially self -
consistent band-structur e calculatio n t o mode l th e marcasit e a s wel l a s
the pyrit e structur e for m o f FeS 2. Th e energ y band s fo r marcasit e ar e
shown i n Fig . 6.21 ; comparison wit h th e electroni c structur e o f pyrit e
calculated usin g the sam e metho d (als o show n in Fig. 6.21 ) indicates th e
essential differenc e to b e increased splittin g of the t 2g orbitals i n the les s
regular octahedra l environment . Als o predicte d i s som e overla p o f th e
lower t 2g ban d wit h th e sulfu r p  valenc e band s an d a  sligh t decrease in
the semiconductin g indirect ga p betwee n fille d t 2g an d empt y e g bands .
The questio n o f structura l deformation, however , was no t considered .
Burdett and McLarnan (1982) and Wijeyesekera and Hoffman (1983 ) have
both discussed structure and bondin g in a wide range of compounds with
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Fig. 6.20. Crysta l chemica l model s fo r th e disulfide s (after Tossel l e t al. , 1981) :
(a) molecular-orbital energy-level diagram for the S 2

2~ dianion and splitting of the
highest-energy orbita l containing electrons o n interaction wit h metal d v orbitals ;
(b) perturbe d molecula r orbitals formed by mixin g of A2 ITT,, * and M  da ; (c ) geo-
metries of M atom s abou t A  i n pyrite, marcasite , an d loellingite structures.

pyrite, marcasite , an d loellingite , o r wit h marcasit e an d arsenopyrit e
structures. Wijeyeseker a an d Hoffma n (1983 ) used extended Hiicke l cal -
culations on model systems such as the [Fe(PH 2)2H2]2 chain in attempting
to defin e the interaction s causin g distortions . Thei r calculation s d o no t
support th e theor y of Tossell e t al . (1981 ) that one o f the As 2 irg* orbital s
is involve d in stronge r Fe-A s interactio n tha n th e othe r (Fig . 6.20 ) and
that electron occupanc y o f the dianion is the structure-determining factor .
It i s argued that M-M an d X-X interaction s al l work together to produce
the observed effects . Burdet t and McLarnan (1982) considered the stabil-
ities o f th e pyrite , marcasite, an d loellingit e structures usin g structural



Fig. 6.21 . Calculate d dispersio n o f energ y band s alon g som e principa l symmetr y direction s in : (a ) marcasit e an d (b ) pyrit e forms o f
FeS, (fro m th e band-structure calculations o f Bullett, 1982; reproduced wit h the publisher' s permission) .
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enumeration and extended Hiicke l band-structur e calculations . Althoug h
the computation s are approximate , the y do sho w th e pyrit e structur e t o
be the mos t stabl e for FeS 2, wit h marcasite appreciabl y les s stable . Th e
loellingite distortio n was als o predicted , bu t althoug h the interpretatio n
of Tossel l e t al . (1981 ) could no t b e directl y addressed , th e calculation s
suggested tha t d  orbitals pla y a  role i n stabilizing the structures . O n th e
other hand, Tossell (1984c) provided additional evidence in support o f the
interpretation o f Tossel l e t al . (1981) . This evidence include d an exami-
nation of: (1) electron affinite s of diatomic molecules (S2, etc.); (2) bimetal
cluster an d ban d calculations ; (3 ) new MS-SCF-A' a cluste r calculation s
on FeAs 6 and As 4 polyhedra; all of these sugges t that the stabl e configu-
ration o f loellingit e is Fe 2+(As2)2~. Further consideratio n o f perturba -
tional M O model s indicate d tha t bot h M  s  an d M  d  orbita l effect s influ -
ence M-X-X  angles , whic h may accoun t fo r th e observe d variation s in
geometry with numbers of d electrons. However , the emphasis placed o n
M-M interaction s in previous model s i s regarded a s erroneous; interac-
tions between X2 unit s are likel y to be much more significant .

6.6. Copper, copper-iron, and related sulfides (Cu2S, CuS,
CuFeS2, Cu5FeS4, Ag2S)

The copper , copper-iron , and the silve r sulfide s are mor e complex tha n
the sulfide s discusse d previously , containin g severa l cation s o r catio n
sites i n their structures . Thu s chalcopyrit e (CuFeS 2), althoug h havin g a
fairly simpl e structur e based o n tha t o f sphalerite , bu t wit h Cu an d F e
alternately replacin g Z n atoms , contain s bot h Cu + an d Fe 3+ i n regula r
tetrahedral coordinatio n (a s indicated b y neutro n diffractio n an d Moss -
bauer studies; see Vaughan and Craig, 1978) . A family o f more than thirty
synthetic compounds with the chalcopyrite structur e i s known, and their
properties hav e bee n studie d becaus e o f potentia l applications a s semi-
conductors. Mille r et al . (1981 ) have reviewed the crysta l structures , vi-
brational properties, and band structure s of these materials .

A fairl y complet e serie s o f x-ra y emissio n an d x-ra y photoelectro n
spectra hav e been reporte d b y Tossell et al . (1982) for CuFeS2, a s shown
in Fig . 6.22. Features i n th e spectr a wer e assigne d usin g the result s o f
MS-SCF-Za calculation s o n the cluster s CuS 4

7- an d FeS 4
5- (Fig. 6.23).

The orbitals shown here comprise la , an d \t2, which appear t o be mainly
S 3s in character; 2a , and 3t2, which are mostly sulfur 3 p with some meta l
s o r p; the If 1 , which is nonbonding sulfur 3p ; the 2t 2 and le , whic h are
the bondin g meta l 3d-S  3p orbitals ; an d th e 2 e an d 4t 2, which ar e th e
antibonding metal 3d-S3p  o r "crystal-field " orbitals . I n the FeS 4

5- clus -
ter, th e compositio n of the \e , 2t 2, 2e, an d 4t 2 orbitals is highly spi n de -
pendent wit h 70-80 % F e 3 d characte r i n th e l e T, 2t2T, 2e±, and 4t2j.



Fig. 6.22. Valence-regio n x-ra y photoelectro n an d F e La , F e ATp 25, C u La , C u
K f i 2 . 5 S AKP,, , an d S  L 2.3M X-ray  emissio n spectr a o f chalcopyrit e (afte r Tossel l
etal, 1982).'

Fig. 6.23. Energy-leve l diagrams calculated fo r the tetrahedral CuS 4
7~ an d FeS 4'5~

clusters usin g th e MS-SCF-A' a method . Occupie d orbital s ar e show n a s soli d
lines, and unoccupie d orbitals as broke n lines . Energies ar e i n eV relative to th e
average energy of the It , orbital . The M-S distance s employed were, respectively ,
Cu-S =  2.30 2 A and Fe- S =  2.25 8 A (after Tossell e t al. , 1982) .

306



APPLICATION O F BONDING MODELS T O SULFIDE MINERAL S 30 7

orbitals and about 10-20% Fe 3d character i n the \ e j, , 2t2j,, and 4t2 T. The
strong peak i n the S  L2, 3 spectrum at about 1 4 eV arises fro m th e predom-
inantly S  3s nonbonding la 1 an d It 2 orbitals , an d broa d feature s a t thi s
energy in the F e and C u K$2,5 spectra indicat e som e mixing of Fe 4p and
Cu 4p into these orbitals. The main S K f i t , 3 peak , a t about 5 eV, is assigned
to predominantly S 3p-type orbital s (2a {, 2t 2, \e , 3t 2, and 1t1). The maxi-
mum in the Fe La spectru m at ~3 e V can be assigned to 2e and 4t2 orbit-
als in the FeS 4

5- unit . The Cu La spectru m also peaks a t about 3  eV and
is assigned to the 2 e and 4t 2 orbitals i n the CuS 4

7- unit . The shoulde r a t
low bindin g energy i n this spectru m ma y represen t a  contributio n fro m
orbitals like the C u 3d 4t2.

Comparison of the energie s of measured an d calculated orbita l eigen-
values showe d generally goo d correlatio n betwee n experimen t and cal -
culation, although the calculations do overestimte the binding energies of
the Fe 3 d orbitals. Somewha t better agreemen t with experiment i s found
on comparison wit h a  band-structure stud y o f CuFeS2 using the discrete
variation (DV)-Xa  metho d (Hamajim a et al. , 1981) , althoug h eve n her e
the F e 3cf-type orbital s are calculated t o be somewhat too stable. It is not
apparent wh y the Cu + cluste r result s agre e wel l with experimen t whil e
the Fe 3+ cluste r result s are in poor agreement . Th e poor result s ma y be
due t o perturbatio n o f th e FeS 4

5- cluste r b y neighborin g atoms i n th e
CuFeS2, wit h the F e 3 d orbitals destabilize d eithe r throug h mixing with
the Cu 3d orbitals or as a result of saturation o f the S  valences. The high-
pressure propertie s o f CuFeS 2 hav e als o bee n interprete d usin g thes e
models.

The binary coppe r sulfides are much more comple x structurall y than
their formulas suggest . In chalcocit e (Cu 2S), copper occur s i n two kinds
of triangular coordination (Evans , 1971) , whereas i n covellite (CuS) cop-
per occur s i n tetrahedral a s wel l a s triangula r coordinatio n i n a  minera l
that also contains dianion groups. X-ray emission and x-ray photoelectron
spectra ar e availabl e fo r th e valenc e regio n i n Cu 2S and Cu S (Narbutt ,
1974; Nemnonov and Mikhailova, 1974; Domashevskaya e t al., 1976 ; Na-
kai e t al. , 1978 ; Folmer an d Jellinek , 1980) , a s illustrate d i n Fig . 6.24 .
Interpretation of these spectr a has been facilitated by cluster calculation s
using the MS-SCF-Za method (Tossell , 1978b ) and the calculation s and/
or spectra used to construct "one-electron " band model energy-level dia-
grams fo r Cu 2S an d Cu S (Vaugha n an d Tossell , 1980b ; Tossel l an d
Vaughan, 1981) . Thus, i n Fig. 6.2 5 is shown an energy-leve l diagram for
Cu2S constructed fro m spectroscopi c data . Th e agreemen t betwee n cal -
culation and experiment i s quite good, a s shown by the data presented in
Table 6.4 . A  CuS 3

5~ cluste r calculatio n wa s use d i n a n analysi s o f th e
electronic structur e o f CuS , althoug h initially , calculation s wer e per -
formed o n th e cluster s CuS3

4 an d CuS 4
7~ o n th e assumptio n o f forma l

oxidation state s i n covellit e o f Cu UI
2+ (Cu lv

 + )2S2 (S 2
2~). Th e result s of

these calculation s are show n in Fig . 6.26 . However , spectroscopi c dat a
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Fig. 6.24. Valence-regio n x-ra y emissio n (and x-ra y photoelectron ) spectr a fo r
Cu2S, CuS, and Ag 2S (see text for source s o f data).

indicate that the oxidation state  of copper i n CuS is essentially Cu + (e.g. ,
Folmer and Jellinek, 1980), and the metallic conductivity observed i n CuS
(Shuey, 1975 ) also indicate s tha t th e highest-energ y orbital s containin g
electrons for m a collective electro n band . Furthe r calculation s indicate d
that, t o form such a band, charge shoul d flow from th e 4t2 orbital o n the
tetrahedral Cu + t o th e 4 e orbita l o n th e triangula r Cu 2+. Th e resultin g
change in electronic structure was then represented by performing a clus-
ter calculatio n on CuS 4

65 an d usin g thi s along with the CuS 3
5 calcula -

tion a s show n in Fig . 6.26 . A s show n by th e composit e "one-electron "
band mode l energy-leve l diagram for covellit e on th e righ t of Fig . 6.26 ,
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Fig. 6.25. Relative orbita l bindin g energie s fo r Cu 2S an d Ag 2S (rel . BE i n eV )
obtained fro m spectr a (from Vaugha n an d Tossell, 1983 ; see Tossell and Vaughan ,
1981, for sources of data).

beneath a n incompletely filled ban d o f dominantly Cu 3d character lie s a
nonbonding sulfu r ban d and the metal-sulfur bondin g band.

Another important "metal-excess" sulfid e with a complex structure is
Ag2S; as the mineral acanthite, half of the silver atoms occur in a twofold,

Table 6.4. Orbita l binding energies from MS-SCF-Jf a calculation s and x-ra y
photoelectron an d x-ra y emissio n spectra for copper and silve r sulfides "

Relative binding energy (eV)

Peak

CuS3
5-

A
B
C
D(S 3s )

AgS2
3-

D
C
B
A

Measured

calculations and Cu 2S XPS an d
+ 3.1, +2.5
+ 1.8, +1.3

0
-8

and AgS 4
7- calculation s and Ag

° }1.9 '
4.4

11.6

Calculated

XES
-2.9
-2.0

0
-8.8

;2S XPS and XE S

0-0. 5,h 0-1.6'

7.7,b, 3.9c'
10.1,b10.3c

Orbital assignmen t

4t2
1e
l t , ,3t2 , le,2t2 ,2a1

1/2, la ,

S 3p (nonbonding)
Ag-S 3 p (bonding)
Ag4d
S 3s

"After Tossel l and Vaugha n (1981) ; see these authors for detail s of the sources of experimental data,
etc.

b
2
3-

4
7 .

bAgS23-
cAgS47
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Fig. 6.26. A n electronic structure model for covellite (CuS), based on calculations
using the MS-SCF-Xf a method . Discrete energy levels are show n for the clusters
CuS3

4~, CuS 3
5~, CuS 4

7~, CuS 4
6-5~, an d a  composit e "one-electron " ban d mode l

energy-level diagram for the mineral.

nearly linear coordination and half in a distorted tetrahedral coordination .
Again, a s show n i n Fig . 6.24 , x-ra y photoelectro n an d x-ra y emissio n
spectra are available fo r Ag2S (Domashevskaya et al., 1976) and MS-SCF-
Xa calculation s hav e bee n performe d fo r AgS 2

3~ an d AgS 4
7~ cluster s

(Tossell an d Vaughan , 1981) . Agreement betwee n calculatio n an d exper -
iment i s reasonably goo d (Tabl e 6.4) , although the calculation s underes -
timate the width of the S  3p nonbonding and the Ag-S 3 p bonding orbital
region. Th e experimenta l spectra , however , sho w n o evidenc e o f th e
tightly boun d A g 4d orbital s predicte d fo r two-coordinat e Ag . I t seem s
improbable, therefore , tha t th e Ag 2S studied in the photoemission exper-
iment had the acanthite structure . A t high temperature (173°C) , acanthit e
transforms to the cubic modification, argentite, in which Ag occurs partly
in tetrahedral an d partly i n octahedral coordination , wit h no two-coordi -
nate site s (Lowenhaup t an d Smith , 1974) . The materia l studie d ma y b e
related t o this structure .

The electronic structur e of Ag2S, shown alongside that of Cu2S in Fig.
6.25, show s a  remarkabl e inversion of th e meta l d  an d sulfu r 3 p level s
between the two compounds. In Cu2S, the Cu 3d orbitals are considerably
less tightl y boun d than ar e th e sulfu r 3 p nonbondin g orbitals, whil e i n
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Ag2S, th e A g 4d orbital s ar e mor e tightl y bound tha n th e sulfu r 3p . A s
further discussed in later chapters, Tossell and Vaughan (1981) have stud-
ied the systemati c variatio n i n metal d  and ligan d p orbita l binding ener-
gies i n th e sulfide s and chloride s o f Cu , Ag , Au , Zn , Cd , an d Hg , an d
related this variation to the occurrence o f particular oxidatio n states an d
coordinations fo r the metals , an d to the occurrence o f polyhedral distor-
tions.

6.7. The thiospinels [Co3S4, CuCo2S4, (Co,Ni)3S4, Ni3S4,
FeNi2S4, FeCr2S4]

The thiospinel s ar e a  grou p o f sulfid e mineral s an d o f syntheti c com -
pounds hayin g th e spine l structur e and , therefore , containin g (chiefl y
transition-metal) cations in both tetrahedral an d octahedral coordination .
Although spectroscopi c dat a fo r thes e material s ar e limited , the y hav e
been wel l characterize d a s regards thei r electrica l and magneti c proper -
ties, a s show n in Table 6.5. O n the basi s o f these properties , bondin g in
the thiospinel minerals has been discussed in terms of qualitative MO and
band-theory model s (Goodenough , 1969 ; Vaughan et al. , 1971) . Accord-
ing t o thes e models , transition-meta l ions i n the octahedra l (B ) site s o f
these AB 2S4 compound s hav e bondin g (cr s) molecular orbital s an d anti -
bonding (cr B*) molecula r orbitals formed by overlap of metal e e, 4s and 4p
orbitals with 3s and 3 p orbitals o f the sulfu r ions . Filled t2g orbitals prob -
ably remai n essentiall y nonbonding . I n th e cation s o f th e tetrahedra l A
sites, i t is the e  group of orbitals tha t remain nonbonding, whereas t 2, 4s
and 4 p orbitals form <J A an d <J A* molecula r orbital s with sulfur. Th e <J B an d
aA bondin g molecular orbital s ca n then be considered par t o f the valence
band, whereas the cr B* and aA antibonding orbitals containin g antibonding
eg* and t2* orbitals belong to the conduction band.

The increasin g stabilit y of the 3 d electrons i n progressing across th e
transition serie s lead s t o increase d covalen t mixin g of meta l an d sulfu r
orbitals wit h rising atomic number , an d lowerin g o f th e fille d t 2g an d e
orbitals levels into the valence band. Also the energy levels of the aA* and
CTB* molecular orbitals may coalesce or separate depending on the types

of cation i n the A  an d B  site s an d th e exten t o f metal-sulfur bondin g in
each site . I f ther e i s a n energ y ga p betwee n th e a A* an d <J B bands , th e
thiospinel has semiconductin g properties; th e electrons ten d t o be local -
ized, an d magneti c interactions occu r throug h cation—sulfur-cation cou -
pling, leadin g to ferro- , antiferro- , and ferrimagnetism . Alternatively, if
the 0 A* and ar g* band s coalesce, the y become collectiv e electro n states ,
and th e thiospine l ha s metalli c propertie s includin g high electrical con -
ductivity and temperature-independent Paul i paramagnetism.

Synthetic Co 3S4, NiCo 2S4, an d CoNi 2S4 all sho w metallic properties
(Bouchard e t al. , 1965) , and th e qualitativ e energy-leve l diagram of Fig .
6.27 ha s bee n propose d fo r th e 3 d orbital s i n linnaeite , Co 3S4 (Good



Table 6.5. Electrica l and magnetic properties" o f thiospinel mineral s

Electrical properties

Composition Resistivit y a t 25°C
(mineral) (i l cm)

CuCo2S4 (carrollite) 4  x  10- 4

Co,S4 (linnaeite) 3  x  1 0 4

(Co,Ni),S4 8  x  10- 4(NiCo,S4)
(siegenite) 4  x  1 0 -4 (CoNi2S4)

Ni,S4 (polydmite)

FeNi,S4 (violarite)

Fc3,S4 (greigite)

FeCnS, (daubreelite) 2 0

FeIn,S4 (indite)

Seebeck
coefficient a t

25°C
Ea(eV) (fiVC- 1)

Metallic +12. 7

Metallic +4. 8

Metallic -17. 7
Metallic -1. 8

Metallic

Semiconducting

0.038 ±  0.00 5 +38 8
+ 80

Magnetic propertie s

Magnetic
Susceptibility momen t ((jL eff) T c or O

Pauli paramagneti c —  —
3.8 x  10 -4 em u g- '

Pauli paramagnetic

Pauli paramagneti c

Pauli paramagneti c
1.95 x  1 0 6  em u
g-1

Ferrimagnetic T c =  580  K

Ferrimagnetic a t lo w 1.52^ p a t 1. 5 K T c =  18 0 K
temperature 6  =  -  290 K

e =  -12 2 K
"Sec Vaugha n and Crai g (1978 ) for original data sources.
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Fig. 6.27. Schemati c energy level diagram for the 3d orbitals in Co3S4 (after Good-
enough, 1969 ; Vaughan et al. , 1971) , Ef i s the Ferm i level .

enough, 1967 , 1969) . The hig h octahedral sit e preference energ y o f low-
spin Co 3 + an d the stabilit y of Co2 + i n tetrahedral coordinatio n has led to
prediction of a formal cation distribution Co2+(Co3+)2S4, although the as-
signment o f formal valencies i n suc h metallic compounds ha s ver y little
meaning (Goodenough, 1969) . The valence-band t 2g and e  levels are com-
pletely filled , an d th e antibondin g levels, capabl e o f accommodatin g 1 4
electrons pe r Co 3S4 formul a unit , contai n onl y thre e 3 d electrons . Th e
metallic propertie s indicat e tha t th e CTB* and a A* ban d overlap , bu t th e
weak temperature-independent paramagnetism suggests that the cr* band
is narro w (Goodenough , 1969) . Substitution of nickel for cobal t lead s t o
the composition s Co 3-x.NivS4 an d a n increas e fro m 3  to ( 3 + x) electron s
per molecule in the CT* band. Similarl y CuCo2S4 (carrollite), considered t o
be a  normal spine l with low-spin Co3+ occupyin g octahedral B  site s and
Cu2+ i n tetrahedral A sites , exhibits metallic properties. Thus , nickel sub-
stituting fo r cobal t i n Co 3S4, o r coppe r substitutin g for cobalt , doe s no t
fundamentally alte r th e ban d structur e bu t just lead s t o a  raise d Ferm i
level through introduction of more electron s int o the antibondin g levels .
No composition s riche r i n copper tha n CuCo 2S4 have bee n observe d be -
cause o f the instability of the Cu 3+ oxidatio n state .

In contrast t o this metallic group o f thiospinels, greigite (Fe 3S4) and a
number of other minerals, including daubr6elite (FeCr 2S4), show evidence
of having localized valenc e electrons an d belonging to the group of thios-
pinels with semiconducting properties tha t exhibit ordered magnetism . As
well a s electrica l an d magneti c data , th e low-temperatur e Mossbaue r
spectrum o f greigit e (Fig . 6.28 ) show s tha t i t i s magneticall y ordere d
(probably ferrimagnetic to above room temperature) and is an inverse spi-
nel containin g high-spin Fe2+ an d Fe 3+ cations . I t i s therefore th e sulfu r
analog of magnetite (Fe3O4). Daubreelit e is also ferrimagnetic at low tem-
perature (Table 6.5) , and the Mossbaue r spectru m show s that i t contains
high-spin Fe 2+ i n tetrahedral site s an d i s thus a  norma l spinel . A  sche -
matic energy-level diagram for the 3 d orbitals in FeCr2S4 is shown in Fig.
6.29 (afte r Goodenough , 1967; Vaughan et al. , 1971) . Sinc e the relativ e
stability o f the 3 d orbitals increases with risin g atomic number , they are
shown a s slightl y more low lying in iron than in chromium. However, th e



Fig. 6.28. Mossbauer spectr a o f greigite (Fe3S4): (a ) at 30 0 K; (b ) at 7 7 K; (c ) a t
4.2 K; (d ) at 1. 4 K (after Vaugha n and Ridout , 1971; reproduced wit h the publish-
er's permission).

Fig. 6.29. Schematic energy-leve l diagram fo r th e 3 d orbital s i n FeCr 2S4 (afte r
Vaughan e t al. , 1971). Th e diagra m applies below th e Curi e temperatur e (T c =
192 K). EY is the Fermi level and a and p refer to spin-up and spin-down electrons.

314
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t2g-o-B* separation in Cr3+ i s greater than the e-aA* separation i n Fe2+, due
to th e increase d metal-sulfu r interactio n i n octahedra l coordination . I n
the high-spin Fe2+, the spin of the sixth electron is antiparallel ((3) to the
other fiv e (a) , occupyin g singly each o f the 3 d orbitals. Th e electrons in
Cr3 + occup y each o f the t2g orbitals singl y and have parallel spins abov e
the Curi e temperature (T c =  19 2 K), antiparalle l below. The energy gap
between the a A* and TB* levels, although small in FeCr2S4 (Goodenough,
1969), is sufficient t o make daubreelite a semiconductor.

In attempt s t o substantiat e an d t o develo p these qualitativ e models,
calculations o n th e cluster s CuS 4

6- (an d CuS 4
7~), CoS 4

6~, CoS6
9~ (low-

spin Co3+), FeS 4
5-, FeS6'°-, FeS6

9- usin g the MS-SCF-Za method have
been employe d (Vaugha n and Tossell , 1981) . Thes e hav e bee n use d t o
construct one-electro n M O model s fo r th e thiospinel s Co 3S4, CuCo2S4,
and Fe 3S4, a s show n in Fig. 6.30 . Only the highest-energ y filled an d low-
est-energy empty orbitals are shown, the relative energies of these orbit-
als derived from calculation s on the differen t cluster s being estimated by
taking th e nonbondin g sulfu r 3p-typ e orbital s a s th e zer o poin t o n th e
energy scale .

The orbital energy diagrams shown in Fig. 6.30 for CoS6
9~ and CoS4

6

indicate that the empty e g orbitals o f the octahedra l cluste r wil l be clos e
in energy to the partially filled e  orbitals o f the tetrahedra l cluster . Since
the energy of the interactio n between orbital s varie s inversely with their
energy difference , th e octahedral site eg and tetrahedral site e orbitals are

Fig. 6.30 . Molecular-orbita l energy-leve l diagra m base d o n th e result s o f MS -
SCF-.Ya calculations o n the clusters CoS6

9-, CoS4
6-, CuS4

7-, FeS4
5-, FeS6

10~, and
FeS6

9~ an d used t o mode l the electronic structures o f the thiospine l mineral s lin-
naeite (Co 3S4), carrollit e (CuCo 2S4), an d greigit e (Fe3S4). Fo r thos e system s con -
taining unpaired electrons, th e effects of spin splittin g into spin-up (f) an d spin-
down ( J , ) levels i s also show n (after Vaugha n and Tossell , 1981 ; reproduced with
the publisher' s permission).



316 THEORETICA L GEOCHEMISTRY

expected t o mi x substantially . A  ban d o f energ y level s woul d thu s b e
formed wit h a width greater tha n the original e e-e separation. Thi s would
lead to the observed metalli c conductivity and Pauli paramagnetism, and
the resultin g band energy-leve l diagram i s very simila r to tha t propose d
above o n qualitativ e ground s (afte r Goodenough , 1969 ; Vaugha n et al. ,
1971). In extending to CuCo 2S4, overlap can again be envisaged between
empty eg orbitals o n octahedral-site cobal t atoms an d e  and t 2 orbitals of
the tetrahedral-sit e copper . Althoug h th e normall y assume d oxidatio n
state o f copper i s Cu 2 +, othe r calculation s an d spectroscopi c dat a (Tos -
sell, 1978b ; Nakai e t al. , 1978 ) suggest that the oxidatio n state  of copper
approaches C u + ; hence the CuS 4

7 show n in Fig. 6.30 . Again , the model
proposed o n the basi s o f calculations i s very similar to that proposed o n
qualitative grounds.

The mode l fo r greigit e (Fe 3S4) base d o n th e FeS 4
5~, FeS 6'°~, an d

FeS6
9~ cluster s (Fig . 6.30 ) show s th e ver y considerabl e effec t o f spi n

splitting into spin-u p (  f ) and spin-down (j ) molecula r orbitals. The re-
sulting larg e energ y separation s woul d prevent mixin g betwee n octahe -
dral-site an d tetrahedral-sit e orbitals ; electron s woul d remain localized ,
resulting in the observe d propertie s o f this material. Th e magneti c prop -
erties and Mossbauer parameter s o f greigite have also been discussed on
the basi s o f MS-SCF-Za calculations b y Braga et al . (1988).

The electronic structur e model s of thiospinels form a basis for under-
standing a range of properties includin g solid solution limits , cell param -
eter variations , reflectance , microhardness , an d relativ e stabilities . Fur -
ther suppor t fo r thes e model s ha s bee n provide d b y "F e Mossbaue r
studies of violarites (Vaughan and Craig , 1985 ) and by EXAF S spectros -
copy studies of carrollite, daubr6elite, and the violarites (Charnock et al. ,
1990).

6.8. Othe r (includin g complex) sulfides [MoS2, Co 9S8,
(Ni,Fe)9S8, Cu12Sb4SI3, etc. ]

Although examples of minerals from mos t of the majo r groups of sulfides
(Table 6.1.) have been discussed i n the precedin g sections o f this chapter,
there ar e a  number o f phases particularl y worth considering tha t do no t
fit int o an y o f th e abov e categories . Thes e ar e th e laye r sulfid e molyb-
denite (MoS2), the metal-exces s sulfide s o f the pentlandite family [Co 9S8,
(Ni,Fe)9Sg], and an example of a sulfosalt 1 famil y i n the form of the tetra -
hedrite-tennantite mineral s [~Cu 3(Sb,As)4S|3].

Molybdenite has a structure in which the metal atoms are surrounded
by six sulfurs a t the vertices of a trigonal prism. The prisms are linked by
their edges into a continuous layer, within which the centers of half of the
prisms ar e occupie d b y cations . Layer s ar e hel d togethe r b y va n de r
Waals bonds , an d differen t stackin g sequences resul t in severa l molyb -
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denite polytypes; two-layer (hexagonal) molybdenite-2His most commo n
in nature , bu t a  three-layer (rhombohedral ) molybdenite-3 R als o occurs .
The interesting electrical propertie s of MoS2 have led to its detailed study .
A simple "one-electron" band model o f the type shown in Fig. 6.31 (after
Wilson and Yoffe , 1969 ) can b e proposed o n the basi s o f ligand-field ar -
guments fro m th e know n electrica l an d magneti c propertie s o f MoS 2.
Here, th e dyz and dK orbital s are shown as involved in a bondin g and form
part of the a (valenc e band). The d x

2_y
2 an d dxy orbitals mix somewhat with

neighboring metal px and py state s an d form a dip nonbonding band abov e
and separat e fro m a  nonbonding band base d o n d 2

z, which overlaps ver y
little wit h near-neighbo r metal s an d form s a  distinc t narro w band . I n
MoS2, sufficien t electron s ar e availabl e t o fil l th e < r an d d 2

z band s only.
This model has been used to interpret the electronic absorptio n spectru m
of MoS 2 (Wilso n and Yoffe , 1969) , a s show n i n Fig . 6.31 . Th e lowest -
energy transition (E in Fig. 6.31 ) is associated wit h an absorption edge in
the infrare d (—0. 2 eV ) an d assigne d t o excitatio n o f electron s fro m th e
"dz

2 band" into the empty "nonbonding di p band." This transition across
the "dband gap" i s regarded as determining the important electrical prop -
erties o f MoS2 and related grou p VI semiconductors .

Many band-structur e calculation s hav e bee n performe d o n MoS 2;
much o f th e earlie r wor k ha s bee n reviewe d b y Calai s (1977) . A  mor e
recent stud y using self-consistent augmented-spherical-wave calculations
was undertaken by Coehoorn e t al. (1987) . MO cluster calculations using
the MS-SCF-A'c t metho d hav e als o bee n undertake n b y d e Groo t an d
Haas (1975) and by Harris (1982). In Fig. 6.32 are shown the energy levels
for the MoS 6

8- cluste r calculated by de Groot and Haas (1975), along with
the x-ra y photoelectro n spectru m o f MoS 2 from Werthei m e t al . (1973) .

Fig. 6.31. Th e electroni c (optical ) absorptio n spectru m o f MoS 2 (2 H polytype )
and a  schemati c ban d mode l interpretatio n (afte r Wilso n an d Yoffe , 1969 ; repro -
duced wit h the publisher' s permission).
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Fig. 6.32 . Calculate d energ y level s fo r a n MoS 6
8 cluste r a s a  mode l fo r MoS 2

obtained usin g the MS-SCF-X a method . Alongsid e (a ) the x-ra y photoelectro n
spectrum of MoS2 are show n (b) the results of a non-self-consistent calculation o n
a MoS 6 cluster , (c ) a  self-consisten t calculatio n fo r a  MoS 6

8~ cluster , an d (d ) a
self-consistent calculation for a MoS6

8~ cluste r including relaxation effects fo r the
five highes t energy orbital s (afte r d e Groot an d Hass , 1975 ; reproduced wit h the
publisher's permission).

The calculatio n show s a n electroni c structur e broadl y th e sam e a s pro -
posed i n the previous materia l o n qualitative grounds . Abov e th e sulfu r s
band ar e a  grou p o f level s largel y o f sulfu r p  characte r bu t wit h som e
molybdenum characte r i n th e state s o f symmetr y A 1', E, ' an d E" . Th e
highest occupie d leve l i s of symmetry A'1 ( and thi s has mainl y molybde-
num d 7

2 character. Th e lowes t unoccupie d level s (E',E" ) ar e of molybde-
num d  wit h som e sulfu r character . Agreemen t betwee n calculatio n an d
the XP S dat a i s reasonable , particularl y when relaxatio n effect s ar e in -
corporated.
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Because larg e oriente d single-crysta l surface s of  molybdenit e are
readily prepared , x-ra y emission spectr a can be studie d a s a  function o f
angular dependenc e an d usin g polarize d x  ray s (Haycoc k e t al. , 1978 ;
Yarmoshenko e t al. , 1983 ; Simune k and Wiech, 1984) . Suc h studie s indi -
cate that sulfu r 3 p and M o 4d character ar e extensivel y mixed in the va-
lence-band regio n (Haycoc k e t al. , 1978) . The polarize d x-ra y emissio n
spectra ( S K f i 1 an d M o Lp 2) obtained fro m a  singl e crysta l o f MoS2(2H)
as a  functio n o f angle o f incidence (0 ) are show n in Fig. 6.3 3 (after Yar -
monshenko et al., 1983) . Again, detailed analysi s of these spectra i s used
to sugges t mixing of sulfu r 3 p and M o 4d states, an d specificall y o f S  3px
and 3Py orbitals with Mo 4d. Angular dependence of the Mo L(32 spectrum
indicates (Fig . 6.33 ) tha t th e M o 4d z

2 orbita l i s amon g th e leas t tightl y
bound.

The mineral s pentlandit e [(Ni,Fe) 9S8] an d cobal t pentlandit e (Co 9S8)
form a  solid solutio n serie s an d are interesting examples o f metal-exces s
sulfides. I n the pentlandite structure (Fig. 6.34) of the Co9S8 end member ,
Co8S6 cluster s ar e forme d fro m concentri c Co 8 cubes an d S 6 octahedra .
The resulting cube cluster o f tetrahedrally coordinated cation s (show n in
Fig. 6.34 ) has very shor t metal-meta l distances (Co-Co = 2.505 A; Raja -
mani an d Prewitt , 1975) . Th e uni t cel l contain s 3 6 metal atom s an d 32
sulfur atoms ; 3 2 of the cation s occup y th e tetrahedra l site s o f the cub e

Fig. 6.33 . Polarize d x-ra y emissio n
spectra ( S kp , an d M o L(J 2) obtaine d
from a  singl e crysta l o f MoS , (2 H po -
ly type) a s a  functio n o f angl e o f inci -
dence 0 (= 20-80' ) (after Yarmoshenk o
et al. , 1983 ; reproduced wit h th e pub -
lisher's permission).
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clusters, and the remaining 4 occur i n octahedral site s between th e clus-
ters (Fig . 6.34) . X-ray studie s sugges t that th e octahedral-sit e cobal t oc -
curs as low-spin Co2+ an d 57Fe Mossbauer spectra of (Ni,Fe)9S8 show the
tetrahedral-site iro n atom s t o hav e delocalize d valenc e electron s
(Vaughan an d Ridout , 1971) , i n accordanc e wit h th e observe d metalli c
conductivity and Paul i paramagnetism of both Co 9S8 and (Ni,Fe) 9S8.

Qualitative MO/ban d model s hav e bee n suggeste d t o describ e th e
bonding in Co9S8 (Vaughan and Burns, 1971; Rajamani and Prewitt, 1975).
Here, tetrahedral-sit e cobal t atom s are considered t o form mixed sp3 and
scP hybrids , so tha t cobal t 4 s an d 4 p an d t 2 orbital s ar e involve d with
sulfur 3 s and 3 p orbitals i n the formatio n of filled c r bonding and a * anti -
bonding bands. Four o f the cobalt 3 d electrons pe r atom fil l the e  orbitals,
and the thre e remaining electrons i n the t 2* orbitals ar e considered t o in-
teract wit h th e thre e near-neighbo r cobal t atom s t o for m metal-meta l
bonds. Th e resultin g o- and cr * metal-metal bonding and antibondin g or -
bitals ar e show n in Fig. 6.35 . A s also illustrated in Fig. 6.35 , th e filled e
orbitals of tetrahedral cobal t an d t 2g orbitals of octahedral cobal t may re -
main localize d an d essentiall y nonbonding orbitals. However , th e mag -
netic and electrica l properties sugges t overlap of cr* bands formed by th e
t2 orbitals o f tetrahedral-site metal s and th e e g orbitals o f octahedral sit e
metals to give a single , broad, partl y filled d  band. Fo r a  composition of
Fe45Ni4,5S8, th e metal-sulfu r bondin g ma y b e considere d i n muc h th e
same way. The confining of pentlandite compositions to the general range
between Co9S8 and Fe4, 5Ni4 5S8 suggest a  need t o retain the overall d elec-
tron configuration; the formation of metal-metal bonds in the cube clus-
ters coul d impose thi s limitation (Vaughan, 1971) . However , i t ha s als o
been suggested that pentlandite may be a "Hume-Rothery" or "electron"
compound like many alloys (Rosenquist , 1954) and be stabl e a t a  partic -
ular electron-to-atom ratio. Indeed, the numbers of d electrons in the unit
cells o f pentlandite s of widel y varying composition ar e remarkabl y uni-
form, eve n i n argentopentlandites tha t contai n a  substantia l quantit y of
silver. Pentlandit e composition s fallin g som e wa y fro m th e Co 9S8-
Fe4 5Ni4 5S8 join i n compositio n nee d no t caus e chang e i n the d  electro n
population o f th e cub e cluster , a s nicke l coul d b e ordere d int o octa -
hedral site s creatin g vacancie s i n tetrahedra l sites , an d exces s iro n
could ente r unoccupie d tetrahedra l site s (Rajaman i and Prewitt , 1973) .
Thus, th e structura l formul a fo r pentlandit e coul d b e (Fe,Ni,Co) VI

(Fe,Ni,Co,D)8
IVSg, wher e D  represent s tetrahedra l vacancie s i n nickel -

rich compositions or excess cations i n iron-rich compositions .
Although quantitativ e data on electronic structure s are no t ye t avail -

Fig. 6.34. Th e crysta l structure of pentlandite f(Ni,Fe),S8 and Co,S8] showing: (a)
the cubi c uni t cel l o f th e structure ; (b) the cub e cluste r o f tetrahedrall y coordi-
nated [(Fe,Ni ) o r Co ] cations ; (c ) the octahedrall y coordinate d [(Fe,Ni ) or Co ]
cation site .
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Co i n M  (O ) C o i n M  (T) C o i n M  (T)

Fig. 6.35 . Schemati c energy-level diagram for th e 3 d orbitals in Co9S8 showing a
conduction ban d forme d through metal-metal interaction s between tetrahedral -
site cobalt atoms [cr* M(7)] and metal-sulfur-metal interactions to octahedral-site
cobalt atom s [cr * M(O)] (after Prewit t an d Rajamani , 1974; reproduced wit h th e
publisher's permission).

able for the pentlandites , the y are clearl y among the mos t interesting of
sulfides. The successful synthesis of the cluster [Co 8S6(SPh)8]4~ (Christou
et al. , 1985) , containing the sam e Co 8S6 uni t a s i n pentlandite , shoul d
prompt further wor k on these compounds .

Another interesting family, i n this case of sulfosalt minerals , is that of
the tetrahedrites . Natura l tetrahedrite s ar e describe d approximatel y b y
the formul a A loB2C4Dn, wher e A  =  Cu,Ag ; B  =  Cu,Fe,Zn,Hg,Cd,Pb ;
C =  Sb,As,Bi,Te ; D =  S,Se , an d are all stoichiometric. The tetrahedrit e
structure is complex (Fig. 6.36), involving half of the (A +  ,6)-type atoms
in tetrahedra l an d hal f i n trigona l sites ; th e C-typ e atom s occup y th e
equivalent of a tetrahedral sit e in sphalerite, but are bonded to only three
sulfur atoms ; twelve D-type atoms are 4-coordinate, an d the other single
atom is 6-coordinate. Th e complex substitutions in the tetrahedrite-grou p
minerals hav e bee n investigate d usin g a  variet y o f experimenta l ap -
proaches, mos t recentl y b y EXAF S spectroscop y (Charnoc k e t al. ,
1989a). These studie s have shown, for example , tha t silve r goes into tri-
gonal site s an d iro n mainl y occupies tetrahedra l sites . Cadmium , as ex -
pected, occurs in tetrahedral sites in the structure. Combined EXAFS and
57Fe Mossbauer studies (Charnock et al., 1989b ) show that the Fe2+:Fe3 +

ratio plays a part in maintaining charge balance when these complex sub-
stitutions occur. Syntheti c samples in the Cu-Sb-S system, which are not
necessarily stoichiometric , hav e composition s bounde d b y th e lin e
Cu14Sb4S13-CU12Sb4,67S13 (Johnso n an d Jeanloz , 1983) . A s previousl y dis-
cussed fo r th e pentlandites , the concept s associate d wit h "Hume-Roth -
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Fig. 6.36. A half-uni t cel l o f the tetrahedrit e (Cu 12Sb4Sb13) structure (afte r Char -
nock et al., 1989a; reproduced wit h the publisher's permission).

ery" compound s have also been applied to the tetrahedrites. Johnso n and
Jeanloz (1983 ) applied a  simple Brillouin zone mode l t o sho w tha t tetra -
hedrite should be stable with greater tha n 204 and up to 208 valence elec -
trons pe r uni t cel l (fillin g th e fifty-secon d Brilloui n zone) , an d b e mos t
stable with 208 valence electrons. This model correctl y predicts the ob-
served compositiona l limit s of natural and syntheti c tetrahedrites a s well
as measure d variation s i n resistivity . I t represent s th e reviva l o f an ap -
proach use d b y Freu h (1954 ) to discus s the stoichiometr y o f minerals in
the Cu-Fe-S system.

In spit e o f thei r complexity , Bullett an d Dawso n (1986 ) and Bullet t
(1987) hav e used a n LCA O tight-bindin g method (see Bullett, 1980 , and
Section 3.11 ) to calculate th e band structur e of Cu-Sb-S system tetrahe -
drites. Calculations on Cu12Sb4S13 (see Fig. 6.37) confirm its intrinsic elec-
tron-deficient character . Afte r doubl y occupyin g 11 6 valence state s pe r
unit cell, one more than the available 115 pairs of valence electrons, a gap
of 1.2 eV occurs in the energy distribution of electron states [Fig. 6.37(a)].
Hence, natura l tetrahedrite s ca n contain Z n atoms u p t o CU 10Zn2Sb4S13,
and, a t thi s composition, the compoun d behave s a s a  diamagnetic semi -
conductor. I n th e copper-ric h phas e o f tetrahedrite , CU 14Sb4S13, th e al -
most exactly two additional C u ions per formula unit are accommodate d
by displacin g two of the tetrahedrall y coordinate d C u atoms int o a third
kind of interstitial Cu site, adjacent to the base o f the SbS 3 pyramids. The
copper atoms in this interstitial sit e are mobil e and diffus e easil y through
the structure , givin g Cu-ric h tetrahedrite s soli d electrolyt e properties.
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Fig. 6.37. Th e calculated density of states i n the two tetrahedrites Cu 12Sb4S13 and
CU14Sb4S13 an d it s local sit e projections fo r S , Sb , an d variou s types o f Cu atom .
In the copper-rich phase the copper contributio n from undisplace d and displaced
(interstitial) Cu sites are compared (afte r Bullett, 1987 ; reproduced with the pub-
lisher's permission).

Calculations o n copper-ric h tetrahedrit e (Cu 14Sb4S13) sho w a  fille d val -
ence band with an energy gap of 0.9 eV between highest filled and lowest
empty states .

6.9. Concluding remarks

The sulfid e mineral s ar e a  comple x grou p o f material s a s regard s thei r
electronic structures , and many challenging problems remain in attempt-
ing to understand their properties and crysta l chemistry . A s noted i n the
introduction to this chapter, fe w studies aimed at clarifying structural re-
lationships an d involvin g high-leve l quantum-mechanica l calculation s
have, as yet, been undertaken on sulfide systems. However , Bartelmeh s
et al . (1990 ) have recently undertaken a b initio  Hartree-Fock-Roothaan
SCF calculation s o n hydrosulfid e molecules (H 6._rnXm +  S3, H g_mXm-S4,
and H n_mXm +  S6, wher e X  is  one or  more of  Li, Be,  B,  C, Na,  Mg,  Al,
Si, P , K, Ga , Ge , As , an d Sn) . These calculations yielde d minimum-en-
ergy bond lengths [Rt(X-S)] that reproduce thos e observed in chemically
similar sulfide crystals. A linear regression analysi s of these bond lengths
demonstrated tha t R t (X-S) ca n be estimated b y using the equation R =
1.83(P)~021, wher e p =  sir,  s is the Pauling bond strength, and r  is the ro w
number o f the X  catio n i n the Periodi c Table . Thi s equation fo r sulfide s
is simila r t o tha t foun d fo r oxide s by Gibb s et al . (1987 ) using the sam e
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approach [fo r oxides, R =  1.39(p)~°- 22]. Using electron-density map s cal-
culated for the hydrosulfide molecules, Bartelmehs e t al. (1990) were als o
able t o sho w tha t bonde d radi i fo r bot h th e X  cation s an d th e S  anio n
increase wit h R^X-S)  (as , again , i s th e cas e fo r oxid e systems) . Th e
bonded radiu s of the S  anion i s smalle r (1.1 6 A) when bonded t o mor e
electronegative atom s lik e 4-coordinat e As , an d large r (1.6 7 A ) whe n
bonded to less electronegative atom s like 4-coordinate Li . However , th e
bonded radiu s o f S  is smaller tha n th e crysta l radius o f Shannon (1981),
which i s 1.7 0 A, an d th e ioni c radius of Pauling (1960), which is 1.8 4 A,
in every case considered b y Bartelmehs et al . (1990).

The questio n o f th e similaritie s an d difference s between th e metal -
oxygen bond and the metal-sulfu r bon d is fundamental in geochemistry,
and relate s t o the "lithophile " versu s "chalcophile " nature o f particular
elements. A full discussio n is presented i n Chapter 8 .

Note

1. Sulfosalt s ar e mineral s with a  general formula A mTnXp i n which commonly
A = Ag,Cu,Pb; r=As,Sb,Bi ; X=S . The y contain TS 3 pyramidal group s in th e
structure.



7
APPLICATIONS IN MINERAL PHYSICS

AND CHEMISTRY

In thi s book w e have concentrate d u p to thi s poin t o n the experimenta l
and theoretica l method s involve d in determining the electronic structur e
of minerals and related materials , an d o n the applications o f these meth -
ods to major groups o f compounds suc h a s the oxides , silicates , carbon -
ates, borates , and sulfides . I t is now appropriate t o turn to more genera l
applications i n the stud y of minerals .

Three major areas are addressed i n this chapter. The first concerns th e
general field o f crystal chemistry and the extent to which calculations ca n
be used (alongsid e appropriat e experiments ) t o approach suc h questions
as the ionic versus covalent nature of a particular bond, the understanding
and predictio n o f crystal structur e o f a material o f a particular composi -
tion a t roo m temperatur e an d pressur e (o r othe r conditions , an d henc e
key elements o f the phase relations) , and the rules and principles govern-
ing the crysta l structure s o f solids. The secon d concern s th e behavio r of
minerals an d relate d material s a t hig h pressures , o f interes t becaus e o f
applications t o understandin g th e physic s an d chemistr y o f the Earth' s
interior. Theoretical studie s o f phases a t high pressure are discussed with
particular reference t o attempt s t o understan d the material s tha t ar e be-
lieved to comprise th e core and mantle of the Earth . The third addresse s
examples o f applicatio n i n areas o f direc t industria l interest , tha t is , t o
mineral material s o f importance i n ion-exchange an d absorption , an d i n
catalysis.

These thre e majo r areas represent application s o f the theoretical (an d
experimental) method s discusse d i n earlie r chapter s t o problem s o f im-
portance i n minera l an d crysta l chemistry , i n minera l physic s an d geo -
physics, an d i n industrial mineralogy and material s science. The y ar e il-
lustrative o f th e valu e o f thes e methods , bu t ar e fa r fro m bein g a
comprehensive account .

7.1. Structure, bonding, and stereochemistry

The fac t tha t almos t al l mineral s ar e crystallin e solids , indeed , wer e
among th e firs t crystallin e solids to b e systematicall y studied b y x-ra y

326
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diffraction, ha s led to intimate links between mineralogy and crysta l an d
structural chemistry . Becaus e crysta l structur e depend s upo n bondin g
character ("electronic" structure), it should be possible accurately t o pre-
dict the crysta l (o r "geometric" structure ) adopted b y a particular com -
position materia l usin g quantum-mechanica l methods . Th e exten t t o
which thi s is possible i s discussed below , with reference t o th e exampl e
of the SiO 2 polymorphs. Before that , however , a  ver y genera l questio n
(some would say a "nonquestion" fo r reasons tha t will become apparent )
is considered, namel y the "covalency " versus "ionicity" of solids as evi-
denced by calculation an d experiment. These genera l questions lead to a
consideration o f principles an d rule s governin g crysta l structures : thei r
basis, formulation , an d application . Th e rule s formulate d b y Paulin g
(1929) an d widel y applied t o "ionic " structure s ar e reappraise d an d th e
applications o f qualitative molecular-orbital theory t o the understanding
of structures considered.

7.1.1. Covalency and ionicity in solids from calculation
and experiment

There ha s bee n considerabl e effor t directe d toward s th e assessmen t o f
the covalenc y o r ionicit y of variou s solids . Th e outpu t o f standar d a b
initio (SCF ) Hartree-Fock-Roothaan calculation s contain s Mullike n
(1955) charge distributio n analysis parameters suc h as the atomic-orbita l
populations, net atomic charges, and bond overlap populations described
earlier (Chapter 3), which are often used to discuss the relative covalency
or ionicit y o f materials . Considerabl e cautio n i s require d i n usin g such
parameters, however, since net atomic charges and other suc h quantities
are no t quantum-mechanica l observables; tha t is , the y canno t eve n i n
principle b e measured , an d ar e highl y basis-se t dependent , a s note d b y
Hehre e t al . (1986 ; pp . 336-41) . Thi s i s illustrate d for molecule s mor e
relevant to mineralogy in Table 7.1, in which a number of properties of
CO2 and SiO 2 are show n calculated a t various basis-set levels . I t is clea r

Table 7.1. Compariso n o f observable an d nonobservable charg e distribution
parameters" i n CO2 and SiO 2 obtained fro m a b initio Hartree-Fock-Roothaan
calculations using different basi s set s (and experimental equilibrium
bond lengths )

Molecule

Basis set

Q(0)
n(M-O)
midpoint p

STO-3G

-0.233
0.463
0.466

C02

3-21G

-0.541
0.500
0.497

4-31G**

- 0.470
0.632
0.539

STO-3G

-0.485
0.304
0.205

SiO2

3-21G

-0.753
0.417
0.197

4-31G**

-0.667
0.523
0.236

"Where Q(O) is the ne t charg e o n oxygen , n(M-O)  i s th e bon d overla p population , and midpoin t p
is the electro n densit y a t th e midpoin t o f the bond .
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that th e ne t oxyge n charge , Q(O),  depend s strongl y upon th e choic e o f
basis set , wit h split valence basis set s givin g larger apparen t charge sep -
aration than either minimal or polarized basi s sets . Even mor e variability
would be observed i f we considered charg e partitioning s obtained b y th e
methods o f Lowdin o r Rob y (see Hehr e e t al. , 1986 , for detail s an d ref-
erences), whic h ar e probabl y sounde r i n principl e tha n th e Mullike n
scheme but more complicated an d not so widely used. Even more ambig-
uous result s ar e obtaine d wit h very larg e basi s sets , whic h have diffus e
and polarizatio n functions . Considerabl e basis-se t dependenc e i s als o
seen in Table 7.1 for another nonobservable , n(M-O),  an d for the observ -
able electron densit y (p ) at the midpoin t of the bond . Analysi s of the ab -
solute covalency o n the basis o f Mulliken net charges o r overlap popula-
tions i s therefor e ver y dubious , an d apparen t agreemen t betwee n suc h
calculated charge s and charges obtained through analysis of experimental
data such a s electron densit y distributions is probably meaningless. Dis-
cussion of relative  covalency ma y be more meaningful; for example, from
the dat a in Table 7. 1 we could conclud e tha t CO 2 is more  covalent  tha n
SiO2 sinc e i t ha s lowe r Mullike n net charge s an d highe r overlap popula-
tions. In addition, the observable electron density is higher near the bond
midpoint in CO2.

Neither molecular calculations nor Mulliken partitioning schemes are
unique i n encounterin g suc h difficultie s i n definin g charg e distribution .
Band calculations can also be charge partitioned, giving results depending
upon the partitioning scheme employed as well as upon the materia l and
the computationa l metho d used. I n general , nonobservables ca n give us
only knowledge of relative charge-distribution properties, an d these only
when equivalen t charg e partitionin g method s an d closel y relate d com -
pounds ar e compared . Appropriat e use s o f such nonobservables wil l b e
considered i n this book; thei r unfortunatel y common misuses wil l b e ig-
nored. Mor e detaile d analysi s o f charge-distributio n parameter s is , o f
course, possible . W e might examine not just tota l atomic-orbita l popula-
tions summe d ove r al l occupie d molecula r orbitals , bu t th e mixin g o f
atomic-orbital character in one or more sets of molecular or band orbitals.
Here, again , th e result s depend upo n th e metho d o f charge-distribution
analysis. Generally, such approaches exaggerate th e extent of covalency.
A charge distribution that i s either neutral or highly polar , summed over
all orbitals , ma y stil l hav e som e orbital s wit h substantia l mixin g o f th e
contributions from differen t centers .

Can an absolute description o f covalency versus ionicity be obtaine d
from observable  properties ? First , bon d type is generally defined i n prin-
ciple in terms o f the tota l electro n density , since the molecula r energ y is
a unique functional of the electron densit y (Hohenberg an d Kohn, 1964) .
From x-ra y diffraction , tota l densities are available, but th e problem is to
determine which aspects of the data are most informative. We can inspect
the topology of the tota l density i n the way described b y Bader and Ngu-
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yen-Dang (1981 ) and thereb y develo p an objectiv e partitionin g scheme ,
yielding charges i n atomiclike regions . One can also partition th e charg e
density based upon readily observable feature s in the charge density, such
as minima along a bond (Sasak i e t al. , 1980) , fit the experimenta l charg e
density t o a  mode l o f multipole s centere d o n th e nuclei , an d su m th e
charges i n the variou s multipole s (Stewart an d Spackman , 1981) , giving
charges on "pseudoatoms." Numerical charge s obtaine d usin g the differ -
ent method s ar e ver y different , wit h the schem e o f Sasak i e t al . (1980 )
giving Si charges aroun d 2 + i n silicates, an d tha t o f Stewart and Spack -
man (1981 ) giving values around 1  + . We note, with approval, th e state -
ment in Stewart an d Spackma n (1981):

Because of the continuous variatio n o f the electron distributio n in
molecules or crystals, the counting of electron charg e is hopelessly
dependent on the nature of the distribution function over which the
integration i s taken. Clearly , the charg e o f an ato m i n a  molecul e
or crysta l is not an observable; i t is arbitrary.

However, just as for the case of CO2 and SiO2 discussed above, charg e
quantities may well have meaningful relative  values even if their absolute
values ar e no t meaningful . Sasaki an d co-worker s hav e evaluate d effec -
tive charges using a consistent approac h fo r a wide range of different min -
erals and find trend s tha t appea r to be reasonable . Fo r example , th e M2
site i n orthopyroxenes consistently shows lower charge s fo r formally di-
valent ions like Co 2+ tha n does th e Ml site , consistent wit h a lower ion-
icity (Sasaki etal., 1982) .

More complete information is, o f course, presen t i n maps of the tota l
electron distribution , but , sinc e suc h map s closel y resembl e thos e ob -
tained b y superimposin g free atoms , i t i s customary t o examin e density
difference o r A p maps (se e Sectio n 2.1.1) . Positive densit y difference s
(i.e., wher e th e molecula r or crysta l electro n densit y is large r tha n tha t
from th e separate d atoms ) have traditionally been considered evidenc e of
covalency. Man y studies on mineral system s have establishe d tha t Si- O
bonds sho w positive Ap values, either along the bonds o r internal to Si -
O-Si bridgin g bonds. Studie s o n other oxides (e.g. , BeO ) generally show
smaller deformation densities (Downs and Gibbs, 1987) . High-level quan-
tum-mechanical calculations o n mode l molecules giv e Ap maps fo r Si— O
bonds tha t matc h semiquantitativel y against experimen t (Gibbs , 1982) ,
However, ther e ar e significan t problems wit h suc h a n approach . First ,
many stron g bonds sho w no density accumulation compared t o superim-
posed spherica l free atoms . Schwar z e t al. (1985) have proposed tha t th e
proper atomi c referenc e stat e is the oriented atoms, wit h a proper quad -
rupolar interaction of charge distributions. A similar point has been mad e
by Hal l (1986) . Although this approach recovers positive Ap values along
the bon d fo r most , i f not all , materials , the A p values obtained may no t
relate wel l to othe r properties such as bond energies. Indeed, Spackman
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and Maslen (1986) have established tha t the superimposed spherica l ato m
electron densitie s (whic h the y cal l "promolecular" ) giv e a  substantia l
fraction o f the experimenta l molecula r bindin g energy, excep t fo r som e
aberrant homonuclea r diatomics lik e H 2. Thus H 2, rathe r tha n bein g the
prototype chemica l bond, is an exceptional cas e (Hirshfel d and Rzotkie -
wicz, 1974 ) in its dependenc e o f molecula r bindin g upon charge-densit y
accumulation. I f positive value s o f Ap along th e bon d ar e no t necessar y
for binding , it may wel l be tha t th e magnitude s o f Ap will not i n genera l
correlate wit h chemica l bondin g energies . Indeed , six-coordinat e S i
shows highe r A p peaks alon g th e bon d tha n doe s four-coordinate , al -
though one would expect lowe r bond energie s i n the six-coordinate case .
Thus, th e differenc e density , althoug h a  good observabl e fo r testin g the
quality o f calculations , ma y no t lea d t o an y fundamenta l understanding
of bonding.

Effective atomi c charge s als o appea r i n a  numbe r o f simpl e expres -
sions fo r othe r observables , suc h a s dipol e moments , electric-fiel d gra -
dients, NM R chemica l shifts , an d photoelectro n bindin g energy shifts .
Good correlation s o f suc h propertie s wit h effectiv e charge s ar e some -
times obtained fo r restricted classe s of materials (Huheey , 1983). On oc-
casion, a  se t of charges obtaine d b y fi t to on e type of experimental data
can b e use d t o interpre t som e othe r typ e o f data . However , ther e doe s
not appea r t o be any way to determine effectiv e charge s tha t accuratel y
describe a  range of properties. More accurate and quantitative theoretical
analysis o f propertie s inevitabl y show s deficiencie s i n simpl e effectiv e
charge-based models . W e will, therefore , no t attemp t t o develo p a  new
consistent se t o f effectiv e atomi c charge s fro m eithe r calculatio n o r ex -
perimental data.

There hav e als o been attempt s t o evaluat e ionicit y and covalenc y in
terms o f th e fi t o f limitin g models t o particula r piece s o f experimenta l
data. For example, Rosenberg e t al. (1978) found tha t their Compton scat -
tering result s fo r SiO 2 fi t bette r t o a  Si 4+(O2~)2 tha n t o a  Si°O 2° model .
However, thei r final model , i n which the O 2 wav e functions are ortho -
gonalized t o th e S i cores, actuall y has considerabl e electro n densit y o n
the Si , a s establishe d b y Fowle r (1981 ) in his stud y of S i x-ray emissio n
spectra. Thus , even diametricall y oppose d limitin g models , i f they prop -
erly satisf y orthonormalit y conditions , ma y no t reall y b e tha t muc h dif-
ferent. Slate r (1965 ) has note d th e fundamenta l similarity o f charge dis -
tributions i n solid s obtaine d fro m ionic - o r covalent-limi t models .
Nonetheless, a n ionic-limi t model fo r th e Compto n scatterin g profil e of
SiO2 may be preferable primarily because the O  2p atomic orbitals of such
a model are very diffuse an d provide a  better descriptio n o f the very low-
momentum region contributing to the Compton peak .

The effec t o f ionicity o n methods for compute r simulation o f solids of
the typ e describe d i n Sectio n 3.1 3 has bee n discusse d b y Catlo w an d
Stoneham (1983) . They correctly note the arbitrar y nature of charge par-
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titioning i n solids and presen t a  stron g case for a  potentia l mode l base d
upon interionic pair potentials. These potential s ar e shown to be capable
of evaluatin g a  rang e o f crystallin e properties , includin g som e substan -
tially differen t fro m thos e employe d i n thei r parametri c construction .
Nevertheless, suc h potential s ofte n fai l t o provide accurate description s
for silicates , borates, an d certain othe r materials .

7,1.2. Calculation of geometric structures and their (phase)
relations: The example of the SiO2 polymorphs

There hav e been severa l recen t studie s of the crysta l structure s o f the 4-
coordinate polymorph s of SiO 2. Dovesi e t al . (1987 ) calculated th e elec -
tronic structur e o f quartz usin g a Hartree-Fock-Roothaan band metho d
with a n STO-3 G basi s set . They als o minimized the energ y with respec t
to the Si-O distance and Si-O-Si angle. Their results for Mulliken charges
on S i and O  are virtuall y identical to thos e obtaine d b y Gibb s (1982 ) in
Hartree-Fock-Roothaan M O calculation s wit h an STO-3 G basi s se t o n
the [(OH) 3Si]2O molecule. Thei r calculate d Si-O distance o f 1.60 5 A and
Si-O-Si angl e o f 133 ° are slightl y smaller tha n th e experimenta l values .
Gibbs (1982 ) obtained a n Si- O distance o f 1.60 A and Si-O-S i angl e of
140° as the global minimum in [(OH)3Si]2O. The deformation density maps
of Dovesi et al . (1987 ) showed n o buildup of electron densit y in the Si-O
bond.

Both equilibriu m Si-O-Si angl e an d charge densit y ar e know n to be
sensitive to the presence o f other atoms, the effect o f substituents, and to
basis-set effects . They may also, of course, be influenced by electrostatic
effects fro m th e othe r atom s o f an extende d lattice . Th e reaso n fo r th e
small differences betwee n th e [(OH) 3Si]2O and a-SiO 2 STO-3 G result s i s
not currently apparent .

Nada e t al. (1990) have recently performed HFR ban d calculations on
the a-quart z an d stishovit e polymorphs of SiO2 using polarized split val-

ence base s (u p t o 6-21G* , with bot h S i 3 d an d O  3 d functions) . They
obtained lattic e constant s withi n a fe w percen t o f experimen t an d cor-
rectly predicted the a-quartz polymorp h to be more stable than stishovite .
The inclusion of 3d functions on Si substantially lowered the total energy
(and, less significantly , the Mulliken charge distribution ) in a-quartz bu t
had relatively little effect i n stishovite. Partial densities of states from this
calculation als o gav e a  reasonabl e representatio n o f the x-ra y emissio n
spectra o f a-quartz . Thi s wa s a  heroi c computationa l stud y tha t nicel y
shows th e potentia l o f the HF R ban d method . Suc h calculation s coul d
probably b e mad e les s demanding through the us e o f valence-only basis
sets (e.g. , Silv i and Bernard , 1987 ) and will probably become muc h more
common within mineralog y in the future .

Self-consistent LCA O results within th e density-functiona l formalis m
have als o recentl y bee n obtaine d for a-SiO 2 (X u an d Ching , (1988a,b).
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Calculated lattic e constant s wer e onl y abou t 1 % different fro m experi -
ment, bu t th e uni t cell was constrained t o have the experimenta l shape .
The calculate d bul k modulus for a-SiO 2 usin g this fixed-shape unit cel l
was too large , presumably because suc h a model forces a  volume reduc-
tion t o b e associate d wit h a  reductio n o f Si- O distanc e whil e th e rea l
structure compacts almos t entirely by reducing the Si-O-Si angle (see the
discussion of SiO2 glass, i n Section 8.1.1) . This LCAO approach als o ap-
parently give s n o charg e buildu p along th e Si- O bon d (X u an d Ching ,
1988a). However, studie s on both a-SiO2 (Gibbs, 1982) and coesite (Geis-
inger et al., 1987 ) have experimentally shown such buildup of charge, and
the majo r feature s o f th e experimenta l map s hav e bee n reproduce d b y
large-basis-set (6-31G* ) SC F Hartree-Fock-Roothaa n calculation s o n
[(OH)3Si]2O (Geisinger et al. , 1987) .

As describe d briefl y i n Chapte r 3 , a  promisin g new metho d o f elec -
tronic structur e calculatio n utilizin g combine d molecular-dynamic s and
density-functional theor y ha s recentl y been develope d b y Ca r an d Pari -
nello (1985) . Thi s approac h ha s recentl y bee n applie d t o cristobalite ,
yielding equilibrium lattice constants withi n 1% of experiment (Allan and
Teter, 1987) , as show n in Table 7.2. New oxyge n nonlocal pseudopoten -
tials were als o a n importan t part o f this study . Such a  method i s a  sub-
stantial advanc e upo n density-functiona l pseudopotential ban d theory ,
since it can be efficiently applie d both to amorphous systems and to sys-
tems at finite temperature .

Progress ha s als o bee n mad e i n the simulatio n of the structure s o f 4-
coordinate SiO 2 polymorphs both b y usin g force field s fitted t o experi -
ment o r t o a b initio  calculations , an d b y modifie d electron-ga s calcula -
tions including the effec t o f oxygen polarization. Catlo w et al. (1985) and
Sanders e t al. (1984) have established that O-Si-O angle-dependent terms
in th e energ y are neede d t o give proper structure s and compressibilitie s

Table 7.2. Experimenta l and calculated unit-cel l parameter s and atom positions
for a-cristobalite , and their percent difference . Th e numbers in parentheses are
the standard deviations of the las t significan t digi t for the time-of-fligh t neutro n
powder diffraction data . The atom locations are given i n units of the primitive
translation lengths a =  b  and c

Parameter

Si x  =  y
(z =  0 )

O x
y
z

a (A.)
c ( A )

Experimental value
(at 1 0 K)

0.3047(2)

0.2381(2)
0.1109(2)
0.1826(1)
4.9570(1)
6.8903(2)

Calculated value

0.3030

0.2380
0.1112
0.1825
4.959
6.906

Difference (% )

-0.56

-0.04
+ 0.2 7

0.05
+ 0.0 4
+ 0.23

Source: From Alle n an d Tclcr , 1987 .
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for SiO 2. Lasaga and Gibbs (1987) have obtained a  force field wit h angle-
dependent term s fro m calculation s o n (H 3Si)2O and Si(OH) 4 molecules .
Jackson and Gordon (1988b) have added to the original modified electron-
gas approach a  polarizable oxyge n atom described b y a  shel l model, im-
proving agreement wit h experiment for Si-O-Si angle in the 4-coordinat e
SiO2 polymorphs.

Many of the above structura l studie s have investigate d bulk modulus
and variatio n of structure with pressure a s wel l as the stati c structur e a t
absolute zero temperature. O'Keeffe et al. (1980) and O'Keeffe and Gibbs
(1985) have calculated th e bul k modulus of quartz b y extracting bending
force constants from (H 3Si)2O, first at the STO-3G and then at the 6-31G**
basis-set level , in each cas e obtainin g reasonable agreemen t wit h experi-
ment. Lasag a an d Gibb s (1987) have used th e quantum-derive d central -
force-field potential s t o evaluat e th e bul k modulu s an d th e chang e i n
Si-O-Si angl e wit h pressure , an d Callo w e t al . (1985 ) hav e obtaine d
equivalently good result s using empirical potentials .

There has been littl e study of the phase relations of SiO2 polymorphs,
except fo r tha t o f Nada e t al . (1990) . The structure s ar e s o complicate d
and requir e geometrica l optimizatio n ove r s o man y degree s o f freedom
that mos t investigator s hav e bee n conten t wit h studyin g a singl e poly -
morph. Th e onl y study besides Nad a e t al . (1990 ) has bee n o n the rela -
tionship between stishovite , a  high-pressure polymorph with Si in 6-fold
coordination i n a  TiO 2 (rutile ) structure , a  hypothetica l CaF 2 (fluorite )
structure-type polymorp h wit h 8-coordinat e Si , an d distorte d fluorit e
structures. Thes e high-coordination-numbe r structures hav e smalle r unit
cells, higher symmetry, and longer bond distance s but close r packing , s o
that fewe r parameter s nee d t o b e minimized , and shap e constraint s t o
potentials and covalent bondin g contributions are less important .

Early rigid-io n modifie d electron-ga s studie s (Tossell , 1980b ) pre-
dicted tha t th e mos t stabl e form of SiO 2 at atmospheri c pressur e shoul d
be four-coordinat e an d gav e a  predicted rutil e — > fluorite structure tran -
sition pressure of 390 GPa, far above the maximum pressure in the Earth's
mantle. Carlsson e t al . (1984) calculated th e equatio n o f state o f fluorite-
structured SiO2 using the augmented-spherical-wave metho d (see Appen-
dix C ) an d conclude d tha t th e previou s ME G result s fo r structur e an d
transition pressur e ar e probably reliable . The y als o note d tha t th e ban d
gap of fluorite-type SiO2 could actually increase with pressure up to abou t
100 GPa an d woul d onl y vanis h a t a  volum e equal t o abou t 40 % of th e
atmospheric pressur e value , corresponding t o a pressure o n the order of
1000 GPa. Later, augmented-plane-wav e calculation s (se e Appendix C )
gave very simila r results t o those o f Carlsson e t al . (1984), and stabilized
rigid-ion ME G calculation s gav e result s comparabl e t o thos e o f Tossel l
(Bukowinski and Wolf , 1985) . As note d b y Bukowinsk i and Wol f (1985),
the densit y calculate d fo r fluorite-typ e SiO 2 i s n o large r tha n tha t ob -
served for stishovit e (Fig. 7.1), suggesting that its stability versus that of
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Fig. 7.1. Equatio n of state (EOS) o f silica calculated usin g the modified electron-
gas metho d by Bukowinsk i and Wol f (1985) and showin g pressure-density rela -
tions for stishovit e and fluorite-typ e SiO2.

stishovite wil l no t increas e wit h pressure . The y als o use d th e ME G
method to calculate th e phono n spectrum, and from i t estimated the De-
bye temperatur e an d th e entrop y differenc e between fluorite-SiO 2 an d
stishovite, findin g th e entropi c contributio n t o th e fre e energy to b e dif-
ferent b y onl y about 0. 1 eV pe r formul a unit a t 300 0 K. I t i s thus clea r
that th e fluorite-typ e SiO2 shoul d no t b e stabl e compare d t o stishovit e
within the pressure and temperature range of the Earth's mantl e (see Fig.
7.12).

Recently, th e FLAP W density-functiona l method ha s bee n use d b y
Park e t al . (1988 ) t o investigat e th e structure s an d stabilitie s of rutile ,
fluorite, an d distorted fluorit e (space grou p Pa3)  structure SiO 2 at atmo -
spheric and high pressure. They found that the rutile structure (i.e. , stish-
ovite) wa s th e mos t stabl e o f the thre e phase s a t atmospheri c pressure ,
and tha t it s structure , density , and bul k modulu s wer e reasonabl y wel l
described by the FLAPW calculations . The fluorite polymorph was found
to be o f highest enthalpy for al l pressures, whil e the Pa3 polymorph be-
came th e mos t stabl e abov e 6 0 GPa. Thi s structur e i s quit e unusua l in
having O-O distances o f <2.4 A. It was conjectured tha t other structure s
of even lowe r symmetr y than the cubi c Pa 3 might be even mor e stable .
Evidence was also presented tha t th e assemblage Mg O (sodium chloride
structure) +  SiO 2 (Pa3) woul d be denser than MgSiO3 perovskite at pres-
sures above 10 0 GPa, raisin g the possibilit y of high-pressure decomposi-
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tion o f perovskite t o th e mixe d oxides . Calculation s o f mineral stabilit y
at hig h pressures in relation t o th e interio r o f the Eart h ar e furthe r dis -
cussed in Section 7.2 .

7.1.3. Pauling's rules reinterpreted

The five rules governing the geometries o f "ionic" crystals formulated by
Linus Paulin g in 192 9 (Pauling, 1929 ) have sinc e bee n widel y use d an d
taught by mineralogists, crystallographers, an d solid-state chemists . They
were intended to serv e a s generalizations t o help in the solutio n o f com-
plex crysta l structure s usin g the experimenta l method s availabl e a t th e
time the y were published . Although Pauling's Rule s ca n b e regarde d a s
empirical generalizations, an d their value lies in the extent t o which they
work fo r rea l structures , the y hav e frequentl y been identifie d wit h th e
ionic model , an d thei r success ha s been used a s a n argument to suppor t
the validity of the ionic model for many compounds.

The development s i n quantum-mechanica l method s an d thei r appli -
cations t o mineral s and related substance s tha t hav e formed th e subjec t
matter of this book lea d to a  reappraisal o f Pauling's Rules . Calculations
on molecular clusters (see in particular Chapter s 3 , 4, and 5 ; also Tossell
and Gibbs , 1978 ; Gibbs et al. , 1981 ) have clearly show n that many of the
geometric prediction s o f Pauling' s Rule s ar e consequence s no t onl y o f
ionic forces but also of covalent effects . However, a  limitation of the pre -
dictive power of calculations o n molecular clusters or smal l fragments is
the inability to assess the relative energies o f structures formed by differ -
ent way s o f linkin g together suc h clusters . Thi s proble m ha s bee n ad -
dressed b y Burdett and McLarnan (1984) , who undertook band-structure
calculations usin g the tight-bindin g approximation (i n effect , molecular -
orbital calculation s applied not t o cluster s but t o the crysta l as a whole ;
see Appendix C) specifically to reappraise Pauling' s Rules in their publi-
cation entitle d "A n orbita l interpretatio n o f Pauling's Rules." Thei r cal-
culations were of the extended Hilckel type (Hoffman, 1963 ; Hoffman an d
Lipscomb, 1962 ) and employed the standard tight-bindin g approach (e.g. ,
Whangbo et al. , 1978) . The following discussion is based largel y o n their
analysis.

Rule 1 : Ionic radii  and radius  ratio.  " A coordinate d polyhedro n o f an-
ions is formed about eac h cation , th e cation-anion distance bein g deter -
mined b y the radiu s su m an d th e coordinatio n numbe r o f th e catio n b y
the radius ratio." (Pauling, 1929)

This rul e centers o n th e much-use d concep t o f ionic size , a  concep t
that ha s been refined , o r rather been better defined i n recent years by the
use o f pseudopotentia l radi i (Zunger and Cohen , 1978) . Thus , the us e o f
pseudopotential radii (r,) to define atomic size more closely, and the iden -
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tification o f r 1-1 with electronegativity, has enabled the effectiveness of
models based o n hard-sphere atoms (or ions) to be explained i n terms of
modern ideas of electronic structure . In effect, th e first rule is empirically
valid and ha s predictive power no t becaus e i t is valid to regard atoms in
crystals a s charged  har d sphere s o f a particula r radius, bu t because th e
qualitative concept of atomic size is still valid in the framework of modern
electronic structur e theories .

In rationalizin g crysta l structure s an d relationship s involvin g struc -
tural familie s using the concept s o f pseudopotentia l radii , progres s ha s
also been made using structure sorting procedures base d on atomic prop-
erties (St . Joh n an d Bloch , 1974 ; Zunger an d Cohen , 1978 ; Bloc h an d
Schatteman, 1981 ; Burdett e t al. , 1981) . Further discussio n o f thi s ap -
proach i s given later i n this section, afte r al l five o f Pauling's rules have
been discussed .

Rule 2: Electrostatic valence  sums.  "I n a stable coordination structure ,
the electri c charg e o f each io n tends t o compensat e th e strengt h of th e
electrostatic valenc e bonds reaching to i t from th e cations a t the center s
of the polyhedra of which it forms a corner; tha t is , for each anio n

(Pauling, 1929) (where -  £  is the charge of an anion, i runs over all cations
coordinated t o that anion, Z  an d v, are the charge and coordination num-
bers, respectively, of cation ;)•

This rule requires that highly charged anions should  be placed at sites
of large positive potential (an d hence hig h bond-strength sums). Because
formal charg e is not a quantity appearing in the molecular-orbital formal-
ism, suc h calculation s canno t b e use d t o tes t th e valenc e su m rul e nu-
merically (i.e. , to predict departures o f S,s, from 0 , althoug h they can be
used to predict qualitatively if more highly charged anions should occupy
sites with larger bond sums.

Burdett an d McLarna n (1984 ) do thi s by considerin g th e compoun d
MgAlON, a wurtzite-derivative structure with two types of anion and cat-
ion specie s differin g i n charge . I n suc h a  structure , variou s ordered ar -
rangements of anions and cations ar e possible, the one adopted bein g of
space group Pbc2t an d having half of the anion s coordinated t o three at -
oms o f Mg and on e o f Al and th e othe r hal f coordinated t o 3A1 and IM g
(O'Keeffe e t al. , 1981) . This arrangement produce s a  unit cel l wit h a  =
2a0, b  =  b 0, and c  =  c 0 (where a 0,b0,c0 are th e axe s o f the smalles t or-
thohexagonal cel l o f hexagonal close packing) and i s labeled a  (2,1) unit
cell. I t i s illustrated in Fig. 7.2 , along with three othe r possibl e arrange-
ments involvin g ordering of equal numbers of two cations over the metal
sites an d producin g (1,1 ) unit cell s [structure s labele d W-Pmn2 1(1,1);
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Fig. 7.2 . Structure s o f the compound MgAlO N wit h variou s arrangements of an-
ion and cation : (a) (2,1) uni t cell ; W-Pbc2 t(2,l); (b ) (1,1) uni t cell ; W-Pmn2 l(\,\);
(c) (1,1 ) unit cell ; W-P3m(l,l);  (d ) (1,1) unit cell ; W-Pmc2,(l,l).  Th e anion s ar e
hexagonally clos e packed, and the cations fil l tetrahedra l holes. Filled squares =
Al(0),N(-y8); empt y square s =  Mg(0),O( 3/8); fille d circle s =  Al(1/2),N( 7/8); empt y
circles =  Mg(1/2),O( 7/8). Onl y th e catio n tetrahedr a a t Z  =  O  ar e draw n (afte r
Burdett and McLarnan , 1984 ; reproduced wit h th e publisher' s permission) .

W-P3m(l,l); W-Pmc2 1(l , l) , wher e the favored structure would be labeled
W-Pbc21(2,l)].

Bond-strength sum s for th e site s with 3Mg + 1A1 and 3A 1 + IMg, re-
spectively, are 2.2 5 and 2.7 5 (from th e solutio n of E iSi given previously).
These ar e th e site s foun d i n th e structure s labelle d W-Pbc2 1(2,\),
W-Pmn2t(l,l), an d W-P3m(l,l).  I n th e W-pmc2,(l,l)-typ e structure
every anio n i s coordinated b y 2M g + 2Al, and th e bond-strengt h sum is
then 2.5 . Calculations were performed in order t o sho w that for the firs t
three structure s nitrogen atoms wil l occupy the site s of higher bond sum
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and that these structures all lie lower in energy than the W-Pmc2l(l,l)
type in which N and O  atoms se e the sam e bond sum . This was done by
calculating the orbital wave function o f a material in which O and N atoms
are both replaced by hypothetical atom s intermediate in size and electro-
negativity, and determining the charge on each ato m in the model crystal
via a  population analysis (Burdett , 1980) . Results are show n in Table 7.3
and confir m that site s wit h smal l bond-strengt h sum s (whic h should b e
occupied by O rather than N) are more electron-rich. Furthe r calculations
on the site charges and the energies of all four structures performed using
values fo r actua l O  an d N  atom s ar e give n i n Table 7.4 . Th e firs t fou r
results are for the structure s with O occupying the site s with lower bond-
strength su m than N , a s Pauling' s Rul e predicts ; th e las t fou r hav e th e
positions of O and N reversed . Th e calculate d energie s confirm the pre -
diction of  Rule 2:  The mos t stabl e arrangement s (larges t negativ e ener -
gies) ar e thos e wher e O  occupies site s o f lower bon d strengt h tha n N ;
where the site s ar e of equal bond-strength sum [i.e. , i n the W-Pmc2 l(l,l)
type] stabilit y i s less ; leas t stabl e ar e th e structure s wher e N  occupie s
sites o f lower bond-strength sum than O.

Burdett and McLarnan (1984 ) went on to test the valence su m rule by
assessing a  furthe r predictio n implie d in the rule , namel y that anion s of
the sam e electronegativit y shoul d b e foun d in site s o f equa l bon d sum .
This wa s confirme d b y calculatin g that , whe n hypothetica l anions with
equal parameter s midwa y between O  an d N  ar e used , th e mos t stabl e
structure is the W-Pmc2 l(l,l) type , where all the site s are of equal bond-
strength sum . Also investigate d wa s th e Zachariasen-Bau r extensio n of
the secon d rul e (Baur , 1970) , statin g tha t oversaturate d anion s shoul d

Table 7.3 . Electroni c charges in MgAl(O,N) 2
structures"

Esi

2.75
2.75
2.75
2.5
2.5
2.25
2.25
2.25

Structure

W-Pbc2 1(2 , l )

W-Pmn21(l,\)

W-P3m(l,\)
W-fmc2,(l,l)
W--Pmc2,(l,l)
W-Pbc2l(2,l)

W-Pmn2l(l,\)
W-P3m(l,l)

9

7.5238
7.5223
7.5213
7.5919
7.5932
7.6643
7.6653
7.6653

"The number , q , o f valenc e electron s o n site s wit h differen t
electrostatic bon d strengt h sum s i n MgAl(O,N) 2. Fou r differen t
structures wit h thi s compositio n ar e considered . In these calcu-
lations all anions were given identical parameters intermediate be-
tween those of O and N, s o that variation s in q reflect difference s
associated wit h th e sites , no t th e natur e of the anions .

Source: Afte r Burdet t an d McLarnan , 1984.
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Table 7.4. Bon d sums , charges, and energies of MgAlON variants

Structurea

W-Pbc2,(2,l)
W-Pmn21(\,\)
W-P3m(l,l)
W-Pmc2,(l,\)
W-

Pmc2|(l,l)*

W-Pbc21(2,\)*
W-

Pmn2l(l,l)*
W-P3m(],[)*

Esi(vu)
o

2.25
2.25
2.25

2.5
2.5

2.75
2.75

2.75

N

2.75
2.75
2.75

2.5
2.5

2.25
2.25

2.25

0

7.7647
7.7659
7.7673

7.7127
7.7116

7.6508
7.6502

7.6510

g
N

7.3654
7.3627
7.3586

7.4349
7.4383

7.5302
7.5310

7.5289

Al

0.8255
0.8209
0.8271

0.8269
0.8231

0.6813
0.6734

0.6787

Mg

0.0444
0.0505
0.0470

0.0255
0.0270

0.1377
0.1453

0.1414

Energy
(eV)

-291.212
-291.212
-291.224

-291.153
-291.143

-290.742
-290.733

-290.743

"Eight possibl e structure s o f MgAlON , th e bon d sum s a t th e anio n sites , th e numbe r o f valenc e
electrons associated wit h each atom , and the calculated energ y per formula unit . Structure s marked
with a n asteris k hav e th e sam e catio n arrangemen t a s thei r unstarre d counterparts , bu t hav e th e
positions of O and N reversed . The top three structures have the anion ordering expected from Paul -
ing's secon d rule , th e middl e tw o hav e al l anion s i n site s wit h th e sam e bon d sum, and th e botto m
three hav e a n orderin g opposit e tha t expected . MgAlO N i s believe d t o b e isostructura l wit h
a-LiSiON, whic h ha s the W-Pb c21(2,l) structure .

Source: After Burdet t an d McLarnan , 1984 .

form unusuall y short bonds. Usin g the calculations o n the eight MgAlON
structure types listed i n Table 7.4 , i t was shown that bond-overlap popu -
lations of all crystallographically distinc t Mg-O, Al-O , Mg-N , an d Al- N
bonds correlat e inversely wit h bond-strength sum at the anion (i.e., with
increasing anion saturation) . Sinc e bond-overlap populations ar e a  mea -
sure o f bond strengt h an d correlate inversely wit h bond lengths , we se e
here a prediction by "molecular-orbital" methods of the bond-length vari-
ations observed b y Baur, that is , that increasing bond-overlap populatio n
and hence decreasin g bon d length correlates wit h decreasing anio n satu -
ration (decreasin g bond strengt h sum).

Rules 3 and 4: Sharing o f polyhedral elements.  "Th e presenc e of shared
edges, an d particularl y o f share d faces , i n a  coordinate d structur e de -
creases its stability; this effect i s larger fo r cations with large valence and
small coordination number , and is especially large in case the radius rati o
approaches th e lower limi t of stability of the polyhedron .

"In a  crystal containing different cations , those with large valence and
small coordinatio n numbe r ten d no t t o shar e polyhedro n element s with
each other. " (Pauling, 1929)

These tw o rule s can b e discussed together , sinc e Rule 4 is obviously
a corollar y of Rul e 3 ; both rule s dea l wit h systems of linke d polyhedra
and, i n Pauling's original formulation, th e absenc e o f shared element s is
attributed t o th e destabilizin g effect s o f cation-catio n Coulombi c repul-
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sions. Althoug h man y example s o f structure s violatin g thes e rule s ar e
now know n (e.g., (3-BeO , BeCl 2, SiS 2, all of which contain edge-sharing
tetrahedra), the y ar e satisfie d frequentl y enough to b e usefu l i n predic -
tion.

Burdett and McLarnan (1984 ) examined these rules by comparing the
observed wurtzite-typ e structur e o f a-Be O wit h alternativ e structure s
also havin g a hexagona l close-packe d oxyge n framework, bu t involving
varying amount s o f edg e sharin g amon g BeO 4 tetrahedra. Twenty-tw o
such alternativ e structure s ar e possibl e (henc e a  total  o f 23 structures) ,
and for the composition Be O they all satisfy th e electrostatic valenc e rule
(Rule 2 ) exactly , s o tha t fro m th e standpoin t o f Pauling' s Rule s the y
should differ i n energy only because they differ i n the extent of edge shar-
ing. Burdet t and McLarnan (1984 ) evaluated th e energie s of these struc -
tures, bot h usin g their covalen t band-structur e calculation s an d usin g a
pure point-charge Madelung sum, the simplest kind of ionic model. When
the energie s are plotted as a function o f the number o f shared edges (as
shown in Fig. 7.3) for both the covalent band-structure model and purely
electrostatic approach , a  simple r linea r relationshi p is observed. Henc e
both purel y electrostatic an d purely orbital model s predict that counting
shared edge s is roughly equivalent to working out total energies .

In order to understand this variation in covalent bond-structure energy
with edge sharing , Burdet t and McLarnan (1984 ) examined the anio n co-
ordination in these 23 structures. The y emphasiz e the importanc e o f the
anions (the atoms o n which the majorit y o f the electro n densit y resides)
and show , usin g extende d Hiicke l molecular-orbita l calculation s o n
OBe4

6+ "molecules " for th e fiv e kind s of coordination polyhedra occur -
ring in the structures (see Fig. 7.4) that energies calculated for such anion
polyhedra (Tabl e 7.5 ) approximat e crysta l energie s whe n summe d to -
gether. Havin g calculate d th e relativ e energie s o f these polyhedra , an d
shown ho w the y appea r t o exercis e th e dominan t influence o n the tota l
energies o f the crystal , the y develop the idea that increasing the number
of share d edge s increase s th e numbe r of less stabl e anio n coordinatio n
environments in a structure.

It is important to note that , although this analysis arrives at the sam e
conclusion as does an ionic interpretation, th e reasons are very different .
In particular, th e differen t anio n coordination geometrie s do not diffe r i n
energy because o f increased cation-cation repulsions at tighter Be-O-Be
angles (a s suggeste d by th e origina l approach o f Pauling, 1929) . Rather ,
the energy differences are due almost entirely to the ability of the centra l
oxygen atom to form stronge r bonds when the Be atoms are tetrahedrally
coordinated. Thi s ca n be see n fro m th e bond-overlap population s calcu -
lated fo r th e fiv e OBe 4 molecules (Tabl e 7.5) , wher e th e Be- O overla p
population increases for the more stable molecules. In contrast, the Be -
Be overlap population correlates the wrong way and the les s stable mol-
ecules hav e les s tota l Be-B e repulsion , a s measure d by averag e bond -



Fig. 7.3. Th e relationship between number of shared edge s betwee n catio n tetra -
hedra an d both th e electrostati c Madelun g energy and the one-electron covalen t
band-structure energy for 2 real observed an d 21 hypothetical polymorphs of BeO.
The structur e type s plotte d ar e th e wurtzit e (a-BeO ) typ e (  + ), the p-Be O typ e
(X), and the 2 1 hypothetical dipolar tetrahedra l structure s wit h (1,1) or (2,1 ) unit
cells. Th e smal l numbers b y som e o f the point s sho w ho w many point s ar e rep -
resented b y th e singl e symbo l (afte r Burdet t an d McLarnan , 1984 ; reproduce d
with the publisher's permission).

Fig. 7.4 . Th e fiv e differen t oxyge n coordinatio n environment s foun d i n th e 2 3
structure types shown in Fig. 7.3 . Conformatio n 0  is a regular tetrahedron . Con -
formations 1 , 2, an d 3  are derive d fro m a  tetrahedro n b y replacin g tetrahedra l
angles 0 =  109.47° . wit h angles of 180 ° - 0  betwee n 1 , 2, and 3 pairs o f bonds,
respectively. Arrangement p, foun d onl y in p-BeO, has loca l symmetry mnil (af-
ter Burdet t and McLarnan , 1984 ; reproduced wit h the publisher' s permission).
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Table 7.5. Energie s and overlap populations in OBe4 molecular unitsa

Bond overlap populations

"Molecule"

0
1
2
3
4

E(eV)

0
0.0255
0.0654
0.1221
0.0201

E' (eV)

0
0.0162
0.0469
0.0930
0.0117

<Be-O>

0.0935
0.0905
0.0863
0.0803
0.0911

<Be-Be>

-0.0049
-0.0039
-0.0032
-0.0028
-0.0040

"The relativ e energie s E  o f th e 5  different OBe 4 "molecules " in Fig. 7.4. The energie s E ' fo r th e
same molecule s are computed afte r droppin g all direct ligand-ligand interactions . The average Be-O
and Be-Be bond-overlap population s refe r t o the calculatio n includin g these interactions .

Source: After Burdet t and McLarnan , 1984.

overlap populations. This result is not as surprising as it first appears ; th e
Be atoms are very electron-poor, s o that bringing them together enhance s
small bonding interactions between them. Further suppor t for the impor-
tance of Be-O interaction s rather than Be-Be interactions is given by data
in column three of Table 7.5. This shows relative energies of the five OBe4
"molecules" give n b y a  calculatio n i n whic h al l overla p integral s an d
Hamiltonian elements between differen t B e atoms wer e se t equal to zero
(i.e., a  calculation ignorin g all ligand-ligand overlaps) . Nevertheles s th e
energy difference s are proportiona l to , an d nearly a s large as , thos e ob-
tained by the calculations includin g ligand-ligand overlaps .

Burdett an d McLarnan (1984 ) also confirme d the relativ e dominance
of Be- O interaction s i n stabilizin g th e structure s b y performin g band-
structure calculations on five o f the possible Be O structures (i.e. , o n the
infinite crystal s rathe r tha n finit e molecules) . Bond-overlap population s
obtained for the infinite crystal s confirm the trends noted above for OBe4
"molecules." The question remains as to why the results of the covalen t
band-structure calculation s correlat e s o strongly with the result s o f Ma-
delung calculations for th e 2 3 possible BeO structure s (Fig . 7.3) . At th e
heart o f this proble m i s an interestin g correlation note d b y Burdet t an d
McLarnan (1984 ) between covalen t energies o f OBe4

6+ molecule s of dif-
ferent geometrie s and th e su m of the Be-Be distance s (E ij 1/r ij). Th e au -
thors note that the geochemical implications of this result are identical to
the prediction s o f th e valence-shel l electron-pai r repulsio n mode l (se e
Chapter 5 and Burdett , 1980; Gillespie, 1972).

Rule 5: Parsimony. "Th e numbe r o f essentially differen t kind s of con-
stituents in a crystal tends to be small. " (Pauling , 1929)

This rule was regarded by Bragg (1930) as a corollary of Rule 1  (which
limits variatio n in cation coordinatio n number) and Rule 2 (whic h when
combined with Rule 1  limits the numbe r and typ e of cations around each
anion). I t is not clea r that this rule can be elucidated using any particular
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electronic structure model , excep t t o note tha t i t is a consequence o f the
short-range natur e o f interatomi c potentials . I n fact , covalen t force s i n
the extended Hucke l approximation fal l of f much more rapidl y than elec-
trostatic force s (th e former energie s decreas e a t least as r~ 3 rathe r tha n
the r  '  dependenc e o f electrostati c energies) . Burdet t an d McLarna n
(1984) also us e arguments base d o n perturbation theor y to show tha t or -
bital interactions operating solel y between nearest-neighbo r atom s ac t to
favor identicall y coordinated anions .

Perhaps th e mor e importan t question s raise d b y Rul e 5 , a s Burdet t
and McLarna n (1984 ) point out , concer n th e exten t t o whic h i t really is
borne out by observation. Fo r example, Baur et al. (1983) have developed
a numerica l index for the degre e o f parsimony in a crystal structur e an d
have show n that , usin g this measure , man y crysta l structure s ar e "no t
parsimonious bu t lavis h i n thei r us e o f differen t loca l environments. "
Also, the dominanc e of short-range force s i s by no means obvious when
ordered structure s with extremely large uni t cells ar e observed (e.g. , a  c
dimension o f 150 0 A i n som e Si C polytypes ; Shaffer , 1969) . The expla -
nation of such structure s pose s problem s fo r electrostati c a s wel l as co-
valent models.

In addition to the reinterpretation of Pauling's rules developed by Bur-
dett an d McLarna n (1984),  there hav e bee n a  numbe r o f othe r studie s
related to various aspects of these standar d rules . Due to the substantial
number o f errors i n classifyin g A B compound s i n term s o f ioni c radiu s
ratio (e.g. , Phillips , 1970 ; Tossell, 1980b) , there hav e been numerou s at -
tempts to create "structur e maps " that have two atomic quantities as co-
ordinates an d that can provide a unique separation o f the differen t struc -
ture types . Suc h ato m quantitie s ma y b e relate d primaril y t o siz e o r
energy o r t o som e combinatio n o f the two . Som e o f the mos t importan t
such approaches ar e those of Mooser an d Pearson (1959) , Phillips (1970),
and Simons and Bloch (1973).

During th e tim e tha t suc h structura l map s hav e bee n evolving , ou r
capacity t o calculat e structura l parameter s directl y quantu m mechani -
cally ha s expande d s o tha t w e ca n no w calculat e structures , an d eve n
reasonable energies , fo r differen t polymorph s of simple AB compounds ,
as explained earlier. Th e relative stabilities of NaCl and CsCl polymorphs
of the alkal i halides have been systematicall y studie d by Cohen an d Gor -
don (1975) using the MEG method .

While radiu s rati o rule s generall y predict correc t structur e type s fo r
the alkal i halides i n only abou t 50 % of the cases , th e ME G calculation s
(not even shell stabilized) correctly predic t the NaCl structure to be more
stable fo r 1 5 of the 1 6 compounds studied . Calculated structura l param -
eters were also in good agreemen t wit h experiment, an d calculated pres -
sures fo r th e NaC l — > CsCl transitio n wer e i n fai r agreemen t wit h th e
limited experimenta l data available . These result s indicate that preferred
coordination number s and structura l types i n alkali halides can b e accu -
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rately predicted b y an ionic model—the failure of the radius ratio rules is
a failure o f the much more restrictive rigid-io n model. Subsequen t calcu -
lations by Muhlhausen and Gordon (1981 ) using the shell-stabilized MEG
method for LiF and NaF correctly predicted NaF to be more stable in the
NaCl structur e tha n in either CsC l or sphalerite . Fo r LiF , however , th e
sphalerite structur e was predicted t o be slightly more stable , in disagree-
ment with experiment. A  number of possible source s o f minor error s i n
cohesive energie s wer e considere d fo r LiF , bu t n o singl e reason fo r th e
incorrect prediction coul d b e isolated. Fo r less ionic compounds a  more
general connectio n betwee n phenomenologica l structur e sortin g ap -
proaches an d direc t quantum-mechanica l calculations ha s recentl y bee n
made b y Chelikowsk y and Burdet t (1986) . They use d a b initio  pseudo -
potentials and a Gaussian basis se t to calculate total energy versus lattice
parameter fo r the (3-Sn , rocksalt , an d zincblend e structure s o f the III-V
semiconductor GaAs, obtaining the zincblende structure correctly as that
of lowest energy . They then added perturbing potentials o f opposite sig n
to the cation and anion, to simulate the creation of successively II-VI and
I-VII compounds , an d saw the expecte d chang e i n the relativ e energie s
of th e differen t crystallin e form s (Fig . 7.5) , wit h the rocksal t structur e
becoming progressively more stabl e unti l it was the preferred polymorph
for th e simulate d I-VII compound. Based o n Mulliken population analy-
sis from thei r band structures , they could define an ionicity that could be
related t o tha t fro m th e dielectri c theor y o f Phillips (1970) . The experi -
mental pressure for the zincblende-to-rocksalt transition was found to be
reasonably well correlated wit h this calculated ionicity (Fig. 7.6), as it had
been fo r th e ionicitie s define d by Phillip s (1970). These result s indicat e
that variation s i n core potentia l produc e change s i n both charg e distri -
bution an d structura l stabilit y tha t ar e i n agreemen t wit h experiment .
Thus, the relative atomic potentials, rathe r tha n sizes , shoul d be seen as
the determinant s of structure.

Advances i n understandin g th e electrostati c valence-bon d su m rule
(Rule 2 ) have developed fro m th e extensio n o f this rule by Bau r (1970),
leading t o a n understandin g o f bond-lengt h distortion s fo r non-charge -
balanced anions , the generalization to a valence strengt h sum incorporat-
ing interatomi c distance s b y Brow n (1981) , an d th e demonstratio n b y
Gibbs e t al . (1987 ) that calculate d bon d length s follow scalin g law s lik e
that develope d b y Brow n (1981 ; se e Fig . 7. 7 fro m Gibb s e t al. , 1987) .

Fig. 7.5 . Calculate d (usin g a b initio  pseudopotential s and a  Gaussia n basi s set )
equations o f stat e (expresse d i n terms o f total energ y versus cel l size in atomi c
volume) fo r variou s binary compounds wit h th e (3-Sn , rocksalt , an d zincblende
structures: (a ) a  III- V compound , namely GaAs ; (b ) a prototypica l II-VI com -
pound; (c) a prototypical I-VII compound (after Chelikowsk y an d Burdett, 1986;
reproduced with the publisher's permission).
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Fig. 7.6. Correlation betwee n calculate d ionicit y an d th e transitio n pressur e fo r
the transformatio n from the 4-fol d coordinated zincblend e structur e to the 6-fol d
coordinated rocksal t structur e (after Chelikowsky and Burdett , 1986 ; reproduced
with the publisher's permission).

Unfortunately, n o quantum-mechanica l basi s fo r th e existenc e o f suc h
scaling rules ha s yet been developed .

Effects arisin g from the sharing of polyhedral elements hav e also bee n
studied mor e quantitatively , first usin g semiempirical approaches , a s b y
Tossell an d Gibb s (1976) , an d late r usin g ab initio  SC F Hartree-Fock -
Roothaan theor y (O'Keeffe and Gibbs, 1985) . During this time, Si2O2 ring-
containing molecule s wer e firs t synthesize d (Fin k e t al. , 1984) and thei r
properties studie d theoreticall y (O'Keeff e an d Gibbs , 1985 ; Kudo an d

Nagase, 1985) . Bot h an d

had calculated structure s simila r to those observed experimentall y in te-
tramesitylcyclodisiloxane (Tabl e 7.6), although th e differen t substituent s
on S i clearl y hav e som e influenc e upo n Si-S i distanc e sinc e Si 2O2 and
tetramesitylcyclodisiloxane hav e appreciabl y differen t experimental val-
ues o f thi s distance . Bot h calculate d deformatio n densit y map s fo r

(Fig. 7.8) and plots o f localized molecular orbit -

als for (Fig . 7.9) indicate th e absence of Si-Si bonding

in these molecules. Rather, the short , strong Si-O bond and the repulsion



Fig. 7.7 . A  plo t o f theoretical X- O bon d length s (R t in A) for hydroxyaci d mole -
cules versu s p , wher e p  i s th e bon d strengt h (s ) divided b y ro w numbe r (r ) for
rows 1  and 2  in the Periodi c Table . Bon d strengt h (s ) is cation charg e divided b y
coordination numbe r (fro m Gibb s et al. , 1987) .

Table 7.6. Observe d an d calculate d dimension s (A and degrees ) of
Si-O-Si-O rings

H4Si206

H4Si4Ol0

Si2O2
tetramesttyl-

cyclodisiloxane
silica-w

6-31G*
6-31G* (* )
STO-3G
STO-3G inne r ring
STO-3G oute r rin g
6-3 1G*

Si-Si

2,420
2.375
2.422
2.419
2.429
2.469
2.31

2.58

O-O

2.303
2.320
2.314
2.316
2.311
2.249
2.47

2.70

<Si-O-Si

92.7
91.3
92.6
92.5
92.8
94.3
86

87

Si-0

1.670
1.660
1.675
1.674
1.684, 1.669
1.683
1.66, 1.7 2

1.87

Source: Afte r O'Keeff c an d Gibbs , 1985.
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Fig. 7.8. Calculated (using ab initio  SCF Hartree-Rock-Roothaan M O methods)
deformation density maps for various Si2O2 ring-containing molecules: (a) H4Si2O6
in the plane of theo Si-O-Si-O ring ; (b) H6Si2O7 in the Si-O-Si plane. The contour
interval is 0.05 e A~3 , with negative contours dashed and the zero contour dotted
(after O'Keeff e an d Gibbs, 1985 ; reproduced with the publisher' s permission).

of the oxygens force the S i atoms together. Stud y of larger clusters [e.g. ,
(OH)2SiO2SiO2SiO2Si(OH)2] yielde d simila r equilibrium geometries. Cal-

culated geometries for the SiH 2 and

molecules were also in good agreement with those observed in crystalline
SiS2 (Table 7.7). Comparison o f calculated rin g strain energies using pro-
totype reactions :

and

indicates the oxide ring closing to be endothermic by 177 kJ mol ', while
that fo r the sulfid e is only 1 5 kJ mol '  endothermic , consisten t wit h the
stability of an edge-sharing polymorph o f SiS2 and the instabilit y of such
structures for solid silicon oxides .

7.1.4. Qualitative molecular-orbital theory and its applications

It is certainly reasonable to believe tha t many of the qualitative structura l
questions importan t in mineralog y and i n solid-stat e scienc e i n general
will have fairly simpl e qualitative answers. While this may not always be



Fig. 7.9. Contou r plot s o f the localize d molecula r orbital s i n the (H 2SiO)2 mole-
cule for (a ) the Si- O bond; (b ) the Si-H bond; (c ) and (d ) the lon e pai r orbital s
(after Kud o and Nagase , 1985 ; reproduced wit h the publisher' s permission) .

Table 7.7. Observed an d calculate d dimension s (A and degrees ) o f
Si-S-Si-S rings

H4Si,S,

H4Si4S6

SiS2

6-3 1G*
STO-3G
STO-3G, inne r ring

outer ring

Si-Si

2.858
2.861
2.882
2.869
2.776

S-S

3.213
3.141
3.124
3.134
3.239

«Si-S-Si

83.3
84.7
85.4
85.0
81.2

Si-S

2.150
2.124
2.125
2.123, 2 .
2.133

125

Source: After O'Keeff e an d Gibbs , 1985.
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true, an attempt to develop qualitative interpretations wil l often be worth-
while, bot h i n it s ow n righ t an d a s a  complemen t t o mor e quantitativ e
approaches. A  powerfu l metho d fo r developin g suc h understandin g i s
qualitative molecular-orbita l theory , utilizin g simple concept s o f pertur-
bation theory, symmetry, orbital overlap , and orbital electronegativity. I n
this section, w e first presen t a  brief discussion of the perturbation theory
of orbital interactions, briefl y discuss qualitative trends in orbital energies
and compositions for some simple molecules, and then discuss MO inter-
pretations o f severa l structura l trend s observe d i n solid-stat e chemistr y
and mineralogy. Interested readers shoul d consult Gimarc (1979), Burdett
(1980), an d Albrigh t e t al . (1985 ) fo r mor e extensiv e discussion s o f th e
applications o f qualitative MO theory t o molecule s and solids . A briefer
presentation ca n b e found in Burdett (1979) . Qualitative MO theory ha s
already been used in the contex t o f the interpretatio n o f spectra and cer -
tain properties i n Chapters 4  and 6  and ou r discussion of Pauling's Rules
earlier in this chapter.

Qualitative perturbation  theory.  W e may use a  standar d second-orde r
perturbation energy expression to determine the small modification in the
energy of an orbital m  due to interaction wit h other orbitals n . The inter-
action matri x elemen t ma y b e approximate d as : H mn =  1/2KSmn(Hmm +
H„„), where H mm i s a  diagonal matrix element an d S mn i s the overla p in -
tegral. Suc h a n approximatio n i s a n essentia l featur e o f th e extende d
Hilckel method, which is the basis for most qualitative MO schemes. The
overlap integral may be simplifie d to: S mn =  S mn(r)F(Q,d), wher e S mn(r) i s
a functio n o f internuclear distanc e an d orbita l characteristic s bu t no t of
angular variables ; al l o f the dependenc e upo n angula r variable s i s con -
tained i n F(6) . Suc h a  separatio n i s th e basi s o f th e angula r overla p
method (se e Burdett , 1980 , Chap . 1) . The angula r ter m ca n b e readil y
obtained fro m simpl e analytic formulae, so that the dependence o f Smn on
simple angular variables can be readily calculated. For example, the over-
lap integral between a  pa orbita l on a central atom and a-type orbitals on
the exterio r atoms o f a n AH 2 compound i s given as : S(r,6 ) =  S acos 0 ,
where 0 is the angle between the axes of the orbitals. Using this approach ,
we can construct simple qualitative MO diagrams as a function o f angular
coordinates. Base d upo n th e occupation s o f the molecula r orbitals, w e
can the n determin e th e structur e tha t minimize s the su m o f th e orbita l
energies. This structure is then presumed to be the mos t stable.

Interpretation o f angular geometries in molecules an d minerals.  A  clas-
sic example of the applicatio n of qualitative MO theory i s the interpreta -
tion o f the angula r geometry observed fo r H 2O. The qualitativ e MO or -
bital correlatio n diagram for a n AH 2 molecule , adapte d fro m Gimar c
(1979), i s shown in Fig. 7.10. Pictograms showing qualitative orbital com-
positions ar e show n alongsid e the orbitals . The cor e orbital s (e.g. , O  \ s
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in H2O) are not shown. For an H-A-H angl e of 180° in D^h symmetry, the
most stabl e valenc e M O i s th e lcr g, whic h i s a  bondin g combination o f
H 1 s and A s orbitals, while the lcru is the H Is-A p bonding combination,
the lir u i s a  pur e A  p  orbital , an d th e 2o- u is th e H  Is-A  p  antibondin g
orbital. Fo r H-A- H angle s les s tha n 180 ° in C 2v symmetry , the lcr g be -
comes th e \a \ an d i s somewha t stabilize d b y a  bondin g interaction be -
tween the H  atoms. Th e ICT U becomes th e \b 2, slightl y destabilized b y th e
reduced overla p o f H  I s an d A  p  orbitals . On e componen t o f th e ITT U
orbital become s th e lb 1 i n th e C 2v, geometry, remainin g entirel y A  p  i n
character an d essesntiall y nonbonding . The other component , however ,
is of a1 symmetry (2a1) and can mix with the higher-energy a1orbital (3a1),
which correlates with the 2cr g in D ah symmetry. The resulting stabilizatio n
of th e la 1 orbita l b y 2a1-3a1 mixin g may be understoo d t o aris e fro m a
mixing of A s and H  I s character int o the originally pure A p orbital . Thi s
gives bonding A-H an d H-H interactions , thus lowering the energy. The
extent t o which the 2a 1 orbita l is stabilized by admixtur e of "2<r g charac -
ter" ma y be approximated b y perturbation theor y (Gimarc , 1979 , Chap .
l)as:

where e  and e lm       e orbita l energie s i n the "unperturbed " (linear ) ge-
ometry,                 and H ' i s the perturbatio n i n the quantum-
mechanical Hamiltonian . Burdet t [1980 , Eq . (4.2) ] has show n tha t ( 3 is
proportional t o th e produc t o f the overla p o f the central-ato m p  orbita l
with the outer-ato m o - orbital an d th e coefficien t o f the oute r ato m c r or-
bital i n the 2<r g molecular orbital. Since changes in (3 are not easy to eval-
uate quantitatively , i t i s customar y t o focu s upo n change s i n A E =
e 2 , T e ~ E i , T U tha t are more easily assessed.

Fig. 7.10 . A  qualitative MO diagram fo r a linear
and a bent AH2 molecule . Shade d an d unshade d
orbital lobe s ar e o f opposite sig n (adapted fro m
Gimarc, 1979) .
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For system s wit h 4  valence electrons , th e destabilizatio n o f the Ib 2
orbital on bending favors a linear geometry. For systems with 5-8 valence
electrons, th e highest occupied molecular orbital in linear geometry, lir u,
is stabilized b y bending and so such species ar e expected, an d observed ,
to b e ben t (Gimarc , 1979 , Chap. 3) . Only if the 2a , stabilizatio n i s very
small wil l a  linea r geometr y b e observed . Th e exten t o f bending is ex -
pected t o increas e wit h AE , whic h i s inversel y dependen t upo n A s =
e2trg-elini. The eigenvalue of the purely A p lir u orbital will be determined
mainly by the ionization potential o f the A p orbital (or more qualitatively
by the electronegativit y o f A), while that o f the 2a g wil l depend bot h o n
the electronegativity of H and on the A-H distance . The observed H-A- H
angle decreases fro m 104.5 ° in H2O to 92.1 ° in H 2S (an d remains almos t
the sam e fo r H 2Se an d H 2Te). This change arise s bot h fro m th e reduce d
electronegativity or lowered valenc e ionization potential o f the centra l A
atom, whic h destabilize s th e lir u orbital , an d fro m th e increase d A- H
bond distances , whic h stabiliz e th e antibondin g 2o- g orbital. Barrier s t o
linearity i n AH2 specie s ar e expecte d t o chang e in a related way . Thus ,
an AH2 species wit h A of low electronegativity an d a long A-H bon d will
have both a small H-A-H angl e and a large barrier to linearity.

The simpl e approach outline d above has been supporte d b y accurat e
quantum-mechanical calculations fo r a  number of AB2 specie s wit h rea -
sonably covalent bonding (Allen, 1972). Such studies sho w that total mo-
lecular energies exhibi t the sam e trends a s sums of valence-orbital eigen-
values, an d tha t calculate d eigenvalu e change s wit h angl e ar e i n
reasonable accor d wit h qualitative molecular-orbita l theor y predictions .
Even for highly polar molecules , such as Li2O, for which MO eigenvalue
trends giv e incorrect geometr y predictions , a  sligh t reformulation o f the
self-consistent-field equation s gives orbitals whose eigenvalues do change
with angle in a way consistent wit h experiment (Stenkamp and Davidson,
1973). Thi s does not necessaril y mea n tha t th e qualitativ e MO approac h
gives a complete picture of angular energetics—it may well ignore impor-
tant change s i n som e energ y components . Nonetheless , trend s ar e pre -
dicted correctl y s o tha t th e mode l provides a t leas t a  simpl e mean s fo r
rationalizing and systematizing the data.

A simila r approac h ha s bee n applie d t o man y othe r AB 2-type mole-
cules in which an atom with valence p orbitals, o r even a group of atoms ,
is bonde d t o a  centra l ato m A . Fo r example , H 3SiOSiH3 ma y be inter -
preted as an 8-valence electron AB 2 system with A = O and B = SiH3 (Tos-
sell, 1984b) . The -SiH3 group interacts with O primarily by cr bonding and
contributes on e valenc e electro n t o th e centra l atom . Thus , w e woul d
qualitatively expect the Si-O-Si angle to be bent, as observed. Th e SiH 3
CT orbita l tha t interact s wit h the O  p orbita l is the Ia 2 MO, which would
be purel y S i 3p in characte r fo r a  planar SiH 3 group, and woul d acquire
some S i 3.v an d H  1s character i n a pyramidal geometry.
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The approach describe d abov e clearl y neglect s a  number of detaile d
changes occurring fro m molecul e t o molecule an d from on e geometry of
a molecule  t o another . Nonetheless , thi s simpl e model i s able to ration-
alize many trends in bond angles in gaseous molecules . Similarly , the fol-
lowing bond-angle trends observed i n minerals can be rationalized :

1. Fo r constan t B, th e B—A—B  angl e decrease s as A become s les s
electronegative.

2. Fo r constant A, the B-A-B angle decreases as B becomes mor e
electronegative.

3. Fo r constan t A  an d B , increasin g A- B interatomi c distanc e
leads to decreasing B-A-B angle.

4. I f B' i s more electronegativ e tha n B , th e angl e B-A-B'  i s ap-
proximately equal to the angl e B'-A—B'

5. Protonatio n of A causes the angle B-A-B to approach 130-140°.
An exampl e o f tren d (1 ) is th e decreas e i n bridgin g angl e observe d

when A i s change d from O  (with an electronegativit y valu e o f 3.5) to S
(with electronegativit y o f 2.4; Allred, 1961) . Geisinge r an d Gibb s (1981 )
have show n tha t minimum-basis-se t Hartree-Fock-Roothaan SC F cal-
culations yield an Si-O-Si angle of -125° and an Si-S-Si angl e of -100°
for SiH 3OSiH3 and SiH3SSiH3, and have noted that Si-O-Si angles in sol-
ids range from 120° to 180° (averaging about 145°), whereas Si-S-Si angles
range onl y fro m 106 ° to 115 ° (averaging 110°) . The y als o relate d th e
smaller angular range observed fo r Si-S-Si angles to the larger calculated
value of the barrie r t o linearity. Decreasing the electronegativity of A de-
stabilizes the ITT U orbital, thu s decreasing its separation fro m th e 2<r g. Th e
decreased separatio n leads to a greater stabilization of the 2al orbital upon
bending, favorin g a  smalle r bridgin g angle and giving a larger barrie r t o
linearity. Similarly, Si-N-Si angles are systematically smaller than Si-O -
Si angles because o f the lower electronegativity of N compared t o O.

Trend (2 ) i s illustrate d b y th e decreas e i n bridgin g angl e fro m
SiH3OSiH3 (144° ) t o CH 3OCH3 (111° ) (Tossel l an d Gibbs , 1978) . Th e
electronegativity of C is 2.50 and that of Si, 1.74 , so that changing B from
-SiH3 to -CH3 stabilizes the 2<r g orbital, reducing its separation  fro m th e
liru and giving a stronger 2a1-3a, interaction and a smaller bridging angle.
The lowe r observe d value s fo r Ge-O-G e angles (averag e ~125° ) com-
pared to Si-O-Si angles may also be explained by the higher electronega -
tivity of Ge compared t o Si .

Trend (3) is seen in the reduction in Si-O—Si angle as the Si-O bridging
bond lengthens (Newton and Gibbs, 1980). A lengthening of the A-B bond
reduces the destabilization of the 2a g orbital, thu s reducing Ae.

Trend (4) has been observed in many calculations (see Gibbs, 1982),
for example, Si-O-B angle = 126° and! B-O-B angle = 133° from molec-
ular-orbital calculation s on TH3OT'H3 molecules. For such B—A—B' spe-
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cies, simpl e perturbatio n theor y indicate s tha t th e lower-energ y 2a , or -
bital wil l be enhance d i n th e mor e electronegativ e o f B  an d B ' an d th e
higher-energy 3a , orbita l enhance d i n th e les s electronegative . Fo r ex -
ample, i n a  Si-O-B  species , B  CT character wil l be enhance d i n the 2a ,
orbital, giving a strong stabilization with decreasing angle, while Si CT
character wil l b e concentrate d i n the (empty ) 3a, orbital . Thus , th e sta-
bilizing interaction fo r the Si-O-B  case wil l be much like that fo r B-Q-
B. Similarly, equilibrium Si-O-H angles are calculated to be 109° (Gibbs,
1982), much closer to the 100 ° H-O-H angl e calculated in H2O than to the
142° calculated fo r Si-O-Si in SiH3OSiH3 (Gibbs, 1982).

Trend (5) has also been observed in many cases (Gibbs , 1982) and may

be interpreted by treating the specie s as one in which the B-A-B

angle and B-A-R angl e must accommodate eac h other to obtain the most
favorable tota l energy . Since the B-A-H angle s in isolated molecule s are
small (—100-120° ) an d hav e larg e barrier s t o linearity , they wil l tend t o

have values in specie s tha t are close to their equilibrium values

in isolation if the B-A-B angl e alone has a large value and a small barrier
to linearity . Thus , th e calculate d decreas e i n equilibriu m A1-O-A 1
angle from 150 ° to 140 ° when O is protonated arise s from th e requirement
that th e mor e rigi d Al-O-H angl e b e 110° . However, whe n the B-O-E
linkage i s protonated , th e angl e expand s fro m 133 ° to 137° , giving a
B-O-VL angl e o f 112° . In general , sinc e c a l c u l a t e d a n g l e s rang e

only fro m 110 ° to 115° , the correspondin g angl e in spe -

cies wil l be 130-140° . Th e tendency for B-O-B angle s to sho w less vari-
ability in the protonate d cas e i s evident from th e result s o f Gibbs (1982).
Since protonatio n (o r interactio n wit h other cations ) i s favorable whe n
the bridgin g O is underbonded i n the Paulin g sense, w e expect th e pro-
tonated resul t t o agre e mor e accuratel y wit h experiment i n suc h cases.
For example, the average angl e observed i s about 137° , in good

agreement with that calculated fo r the s a t u r a t e d s p e c i e s .

We have assumed u p t o thi s poin t that system s ar e planar .

However, suc h species , fo r example , + , ar e analogue s of
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eight-valence-electron AH 3 species whose predicted geometr y is pyrami-
dal (Gimarc , 1979) . Th e degre e o f pyramidization i s determine d mainl y
by th e 2a,'-la 2" separation, whic h decreases a s the centra l A  ato m be -
comes les s electronegative , o r the exterio r ato m become s mor e electro -
negative. Fo r oxygen , th e departur e fro m planarit y an d th e barrie r t o
planarity ar e bot h smal l (H-O-H angl e =  110° , barrier t o planarit y =
8 kJ/mo l i n H 3O+), bu t thes e quantitie s ar e muc h large r fo r sulfu r
(H-S-H angl e =  96.0° , barrier =  13 0 kJ/mol in H3S + ; Dixon and Mary-
nick, 1977) . Therefore, three-coordinat e O  is nearly planar i n H3O+ an d
in (SiH 3)3O+ (Tossell , 1984b) , whil e S  i s distinctl y pyramidal . Simila r
trends are observed i n solids. Fo r example , O  in TiO2 is three-coordinat e
and planar , whil e S  i n TiS 2 i s three-coordinat e bu t pyramida l wit h a
Ti-S-Tiangleof90°.

The above discussion has focused upon a-bonding interactions, but IT-
bonding interactions ma y also b e important , as described by Albright et
al. (1985 ) and Burdett (1988) for Si-O-Si linkages. A linear Si-O-Si angle
would b e stabilize d b y interactio n o f the O  2pi r orbital s wit h accepto r
orbitals o f T T symmetry on th e -SiH 3 group . Thi s orbita l i s presume d i n
Albright et al. (1985) to be basically a Si-H a* orbital , in agreement with
the conclusion s of Tossel l e t al . (1985b ) based o n electro n transmissio n
spectral studies . The larg e valu e an d flexibilit y o f Si-O-Si angl e would
then arise fro m a  balance o f cr- and ir-bonding effects. Suc h O 2pTr-Si- H
cr* interactions also stabilize planar three-coordinate oxygen. In TiO2, ac-
ceptance o f O  2ptr  electro n densit y into empty Ti 3d orbitals als o stabi -
lizes a  planar structure . Such -rr-bonding interactions occu r a s well for S
compounds, but th e relativ e strength of T T bonds compared t o c r bonds i s
considerably smalle r for second-row atoms suc h as S, so that the pyram-
idal geometry stabilized by c r bonding prevails.

Structures o f A n anion s an d XA n molecular  anions . Tossel l (1983 ) wa s
able to rationalize a number of structural properties o f polyatomic anions
using qualitative MO theory i n minerals, for example ,

1. Th e frequency of occurrence o f S2
2- compared t o O 2

2~ in solids.
2. Th e larg e numbe r o f differen t polyanion s observe d fo r S  an d

isoelectronic P ~ (e.g. , S 4
2~ an d P 4

4~).
3. Th e formation of O-O bonds as electron pairs are removed from

oxyanions TO n"~.

The electron affinity of S2 is higher than that of O2 because the TT bond-
ing MO occupied in the anion is less strongly IT antibonding in S
O2. This enhanced stabilit y in the TT * MO of S2

2 requires less of the over-
all stability of a compound to arise throug h interaction wit h the counter -
ions an d explain s wh y ther e ar e a  greate r numbe r o f S 2

2~ tha n O 2
2

bearing compounds. The formatio n o f polyanions involves, in general, a
reduction i n th e numbe r of T T bonds and a n increas e i n th e numbe r of or
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bonds. Since relative IT to cr bond strengths are lower for second-row ele-
ments like S, polyanions such as S 4

2~ are more favored than their oxygen
analogs. Burdet t (1980 ) has show n ho w additio n o f electrons t o th e 20-
valence-electron structur e P4 leads to successive bond breaking. A similar
approach explain s the squar e plana r structur e o f S4

2+ ( a 22-electron sys-
tem), the C 2 symmetry kinked chain structure of S 4

2~ ( a 26-electron sys -
tem), and th e squar e plana r structur e o f As4

4~ i n skutterudite (a 24-elec-
tron system) . The formation of an O-O bon d in CO3° can be understoo d
by treating the oxyanion as an O3

4 grou p "stuffed" wit h a C4+. The O3
4

group woul d have 2 2 electrons (compare d t o a  maximu m of 1 8 allowed
for a  stable cycli c A3 system), and two bonds would therefore break, giv-
ing a structure wit h two long and one shor t O-O distances , a s observed .
Such results support the idea that, if electron pair s are removed from ions
such as CO3

2 o r SiO4
4-, additional O-O bonds will form. Such oxidation

of the ions could occur by coupled removal of cations and electrons (e.g. ,
removal of Mg2+ an d 2  electrons from CO 3

2~ i n MgCO3).
It has been suggeste d tha t virtually all samples of MgO (and probably

silicates as well ) contain smal l amounts of H2O and CO 2 (Freund, 1981) .
These impuritie s lead to formation of O species . Th e species CO 4

4" ha s
also bee n postulate d t o occu r o n th e surfac e o f Mg O exposed t o CO 2.
This specie s ha s recentl y been studie d b y ab initio  SCF Hartree-Fock-
Roothaan M O calculations, bot h in its anion form an d a s the protonate d
cluster C(OH) 4 (Gupta et al. , 1981) . Its calculate d equilibriu m bond dis -
tance i s intermediate between thos e observe d fo r B and N in tetrahedra l
coordination wit h oxygen, an d ther e seem s t o b e n o intrinsi c sourc e o f
instability. Thus, such a species seem s stable . However , the calculation s
indicate a  charge o n C in CO4

4~ ver y similar to that in CO3
2 ,  arguing for

the formulatio n C4 + O4
8 a s firs t approximatio n t o th e electroni c struc -

ture, rathe r tha n th e C°(O 4
4~) formulatio n suggeste d b y Freun d (1981) .

Perhaps suc h a  species i s better formulate d as a chemisorption comple x
of a CO2

2 anio n (a bent, 18-valence-electro n system ) and an O .  .  .  O
species o n th e Mg O surface . Suc h a  CO 2

2 specie s migh t also b e quit e
mobile within the MgO crystal structure .

Bond breaking  and electron  count.  A s we have observe d for a number
of different systems , the ordering of molecular orbitals is always bonding,
below nonbonding, below antibonding, with respect t o any given type of
interaction. Th e sam e basic pattern pertain s i n the band structure of sol-
ids. Sinc e th e stabilit y of a material depend s upo n the occupation o f or-
bitals o f variou s bondin g energetics , w e migh t expec t t o se e commo n
trends in the energetic s o f molecules an d solid s as a  function o f electro n
count. A s describe d i n Albright e t al . (1985) , plots o f cohesive energie s
of molecules, main-group elements, and transition elements as a functio n
of number o f valence electrons sho w a characteristi c plot, with stability
maximized fo r intermediat e numbers o f electrons, in which bondin g and
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nonbonding, but no t antibonding , orbital s ar e occupie d (Albrigh t e t al. ,
1985, p . 255) . I f additiona l electron s ar e adde d t o a  structur e wit h al l
bonding and nonbonding orbitals occupied , th e stabilit y o f the structur e
is reduced , an d distortio n accompanie d b y bon d breakin g ofte n occurs ,
converting occupie d antibondin g orbital s t o nonbondin g orbitals . Fo r
example, th e wurtzit e structur e i s stabl e fo r eigh t electron s pe r atomi c
pair (e.g. , ZnS ) bu t additio n o f electron s (e.g. , alon g th e serie s
(3-GaSe^As^Se, Te-^I 2-^Xe wit h 9 , 10 , 12 , 14 , and 1 6 electrons, re -
spectively) leads t o systemati c bond breaking , although a  number of dif-
ferent pattern s o f bond breaking ca n arise (Burdett, 1979) . A similar pat-
tern o f bon d breakin g upo n successiv e electro n additio n ca n b e see n
starting wit h an 8-valence-electro n NaC l structure . Tw o extra electron s
per diatomic unit , as in As or black phosphorus , giv e a structure arising
from bon d breakin g startin g wit h rocksalt , a s show n i n Fig . 7.1 1 fro m
Burdett and Lee (1983) . Thus, given a simple structure, stabl e for a given
electron count, we can often systematically explain its change as the elec-
tron coun t i s increased .

We may visualiz e the depolymerizatio n o f silicate structure s wit h in-
creasing electro n coun t i n th e sam e way , a s show n i n Tabl e 7. 8 (fro m
Burdett, 1980) . For the fully polymerize d SiO 2 structure, wit h an averag e
of 5.33 valence electron s pe r atom, th e highest-energy occupied MOs are
nonbonding O  2p and th e lowest-energ y empt y MOs are Si- O antibond -
ing. Increasing the number of valence electron s pe r atom without chang-

Fig. 7.11 . Bon d breakin g i n th e rocksal t (NaCl ) structur e leadin g t o th e blac k
phosphorous (P ) and arseni c (As ) structures (afte r Burdet t an d Lee , 1983 ; repro-
duced wit h the publisher' s permission) .
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Table 7.8. Breaku p of silicate structure s wit h increasing electron count

Number of
System electrons per atom Examples

SiO2 5.3 3 Three-dimensiona l structures as i n quartz (with
isomorphous replacemen t b y A l in feldspars
and zeolites)

(Si2O5)n
2"- 5.7 1 Doubl e chains (e.g. , gillespite, BaFeSi4O10) an d

sheets (e.g. , micas )

(Si4O11)n
6n- 5.8 7 Doubl e chains [e.g. , amphibole s such as

tremolite, (OH) 2Ca2Mg5(Si4Oll)J

(SiO3)n
2n- 6.0 0 Cycli c chains (i.e. , rings), as in benitoite

(BaTiSijO,), an d linea r chains [e.g. ,
pyroxenes suc h a s diopside, CaMg(SiO 3)2]

(SiO4)4~ 6. 4 Isolate d tetrahedr a a s in orthosilicates (e.g. ,
olivines M2SiO4, M  mixtur e of Mg, Fe , Mn )

Source: Fro m Burdett, 1980.

ing the structur e would populate antibonding orbitals. Th e resulting com-
pound ca n b e stabilize d b y distortion s i n whic h bond s ar e broke n an d
antibonding orbital s thu s converte d t o nonbonding . Th e consequence i s
depolymerization, wit h specifi c number s o f valenc e electron s pe r ato m
giving specific types of silicate structures .

We can also see the descent i n symmetry from NaC l to less connecte d
structures, suc h as As, a s a distortion induced by the presence o f a half-
filled band . A  one-dimensiona l soli d wit h a  half-fille d ban d i s unstabl e
with respesc t t o a  geometric distortio n lowerin g its symmetry , known a s
a Peierls distortion. For example, polyacetylene, a one-dimensional metal
with a half-filled uppermos t occupie d ban d for a symmetric geometry (all
C-C distance s equal) , lower s it s energy by distorting t o a  structure with
inequivalent C-C distances . Suc h a  distortion is the solid-stat e analo g of
the Jahn-Teller distortions encountere d i n molecules (e.g. , i n cyclobuta-
diene, which distorts fro m square to rectangular). Distortion s from a sim-
ple cubi c structur e i n one t o thre e dimension s ca n als o b e visualized a s
being o f the Peierl s type (Burdett and Lee , 1983) . Fo r th e group V ele -
ments, wit h a n s 2p3 valence-electro n configuration , b y analog y wit h th e
one-dimensional case , w e shoul d expec t a  distortio n awa y fro m simpl e
cubic by the fission of alternative linkage s along the x, y, and z directions .
Such a  distortio n o f the simpl e cubi c structur e t o for m th e arseni c an d
black phosphoru s structure s i s illustrated i n Fig. 7.11 . At high pressure ,
black phosphorus convert s t o the simple cubic arrangement, which is me-
tallic a s expecte d fo r a  half-fille d band . Suc h a n approach als o explain s
how th e paren t undistorte d structur e ca n b e stabilized . Fo r example ,
square cyclobutadien e ca n b e stabilize d b y introducin g substituents on
the C  tha t lif t th e degenerac y o f th e highes t occupied molecular orbital

Number of
System electron s pe r ato m Example s

SiO2 5.3 3 Three-dimensiona l structures as i n quartz (with
isomorphous replacemen t b y A l in feldspars
and zeolites)

(Si2O5)n
2n- 5.7 1 Doubl e chains (e.g. , gillespite, BaFeSi4O10) an d

sheets (e.g. , micas )

(Si4O11)n
6n- 5.8 7 Doubl e chains [e.g. , amphibole s such as

tremolite, (OH) 2Ca2Mg5(Si4O,,)J

(SiO3)n
2n- 6.0 0 Cycli c chains (i.e. , rings), as in benitoite

(BaTiSijO9), an d linea r chains [e.g. ,
pyroxenes suc h a s diopside, CaMg(SiO 3)2]

(SiO4)4~ 6. 4 Isolate d tetrahedr a a s in orthosilicates (e.g. ,
olivines M2SiO4, M  mixtur e of Mg, Fe , Mn )
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(HOMO). A similar approach can stabilize the rocksalt structur e (the AB
analog o f the elementa l simpl e cubic structur e above) . B y introducing a
large electronegativit y differenc e between A  an d B, w e generate a  sub-
stantial HOMO-LUM O (lowes t unoccupie d molecula r orbital ) gap .
Based o n the relative positions o f A  an d B s  and p valenc e levels , a num-
ber o f differen t sequence s o f structura l energie s ca n b e expected . Onl y
for th e case in which both s  and p orbital s o f A li e below thos e o f B wil l
the rocksalt structur e be favored.

Qualitative molecular-orbital  analysis  o f computational  results.  Rathe r
than employin g purely qualitative, symmetry-base d theory , w e can als o
perform calculation s o n solid s o r cluster s an d the n analyz e the m using
qualitative M O arguments . W e wil l conside r tw o suc h studies : (1 ) a n
EHMO stud y o f SiO 2 i n (3-quartz , stishovite , an d hypothetica l silica- w
structures (Burdet t an d Caneva , 1985) , and (2 ) an MS-SCF-X a stud y of
electron-rich transition-meta l compounds (Tossel l and Vaughan, 1981).

Extended Hilckel (EHMO) tight-binding band-structure calculations on
(3-quartz giv e a  Si-O-S i angl e fortuitousl y withi n abou t 1 ° of tha t ob -
served. More interestingly, in the EHMO calculation one can easily "turn
off" variou s covalen t interaction s b y settin g the correspondin g overla p
integrals equal to zero. Eliminating all Si-Si interactions an d performing
the calculation for the oxide ions alone (i.e., empty tetrahedra) gives very
similar equilibriu m values o f Si-O-Si angle . Thes e result s indicat e tha t
Si-Si and eve n Si-O interactions hav e littl e influenc e upon th e equilib-
rium angle , whic h i s mainl y determined b y oxygen-oxyge n repulsions .
An EHMO cluste r calculation on the Si 2O7

6- cluste r constrained to adopt
the geometr y found withi n the crystal , an d with only the u  parameter o f
the (3-quart z structur e varied , gives much the sam e equilibriu m Si-O-Si
angle a s th e ful l ban d calculation , an d similarl y smal l effect s fo r th e
Si-Si an d Si- O interactions . Fo r th e stishovit e structure , a n EHM O
band calculatio n als o give s goo d agreemen t wit h experimen t fo r th e
Si-O-Si angle, while calculations o n discrete clusters with small numbers
of S i atoms give smaller values of Si-O-Si angle due to a relative exces s
of O br-Obr repulsiv e interactions i n th e discret e cluster . Th e calculate d
Si-O-Si angl e fo r th e edge-sharin g silica- w structur e i s considerabl y
smaller than for stishovite, and shows the same dependence o n the num-
ber o f Si atoms i n the oligomer . Fo r th e stishovit e and silica-w-typ e oli-
gomers, the repulsions between terminal oxygens, overcounted i n the fi-
nite oligomer clusters, have a strong influence upon the equilibrium angle.
One conclusio n o f the wor k i s tha t cluster s use d t o mode l oxidi c solid s
should have the same number of close O-O contact s as in the bulk solid ,
to avoid exaggerating the influence of such interactions.

Tossell an d Vaugha n (1981 ) use d MS-SCF-A'a calculation s o f orbita l
eigenvalues for clusters containing electron-rich transition metals such as
Zn to rationalize preferred coordinatio n numbers in the Cu family an d Zn
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family solids . Th e meta l valenc e d  orbital s o f heavy metals suc h a s Pt ,
Au, an d H g are known to be raised i n energy by relativistic effects. The
energies of metal valence orbitals versus those of ligands were also known
to be systematicall y raised b y increase in coordination number , particu-
larly in going from th e two-coordinatio n characteristi c o f gas-phase mol -
ecules lik e ZnCl 2, t o th e four-coordinatio n observe d i n solid s suc h a s
ZnCl2. Fo r compound s o f d 10 metals, th e meta l af-ligan d p  molecula r or -
bitals of both bonding and antibonding type are completely filled. On the
basis o f simpl e overla p considerations , suc h completel y fille d bondin g
and antibondin g orbital set s give an overall destabilization . Thi s destabi -
lization can b e reduced b y increasing th e energ y separatio n o f the meta l
d an d ligan d p orbitals , thu s reducing their covalent mixing . The 3 d or -
bitals of Zn lie far below the 3 p orbitals o f S; so covalent destabilizatio n
is small for al l coordination numbers . The 5d orbitals of Hg, on the othe r
hand, are o f much higher relative energy and thus can mix more strongly
with S 3p. The destabilizing effect o f such mixing can be reduced in struc-
tures adopting a lower Hg coordination number , which will both stabiliz e
the H g 5 d orbita l (movin g it dow n i n energ y awa y fro m th e S  3p ) an d
reduce th e numbe r o f covalen t interactions . Fo r Ag + compounds , th e
maximum A g 4d-L p  separatio n i s achieve d by raisin g th e A g 4d using
high coordination numbers in the halides, which have high-stability ligand
p orbitals, and by lowering the Ag 4d using low coordination numbers for
the chalcogenides , wher e th e valenc e p  orbital s ar e les s stable . B y con -
trast to the case of d10 metals, compounds o f d9 metals suc h as Cu 2+ ar e
found t o b e stabilize d b y M  d- L p  bondin g sinc e th e (partiall y unoccu-
pied) HOM O i s M—L antibonding. The coordinatio n number s and struc -
tural distortions characteristic fo r d9 metal ions are found to be those lead-
ing t o increase d covalen t mixing , fo r example , distorte d octahedra l
coordination i n Cu2+ halides , and plana r three-coordination i n Cu2+ sul -
fides. Thus , simple considerations o f destabilization and stabilizatio n de-
pending upo n th e occupation s o f antibonding orbital s ca n rationaliz e a t
least som e aspect s o f th e structura l chemistr y of th e C u an d Z n famil y
metals.

7.2. Minerals at elevated pressures and
the interior of the Earth

Seismological evidence ha s led to the realizatio n tha t the Eart h i s a lay-
ered body, with the basic subdivision s into crust, mantle, an d core being
further refined to give an upper and lower mantle separated by a transition
zone, an d a  liqui d outer cor e an d soli d inne r core . Th e differen t layer s
show fairl y shar p contrast s in density and elasti c properties , leadin g to
speculation tha t change s in crysta l structure (and possibl y in electronic
structure) as wel l as in overall composition are responsible for the layer-
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ing (Birch , 1952 ; Jeanloz an d Thompson , 1983) . No t surprisingly , high-
pressure experimenta l studie s hav e bee n employe d t o examin e change s
in crysta l structure s an d physica l propertie s o f phases likel y to occu r i n
the mantle and core, with pressures equivalen t to the deepest region s now
being attainabl e (e.g. , Manghnan i an d Akimoto , 1977 ; Akimot o an d
Manghnani, 1982 ; Schreyer , 1982 ; Sunagawa , 1984 ; Navrotsky , 1987 ;
Manghnani an d Syono , 1987) . Thes e reference s als o sho w tha t a  wid e
range o f diffraction, spectroscopic , an d relate d method s (se e Chapte r 2 )
have been applied , no t onl y to phases synthesize d a t high pressures an d
quenched t o ambien t conditions , bu t als o t o material s studie d i n situ  i n
diamond anvi l cell s an d larg e volum e assemblie s suc h a s multipl e anvi l
systems.

In Fig . 7.1 2 are show n estimates base d o n geophysical (an d othe r in -
direct) evidenc e o f the variation s o f pressure, temperature , an d densit y
with dept h i n the Earth . Althoug h sample s o f materia l derive d fro m th e
upper mantl e d o appear a t th e Earth' s surface , th e natur e of the othe r
layers and origins of the discontinuities in density that separate them can-
not b e studie d directly . Th e indirec t evidence , includin g that fro m high -
pressure laborator y studies , suggest s tha t th e discontinuit y a t 40 0 km
depth, whic h separates th e upper mantl e from th e transition zone , arise s
from th e transformatio n o f magnesium-ric h olivin e [(Mg,Fe) 2SiO4] t o a
modified spine l (3) phase and then to a spinel structure. Th e discontinuity
around 700-72 0 km i s probably associate d wit h th e transformatio n o f a
spinel phase to an assemblage o f oxides dominated b y a MgSiO3-rich per-

Fig. 7.12 . Estimate s o f the variatio n o f pressure, temperature, an d density within
the earth as a  function o f depth (Navrotsky , 1987) .



362 THEORETICA L GEOCHEMISTRY

ovskite structure phase . Th e iron likely to occur in the olivine and spinel
phases ma y for m a  separat e (Mg,Fe) O phase a t thi s stag e ( a magnesio-
wilstite) since the solubilit y of FeSiO3 i n perovskite i s rather low. Alumi-
num, with some iron and other elements, may also be present in the lower
mantle a s a  garnet o f composition i n the regio n Mg 4Si4O12-Mg3Al2Si3O|2.
All o f th e geophysica l an d geochemica l evidenc e point s t o th e Earth' s
core being dominated by iron, probably alloyed with some nickel, but the
density estimates indicate the presence of some lighter element, the iden-
tity o f which is stil l debated. Th e mos t widel y proposed candidat e i s S ,
although experimenta l evidence i n suppor t o f O and H has been put for-
ward in recent year s an d geochemical evidence has been put forward for
the presence o f K.

In addition to th e contributions to understanding the Earth' s interio r
from geophysica l evidenc e an d th e geochemistr y o f sola r syste m mate -
rials, and from very high-pressure experiments, an important contribution
comes fro m attempt s t o calculat e th e effect s o f pressure o n crysta l an d
electronic structure s o f appropriate material s usin g quantum-mechanical
methods. Som e example s of this approach wil l now be considered , wit h
reference t o th e phase s though t likel y t o dominat e th e interio r o f th e
Earth.

7.2.1. Olivine  and Mg2SiO4 spinel

The geometri c an d electroni c structure s o f magnesiu m olivine have al -
ready bee n discusse d i n detail (se e Sectio n 5.2.2) . Attempts to describ e
the structura l and physica l properties o f both magnesiu m olivine and it s
spinel-structured polymorph (ringwoodite) and their response t o increas -
ing pressure have centered o n atomistic simulations. Earlier work in this
field wa s reviewe d by Price an d Parker (1984) , who point out the limita-
tions of fully ionic , rigid-ion models an d introduc e ne w mode l potentials
that explicitl y consider th e contributio n o f covalency t o th e Si- O bon d
(via a  Mors e potential) . Althoug h the interatomi c potentia l parameter s
developed for the fully ioni c models reproduce the atomic coordinates an d
cell parameter s reasonabl y wel l (e.g. , Miyamot o et al. , 1982) , they give
very poor agreement with elasticity and dielectric data , because suc h data
depend o n th e secon d derivativ e o f th e potential . Th e partiall y ioni c
models employing potentials that utilize fractional or partial charges cou-
pled with short-range repulsion terms satisfactorily reproduce bot h struc-
tural and elasti c properties . Thus , the potential s P4 and P5 of Price an d
Parker (1984) not only reproduce the experimentally observed structura l
data for forsterit e and ringwoodit e well (see Tabl e 5.2 in Chapter 5) , bu t
also the observe d elasticity data fo r forsterite (see Tabl e 7.9) . Bette r fit s
are also achieved for th e stati c dielectric constants (Tabl e 7.10). P 5 rep -
resents optimization of the potential , not onl y against structural data , but
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Table 7.9 . Observe d and calculated elasticit y
constants fo r forsterite (units , Mbar )

cll11
c22

C33

C44

C55

CM
C12

C13

C23

Observed

3.28-3.31
1.91-2.00
2.30-2.36
0.66-0.67
0.81-0.83
0.81-0.82
0.64-0.66
0.68-0.69
0.72-0.74

P4

2.65
1.91
2.27
0.77
0.69
0.78
0.80
0.87
0.77

P5

2.94
2.07
2.40
0.74
0.65
0.71
0.72
0.70
0.81

Source: Afte r Pric e and Parker , 1984.

Table 7.10 . Observe d an d calculated stati c dielectric
constants for forsterit e

Observed P4 P5

e11
e22

e33

eisotropic

— 4.0 8
— 4.3 5
— 3.6 9

5.5-6.6 4.0 4

5.61
6.11
6.45
6.06

Source: Afte r Pric e and Parker , 1984.

also against the ful l elasticit y dat a fo r forsterite. Thes e overal l potential s
also give good agreemen t wit h the calculate d bul k modulus (KFo) and in -
dividual cation polyhedral moduli (KSi0 and KMg0) of forsterite and, so far
as dat a ar e available , fo r ringwoodit e (se e Tabl e 7.11) . Th e calculate d
pressure derivatives of the elastic constant s (dc i jldP) ar e also very similar
to those measure d b y Brillouin scattering (Basset t e t al. , 1982 ; see Table
7.11).

7.2.2. MgSiO 3 an d CaSiO3 perovskite

Following the widespread acceptanc e o f the view that silicate perovskites
may b e major components o f the lowe r mantle (se e Jeanlo z an d Thomp-
son, 1983) , there hav e been a  number of attempts t o calculat e th e struc -
ture, elasti c properties , an d equation s o f stat e o f these material s (Wolf
and Jeanloz , 1985 ; Wolf and Bukowinski , 1985, 1987 ; Matsui et al. , 1987 ;
Hemley e t al. , 1987) . A  great dea l of interest has als o been generate d i n
the crysta l chemistr y o f perovskite-structur e phase s becaus e o f thei r
"high-temperature" superconductin g properties .

Matsui et al. (1987) used an atomistic simulation approach t o study the
ilmenite an d perovskit e phases o f MgSiO 3 and employe d the WMI N com-
puter progra m (Busing, 1981 ) to produc e a  potential model based on em-



Table 7.11. Predicte d values of the elasticity data and its pressure dependence
for forsterit e and ringwoodite, using potentials P4 and P5

Obs.

Forsterile
KFo"(Mbar) 1. 4

dc11
b 8.3-9. 8

dP
dc44 1.7-2. 1
dP
dc12 4.3-4. 8
dP

Ringwoodite'
K R i , (Mbar) 2. 1

C11 (Mbar ) —
dc11 -
dP

P4

1.5

7.1

5.7

3.5

2.1

3.9
6.7

PS

1.5

6.2

1.8

3.1

2.2

3.7
6.7

KSi_o (Mbar )
KMg2-o (Mbar)
dc22

dP
d£s
dP
dcn

dP

KS;JO (Mbar)
dK
dP
C44 (Mbar )
dcu

dP

Obs.

>5.5
1.0
5.9-7.0

1.6-1.7

4.2-1.8

>2.5
4.0

——

P4

9.0
1.1
4.5

1.8

3.4

6.1
4.2

1.0
1.1

P5

6.8
1.1
6.5

3.1

2.4

6.5
3.6

1.32
1.5

Obs.

KMg,_0(Mbar) 1. 2

dc33 6.2-7. 6
dP
dc66 2.2-2. 3
dP
dcn 3.5-4. 1
dP

KMg_0(Mbar) 1. 5

c,2 (Mbar) —
dc12 -
dP

P4

1.6

5.7

1.7

3.2

2.0

1.3
2.1

P5

1.7

6.0

3.5

2.8

2.2

1.4
1.6

"Data fro m Haze n (1976) .
'Data from Kumazaw a and Anderson (1969 ) and Basset t e t al . (1982.)
'Little observed data are available for ringwoodite . Observed value s quoted com e fro m Mizukam i et al . (1975 ) for K Ri, bu t other value s refer to analogous N i and F e

spinel silicate s (e.g. , Hazen an d Finger, 1982) .
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pirical parametrization and energy minimization. The resulting model was
applied t o predic t th e elasti c constant s o f the perovskit e phase ; reason -
able agreement wa s obtained wit h data fro m volume-compressio n exper -
iments. The model was then used to predict elasti c constants o f these two
forms o f MgSiO3 at high pressure. I n a later study, Matsui (1988) used th e
energy parameters fro m this model in a molecular-dynamics simulation of
the structura l and physical properties o f MgSiO3 perovskite. B y contrast,
Hemley et al. (1987) and Wolf and Bukowinski (1987) used parameter-free
theoretical model s base d o n quasiharmoni c lattic e dynamics ' an d th e
modified electron-ga s theory .

Wolf an d Bukowinsk i (1987) , expandin g o n thei r earlie r theoretica l
studies, obtaine d prediction s o f th e stabilit y an d equation s o f stat e o f
MgSiO3 and CaSiO3 perovskite as a function o f temperature and pressure .
Their result s wer e obtaine d b y minimizatio n of the fre e energ y wit h re -
spect to structural parameters. Th e static lattice energy component o f the
free energ y was calculated b y assumin g pairwise additiv e centra l poten -
tials derived from the MEG formulation (Gordon and Kim, 1972) . Follow-
ing th e approac h o f Cohe n an d Gordo n (1976) , these author s chos e t o
stabilize th e O 2~ io n wav e function s by usin g a  Watso n spher e wit h a
charge o f 1  + an d a radius of 2.66 atomic units. Nearest-neighbor cation -
oxygen an d u p t o third-shel l oxygen-oxygen pai r interaction s wer e in -
cluded. The thermal contribution to the free energ y was calculated usin g
quasiharmonic lattice dynamics . I n accordance wit h observations, a  cu-
bic structure for CaSiO3 and an orthorhombic structur e for MgSiO3 were
predicted a t zero pressur e b y the model . Calculate d compressibilit y and
thermal expansivit y o f MgSiO 3 wer e i n goo d agreemen t wit h availabl e
data. Compute r values of the equatio n o f state for orthorhombic MgSiO3
perovskite with some experimental data are shown in Fig. 7.13. Although
the model predicts successiv e second-orde r phas e transitions a t elevate d
temperatures to a tetragonal and then a cubic structure, predictions o f the
pressure dependence of  these high-temperature transitions (see Fig. 7.14)
suggest that the orthorhombic phas e woul d be stable throughout most of
the lowe r mantle . Fo r CaSiO 3, th e mode l predict s tha t th e cubi c perov-
skite structure is stable to pressures o f at least 7 0 GPa.

Hemley et al . (1987) used a very similar approach t o that of Wolf and
Bukowinski (1987), except tha t th e MEG calculations involve d shell-sta -
bilized ion charge densities (SSMEG calculations). Again, the orthorhom -
bic form o f perovskite MgSiO 3 and a cubic perovskite CaSiO3 were foun d
to be stable a t zero pressure , althoug h the latter was predicted t o be dy-
namically unstabl e a t pressure s abov e —10 9 GPa . Again , prediction s o f
compressibilities an d th e equation s o f stat e sho w goo d agreemen t wit h
such experimental data as are available (Fig . 7.15 shows the extent of this
agreement; cf . Fig . 7.13) . I n Table 7.12 are summarize d the equation-of -
state parameters calculated for MgSiO, and CaSiO 3 perovskites by Hem-
ley e t al . (1987) .
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Fig. 7.13 . Calculate d equatio n o f state fo r orthorhombi c MgSiO 3 perovskit e fo r
the stati c lattic e and a t elevated temperature s (assumin g regular octahedra) . Ex -
perimental result s (< — data) also shown ; see Wol f and Bukowinsk i (1987) for fur-
ther detail s (reproduce d fro m Wol f an d Bukowinski , 1987 , with the publisher' s
permission).

Fig. 7.14 . Calculate d stabilit y field s fo r orthorhombic , tetragonal , an d cubi c
MgSiOj perovskit e polymorphs . Superimpose d i s a  representative rang e o f geo-
therm temperatures (stippled) and their adiabatic extrapolation s t o zero pressur e
(after Wol f and Bukowinski , 1987; reproduced wit h the publisher' s permission).

7.2.3. Simple oxides, structural and electronic phase transitions

The simpl e oxide s regarde d a s possibl e lowe r mantl e component s hav e
proved amenable to a number of approaches involving quantum-mechan-
ical calculations . Fo r both MgO and CaO, th e bonding, equations of state,
and relativ e stabilities o f the NaCl-typ e (B1 ) and th e CsCl-type (B2) struc -
tures hav e bee n calculate d usin g bot h modifie d electron-ga s studie s
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(Cohen and Gordon, 1976 ; Tossell, 1980b ; Muhlhausen and Gordon, 1981 ;
Boyer, 1983 ) and first-principle s band-structure calculations (Yamashit a
and Asano , 1970 ; Walch an d Ellis , 1973 ; Liberman, 1978 ; Bukowinski,
1980, 1982 ; Yamashita an d Asano, 1983a ; Chang and Cohen, 1984) . Mor e
detailed discussio n of  the electroni c structur e of  MgO at room tempera -
ture and pressur e i s provided in Chapter 4 . A good exampl e o f the mor e
recent attempt s to study the effect s o f high pressures o n MgO and CaO is
that of Bukowinski (1985). In this study, lattice properties wer e calculate d
using the band structur e and charge density obtaine d from a  self-consis -

Fig. 7.15 . Calculate d an d experimenta l equation-of-state dat a fo r MgSiO 3 perov-
skite (afte r Hemle y et al. , 1987 ; reproduced wit h the publisher' s permission).
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Table 7.12. Summar y of equation-of-state parameter s
calculated for MgSiO 3 and CaSiO 3 perovskitesa

Ko(298 K ) (GPa)
K'a(298 K )
PZP.0 (GPa )
PTH 0(298 K) (GPa )
ea, (K)
i

MgSiO3

335(260 ±  20) b

0.2
2.77
0.59

1340
1.44

CaSiO,

347
5.3
2.40
0.45

1305
1.25

"Ka an d K' a are th e zero-pressur e bulk modulu s an d it s pressure
derivative; PZPo an d P JH,a ar e the zero-point and thermal pressures
at zer o pressure; 0 HsI i s the harmoni c Debye temperature; y  i s th e
Gruneisen parameter.

'Experimental result s i n parentheses; Yagi et al . (1982) .

tent augmented-plane-wave calculation. Th e Hedin-Lundquist exchange -
correlation potentia l wa s use d (Hedi n an d Lundquist , 1971) , a  "muf -
fin-tin" approximatio n t o th e crysta l potentia l i n th e self-consisten t
iterations, an d equal-size d atomi c sphere s wit h radi i equa l t o hal f th e
nearest-neighbor distance. Th e equations of state calculated for MgO and
CaO in both B \ an d B2 structura l form s are show n in Fig. 7.1 6 and th e
equation of state parameters i n Table 7.13 . Agreement with available ex -
perimental dat a i s generally goo d fo r th e equation s o f stat e (Fig . 7.16) ,
although the calculated values appear t o overestimate the densities of the
B2 phases . Th e pressure s involve d in the B\-^B2  phas e transformatio n
for bot h MgO and CaO were calculated an d compared wit h the results of
other theoretica l prediction s an d the limited available experimenta l dat a
as shown in Table 7.14. For CaO, the transition is known from experimen t
to occu r a t ~6 0 GP a (Jeanlo z e t al. , 1979 ; Mammone et al. , 1981) , and
the predicted pressure from th e APW calculations, althoug h only half that
determined experimentally , i s muc h close r tha n prediction s base d o n
MEG calculation s (Cohe n an d Gordon , 1976) . Shock-wave experiment s
show n o evidenc e o f transformations i n Mg O up t o 20 0 GPa (althoug h
they d o no t exclud e a  transformation involvin g a volume charge o f less
than 3%; Vassiliou and Ahrens, 1981) . Predicted pressure s for the B\->B2
transformation i n MgO are al l above thi s figure, ranging from 105 0 GPa,
based on ab initio pseudopotential calculation s (Chang and Cohen, 1984),
to 20 5 GPa, base d o n the AP W calculations (se e Tabl e 7.14) . Th e over -
estimation o f densities o f the B2 phases i n the latter calculations sugges t
that a predicted pressur e o f 205 GPa should be a lower bounding value.

When the simpl e oxide involves a transition metal , othe r transforma-
tions than structure changes are possible at high pressures, i n particular ,
changes i n spi n state . A s earl y a s 1960 , Fyfe suggeste d that a  pressure-
induced high-spin->low-spin transition in Fe2+ migh t have important con-
sequences fo r th e interio r of the Earth , an d thi s theme was late r devel-



Fig. 7.16 . Experimenta l and calculated equation of state for (a) MgO and (b) CaO
taken fro m Bukowinsk i (1985). Both calculated isotherma l compressio n dat a and
Hugoniot data (with shading representing uncertainty due to possible errors in the
Gruneisen parameter ) ar e shown . See origina l text fo r detail s of source s o f ex -
perimental data (afte r Bukowinski , 1985 ; reproduced wit h the publisher' s permis-
sion).

369
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Table 7.13. Equation-of-stat e parameter s fo r MgO and CaO calculated by
Bukowinski (1985) compared wit h experimenta l value s fro m variou s source s (in
parentheses)

MgO(B1)

MgO(B2)
CaO(Bl)

CaO(B2)

Po (kg/m)

3559 ±
(3583 ±

3711 ±
3328 ±
(3345 ±
3886 ±

nj)

10
1)

10
10
1)
10

K0 (GPa)

155 ± 5
(160 ± 0.2)
(155)
156 ± 5
109 ± 5
(111.25)
123 ± 5

4.16
(4.13

4.12
4.62
(4.85
4.4 -

K'0

± 0.2
± 0.09)

± 0.2
± 0.2
± 0.02)
t 0.2

*y

-4.6

(-10.1

-4.5

-6.7

-4.8

Ko"

+

±

±
±

±

0,
0

0.
1.

0.

.4

.7)

.4
0

.5

0(K)

776
(776)

698
638
(605)
600

y

1.26
(1.5)

1.18
1.40
(1.5)
1.48

oped b y Burn s (1970) , Stren s (1969 , 1976) , and Gaffne y an d Anderso n
(1973). These discussions were presented within the framework of crystal-
field theory , and Ohnish i (1978) attempted t o develop further applicatio n
of this approach t o prediction o f such transitions for Mn, Fe, an d Co ions
in octahedra l coordinatio n t o oxygen . Estimated pressure s i n the range s
70-130 GPa for MnO, CaO, and Fe 2O3 and 25-40 GPa for FeO were pro-
posed fo r high-spin—»low-spi n transitions.

Tossell (1976a ) used a  molecular-orbital approach employin g the MS-
SCF-Xa scattered wav e cluster method to make predictions regarding the
electronic structures of iron-bearing oxidic minerals at high pressure. Th e
molecular-orbital energ y level s (and their compositions ) i n the valenc e
region wer e calculate d fo r th e squar e plana r FeO 4

6- an d octahedra l
FeO6

9- an d FeO 6'°~ cluster s a t interatomi c distance s representativ e o f
appropriate minerals at atmospheric pressure (i.e. , the square planar Fe 2+

of gillespite, the octahedrall y coordinated Fe 3+ an d Fe2+ o f Fe2O3, FeO,
and, to a first approximation , numerou s silicate minerals). Subsequently,
calculations wer e performed at reduced internuclear distances i n order to
simulate the effect s o f high pressures and their influence on spectral prop -
erties an d spi n states . Th e squar e plana r FeO 4

6- cluste r was studied be-

Table 7.14. Calculate d an d experimenta l Bl-to-B2
transition pressure s i n MgO and Ca O

Experimental valu e
APW calcs .
Pseudopotential calcs .
MEG calcs .

MgO

>200 GPa"
205'

1050J

256-372"

CaO

61 GPab

32c

121-162e

"Vassiliou an d Ahren s (1981) .
Meanloz c t al . (1979) ; Mammon e e t al . (1981) .
'Bukowinsk i (1985) .

''Chang an d Cohe n (1984) .
•Cohen an d Gordo n (1976) .
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cause the rare mineral gillespite (BaFeSi 4O10) contain s suc h a unit, and is
one of the few examples where a high-spin—»low-spin transition ha s been
proposed o n the basi s o f experimental evidence .

The orde r o f th e predominantl y F e 3 d (crystal-field-type ) orbital s i n
the FeO 4

6- uni t i s calculate d t o b e x 2—y2 >  xy >  xz,yz  >  z 2 (with the
ligands lying along x  an d y  axes) , i n agreement wit h experiment. Studie s
at reduce d internuclea r distance s (2.0 3 —> 1.93 A) sho w a  calculate d in -
crease in the d2.2 - d2 separation that is in close agreement with the
crystal-field R~ 5 distance-dependenc e law , although the calculations sug -
gest a  high-spin-^-low-spin transition wil l not occur a t Fe-O distance s a s
small as 1.9 3 A. For the FeO 6

9- an d FeO6'°~ cluster s a t internuclear dis-
tances o f 2.17, 2.06, and 1.9 5 A, calculated trend s in crystal-field energies
are agai n i n agreemen t wit h th e R~ 5 law , a s show n i n Fig . 7.17 , whil e
O -» F e meta l charge-transfe r energie s ar e foun d initiall y to increase a s
Fe-O distanc e i s reduced, althoug h the y decrease a t smal l distances for
FeO6'°-. A marked increas e in covalency and width of the valence regio n
is also observed . Althoug h spin pairing in octahedral Fe 2+ compound s is
predicted t o occu r a t mantl e pressure s o n th e basi s o f observed trends ,
uncertainties in such parameters a s the mola r volumes of high- and low-
spin Fe2+ make s predictio n o f the pressure s involve d very difficult . Th e
MO results do highligh t the large changes predicted i n bonding characte r
of the iron oxides at high pressures compare d wit h the smal l changes pre -
dicted i n MgO using similar methods,

7.2.4. Iron  (and Fe-rich alloys) a t core pressures

Reviews o f th e experimenta l an d theoretica l wor k o n th e Earth' s cor e
have bee n publishe d by Ringwoo d (1984 ) and, wit h specia l referenc e t o
the propertie s o f iron a t ultra-hig h pressures, b y Anderso n (1986) . Th e
earlier experimental work established tha t the body-centered cubi c (a-Fe)
phase undergoe s a  transition a t roo m temperatur e an d 1 3 GPa t o a  hex-
agonal close-packe d structur e (e-Fe ) tha t i s no t ferromagnetic , an d tha t
at high temperature a  face-centered cubi c form (y-Fe)  i s stable. Although
phase relation s a t moderate (<5 0 Gpa ) pressure s ar e reasonably wel l es-
tablished, uncertaint y remain s regardin g th e for m o f iro n stabl e a t th e
megabar pressures encountered i n the core.

The electronic structur e of iron (a-Fe) has been the subjec t of numer-
ous studie s (see, fo r example, Moruzzi e t al., 1977) . As long ago as 1949,
Elsasser and Isenberg suggested that at core pressures iron might undergo
an electronic structur e transitio n t o a collapsed "3d 8state" (fro m th e ap-
proximate 3d 7-°4st ° configuration of the atom s o f crystalline iron a t stan -
dard conditions) . A  model t o explain th e inner-core-outer-core disconti-
nuity i n term s o f suc h a n electroni c transitio n wa s constructe d b y
Bukowinski an d Knopof f (1976) . However , band-structur e calculations
by Bukowinsk i (1976a ) on a-F e (chose n because i t is probably closest in
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structure t o th e high-densit y liquid iron in the oute r core ) wer e use d t o
demonstrate that the electronic structur e is very stable to at least twofold
compression, and that th e collapse t o a  "3d 8 state " does not occur unti l
approximately fourfol d compression . Thes e calculations , i n whic h th e
augmented-plane-wave metho d with the "muffin-tin " form of the poten -
tial was employed, clearly demonstrated th e importance of quantum-me-
chanical investigations to an understanding of the core. They also suggest
that there are not electronic transitions within the Earth's core.

More recently , Bones s e t al . (1986 ) calculated th e ban d structur e of
both e-F e an d -y-F e using the linear muffin-tin-orbita l metho d under con-
ditions corresponding to pressures ranging from 4 to 980 GPa. The results
were used to, in turn, calculate electronic thermodynamic quantities such
as th e electroni c specifi c hea t an d th e electroni c Griineise n parameter ,
useful quantitie s with which to constrain models of the Earth's core .

As regards other element s than iron that may occur in the core, elec-
tronic-structure calculation s hav e again made an importan t contributio n
to current understanding . The suggestio n that significan t amounts of po-
tassium occurs, a t least in the outer core, has been proposed bot h to ex-
plain the relative depletion in potassium of the outer regions of the Eart h
(compared wit h values predicte d fro m th e stud y o f meteorites) , an d t o
provide a  radiogenic hea t sourc e t o driv e convectio n in the oute r core .
Although the differences in size and electroni c structur e between K  and
Fe would seem to preclude significant solid solution, K is very compress-
ible an d undergoe s a  transition from a  body-centered-cubic t o face-cen-
tered-cubic structur e a t 1 2 GPa an d a  further transformation at 1 9 GPa,
the origin of which is uncertain. However, Bukowinski (1976b), again us-
ing the augmented-plane-wav e method t o perform band-structure calcu-
lations o n potassium , predicte d a  serie s o f pressure-induce d phas e
changes brough t abou t b y th e sequentia l fillin g o f initiall y unoccupie d
(/-like electronic states . In addition to the discontinuous density changes
that accompany these phase transitions , the presence of the (/-lik e bands
is wha t make s potassiu m ver y compressible . Interestingly , th e calcula -
tions predic t that , a t pressure s a s lo w a s 5 0 GPa, th e atomi c radiu s o f
potassium becomes compatibl e with that of iron, and its electronic struc -
ture becomes like that of a typical transition metal . These changes could
greatly enhance the miscibility of potassium in iron. Recently Boness and

Fig. 7.17 . Molecular-orbita l energy-leve l diagram s fo r th e (a ) FeO 6
9- an d (b )

FeO6'°- cluster s calculated using the MS-SCF-Xa method by Tossell (1976a). Th e
variation i n MO energies is shown a s Fe-O distanc e (R) is decreased to simulat e
the effect s o f increasing pressure . The horizonta l line corresponds to a  constan t
1 t l f s 6t , a \ t 2 a averag e energy. Crosse s represent O  2p nonbonding orbitals ; open cir -
cles represen t othe r orbital s i n FeO6

9~. The highes t occupie d orbita l i s 3e gT wit h
two electrons; in FeO6'°~ i t is 2t2si wit h on e electro n (afte r Tossell , 1976a ; repro -
duced wit h the publisher' s permission).
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Brown (1990) have shown using LMTO band calculations simila r changes
in electronic structur e and atomic radius for S at high pressure, an d have
used suc h changes t o suppor t th e idea of Fe,S soli d solution. A contrary
viewpoint ha s bee n expresse d fo r th e K  cas e b y Sherma n (1990 ) who
found fro m MS-XT a cluster calculation s tha t i n an F e o r F e sulfid e envi -
ronment K is present as K  + an d show s little covalenc y in its bonding to
S. This argue s agains t K  incorporation int o an Fe o r Fe S core . Clearly ,
such questions canno t b e entirel y settled b y quantum-mechanica l calcu-
lation a t present , give n the necessar y approximation s i n methods an d in
model systems.

7.3. Industrial mineral materials

Many minerals or their synthetic equivalents are of industrial importance,
and the possibilities of greater understanding of their behavior an d prop -
erties through application of the methods described in this book is a major
stimulus to research . Tw o examples are chosen fo r discussion here : The
first i s the zeolites , a  group of framework alumino-silicates (with intersti-
tial Na + , Ca 2+, an d H 2O), characterized b y very open framework s with
large interconnectin g space s o r channels ; th e secon d i s th e transition -
metal sulfid e catalysts, material s already generall y discussed i n Chapter
6, but considered here specifically in relation to their catalytic properties .

7.3.1. Zeolites

Zeolites are an interesting class o f materials fo r quantum-chemical study
from a  number of points of view. First, they are of substantial interest a s
ion exchangers , molecular sieves , an d catalyst s i n industry, features de-
pending upon their controllable porosity and Lewis acidity . Second, the y
have bee n studie d b y man y spectroscopi c methods , particularl y b y
infrared an d NM R spectroscopies , an d syntheti c effort s ar e constantl y
producing ne w zeolite s (an d relate d high-porosit y materials ) wit h ne w
properties. Third , important aspects o f their structure (e.g. , Si , Al distri-
butions, an d th e natur e o f their surficia l hydroxyl-bearing sites ) ar e no t
well understood (partl y due to the similarit y of Al and S i x-ray scattering
factors an d difficult y o f crystallization) . Fourth , the y ar e ver y compli -
cated structurally and thus strain the capabilities of ab initio calculational
methods. Ab initio  calculations on such materials typically require severe
approximation in cluster size , basis-se t size , and completenes s o f geom-
etry optimization . Zeolites ar e also a  fertile subjec t for simulations , both
empirical atomistic crystalline simulations like those discussed i n several
previous chapters, an d those based upo n ab initio calculations on molec-
ular units (molecula r mechanics). They are also more studied by approx-
imate MO methods than any othe r class o f inorganic materials. It i s also
quite common in groups studying zeolite s for experimentalist s and theo-
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reticians t o collaborat e closel y an d fo r calculation s t o b e viewe d as , a t
least i n part , "compute r experiments " o n a  pa r wit h traditional experi -
mental techniques. Theoretica l studie s on zeolites hav e been recently re-
viewed by Suffritt i an d Gamb a (1987).

A central proble m i n zeolite structur e determinations is characteriza -
tion of the Al, Si distribution. A central question is that of "Al avoidance "
(Lowenstein, 1954) , the infrequent occurrence o f A1-O-A1 linkages. This
question ha s bee n treate d usin g an M O approach b y Has s e t al . (1981).
They obtaine d a n energ y differenc e o f abou t 12 0 kcal/mol betwee n th e
following two reactions :

with the A1OA1 unit in the second reaction being less stable, in agreement
with expectation . However , these calculations used minima l basi s sets ,
performed onl y partia l geometr y optimization , an d di d no t attemp t t o
compensate fo r th e differin g tota l charges . I t i s certainly expecte d tha t
the interactio n o f tw o anion s t o giv e a  dianio n i n th e secon d reactio n
would b e unfavorable , but suc h charg e effect s would , o f course , b e a t
least partiall y compensate d i n the solid , Dempse y (1969 ) found that ex -
perimental Al,S i distributions could b e correlate d wit h electrostati c po -
tentials at the various tetrahedral (T) sites, calculated wit h formal charges
and observed atomi c positions. Gibbs et al . (1977) showed that observed
T-O distance s i n zeolites correlate wit h Mulliken overlap populations ob-
tained usin g experimentall y observed angle s (an d constan t distances) .
Many recent calculation s o f the relative stabilit y of Al in different T  sites
have appeared (Fripia t et al., 1985 ; O'Malley and Dwyer, 1988) . The gen-
eral metho d employe d i s an a b initio  SC F Hartree-Fock-Roothaa n cal -
culation, generall y using a minimu m basis set , o n polyhedra l model s of
the variou s T  sites , alternatel y occupie d b y S i o r Al . Th e pentameri c
model used by Fripia t e t al . (1985) for the T 2 site of ferrierite is shown in
Fig. 7.18 . Usin g experimental bon d distance s an d angle s fo r th e atom s
immediately adjacen t t o th e T  site, the tota l energ y o f the cluste r i s cal-
culated. Total energies o f Al- and Si-centere d cluster s will , of course, b e
quite different , bu t the quantity of interest is the relative value of the Al -
Si energy difference for th e variou s T  sites. Th e smalle r this difference ,
the mor e stabl e the A l relative to S i and the greate r th e preference o f Al
for th e site . One can define, from th e cluste r energies, stabilizatio n ener-
gies for S i and A l in the site s an d Al for S i relative replacemen t energies .
As show n in Fig . 7.19 , calculated  relativ e replacemen t energie s fo r fer -
rierite confir m tha t th e T 2 site i s preferred b y Al , wit h T l an d J 3 bein g
highly unfavorable and T 4 somewhat less favorable than T 2. Studies on Al
and S i distributions in six-membered-ring hexameric clusters, of the type
shown i n Fig. 7.20, indicate that Al pairs are mos t stable when well sep-



Fig. 7.18 . Th e pentameric mode l cluster used for calculations centered o n the T2
site in zeolites (afte r Fripia t et al. , 1985 ; reproduced wit h the publisher' s permis -
sion).

Fig. 7.19 . Cluste r energies calculated for th e T {, T 2, T 3, an d 7 4 site s i n zeolite s
(after Fripia t et al. , 1985 ; reproduced with the publisher' s permission) .

376
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Fig. 7.20. Th e hexameric model cluster used in calculations on zeolites (afte r Fri -
piat et al., 1985 ; reproduced with the publisher's permission) .

arated, an d that adjacent Al atoms around the ring are destabilized b y 50
kcal/mol, i n agreemen t wit h th e A l avoidanc e principl e o f Lowenstei n
(1954). Thi s approac h ha s bee n successfu l fo r man y zeolites , althoug h
there have been disagreement s ove r th e interpretatio n o f the sit e energy
differences. I n general, suc h differences depend upon both bond distance
and bridgin g bond angle , wit h Al preferrin g site s wit h large r bon d dis -
tances an d smalle r T-O-T'  angles . A s w e hav e previousl y see n fo r
Si(OH)4, A1(OH) 4-, (H 3Si)2O, and H 3SiOAlH3 ,  ab initio  SCF Hartree -
Fock-Roothaan calculations using a n STO-3G basi s se t give reasonabl y
accurate bon d distance s an d angles . Fo r isoelectroni c systems , correla -
tion an d basis-se t energie s ar e expecte d t o b e comparable ; s o relativ e
energies should be reasonably accurate .

Sauer e t al . (1980) have used more flexible basis set s t o compare th e
interaction energies of the oxygens in H3SiOSiH3, H3SiOAlH3 ,  and H2O
with cation s an d water . The y found , i n agreemen t wit h experiment ,
weaker binding of cations t o H3SiOSiH3 than to H2O. Mortier et al. (1984)
studied deprotonation o f terminal and bridging oxygens in aluminosilicate
models an d establishe d tha t deprotonatio n o f oxygens bridging between
Si and A l was considerabl y less demanding energetically than deproton-
ation o f O  in termina l OH groups , so tha t proton s attache d t o bridgin g
oxygen wer e strongl y acidic . Hobz a e t al . (1981 ) studie d th e interaction
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of Si(OH)4 and H 3SiOSiH3 groups with H2O, establishing tha t (H 3Si)2O is
H bonded less strongly than water itself, while Si(OH)4 is H bonded more
strongly, particularl y whe n Si(OH) 4 i s th e proto n dono r t o H 2O. Late r
calculations by Chakoumakos and Gibbs (1986) using larger basis sets and
more complet e geometr y optimizatio n confirme d thi s result , givin g a n
even large r differenc e between proto n dono r an d proton accepto r struc -
tures for Si(OH)4. For the Si(OH) 4 as proton dono r t o H2O, the lengthen-
ing of the O-H bon d i s accompanied b y a contraction o f the Si- O bond ,
stabilizing the system . Thi s effec t i s much large r energeticall y for mor e
flexible basi s set s incorporatin g d  polarization functions . Thi s i s consis -
tent wit h many studie s of  the  geometrie s of  oxyanions of  Si-Cl , whic h
show that d  polarization functions shorten and stabilize T- O bonds more
than the y d o J-O H bonds . Thes e result s hav e bee n confirme d an d ex-
tended b y Uglieng o e t al . (1990) , who incorporate d correlatio n correc -
tions by many-body theory an d calculated th e normal modes of vibration
to allo w evaluatio n of zero-point vibrational energies. Although th e cal -
culated SiH 3OH---H2O interaction energ y was in the experimental range,
the calculate d equilibriu m constant fo r th e dissociatio n wa s i n disagree -
ment with experiment, a result attribute d t o inadequacies i n the SiH 3OH
molecular mode l for th e silano l surface . Th e transitio n stat e for th e Si -
H3OH---H2O reactio n ha s als o been studie d a t a  high leve l (Lasaga and
Gibbs, 1990 ; see Section 8.3. 6 on surface studies).

So far, mos t M O studies o f zeolite system s have employe d H  atom s
as cluster saturators . An alternative approach utilize s a point-charge ar -
ray (Vetrive l e t al. , 1988) . However , i t ha s bee n foun d tha t ver y larg e
point-charge arrays ar e needed t o reproduce th e expected Madelung po-
tentials at sites withi n the molecular cluster, and that the size , geometry,
and assume d charg e magnitude s o n th e point-charg e arra y ca n signifi -
cantly affec t calculate d propertie s suc h as -OH stretchin g frequencies.

Zeolites hav e als o bee n recentl y studie d usin g molecular mechanic s
simulation (Mabili a et al. , 1987 ) with stretching an d bendin g force con -
stants and partial atomic charges take n from a b initio calculations. Thes e
calculations indicat e tha t th e sodalit e cag e structur e i s stabilize d by re -
placement o f Si by Al and b y loca l concentratio n o f Al for a  given Si:Al
ratio, bu t these result s seem to be inconsistent with experiment.

7.3.2. Transition-metal sulfide catalysts

Catalytic hydrodesulfurization (HDS), the remova l o f sulfide i n the for m
of H2S from petroleum , is a critical step i n the industria l refinement pro-
cess an d on e o f increasing importance a s th e cleane r worl d supplie s of
petroleum feedstocks dwindl e and the poorer qualit y feedstocks have to
be used . The remova l o f sulfu r (an d certain othe r impuritie s suc h a s ni-
trogen in hydrodenitrogenation) is undertaken using transition-metal sul-
fide catalyst s (Weisser and Landa, 1973) . The most widely used materials
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are base d o n transition-meta l disulfide s wit h laye r structure s suc h a s
MoS2 and WS 2 (and including mixed phases wit h combinations o f Co, Ni ,
Mo, and W  sulfides). The industria l catalyst s ar e generally smal l porou s
sulfided crystallite s boun d to an A12O3 or SiO2-A12O3 support .

Earlier work has been reviewe d by Weisser an d Landa (1973 ) and cer -
tain mor e recen t studie s reviewed b y Chianell i (1983), who points t o th e
primary catalytic effect s bein g electronic i n nature, related t o the position
occupied b y the metal concerned i n the periodic table , with first-row tran-
sition-metal sulfide s being relativel y inactiv e an d second - an d third-ro w
transition metals (Ru and Os) showing maximum activity (by three order s
of magnitude). A  secondary effec t appear s t o be geometric i n origin; fo r
example, MoS 2 catalyst s see m t o exhibi t activit y associated particularl y
with edges rathe r tha n basa l planes .

Various theoretica l studie s hav e bee n undertake n t o mode l th e ad -
sorption proces s an d activ e site s o f the catalysts , and , du e t o th e com -
plexity of the system, approximations and simplifications hav e often been
severe. Bot h aromati c an d nonaromati c organosulfu r compound s ar e
found i n petroleum, bu t i t is the aromati c specie s tha t ar e muc h less re -
active. These ar e composed largel y o f thiophene, dibenzothiophene , an d
other thiopheni c species . Thiophene , SC 4H4, ha s a  5-membere d plana r
ring structure and is the simples t aromatic in petroleum feedstock; hence ,
it has bee n muc h employed i n calculational modeling . Under (HDS) cat -
alytic conditions i t yield s mainly butane (C 4H10), although yieldin g buta-
diene (C 4H6) under lo w H 2 pressures . I t i s unknow n whether desulfuri -
zation or hydrogenation of the thiophene ring occurs first , o r if they occur
simultaneously.

Earlier calculation s employe d extende d Hiicke l theor y an d othe r ap -
proximate M O methods suc h a s CNDO usin g just a  proton t o represen t
the electron-accepting (catalyst ) surface for thiophene adsorption (Zdrazi l
and Sedlacek , 1977) , or considering the adsorptio n o f H2O onto on e an d
two molybdenum clusters. The latter approac h (usin g EHMO theory ) fa-
vored coordinatio n t o two meta l centers (Vlado v et al. , 1983) . The sam e
method was subsequently applied to MoS3H3

 + cluster s (Joffr e e t al., 1986)
and led to a proposal favoring a perpendicular bound specie s (throug h the
sulfur en d an d referre d t o a s r\ l) rathe r tha n a  paralle l boun d specie s
(through the fiv e atom s o f the rin g and referred t o as -n 5).

A comprehensive stud y of periodic trend s i n the electronic structure s
of transition-meta l sulfide s usin g MS-SCF-A' a calculation s wa s under -
taken b y Harri s (1982 ) and Harri s an d Chianell i (1984) . This stud y em-
ployed MS 6"~ cluster s (se e Chapte r 6 ) and le d t o a  suggestio n tha t th e
marked variation s observe d i n catalyti c activit y (note d above ) relat e t o
filling o f the highes t occupie d molecula r orbita l an d th e degre e o f cova -
lency in the metal-sulfur bond. On the basis of these results, a model was
proposed i n which thiopheni c molecules bind t o th e catalys t surfac e i n a
perpendicular (-n 1) geometry at a  sulfu r vacancy . A weakening of the C- S
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bonds i n the rin g could result fro m backdonatio n o f the meta l electron s
into a thiophenic TT * orbita l (Harris an d Chianelli , 1984).

In a  detailed stud y of the natur e o f the activ e sit e and mechanis m of
desulfurization fo r th e cas e o f thiophen e o n MoS 2, Zonnevyll e e t al .
(1988) used a n extende d Hilcke l ban d theor y (tight-bindin g method) ap-
proach. The y suggest that the -rf-bound sites , in which the thiophene ring
lies parallel to the surface , are particularly advantageous in weakening of
the S- C bond , wherea s n 1 site s ar e les s active . Als o examine d i n thi s
study wer e the effect s o f removal o f surrounding surface sulfurs , which
appears to increase the catalytic potential of the n5 geometry, and possible
surface reconstructio n wher e Mo-Mo pairing is suggested . Stud y o f the
possible effects o f poisoners and promoters led to suggestions that metals
that replace a surface molybdenum atom tend to poison the catalyst (i.e.,
destroy its effectiveness in HDS applications), wherea s those that "pseu -
dointercalate" betwee n th e S- S layer s ca n serv e t o promot e catalyti c
HDS activity.

7.4. Concluding remarks

The materia l discussed i n this chapter clearl y illustrate s th e potentia l o f
quantum-mechanical methods (use d in conjunction with appropriat e ex -
periments) in understanding and predicting the structures , stabilities , and
physical an d chemica l properties o f minerals and related solids . I t i s an
approach that has important applications i n fields as diverse as solid earth
geophysics an d industria l chemistry. I t i s important to re-emphasize th e
close link s betwee n material s scienc e researc h an d wor k i n mineralogy
and geochemistry, with minerals scientists generating knowledge of value
to mineralogist s (both no w an d i n the future ) an d mineralogist s capabl e
of making significant contribution s to the stud y of the wide r range of ma-
terials .

Note

1. I n th e quasiharmoni c approximation , th e crysta l potentia l i s expanded a s
a powe r serie s i n th e displacemen t fro m th e equilibriu m lattice constan t onl y
through the displacement squared term .



8
APPLICATIONS TO GEOCHEMICAL PROBLEMS

In this , the las t major chapter o f the book , w e turn our attention t o th e
applications of modern electronic structur e models and concepts to more
general geochemical problems ; namely , those describe d b y Goldschmid t
as being concerned wit h the "distributio n o f elements in the geochemica l
spheres and the laws governing the distribution of the elements" (see Pre-
face).

The majorit y of minerals an d rock s originall y formed by crystalliza -
tion from melts , and so the firs t sectio n o f this chapter i s devoted to con-
sidering the nature of melts (and glasses), structure and bonding in melts,
and th e partitionin g o f element s (particularl y transitio n elements ) be -
tween the melt and crystallizing solid phases. The classic wor k of Bowen
(1928) led to the recognition of particular sequences o f crystallization and
crystal-melt reactio n relationships in the silicate melts from whic h major
rock types form, as enshrined in the "Bowen Reaction Series. " Attempts
were als o mad e t o explai n the incorporatio n o f particular element s int o
particular minera l structure s usin g simpl e crysta l chemica l arguments ,
notably a s lai d dow n i n "Goldschmidt' s Rules " (Goldschmidt , 1937) .
Such concepts are reappraised i n the ligh t of modern electronic structur e
theories.

The othe r majo r real m o f formation o f mineral s an d rocks , an d th e
most importan t mediu m of transpor t an d redistributio n o f the chemica l
elements a t th e Earth' s surface , i s the aqueou s solution . Th e molecula r
and electronic structure s of aqueous solutions , their behavior at elevate d
temperatures, formation and stabilitie s of complexes in solution, and th e
mechanisms of reactions in  solution are all considered in  the secon d sec -
tion of this chapter .

The surface s o f mineral s (o r othe r crystallin e solids ) diffe r fro m th e
bulk materia l i n terms o f both crystal structur e an d electronic structure .
A grea t variet y o f spectroscopic , diffraction , scanning , an d othe r tech -
niques are now available to study the nature of solid surfaces, and models
are being developed t o interpret and explain the experimental data. Thes e
approaches are discussed with reference t o a  few examples of oxide and
sulfide minerals . Although relatively fe w studie s have bee n undertaken
specifically o f the surface s o f minerals, many of the reaction phenomena
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that occur in natural system s take place at mineral surfaces, s o that suc h
surface studie s represent a n important are a of future research .

In th e fina l section , th e overal l geochemica l distributio n o f the ele -
ments is considered i n the ligh t of electronic structur e theories. Previou s
attempts t o classif y element s o n th e basi s o f their preference s fo r com -
pound formation with oxygen or sulfu r ar e reviewed.

8.1. The nature of melts, glasses, and crystal-melt equilibria

In the geochemica l context , i t is the silicate  mel t that is of overwhelming
importance, an d th e understandin g of mel t structur e form s th e basi s o f
understanding physical, chemical, and thermal properties o f magmas and
relevant liquid-crysta l systems . Direc t studie s o f silicat e melt s presen t
obvious technica l problems (pur e SiO2 melts at 1713°C) , so that most ex-
perimental data have been obtaine d o n the quenched equivalen t of melts
(glasses) on the assumption that th e principa l features o f the structur e of
a mel t ar e retaine d a s th e sampl e i s quenched t o a  glass . Althoug h nu-
merous studie s hav e provide d genera l suppor t fo r thi s assumption , i t is
known tha t a  smal l (~1 kca l mol^' ) but significan t hea t effec t i s associ -
ated wit h the glas s transitio n (Navrotsk y e t al. , 1980) . Thi s effec t i s in-
sufficient t o accoun t fo r a  reconstructive transformation , but does sho w
that smal l differences exist between melt s and their glasses .

The simples t chemica l compoun d relevan t t o th e structur e o f mag -
matic liquids is SiO2; indeed, the silic a conten t o f most magma s exceed s
40 wt % . Th e firs t topi c discusse d i n the followin g sectio n is , therefore ,
that concerne d wit h structur e and bonding in silica glass . Subsequently ,
the role s o f aluminum in silicate melts , o f alkali or alkaline earth metals ,
of transitio n metal s illustrate d b y th e specifi c exampl e o f iron , an d o f
volatile species , ar e briefl y considered . Ove r th e years , i t ha s becom e
customary to divide the metal cations in silicate melts into network-form-
ing cation s tha t occu r i n tetrahedra l coordinatio n withi n th e polymeri c
units tha t mak e u p th e melt , an d networ k modifier s tha t connec t suc h
units togethe r (Botting a an d Weill , 1972) , an d th e sam e approac h i s
adopted here . Th e subjec t o f the structur e o f silicat e melt s ha s bee n re -
viewed b y Mysen et al . (1982 ) and Mysen (1983).

8.1.1. Silica glass and melt

Silica glass o r vitreou s SiO 2 (abbreviated a s v-SiO 2) is a material o f con-
siderable mineralogical an d technological importance . I n many respects ,
it differ s littl e from crystallin e silica polymorphs suc h a s quartz . Fo r ex -
ample, the enthalp y o f melting of quartz i s very low, and the u v absorp -
tion spectra of quartz and quartz glass are ver y simila r (Phillip , 1971) . X-
ray studie s (Mozzi and Warren, 1969 ; DaSilva et al., 1974; Coombs et al.,
1985) indicat e that th e S i coordinatio n number , average Si- O distance ,
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Fig. 8.1. Th e pai r function distribution curve s fo r SiO 2; A i s the measured curve .
The compute d contribution s ar e give n by : B, Si-O ; C , O-O ; D , Si-Si ; E , Si -
second O; F, O-second O ; G , Si-second S i (from Mozz i an d Warren , 1969) .

and O-Si-O angle i n v-SiO2 are ver y simila r to those i n quartz , bu t tha t
there i s a  broad rang e o f Si-O—S i angles (Fig. 8.1). In contras t t o many
semiconductor materials , v-SiO 2 show s onl y modes t ban d broadenin g
compared t o quartz , a s see n b y ultraviole t photoelectro n spectroscop y
(DiStefano and Eastman, 1971; Fischer et al., 1977) and x-ray emission
spectroscopy (Wiec h and Kurmaev , 1985 ; Fig. 8.2) .

However, v-SiO 2 does appea r t o hav e man y mor e "defects, " wher e
the ter m defect  signifie s an unusua l local o r midrang e bondin g arrange -
ment, tha n doe s quartz . Fo r example , molecular-dynamic s simulatio n
studies (Garofalini , 1984a ) indicat e coordinatio n number s o f 3  o r 5  fo r
some S i atoms an d 3  for som e O  atoms althoug h most S i atoms continu e
to be 4 coordinate an d most O atoms 2  coordinate, a s in earlier molecular
dynamics studies (Woodcock e t al., 1976; Mitra et al., 1981). Raman spec -

Fig. 8.2 . Silico n K  x-ra y emissio n spectr a o f a-quart z (soli d line) , p-tridymit e
(dotted curve) , and v-SiO, ("suprasil"; dashe d curve ) (after Wiech and Kurmaev ,
1985; reproduced wit h th e publisher' s permission).
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troscopy (Galeener , 1982a,b ) and NM R studie s (Brinke r et al., 1988) in-
dicate th e presenc e o f Si 3O9 ring structures, which are no t foun d in th e
SiO2 polymorph s an d ar e quit e uncommo n i n othe r silicat e structures .
Studies o f both quart z an d v-SiO 2 at hig h pressure an d low temperature
have indicated near constancy o f Si— O distances (Levien et al., 1980) but
considerable variabilit y of averag e value s an d distribution s o f Si-O-S i
angles. Such angular distributions have been studied using 29Si NMR (Du-
pree and Pettifer, 1984; Devine et al., 1987) and Raman spectroscopy
(Hemley e t al. , 1986). Dat a o n Si-O-S i angle s ar e importan t i n under-
standing the unusual physical properties of v-SiO2, such as its increase in
compressibility with pressure (Grimsditch , 1984 ) up t o abou t 20 kbar (2
GPa) and its compaction by static high pressure on shock loading (Sakka
and MacKenzie, 1969). Changes in Raman spectra, shown in Fig. 8.3,
have been interpreted in terms of reduction in the average Si-O-Si angle
and a  narrowing in it s distribution , alon g with an increased prominenc e
of Si3O9 ring structures, at least up to 30 GPa, where the distinctive Si3O9
Raman signatur e begin s t o disappear . Studie s usin g 29 Si NMR (Dupree
and Pettifer , 1984; Devine et al., 1987) indicate a shift o f Si-O-Si angle to
smaller value s i n densifie d SiO 2, based o n th e relationshi p between S i
NMR shif t an d Si-O-Si angl e observed fo r crystalline SiO 2 polymorphs
(Fig. 8.4). Studies of the correlation between Raman and 29Si NMR spec-
tra fo r v-SiO 2 prepared b y sol-ge l method s and hea t treate d (Brinke r et
al., 1988 ) are also consistent with the presence of Si3O9 rings with Si-O -
Si angles around 137°, producing both Raman "defect" bands (labeled
"D2") an d distinctiv e 29 Si NM R peaks . Brinke r e t al . (1988 ) have esti -
mated a 20 mol % concentration fo r such species on silica surfaces. Mo-
lecular-dynamics simulations (Garofalini, 1983) and molecular models for
the fractur e of silica glass (Michalske and Bunker , 1984) have suggested
even smalle r Si-O-Si angle s (on the orde r o f 110° ) associated with Si2O6
groups. Theoretical studie s on the H 4Si2O6 molecule, with a shared-edge
Si2O6 configuration, have yielded an equilibriu m angle of —91° , but with
a rin g strain energy of almost 20 0 kcal/mol (O'Keeffe and Gibbs , 1985).
Calculations b y Tossel l an d Lazzerett i (1987a ) and Tossel l (1990b ) indi-
cate tha t suc h shared-edg e Si 2O6 specie s shoul d b e substantiall y de -
shielded compared t o conventional Q4 species.

Recent preliminar y XANES studie s a t th e oxyge n K edg e (Stizz a e t
al., 1987 ) are als o consisten t wit h a narrowing of Si-O-Si angl e a t high
pressure. Experimenta l XANE S an d multiple-scatterin g calculations on
a Si2O7

6~ cluste r give a feature about 30 eV above the oxygen Is edge that
shifts i n position wit h pressure and/o r wit h Si-O-Si angl e (Fig. 8.5). A

Fig. 8.3. Raman spectra of SiO2 glass as a  function o f pressure. Above 8 GPa th e
spectra weaken , and n o peaks are detectable above ~  4 0 GPa (afte r Hemle y et
al., 1986 ; reproduced with the publisher' s permission) .
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Fig. 8.4. The Si-O-Si bond angle distribution in undensified (solid line) and den-
sified (dashe d line ) amorphous SiO 2 ("suprasil I") derive d from NMR line shapes ,
where n(0) is th e relativ e numbe r o f bridgin g oxygen s wit h bond angl e 9  (afte r
Devine et al., 1987; reproduced wit h the publisher' s permission) .

similar feature, 30 eV above threshold , appears i n the Si L XANES (Bian-
coni, 1979) . Analysi s o f Si-O-Si angle s i s important fo r surfac e specie s
because atomisti c models (Michalske and Bunker, 1984) , and compariso n
with propertie s o f siloxane s (Brinke r e t al. , 1988) indicate tha t reduce d
values o f Si-O-Si angl e can significantl y accelerate nucleophili c attack
by H 2O at th e siloxan e bond , vi a the mechanis m show n i n Fig. 8.6. 17O
NMR ha s bee n applie d t o v-SiO 2 only a t atmospheric pressure , yielding
an I7 O NQCC of 5.17 MHz and 0.2 (Geissberger and Bray, 1983) . Accord-
ing to the calculation s of Tossell and Lazzerett i (1988a) , this is consistent
with an average Si-O-S i angle of around 140° . From the calculate d vari -
ations of NQCC and n with Si-O-Si angle shown in Figs. 8.7 and 8.8, the
measured standard deviations correspond to an angular range of 120-180°.

Although the bulk of detailed work has been undertaken on v-SiO2, in
situ x-ra y studies o f molten silicate s a t high temperature hav e confirmed
that S i is coordinated t o four oxygens in the molte n as well as the glassy
state (Waseda and Toguri, 1977, 1978) and yielded information on Si-O
bond lengths and some angula r information (see Table 8.1) .

8.1.2. Glasses  and melts  of more complex compositions
It i s generally accepted tha t aluminum is tetrahedrally coordinate d i n al-
uminosilicate glasses an d melts, provided that cations suc h as alkali met-
als o r alkalin e earth metal s ar e presen t i n sufficien t amount s t o charg e
compensate th e replacemen t o f Si 4+ b y A1 3+ [i.e. , Si 4+ - » A1 3+ + (I /
«)M"+, wher e monovalen t o r divalen t M  ion s occu r i n nonframework
sites associated wit h the tetrahedral aluminosilicat e framework]. Experi -
mental data for aluminosilicate glasses derived from both low-angle x-ray-
scattering experiments and EXAFS studies show that as aluminum is sub-
stituted fo r silicon, the average T  (tetrahedrally coordinated ion) -O bon d
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Fig. 8.5 . (a ) Experimental XANES o f v-SiO2 showing the oxyge n 1s (K) edge in
an untreate d sample (1 ) and a  sampl e (2 ) compressed t o 2 0 kbar. (b ) Calculated
XANES for Si 2O7 cluster with varying values of B, the Si-O-Si angle.

length increases i n the glass (fro m 1.62-1.6 3 A in Al-free systems to 1.6 7
A in NaAlSiO4) an d th e averag e T-O—T  angle decreases slightly . Th e ex -
perimental data are reviewed b y Navrotsky e t al. (1985), who also review
the application of ab initio SCF molecular-orbital calculation s undertake n
on relevan t cluste r unit s to an understandin g o f the structur e an d prop -
erties o f silicat e and aluminosilicat e glasses an d melt s o f widely varying
compositions. I n Table 8. 1 are show n experimental data o n T  distances
and T-O—T  angles , alon g wit h informatio n on a  large r rang e o f cation -
oxygen polyhedra, including coordination number and M-O bon d lengths



Fig. 8.6 . Mechanis m proposed fo r the breakage o f the Si-O-Si bond, whereb y a
strained bon d (a t a  slowl y developing crack ) adsorb s a  wate r molecul e (1) , i s
cleaved by a dissociative reaction (2), and is converted to surface silano l group s
(after Michalsk e and Bunker , 1984; reproduced wit h the publisher' s permission).

Fig. 8.7 . Variatio n wit h 6br of calculated EFG s a t O, P, and S i in dimers (Tossell,
unpublished results) .

Fig. 8.8. Calculate d anisotropy, n, and 1 -
cos<Si-O-Si a s a  functio n o f <Si-O-S i
(from Tossel l and Lazzeretti , 1988a).
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Table 8.1. Crysta l chemical data on glasses and melts: (a) tetrahedral cation -
oxygen (T-O)  distance s and T-O-T  angle s (<T-O-T)  i n glassy and molten
materials from x-ray data

Composition

SiO2

NaAlSi3O8
NaAlSiA
NaAISiO4
KAlSi3O8
CaAl2Si2O8
Fe2Si04
Na2SiO,
K2SiO3
Na2SiO5

K2SiO5

0.24CaO-0.76SiO2
0.24MgO-0.76SiO2

Temp. (K ) T- O (A )

298
298

2053
298
298
298
298
298

1523-1673
1523-1673
1523-1673
298

1373-1873
298

1373-1873

1.62

1.63
1.64
1.67

1.66

1.62
1.62
1.62
1.62
1.62
1.62

1873-2053 1.6 3
1873-2053 1.6 3

<r_o-r (deg)
151
146
140
146
145
143
146
143
—
167
171
164
162
171
171
162
151

(b) Cation-oxygen distance s for various polyhedra from molecular-orbita l
calculations compared wit h experimental values in crystals, glasses , an d melts

Ion

Si4 +

A13+

Mg2 +

Na+

Ca2 +

Fe2 +

Coordination
number

4
4

6
4
4.3-5.1
4.1
6
4
4.1-6.1
5
6
6
5.4-6.8
7
4
3.9-4.2
6
6

Calculated

1.65
1.72

1.79
1.83

1.91
2.02

2.07

M-O

Av. crystal

1.62
1.75

1.89
1.84

2.08
2.35

2.38
2.36

2.43
1.99

2.13

bond length (A)

Glass (300 K) Mel t (> 1473 K)

1.62 1.62-1.6 3
1.72
1.76, 1.81

2.14 2.1 6
2.08

2.36 2.3 6
2.3

2.43

2.02-2.05
2.07

Source: After Navrotsk y c t al . , 1985, who provid e informatio n o n origina l data sources.
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1.59

1.62

1.63

1.62
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derived fro m experimen t (o n crystals , glasses , an d melts ) and fro m mo -
lecular-orbital calculations . I t can be seen tha t th e calculated an d exper-
imental tetrahedral atom-oxyge n bond lengths are in good agreement, and
that the observed Si- O an d Al-O bon d lengths remain relativel y constan t
in crystalline , glassy , an d molte n materials . A s alread y note d i n earlie r
chapters, th e flexibilit y o f Si-O-Si , Si-O-Al , an d A1-O-A 1 angles evi -
denced fro m calculation s i s in accord with easier glas s formation i n sili-
cates and aluminosilicates compare d with , for example, borates, sulfides,
oxysulfides, o r oxynitrides.

The presenc e o f cations suc h as alkali o r alkaline eart h metal s in the
silicate mel t result s i n th e formatio n o f nonbridgin g oxyge n atoms ,
bonded t o bot h th e tetrahedrall y coordinate d cation s an d th e networ k
modifiers. Th e Si- O an d Al- O bonds , th e stronges t i n silicates an d alu-
minosilicates, ar e perturbed b y these other cations , increasin g perturba -
tion and weakenin g of the framewor k occurring with increasing ability of
the other atom to compete with S i or Al in bonding t o oxygen (i.e. , wit h
increasing cation field strength). The perturbation of T-O-Tgroups i s evi-
denced b y T- O bon d lengthening observed i n crystalline aluminosilicate s
and predicted b y MO calculations an d increases i n the serie s Ca , Mg and
K, Na, Li . This perturbation ca n be correlated with thermochemical mix-
ing propertie s o f glasse s i n th e system s SiO 2-Mn+

 1/n) AlO2 an d SiO 2-
Mn + On/2 (where M  =  Li , K , Na , Rb , C s and Mg , Ca, Sr , Ba , Pb) , with
tendencies towar d immiscibilit y in thes e systems . Systemati c trend s i n
vibrational spectr a an d i n physica l properties , includin g viscosity, ca n
also be  correlated .

As for v-SiO2, the mor e comple x glasse s have been extensively stud-
ied b y vibrationa l spectroscop y (see , fo r example , McMillan , 1984a,b )
and high-resolution NMR (e.g., Murdoch et al., 1985 ; Ohtani et al., 1985).
Important advances have also taken place in the use of high-temperature,
high-resolution NMR studie s o f molten silicates . Fo r example , Stebbin s
et al . (1985 ) studie d 23 Na, 27 A1, an d 29 Si i n liquid s i n th e syste m
Na2O/Al2O3/SiO2 at temperatures u p to about 1300°C . Typical spectra ar e
illustrated i n Fig . 8. 9 an d wer e studie d t o determin e chemica l shifts ,
linewidths, an d lin e shapes . A s indicate d i n Fig . 8.10 , th e 29 Si chemical
shifts ar e systematically less negative in the melts than the corresponding
glasses an d crystals , an d correlat e wit h degre e o f polymerizatio n (Q n,
where n  is the numbe r of other A1O 4 or SiO 4 units bound to a given SiO4
tetrahedron). Als o shown in Fig. 8.1 0 are the 23Na chemical shifts , which
correlate wel l with the rati o o f number o f oxygen t o numbe r of sodium
atoms. High-temperatur e NM R techniques hav e also been use d to study
diffusion i n alkali silicate melt s (Liu et al., 1988) , where line shape, spin -
lattice, an d spin-spi n relaxatio n time s yiel d usefu l information , such a s
the fact that exchange of oxygens between bridging and nonbridging sites
takes place at the microsecond to nanosecond time scale at liquidus tem-
peratures, making the lifetime s o f silicate "molecules" ver y short.
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Fig. 8.9. Typica l NMR spectr a fo r molten silicates . Dat a ar e from Stebbin s et al .
(1985) and ar e fo r NaAlSi 2O6 a t ~  1300°C . Relativ e location o f the spectr a i s ar-
bitrary, bu t the y al l hav e th e sam e frequenc y scal e (afte r Stebbin s e t al. , 1985 ;
reproduced with the publisher's permission) .

Iron i s probably th e onl y majo r elemen t i n magmati c rock s tha t ca n
occur i n several oxidatio n states unde r the conditions relevant t o igneous
processes i n the Earth . Th e rol e o f iron i n glasses an d melt s has , there -
fore, bee n studie d quite extensively, and particular use has been made of
Mossbauer spectroscopy (e.g. , Virgo and Mysen, 1985; Mysen and Virgo,
1985; Mysen e t al. , 1985) . The application s o f 57Fe Mossbaue r spectros -
copy i n studyin g a wide rang e o f glass composition s hav e als o bee n re -
viewed by Dyar (1985). Despite a  considerable volum e of work, the struc-
tural role  o f iron is not wel l understood. Ferri c iron is widely recognize d
as occurring both as a network former and a network modifier , the latte r
role possibl y bein g o f mor e importanc e a t highe r ( > 1  GPa) pressure s
(Mysen an d Virgo , 1985) . Ferrous iron has bee n regarde d generall y a s a
network modifier (Mysen et al. , 1985) , but recent wor k involving the di -
rect study of Fe 2+ i n molten alkali silicates by x-ra y absorption spectros-
copy (EXAF S an d XANES ) has provide d evidenc e for Fe 2+ a s a  four -
coordinated networ k former in melts of compositions ~  Na 2FeSi3Og and
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Fig. 8.10. Chemica l shifts fro m NM R spectr a o f solid an d molte n silicates . L  in-
dicates liqui d a t temperatur e shown ; G indicates glass ; an d C , crystallin e solid .
Arrows indicate linewidth (not errors) (after Stebbins et al., 1985 ; reproduced with
the publisher's permission).

K2FeSi3O8 (Waychuna s e t al. , 1988) . Th e EXAF S spectr a o f th e melt s
along with certain mode l compound s an d a quenched glas s are shown in
Fig. 8.11 . There i s no doub t tha t suc h direc t studie s o f melt s b y x-ra y
absorption an d relate d spectroscopi c method s ar e th e technique s o f the
future.

Volatile components , notably H2O and CO 2, can dissolv e in a molec-
ular for m i n silicat e melts even a t 1  atm, an d ar e wel l know n to hav e a
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Fig. 8.11. EXAF S dat a for various alkali-metal-iron glasse s and melts along with
model compound s havin g mainly Fe 2+ i n tetrahedral (hercynite ) and octahedra l
(magnesiowustite) coordination. Dat a are the Fourie r transform s of the weighte d
EXAFS function s (afte r Waychunas et al. , 1988) .

radical effec t o n physical and chemica l properties . Again, there i s no de-
tailed understandin g of the change s in melt structure tha t result . Studie s
using vibrationa l spectroscopie s sugges t tha t H 2O forms OH complexe s
on dissolution, whereas CO 2 dissolves t o form CO 3

2 complexe s (Mysen
et al., 1982 ; Mysen, 1983) . It has been proposed tha t this extra oxygen is
obtained by transforming two nonbridging oxygens in the melt to a bridg-
ing oxyge n and CO 3

2 ~, thereb y increasin g th e degre e o f polymerizatio n
and enhancing the activity of silicate components .

8.1.3. Crystal-melt  equilibria
A fulle r knowledg e of the structur e an d bonding in silicate melt s shoul d
enable detaile d descriptio n an d predictio n o f the chemica l processe s in-
volved in magmatic crystallization and of the partitioning of elements be -
tween mel t an d crystals . A larg e bod y o f experimenta l data is , i n fact ,
available o n thi s subject , bu t th e onl y significan t contribution s s o fa r
made by application of bonding theories center on the simple ionic models



394 THEORETICA L GEOCHEMISTRY

or, fo r th e transitio n metals , th e applicatio n o f crystal-field theory. Th e
weaknesses inherent in many of the rules se t up to explain trace-elemen t
distributions wer e criticall y appraise d b y Burn s an d Fyf e (1967a,b) , I t
was als o thes e author s (Burn s and Fyfe , 1967a,b ; Burns , 1970 ) who ex-
pounded the applications o f crystal-field theory in this context.

Many aspects of crystal-melt partitioning for transition metals can be
explained by assuming that meta l site s i n the mel t typically give smaller
crystal-field stabilizatio n energie s tha n d o the availabl e site s i n crystals .
For example, a certain proportion of metal sites in the melt might be tetra-
hedral, an d suc h site s woul d b e expecte d t o giv e smalle r CFS E value s
than octahedra l site s i n the crysta l fo r virtually all transition-metal ions.
Unfortunately, ther e ha s bee n ver y littl e study sinc e th e earl y 1970 s of
sites occupie d b y transitio n metal s i n silicat e melts . Th e visibl e and F e
Mossbauer spectr a o f Fe2+ i n quenched silicat e glas s showed essentially
no evidenc e fo r tetrahedra l Fe 2+ (Boo n an d Fyfe , 1972) , whil e earlie r
studies of Ni2+ spectr a in glasses (Burns and Fyfe, 1964) had shown some
tetrahedral Ni 2+, i n spite o f the large r octahedra l sit e preference energ y
for Ni 2 4 ( a d 8system). I t wa s suggeste d by Boo n an d Fyf e tha t th e dis -
tribution o f ions i n the mel t migh t be substantiall y different fro m tha t in
the quenched glass. I t has been observed fo r divalent transition-metal ion
diffusion i n AgCl that ions with low octahedral CFS E values have lower
activation energie s fo r diffusio n (Batr a e t al. , 1976) , so tha t Fe 2+ ma y
diffuse fro m one site to another more readily than Ni2+ during the quench-
ing process . T o resolve thi s question , i t would b e desirabl e to d o spec -
troscopy directl y o n th e melt , usin g eithe r optica l absorptio n o r som e
other technique s such a s XANES, bu t suc h studie s would be ver y diffi -
cult. Molecular-dynamics simulations of the melt structure would also be
informative, i f adequate potential s for describin g the interactio n o f tran-
sition-metal ions with silicate unit s could be developed .

It i s also importan t t o not e tha t first-principle s calculations o f phas e
diagrams suc h as those neede d t o evaluat e solid-mel t equilibri a are just
beginning. Severa l approache s utilizin g first-principles interaction poten-
tials withi n a  statistical-mechanica l approac h appea r t o be promising for
alloy system s suc h a s Au-C u (Ferreir a e t al. , 1988 ) and Fe-N i (Cheng
and Ellis , 1989) , but i t i s no t clea r whethe r suc h approaches ca n b e ex -
tended to the more complicated silicat e structures .

8.2. Solution species

8.2.1. Quantum-mechanical studies of water and aqueous
(ionic) solutions

The fre e gas-phas e H 2O molecul e ha s bee n th e subjec t o f extremely ac-
curate quantum-mechanical calculations o f both its ground state, excited
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Table 8.2 . Compariso n of experimental and calculate d values for som e
properties of the water molecule

Property

Energy

Dipole moment

Force o n nucleu s
x component
y component
z component

Electric-field gradien t at O ,
xx component

Electric-field gradien t at H
xx component

Experimental
value

-76.4376

0.7296

0
0
0

-1.665

0.4583

Calculated

Hartree-Fock

-76.0666

0.7951

0.0126
0.0125
0.0015

-1.8508

0.4702

value

CI

-76.3736

0.7588

0.0002
0.0012
0.0029

-1.7488

0.4802

All value s ar e give n in atomic units . Th e experimenta l H2O equilibrium geometry i s used.
Source: From Davidso n and Feller , 1984 .

state an d respons e properties . A  compariso n o f calculate d an d experi -
mental ground-stat e properties i s given in Table 8.2 from Davidson an d
Feller (1984) , an d som e respons e propertie s tabulate d b y Buckingham
(1986) ar e presente d i n Tabl e 8.3 . Thes e result s indicat e tha t sensitiv e
ground-state properties suc h as electric-field gradients can stil l differ fro m
experiment b y 10 % at the near-Hartree-Fock SC F leve l but tha t config-
uration interaction at feasible levels can usually eliminate half of this dis-
crepancy. Respons e properties , suc h a s polarizabilities , ca n sho w eve n
larger deviations , which can again be significantly reduced b y configura-
tion-interaction methods . Smal l cluster s o f water molecule s ca n als o b e
treated accurately , an d the result s compare favorabl y with gas-phase ex -
perimental result s (Amos , 1986) . In th e sam e way , reasonably accurat e
results can be obtained for simple cations or anions interacting with small
numbers o f H 2O molecule s (Kollman n an d Kuntz , 1972 ; Sano an d Ya -
matera, 1982 ; Curtis et al. , 1987) . For cations , M n+, th e calculated M- O
distances show the expected increase with increasing number of H2O mol-
ecules and are in good agreement with crystal structure data for M cations

Table 8.3. Calculate d and experimental dipole polarizabilities (in a.u.) fo r H2O

Coupled Hartree-Foc k calculation

Coupled Hartree-Foc k plu s CI calculation

Fxperimcntal valu e

axx

9.11

9.84

10.01

ayy

7.50

9.02

9.26

azz

8.42

9.33

9.62

a

8.25

9.40

9.64

Source: From Joh n e t a l . , 1980.



396 THEORETICA L GEOCHEMISTRY

with the sam e coordination number . Some result s are presented i n Table
8.4. Fo r thos e fe w case s i n whic h M- O forc e constant s o r vibrationa l
frequencies hav e bee n evaluated , agreemen t wit h experiment i s as goo d
as for comparable gas-phase molecules. In addition to the M-O stretchin g
frequencies, man y studies have examined changes in frequencies (Falk et
al., 1986 ) or intensities (Hermansson et al. , 1986 ) of the H 2O vibrations .
Such calculation s ar e a t th e quantum-chemica l "state o f th e art, " an d
simplifications mus t often b e made in the basis set, symmetry of the spe -
cies studied , assumption s abou t fixe d bon d distances , etc. , whic h ca n
cause discrepancie s betwee n differen t publications , bu t agreemen t wit h
experiment i s ofte n quit e good.  Fo r example , th e subtl e effec t o f Zn 2+

versus Mg 2+ coordinatio n o n H 2O vibrationa l intensitie s ca n b e accu -
rately predicte d (Hermansso n e t al. , 1986) . I n principle , suc h studie s
could b e extended t o the interaction s o f M n+ cation s wit h other anioni c
species existing in mineral-forming solutions, such as Cl-, H2S, HS~, and
CO3

2- o r to melt species such as SiO4
4~. These species are more compli-

cated an d presen t greate r computationa l demands . Polarizabl e specie s
like CO3

2 ~ are calculated t o be appreciably distorted in M-CO3 complexes
(Tossell, 1985) , but suc h distortions disappear in the more symmetric en-
vironments of crystals.

This raise s a  question ofte n importan t in simulation studies : t o what
extent can a system such as Mn+ (H2O)m be described in terms of Mn+-H2O
and H 2O-H2O pai r interactions? Clearly, the most desirable situatio n for

Table 8.4. Calculate d (Calc. ) metal-water binding energies an d bond lengths and
hydration energies compare d wit h experimental (Expt. ) value s

Hydration
energy

Total energy (a.u. )

(M)

Mg
Ca
Cr
Mn
Fe
Co
Ni
Cu
Zn

Cr
Fe

M2 +

- 198.72 7
-657.4861

- 1041.4923
-1147.8630
-1260.2197
- 1378.956 9
-1504.1535
-1635.9457
-1774.5536

M3 +

- 1040.423 9
- 1259.299 9

[M(H20)6]2+

-654.600
-1113.2116
-1497.3156
-1603.6791
- 1716.0611
-1834.8028
-1960.0376
-2091.8380
-2230.4375

[M(H20)J3+

-1496.8134
- 1259.299 9

(kj

Calc."

1659
1272
1529
1510
1577
1588
1689
1710
1688

3015
2767

mol~')

Expt.

1997
1668
1925
1920
2008
2105
2170
2174
2120

4686
5469

Metal-water distance

Calc

2.07
2.40
2.13, 2,
2.19
2.14
2.09
2.05
2.00, 2 .
2.04

2.02
2.04

(A)
Expt.

2.40
.32

2.20
2.12
2.08
2.04

.12 1.94,2.4 3
2.08

1.98
2.00

"Energy fo r th e coordinatio n o f si x wate r molecules ; th e tota l energ y o f wate r molecules ,
6( — 75.8735) a.u . wa s use d i n th e calculation.

mETAL
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Table 8.5. Calculate d Cl- O distance s [R(Cl-O) in A] and hydration energies (AE
in kcal/mol ) fo r C1-(H7O)n complexes

n

1
2
3
4
5
6

AE(two body)

11.9
23.3
34.3
46.7
55.7
69.2

R(C1-O) (A)

3.30
3.31
3.34
3.37
3.39
3.42

AE, M D (298 K)

10.9
21.1
30.7
39.4

AEHF

11.9
22.9
32.7

Source: From Kistenmache r e t al. , 1974 .

modeling M n+ aqueou s solution s would be one in which such a  pairwis e
scheme yielde d accurate geometrie s an d energie s fo r the large r species .
For univalen t cation-water interactions , pairwis e additivit y seem s t o be
good enoug h to accurately predic t propertie s o f solutions (dement i and
Popkie, 1972 ) so long as the M+-H2O calculations use d t o generate po -
tential parameter s ar e o f high quality . Fo r F e cations , however , depar -
tures from pairwis e additivity are substantia l so that a molecular-dynam-
ics simulation based o n Fe"+-H2O pair potential s predict s 8-coordinatio n
for Fe" + i n aqueous solutions , i n disagreement with experimental results
showing 6-coordination. Studie s on Fe(H2O)m show nonpairwise additiv e
effects that , when properly incorporated, giv e more accurate description s
of th e aqueou s solution s (Curti s e t al. , 1987) . I t i s no t ye t apparen t
whether such failures of pairwise additivity can be accounted fo r in terms
of ligand field effects , valenc e saturation , o r other simpl e terms.

So far we have said little about anion solution. Studies of such species
have bee n fewer , partl y becaus e o f th e smalle r number s and th e mor e
restricted charg e o n common anions , an d their generall y smalle r contri -
butions t o heat s o f solvation . Th e quantum-mechanica l calculations ar e
also somewha t more difficul t sinc e diffuse function s are often required in
the anion basi s set , an d sinc e th e stabilizatio n ofte n involve s H bonding
with significant perturbation of the H2O molecule. Nonetheless , solvatio n
of the commo n anion s ha s been studied , an d som e propertie s fro m Kis -
tenmacher e t al . (1974 ) are tabulated i n Table 8.5 . I n this study , the opti -
mum geometries of Cl-O distance s an d angles were determined by stati c
simulation usin g Cl -OH 2 pai r potentials . For th e smalle r clusters , mo-
lecular dynamics was the n use d t o evaluat e hydratio n energie s a t 29 8 K
to assess therma l effects , an d direct Hartree-Fock calculations wer e per -
formed o n the C l (OH 2)n clusters (a t the Cl- O distanc e value s obtaine d
from th e pai r potentia l simulation ) to assess many-body contributions t o
AE. Fro m th e limite d data (essentiall y for n^4) , i t appears that therma l
and many-bod y effects ar e o n th e orde r o f onl y 1- 2 kcal/mo l pe r H 2O
molecule and tha t the overal l trend in A£ i s reproduced fairly wel l a t th e
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pair-potential level . For n>6,  A £ increases b y about 9  kcal/mol for eac h
increase i n n  s o tha t a  numbe r of differen t structure s wit h large n  hav e
about th e sam e stabilit y per wate r molecule . Thus , on e woul d expec t a
mixture of many different effectiv e coordinatio n numbers , and statistical-
mechanical technique s such a s molecula r dynamics are necessary t o as-
sess the overal l configuration and stabilit y within the solution .

So far w e hav e concentrate d o n specie s containin g singl e metal cat -
ions, wherea s th e mineral s deposite d fro m solutio n involv e array s o f
closely interconnecte d cations . Althoug h singl e meta l center s can , o f
course, ad d t o minera l surfaces , i t may wel l be tha t oligomeri c species
with severa l metal ion s are importan t in mineral deposition. Bot h oxidi c
species, lik e the meta l alkoxide s (Chisholm , 1985), and sulfidi c species ,
like the meta l polysulfides (Muller and Diemann, 1987) , show oligomeric
behavior wit h bot h A/- O o r M- S an d M- M bondin g bein g prominent .
Calculations on such specie s are , however , very difficult .

8.2.2. Aqueous  metal complexes, hydrothermal solutions,  and
hydrothermal ore  deposits

It has long been recognize d that major groups of metalliferous ore depos-
its have formed by precipitation fro m aqueou s solution s at elevated tem-
peratures, mos t commonly in the range of 25-400°C, althoug h sometimes
higher. Thes e so-calle d hydrotherma l solutions and th e resultin g hydro-
thermal or e deposit s hav e been th e focu s of much research (see , for ex-
ample, Barnes , 1979 ; Barnes an d Ohmoto , 1990) , from whic h it i s clear
that comple x ion s ar e responsibl e fo r th e transpor t o f metals i n most of
these solutions . Th e mod e o f origin of such deposit s clearl y depend s o n
a rang e o f interlinked geochemical an d geologica l factors , bu t centra l t o
any understandin g of the origi n and natur e o f hydrothermal ore deposit s
is an understandin g of certain aqueou s meta l complexe s ove r a  range of
temperatures (and pressures) .

The metal s o f importance i n hydrotherma l deposits includ e those of
the first transitio n series, particularly Mn, Fe, Cu , Zn, along with certain
members of later transitio n series such as Mo, Ag , Cd, Au , an d Hg, and
some nontransition metal s including Sn, Pb, As , Sb , and Bi. The geolog-
ically most important ligands involved in complex formation include Cl~,
OH ,  and HS~ , in addition, o f course, t o H 2O. Other potentia l ligands,
as noted by Barnes (1979), are organic acids, NH 3, F~, S V

2 ~, S2O3
2 ,  and

HCO3 .  The complex ions under consideration here are well-defined mo-
lecular entitie s wit h a  specifi c geometr y an d coordinatio n number . Fo r
example, over much of the range of hydrothermal ore-forming conditions,
most complexes of the transition metals appear t o be either octahedrall y
or tetrahedrally coordinated (Susak, 1981; Susak and Crerar, 1984). Such
complexes ar e tru e molecules , in whic h th e bondin g i s bes t described
using molecular-orbita l theory (i n contras t t o io n pairs , suc h a s NaCl° ,
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held togethe r primaril y by Coulombi c attraction ; Pytkowicz , 1983) . The
application o f moder n electronic-structur e theorie s t o meta l complexe s
can be pursued using spectroscopic technique s an d MO calculations, an d
relatively little work has so far been don e i n this field, particularl y unde r
elevated temperature and pressure conditions . An overview has been pro-
vided by Crera r e t al . (1985) , on which the following discussion i s partly
based.

The aqueou s behavio r o f the cation s o f interes t i n hydrothermal de -
posits ca n b e divide d on th e basi s o f electronic configuration , following
Giaquinta et al . (1983 ) as below.

1. Cation s wit h the rare-ga s configuratio n (e.g. , L i + , Na + , K +,
Ca2+, Mg 2+, Sc 3+, Ti 4 + ) exhibit interaction s wit h ligands tha t
are predominantl y Coulombic o r ionic . Her e th e stabilit y o f a
complex increases wit h the rati o of charge t o radius (Z/r)  o f the
cation, an d smalle r anion s ar e generall y preferred . A t roo m
temperatures, suc h cation s for m fluorid e specie s bu t d o no t
combine with the heavier halogens, including chlorine. The hal-
ogens compet e unfavorabl y with th e wate r dipol e i n th e firs t
coordination shell , although at higher temperatures associatio n
does increase .

2. Cation s wit h the noble-meta l configuration (fille d d  shell ) such
as Zn 2+, Cd 2+, Hg 2+, C u + , Ag +, Au + , Sn 2+, an d Pb 2+ for m
more covalen t complexe s preferentially bonding with less elec-
tronegative ligands . Chlorid e complexe s ar e mor e stabl e tha n
fluoride, an d H S i s particularl y preferred . Th e mos t stabl e
complexes ar e forme d wit h th e mos t polarizabl e ligands , th e
established sequenc e bein g (Graddon, 1968):

P > S » N  > O > F « Cl < Br < I
The metal s Cu , A g most commonl y occu r a s monovalen t an d
Zn, Cd, Hg as divalent cations in natural hydrothermal systems,
thus having the of 10 configuration and forming highly stable chlo-
ride and bisulfide complexes (Barnes , 1979) .

3. Cation s of the transition metals having partly filled d  shells (no-
tably Ti 3 + , V3 + , Cr 3 + , Mn2+ , Mn3 + , Mn4+, Fe 2+, Fe 3 + , Co2 + ,
Ni2 +) exhibi t a range o f behavior, including a change fro m pre -
dominantly ionic to more covalent bonding with increasing elec-
tronegativities movin g across eac h transitio n ro w (d'-xP), an d
a paralle l increase i n the electrostati c interaction , wit h anions
or dipole s indicate d b y th e genera l increas e i n ioni c potentia l
(Z/r) across eac h row . This increases th e stabilit y of complexes
formed wit h a  commo n ligan d from lef t t o righ t i n eac h row .
Such cations are also subject to ligand-field stabilizatio n effect s
that ma y stabiliz e complexe s formed wit h cations havin g con-
figurations othe r than d°, d5, or d 10.
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The overal l behavio r pattern outline d can be further examined using
the hard-sof t acid-bas e classification approach , b y further consideration
of ligand-field effects , an d by considering relativistic effects that influence
the behavior of the heavie r cations.

As noted elsewhere i n this text, and further discusse d i n Section 8.4 ,
metal-ligand interaction s may be broadly regarded as acid-base reactions
with the meta l acting as electron accepto r an d the ligand as donor. Pear -
son (1963 ) divided metal s an d ligand s int o har d (small , highl y charged ,
and onl y slightly polarizable) and sof t (large , low charge, an d highl y po-
larizable), and examples of metals and ligands of geochemical importanc e
being classified in thi s way ar e show n in Table 8.6 . Pearso n (1963 ) sug -
gested that , i n a competitive situation, soft acid s bind preferentially with
soft base s an d har d acid s wit h hard bases . Th e availabl e dat a d o sho w
that the sof t ligand s HS ~ and H 2S form relatively strong complexes with
Hg, Au , Ag , Cu, an d Sb ; weaker complexe s with Pb and Zn; very weak
complexes with Fe and Sn; and probably do not form any complexes with
W and Mo . O n the othe r hand , the borderline base Cl ~ form s relatively
strong complexe s wit h Fe , Sn , Pb , an d Zn , an d mos t transitio n metals .
Experimental studies suggest that these trends are valid to at least 200°C,
although Seward (1981 ) has pointed out that al l metal-ligand interaction s
become harde r at higher temperatures.

Ligand-field stabilizatio n energ y (LFSE ) ca n exercis e a n importan t
control o n th e stabilitie s o f transition-meta l complexes , particularl y for

Table 8.6. Classificatio n o f geological metal s an d ligands "

Hard acids
H4 ,  Li + , N a+ , K4, R b h , Cs + , Ca2+, Mg 2+, Ba 2+, Ti4+, Sn 4+, MoO 34 , WO 4+, Fe3+,

Al-1+, As 3+ , CO 2

Borderline acid s
Fe2+, Co ! + ,Ni 2 4 , Cu 2 4 , Zn2 + , Sn 2+, Pb 2+, Sb 3+, Bi 3+, SO,

Soft acid s
Cu +, A g +, A u 4 , Cd 2 4, H g +, Hg2 +, M ° (metal atoms an d bulk metals)

Hard base s
NHj, H 2O, OH-, CO, 2-, NO 3 ,  PO4

3~, SO 4
2-, F~ , Cl~

Borderline bases
Br

Soft base s
CN-, CO , H,S, HS- , I -

Relative hardness o f common meta l ions and ligands' '
F >  Cl - >  Br - >  I  Zn 2+ >  Pb 2 +

Cu' >  Ag + >  Au * H + >  Li + >  Na H >  K  h > Rb + >  C s +

Zn 2 ' >  Cd 2+ >  Hg 2+ As 3 ' >  Sb 3+ =  Bi 34

"According to relativ e hardness.
''Hardness decrease s toward th e r ight .

Hard acid s
H4 ,  Li + , N a4 , K 4, R b h , Cs + , Ca2+, Mg 2+, Ba 2+, Ti 44 , Sn 4+, MoO 34 , WO 4+, Fe 3+,

A13+, As 3+ , CO 2

Borderline acid s
Fe2+, Co ! + ,Ni 2 4 , Cu 2 4 , Zn2 + , Sn 2+, Pb 2+, Sb 3+, Bi 3+, SO,

Soft acid s
Cu + , Ag + , Au 4 ,  Cd2 4 , Hg + , Hg 2 + , M° (metal atoms an d bul k metals)

Hard base s
NHj, H 2O, OH-, CO, 2 ,  NO3 ,  PO4

3~, SO 4
2-, F~ , Cl ~

Borderline bases
Br

Soft base s
CN-, CO , H,S, HS- , I -

Relative hardness o f common meta l ions and ligands' '
F >  Cl - >  Br - >  I  Zn 2+ >  Pb 2 +

Cu' >  Ag + >  Au * H + >  Li + >  Na H >  K  h > Rb + >  C s +

Zn2 '  >  Cd 2+ >  Hg 2+ As 3 ' >  Sb 3+ =  Bi 34
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metals of the firs t transitio n series. Th e diagram s in Fig. 8.1 2 recall that
LFSE, although zer o for d°, d5, and dw cations , rises t o a maximum for
the d 3 and d 8 cations, an d thi s is reflected in the greate r stabilit y of mol-
ecules wit h hig h LFSE ove r the trend s expected whe n this effec t i s no t
considered. Th e familia r double-hum p trend show n in lattice energie s in
Fig. 8.12 is therefore picked up in the values of the enthalpy of hydration
and i n th e stabilit y constan t fo r comple x formation . A s thes e figure s
show, coordination compounds of Ni2 + o r V2+ ca n acquire roughly 200 -

Fig. 8.12 . Plo t o f variou s energ y parameter s agains t numbe r o f d  electron s
for th e firs t ro w transitio n metals , (a ) Lattic e energ y o r hea t o f th e
reaction M 2 + (g) + 2Cl-(g)-*MCl2(s). (b ) Enthalp y o f hydration ,
M2 + (g) + 6H2O-^M(H2O)6

2 + (aq). (c ) Lo g equilibriu m constan t fo r th e reactio n
M(H,O)6

2+(aq)+ tre n -» M(tren)(H 2O)5
2+(aq) +  H 2O, where tre n =  trisethylene -

diamine. (d ) Log equilibriu m constant fo r th e reactio n M(H 2O)6
2' (aq) +  O H — »

M(H2O)5(OH)+ +  H 2O.(After Creraretal., 1985 ; reproduced with the publisher's
permission.)
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300 KJ/mol additional stability; the general rise from C a to Zn and general
increase i n stabilit y o f complexe s i s due t o th e proportionalit y betwee n
bonding energy an d Z 2lrKAl{m discusse d previously .

An additiona l effect arise s from th e contractio n o f s  and p  orbital s o f
the heavier metals (Pt , Au, Pb , Bi , Hg, etc.) . Th e velocity of electrons i n
these inne r orbitals approaches th e speed o f light and, because o f relativ-
istic effects, they are drawn closer to the nucleus. This contraction o f the
s and p orbital s cause s increase d shieldin g of d and/orbitals and leads to
a greate r tendenc y toward s covalen t bondin g (Pitzer , 1979 ; Pykko an d
Desclaux, 1979) . In hydrothermal solutions , complex ions of the heavie r
transition metals should become increasingl y covalent. Fo r example, gold
bisulfide complexe s shoul d b e stronge r tha n silve r bisulfide complexes ,
and experimenta l evidenc e seem s t o suppor t thi s observatio n (Wood ,
1985). Th e apparen t preferenc e o f bismuth for chlorid e an d o f antimony
for bisulfid e ligands (despite simila r Zlr ratio s an d electronegativities ) i s
probably du e to relativistic effects .

Consideration o f hard-soft acid-bas e theory, ligand-field, and relativ-
istic effects provide s insight into which complexes wil l be stabl e a t 25° C
and 1  atm and why. The effect s o f variations i n temperature an d pressur e
on complex stabilit y are clearl y very important , and thi s general subjec t
has bee n discusse d b y Sewar d (1981) . The mos t dramati c effec t o f tem-
perature i s its effec t o n the dielectri c constan t o f water, whic h falls fro m
78.47 a t 25° C to 12.8 7 at 350° C and vapor-saturate d pressur e (Helgeso n
and Kirkham , 1974) . Since the Coulombi c force i s inversely proportional
to th e dielectri c constant , al l electrostati c interaction s increas e a t ele -
vated temperatures . Stron g acid s becom e wea k an d ioni c salt s for m ion
pairs a t highe r temperature, an d complexes wit h intermediate o r hard li-
gands (e.g. , OH " an d C l )  becom e mor e stable . Thi s i s evidence d b y
increases i n hydroxy complexing (Baes and Mesmer, 1981 ) and increase d
stability o f chlor o complexe s (Barnes , 1979 ; Seward , 1981 , 1984 ) with
temperature. This , couple d wit h th e anticipate d increas e i n solubilit y
products, help s t o explai n th e highe r solubilitie s o f man y metalliferou s
minerals in higher-temperature hydrotherma l solutions. Another effec t o f
increasing temperature , see n fro m experimenta l data, i s a decrease in li-
gation numbers s o that complexe s o f low to neutra l charge (e.g. , FeCl2°)
predominate abov e ~300°C , an d a t ver y hig h temperatur e molecula r
aqueous specie s o f feldspar stoichiometry such as NaAlSi3O8° may occu r
(Anderson and Burnham, 1983) . There i s also experimenta l evidenc e tha t
tetrahedral complexe s predominat e ove r octahedra l a t highe r tempera -
tures (Susa k an d Crerar , 1984) . Pressure effect s ar e generall y muc h less
significant ove r the ranges relevant to fluids near the surface of the Earth;
however, solubilit y does generall y increase wit h pressur e becaus e o f in-
creased densit y o f solvent , an d pressur e increase s th e dissociatio n of
complexes to ionic species because o f the genera l decrease i n partial mo-
lal volum e accompanying ion formation .
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8.2.3. Theoretical studies on Zn chloride complexes in
aqueous solution

Abundant dat a exist on the stabilitie s of complexes in aqueous solution
with genera l stoichiometr y ZnCl n a t variou s temperature s an d ioni c
strengths (Barnes, 1979) . There ar e also substantia l diffraction an d spec -
tral dat a bearin g upo n th e compositio n o f th e firs t coordinatio n spher e
about Zn for many chloride to zinc composition ratios. Quantum-chemi-
cal methods have recentl y been use d t o calculat e structures , stabilities ,
and spectr a fo r bot h bar e ZnCl n

2-n specie s an d thei r hydrate d analog s
(Tossell, 1989 , 1990a). Calculations have been performed for ground-state
properties usin g ab initio  Hatree—Fock-Roothaan SCF calculations with
valence double- ^ basi s set s (Barandiara n e t al. , 1986 , an d reference s
therein) wit h adde d p  an d d  polarizatio n function s (designated SV * i n
Table 8.7). The actual probable speciations for the various complexes ar e
given in Table 8.7, along with calculated and experimental structural data.
Zn NMR shieldings have also been calculated using somewhat more flex-
ible basi s sets , an d a  relationship between Z n 4p orbita l populatio n and
the paramagnetic contribution to the shielding has been found, consistent
with earlie r Hartree-Fock perturbation theory result s by Nakatsuji et al.
(1984). Calculated Zn NMR chemical shifts of ZnCl n(OH)a

2-n specie s with
respect t o Zn(OH2)6

2+ as reference are compared with experimental data
from Macie l et al . (1977 ) in Table 8.8 . Th e calculation s give the correc t
experimental orde r o f NMR shielding s only fo r th e rea l hydrate d com -
plexes [eg., compare ZnCl,, and ZnG2(GH2)J, an d correctly reproduce the
difference betwee n ZnCl(OH 2)5

 + , with long Zn-Cl an d shor t Zn- O dis -
tances an d ver y sligh t deshieldin g wit h respec t t o Zn(OH) 2)6

2+, an d
ZnCl2(OH)2)4, with shorter Zn-Cl and much longer Zn-O distance s and a

Table 8.7. Probabl e identities and structure s o f hydrated ZnCln2~" speciesPECIES
from calculations

Zn 2+

ZnCl+

ZnCl,

ZnCl-
3

ZnCl4
2-

< Species >

Actually Zn(OH 2)6
2 +

Actually ZnCl(OH 2)5
 +

Actually ZnCl2(OH)4

Actually ZnCl 3(OH2)2

Actually ZnCl 4
2-

R

R(Zn-O)
R(Zn-Cl)
R(Zn-O)
R(Zn-Cl)
R(Zn-O)
R(Zn-Cl)
R(Zn-O)
R(Zn-Cl)

Calc. (SV*)

2.09
2.29
2.13
2.21
2.36
2.23
2.31
2.31

Expt. (XRD)

2.08
2.24
2.07

2.306

See tex t fo r furthe r clarificatio n o f terminology.
"Paschinael al . (1983) .
' 'Kruh an d Standlc y (1962) .
Source: Afte r Tossell , 1990a .
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Table 8.8 . Compariso n of calculated and experimenta l values of
Zn NMR shielding s [wit h respect to Zn(OH,)6

2+] for ZnCl n
2-n

and ZnCl,,(OH 2)a
2-n

ZnCl4
2-

ZnCl3
ZnCl3(OH2)2

R(Zn-Cl)
S(Zn-O)

ZnCl2
ZnCl2(OH2)4

R(Zn-Cl)
R(Zn-O)

ZnCl+

ZnCl(OH2)5
R(Zn-Cl)
R(Zn-O)

= 2.2 3 A
= 2.3 1 A

,D4/1
= 2.2 1 A
= 2.3 6 A

= 2.2 4 A
= 2.0 7 A

A < C a l c

-245

-206
-162

-78
-250

+ 267
-91

A < e x p t
(Maciel et al., 1977 )

-253

-119

-295

-30

Source: From Tossell , I990a .

very substantia l deshielding . The compariso n o f calculation wit h experi -
ment for the structural , NMR, and Raman data obtained fo r ZnCl 4

2- con -
firms tha t i t can b e onl y weakl y associate d wit h wate r o f hydration . B y
contrast, al l of the specie s wit h lower ratio s o f Cl~ t o Zn 2+ hav e signifi -
cant wate r involvemen t in the firs t coordinatio n sphere , whic h strongly
influences thei r structure s an d properties . Fo r example , th e calculate d
frequencies fo r the totally symmetri c stretching vibration see n i n the Ra-
man spectrum is in agreement wit h experimental data from ZnCl 2 aqueous
solutions only for ZnCl 4

2~ (afte r multiplication by the standar d 0. 9 factor
appropriate t o polarized spli t valence calculations ; Hehr e e t al., 1986) , as
shown in Table 8. 9 [see Irish , 1971 , for a  discussion o f ZnCl2(aq) Raman

Table 8.9. Calculate d frequencies fo r Raman-activ e totally
symmetric vibrations compared with experiment for ZnCl n

2~"

Calculated Experimentala

ZnCl+ 50 2 —

ZnCl, 38 0 36 1 (gas)
352 (Kr matrix)
305 [ZnCl2(aq)]

ZnCl3 326 28 6 [ZnCl2(aq)]

Z n C l 4
2 29 7 28 8 (M2ZnCl4)

275-282 [ZnCl 2(aq)]

"See Tossel l (199()a ) fo r experimenta l references .

Calculated Experimental a

ZnCl+ 50 2 —

ZnCl, 38 0 36 1 (gas)
352 (Kr matrix)
305 [ZnCl2(aq)]

ZnCl3 326 28 6 [ZnCl2(aq)]

ZnCl4
-2 29 7 28 8 (M2ZnCl4)

275-282 [ZnCl 2(aq)]
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spectra]. Th e large difference between value s for "ZnCl 2" specie s i n the
gas phas e an d ZnCl 2 aqueous solution s make s clea r th e larg e effec t o f
water coordinatio n upo n th e Zn-C l stretchin g frequencies . Calculate d
geometries, vibrationa l energies, an d Zn NMR shieldings have also bee n
presented fo r tetrahedra l ZnX 4 species , includin g Zn(SH) 4

2~ (Tossell ,
1990c). These calculation s ar e a  prelude t o th e stud y of the variou s hy -
drated Zn(SH) n complexes.

8.3. Mineral surfaces

Studies of the surfaces of solids have developed rapidly in recent decades ,
chiefly becaus e o f the technologica l importance of such studie s in field s
as diverse a s semiconducto r physics , chemical catalysis , an d the corro -
sion o f metals. Consequently , the literatur e o f surface science i s consid-
erable. However , th e numbe r o f publication s dealin g specificall y wit h
minerals is relatively small, although in certain cases the synthetic equiv-
alents of minerals have been studied in detail because o f their technolog-
ical applications or general scientific interest. In this section, following a
brief discussion of experimental techniques and mention of some key gen-
eral references , fou r mineral s ar e discusse d a s examples : periclas e
(MgO), rutil e (TiO,) , sphalerit e (ZnS) , and bornit e (Cu5FeS4). These rel-
atively wel l studie d compounds have bee n chose n t o illustrat e differen t
aspects o f surface properties and o f the application s of surface studies.

Many o f the experimenta l techniques developed fo r th e analysi s and
characterization o f surfaces are forms of spectroscopy, particularl y elec-
tron spectroscopy . The y include ultraviolet photoelectron spectroscopy ,
x-ray photoelectron spectroscopy, Auger electron spectroscopy , and elec-
tron-energy-loss spectroscopy . Th e surfac e sensitivit y o f thes e tech -
niques derive s from th e ver y shor t mean-fre e paths tha t electron s with
kinetic energies in the rang e of 10-100 0 e V have when traveling in solids
(e.g., abou t 3- 5 A  for a  10 0 eV electro n i n most solids) . Thus , only the
first few monolayers beneath the surface are sampled. Other surface-sen-
sitive spectroscopie s includ e secondary-ion mas s spectroscop y (SIMS) ,
ion scattering spectroscopy (ISS), ion neutralization spectroscopy (INS),
conversion electron Mossbaue r spectroscopy , an d soft-x-ra y appearance
fine-structure spectroscop y (SXAFS) . Th e spectroscopi c method s tha t
make us e o f synchrotron radiation (EXAF S an d XANES) als o have ap -
plications t o surfac e studies . Othe r techniques of importance i n surfac e
science includ e low-energ y electro n diffraction , reflectio n high-energy
electron diffraction , an d th e scannin g methods o f scanning electron mi-
croscopy an d th e recentl y develope d scannin g tunnelin g microscop e
(STM). Al l of the above-mentioned techniques are very briefly described
in Appendi x B, wher e some ke y reference s ar e provide d for eac h tech -
nique.
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General references on surface characterization includ e Kane and Lar-
rabee (1974) , Ibach (1977) , an d Brigg s an d Sea h (1980) , th e latte r tw o
references bein g concerned wit h electron spectroscopy . Auge r spectros -
copy i n surfac e studie s i s discusse d i n detai l b y Weissma n an d Muller
(1981) and by Grant (1982) , and conversion electron Mossbauer spectros -
copy by  Jone s et  al.  (1978) . A  genera l accoun t of  low-energ y electro n
diffraction i s provided by Mitchell (1973), and its application t o determin-
ing th e surfac e structur e (geometry ) of semiconductor s (includin g MgO,
ZnO, CdS, ZnS, TiO2, and MoS 2) is given by Kahn (1983).

Articles dealing with the structur e and chemistry of solid and crysta l
surfaces include Tabor (1981 ) and Forty (1983), who discusses metals and
catalysts i n particular . Th e surfac e o f diamon d i s discusse d b y Pat e
(1986), meta l oxide s b y Henric h (1985) , transition-metal compound s b y
Langell an d Bernase k (1979) , an d transition-meta l oxide s b y Henric h
(1983). Som e o f these article s dea l wit h the electroni c structure s of th e
surfaces a s wel l a s th e surfac e ato m geometry ; th e volum e edite d b y
Rhodin an d Ert l (1979 ) on th e natur e o f the surfac e chemica l bon d an d
the revie w paper b y Tsukad a e t al . (1983 ) on the electroni c structur e o f
oxide surface s concentrat e o n thi s aspect . On e o f th e fe w review s di -
rected specificall y towards mineral s is that o f Berry (1985).

8.3.1. The surface of MgO (periclase)

Periclase (MgO ) has the rocksal t structure , whic h is face-centered cubi c
with eac h Mg 2+ catio n surrounde d b y si x O2~ anion s i n a  regula r octa -
hedral arrangement , and each O 2- similarl y coordinated t o six cations at
the corner s o f a  regula r octahedron . B y fa r th e mos t stabl e surfac e fo r
oxides havin g the rocksal t structur e i s the (100) , illustrated i n Fig . 8.1 3

Fig. 8.13 . A  mode l of the (100 ) surface of the rocksal t structur e o f MgO . Larg e
circles ar e oxyge n anions , smal l circle s ar e M g cations. A  (100 ) step t o anothe r
(100) terrace i s shown, as also is a missing anion poin t defect.
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(after Henrich , 1983 , 1987) . Thi s figur e show s tw o (100 ) terraces sepa -
rated by a  (001) step of single atom height ; an oxygen vacancy poin t de -
fect i s also shown on the upper terrace. The perfect (100) surface of MgO
is characterized b y a reduction o f the ligand coordination o f both Mg and
O fro m si x t o five . Th e (100 ) surfac e o f Mg O ha s bee n studie d usin g
LEED by Welton-Cook and Berndt (1982), Urano et al. (1983) , and Prut-
ton e t al . (1979) , who als o studie d CaO , CoO , an d NiO . Thes e studie s
conclude tha t th e (100 ) surfac e o f Mg O (an d th e othe r oxides ) i s ver y
nearly a  truncation o f the bul k crystal structure, with any relaxation (in-
ward o r outwar d movemen t o f cation o r anio n i n the surfac e plane ) o r
rumpling (alternat e inwar d o r outwar d movement ) limited to a  few per -
cent of the bulk lattice constant o r less. Atomistic simulation calculations
of th e relaxatio n an d rumplin g o f MgO(lOO ) agre e wit h thes e result s
(Mackrodt, 1988) , although recent a b initio Hartree-Fock-Roothaan SCF
calculations b y Causa e t al . (1986c ) indicate a  surface geometr y slightly
changed from th e truncated bul k material .

The electroni c structur e o f th e clea n MgO(lOO ) surfac e ha s bee n in -
vestigated experimentall y by Henric h e t al . (1980 ) and by Underhil l and
Gallon (1982 ) usin g electron-energy-los s spectroscopy . Bot h interioni c
transitions that excite electrons from th e O  2p valence band int o the nor-
mally empty Mg 3s, 3p, 3d, 4s, etc. levels, and intra-ionic transitions fro m
the M g 2 p an d M g 2 s cor e leve l t o th e sam e excite d state s hav e bee n
observed. By varying the incident electron energy and hence the sampling
depth, th e spectr a o f fivefold-coordinated surfac e Mg 2+ cation s ca n b e
separated fro m thos e o f bulk Mg 2+ ions . Th e surfac e los s feature s ar e
shifted t o lower energy compared to those for the bulk. This is largely due
to th e stron g localize d electri c field s a t th e surfac e o f ioni c materials ,
although some of the results for interionic transitions suggest a narrowing
of th e ban d ga p o n th e (100 ) surface of MgO by 2  eV compared t o bulk
MgO.

The calculations undertake n b y Tsukada e t al . (1983) provide a  theo -
retical framewor k fo r understandin g the surfac e electroni c structur e o f
MgO. The y performe d DV-Xa  cluste r calculation s o n (MgO 6)10- an d
(MgO5)8- clusters , representativ e o f th e centra l catio n an d it s neares t
neighbors in the bulk solid and at the surface , respectively. The results of
these calculations are shown in the energy level diagrams of Fig. 8.14; for
the (MgO 6)10- cluster , the level s from 3e g down to 1t2g are occupie d (val -
ence levels ) an d ar e chiefl y O  2 p i n character . Th e 6a lg an d 6t ]u level s
(empty) com e fro m th e 3 s an d 3 p states , respectively , o f the M g ion. I f
the size of cluster is increased, thes e two states broaden t o form the con-
duction band . Fo r th e surfac e cluster , th e occupied (valence ) level s 4b t
to Ib 2 are shifte d to higher-energ y position s compare d t o th e (MgO 6)10-

cluster, an d th e level s ar e mor e densel y distributed in the uppe r part of
the valenc e "band. " Th e catio n ("conduction-band" ) levels ar e mor e
drastically affected, wit h a remarkable lowering of the 1  la1 level. Tsukada
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Fig. 8.14 . Energ y levels of the bulk (MgO 6)10- an d surfac e (MgO 5)8- cluster s cal-
culated usin g th e DV-Xa  metho d by Tsukad a e t al . (1983 ) (after Tsukada e t al. ,
1983; reproduced wit h the publisher' s permission) .

et al . (1983 ) explain this in terms of distortion o f the atomi c orbital s du e
to the surface field, as illustrated in Fig. 8.15 . Because o f the field norma l
to the surface , the M g 3s and 3p orbitals ar e admixed with each other t o
form the 3s + 3pz-like lla 1 leve l and the 3s-3pz-like 12a1 levels. Since the
potential decreases toward s vacuum , the energy o f the \\a 1 leve l is con-
siderably depressed an d tha t o f the 12a 1 is raised. The energy of the 11 a1
level is lowered b y 1. 9 eV compared t o the lowes t cation leve l 6alg in the

Fig. 8.15 . Formatio n o f th e lla 1 an d 12a 1 stat e o f the (MgO 5)8- cluste r b y th e
distortion o f the atomi c orbitals (after Tsukad a et al. , 1983 ; reproduced with th e
permission o f the publishers) .



APPLICATIONS TO GEOCHEMICAL PROBLEMS 40 9

bulk cluster . Thi s narrowin g o f th e ban d ga p agree s remarkabl y well ,
quantitatively as well as qualitatively, with the experimental (EELS ) data
reported previously .

8.3.2. The surface of TiO2 (rutile)

Rutile has a tetragonal lattic e in which Ti4+ ion s occur coordinated to O2

ions in slightly distorted octahedra l sites , one-hal f o f the octahedral site s
being empty. The mos t stabl e crysta l fac e appear s t o be the (110) , and in
Fig. 8.16 is shown the (110) surface that results from breaking the smallest
number of cation-anion bonds (afte r Henrich , 1983 , 1987) . Two kinds of
Ti cation ar e presen t o n thi s surface , on e wit h fiv e O 2- ligand s an d on e
with al l si x O 2- ions , a s i n th e bul k material . Th e loca l environmen t o f
the five-coordinated catio n i s similar to that o f the surfac e cation i n MgO.

Only qualitative LEED measurements hav e bee n performe d o n rutile
(Henrich and Kurtz, 1981) , so that surface geometry is not known in great
detail. More i s known about th e electronic structur e o f the rutil e surfac e
from experiment s an d calculation s (Henrich , 1983 , 1985 ; Henric h an d
Kurtz, 1981 ; Wolfram, 1981 ; Tsukada e t al. , 1983) . Thus, Tsukad a e t al .
(1983) performed DV-Xa  calculation s fo r the cluste r (Ti 4O16)16- represen -
tative of the (110 ) surface an d containing tw o six-coordinate d [Ti(l) ] and
two five-coordinated [Ti(2) ] cations, a s shown in Fig. 8.17 . The calculate d
energy level s are show n in Fig. 8.18 , thei r composition s bein g show n by
Mulliken population distributions . The occupied group s of levels (labele d
C', C , D, E, F in Fig. 8.18 ) correspond t o the dominantly oxygen valenc e
band, whil e the empty level s (labeled A' , A , B) are mostly made u p of Ti
3d orbitals. The orbital s fo r the group of lowest-energy unoccupie d level s
(A') are strongly localized o n the fivefold-coordinated [Ti(2) ] cations. Th e
highest-energy group of occupied level s (C') arise dominantl y from th e 2p

Fig. 8.16. Model of the (110 ) surface of rutile showing two kinds of anion vacancy
point defects (afte r Henrich , 1983 ; reproduced with the publisher' s permission) .
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Fig. 8.17. Structur e o f a Ti4O16 cluster as a model for the ideal (110) rutile surface .
The shade d plan e shows the (110) surface (afte r Tsukad a e t al. , 1983 ; reproduce d
with the publisher's permission).

states o f the oxygens [O(B) and O(9)] that protrude from th e surface. DV-
XOL calculation s wer e also performed on th e cluste r (Ti 3O15)18- represen -
tative o f bulk TiO2 (see Fig . 8.19) . The densitie s of states calculated  fo r
the cluster s representativ e o f th e bul k and o f the surfac e ar e show n in
Fig. 8.20, and show that the energy-level groups labeled A ' and C' for the
surface cluster are located within the energy gap of the bulk cluster. Thus,
the leve l groups A' an d C' ar e considered t o be surface-stat e bands. An
EELS pea k wa s foun d a t 2. 4 e V fo r th e ordere d TiO 2(110) surface b y
Chung et al. (1977); this can be assigned to the transition from th e oxygen
surface state  (grou p C' ) t o th e titaniu m surface stat e (grou p A') o f th e
ordered surface , which Tsukada e t al . (1983) calculate at 2.8 eV.

Fig. 8.18. Energy-leve l diagram (a) for th e cluste r (Ti4Ol6)16 obtaine d by DV-Xa
calculations alon g wit h Mullike n populatio n distribution s (b-j ) o f eac h cluste r
level (afte r Tsukad a et al. , 1983 ; reproduced wit h the publisher' s permission).
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Fig. 8.19. Structur e o f the bul k Ti3O15 cluster .

Fig. 8.20. (a ) Densities of states o f the surfac e clusters (Ti 4O15)16- (soli d line) and
(Ti4OI6)16- (dashe d line ) calculated b y th e DV-Xa  method . (b ) Densities of states
of the cluster s (Ti 3Ol4)18- (soli d line) and (T| 3Q15)18- (dashe d line) representative o f
solid bul k TiO 2 calculated b y th e DV-Xa  method . (c ) Ultraviolet photoelectro n
spectra fo r th e ordere d (dashe d line) and bombarde d (soli d line) (110) surface o f
rutile (TiO 2) (after Tsukada e t al. , 1983 ; reproduced wit h the publisher' s permis-
sion).

8.3.3. Oxide surface defects and the reactivity of surfaces

The mos t prevalen t typ e o f point defec t tha t occur s a t meta l oxid e sur -
faces i s an oxyge n vacancy (Henrich , 1983 , 1985) , and thi s i s illustrated
for MgO(lOO ) and TiO 2(110) in Figs. 8.1 3 an d 8.16 . A t suc h defects , ther e
is a  reduction of the ligan d coordinatio n o f adjacent surfac e cations , gen -
erally fro m fiv e t o four . Remova l o f a n oxyge n anio n als o reduce s th e
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screening between cations adjacen t t o the defect , and , in order t o main-
tain charg e neutrality , the defec t site s mus t b e negativel y charged. Thi s
results in large changes i n surface electronic structure .

Point defects o n TiO2 surfaces produce d b y ion or electron bombard -
ment hav e bee n studie d experimentally ; th e negativ e charg e o n oxygen
vacancy defec t site s partiall y populates th e 3 d level s o f surface T i ions,
and these Ti 3d electrons are observed i n UPS spectra as a band of state s
lying i n the bul k band-ga p regio n (Henrich , 1979) . A t hig h defect densi -
ties, th e defec t ban d broaden s an d overlap s th e bul k conductio n band .
Tsukada et al. (1983) have also performed DV-Xa calculation s on clusters
containing a defect such as the (Ti 4O15)l6- cluste r formed by removing the
central outermost oxyge n [O(9)] in Fig . 8.17 . The densitie s o f states cal -
culated fo r thi s cluste r wit h a n oxyge n vacanc y ar e show n in Fig . 8.20
and agree wit h the experimenta l data i n showing that th e vacancy state s
occur in the bulk band-gap region. Als o shown in Fig. 8.20 is the UP S for
the (110) surface o f rutile (ordered) and the same surface bombarded wit h
Ar+ ions , so as to induce oxygen vacancies; a  feature at low binding en-
ergy correspondin g t o th e defec t leve l i n th e calculation s i s clearl y ob -
servable.

This defec t leve l located nea r th e conductio n band i s very important
because o f it s high chemical activity . Experimentally , it has bee n estab -
lished tha t th e photocatalyti c activit y o f th e rutil e surfac e increase s
greatly whe n reduce d (oxyge n deficient) compared t o th e clea n surfac e
(Mavroides e t al. , 1975) . Defect site s o n al l oxid e surface s ar e usuall y
very active for adsorption, wherea s th e nearly perfect surfaces o f oxides
where the catio n i s in its highest oxidation state are generally inert (Hen -
rich, 1987).

8.3.4. The  surface  of  ZnS  (sphalerite)

Sphalerite (or "zincblende") has a lattice wit h zinc atoms a t the corner s
and face centers o f a unit cube and sulfu r atom s a t the centers o f four ou t
of the eight smaller cubes into which the large cube can be divided. Bot h
zinc and sulfu r ar e in regular tetrahedral coordination . Th e cleavage sur -
face i s the (110 ) surface, an d thi s nonpola r face o f ZnS (an d othe r zinc -
blende-structure binar y compounds ) i s by fa r th e bes t understoo d o f all
semiconductor surface s (Kahn , 1983).

Detailed LEE D studie s o f ZnS (and othe r zincblende-structur e com -
pounds, including ZnTe and CdTe) have established tha t the (110) surface
is reconstructed b y movement of the Z n atoms inwar d (towards the bulk
solid) and of the S  atoms outward . Displacements o f the cation and anion
in th e uppermos t laye r b y <<0. 5 A  an d i n th e secon d laye r b y 0. 1 A
compared t o th e bul k ar e involve d (Duke , 1983) . Harrison (1976 , 1980)
has explained this in terms of an electronic structure model by conversion
of half-occupie d dangling-bon d hybri d orbital s a t bot h Z n an d S  o n th e
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unreconstructed surface to a combination of a fully occupie d bond orbital
on S  and an unoccupied orbital on Zn for the reconstructed surface . Th e
reconstruction stabilize s th e orbita l a t S  and convert s i t from sp 3 to s  in
type, whil e the Z n orbita l i s destabilized an d converte d fro m sp 3 t o sp 2.
An equivalen t descriptio n withi n th e delocalize d molecular-orbita l ap -
proach woul d relate the Z n site t o a  6-valence-electron AB 3 species , ex -
pected to be planar as in BH3, and the S site to an 8-valence-electron AB 3
species, expected t o be pyramidal as in NH3. The degree of distortion wil l
depend upo n th e chang e i n energy o f the surfac e orbita l upo n distortio n
in the angl e B-A-B. This wil l depend partl y upo n the differenc e in elec-
tronegativity o f the A  an d B  atoms , wit h a smalle r electronegativit y dif-
ference givin g a larger degre e o f distortion from th e unreconstructe d ge -
ometry. Thus, ZnS suffer s a  larger reconstruction tha n ZnO.

8.3.5. Th e surface  o f Cu 5FeS4 (bornite)  an d
atmospheric tarnishing

Bornite i s a n or e minera l o f coppe r wit h a  crysta l structur e relate d t o
sphalerite (zincblende), although in bornite onl y three-quarters of the tet -
rahedral site s in the anio n sublattic e are filled . I t i s a mineral that exist s
as several polymorphic forms, but only the low-temperature form occur s
naturally, an d detaile d analysi s shows this form t o hav e twelve differen t
types of metal coordination, all of which can be considered tetrahedral o r
trigonal (Koto and Morimoto, 1975) . Although studies have not been un -
dertaken of surface reconstruction in materials as complex as bornite, the
studies of sphalerite and related zincblende-structur e semiconductors de-
scribed abov e for m a  basi s fo r discussion . As note d above , zincblend e
structure typ e an d relate d specie s underg o surfac e reconstruction , th e
degree o f distortion depending partly on the differenc e i n electronegativ-
ity betwee n cation(s) and anion . Sinc e C u and F e ar e o f similar electro -
negativity t o Zn , w e anticipat e a  substantia l degre e o f reconstruction ,
with CuS 3 and FeS 3 group s on the surfac e o f bornite being distorted to -
wards a planar coordination .

Bornite is an interesting example of a relatively rapidly tarnishing sul-
fide mineral ; freshly cleane d o r polished surface s have a "bronze" color
that changes to purples and blues after a  relatively shor t period o f expo-
sure to the atmosphere. Fresh and tarnished surfaces of bornite have been
studied using x-ray photoelectron spectroscop y an d Auger electron spec -
troscopy b y Losc h an d Monhemiu s (1976), Buckley and Wood s (1983),
anf Vaugha n et al . (1987) , who also employed specula r reflectanc e mea -
surements and conversion electron Mossbauer spectroscopy. Specula r re-
flectance a s shown in Fig. 8.2 1 provides a  method of monitoring, at leas t
semiquantitatively, th e developmen t of surfac e alteration with time ; dif-
ferent sample s tarnish at different rates , and this appears to relate, in part,
to precise Cu:Fe:S ratios and stoichiometry (Vaughan et al., 1987) . Auger
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spectroscopy, whe n combined wit h argon ion bombardment to etch away
surface layers , ca n be used to determine , semiquantitatively , concentra -
tions of various specie s with depth below the surface (Fig. 8.22) . Furthe r
information on surface species is provided by the XPS data, fo r example,
the Fe 2p spectra for "clean" and tarnished surface s show n in Fig. 8.23 .
The shif t i n position o f the Fe 2p 3/2 peak t o slightl y higher binding energy
and appearanc e of  a satellit e peak in  the spectru m of  tarnished materia l
is consisten t wit h iro n a t th e surfac e bein g presen t a s Fe(III ) oxid e o r
hydrated oxid e (Vaugha n et al. , 1987 ; Buckley and Woods , 1983) . Thi s
was furthe r substantiate d b y conversio n electro n Mossbaue r spectros -
copy (Vaugha n et al. , 1987) , whereas th e detaile d XP S and AES work of
Buckley an d Wood s (1983 ) le d to th e suggestio n tha t beneath a  surfac e
layer o f hydrated iro n (Fe 3+) oxide i s a  layer enriche d i n copper sulfid e
(~Cu5S4). Furthe r examinatio n o f the reflectanc e spectr a confir m thes e
suggestions (Vaughan et al. , 1987) .

Vaughan et al . (1987) propose tha t the rapi d surfac e oxidatio n of bor-
nite, and the products of this reaction, ma y result from th e surface recon-
struction tha t lead s t o Cu + an d Fe 3+ bein g i n approximatel y trigona l
planar coordination. Calculation s using the multiple-scattering X cluste r
method (MS-SCF-Jta ) on Cu + i n tetrahedral an d triangular planar coor -
dination with sulfu r (o n CuS 4

7- an d CuS 3
5- clusters ; se e Tossell , 1978b ;

Fig. 8.21. Specula r reflectanc e spectr a o f a  natura l sampl e o f bornit e (• ) afte r
exposure to oxidation in air for increasing lengths of time and of a second, heavil y
tarnished sampl e (T) (afte r Vaughan et al. , 1987) .
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Fig. 8.22 . Auge r depth profile of tarnished bornit e (after Vaughan et al. , 1987) .

Vaughan and Tossell , 1980b , and Chapter 6 of this book) show that Cu +

is stable in triangular coordination; th e bonding is considerably more co-
valent, wit h the lowest-binding-energ y orbitals (o f Cu 3d-S  3 p bonding
character) slightl y stabilize d relativ e t o a  tetrahedra l environment . Al-
though calculations hav e been performed on a cluster representing tetra-
hedrally coordinate d Fe 3 +, calculation s hav e no t been don e o n a plana r
triangular FeS3

3~ cluster. However, trigonal planar Fe3+ i s apparently not
found i n sulfide minerals , suggesting its instability. Hence, wherea s cop-
per may be relatively stabilized in the reconstructed surfac e environment,
Fe3 + ma y be destabilized an d undergo reaction t o form th e hydrated ox-
ide.

8.3.6. Concluding remarks on surface studies

The example s discusse d i n th e previou s materia l serv e t o illustrat e th e
complexity o f surfac e propertie s o f minerals an d related materials , th e
difficulties o f adequat e characterization , an d th e importan t rol e t o b e
played by calculations of electronic structure .

The oxide s containin g cation s i n octahedra l coordination , suc h a s
MgO an d TiO 2, seem t o suffe r littl e o r n o reconstructio n o f the crysta l
structure a t the surface , but there ar e major changes in electronic struc -
ture. These effect s hav e important implications for surface reactivity, es-
pecially when oxygen vacancy defects are considered an d particularly in
transition-metal oxides . The example of TiO2 was discussed above ; more
complex behavio r is shown by specie s such as Ti 2O3 and Ni O (Henrich,
1987). Th e latter , lik e othe r transition metals, shows increasing of-orbital



Fig. 8.23 . F e 2p x-ray photoelectron spectr a of (a) tarnished bornite, and (b) born-
ite wit h th e surfac e tarnis h remove d b y argo n io n etching (afte r Vaugha n e t al. ,
1987).

416
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populations o f cations adjacen t t o a n oxyge n vacanc y defect . Suc h sur -
face defect s ar e th e activ e site s fo r ehemisorption , wherea s th e nearl y
perfect surface s ar e relativel y iner t t o mos t o f the molecule s tha t hav e
been studie d (e.g., H 2, O 2, H2O, CO, SO2).

Oxides an d sulfide s wit h tetrahedrall y coordinate d cation s suc h a s
those with the zincblend e structur e ma y undergo substantia l surfac e re -
construction. Ther e ar e consequentl y als o substantia l change s i n elec -
tronic structure . Muc h of the wor k undertake n o n surfac e characteriza -
tion o f oxide s an d sulfide s ha s bee n concerne d wit h material s o f
importance i n semiconductor s an d catalysts , bu t a  certai n amoun t o f
work ha s als o bee n prompte d b y th e importanc e o f surfac e studie s i n
mineral technology. Examples include studies of the surface properties o f
chalcopyrite (Buckle y and Woods , 1984) , galena (Tossel l an d Vaughan ,
1987), or pyrite during extraction b y flotation (Brion e t al., 1980) .

The whol e field o f surface studie s of minerals and related material s i s
one that is ripe for expansion an d development. New techniques that en-
able imagin g of the atomi c structure s o f surface s i n rea l space , suc h a s
scanning tunneling microscopy, ar e now starting to be applied to minerals
(e.g., the wor k of Eggleston and Hochella , 1990 , on sulfide surfaces ; se e
Fig. 8.24). A start has also been made in theoretical investigation s of sur-
face reactivity , in particular the dissolutio n of quartz. A b initio  SC F cal -
culations wit h correlatio n correction s hav e bee n performe d b y Lasag a
and Gibb s (1990 ) o n th e absorptio n comple x H 3SiOH---H2O an d o n th e
transition state  in the hydrolysis exchange reaction :

H3SiOH +  H 2O* -» H 3SiO*H +  H 2O,

where th e asteris k simpl y distinguishes the differen t oxygens . The tran-
sition stat e wa s full y optimize d a t a  polarize d spli t valenc e leve l with
Moller-Plesset second-orde r correlatio n corrections , an d the AH o f acti-
vation wa s calculate d t o b e ~1 5 kcal/mol , in reasonable agreemen t with
experimental activatio n energie s aroun d 1 8 kcal/mol for quart z dissolu-
tion. Further calculations using larger bases and more complicated cluster
models wil l b e needed t o confir m thes e results , but the y certainly see m
encouraging.

8.4. Geochemica l distribution o f the elements

The Eart h i s a  highl y differentiated body , wit h possibl y onl y thre e ele -
ments (Fe , Ni , S , o r perhap s O ) comprising mos t o f th e cor e an d onl y
nine element s (O , Si , Al , Fe , Mg , Ca , Na , K , an d Ti ) making up mor e
than 99 % of the mantl e an d crus t (o n a  water-fre e basis) . Althoug h th e
major par t o f this differentiation occurre d durin g the earl y history of the
Earth, continuing volcanism means that geochemical differentiation o f the
Earth i s stil l operating , wit h th e introductio n into th e crus t o f material



Fig. 8.24 . A  scannin g tunneling microscop e image of a  pyrit e growth surfac e
taken under oil. The surface structure is arranged in "ranges" an d "valleys" par-
allel to the line marked A-A', which is parallel to a principal crystallographic axis.
A 5. 4 x  5. 4 A 2 surfac e cell , a s expecte d for a  terminatio n o f th e bul k pyrit e
structure, is marked. However, the atomic arrangement does not correspond to a
simple termination of the pyrite structure as discussed by Eggleston and Hochella
(1990), fro m whos e wor k thi s figure i s reproduced (with th e publisher' s permis-
sion).

from the upper mantle. Convection in the mantle is regarded as the driving
mechanism for bringing upper mantle material t o the surface and causing
the remeltin g o f crusta l material , whic h i s subducted . A t th e surface ,
there ar e als o th e processe s o f transfe r o f materia l betwee n th e litho -
sphere, hydrosphere , an d atmosphere . On e o f th e majo r aim s o f geo -
chemistry has been to explain the behavior o f the elements durin g these
processes.

8.4.1. The Goldschmidt classification:
Ionic and orbital interpretations

Goldschmidt, i n 1932 , classified th e element s int o groups based initially
on their distribution among the mineral phases i n meteorites, a s follows:

Siderophile elements,  tending to occur a s metals an d alloys (e.g. ,
Fe, Ni, Co, Pt);
Chalcophile elements,  tendin g to occu r a s sulfide s o r othe r chal -
cogenides (e.g. , Zn, Cd , As, Se);
Lithophile elements,  tending to occur a s oxides and silicates (e.g.,
Al, Na, K , Ca);

THEORETICAL GEOCHEMISTRY418
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Atmophile elements,  tendin g t o occu r i n th e uncombine d stat e
(e.g., N, Ar);
Biophile elements,  tending to occur i n biological systems .

Some elements fall into two or more categories o f this very broad classi -
fication (e.g. , nicke l show s som e siderophil e an d chalcophil e character -
istics), a s show n i n Table 8.10 , which list s member s o f the above-men -
tioned groups .

Clearly th e principle s underlyin g the distributio n o f the element s a s
outlined b y Goldschmidt , an d th e processe s o f differentiation involvin g
solids, melts , solutions , and gases , ar e base d o n the natur e o f chemica l
bonding in the differen t geochemica l systems . We shall consider b y using
selected examples : first , explanations for the Goldschmidt classification ,
and then for the behavior o f elements during differentiation processes .

Goldschmidt's ideas were developed fro m th e simple ionic mode l and
the concepts of ionic radius and radius ratio as controlling factors govern-
ing crystal chemistry. Initially, attempts to account fo r deviation from th e
ionic model were made by employing electronegativity values (Ringwood,
1955; Ramberg, 1953) , and Ahrens (1952 , 1953) suggested using the elec -
tron affinity o f a cation (measured by the nth ionization potentional o f the
atom use d t o create a  Mn+ cation ) a s a  measure o f its polarizing powe r
(i.e., it s ability to cause departures fro m the ionic model when combined
with highl y polarizable anions) . B y comparing cations o f simila r charg e
and size, Ahrens (1965) showed that a  general relationship exists between
the difference s in electron affinitie s o f the cation s an d the difference s in
their chalcophili c and siderophili c tendencie s (a s wel l a s difference s in
structures o f their compound s predicte d b y th e simpl e ionic model , an d
in certai n o f their properties) . A  more moder n approac h tha t i s closel y
related t o the wor k of Ahrens employs the hard-sof t acid-bas e (HSAB )
principle a s discusse d b y Jense n (1980) . As briefl y noted earlie r i n this
text, th e term s acid  an d base  her e refe r t o th e formulation s of Lewi s
(1923) as translated into the idiom of quantum mechanics by Mulliken (see
Mulliken and Pearson, 1969) . This provides the definitions that:

A base i s a species tha t employ s a doubly occupied orbita l i n ini-
tiating a reaction .
An aci d i s a specie s tha t employ s an empty orbita l i n initiating a
reaction.

Here th e term orbital  may refer to a discrete molecula r orbita l o r a band
(or an atomic orbita l in the case of atomic species) . Th e donor orbita l on
the base is usually the highest occupied MO (or HOMO), and the acceptor
orbital on the acid is usually the lowest unoccupied MO (or LUMO). Sim-
ple perturbational MO theory predicts that fo r two interacting orbitals of
suitable symmetr y and overlap , the smalle r the differenc e i n the orbita l
energies, th e greate r th e mutua l perturbation or interaction . Th e term s
soft an d hard  relate to a  range of properties, bu t essentially sof t acid s are



Table 8.10. Geochemical classificationa of the elements , accordin g to distribution between iron , sulfides,
silicates, atmosphere, and organisms

Iron, siderophile

Fc, Ni , C o
P, (As) , C
Ru, Rh , P d
Os, Ir , Pt , A u
Ge, S n
Mo, (W )
(Nb), T a
(Sc), (Tc)

Sulfide, chalcophil e

In meteorites Terrestria l

S, Se, (Te? ) S , Se , Te
P, As, (Sb? ) As , Sb , B i
Cu, Ag , Zn, C d Ga , In , T l
(Ti), V , Cr, Mn , F e (Ge) , (Sn) , P b
(Ca) Zn , Cd , H g

Cu, Ag , (Au)
Ni, Pd , (Pt)
Co, (Rh , Ir)
Fe, Rh , (OS)

Silicate, lithophil e Gases , atmophile

O, (S), (P), (H) H , N, C, 0
Si, Ti , Zr , Hf , T h Cl , Br , I
F, Cl, Br , I  He , Ne , A
(Sn) Kr , X
B, Al , (Ga) , Sc , Y
La, Ce , Pr , Nd, Sm
Eu, Gd , Tb, Dy
Ho, Er , Tu, Yb, Lu
Li, Na, K , Rb , Cs
Be, Mg , Ca, Sr , Ba
(Fe), V , Cr, M n
((Ni)), ((Co)) , Nb, T a
W, U, ((C))

Organisms, biophil e

C, H , O , N, P
S, Cl , I , (B)
(Ca, Mg , K, Na )
(V, Mn , Fe , Cu )

"Elements shown in parentheses indicate elements that occur i n smal l quantitie s within each group.
Source: Afte r Goldschmidt , 1954.
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characterized b y low-lying acceptor orbital s an d sof t base s b y high-lying
donor orbitals; hard acids an d bases hav e the opposite properties .

The concept s underlyin g the Goldschmid t classificatio n ca n b e ex -
plored i n more detai l with particular referenc e t o lithophil e versu s chal-
cophile behavior and the nature of the metal-oxygen versus metal-sulfu r
bond.

8.4.2. Lithophile  versus chalcophile behavior:
The M-O  versus  the M-S bond

The electroni c structure s o f specifi c oxide and sulfid e minerals have al-
ready been discussed i n Chapters 4 and 6.

The chalcophili c character o f electron-rich transition metals , such as
Fe through Cu and thei r congeners i n the late r transitio n series , i s asso -
ciated wit h a higher relative stabilit y for the M-S bond . I t is well known
that crystal-fiel d splitting s of transition metal s in octahedral site s i n sul-
fides ar e systematically higher than those in oxides (Burns and Vaughan,
1970). Thi s may b e interprete d i n terms of a  greater t 2g-eB orbital energ y
separation fo r an octahedral environment , produced b y a  stabilization of
the t 2g crystal-field orbital through interaction with an empt y orbital o f IT
symmetry on S (with respect t o the M-S bond) , as shown in Fig. 8.25 . A
substantial part of the increased M- S bon d energy arises fro m thi s stabi-
lization o f the meta l t2g orbital. Suc h interactions ar e wel l known within
organometallic chemistry . Fo r example , i n Cr(CO) 6 th e Cr- C bon d i s
greatly strengthened by Cr 3d-CO TT* interaction, that is, the occupied
Cr 3d orbital interacting in bonding fashion with the empty CO TT* (Chor-
nay e t al. , 1985 ; Lukehart , 1985) , a s show n qualitativel y in Fig . 8.26 .
What i s th e natur e o f the orbita l acceptin g electro n densit y for a  sulfu r
ligand bonded to a transition metal? The answer to this question i s avail-
able from gas-phas e spectroscopic studie s and calculations.

Early theories stressed th e importance of 3d orbitals in the bonding of
Si-Cl (Cruickshank , 1961) . However, a s we have see n i n our discussion
of oxyanions , suc h essentiall y atomi c orbital s see m t o pla y th e rol e o f
polarization functions , only slightl y modifying mos t propertie s o f mos t
such materials (see also Cruickshank, 1985) . Results using the gas-phas e
experimental techniqu e o f electro n transmissio n spectroscop y indicat e
that the low-energy empty orbitals that can accept metal electron density
in H 2S and related compound s are molecula r orbital s of  O* type with re-
spect t o the S-H bon d (Giordan et al., 1986) . Electron transmissio n spec -
troscopy is the conjugate to photoelectron spectroscopy , but , whereas the
latter measures the energ y required t o remove an electron fro m a n occu-
pied orbital , ET S measure s th e energ y o f th e anio n stat e arisin g fro m
electron captur e int o a n unoccupie d orbital . I n practice , low-energy
monochromatic electrons are passed through the sample and the creation
of transient negative ions detected by fluctuations in the electron current.



Fig. 8.25 . A  qualitative molecular-orbital energy-leve l diagra m for pyrite , draw n
to illustrate the possible interaction between 3d orbitals on iron and empty orbital s
of I T symmetry o n sulfu r (afte r Burn s an d Vaughan , 1970 , reproduced wit h th e
permission of the publisher) .
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Fig. 8.26 . dTT-TT * bondin g interactio n i n a n M-C O system , suc h a s occur s i n
Cr(CO)6, where the occupied C r 3d orbital interacts with the empty CO IT* orbital.

For H2S a single transient anion is observed corresponding to occupation
of the 3b 2 orbital o f H2S with S-H a * character . Although the symmetry
of this molecular orbita l i s such as to allow d-orbita l participation , i t can
be described essentially as a S-H or* orbital. A contour plot of this orbital
(Fig. 8.27 ) shows its S-H O antibonding nature. N o anion s are observe d
corresponding to S 3d orbitals o f other symmetr y types, showing that the
O* character o f this orbita l i s its crucia l element . Simila r a * orbital s ar e
observed at low energy in SiH4 and PH3, and in SiR4, PR3,, and R2S, wher e
R i s a  hydrdocarbon grou p (Tossel l e t al. , 1985b) . B y contrast, fo r com -
pounds o f the first-ro w element s (e.g. , H 2O), the a * orbital s ar e much
higher i n energy an d ar e s o strongl y mixed with diffus e oute r (so-calle d
Rydberg) orbital s o f th e sam e symmetr y tha t the y hav e essentiall y n o
electron acceptor capabilit y (Schwarz, 1975 ; Robin, 1985) . The reason for

Fig. 8.27. A  contour plot of the 3b 2 ("valence") molecula r orbital of the H 2S mol-
ecule (see Giordan et al. , 1986 , for furthe r discussion) .
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this energ y differenc e i s no t certai n a t present , bu t i t apparentl y arise s
from th e longe r singl e bon d distance s i n th e compound s o f th e heavie r
elements leading to less destabilization o f the O* orbitals. As noted in our
discussion of SiF4, orbitals wit h substantial S i 3d character do indeed ex-
ist, but they are at much higher energy (in the continuum in XANES) and
too high in energy to be seen in ETS .

Another factor in M-S bondin g stability is the presence of S-S bonds .
Calculations and fragmentary spectral studie s indicate that the O* orbitals
of S-S bond s are even lower in energy than those o f S-H bond s (i.e. , O*
energies are lower in H2S2 than in H2S). Thu s disulfide ligands, and prob-
ably polysulfide s in general, ar e bette r electron acceptor s than sulfu r it -
self. I t i s wel l known that transitio n metals form numerou s compounds
with polysulfides (Draganjac an d Rauchfuss , 1985; Muller and Diemann,
1987). I n man y polysulfides (e.g., S 4

2 - ) there are also empty TT* orbitals
in additio n to th e empt y O* orbitals, an d these ma y also accep t electro n
density from th e metal .

Investigations of analog compounds of O and S  indicate that their rel-
ative a and IT bond strengths are very different (Kutzelnigg, 1984), with
O forming stronger TT bonds than O bonds and S the reverse, as shown in
Table 8.11 . This explains why th e stabl e form o f elemental oxygen is O2,
a doubl y bonded species , an d tha t o f sulfu r i s S 8, with all single (i.e. , O)
bonds. Generally , polysulfides ar e formally close to single bonding, since
they have all their TT and almost all their TT* orbitals filled. Such formally
single-bonded structure s may , however , b e stabilize d by th e interactio n
of occupied S  par-type orbitals with S-H o r S-S O* orbitals o f the appro -
priate symmetr y (Aida and Nagata , 1986) , that is , b y O-T T mixin g o r hy -
perconjugation, as shown in Fig. 8.28. Thus, because S-S TT bonds are
weak, single-bonded structures are favored, and such structures will have
long bonds, leading to lo w O* orbital energies an d th e consequen t favor -
ability o f O-T T interaction . Thus , the sam e typ e of orbital interaction tha t
contributes t o M-S bon d stabilit y also stabilizes S-S single-bonde d spe -
cies.

In additio n to th e differenc e in the energetic s o f their O* acceptor or-
bitals, S  and O differ a s wel l in the nature of their occupied orbitals . Th e
ionization potentia l (IP ) of the S  3 p orbita l i s les s than that o f the O  2p
(10.4 eV versu s 13. 6 eV), and it s electro n affinit y (EA ) is larger (2. 1 eV

Table 8.11. Calculate d O and
atom pairs

C-C N- N

a 8 0 3 8
TT 7 0 9 4

IT bond stren j

O-O

35
83

gths in kcal/mol for differen t

Si-Si P- P

46 4 8
28 3 4

S-S

64
37

Source: From Kutzelnigg , 1984.
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Fig. 8.28 . Schemati c representatio n o f th e chang e i n electro n densit y resultin g
from th e interactio n betwee n the O-type orbitals o f a S-H bon d an d the p  orbita l
corresponding t o th e lon e pai r o f another S  atom (afte r Aid a an d Nagata , 1986 ;
reproduced wit h the publisher' s permission) .

versus 1.5 eV). The electronegativities, approximated as !/2 (IP plus EA),
are 6.22 for S and 7.54 for O (Pearson, 1988) . Since the electronegativities
of the transition-metal atoms are considerably smalle r (e.g., 4.06 for Fe) ,
the energy separation o f M 3d and valence p orbital s will be considerably
smaller fo r S  than for O . For S 2 the I P valu e is lower than i n S becaus e
the HOMO (highest-energy occupied MO) is TT* , destabilized with respect
to th e p  orbita l o f th e atom . Th e valu e o f E A i s als o lower , sinc e tha t
same IT* is also the LUMO (lowest-energy unoccupied MO), and addition
of electron s t o i t destabilize s th e molecule . Th e approximat e electro -
negativity o f S 2 i s abou t 5. 5 eV , suggestin g a n eve n smalle r meta l -S 2
energy difference . Som e importan t electron affinitie s fo r atom s an d dia -
tomic molecules are given in Table 8.12.

The highe r energy o f S  3p orbitals mean s tha t S  wil l no t for m stabl e

Table 8.12. Electro n affinitie s (EA ) (i n eV) for neutra l atoms (A )
and molecule s (A 2) and electro n configuration s of neutral A 2
molecules

c
N
O

Si
p
S

EA(A)

1.3
0 ±  0. 2

1.5

1.2

0.8

2.1

EA(A2)

3.5
-1.9

0.4

2.2

0.2

1.7

Electron
configuration o f ,A2

IT2

TT4TT*0

TT41T*2

IT

TT4TT*0)

IT4TT*2

Source: From Tossell, 1983.
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compounds wit h transition-meta l ion s o f hig h forma l charg e sinc e par -
tially empty orbitals on the meta l would lie below occupie d S  3p orbital s
(Tossell and Vaughan , 1981). The reduce d separatio n o f M 3 d and S  or S2
3p-derived levels also leads to increased covalent mixing in sulfides com-
pared t o oxides . Unfortunately , the quantificatio n o f covalenc y i s diffi -
cult, a s w e hav e earlie r discusse d (se e Sectio n 7.1.1) , and specifi c nu -
merical quantitie s suc h a s atomi c charge s o r percen t orbita l characte r
depend on rather arbitrary choices of the expansion basis set s used in the
calculations.

Associated wit h the lowe r stabilit y of the S  3p orbitals compare d t o
O 2p , w e have generall y smalle r HOMO-LUM O separation s o r smalle r
band gaps in sulfides than in oxides. The lesser IT bonding strength of S
also give s smal l TT*-T T orbita l energ y separations , furthe r reducin g
HOMO-LUMO gaps in many cases. This has two important effects upon
sulfide geometric and electronic structure . First , HOMO-LUMO mixing,
which stabilize s distortion s fro m hig h symmetries, is more importan t i n
sulfides; for example, the H-S-H angl e is smaller and has a higher barrier
to linearity than does th e H-O-H angle , because th e 2a1 ligand p orbita l
(a degenerat e HOM O fo r linea r geometry ) an d th e 3a 1 ligan d p-H O *
orbital (th e LUMO) interact mor e strongl y for bent angle s in the S  than
in th e O  compoun d (Tossell , 1984b) . Analogously , three-coordinat e S
(e.g., i n TiS 2) is muc h more distorte d fro m planarit y tha n i s three-coor -
dinate O (e.g., inTiO2), again because of increased mixin g upon geometric
distortion of the HOMO and LUMO, which are of ligand p and ligand-M
a* type , respectively. Fo r the sam e reason, th e S  atoms i n the (110 ) sur-
face o f Zn S ar e mor e distorte d fro m tetrahedra l geometr y tha n ar e th e
surficial O  atom s o f Zn O (Vaugha n e t al. , 1987) . Thus , S  wil l tend t o
occupy or produce distorted environments compared to oxygen. See Bur-
dett (1988) for further discussio n of this point.

A secon d differenc e is that , du e t o th e closenes s i n energ y o f M 3 d
and S  3 p orbitals , th e electro n configuration s from a  molecular-orbita l
point of view, or band filling s in a band picture, are often uncertain , eve n
for stoichiometri c compounds . Fo r example , i n Cu S th e photoelectro n
spectra sho w al l Cu t o b e i n the 1  + stat e (e.g. , 3d 10), wit h holes i n th e
S 3p part of the valence band (Perry and Taylor, 1986) . Our interpretation
of th e propertie s o f FeAs 2 (Tossell , 1984c ) indicates tha t it s bes t mode l
electron configuratio n i s Fe 2 + (d6)As2

2-, with the partially empty IT* or-
bital of the As 2

2- uni t interacting wit h another i n a stabilizing manner to
yield an incipient As 4

4- anion , as in CoAs3. Such holes i n the ligan d val-
ence band are expected t o be most important for transition elements nea r
the extreme right of the transition series , and for the compounds contain-
ing diatomic anions.

The bonding characteristics we have described for S  are also present
in Se , Te , P , and As . W e would therefor e expect arsenides to sho w gen-
erally the same structural and electronic properties as sulfides, consistent
with thei r observed chalcophilic nature.



APPLICATIONS TO GEOCHEMICAL PROBLEMS 427

8.4.3. Geochemical coherence and geochemical differentiation

In term s o f the HSA B principle , fo r cation s wit h simila r charg e contro l
factors, th e chalcopile an d siderophile tendencie s o f a cation increas e a s
its softnes s increases . Comparison s betwee n cation s o f differen t charg e
and size are more difficult ; generall y the larger the charge and the smalle r
the size , th e large r th e electro n affinit y necessar y t o induce chalcophil e
behavior. Ahrens (1953) also lists pairs of cations with similar charges and
sizes and gives the ratio of their electron affinities 4> (the larger electron
affinity alway s bein g use d a s th e numerator) . Whe n 4 > ~ 1  the cation s
have simila r charge-contro l an d orbital-contro l factor s (se e Tabl e 8.13 )
and shoul d be simila r in their chemistry , exhibiting a high "geochemica l
coherence," an d commonl y being found togethe r i n rocks an d minerals.
When (|> > 1, the cations will show marked differences in their orbital
control factors an d low geochemical coherence .

Table 8.13. Ahrens ' <$ > measure o f geochemical coherence fo r variou s ion pairs "

Pairs IR(eV)b

"After Ahren s (1953) .
' 'Ahrcns' origina l dat a are used .

r(A)b <!> Coherence

1 +

1 +

1 +

2 +

2 +

2 +

3 +

3 +

4 +

4 +

5 +

K
Rb

Tl
Rb

Cu
Na

Ni
Mg

Ca
Cd

Hg
Sr

Ga
Al

In
Sc

Ge
Si

Zr
Hf

Nb
Ta

4.34
4.18

6.11
4.18

7.72
5.14

18.20
15.03

11.9
16.9

18.75
11.03

30.7
28.44

28.03
24.80

45.7
45.1

34.0
31.0

52.0
44.8

1.33
1.47

1.47
1.47

0.95
0.97

0.69
0.66

0.99
0.97

1.12
1.12

0.62
0.51

0.81
0.81

0.53
0.42

0.79
0.79

0.69
0.68

1.04

1.45

1.50

1.20

1.42

1.70

1.08

1.15

1.01

1.08

1.16

High

Low

Low

Moderate

Low

Low

High

Moderate

High

High

Moderate

z
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A simila r approach ma y be used in discussing the substitutio n of cat -
ions i n silicat e structures (Jensen , 1980 ; Chapter 8) . Thus, when an O2

anion is placed in the field o f an Si44 cation , its electron cloud is tightened
and it s polarizabilit y decreases . Also , a s eac h o f th e oxygen s o f th e
SiO4

4~ anio n is placed in the field o f a second Si 4+ cation , it s polarizabil -
ity furthe r decreases , a s does tha t o f each o f the remaining unshared ox-
ygens of the tetrahedral anion . This leads to the prediction that the polar-
izability or softness of the oxygen donor atoms wil l decrease in the order :

(isolated) (singl e chain) (doubl e chain) (sheet )

If the substitutio n of Mg2+ an d Fe 2 + i n silicates i s considered, bot h hav e
similar charge-control factor s (ionic radii of 0.72 and 0.78 A, respectively)
but diffe r somewha t i n thei r softnes s (secon d ionizatio n potential s o f 15
eV fo r Mg 2+ an d 16. 2 eV fo r Fe 2+). Hence , althoug h high geochemical
coherence woul d be predicted , th e softe r Fe 2+ catio n woul d also b e ex-
pected t o show som e preference for the softe r silicate environment s con-
taining isolate d tetrahedra , rathe r tha n th e harde r environment s wit h
chain an d shee t silicat e structures , an d vic e vers a fo r th e harde r Mg 2 +

cation. I n fact , th e Mg-to-F e rati o doe s increas e o n moving from lef t t o
right on the above scale , with the shee t silicat e minera l talc being nearly
pure magnesiu m silicate (se e als o Ramberg, 1952) . Substitutio n of Al for
Si in silicate s increase s th e polarizabilit y of the oxyge n atoms (th e A13 +

generating a smalle r field) an d s o increases th e Fe-to-M g rati o ove r tha t
observed i n the pure silicate . The harder Ca2+ io n (second ionizatio n po-
tential of 11.9 eV) is preferentially concentrated int o the harder chain and
sheet silicates.

As discusse d i n Chapte r 5 , dat a fro m bot h Auge r spectroscop y an d
optical studie s confirm a  decreasing polarizabilit y and/or optical basicity
for silicat e unit s a s th e degre e o f polymerizatio n increases , consisten t
with the abov e interpretation . Polarizabilitie s (o r better still , polarizabil -
ities per O  atom) have no t ye t been calculate d fo r silicat e polymers , nor
have interactio n energies of cation pair s suc h as Mg versus Fe with oxy-
gens of various type ye t been studied.



9
THE FUTURE

In thi s fina l chapter , a n attemp t i s mad e t o provid e a n overvie w o f th e
capabilities o f quantum-mechanical methods a t th e presen t time , an d t o
highlight th e need s fo r futur e developmen t an d possibl e futur e applica -
tions of these methods, particularly in areas relate d t o mineral structures ,
energetics, an d spectroscopy . Ther e i s also a  brief accoun t o f some ne w
areas o f application, specifi c direction s fo r futur e research , an d possibl e
developments i n th e perceptio n an d us e o f quantum-mechanica l ap -
proaches. Th e book ends with an epilog on the overall role of "theoretical
geochemistry" i n the earth and environmental sciences .

9.1. Capabilities of quantum-mechanical methods

The loca l structura l characteristic s o f mineral s suc h a s Mg 2SiO4, which
contain only main-group elements, ar e reasonably wel l reproduced b y ab
initio Hartree-Fock-Roothaan (SCF) cluste r calculations a t the medium-
basis-set level . Calculation s incorporatin g configuratio n interactio n wil l
inevitably follo w an d probabl y lea d t o somewha t bette r agreemen t wit h
experiment. Th e mos t pressin g need s i n thi s are a o f stud y ar e fo r th e
development o f systemati c procedure s fo r cluste r selectio n an d embed -
ding, for a  greater understandin g o f the result s a t a  qualitative level, and
for more widespread efficien t applicatio n o f the quantum-chemical results
currently available. In the last area, substantia l progress has already bee n
made by Lasaga and Gibbs (1987) , Sanders e t al . (1984), Tsuneyuki et al .
(1988), and others, who have used ab initio calculations t o generate theo -
retical forc e field s whic h can the n b e use d i n molecular-dynamics simu -
lations. I f the characteristic s o f th e resultan t forc e field s ca n b e under -
stood a t a  first-principle s level , the n i t ma y b e possibl e t o understan d
details o f the simulate d structure s a t th e sam e level . Unfortunately , a s
regards a  greate r qualitativ e understandin g o f th e quantum-mechanica l
calculations, little progress has been made. Rather old qualitative theorie s
describe som e aspects o f bond-angle variation (Tossell , 1986) , but no gen-
eral mode l t o interpre t variation s i n bon d length s has bee n develope d
within eithe r chemistr y o r geochemistr y beyon d th e mode l o f additive
atomic (Slater ) o r ioni c (Shanno n and Prewitt ) radii. Indeed , globa l the-
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ories o f bond-length variations within an ab initio framework seem t o be
nonexistent. Nonetheless , quantum-chemica l studie s hav e show n th e
presence o f intriguin g systematics i n bond length s (Gibb s et al. , 1987) ,
which ha d been alread y note d empirically . Furthermore , th e applicatio n
of density-functiona l theory ha s emphasize d th e importanc e o f the elec-
tron density  fo r understandin g chemica l bondin g an d ha s refine d th e
meaning o f muc h olde r chemica l concept s suc h a s electronegativity.  A
more general an d more powerfu l theoretical basi s for much of structura l
chemistry ma y resul t from investigation s within these areas . Systemati c
studies o f cluste r selectio n an d embeddin g ar e bein g pursue d b y Saue r
(1989) and others , bu t n o convincing general approac h ha s ye t been for -
mulated.

There ha s als o bee n grea t progres s i n the applicatio n o f delocalize d
electron model s to solids . Very accurate band-theoretica l method s (such
as the full-potential APW and the ab initio pseudopotential methods ) can
generate accurate crystal structures even for complex solids (although a t
considerable computer expense) . Thes e wil l certainly be applied to som e
of the simpler silicates an d sulfides in the future. The geometric structure s
of solid s ca n als o b e efficientl y calculate d withi n a combined molecular-
dynamics-density-functional approac h (Alla n and Teter , 1987) . If this ap-
proach fulfill s it s promise , i t may wel l becom e th e metho d o f choice fo r
the stud y of the structura l properties o f complex solids , both crystalline
and amorphous. For more restricted classe s of solids, other more approx-
imate band-theoretical method s wil l be accurate enough , and much more
efficient computationally . High-symmetry , close-packe d solid s ca n b e
modeled ver y wel l b y method s tha t emplo y a n atomi c spher e approxi -
mation, as shown by the results of Williams and co-workers for transition-
metal oxides (Terakura et al., 1984a,b) . For reasonably "ionic" materials,
self-consistent modified electron-gas model s give accurate structures , and
the potential s generate d b y thei r charg e distribution s may als o giv e ac-
curate densities of states and eigenvalue spectra. Suc h MEG methods will
be very valuable for determining bulk moduli and other elasti c propertie s
for al l those mineral s i n whic h suc h propertie s ar e dominate d b y loca l
Mg-O and  Al-O bonds . Simulation methods, increasingly based on quan-
tum-mechanical potentials, wil l also be applicable t o quite complex crys -
talline materials .

The quantum-mechanical description o f minerals containing transition
metals is at a less advanced stage . The accuracy of simple Hartree-Fock-
Roothaan method s ha s no t bee n full y determine d fo r suc h systems . Lo -
cal-density-functional method s hav e bee n successfu l for calculatin g th e
structural properties o f high-symmetry materials , bu t excitation energie s
are stil l poorly reproduced . Local-density-functiona l cluster calculation s
have s o fa r bee n restricte d mostl y t o mode l potential s (e.g., muffin-ti n
potentials) s o tha t their ful l powe r has no t bee n utilized. We need to de -
termine the accurac y and efficienc y o f Hartree-Fock-Roothaan (or Har-
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tree-Fock plus configuration-interaction) and full-potential basis-set-type
local-density-functional method s for calculating both structura l and spec -
troscopic propertie s o f such systems .

9.2. Future areas of application in structures and energetics

It i s clea r fro m ou r discussio n o f theoretica l high-pressur e studie s i n
Chapter 7  that both molecular-orbita l cluster an d full-lattice calculation s
(involving band theory, ionic, and simulation methods) have already mad e
considerable contribution s to the understanding of high-pressure mineral
phases. Thus , i t is well established that suc h calculations hav e an impor-
tant role in studies of the physics of the solid Earth . Many local structura l
properties o f mineral s hav e als o been interprete d usin g cluster models ,
establishing their importance i n structural mineralogy . Additional molec-
ular-orbital cluster calculations will doubtless lead to understanding of the
finer detail s of local geometry, both for crystalline material s and glasses .

We can anticipat e furthe r theoretica l studie s of high-pressure phases ,
particularly involving transition-metal oxides and silicates, an d iron alloy
systems. However, natura l minerals have such complicated composition s
and structure s tha t ver y accurat e calculatio n o f their propertie s wil l be
extremely difficult . Fo r example , th e calculatio n o f compressibilitie s
along the Mg2SiO4-Fe2SiO4 serie s would require truly heroic computation
and, a t present , unavoidabl e approximation s woul d preven t th e result s
from bein g definitive . Suc h a  stud y woul d constitut e onl y on e piec e o f
evidence useful for the determinatio n of the compositio n of the mantle ,
although i t would be no more ambiguous than most suc h evidence avail -
able on this topic .

Many fundamental questions concerning the geochemical distribution
of th e element s appea r t o b e o n th e verg e o f bein g answered . W e ar e
gradually understanding differences in bond type (such as Fe-S a s against
Fe-O bonding , and Fe-O a s against Mg-O bonding ) so that we can "ex -
plain" wh y th e elemen t distribution s occu r a s observed , an d throug h
computation determine quantitative energy differences and, thus, equilib-
rium and partitio n coefficients . A majo r stumblin g block i n this effor t i s
finding theoretical method s that treat the different bon d or structure types
with equivalent accuracy, s o that the choice of method does not introduce
unacceptable artifacts . Thi s is a particularly serious problem whe n com-
paring physicall y differen t phases , suc h a s crystallin e solid s and melts .
Cluster calculations may be adequate t o give enthalpic properties fo r sys-
tems tha t ar e no t disordere d configurationally . However, fo r system s in
which ther e i s appreciabl e disorde r i n the possibl e loca l environments ,
molecular dynamic s will b e necessary , an d free-energ y difference s wil l
have t o b e evaluated . In modelin g transition-metal-bearing minerals, we
will b e face d wit h th e difficul t tas k of extracting energy parameters fro m
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ab initio  calculation s o n transition-meta l system s for which terms simu-
lating covalenc y an d crystal-fiel d effect s wil l b e important , particularl y
for low-symmetry metal environments. Another area of the science of the
solid Eart h wher e compute r simulatio n of properties wil l prove valuable
is i n solid-stat e diffusio n an d reactivity , such studie s leading t o a  bette r
understanding of creep processes in minerals. Already , simulatio n meth-
ods have yielded valuable information on the relativ e energie s o f defects
(Catlow, 1985).

9.3. Future applications in mineral spectroscopy

Many aspects o f the electroni c structure s o f minerals have been studied ,
but considerabl e gaps in knowledge remain. Studies of the photoelectro n
spectra o f many suc h materials , particularly in the valenc e region , have
been sparse , an d for even the mos t commo n minerals there are virtually
none o f th e variable-energy , angle-resolve d photoelectro n dat a no w
common fo r th e inorgani c solids . X-ra y emissio n an d x-ra y absorptio n
spectral dat a ar e als o incomplete . Fortunately, som e o f the newe r spec -
troscopic method s (e.g. , 29 Si MAS-NMR ) hav e attracte d sufficien t re -
searchers tha t mos t minera l phases hav e bee n studie d by numerou s in-
vestigators, an d th e experimenta l result s ar e bein g analyze d quantu m
mechanically a s wel l a s phenomenologically . Fo r th e mor e establishe d
techniques, suc h a s visible-u v absorption . Mossbaue r an d ir-Rama n
spectroscopies, ther e ar e als o fairl y complet e data . I n the electroni c ab -
sorption (crystal-field or d-d)  spectra o f minerals, detailed interpretations
have often been mad e using a parametric crystal-fiel d theory formalism,
but, as we have seen, first-principles calculation of such spectra l proper -
ties remain s ver y difficult . I n Mossbaue r spectroscopy , som e progres s
with regar d t o calculatin g overall trend s i n isomer shif t ha s bee n made ,
and we can anticipate much progress in this area in the near future. Ther e
has als o been considerabl e recen t progres s i n the calculatio n o f both the
energies an d th e intensitie s o f i r an d Rama n spectr a [a s describe d fo r
Si(OH)4 an d CO 3

2 i n Chapte r 5] . Suc h calculation s (employin g cluste r
molecular-orbital methods) will serve to constrain the force fields neede d
to generate the theoretical phono n spectra of minerals. Direct band-struc-
ture calculations of phonon spectr a ar e now also possible for simpl e ma-
terials, an d application s t o minera l system s wil l doubtles s emerge . Th e
"classical" optica l propertie s o f mineral s such a s refractiv e indice s ar e
also no w bein g studie d quantu m mechanically (Tossel l an d Lazzeretti ,
1988b).

We may confidentl y expect tha t th e interpretatio n o f minera l photo -
electron dat a wil l mov e to a  higher level, wit h more accurat e correlate d
calculation o f orbita l ionization potentials an d valence-regio n structure
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(including the so-calle d "satellite " structure , no t found in a strictly inde-
pendent-electron model ) an d wit h direc t calculatio n o f photoionizatio n
intensities, as described for SiF4 in Chapter 4. Similarly, direct calculation
of x-ray emission spectral intensitie s will be needed to resolve a  number
of unsolve d problems . A s w e hav e mentioned , XANE S theor y i s cur -
rently in turmoil, with considerable uncertaint y about which spectral fea-
tures ar e multiple scattering i n character an d which are singl e scattering
(EXAFS-like) features. Considerable tim e may be needed to sort ou t this
problem if important spectra l feature s do turn out to be nonlocal, involv-
ing distan t coordinatio n shells . Local-densit y an d Hartree-Fock-Root -
haan with configuration-interaction methods will be used to study trends
in visible and uv spectra at high pressure in transition-metal systems.

9.4. Ne w areas of application

As i n quantu m chemistry , theoretica l calculation s withi n geochemistry
will be particularly valuable for those system s that ar e hard t o study ex-
perimentally, o r for whic h atomistic-level information is unattainable. A
number o f area s ar e immediatel y suggested : aqueou s geochemistr y o f
metal-bearing hydrotherma l fluids, propertie s o f oxidic glasses , conden -
sation processe s i n the sola r nebula , and properties of mineral surfaces .
Given the considerable resource s require d and the necessary expens e of
the mos t advance d quantum-mechanica l methods, i t may b e expedient,
and perhap s eve n desirable , t o emplo y them primaril y in those frontier
areas rather than attempting quantum-mechanical studie s of geochemical
and solid-stat e systems "across the board." Calculation o f the propertie s
of hydrothermal fluids wil l first requir e quantum-mechanica l calculation
of ion-ion an d ion-wate r interactions , followed by simulatio n using the
potentials obtained . Oxidi c glasses ca n be better understood b y calcula-
tions on fragment s of intermediate siz e (rin g structures , etc. ) a s wel l as
on unusual local fragments. Simulatio n of such structures using quantum-
mechanical potentials wil l be of great value , although there may be cases
where th e molecular-dynamics-density-functiona l theory o f the Ca r an d
Parinello (1985) type will be necessary. Ther e ha s been rather little atten-
tion pai d t o th e applicatio n o f quantum-mechanica l methods t o under -
standing condensation processe s in the sola r nebula , although high-level
theories have been used for many years to predict structure s and spectr a
for gas-phas e interstellar molecules (principally hydrocarbons). Previou s
successful studie s of SiO polymerization indicat e tha t suc h work should
be possible. W e can also expec t t o see those method s used for the study
of small clusters, and now well established within chemistry and physics
(Castleman, 1987) , bein g applied t o silicat e clusters. There i s also much
scope for the application of quantum-mechanical methods to the study of



434 THEORETICA L GEOCHEMISTRY

mineral surfaces, a  field tha t has so much in common with studies carried
out by chemists on catalysis and adsorption, that strong cross-fertilization
should occur.

9.5. Research directions

In writin g this book , man y relativel y straightforwar d experimenta l an d
theoretical areas ripe for exploitation have been identified , as well as cer-
tain difficul t bu t importan t problems tha t woul d require reall y heroic in-
dividual effort s o r a  well-coordinated program o f team research . For ex -
ample, i t would be relatively easy to : (1 ) calculate transition-meta l oxide
and sulfid e structura l systematic s usin g model-potential ban d methods ;
(2) calculate electro n densitie s an d electric-fiel d gradient s a t iro n nuclei
using ab initio Hartree-Fock-Roothaan (SCF) or discrete-basis Xa. meth-
ods applied to molecular clusters ; (3) systematically calculate the phonon
spectra o f magnesium silicates using modified electron-ga s methods . O n
the other hand, it would be difficult to : (1) accurately evaluate the relative
stabilities of al l the differen t polymorph s of SiO2; (2) evaluate speciatio n
in aqueou s solution s (e.g. , structures , stabilities , an d spectr a o f Cu sul-
fides); (3 ) evaluate loca l geometries a t transition-meta l site s i n mineral s
and the influence of local structur e on spectra and stabilities .

In general , th e mos t difficul t problem s requir e th e determinatio n o f
local propertie s i n complex material s an d the relatin g of local properties
to bulk properties. Problem s of this type are becoming more important in
quantum chemistr y with it s shif t fro m chemica l physic s (concerne d pri -
marily wit h microscopi c properties ) toward s physica l chemistr y (con -
cerned more with macroscopic properties) , a  shift occurring as theoretical
methods and computer capabilities improve.

There wil l b e continuing change in the way that quantum-mechanical
calculations ar e perceived within the sciences . Suc h calculations may be
treated a s "compute r experiments," which , for a  given price (i n person-
nel, compute r hardware an d software , an d compute r time) , yield value s
of a  property wit h specifie d average errors . They , therefore , serv e a s a
useful complemen t to existing spectral and structural methods. Given the
increased availability of new-generation computer and quantum-chemical
software an d the increasing costs of research equipment , such "computer
experiments" may soon be much cheaper, and more generally accessible ,
than an y othe r techniqu e excep t th e mos t routin e form s o f i r o r NM R
spectroscopy an d x-ray crystallography . Give n the increase d specializa -
tion of quantum-mechanical calculations, i t is important t o kee p in mind
that the y als o provid e a  comprehensive framewor k for interpretatio n o f
the whol e se t o f propertie s o f a  material , an d revea l th e propertie s of
matter at a level often unattainabl e through experiment.
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9.6. Epilog: Theoretical geochemistry and the Earth and
environmental sciences

The closin g year s o f the 1980 s have see n a  greatly increase d awarenes s
on the part of scientists and of the public of the importance of understand-
ing "Earth systems " (i.e. , those materials and processes involved when
the Eart h undergoe s chemica l and physical change). Thi s awareness ha s
been brough t abou t b y th e threa t o f irreversibl e change s i n th e atmo -
sphere an d hydrosphere , changes that ma y themselves threaten th e sur-
vival of many life forms. Linked with these broadly environmental issues
are concern s relate d t o th e energ y an d ra w materia l need s o f a rapidly
growing world population. Here , again , those "Eart h systems " tha t lea d
to th e formatio n and concentratio n o f fossi l fuel s an d o f metalliferous,
industrial, an d chemica l minerals are th e focu s o f study, as ar e system s
associated wit h the environmenta l disruption caused b y the exploitation
and utilization of such resources. There ca n be little doubt tha t these en-
vironmental and resource issues represent the great challenge to scientists
in th e 1990s , an d ma y wel l dominat e bot h th e scientifi c an d politica l
agenda, worldwide, well into the twenty-firs t century .

The thesis of this book has been that quantum mechanics provides the
fundamental theoretical framework within which Earth materials and sys-
tems involvin g these material s ma y b e understood . Quantum-chemica l
calculations teste d agains t experimenta l (chiefl y spectroscopic ) studie s
lead t o models that ca n be successfully refined both by improvements in
experimentation an d theoretica l methodology . A s w e have shown , such
models ca n enabl e prediction s t o b e mad e o f the structure , properties ,
and physico-chemica l behavior o f mineral s an d relate d materials . Suc h
properties may themselves be of intrinsic interest to those working in ma-
terials science. However , the ultimate geochemical objective is to develop
larger-scale model s tha t quantitativel y describe an d henc e ma y predic t
the behavior of Earth systems. As noted in the Preface to this text, recen t
years hav e see n th e welcom e growth of an interdisciplinary approach t o
such problems in which the traditional boundaries between the chemical ,
physical, biological, and geological sciences brea k down and the Earth is
viewed a s a  whole . A s shoul d be eviden t from thi s book, quantu m me-
chanics has a central role in our attempts to understand the Earth .
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APPENDIX A
SYMBOLS, UNITS, CONVERSION FACTORS,

AND CONSTANTS

Many symbols, units, and constants are defined as they are introduced in
the text . Those more commonly used ar e given here.

Symbols
X a n atomi c orbita l
4> a  molecular orbital (MO)
M> a  (complete ) many-electron wav e function
a, ( 3 spi n wave functions
H th e Hamiltonian operator
p electro n density
£ Slate r orbita l exponen t
V potentia l energy
Z nuclea r charg e
(x dipol e moment
v frequenc y
X wavelengt h

Atomic units  (a.u.) , the us e o f which simplifies man y equations i n quan-
tum mechanic s because mas s is expressed a s a multiple of electron mas s
me (so the mass o f the electro n i s taken as unity) , charge a s a multiple of
the proton' s charg e e , lengt h a s a  multipl e o f th e Boh r radiu s a 0, an d
energy i n multiple s of twice th e ionizatio n potentia l o f the ground-stat e
hydrogen ato m (27.2 1 e V o r on e hartree , althoug h th e energ y itsel f i s
sometimes used, 13. 6 eV or one rydberg). Hence :

Quantity Symbol  Value  in  SI Units
1 a.u . o f mass m e 9.10 9 x  l O - 3 1 k g

length a 0 5.29 2 x  10- 11 m
charge e  1.60 2 x  10- 19C

velocity c  2.99 8 x  10 8 m s- 1
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A consequenc e o f the us e o f these units i s that h  =  1 , uB =  1/2, and
RH

 =  1 /2. The y may be augmented by the choice of c =  1  for the spee d
of light. Use o f a.u. eliminates many of the constant s i n the Schrodinge r
equation.

Conversion table for frequency and energy units used in spectroscop y

l H z = l  cm - 1 = l j m o r ' = 1  eV =

Hz
c m - 1

J mol-'
eV

3.9915 x  10 - I 0 11.966 0 1  9.652 2 x  10 4

4.1353 x  10- 15 1.239 7 x  1 0 4  1.036 0 x  l O - 5 1

Constants (values  in  SI units)
e electro n charge , -1.60 2 x  10 - 1 9C
m electroni c mas s (at rest), 9.110 x 10 -31 kg
c velocit y of light (in vacuo), 2.998 x  10 8ms - 1

h Planck' s constant , 6.62 6 x  1 0 - 3 4 J s
h (Planck' s constant)/2TT, 1.05 5 x 10 -34 J s
(JLB Boh r magneton, 9.274 x  1 0 -2 J T  - 1

uN Nuclea r magneton , 5.051 x l O - 2 7 J T - 1

NA Avogadr o constant, 6.02 2 x  lO 2 3mol - 1

k Boltzman n constant, 1.38 1 x 1 0 - 2 3J K - 1

F Farada y constant, 9.64 9 x  10 4 C mol -1

R ga s constant, 8.31 4 J K -1 mol - 1

a0 Boh r radius, 0.529 A
RH Rydber g constant (fo r hydrogen atom), 1.09677 6 x  10 7 mr-1

Units an d Conversion  Factors  (al l SI units or permitted non-S i units
except those marke d with an asterisk )
Length micromete r (um) =  1 0 -6 m

nanometer (nm) =  1 0 -9 m
angstrom (A) = 10 - 1 0 m
picometer (pm ) =  1 0 -12 m

*Bohr(a0) =  0.52 9 x  10- |0m
Temperature kelvi n (K) (0°C = 273. 2 K)
Pressure pasca l (Pa) = 0.9 8 x 10 -5 atm (atmosphere)

*atmosphere 1  atm =  1.01 3 x 10 5 Pa
( o r N m - 2 )

*bar =  10 5 Pa
*kilobar (kbar) =  10 8 Pa

1 2.9979 1010 2.5053 109 2.4182 1014
3.3356 x 10-11   1 8.3567 x10-2 8.0663 x103
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Dipole moment
Magnetic flux densit y
Frequency (v )
Electrical charg e
Entropy (S )
Relative permittivity

(e)
Energy

*debye(D) =  3.33 4 x  10 - 3 0 Cm
gauss (G) = 10- 4T(tesla)

*cycle per secon d =  1  Hz (hertz)
coulomb (C)

*eu =  ca l g- 1 •  C -1 ( = 418 4 J kg- 1 K -1)

*dielectric constan t ( = 1 )
*calorie (cal; thermochemical ) =  4.18 4 J (joule)
electronvolt (eV ) =  1.60 2 x  1 0 -19J
electronvolt per molecule =  96.4 8 kJ mol -1

*erg =  10 -7 J
wave number (cm - 1) =  1.98 6 x  10 - 2 3J

*hartree(H) =  27.21 2 eV(= 43.59 4 x  10 -19J)
*rydberg(Ry) =  13.606eV( = 0. 5 hartree )



APPENDIX B
EXPERIMENTAL METHODS FOR OBTAINING

INFORMATION ON STRUCTURE AND BONDING

Method (Acronym) Experimental basis Information obtainable
References

(end of table)

Auger electron
spectroscopy
(AES)

Angle-resolved
photoelectron
spectroscopy
(ARPES)

Bremsstrahlung
isochromat
spectroscopy (BIS)

Brillouin scattering

Sample under vacuum irradiated wit h photons causin g
ejection o f electrons fro m cor e orbitals. Energies an d
intensities of Auger electrons that are ejected b y a
process o f internal conversion ar e then measured in
the spectromete r

Study o f the variou s types of photoelectron spectra a s
a function o f angle (see XPS , UPS)

The sampl e is exposed to an electron beam of known
energy. The electrons underg o transitions to empty
states in the conduction band, emitting a photon
(also known as inverse photoelectron spectroscopy,
IPES)

The scatterin g of light b y acoustic modes (se e Sectio n
2.4.1) on interaction wit h crystals is called Brillouin
scattering. From measuring th e change in frequency
of the ligh t scattered i n particular directions, the ve -
locities of the acoustic modes an d hence the elasti c
constants can be determined. The experiment in-
volves a laser ligh t source and a spectrometer t o ana-
lyze the scattered ligh t

Binding energies of core and valence
electrons (an d chemical
compositions of surface layers)

Details o f the energie s o f empty
(conduction-band) energy levels

Used t o determine the elastic con -
stants o f crystals (that may be
subject t o different T , P, etc. )

Chang (1974) ; see
Section 2.2.1

Cardona and
Gilntherodt
(1989)



Coherent anti-stoke s
Raman
spectroscopy
(CARS)

Compton scatterin g

Conversion electro n
Mossbauer
spectroscopy
(CEMS)

Cathodoluminescence
spectroscopy (CL)

Correlation
spectroscopy
(COSY)

Cross-polarization
magic-angle-
spinning NM R
spectroscopy (CP-
MAS)

Delays alternating
with nutation s for
tailored excitation
(DANTE)

A form of Raman Spectroscopy giving very intense
spectra wit h intensit y patterns and selectio n rules
different fro m those o f the conventiona l (see Raman
spectroscopy)

The Compton effec t i s the inelasti c scattering of a
photon by an electron. Whe n radiation is Compton
scattered, the emerging beam i s Doppler broadened
because o f the motio n of the targe t electrons .
Analysis o f this broadened line shape , the Compto n
profile, provide s detailed informatio n about th e
electron momentum distributio n i n the scatterer

Electrons emitte d a s a byproduct o f the Mossbaue r
effect (se e late r in table) are detected

See Luminescence spectroscop y

A two-dimensional NM R technique (se e NM R
spectroscopy)

A method for narrowing lines in NMR spectr a an d
obtaining data for nucle i o f low natural abundance
(see NM R spectroscopy )

An approach use d i n NMR spectroscop y t o obtain
resonances du e to one se t of chemically equivalent
nuclei (see NMR spectroscopy )

Used to test the quantum -
mechanical descriptio n of the
electrons involved i n bonding in
solids (the effect being
particularly sensitive to the
slower-moving outer electrons) .

Shallow escape dept h o f electron
provides information o n the
nature (oxidation state, spi n state ,
coordination, etc. ) o f the
Mossbauer-active isotop e i n the
surface laye r

Cooper (1985)

Tricker (1981) ,
Berry (1985) ; se e
Section 2.5. 3
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References

(end of table)

Diffuse reflectanc e
spectroscopy
(DRS)

e,2e spectroscop y

Electron diffraction

Electron-cnergy-loss
spectroscopy
(EELS or ELS )

Electron microscopy

Absorption of "light" energy i n the near-ir-visible-
near-uv region b y a  finely powdered sampl e i s
measured fro m light reflected bac k of f a powde r
surface

High-energy electron-impac t ionizatio n wit h complet e
determination of the collisio n kinematic s

Monochromatic bea m o f electrons diffracte d o n
passing through thin and very smal l fragment o f
crystalline material (i n an electron microscope) .
Angles and intensitie s of diffracted beam recor d
photographically

A highl y monochromated bea m o f low-energy (1-1 0
eV) electron s i s reflected fro m a  solid surface , an d
the energy o f the scattere d electron s i s analyzed .
Some o f the inciden t electrons ca n lose a  discret e
amount of energy upo n reflection associate d with
excitation of a vibration at the surfac e

Monochromatic electron s focuse d t o a  very fine bea m
that interacts with sample to produce electro n
diffraction (se e above ) or images of various kinds
and degree s o f resolutio n

Approximate variatio n o f the
absorption coefficien t (k ) wit h
wavelength. Informatio n on
absorption edg e ar d energie s o f
electron transition s (d-d,  charg e
transfer, etc. )

Information abou t character of
molecular orbital s an d electro n
distributions

Information o n symmetry an d
(approximate) crystal structur e of
material

A very sensitive method o f surface
analysis (detection t o ~0.1 % o f a
monolayer ove r are a of ~  1 mm 2)
and the stud y of molecular
interactions on solid surface s

In addition to information o n crystal
symmetry and structure ,
inhomogeneities, defects , and
variations i n fine structure of
materials ca n be studied a t
resolutions down to th e leve l of
unit cells , o r even individua l
atoms

Wendlandt and
Hecht (1966) ; see
Section 2.3.2

Moore e t al . (1982 )

Andrews e t al.
(1971); se e
Section 2.1.3

Weinberg(1985),
Egerton (1986 )

Zussman (1977) ;
see Sectio n 2.1.3



Electron-electron
double resonanc e
(ELDOR)

Electron-nuclear
double resonanc e
(ENDOR)

Electron transmission
spectroscopy (ETS )

Electron
paramagnetic
resonance

 spectroscop y for
chemical analysis
(ESCA)

Electron spi n
resonance (ESR)

Electronic absorptio n
spectroscopy

An ESR double-resonanc e experimen t enabling
hyperfine splitting s to b e measured i n complex
spectra (se e ES R spectroscopy)

A form o f ESR experimen t involvin g observation o f
the spectru m whil e irradiating nuclear spin
transitions (se e ES R spectroscopy )

Involves measuring th e transparenc y o f a gas to an
electron beam a s a  function of energy

See Electron spi n resonanc e (ESR )

A term use d t o cover photoelectro n spectroscop y
(PES); bot h x-ra y photoelectron spectroscop y
(XPS) and ultraviole t photoelectron spectroscop y
(UPS); see individual entries fo r XPS and UP S

Absorption of microwave radiation in the presence of
an external magneti c fiel d b y molecules, atoms , o r
ions possessing electron s wit h unpaired spins . Th e
energy o f this absorption i s measured, an d an y fine
structure associate d wit h it is studied

Absorption of "light" energy i n the near-ir-visible-
near-uv regio n o n transmission through a liquid or
"translucent" solid phas e (including single crystals)
is measured a s a  function of wavelength. Polarize d
light may be used whe n studyin g singl e crystals

Measures gas-phas e electro n
affinities correspondin g to
electron captur e int o low-lyin g
unoccupied molecular orbital s
(i.e., th e energy o f the anion stat e
arising from electron capture)

Fingerprint identification o f species
such a s paramagnetic impuritie s in
diamagnetic materials .
Information o n stereochemistr y
and bondin g o f such specie s

Energies o f electronic transition s
involving valence electrons an d
including crysta l field (d-d)
transitions and color centers .
Information on oxidation state,
spin state , stereochemistry —
particularly o f transition-metal
ions

Giordan e t al .
(1986)

Atherton (1973) ,
McWhinnie
(1985); se e
Section 2.6.1

Lever (1968),
Burns (1970,
1985); se e
Section 2.3.1

Electron
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Extended x-ra y
absorption fine
structure (EXAFS )

Fourier-transform
infrared (FTIR )

Inverse photoelectron
spectroscopy
(1PES)

Infrared spectroscop y
( ir)

Internal reflectio n
spectroscopy (IRS)

Ion microprob e (ion
probe)

Absorption o f intense x  radiation, usuall y from a
synchrotron source , usuall y measured b y intensity
of transmission of a single beam a s a  function of
energy (wavelength )

A rapid and efficien t method o f collecting high-quality
infrared spectr a (see Infrare d spectroscopy )

The same a s Bremsstrahlung isochroma t spectroscop y
(see BIS)

Infrared ligh t i s allowed t o pass through a  sampl e
(gas, liquid , powdered solid , o r singl e crystal), an d
the absorptio n o f energy is measured a s a  function
of wavelength. Reflection of infrared ligh t may als o
be studied (from a powder o r polished crysta l
surface) a s a  function of wavelength

Light i s introduced int o an optically transparent soli d
medium at angle s abov e th e critica l angle , and the
intensity o f the emergin g radiation measure d afte r i t
has suffere d one, o r ofte n hundreds , of internal
reflections

See Secondary io n mass spectrometr y

Nature o f the loca l structur e
surrounding a particula r atom i n a
solid

Infrared ligh t is absorbed throug h
vibrations o f the atom s o r
rotations o f the molecula r system .
IR spectr a giv e information on
lattice dynamics , bond strengths ,
coordination, an d polyhedral
linkage in complex structures.

Used t o study adsorbed molecule s
or thi n films o n the surface s o f
solid materials , material s of lower
refractive inde x outside th e
surface, o r to stud y the surfac e
itself (surfac e states )

Teo and Jo y (1981) ;
Lee e t al . (1981) ;
Calas e t al .
(1984); se e
Section 2.2. 3

McMillan (1985) ;
see Sectio n 2.4.2

Harrick and
Beckmann (1974 )



Ion neutralizatio n
spcctroscopy (INS)

Ion scattering
spectroscopy (ISS)

Luminescence
spectroscopy

Low-energy electron
diffraction (LEED )

Magic-angle spinnin g
nuclear magnetic
resonance (MAS-
N M R )

Mossbaucr
spectroscopy

A soli d surface is bombarded b y low-energ y ions that
undergo Auger neutralization, ejecting Auge r
electrons from the surface ; thes e electrons ar e
energy analyze d

Ions of noble gases (He+, Ar + ) accelerated to
energies o f 500 eV-3 ke V are impacte d (a t 45° to
the norma l t o the surface) . Ion s reflecte d a t 90° are
energy analyze d

Luminescence i s the emission  of light from a  sampl e
brought abou t b y excitation in a number of ways :
using electrons (cathodoluminescence ) o r proton s
(see PEOL) , usin g uv or visible light
(photoluminescence) or b y heating
(thermoluminescence). The variatio n o f intensity of
emission wit h wavelengt h is measured i n each case
to give a  luminescence spectru m

Electrons o f uniform energy (~5-50 0 eV) are
scattered fro m th e surfac e of a single crystal. Those
electrons tha t hav e lost n o energy ar e selected and
accelerated t o a fluorescent scree n wher e the
diffraction patter n from the surfac e ca n be
observed

See Nuclear magneti c resonance (NMR )

Resonant absorptio n o f -y-rays from an appropriate
source b y a  specific nucleus , the sourc e -y-ra y
energy bein g modulated b y makin g use of the
Doppler effec t

Data obtaine d are use d t o infe r the
density o f state s o f valence
electrons o f surface atom s

Surface chemica l analysis

Luminescence i n minerals an d
related solid s generally arise s
from impurit y centers o r defec t
centers. Luminescenc e
spectroscopy enable s impurities
and defect s t o be identified and
their coordination an d electronic
configuration pinpointe d

Provides accurat e information on
the crysta l structure of the surfac e
layer of a solid singl e crystal
(bond length s and angles )

Determination o f the oxidation
state, spi n state , coordination ,
and degre e o f covalence o f bond
of the atom wit h the Mossbauer -
active nucleu s (mos t commonl y
Fe, Sn , Sb , Te in mineralogical
work)

Hagstrum (1972 )

Smith (1967 )

Walker (1985)

Lagally (1985)

Bancroft (1973) ,
Maddock (1985) ;
see Sectio n 2.5.3
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Neutron diffractio n

Nuclear magnetic
resonance (NMR)

Nuclear magnetic
double resonanc e
spectroscopy
(NMDR)

Nuclear Overhauser
spectroscopy
(NOESY)

Monochromatic beam o f neutrons i s diffracted b y a
crystal (or powdered crystallin e material) . Angle s
and intensities of diffracted beam recorde d b y a
detector

Sample i s placed i n an externa l magneti c field .
Resonant absorptio n o f radio energ y b y transitions
of nuclei of certain isotope s from ground to variou s
excited states is studied. Applied t o liquids , and
more recently to solids , where rapid spinnin g of the
sample inclined a t an angle o f 54.7° to the applied
magnetic field (th e "magic angle") greatly enhance s
resolution

An NMR spectru m obtained by irradiatin g with two
radio frequencies, valuabl e in simplifying comple x
spectra (se e NM R spectroscopy )

A two-dimensiona l NMR techniqu e (see NM R
spectroscopy)

Neutron beams hav e wavelength s
~ 1-3 A and interac t wit h nuclei in
crystals rathe r tha n electrons ;
hence they suffe r scatterin g b y
atoms wit h magnetic moment s
enabling magnetic structur e of
solids to be studied . Also can be
used t o determine structura l
positions of light elements o r
distinguish between atom s o f
neighboring atomic numbe r in a
structure (indistinguishable usin g
x-rays)

Determination o f local environment
of particular atoms i n a molecule
or crystal structure (e.g. , i n
mineralogical work , studie s o f the
nuclei 29 Si, 27 A1 ar e importan t i n
studying ordering i n comple x
silicates)

Bacon (1962) ; see
Section 2.1.2

Mehring (1983) ,
McWhinnie
(1985); se e
Section 2.5.2



Nuclear quadrupole
resonance (NQR)

Photoelectron
spectroscopy (PES)

Proton excited optica l
luminescence
spectroscopy
(PEOL)

Raman spectroscop y

Reflectance
spectroscopy

Dependent o n the interaction between the quadrupole
moment of the nucleu s and the electric-fiel d
gradients a t the nucleus arising from the charge
distribution in a solid. Resonant absorptio n of
radio-frequency energ y occur s whe n nuclei are
excited to various higher-energ y states relate d to
these interactions . I t i s this resonant absorptio n
that i s studied

See X-ray photoelectron spectroscop y (XPS) , uv
photoelectron spectroscop y (UPS )

Luminescence spectroscopy wher e the source of
excitation i s a beam o f protons (se e Luminescence
spectroscopy)

A solid sample is bombarded wit h a beam of energeti c
protons, causing the emissio n o f x-rays,
characteristic o f the element s present . May employ
a microbeam (henc e MICROPIXE )

Monochromatic ligh t (in the visibl e or uv range) i s
directed throug h the sampl e (gas , liquid , crystal , or
powder), which must be translucent. Light
scattered a t 90° or 180 ° is collected, analyzed , an d
recorded. Th e inciden t ligh t commonly used in
modern instruments is from a laser sourc e and may
be polarized. The Rama n effect involves shift s of
frequency o f scattered ligh t relative to that fro m th e
source

See Diffus e reflectance , Specula r reflectanc e

Determination of local environment
of particular atoms i n a solid. Ap-
plicable to ~13 0 isotope s (e.g. , in
mineralogy, studies o f 27 A1 applied
to order-disorder phenomena; stud-
ies of As, Sb , an d B i isotopes i n
sulfosalts applie d to structura l in-
vestigations)

Marfunin (1979) ;
see Section 2.5.1

Used chiefl y fo r elementa l analysis
and microanalysi s of solids
(including analysis of trac e
elements)

The energy changes observe d i n the
Raman effec t have to do with
vibrations and rotation s of the
molecule under stud y or
vibrations of the crysta l lattice .
Raman spectr a can be used t o
identify particula r molecules , o r
polyhedra in solids or polyhedral
linkages (e.g. , particula r silicon-
oxygen units in silicate glasses)

Khan and
Crumpton (1981 )

McMillan (1985);
see Sectio n 2.4.3

Proton-induced x-ray
emission (P1XE)
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Reflection extende d
x-ray absorption
fine-structure
spectroscopy
(ReflEXAFS)

Reflection high-
energy electron
diffraction
(RHEED)

Raman-induced Kerr -
effect spectroscop y
(RIKES)

Resonance Raman
spectroscopy (RRS)

Scanning electron
microscopy (SEM)

The EXAFS technique but usin g radiation reflecte d a t
a low angle from th e surfac e an d henc e giving data
for th e surfac e atomi c layer s (see EXAFS )

The diffractio n o f electrons wit h high energies (30-70
keV) incident at ver y low angles (0.5°-4 o) to a
crystal surfac e suc h that they are reflecte d fro m it

A two-color Raman experimen t in which rotation of
the plan e of polarization o f one bea m is monitore d
as the frequency of the othe r bea m i s altered. Gives
Raman data wit h enhanced sensitivit y (see Rama n
spectroscopy)

Raman spectroscop y using an irradiation frequenc y
that is absorbed b y the sampl e an d hence a n
enhanced signa l (see Rama n spectroscopy )

A very finely focuse d bea m o f electrons rapidl y scan s
across th e surfac e o f a solid sampl e t o generate a
"photographic" image of surface topograph y a t
very high magnification. Syste m ma y be combined
with facility fo r semiquantitativ e microanalysis of
material a t the surfac e

Provides accurat e information on
the crysta l structur e o f the surfac e
layer of a singl e crystal

Lagally (1985 )

High-resolution, very high-
magnification imag e of surfac e
topography o f a sample (with
chemical analysi s of areas o f th e
surfaces). A  very usefu l genera l
technique for surfac e studie s o f
solids

Nicol (1975 )



Scanning Tunneling
microscopy (STM)

Secondary-ion mass
spectrometry
(SIMS)

Soft-x-ray appearanc e
potential
spectroscopy
(SXAPS)

Specular reflectanc e
spectroscopy

Surface extende d x-
ray-absorption fin e
structure
(SEXAFS)

A soli d sampl e surfac e (unde r vacuum) is scanne d b y
an ultrafine stylus tip with a very smal l voltag e
applied acros s the gap, whic h is just a  few angstrom
units wide. Vacuu m tunneling of electrons occur s
across the gap , an d this effect i s very sensitiv e to
the widt h of the gap , providin g a means o f mapping
the surfac e a t a horizontal resolutio n of A

A beam o f primary ions with an energy i n the rang e
5-20 ke V bombards a  small spot o n the surfac e o f a
solid sampl e an d positiv e and negativ e ions
sputtered fro m the surfac e ar e analyzed i n a mas s
spectrometer

A soli d surface i s bombarded wit h monochromati c
electrons, an d smal l but abrupt change s i n the
resulting total x-ra y emission intensity are detected
as the energ y o f the electron s i s varied

Light (uv—visible—near-i r radiation) reflecte d bac k
from a  flat, highl y polished surfac e o f a solid
measured i n intensity as a  function o f varying
wavelength. Measurements ca n be made using
plane-polarized light , a t normal incidence, an d on
oriented face s o f single crystal s

EXAFS applied t o surface s (se e EXAFS ,
ReflEXAFS)

Arrangements o f atoms o n th e
surface o f a crystal can b e
determined. Surfac e specie s an d
the nature of bonding of these ca n
be studied by examining voltage-
current variation s durin g scanning

Surface chemica l an d isotopi c
analysis o f very smal l areas; depth
profile analysi s

Identification o f elements presen t i n
the surface region ; relatively
simple technique but one that is
relatively insensitive to many
elements

Manipulation of the ra w data can
provide accurate informatio n on
variation o f optical constant s (i n
particularly, k , the absorptio n
coefficient) wit h wavelength. Thi s
yields information o n the band
edge and on the electroni c
structure of solids (particularly
metals and semiconductors ) in the
valence regio n

Hansma and
Tersoff (1987)

McCrea (1974 )

Houston an d Par k
(1972)

Wendlandt an d
Hecht (1966) ; see
Section 2.3. 2
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Surface-enhanced
Raman
spectroscopy
(SERS)

Ultraviolet (uv)
photoclectron
spectroscopy (UPS)

Ultraviolet (-visible)
spectroscopy

X-ray-absorption
near-edge structure
(XANES)

X-ray-absorption
spectroscopy
(XAS)

Raman spectroscop y o f adsorbed specie s o n surface s
(see Raman spectroscopy )

A solid sample under vacuu m is irradiated with a
monochromatic bea m o f ultraviolet ligh t (typically
21.22 eV). Les s tightly bound electron s i n orbital s
in the valence region are ejected . Th e kinetic
energies o f these ejecte d electron s ar e analyzed i n
an energy spectromete r and, afte r correctio n for the
energy o f the inciden t radiatio n an d fo r
instrumental effects , give the bindin g energies o f
the valence electrons i n the soli d

See Electron absorptio n spectroscopy , specula r
reflectance spectroscopy , diffus e reflectanc e
spectroscopy

Absorption o f intense x-radiatio n from a synchrotro n
source interactin g with a  sample i s studied, usually
by measuring transmission intensity . Specifically ,
the variations in absorption around an d above the
absorption edge tha t display complex fine structur e
in a molecular or condensed phas e are studie d

Can be undertaken (as formerly) by measuring th e
intensity o f absorption o f x-rays b y a  sample placed
between a detector an d standard x-ra y source ; now
largely supersede d b y the technique s of Extende d
x-ray-absorption fine structure (EXAFS) and X-
ray-absorption near-edge structur e (XANES). Se e
entries fo r these

An ultraviole t photoelectron
spectrum i s a plot o f electro n
binding energies versu s intensity .
It provides detaile d information
on the electroni c structure s o f a
solid i n the valenc e region

Turner e t al .
(1970); se e
Section 2.2.1

Detailed informatio n on the
electronic structur e i n the valenc e
region, electroni c configuration ,
energetics of virtual orbitals, etc .

Calas e t al . (1984) ;
see Sectio n 2.2.3



X-ray emission
spectroscopy
(XES)

X-ray diffractio n
(XRD)

X-ray photoelectron
spectroscopy (XPS)

Bombardment o f a solid sampl e (unde r vacuum) by a
beam o f x-rays or o f electrons cause s ejectio n o f
electrons from core orbitals. X-rays emitted fro m
the sampl e whe n higher-energy electrons rela x t o
fill cor e vacancies ar e detected an d a  spectru m
recorded o f their energie s an d intensitie s

A monochromatic bea m o f x-rays i s diffracted b y a
single crystal (o r powdered crystallin e material) .
Angles an d intensitie s of the diffracte d beam ar e
recorded photographicall y o r by a detector

A soli d sample (unde r vacuum ) is irradiated wit h a
monochromatic bea m o f x-rays. Electron s i n core-
and valence-regio n orbital s are ejected. Th e kineti c
energies o f these ejecte d electron s ar e analyze d i n
an energy spectromete r and , afte r correctio n for th e
energy o f the inciden t radiation an d fo r
instrumental effects , give the bindin g energies o f
core and valenc e electron s i n the solid

Determination o f the relativ e
energies o f electrons i n various
core- and valence-region orbitals .
Transitions ar e subjec t t o
selection rules ; so tha t
contributions o f various "atomic
orbitals" t o "molecula r orbitals "
in the valenc e region ca n b e
assessed

Information o n the crysta l
symmetry and structure ; detailed
determination o f crystal
structures, detaile d three -
dimensional information on th e
distribution o f electron densit y in
a crystalline materia l

An x-ra y photoelectron spectru m i s
a plo t of electron bindin g energie s
versus intensity. It provide s
detailed informatio n on the
electronic structur e of a soli d in
the core and valence region s

Agarwal (1979) ,
Urch(1985); see
Section 2.2. 2

Stout an d Jensen
(1966), Nuffiel d
(1966); se e
Section 2.1.1

Brundle and Baker
(1979), Urch
(1985); se e
Section 2.2.1
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APPENDIX C
QUANTUM-MECHANICAL

(AND RELATED) CALCULATIONAL METHODS
AND TERMINOLOGY

Method (acronym) Brief description
Reference

(main reference list)

Ah initio  (or ab initio SCF)

Ab initio  pseudopotential

AMI

Angular overlap model (AOM)

Augmented plan e wave
(APW)

Band theory

Basis se t

Configuration interactio n (CI)

A general ter m used t o refer to calculations "from firs t principles." often describing
Hartree-Fock calculation s with no integral approximations and with self-consistent
charge distributions

Band-theoretical metho d replacing cor e electrons b y pseudopotentials, usin g density-
functional electro n exchange an d correlation, a  plane-wave basis , and a self -
consistent charg e distribution

Latest versio n of parametrized MNDO-level approximate SC F method (see MNDO)

An approximate (non-SCF ) molecular-orbita l metho d involvin g extensive
parametrization o f the required integral s and with the overla p integral represente d
as a simple product of radial and angula r terms

A band-theoretica l method employing density-functional theory, a composite basi s set,
and a "muffin-tin" potentia l

A general term use d t o describe a calculation in which the potentia l and the wave
function hav e translationa l symmetr y and the entir e periodic soli d is considered

The se t o f mathematical functions use d t o expand the molecula r orbitals in a Hartree—
Fock-Roothaan calculatio n

A high-level calculation base d o n Hartree-Fock theor y i n which the HF determinant s
are mixed so as to describe th e dynamic correlation o f electrons

Hehreet al . (1986);
see Section 3.2

Cohen (1984) ; see
Section 3 .1 1

Dewaret al . (1985 )

Burdett (1980 )

Moruzzi e t al . (1977) ;
see Sectio n 3.11

Ashcroft an d Mermi n
(1976)

See Sectio n 3.2

Szabo an d Ostlun d
(1989); see Sectio n
3.3



Complete neglect of
differential overla p (CNDO)

"ASCF" (delt a self-consistent
field)

Density-functional theor y
(DF)

Discrete variational (DV or
DV-Xa)

Extended Huckel (molecular-
orbital) theory (EHMO or
EHT)

Empirical (or approximate)
methods

Full-potential linearized
augmented plane wave
(FLAPW)

Hartree-Fock (theory ) (HF)
(restricted HF, RHF fo r
closed shells ; unrestricted
HF, UH F for open shells )

Hartree-Fock-Roothaan
(theory) (HFR)

Intermediate neglec t o f
differential overla p (INDO)

An approximate or semiempirica ! Hartree—Fock molecular-orbital method, utilizin g
approximate electron repulsion integrals and some Hamiltonian matrix elements to
solve approximate HF equations and iterate t o self-consistency

Calculation o f ionization potentials as differences of total energie s o f neutral
molecules an d cations

Evaluation o f total energy by focusing on the tota l electron density . Typically the
exchange and correlation energ y is expressed as a reasonably simpl e function o f the
electron density

A density-functional metho d for molecular system s with Slater orbital bases and no
(or little) potential averaging

An approximate Hartree-Fock molecular-orbital method involvin g extensive
parametrization (al l Hamiltonian matri x elements parametrized t o fit experimental
data)

Methods tha t approximat e quantum-mechanical integral s and/o r incorporat e
experimental dat a to simplify computation and improve agreemen t wit h experimen t

An APW method in which the energ y dependence o f the basi s functions is linearized
and no potential averaging is used

A method in which a many-electron wave function is written as an antisymmetric
product o f one-electron orbitals . The instantaneous electron-electro n repulsion is
replaced b y interaction with the time-average d densitie s of the other electrons

HF theory with expansion of the MOs in a finite basis set. The equation to be solved
is now a  matrix equation for the expansion coefficients

An approximate or semiempirical Hartree-Foc k molecular-orbital metho d in which
electron repulsio n integrals and some Hamiltonian matrix elements are
approximated and the approximate Hartree-Fock equations solved and integrated to
self-consistency

Pople and Beveridge
(1970); see Section
3.7

See Sectio n 3.5

von Bart h (1986) ,
Srivastava and
Weaire(1987); see
Section 3. 9

Baerends e t al .
(1973); see Section
3.9

Hoffman an d
Lipscomb (1962):
see Section 3.7

Jansen and Freeman
(1984); see Sectio n
3.11

Levine (1983); see
Sections 3.1 , 3.2

See Section 3.2

Pople and Beveridge
(1970); see Section
3.7



Method (acronym) Brief description
Reference

(main reference list)

Korringa-Kohn—Rostoker
(KKR) metho d

Linear band structure

Linear combination of atomic
orbitals (LCAO)

LCAO-Aa

Local-density approximation

Local Densit y Functional
(LDF)

Linear muffin-ti n orbita l
(LMTO)

Many-body perturbation
theory (MBPT)

Modified electro n gas (MEG)

Modified neglec t o f
differential overla p
(MNDO)

A band-theoretical metho d employin g density-functional theory, a  composite basi s set ,
and a  "muffin-tin" potentia l

Methods i n which the energ y dependenc e o f atomic basi s functions i s approximated
through linearizatio n

A term used t o refer t o a Hartree-Fock-Roothaan calculation , often applied to
calculations wit h smal l bases

A density-functional molecular calculatio n with an analytic nuclear-centered basi s se t
(typically Gaussian)

DF scheme s i n which the exchang e an d correlation potentia l i s a function of the loca l
electron density (or spin density)

Similar to LDA

Density-functional ban d calculatio n with "muffin-tin " orbital s as basi s wit h their
energy dependenc e linearized

A method for incorporatin g correlation usin g perturbation theor y wit h th e difference
of HF an d exact electro n repulsio n as the perturbation

A metho d usin g model non-self-consisten t charge densities an d exchang e and
correlation energie s fro m a free-electron-gas densit y functional

An approximate o r semiempirica l Hartree-Fock molecular-orbita l metho d i n which
some o f the Hamiltonian matri x element s are parametrized t o give agreement with
experiment

See Sectio n 3.11

Andersen (1975 )

Sambe an d Felton
(1975); se e Section
3.9

von Bart h (1986) ; se e
Section 3. 9

Skriver (1984) ; se e
Section 3. 9

Szabo an d Ostlund
(1989), Cederbaum
et al . (1980) ; see
Section 3. 3

Gordon an d Ki m
(1972); see Section
3.12

Dewar e t al . (1985 )
for newes t version;
see Sectio n 3. 7

(LDA)



Molecular-orbital theory (M O
theory)

Minimum basis se t (MBS)

Multiple-scattering self-
consistent-field X a
(MS-SCF-Xa)

Perturbation theory

Pseudopotential (PP )

Potential-Induced breathing
(PIB)

Self-consistent fiel d (SCF )

Scattered-wave (SW) method

Tight-binding method

Valence-shell electron-pair
repulsion (VSEPR) model

Any metho d representin g th e many-electron wav e function fo r a  molecule as an
antisymmetrized produc t o f one-electron orbital s

Hartree-Fock-Roothaan calculation in which each occupie d atomi c orbita l o f an atom
is represented b y one mathematica l function with variable coefficient i n the
molecular orbital s

A density-functional molecular metho d wit h Slater' s loca l exchange approximation,
"muffin-tin" averagin g of the potential , and a composite basi s

A general method for obtaining approximate solution s to a  difficul t proble m based o n
the exact solution s of a simpler one

Replacement o f the orthogonalit y relatio n o f core and valence electrons by an
effective potentia l applie d t o the valenc e shel l

A modification of the modifie d electron-gas metho d tha t incorporate s th e effec t o n th e
environment (describe d by an array o f point charges) on the propertie s o f the anio n

Any metho d in which the electro n densit y is evaluated by an iterative process

Same as multiple-scattering SCF-Xa method

Band-theoretical metho d usin g a LCAO expansion o f the delocalized Bloc h orbita l
(often wit h integra l approximations)

A simple model base d on the ide a that th e mos t favorable packin g o f pairs of electrons
in the valence shel l of a central ato m dictate s th e bon d angle s an d relativ e bon d
lengths in molecules. Generall y expressed i n the form of a se t o f rules

Density-functional schem e employin g Slater's local-density functional for exchang e
and correlatio n

Johnson (1975) ; se e
Section 3.10

Levine (1983) ; se e
Section 3.3

See Section 3.11

Mehl e t al . (1986) ;
see Sectio n 3.12

Bullett (1980) ; see
Section 3.11

Gillespie (1972) ,
Burdett (1980)

Xa
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Cations
behavior i n aqueous solution , 399-402
distances to oxygen, 389 , 396
Zn2+ , complexe s wit h C l - , 403-0 4

Chalcopyrite. Se e Coppe r sulfide s
Charge densitie s

difference o f molecule an d separate d
atoms fo r Lif , 18

Mulliken definition of, 11 1
related t o covalency, 328-3 1
results for borates , 269—7 1
results for carbonates, 256-5 7
results for corundum , 166
results for olivine, 228-29
results fo r periclase, 161-6 3
results for sphalerite , 28 0
from x-ra y diffraction, 17

Configuration interactio n
results fo r H 2O, 395
results for othe r smal l molecules, 10 6
theory of , 104-10 6

Copper sulfide s (Cu2S, CuS) , also Cu-F e
sulfides

band structure s o f Cu,S, Ag 2S,
qualitative, 309

MO diagrams fo r CuFeS 2, 306
MO diagrams fo r CuS , 310
photoelectron an d x-ray emission

spectra o f CuFeS,, 30 6
photoelectron an d x-ra y emission

spectra o f Cu 2S, CuS, Ag 2S, 308, 309
surface an d tarnishin g of Cu,FeS4,

bornite, 413-14
Corundum, A1 2O3

Cr3 + i n (ruby), 167
charge densit y an d EF G in , 166
geometric structure , calculatio n of , 165
x-ray spectr a of , 163 , 164

Covalency
corundum, 165 , 166
definitions of , 5 , 327-31
Mn oxides , 197 , 198
in oxides, modified by cation , 247
in periclase , 161-6 3
and structur e o f AB compounds , 344 —

46
Crystal field theory

applications i n mineralogy, 56
element distributions explained by , 394
optical spectr a explaine d by , 38-43
stabilization energies, 6 , 401 , 402

Density-functional theor y
band theory , foundation of, 123-2 6
combined wit h molecular dynamics,

134
foundations of , 115-1 8
results fo r molecules , 119
results for solids , 123-2 6
Xa approximatio n to, 118 , 120-22

Diffraction
electron, 1 9
low energy (LEED ) applie d t o surfaces ,

405-9
neutron, 16-1 7
x-ray, 15-1 6
see also  Charg e densitie s

Electric fiel d gradien t (EFG )
results fo r A l in corundum, 16 6
results fo r B  in borates, 70 , 71 , 270
results for O in borates, 270-72
results fo r O  in silicates, 238-4 1
results for S i and O  in siloxanes , 183 ,

184, 227,229
Electron energ y loss spectr a

results fo r surface s o f MgO, 407
results fo r surface s o f TiO2, 410

Electron spi n resonance (ESR )
results fo r calcite , 9 2
theory of , 87-92

Element sit e distribution s
Al, S i in zeolites, 375-7 7
Goldschmidt rule s for, interpretation s

of, 41 9
lithophile vs. chalcophile , 421-2 6
Mg, F e i n olivines, 227-30
Mg, F e i n polymerized silicates , 428
transition metals , crysta l vs. melt ,

394
Equation o f state (EOS )

results for MgO, 366-67
results for perovskites, 366-67

FeS. Se e Pyrrhotit e
FeS2. Se e Pyrite ; Marcasit e

Galena, Pb S (als o PbSe and PbTe )
Auger spectru m of , 25
band structur e of, 26
photoelectron spectru m of , 24 , 285
reflectance spectru m of , 288

Glasses
aluminosilicate, 368-90
bridging bond angle s in , 389
Fe in , 391
NMR of , 390-92
silicate, 386-93

Hartree-Fock metho d
approximations to , 113-1 4
band structures , results fo r MgO , 115
band structures , results for SiO 2, 115,
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band structures , theory of , 114 , 115
basis set s used in , 99-103
calculations o f properties, 107-1 3
geometries calculated for differen t basi s

sets, 103 , 104
perturbation theor y based on , 111 , 11 2
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theory of , 96-99
transition-metal calculations using , 108 ,

109
High-pressure

mineral properties , 367-7 0
pressure vs . dept h i n the Earth , 361
spin transition s i n Fe minerals , 368 ,

370, 371

Infrared spectroscop y
results fo r carbonate , 249
results for MgO , 56
theory of , 50-55

Ionic mode l
applied t o alkal i halides , 343
applied t o corundu m (A1 2O3), 165
applied t o periclase (MgO) , 160 , 161 ,

366-69
applied t o perovskites, 365-6 7
applied t o pyroxenes, 246-4 7
applied to SiO 2, 333 , 334
applied t o SiO 2 Compto n profile , 330
applied t o zeolites , 375
history of application t o minerals , 3- 5
theoretical versio n of , modifie d

electron gas , 127-3 1
Iron

alloys i n core, 373, 374
electronic structur e at high pressure ,

371,373
in silicat e glasses, 391-9 3

Iron oxide s (an d hydroxides )
calculation o f Mossbauer isome r shifts ,

212, 21 3
electronic structur e of , 198-20 5
high pressure electroni c structur e of ,

370-72
spectra of , 201-20 4

Lewis acid s and base s
classification o f metals an d ligands ,

400
hard-soft, relatio n to Goldschmid t

classification, 41 9
Localized vs . delocalize d

choice o f model, 10-1 3
orbital vs . ban d energies , 135-3 7
termination o f clusters, 137-3 9

Loellingite, FeAs 2. Se e Marcasit e

MgO. Se e Periclas e
Manganese oxide s

covalency in , 197-9 8
MO diagrams for , 194
optical spectr a of , 193 , 196 , 197
x-ray emission spectr a of, 196

Marcasite, FeS 2 (als o arsenopyrite,
FeAsS and loellingite , FeAs 2)

band structure , 301, 304
MO diagra m for, qualitative , 303

names o f related minerals , 300
structure of , 300 , 303

Molecular dynamic s simulation
applied t o silic a glass , 384
applied t o water , 13 3
theory of , 131-3 3

Molecular orbita l diagram s
B(OH)3, 267
carbonate, 252
CuFeS2, 30 6
CuS, 310
Fe oxides , 46 , 200, 202 , 205
Fe, Ti , Cr oxides, 207- 9
FeS, 297 , 298
FeS2, marcasite , qualitative , 303
FeS2, pyrite , 290, 292 , 294
FeS4

-6, 283
MgO bulk and surface , 407- 9
MS6

n - , 37 9
Mn oxides , 19 4
MoS2, 31 8
pentlandites, qualitative , 321
SilF4

-4, 149
Si04, 173
thiospinels, 313 , 314, 315, 316
Ti oxide, 187-8 8
TO4

n_ anions , 23 4
ZnS, sphalerite , 277 , 278 , 279, 281

Molybdenite, MoS 2
band structur e of , qualitative , 317
catalytic activit y of , 378-80
MO diagram of , 318
optical spectru m of , 317
photoelectron spectru m of , 318
x-ray emission spectru m of , 319

Mossbauer spectroscop y
definition of , 8 1
experimental setup , 80
isomer shifts , calculatio n of , 212-14
results for augite [(Ca,  Mg, Fe) ,

Si2O6), 83
results for bornit e surface , 41 4
results for greigite , Fe 3S4, 31 4
results for magnetite , Fe 3O4, 8 6
results for pyrite , FeS 2, 83
results for (Fe , Mn)S 2, 85
systematics of , 8 2
theory of , 78-83

Nuclear magneti c resonanc e (NMR)
spectroscopy

accessible nuclide , 76, 77
experimental setup , 73
results for berates , 270, 272
results for SiF 4, 155-5 6
results fo r SiO 2 and molecula r model s

of, 180-8 6
results for silic a glass , 383 , 384 , 386
results for silicat e glasses , 390 , 392
results fo r silicates , 234, 239-40
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Nuclear magneti c resonanc e (NMR)
spectroscopy (continued)

results fo r zeolites , 7 6
results for Zn halides , 403-5
theory of , 71-7 5

Nuclear quadrupol e resonanc e (NQR)
spectroscopy

accessible nuclides , 6 6
results fo r borates, 70, 71, 270, 271
results for corundum , 16 6
theory of , 64-7 1

Olivine. Se e Silicates , insula r
Optical spectroscop y

charge-transfer transitions , 43-4 6
classification o f transitions, 3 6
crystal field approac h to , 38-43
results fo r B,O 3, 272, 273
results fo r Cr 3+ i n A1 2O3, 167
results fo r Cr3+, 43
results fo r garnet , 4 0
results fo r MgO , SiO 2, and forsterite ,

244
results for MoS 2, 317
results fo r olivines , 42
results fo r rutil e (TiO 2), 190
results fo r sphalerite , Fe-bearing , 28 2
results fo r Ti 3 + (aq) , 186
theory of , 4

PbS. Se e Galen a
Pentlandite, (Ni , Fe),S8 and Co,S8

MO diagrams for , qualitative , 321
structures of , 319-20

Periclase, MgO
covalency in , 161-6 3
equation o f stat, 366-69
geometric an d electronic structur e of ,

157-61
impurity specie s in, 356
surfaces of , 406-9

Photoelectron spectroscopy
experimental setup , 22 , 23
results fo r borates, 266, 267
results fo r bornite , Cu 5FeS4, 414
results for carbonates , 250 , 251, 253
results fo r corundum , 163 , 164
results fo r CuFeS 2, 30 6
results fo r Cu 2S, CuS, Ag 2S, 308 , 309
results fo r Fe 2O3, 204
results fo r FeS 2, 291
results for galena, 24, 285 , 287
results for MoS 2, 318
results fo r periclase , 158 , 159
results fo r rutile , 189
results fo r SiF 4, 149-5 1
results fo r SiO , 143
results for silica , 172-7 3
results for silicates , 236-38
theory of , 20-22

Pi-bonding, O-Si , 183 , 184 , 355
Polarizability

of C03
2-, 256-59

of O in borates, 273
of O in silicates , 247 , 428
of SiO 4

-4, 22 7
Pyrite, FeS 2, an d other MS 2 compound s

band structur e of , 290 , 293, 295
molecular orbita l diagram for , 290, 292 ,

294
Mossbauer o f (Fe, Mn)S 2, 85
Mossbauer o f FeS2, 83
photoelectron spectru m of , 291
reflectance spectru m of , 48 , 49
x-ray emission spectr a of , 291

Pyrrhotite (Fe1_xS)
band structur e of , 299
MO diagram for , 297 , 298
x-ray emission spectrum of , 298

Qualitative MO theor y
foundations of , 113 , 114
interpretations o f angular geometries i n

molecules, 350-5 5
interpretations o f anion geometries ,

355-56
interpretations o f Cu, Z n compoun d

structure, 360
interpretations o f distortions vs .

HOMO-LUMO gap , 426
interpretations o f disulfides, 302-5,

356
interpretations o f electron coun t an d

structure, 356-59
interpretations o f ZnS surface , 413

Quantum geochemistry
computer experimen t vs . interpretiv e

framework, 434
definition of , 9
models and method s in , 10 , 11

Raman spectroscop y
results for SiO 2, 59-6 1
results for SiO 2 at high pressure, 384 ,

385
results for silicates , 61—6 3
re suits for ZnCl n (aq), 404
theory of , 57-59

Refractive inde x
carbonate, calculatio n of , 257-59
correlation wit h Auger parameter , 246
correlation wit h band gap , 245

Reflectance spectroscop y
results fo r bornit e (surface) , 41 4
results for galena , 288
results for hematite , ilmenite , 207
results for pyrite , 48 , 49

Relativistic effect s
on covalency , 402
on structure , 280, 281
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Rutile, TiO 2
MO diagrams for , 187-8 8
spectra of , 189-9 1
surfaces of , 409-12

SiF4
electron momentum spectrum of , 151—

53
geometry and vibrationa l spectra of ,

147
NMR spectr a of , 155 , 156
photoelectron spectru m of , 149-5 1
x-ray absorption spectru m of , 34 , 35,

.152-55
SiO4

- 4 , silicat e ion
electric fiel d gradien t at O , 225-26
model for SiO 2 properties, 172—8 3
polarizability of , calculated , 227

Silica, Si0 2
bulk modulus of, calculation , 335
charge densit y in, 170 , 171
electronic structur e and spectr a of ,

171-81
equation o f state of , calculated , 334
geometry an d vibrationa l spectra of,

167-70
NMR spectru m o f models for, 180-8 5
polymorphs, calculatio n of geometrie s

of, 331-3 5
qualitative MO analysis o f polymorph

stability, 359
Raman spectrum o f crystals , 59—6 1
siloxane models for, 167-8 6
x-ray absorption spectru m of , 35 , 384,

385
x-ray emission spectru m o f glass, 383

Silicates, insular , olivines
elasticity of , 362-64
electronic structur e an d spectr a of ,

221-27
element distributions in, 227 , 228
geometric structur e of , 216-21
ringwoodite (Mg 2SiO4 spinel) , 362, 364

Silicates, perovskit e (MgSiO 3, CaSiO3)
ionic model calculatio n o f properties ,

365-67
simulation of properties of , 363-6 4

Silicates, polymerize d (other tha n SiO2)
depolymerization with increasing

electron count , 357 , 358
electronic structure s an d spectra of,

234-37
element partitioning in , 246 , 247
geometric structure s of , 230-33
Si-O-S angles in , 352-55

Silicon oxides , Si nOn, SiO 2
amorphous SiO , Si 2O2(g) compared , 144
bond strength s of, 14 5
geometries and vibrationa l spectra of ,

145

ionization potentials of SiO, 143
relationship to silicates , 146

Silicon sulfides , compariso n wit h oxides ,
348, 34 9

Siloxanes, (SiH 3)2O, (SiH2)nOn, SiH 3OH
basis se t effect s i n calculations on, 103 ,

104
charge densitie s in , 347-48
geometries of , 169 , 170 , 346-48
hydrolysis of SiH3OH, transitio n stat e

for, 41 7
NMR spectr a of, 182-8 5
oligomerization energies, 233

Simulation method s
dynamic. See Molecula r dynamics

simulation
quantum effect s on , 13 3
static, applie d t o Fen+ (aq) , 396, 397
static, applied t o olivines, 220-22
static, applie d to periclase surface , 407
static, applie d to perovskite and

ilmenite, 363-64
static, applie d to polymerized silicates ,

230-33
static, applied to water, 133-3 4
static, applied to zeolite , 378
theory of , 131-3 3

Sphalerite, Zn S
MO diagrams for, 277 , 278, 279, 281
properties of , 276—28 4
surfaces of , 412, 413,426

Sulfide mineral s
calculation o f M-S distances , 324-2 5
classification of , 275 , 276
sigma-pi interaction in , 424
S-S bon d energies , 424

TiO,. Se e Rutile
Tetrahedrites, Cu 12Sb4S13, etc., 322 , 323,

324
Theoretical method s

acronyms, 11-13 , 452-55
comparison o f different , 139-4 1
computer codes for, 140
summary of , 11 , 12

Thiospinels, Co 3S4, etc .
MO diagrams for , 313-14, 315-16
Mossbauer spectru m o f Fe3S4, 314
properties of , 311-14

Water
calculation o f properties of , 394 , 395
ions in solutions in, 395-98
simulation of structures , 133 , 134

X-ray absorption spectroscop y (XANES ,
EXAFS)

experimental setup , 30-3 1
results fo r boratcs , 268, 269
results for carbonates , 255, 256
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X-ray absorptio n spectroscop y (continued)
results for Fe in glasses, EXAFS , 391 -

93
results for SiF 4, 35
results for SiO 2, 35
results for SiO 2 glass, 385-8 7
results fo r silicat e glasses , EXAFS , 3 7
theory of , 30-34

X-ray emissio n spectroscop y
experimental setup , 27—2 8
results fo r B 2O3, 266
results for carbonates, 250-53
results fo r C u sulfides , 306 , 308, 309

results fo r hematite , 26 3
results fo r molybdenite , 319
results fo r periclase, 29
results fo r pyrite , 291
results fo r pyrrhotite , 29 8
results fo r rutile , 189-91
results fo r silicates , olivine , 223 , 225
theory of , 20 , 24-27

Zeolites
geometry calculation s for , 375—7 8
H-bonding in , 377 , 378
NMR of , 76


