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NPEAUCINOBHE

Hauano mceaenoBanis 3akoHOMepHOCTell pacnpeleseHHs KOMMOHEHTOB MEXIY MHHe-
palaMi nepeMeHHOTO COCTaBa H €ro HCNoJAb30BaHHA KaK NOKa3aTelds TepMOIHHAMIYe-
CKHX YCIOBHII MpHpogHOro MuHepadoobpasoBanus motoxuan . C. Kopmunckuii,
B. C. Co6ones, I'. PamGepr, T. Bapt. Pa3saTne storo nanpasjenns B pa6orax P. M-
azpa, P. Kperua, A. A. Mapaxymesa, JI. JI. [Tepuyka, C. K. Cakcenst, B. [Ix. Byzna
H JIPYrHX HccJefoBaTeseil TpHBEJO K BO3HHKHOBEHHIO TeoJoTHUecKoii Tepmobapo-
METpHH.

AHanH3 CBA3H MeXAY KOMIOHEHTAMH PaBHOBEeCHBIX MHHEPAJOB, BHIpaiKeHHe ee C
[1 MO0 KOHCTAHTHl PABHOBECHS H HCMOMbL30BAHHE 3TOH KOHCTAHTHl Kak MNoKasartens
TepMOJHHAMHYECKHX YC/JIOBHA MHHepanooGpa3oBanHs CcOCTaBJAAIOT HauGonee mep._
CHEKTHBHBII H IJIOJOTBOPHEIT MeToJ reosiorndeckoii TepMoSapoMerpun. Heo6xonnMe! -
MH YCIOBHSIMH €r0 TIPHMEHEHHS ABJSAIOTCA 3HaHHe PT-3aBHCAMOCTH KOHCTAHT paBHO-
BECH#, OTPaKalollMX COOTHOLIEHHE MeXAY KOMMOHEHTAMH MHHEPAJIOB, H BO3MOMKHOCTb
OlIEHKH AKTHBHOCTH KOMIIOHEHTOB MO COCTaBY MHHepasoB. [Tociennee Bo3MomHO Ha
OZHOBE CBEJIeHHIl O TepMOAHHAMHYECKHX XapaKTeDHCTHKAX MHHEPaJoB Kak TBepAblX
pactBopos. OcofeHHO BaXKHO A/A 3TOH LeJH pa3BHTHE TePMOJHHAMHYECKOH TeopuH
MHOTOKOMIIOHEHTHBIX MHOTOTIO3HIMOHHBIX TBepJAbIX PAacTBOPOB, KAKHMH SIBJAAIOTCH
MuHepannl. Hakonienne cBejleHHH O TepMOAHHAMHKe MHHepaJoB I03BOJIAET pelaTh
Ha cTporoil KOJTHYeCTBeHHOH OCHOBE OHY H3 BaXKHeRIIMX 3alau coBpeMeHHON nerpo-
JIOTHH — BHISICHEHHE TePMOJHHAMHYECKHX YCJIOBHH TpPHPOAHBIX MPOILECCOB.

B KHHre H3J0)KeHAa MeTOAHKAa TEePMOAHHAMHYECKOro pacdera  TeMIleparypl,
AaBaeHust W (pJIOHIHOTO peknMa MHHepanoobpasoBaHHsl, KOTOpas NPHMEHeHa NpH
aHa/u3e NPHPOIHBLIX MHHEPAJbHBIX paBHOBecHil. Boibmoe BHEMaHHe yjeseHo Mpo-
6GaeMe OlIEHKH TepMOAHHAMHYECKHX (YHKIUHA H, B YacCTHOCTH, KOH(HIypanHOHHON
IHTPONHH H AKTHBHOCTH KOMIIOHEHTOB MO COCTABY MHHEpaJoOB H 3aKOHOMEPHOCTAM
BHYTPHKPHCTAJ/IHIECKOrO pacnpefiesienuss aroMoB. Baknble a8 reosoriueckoi
TepMOGaPOMETPHH ONpeJesieHHs KOHCTaHT paBHOBecHd, Ko3(HUHEHTOB pacmpe-
AeNeHHs, aKTHBHOCTH KOMIIOHEHTOB H H3GBLITOYHHIX (YHKUHH CMeEIeHHS, KOTOpHIe
paccesiHbl B MHOFOYHCJEHHBIX NMyGIHKAIHAX, H3JOKEHbHl CHCTEMATHUECKH H KPHTH-
4ecKH paccMOTpeHbl. 3TO MO/MIKHO 06JErynTh HCMOAb30BAHNE AaHHOH HHBOPMAIHH
NpH TepMOAHHAMHMYECKHX pacueTax W cnocoGCTBOBATb NPOBEPKE ee HAAeKHOCTH H
COrJ1acOBaHHOCTH.



CMUCOK COKPALLEHWA

A6 — anubur Mm — marueTat

Agm — aKTHHOJHT My — MYCKOBHT

Aasm — anbMaHiHH Mg-uepm — uepmakuT MgAlsSiO,
AH — aHOPTHT He — nedenun

AHO — aHpANTySHT Oat — OKCHaHHT

Ann — aliHHT 04 — ONUBHH

AHm — aHuTOQHIIHT Opm — opTOK./1a3

bu — GHOTHT Ilap — napracut

Boa — BOJJTACTOHHT ITu — nHpoKceH

Tem — remaTuT ITup — nHpon

Tepy — repuUAHHET I1a — nnarnokaas

IF'p —rpanar ° ITw — xanneswii nojesofi wmnar
I'poc — rpoceyasp Pn — pomGuuecKHii MHPOKCEH
K — xeneso Po — poropas ofMmanKa

K ad — xaneut CaH — caHHJHH

Hem — UCTOHHT Cud — cHRepoDHIIHT

Ka — xanpuur Cus — CHIIHMAHHUT

Ke — xBapu Pa — pasaur

Ku — gnannr @ — paoronuT

Kopd — xopanepur @0 — opeTepHuT

K¢ — RanbcHauT ®c — eppoCHIAT

Ky#s — KyMMHHITOHHT Yepm — uepmakut CaAlySiOq

Mn — MOHOK/MHHHBI MHPOKCeH JH — IHCTATHT



TJIABA | TEPMOAHHAMHKA‘ OAHONO3MLMOHHLIX
TBEPALIX PACTBOPOB

HEKOTOPLIE NONIOMEHWS M NOHATHMA KITACCHYECKOH
M CTATUCTHHYECKOW TEPMOLAHMHAMMKHA

TepmonHHAMHKA ONHpaeTcsl HA JABa MOCTyJ/laTa, HJAH Haya/a, Mpe;cTa.-
asiolHe coGoli ofobuienne yesoBeyeckoro onwita. [lepsoe Havano —
5TO 34KOH COXpaHeHHs SHEPrHH, KOTODHIH YTBEPMKIAET ee HeyHHUTO-
JXHMOCTb M TepeXojl H3 OJHOro BHAA B APYroil B CTPOTO SKBHBaJEHTHBIX
KosiHyecTBaX. BTopoe Hauajso OTpaxaeT OJHOCTOPOHHIOIO HarpaB/eH-
HOCTH BCEX CAMOIPOM3BOJILHBEIX MPHPOAHEIX MpoLeccoB. Jlornueckne
cJIeICTBHS M3 3THX JBYX Haua/ MO3BOJIAIOT MpeACKasaTh Hanpas/eHHe
NpoIeccoB B (PU3HKO-XHMHYECKHX CHCTEMaX, ONpeAeJHTh COCTOsHHE
I0JIHOIl HX 3aBEpPUIEHHOCTH, T. €, COCTOSIHHE MepModuHaMULeckoeo pas-
Hosecus cHCTeMBl, TepMOJAMHAMHYECKHIl aHaJH3 JaeT BO3MOMKHOCThH OIl-
pee/IHTh TOJHYIO HEBO3MOXKHOCTb MM NPHHUHIHAJIBHYIO BO3MOMKHOCTh
KaKoro-si6o mpoiecca B onpejieeHHLIX (PH3HKO-XHMHYECKHX YC/IOBHSIX,
VCTaHOBHTb 3aBHCHMOCTb (JH3HKO-XMMHYECKHX XapaKTePHCTHK CHCTEMbI
HJM ee OTAeJbHBLIX yacTell oT 3THX ycsaosuit. OH npejacTaBasier cofoi
OJIMH M3 CaMbIX MOIIHEIX MeTOf0B (hH3HYECKOH XHMHH.

[Tpy TepMOAMHAMHYECKOM aHa/H3€¢ MaKPOCKONHYECKOe TesO HJIH
rpynny TeJ MbICJEHHO 0GOCOGMSIOT OT OKpY»atolllefi Cpejibl H HasbBaIOT
cucmesoi, Tlpu ananH3e Hcnosb3yeTcsl 3aKOHOMEpHAasi CBSI3b MEKIY
(DYHKYUAMY COCMOAKUS CHCTEMBI, TAKHMH, KaK BHYTDEHHSSl SHEPrHs
U, ooeem V 1 ap., H3MeHeHHe KOTOPHIX 3aBHCHT TOJBKO OT Haua/b-
HOTO M KOHEYHOTO COCTOSIHHSI CHCTeMBl, HO He OT MYTH 3TOTO Nepexoa.
Buympennsas snepeuss U — 3TO COBOKYNHOCTb BCeX BHJOB 3HEPTHH JBH-
YKEeHHsT H B3aMMOJIelICTBHS COCTAB/AIONIHX CHCTEMY MAaTepHaJLHEIX 06D
€KTOB (MaKPOCKOMHUYECKHX TeJ, MOJIEKYJ, aTOMOB, 3/JEKTPOHOB, aTOM-
HEIX siep H T. [.). OTa 3Heprus MPOTHBONOCTABJSETCA 6HEWHeld, KH-
HETHYECKOH M MOTeHIHAJbHOI SHEPrHH CHCTEMBI KdK €IHHOIO LeJloro.
ITocKoIbKY B XHMHUECKOIt TEPMOJHHAMHKE CHCTEMBI pPaCCMaTPHBAIOTCA
B COCTOSTHHH OTHOCHTE/JBHOTO MOKOsA §e3 ydeTa BJHSAHHA I0JIs BHEUIHHX
cHJl, BHEIUHsis SHeprus -OGLYHO He paccmaTpHBaeTcsi. Ilpm Tepmonn-
HAMHYECKOM aHa/IH3e CHCTEeM NpPH TOCTOSHCTBE TeMnepaTyphl T H JaBJe-
ung P Gosee yuno6Hol GyHKIHENd cOCTOAHMS, YeM BHYTPEHHAA SHEPTHA,
spasercs snmarvnua H, paBnas cymme U 4 PV. Tlpn nepexozne cucre-
Mbl H3 cocTOsiHHA | B cocTosiHMe 2 KOJIHYECTBO BhIJENHBLIErocs TEMNJa
PaBHO pas3HoOCTH sHTaAbmHi H; — H, 3THX COCTOsIHHIL.

Bropoe nauaJio onpeyensier sumponuo S Kak QYHKIHIO COCTOSIHHA,
KOTOpasl YBeJHYMBaeTcsl BO BCEX CaMOMPOH3BOJbHBIX MpoIeccax B H30-
JIHPOBAHHOI CHCTEME H JOCTHraeT MakCHMyMa [PH COCTOSIHHH TE€PMOAH-
HAMHYECKOro paBHOBecHs, F3 nepsBoro u BTOPOro Haya/ TepMOXHHAMHKH
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clenyer, 9TO MpH [OCTOSHCTBE TeMIepaTyphl H o0bemMa CHCTEMI
B Hell MOFYT NPOHCXOJHTh TOJMBKO Te MPOIECCH!, B pesy/bTaTe KOTOPBIX
peauunna U — TS yMmeHbllaercs, AOCTHras MHHHMYMa NpPH COCTOSHHH
TepMOIMHAMHYECKOTO PABHOBECHS. 3Ta 4acTb SHEPrHH CHCTEMEI Ha3bl-
BaeTcsi sMepeuell [eabmeorsya
F=U-TS. (I.1)
TIpH MOCTOSHCTBE TeMmepaTypel H JaB/IeHHS B CHCTEME MOCyT Mpo-
HCXOJIHTh TOJIBKO Te TMPOLECCH, KOTOphIe BeAYT K YMEHbUICHHIO Be/H4H-
i H—TS. 3ra (QyHKUHSA COCTOSIHHS CHCTeMbl MOJNY4HJa HasBaHHe
anepeuu I'ubbca
G=U—TS+ PV =H—TS. (1.2)
[TpH KOCTHIKEHHH CHCTEMOI COCTOSHHS TepMOAHHAMHYECKOro paBHOBe-
CHsi TpPH MOCTOSIHCTBE TEMIepatypbl H JAB/JCHHA €€ SHepris ['n66ca
MHHHMaJbHA. 3aBHCHMOCTb MOCJIeIHEH OT TemmepaTypel H JaBJEHHA

OnpeessiioT YPaBHEHHUS
oG
( aT )P ==

(_gg_)r =k

KOTOpEIe MOKA3BIBAIOT, YTO MOBBILIEHHE TeMIepaTypbl MPHBOLHT K Tep-
MOJMHAMHYECKOH YCTORUMBOCTH (a3 ¢ BHICOKOH SHTpOMHeil, a TOBBIIlIe-
HHe JaBJeHHS — K TepMOJAHHAMHYECKOH YCTOHYHBOCTH (a3 ¢ MeHBILIHM
o6beMOM. DTHM OOBSCHAIOTCH (Da30BhIE MEPeXOXbl INpH H3MEHEHHH
PT-ycnoBuii M, B YAaCTHOCTH, SIB/IEHHS Pa3yMOPANOUEHHs H NJIABJICHHA
npH MOBBILIEHHH TeMnepaTyphbl, 0OpasoBanie MJIOTHBEIX ¢a3 mpH MOBBI-
IIEHNH JaBJeHHs.

TepmopnHamuueckue PYHKUMHM C MO3ULMHIA
CTATMCTHYECKOH TEPMOAHHAMHKH

Knaccuyeckasi TepMOAHHAMHKA ONHPAeTCsl Ha SMNHPHYECKHE XapaKTe-
prcTHKH crcTeM. Ee BBIBOJBI He 3aBHCAT OT JOCTOBEPHOCTIH npejicTaBJe-
HUHl O BHYTPEHHEM CTPOGHHH BEILIECTB, OIHAKO €e BOSMOXKHOCTH CHILHO
OrpaHHyeHsl NPH OTCYTCTBHH HJIH HEJOCTATKe SMIHPHUECKHX Xapakre-
puctuk. Hampotus, craTHCTHYeCKas TEPMOJAHHAMHKA oLeHHBAET TEPMO-
JMHAMHYECKHE XapaKTePUCTHKH BELIECTBA N0 CBOHCTBAM COCTABJAIOUIMX
ero MHKPOYacTHIL. ;
CorJ1acHO BEIBOAAM CTATHCTHYECKOH TepMOJHHAMHKH [140], noasa
BpeMeHH, B TeYeHHe KOTOPOro CHCTeMa HaXOJHTCS B COCTOSIHHH j MpH
NOCTOSIHCTBE TeMmmepaTypel H o0beMa, paBHa
exp (— Uj/kT)
}_’exp(-—-Uf_ikT) 2
I

riie U; — sHeprisi Kamuoro MHKpOCOCTOAHHS j; k — xoncranta BoJbi-
mana, Haxojsmascd B 3HaMeHaTene BeJHYHHA MOJY4YHJIa HasBaHHe
(YHKUHH pacrnpefe/eHus, Wi cmamucmuseckott cymmst Q. Ona cBsizaHa



¢ suepruefl ['enbMroabna CHCTEMBI ypaBHEHHEM

F=EkT InQ. (1.3)
[Tpu paccMOTpeHHH CBOMCTB KPHCTA/JIHYECKOro BELleCTBa AOMYCKaeTcs,
YTO 3HEePrHi0 KPHCTa//la MOXKHO paccMaTpHBaTh KaK CyMMY OTAE/IbHBIX
BHI0B 3HEPrHH, B YaCTHOCTH 3HEPrHH B3aHMHOrO PacroJIOMKEHHs aTOMOB
(KoH(HTYPALHOHHYIO SHEPTHIO), KOJeGaHHs aTOMOB, SJEKTPOHHOro BO3-
GyiKeHHs, OpHeHTAIHH MArHHTHEIX MOMEHTOB H 1p. B cootsercTBHH
¢ 3THM 3SHEpPrHi0 KPHCTa/lJa MOXKHO Mpe/CcTaBHTh cymMMoOil KOH(HTYpa-
uHonHoft U; ¥ HekoHdurypaunousoii U, sueprum:

iU, + U,

Ec/H B OJHOM H3 BO3MOMKHBIX MHKPOCOCTOSIHHII j KpHCTa/L1 HMeeT
KoHdHTypauHoHnyo suepruio U);, a 9uc/io NOAOGHBIX MHKPOCOCTOSIHHI
paBHO g;, TO, 00beHHAS OJHHAKOBbIE YJIEHBI KOH(HTypaLHOHHOH CTa-
THCTHYECKOH CYMMBI

Q=Y exp (— Uy/kT),
i

noJay4yaem
Q= ¥ gexp (— Uy/kT). (1.4)
lf

Ecsn KoHMHTYpaIHOHHAS SHEPIHSA KPHCTA/IUIA He 3aBHCHT OT B3AHMHOTO
PACNIOJIOMKEHHST aTOMOB, T. €. Bce BeJHYHHbl Uj, OJAHHAKOBbl H PaBHLI
U, 70

Q = gexp (— U,/kT), (I.5)
rie g — YHC/JIO BCeX BO3MOMKHBIX KOH(HUrypauui aTroMoB B KPHCTaJe.
Ecau ke 3Hepris KpPHCTA1/la 3aBHCHT OT B3aHMHOrO DPAacroJIOMKeHHs
aTOMOB, HaXOxJeHHe KOH(HTYPalHOHHOI CTATHCTHYECKOH CYMMBI Npea-
craBasieT coboil cloKHYIO 3ajauy. B kauecTBe mepBOro mpHOJIMIKeHHS
HCIIO/IB3YeTCs TO, YTO B MAKPOCKOMHYECKHX CHCTeMaX BeJHYHHA KOH(H-
TYpalMOHHON CTaTHCTHYECKOH CcymMMbl G/H3Ka K ee MaKCHMaJbHOMY

aeny ¢ KOHDUTYPALHOHHO! sHepriei U i uHcioM Kondurypauwit g;
Q ~ g; exp (— Uy;/kT). (1.6)

B npuHATOM NpHOIMKEHHH SHeprHs [eqbMrosbia KpHCTajlna Bbl-
paxkaeTcst ypaBHeHHeM

F=Uj;—kT Ing; — kT InQ, (1.7)
[Tpu mocTOAHHBIX TemmepaType H JaBJeHHH CTaTHCTHYECKas CyMma

‘cucrembl pasHa X, exp (—H;/kT), a sneprus ['n66Gca onpejensaerca ypas-
HenueM, nojobGupim (1.7):

G~ Hy— kT Ing; — kT In Q,. (1.8)
Hs (I.1) n (1.7) cnenyer
S=kIn g: -+ kln Q-z = SKDHd’ + Sren-‘! ) (19)

T. €. 3HUTPOMHIO KPHCTAJJIA MOMKHO paccMaTpHBATh KaK CYMMY KOHR(H_
IYpauHOHHOTO BK/aAa Syoup, KOTOPHIH OMpenessercs XapaKTepoM pac,
npejie/leHHsl aTOMOB 110 y3/71aM KPHCTaJIHYeCKOH pelieTkH, H HeKOH(H,
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rypalHOHHOTO, TENJOBOTO BKNAAA Syens. Ilocsennuii obycsiosien Ten-
JIOBEIMH KOJIeDaHHAMH aTOMOB (Spusp), BO30YIKIEHHEM JBHIKEHMA 3J€K-
TPOHOB (S5;) U Pas/AHUHON OpHeHTalHeidl MArHHTHBIX MOMEHTOB (Skaia)s
T, .

S-ren.n == Saaﬁp + Sa:l + Snarﬁ .

MaruuTHas COCTABASIOMAS SHTPONHH Syary €CTh JHIIL Y COENHHEHHH
HEKOTOPHIX TNepeXOAHBIX MET4a/lIOB M, B YACTHOCTH, y coeiuHenuil Fe,
Co, Ni u Mn. Bkaan 3/1eKTPOHHO# cOCTaB/IsIoleH NPH OObLIYHBIX TeMIle-
paTypax HeseJHK. [TosTomy HauGoJiee BaMKHBLIMH COCTABJSIOMHMH SHT-
POMHH KpHCTaNIa SIBJSIIOTCS KoJeGaTe/bHasi, HIH BHOpPaUHOHHAS SHT-
ponus Sy, H KOHQHIYPALHOHHAS SHTPOMHSA Skoup-

MuTerpansHbie W NapuManbHbie TEPMOAHHAMHUYECKHE
(hyHKUMK pacTBOpa '

TepMojHaMUYECKasi CHCTEMAa HAXOAMTCS B YCTOHYHBOM COCTOSIHHH,
ecan ee suepruss ['m66ca npu paccmaTpHBaeMbiX PT-yC/JIOBHAX MHHH-
masbua, [TosTomy ecu komnouenthl A H B ofpasyior pactsop (A,
B,), To sueprus ['m66ca pacTBOopa B rpaHHUaX €ro YCTOHYHBOCTH H30-
GpaskaeTcs JTMHMell, BHIIYK/IOH B CTOPOHY MEHbIIHX 3HaueHHid (pHc. 1).
OriHuHe HHTErpaJbHON TePMOAHHAMHYECKOH (QyHKIHH P pacTBOpa, Ta-
Koii KakK sHeprusi ['né6ea G, suranbnus H, sutponus S, OT Takoi xe
(YHKIHH MeXaHHIeCKOil CMeCH KOMIOHEHTOB, HMEIOLIEH TOT e COCTaB,
BEIPaX<aeTCsl MHTErpa/ibHOH (yHKUHEH CMelueHHs

ADM = Dy —IN,P,, (1.10)

TaKoll Kak sHeprus cmemenns [u66ca AGM, suTponusi CMelleHHS
ASM w np.

WMameHenHe HHTerpaJbHbLIX TEPMOLHHAMHYECKHX (DYHKUHMH pacTBOpa
npH A06aBjAeHHH K HeMy GeCKOHeYHO MaJsoro KOJHYECTBa OJHOrO H3 KOM-
MOHEHTOB BHIPAYKAETCS € MOMOLUBIO NaplHa/bHLEIX TepMOAHHAMHYECKHX
yHKUH, T. €. YAaCTHBIX [POM3BOAHBIX (YHKUMH P NO YHCTY MOJeH
KOMNOHeHTa, [IpH MOCTOSHCTBe TeMmiepaTypel H JaB/eHHS

— oD
i ( on; )P, il Tj(js0) (I'l 1)

. Mapunanenas sneprus ['u66ca G; KoMnoneHTa i, WK €ro Xumuyec-
KHil nMoTeHUHAN [, ONpele/seT Nepepacnpeie/ieHHe BEIIECTBA MeXKLy
¢pasamu cucrembl mpu nocrosHcTse PT-ycaosuit. Ilpu HepaBeHcTBe Be-
JIMYMH |; B (pa3aX CHCTEMbI KOMIIOHEHT i MePeXOmuT B ¢asy ¢ HaHMeHb-
[IMM 3HAYeHHeM XHMHYECKOrO MOTEHIHaJa, MOCKOJIBKY MPH 3TOM MOHH-
saeTca obmas sHeprus I'mG6ca cucrembl. [Ipnee MHHHMYMe XHMHYeC-
KHe [OTEHIHAJIbl J; OJHHAKOBLI BO Beex (asax.

HaumMeubllHM KOJHYECTBOM KOMIOHEHTa fABJseTcs €ero MoJeKyJa
HJH TPYNNHPOBKAa aTOMOB, COOTBETCTBYIOUlasi (JOPMYJbHOH eaHHHIE,
KOTOPBEIE MOKHO CYHTaTh HEM3MEPHMO MaJbiMH M0 ¢PaBHEHHIO CMaKpo-



ckonHueckoil asoit. ITosToMy XHMHUECKHil NOTEHUHan B KpHCTase
paBeH H3MeHeHHIO 3HepruH I'nb6ca nocse BXOXKIEHHSI B €ro CTPYKTYPY
aTOMa HJIH KOJIHYeCTBA aTOMOB, COOTBETCTBYIOMIHX (OPMYJBHOH enl-
HHue KomnoHenta. dueprua ['u66ca kpucrania (K, Na) Cl, k koropomy
n06asen aTom Na, BO3pacTaeT Ha [, @ nocje aobabnenus atoma Cl —
Ha pc. CymMmapHOe BO3pacTaHHe 3Hep-
rud ['n66ca paBHO Wnaci. B obmem cay-
yae XMMHUYECKHH TMOTEHIHAJ CJIOXKHOTO
0 COCTABY KOMIOHEHTA paBeH CYyMMe
XHMHUECKUX [IOTEHI[Ha/0B €ro COCTaB-
JISHOLIMX, T. €.
Bap,c = Mas, + Rc = pa + 2pe + pc.
(1.12)
CBsiab MeXIy BeJHYHHOI 3Hepruu
T'u66ca Gf KOMMOHeHTa { B CTaHAapT-
HOM COCTOSIHMH H €ro XHMHYeCKHM Mo-
TeHIHAJOM B (hase MepeMeHHOro cocTa-
Ba BBLIPAXKAETCd AKTHBHOCTBIO KOMIIO-
HeHTa

Hy

Sp
p[=G?+BT1ﬂﬂg. (113)
B cTaHjapTHOM COCTOSIHHH KOMHMO- s
HEHTA €ro aKTHBHOCTb paBHa eJHHHILE, g
B KauecTBe CTaHAapTHOrO COCTOSIHHSA 4 X B
KOMTIOHEeHTa BhIGHPAeTCs ()asa ONpeNe-  pye. 1, Cootromenne MLy Tep-
JIEHHOH CTPYKTYpBI, HMeEIOIlasd COCTaB  mopuHaMHYeCKHMH  (QYHKLHAMH
KOMMOHEHTa, [PH paccMaTpHBaeMblX Ppactsopa (A_,B,)
HJIH KaKHX-1H60 Apyrux PT-yc/oBHAX,
Be3 ykasaHWsl CTaHAaPTHOrO COCTOSIHHS KOMIIOHEHTa, TNO3BOJISIOLIETO
CyIHTh O ero sHeprun I'm66ca G; W pa3HOCTH |, — G; , 3uauenue
AKTHBHOCTH KOMIIOHEHTa TepsieT OnpeJe/IeHHOCTb.

OAHOMNO3ULLMOHHBIE TBEPJILIE PACTBOPBI

B onHOMO3HIHOHHEIX TBepAbIX pactBopax (A, B, ..)un (A, B, ..) X
CMEIHBAOIHEeCs aTOMbI 3aHHMAIOT OJHHAKOBbIE CTPYKTYPHbLIE MOHIHH.
OdpasoBanHe pacTBopa W3 KommowentoB A, B, ... man AX, BX, ..
MOJKEeT COMPOBOMKAATBCS HJIH HE CONPOBOXKAATHCS TEMJIOBBIMH H 06DbeM-
aeivH 3QdexTamu. B nociennem cayuae sneprusi pacreopa U ofHHaxosa
npn Jo6oi KoHpHrypauuH atomoB A, B, ..., ofliee YHC/IO KOTOPBIX
n!
£ nilngl... )

H, CJef0BaTebHO, KOH(QHIYPAIHOHHAS SHTPONHS CMelIeHHs, COrJIacHO
npubankennio CTHPJHHra, paBHa

ASM —=klng=—R(NaInNy +NslaNg +---), (1.14)
rae N, — MosbHas fosisi KoMnoHeHTa i; R — rasosasi N0OCTOsIHHAS.



Teepael pacTBOp, y KOTOPOTO BHYTPEHHSS 3SHEPrHs, SHTAJIbMHSA
W MOJIBHBEIH 06beM SIBJISIIOTCS JHHEHHBIMH (DYHKIHAMH COCTaBa, a 3HTPO-
MHA CMelleHHs omnpelessieTcs GECHOPHJIO‘{HHM pasMelleHHeEM CMellH-
BaeMBIX aTOMOB, MOJIY4YHJI Ha3BaHHe HAeaJbHOro. Ero SHEprusa cMelle-
Hua [u66ca AGM onpemensieTcs ypaBHEHHEM

AG" = RT ¥ NyIn N,, . (1.15)

a aKTHBHOCTb KOMMOHEHTAa paBHA MOJBHOI noje (3akon Payus):
G = N,;.

Ec/IH cMellleHHe KOMIIOHeHTOB CONMpOBOKaaeTcs norjoienuem (AHM >
> 0) uau Bbigenennem (AHM < 0) sHepruH, STO CBHIETENbCTBYET O
3aBHCHMOCTH 3HEPrHH KPHCTaJl1a OT B3aHMHOIO PACMOJIOXKEHHST aTOMOB.
B sTOM clyyae TepPMOIHHAMHUECKHE XapaKTEPHCTHKH KpHCTaJJa omnpe-
neasiiorea obuyum ypaBHenHeM (1.4) HH NPHOIMKEHHBIM YPaBHEHHEM
(1.6). Kongurypaunounas SHTPONHs TaKOrO PacTBOpa MeHbIUE HJe-
ANLHOH,

M3BbITOYHLIE ®YHKUMWH CMELLEHMUSA

OTK/IOHEHHe TepMOAHHAMHUECKHX CBOMCTB peaJbHOrO pacrBopa OT
CBOIICTB HeaNbHOH MOJIE/IH MOXKeT GbiTb BhIPaXKeHO H30BITOYHBIMH QYHK-
uusmu cvemenns. M. Mapryaec [184] npenioxu/ BoipaaTh KOHIEHT-
PalHOHHYIO 3aBHCHMOCTb M3GBLITOUHBIX MapUHaJbHBIX (QYHKIHH CMelle-
HHs1 GHHApHBIX pacTBopoB psitom Teiiiopa. B sToM npHONHMKEHHH H3-
ObiTOYHas HHTerpanbHas GyHKuHs @F GHHAPHOrO pacTBOPA OMpeJeJisieT-
cst [119] ypaBuennem

of = % NINE(Vs Wi+ NaWE),  (L16)

n==\,z2...,

rae W? — mapameTp CMeLleHHS.

Mexny napamerpamu W¢, WH WS, WY, onuicsiBaioluMH H30BITOY-
Hble (DYHKIHH CMEIIeHHs, CYLIECTBYET TaKas e CBA3b, KaK H Mexnay
coorseTcTRylomumE dyukuuamu G, H, S, V, 1. e. WO = WH — TWS
-~ PWV [140, 2501.

Ecau u36biTouHble (YHKUHH CcHMMETpHYHBL, TO Woy = Wa,.
TpocreitiudM NPHOIHAKEHHEM FBJIAETCH ONHUCAHHE H3OBITOYHBIX (YHK-
U OJHONAapaMeTPHYECKHMH YPaBHEHHAMHU

GE = NaNpW°¢, (1.17)

RT Inya = (1 — Na)* WO, (I1.18)

Xunbne6paun [149] npeaoKH HAa3bIBATD «PEryJsiPHBIMIY PACTBOPL

¢ uaeanbHolt suTponueil cvemenus (SE= 0) U c u3OLITOYHOH SHeprHeil
I'n66ea GE, KoTopas OMHCHIBAETCS OAHOMAapaMeTPHUYCKHMHU yPaBHem{ﬂ—
Mu MapryJ/ieca M He 3aBHCHT OT Temnepatypsl, T. e. WG = WH, Onnako

TePMHH «peryJispHble PacTBOPHI» IeJIeCO06pasHo paclpoCTPaHHTL H Ha
Ipyrue CHMMeTpPHYHBIE PAcTBOPbl ¢ mapamerpom WO, saBHCALLHM OT
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TemnepaTypsl H JIaBJeHHsd, T. €. Ha «MPOCTble CMECH», [0 TEPMHHOJIOTHH
3. A. T'yrrenreiima. 310 coriacyercs ¢ npennoxennem X. K. Xapau
Ha3bIBaTh «CyOPeryJsisipHbIMH» PAcTBOPLI, H3GBITOUHEIE (QYHKIHH KOTO-
PBIX ONMCBHIBAIOTCS JBYNapaMeTPHUECKHMH YpaBHeHHsMH MapryJeca,
IpHYeM MapaMeTpbl 3aBUCAT OT TEeMIIePATyphl H JaBJIEHHS.

Cor/lacHO MOfe/H CyGperyJasipHoOro pacreopa,

GE = NoNg (NaW 5 + NaW3a), (1.19)
RTIn ya = Ng (Wi + 2Na (Was — Wia)]. (1.20)

Jlnsa GoJlee TOUHOTO OTPaKeHHS SMIHPHYECKHX Pe3YJLTATOB HYMKHO HC-
10/1b30BaTh YpaBHeHHs: Mapryieca ¢ YHCJIOM NapaMeTpoB GOJbIle JABYX.

B MHOrOKOMNOHEeHTHBIX peryJsIpHbIX pactBopax (A, B,...) unrer-
paJibHbIe H MapLHa/bHele H3OBITOUHBIE (DYHKIHH CMellIeHHS BbipaxkanTcs
ypaBHeHHAMH

=Y, 2 W NNy, 1.21)
n—1 n
RT Iny, = 2 N} WG + L 2 NN; (Wi, — Wi, — W§). (1.22)
(mén (faﬁh Uj Jk)

HM30biTo4Hble (YHKUHH CMeLIeHHS MHOTOKOMIIOHEHTHOTO cyGperyJsp-
HOTo pacTBopa, GHHapHBIE CeYeHHsT KOTOPOTO ONMHCHIBAIOTCH AaCHMMETPHY-
HBIMH JIByXMapaMeTpHYeCKHMH MOJE/NsIMH, BBIPAXKAIOTCS 3HAYHTEJLHO
GoJlee Ca0KHBIMH ypapHeHHsMH [60].

Ecau u36eiToynble (GYHKUHH CMelleHHs GHHAPHBIX PACTBOPOB OINH-
CHIBAIOTCA ypaBHeHHSIMH MapryJseca ¢ 4yHCJOM napaMeTpoB  6oJblle
JNBYX, TO 3TH JAaHHBIE HE MOTYT ObITb HCHOJ/Ib30BAHEI I/ OLEHKH H30LI-
TOYHBIX (DYHKUHHA cMelleHHs MHOTOKOMMOHEHTHbIX pacTBOPOB, MOCKOJb-
KY HeOOXOJHMBIH JJIsi 3TOr0 MaTeMaTHUeCKHIT anmapar CAHLIKOM CJIOXEH
1 Tpefyer MHOro CBeJeHHH O TePMOJMHAMMYECKHX XapaKTePHCTHKaX
pacrsopa.

MOJENHA MEXXATOMHOIO B3AMMOJAEACTBUA

Moznean Mexaromuoro Baaumopeficreus [29, 100, 140] B orimgue ot
PACCMOTPEHHOTO BbIlle (JOPMAIBHOTO BHIPA:KEHHSI (PYHKUMI CMelleHHS
CBsI3LIBAIOT MaKpocKomHueckne ()YHKIIHH pPacTBOpa CO CBOHCTBAMH CMe-
HmHBamuxcesd atoMoB. OHH OCHOBaHBI HA MPEINON0KEHHH, YTO SHEPrHA
KpHCTaJlJla paBHA CYMMe 3HepPruil B3aUMOJelCTBHf OJHAKaHIIHX IHap
aToMOB (KOH(HTYpallHOHHASl 3SHEpPrHs) M OCTAJIbHOH 4YaCTH SHEePrHH,
OIMHAKOBOH NpH BCeX KOH(MHTYPAaUHAX aTOMOB.

Ecan B KpHCTas/e COAEPIKUTCS 211 aTOMOB H Kas/IblH H3 HHX HMeeT
k cocezefi, To ofulee uuc/aO cBs3eii Mexa1y atomaMu paeuo kn. Ecawu

TOT KPHCTA/I/l CJOMEH TOMBKO aToMaMH A U ero smeprus pasua U,
TO 3HEPTHA CBS3H MeXKLY ABYMs GJMHKaMIIMMH aTOMaMH A paBHA uax =

0
= Upa/kn. AHanornuso, sueprust csisi upp = Ups/kn. B pactsope
11



(A, B) coorHolienne Mexkay sHeprHeil CBA3H ONHOTHIHLIX H PasHOTHI-
HBIX aTOMOB BbIPaXKaeTCsl ¢ MOMOIIbIO NapaMeTpa B3aHMOJEHCTBHS

w=uAB_iAA_2_~__W__ (1.23)

MpeaneHbli pacTeop

Ilpn w = 0 KoH(HrypaLHOHHAsS! SHEPTHS pacTBOpa ONHUHAKOBA MPH JIO-

60M pacIOJOKeHHH aTOMOB, M NMO3ITOMY aTOMBI pa3MellleHbl Gecrnopsaod-

HO, KOH(HTypalHOHHAsl SHTPOMHsA BhipakaeTcsi ypaBHenuem (I.14), a
2

uHCO CBA3el Naa, Nps M Nap paBHO knN3, knNg u 2knN AN coorser-

CTBEHHO.

PerynsapHeifi pacTBop

INpuGauxenne crporo peryaspuoro pacrsopa [140] mpeanmomaraer Gec-
NopsAI0YHOe pasMellleHHe aToMOB Aaxe npH w = 0. IToxcranoBka uucaa
cBsideil H COOTHOIUEHHS MeXAy HX sHeprueil, cornacHo (1.23), B Beipa-
JKeHHe KOH(HIYypauHOHHOH SHepruH KpHCTagla

U = naatiaa - Nppiss -+ NaslaB
NPUBOAUT K YPAaBHEHHIO SHEPTHH CMeLIeHHs
Uf = AUM = NyNgnw, (1.24)

KOTOpOe COBNajaeT ¢ OJHONMapaMeTPHYeCKHM YpaBHeHHeM Mapry.eca
npu nw = W,

Heazuxumuueckoe npuﬁnumeuue

Tpeanoxennniit 3. A: I'yrreureiivom [140] KBasuxumHueckuil merton,
OlEHKH TePMOIHHAMHYECKHX XapaKTepHCTHK pacrtsopa (A, B) ocmoBan
Ha TPEANOJOKEHHH, 4TO COOTHOLIEHHE MEXKIY YHCJIOM CBfi3eH Memay
aTOMaMH M HX 3HeprHell NOJOGHO COOTHOIIEHHIO MeXKAY YHCJOM MoJe-
kya AA, BB u AB u uxX sHeprueil B rasoBoil cMecH:

AA + BB = 2AB,
2
AR HoT w
m = eXxp (—_k_T—)' (125)

Tlpunumaercst, 4TO YHC/I0 g KOHQHrypauHii aTOMOB B KpHCTalJe ¢ no-
CTOSIHHBIM YHCJOM CBfI3€ii fian, ps M Nap TNPONOPLHOHAJNBHO YHCIY

IIEPECTAHOBOK 3THX CBs3eH:
(npp +ngp + Nap I h 1.96
i Npyalngglngg! g £:20)

AA'TBB'TAB

rjae h — nopmupyroumit kospduuuent. Jaa ero onpenesenus HCNOJb-
3yeTCA COCTOsSIHHE KPHCTa/Ia ¢ GecnopsiiouHEIM pasMellleHHeM aToMOB,
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npH KOTOPOM BeJMYHHY g M YHC]A CBA3eH MEKIYy aTOMaMH HETPYIHO
paccuHTaTh.

CoraacHO 3TOH MojesH, GyHKUHH cMellenHs pactopa (A, B)c uwme-
JIOM aTOMOB 1

R _ﬁ—i—r NaNsnw, (1.27)
B+1— 2N )k
B—1-2Ng |k

5 ={W} £ (1.286)

rae
B = (1 + 4NN [exp (— 4 w/kkT) — 1]}2.

Kpasuxumuueckoe npub/aHKeHHE MO3BOJIseT HaHTH 3aBHCHMOCTb
MeXKy TapaMeTpoM B3aHMONEHCTBHS @ H CTPeMJIEHHEM aTOMOB OKpY-
JKUTH ce6si AaTOMAMH TOTO Ke HJIH NMPOTHBOMOJIOXKHOrO THMA, T. €. Y4ecTb
6/1HXHHH MOPSANOK B PasMellleHHH aTOMOB.

Ilpn w > 0 cmenleHHe aTOMOB 3aTPYAHEHO M TpebyeT saTpaThl SHep-
ruu (AUM > 0). Kak sugno u3 ypasHenns (1.25), uucno cBsiseil naa
M npg O6OJblle, 4eM NpH Gecrnopsa04YHOM pasMelleHHH aToMOB (@ = 0).
CreoBaTesbHO, CYIIECTBYET TeHIEHLHS K KOHLEHTPAUHH OJHHAKOBLIX
a4TOMOB., Y CHJIEHHe 3TOH TeHJAEHIHH NPH NOHHXKEHHH TeMMepaTypel B
CBSI3M C BospacTaHueM abcoumoTHOH BeqmyuHBl w/ET BeleT K pacnany
pacrsopa.

IMpn w << 0 cMellleHHe aTOMOB, HaNpOTHB, SHEPreTHYECKH BBIFOJHO
(AUM << 0). ¥YpaBuenne (1.25) ykaspiBaeT Ha yBe/JHYeHHe YHC]a CBiA-
seil Nap MO CpPaBHEHHIO ¢ GecrnopsiOYHLIM pa3MellleHHeM aTOMOB, T. €.
Ha TeHJEHIHIO K COCeJCTBY aTOMOB pasHoro THma. Ctpem/eHHe aTOMOB
6GbITH OKPYIKEHHEIMH aTOMaMH JpYroro THma BefeT K TOMY, YTO KpHCTall-
JIHYecKasi pellleTKa KpHCTa//1a pasiefisiercss Ha JiBe MOIPELIeTKH, MNpH-
yeM aTOMbl A MPEHMYUIECTBEHHO 3aHHMAIOT Y3Jbl OJHOH MOAPELIEeTKH,
a atoMbl B — gpyroii. Boannkaer Ha/bHHE NOPSAOK B pasMelleHHH
ATOMOB KaK CJEACTBHE YBeJHYEHHs CTerneHH OJIHMKHEro MopsjKa.

JansHWH NOpPsAOK

HauGosee npoctoii cnoco6 onucauns aaibHero nopsanka [100] onm-
paeTcsi Ha JONylleHHe O OecrnopsiovHOM H HEe3aBHCHMOM pa3MelleHHH
aTOMOB B KaKI0H MOJpeIeTKe W paBeHCTBe KOH(HIYpalHOHHOI 3Hep-
I'HH KpHCTaJJla CYMMe 3SHEepPrHH CBsi3M map OJHXKailliX aTOMOB.
TTpu 3ToM JOMYINeHHH KOH(HIYpalHOHHAS SHTPONHA H KOHQUIYPALHOH-
Hast SHeprusi Kpucraina (Bi—.A,)* (B,Ai—,)? paBubl
Sconp =2kn[(1 —x)In(l —x) +xInx],
Usionp = Naattaa + Npptss <+ Nastiap + Npallpa =
= 2n (1 — %) (4aa + uss) + 4n(l + s*) uas ,
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rje s — npenjoxennsiit ¥. Bperrom u 3. Buabsamcom [100] napamerp
Jla/IbHEro MOpfAKa, PABHBIE HYJII0 NpH noJHOM Gecrnopsinke (x = 0,5),
H eIHHHLE IPH INpeleJbHOM YHOPSAOYeHHH (x = 1),

W3 ycnoBus paBHOBecHOll cremeHH ynopsuouenus oF/ds = 0 cae-
AYeT 3aBHCHMOCTb CTENeHH YNOPSNOYEHHS OT TeMIepaTyphl

I<j-'s ws

Hna xpucranna A_,B, c npoussosibHbiM otHOmenHeM A : B ara 3a-
BHCHMOCTb BBIpaKaercsi ypaBHeHHeM [48]

g A9 —0—35x il (1.30)

(1—9)[l—(1+sx] ~— kT °

NPMPOAA TEMNOTbI CMELUEHHA

TennoBoit a(exT npu 06pa3oBaHHH TBEPAOrO pacTBOpPa H3 MeXaHHue-
CKOil CMecH KOMIOHEHTOB OGYC/JOBJEH pa3/jHIHEM XHMHUECKOH CBf3H
H pasMepoB M3OMOPQHBIX 4TOMOB H 3aBHCHT OT OCOGEHHOCTEH KPHCTAJ-
JIHYECKOH CTPYKTYPHI TBEPAOro pacTBopa H APYrHX (rakrTopos, Bemnumn-
Ha TenJoTH cMelennss AHY onpesienisieT yCTOHYHBOCTE TBEPABIX PacTBO-
POB M TpaHHIE! H30MOP(HLIX 3aMellleHHH, NMO3TOMY 3TOH IpoGaeMe rmo-
CBSLIEHO (OJbIIOE KOJNHYECTBO HCCJeJOBaHHH, pACCMOTPEHHBIX B
[72-73).

B. C. ¥pycos [72, 73] paspaboTa/l SHepreTHUYECKYIO TEOPHIO H30-
Mop(H3Ma, KOTOpas MO3BOJISieT Ha OCHOBE KPHCTA/IOXMMHUECKHX Xa-
pPaKTEPHCTHK TBEpIOrO PacTBOpa H XapaKTepHCTHK H3OMOP(HBIX aTo-
MOB KOJIHUECTBEHHO ONpeNeHTh TemioTy cmeiuenus. Iloenennss pac-
CMaTpHBaeTCs KaK CyMMa 3HeprHH fnedopMalHH KPHCTaJJHYECKOH
CTPYKTYPHI, KOTOpasi BO3HHKaeT H3-3a pas/IHYHs DPa3MepoB 3aMelnalo-
KX APYT IpYyra aToMOB, H 3HePTHH XHMHYECKOTO B3aHMOIEHCTBHSA NpH
CMeLIeHHH, BO3HHKaloUlel H3-3a pas/iHuHs XHMHYECKOH CBfA3H aTOMOB
B KOMIOHEHTaX, B M30Ba/JeHTHEIX TBEPABIX pacTBOpax Tuma (A, B)ZXS,
B KOTOPHIX KaTHOHHl A M B cMelHBaloTcsi B NMO3HUHSX o, TENJOTa CMe-
wenua AHM pospacraer ¢ ypeJndeHHeM pasiHuMs 3(QeKTHBHOro 3a-
psaa H3OMOPQHBIX aTOMOB Ae = g, — g;, 3apf0B KaTHOHA Zjy H aHHO-
Ha Zx, KOOPAHHAIHOHHOrO 4Hcjaa Kg_p, YHCJIa aTOMOB m =a -+ x B
(GOpMY/IbHONH efHHHIE COEJMAEHHs, PA3HHIBI OOBEMOB KOMIIOHEHTOB:

AHM = NN, [_g_ (Ae)? + cmkq—pzazx (AR/R)? ]
¢ = VKy/kasp s (1.31)

rie N, u N,— MonbHas gonst komnonentoB A X, u B X, coorsercrsen-
HO; A — xoHctanta Magenynra; R = N;R, 4+ N,R, — cpennee mex-
aTOMHOE pacCTOsiHHe MeX1y aHHOHOM M KaTHOHOM B TBEDJOM DAacTBODE,
AR = R, — R, — pasHOCTb MEXKATOMHEIX PaCCTOSAHHH B KOMIIOHEHTaX
AX u BX, V— moabHbiil 06beM; K, — Mony/abp 06beMHOTO CKaTHf;
¢ — 3MNHpHYecKas BesqnuuHa, 6iu3kas K 140 kK y a/lOMOCHIHKATOB
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(moJieBEIX INaToB, (enpammartonnos), 110—125 y MeTacHIHKaToOB,
105—115 y oprocuaukatos, 105 y okucaos MO tina NaCl [73].

BkJaj pasnuyds B XHMHYECKOM B3aHMOJIEHCTBHH KaTHOHOB Amn
B ¢ aguoHom X B TEIJIOTY CMelLUeHHsI BbipajkaeT MepBhiii 4/ieH ypaBHe-
nus (1.31). VM MoxHO npeHeOpeub, eciu pasHOCTb S(EeKTHBHEIX 3aps-
108 Ae n3omophHEIX aTomoB He npesbimaer 0,05. Temsora cmellenus,
cBsi3aHHas ¢ SHeprueil jedopMauun (BTOPOil u/eH ypaBHEHH: (1.31)),
acHMmeTpHyna. [l ee OnMHCaHHA MPHroAHa CyOperysspnas —MOJeJb
pacTBopa C MapaMmerpamu

Was = a(AR/Rs)?, Wga =a(AR/Ra ),

rae a = cmke—pZaZx.
Ilpu retepoBajeHTHOM H30MOp(H3Me 6e3 H3MEHeHHA YHC/a aTOMOB
B CTPYKTYpe TemnjoTa CMelleHHSA Oﬂpe,HEJ'IHETCﬂ YpaBHEHHEM

AHM = NN ,qcka—p (N8, + NGy (AR/R)?, (1.52)

rae N, u N, — MosibHas 10/ KOMIIOHEHTOB | 1 2; g — 4HCI0 MO3UILHIT,
B KOTOPHIX TPOMCXOJHT 3aMellenne; §; H {; — KOI(QUIUHEHTHI, 3aBHCH-
llHe OT YHCJIa ATOMOB /1 H 3apP$ii0B HOHOB KOMNOHEHTOB. Koa(pguuHenTs!
{ paBHBI MzaZx AJsi GHHADHBIX COEIHHEHH! A X, a 1jad CJIOKHBIX
UX BeJHUMHA OmpejiesiseTcsi CyMMHPOBaHHEM 3HayeHHH { MPOCTEIX OKHC-
7108, COrJIacHO STOMY ypaBHeHHIO, Teruiota cvemmenus AHM acummerpru-
Ha, ¥ ee MaKCHMYM CMeleH K KOMMOHeHTY ¢ OOJIblleH pasHOCTbIO Ba-
nenTHOcTell, @PaKTopaMH, KOTOpHIE CINOCOGCTBYIOT TIeTepOBa/EHTHOMY
uzoMopduaMmy, sBasIOTCA GIM30CTh 3PPEeKTHBHBIX 3apsA0B aTOMOB H
KOMMEHCALHsA PasJHuYHuil HX pasMeposB.

PacueT TemJOTHl CMeIIEHHS MHOTHX TBepJAbIX PaCTBOPOB NPHBEN K
y,I[OBJleTBOPHTeanOMy corJiacHio ¢ BKCHEpHMEHTaJILHHMH Ol'[pE,ILEJIEHHH-
mi. C NOMOUIBIO SHEPreTHUeCKOH TeOpHH MOJMYUH/IH OGbsICHEHHE SMIIH-
PHYECKH YCTAHOBJEHHBIE MpaBH/Ja H30MOpPdH3MA.



TNABA I TEPMOOAMHAMMKA MHOTONMO3ULIMOHHbIX
TBEP[1bIX PACTBOPOB

J1ns BRIpaXkeHHs 3aBHCHMOCTH TePMOJAMHAMHMYECKHX YHKIUIT MUHEpasa
OT ero coctaBa HepeiKo HPEHEGPEFE}OT 0Cc0OeHHOCTSIMH BHYTPHKPHCTAJI-
JINYECKOro pacrpejie/leHHsi aTOMOB B KDHCTaJJle H PacCMaTPHBAIOT MH-
HepaJs Kak pacTBop ero MuHajnoB. [Ipn sTOM HCmosbayercs (hopMaiHaM
TepPMOJMHAMHUECKOH TEOPHH OJHOMO3HLMOHHBIX pacTBopoB (A, B, ...),
Yy KOTOpPEIX ()YHKUHH CMelleHHS BbIPaKaloTCsd dYepe3 KOHIEHTpalHH
komnonenToB A, B, .... . Hanpumep, npu paccMOTpeHHH M/1aTHOK/IA30B
Kak pacrsopa anbOuTa NaAlSi Oy n anoptuta CaAl,Si,Og rpynnHpoBKH
ATOMOB, COOTBETCTBYIOILHE MHHaJaM, YNoA0G/ATCA MOJEKYJ/IaM MoJe-
KyJspHOro pacrBopa. [lpumenenHe MOJe/H MOJEKY/siDHOrO pacTBOpa
JIONYCTHMO, €CJIH BO3MOKHO ONpeleJHTb OTKJIOHEHHe peasbHBIX 3Ha-
YeHHil TepMOAHHAMHYECKHX (DYHKUMH pacTBOpa OT 3TOH MOJeNH H BbIpa-
3HTh 3TO OTK/JOHEHHe H30LITOYHBIMH (QYHKIHSIMH CMEILeHHS.

OnHako 3HAYyHTeJNbHAsi 4acTh NPHPOAHBLIX MHHEDAJOB HMEET CJIOXK-
Hble COCTAB H CTPYKTYPY H OTHOCHTCH K MHOIOMO3HUHOHHBEIM B3aHMHLIM
TBEPIABLIM pacTBOpam. B takux pacTBopax KOHIEHTpPauHuio OTJeJIbHOI'O
KOMIIOHEHTA HeJIb3s ONpeae/HTh 0fHo3HauHO. [TosTomMy n/si oLeHKH Tep-
MOJAMHAMHYECKHX XapaKTepHCTHK MPHPOJAHBIX MHHEPAJoB C MOMOIILIO
MOJZIeJIH MOJIEKYJ/ISIPHBIX PAcTBOPOB HX COCTaB OOBIYHO BBIpPAXaloT B
VITPOLIEHHOM BHJIE C YYETOM TObKO OCHOBHbIX KOMIOHEHTOB HJIH Ke MpH-
MeHSIIOT CYyOGBeKTHBHbIE CXeMbl Nepecyera cOCTaBa MHHepasoB Ha MHHa-
asl. OueHka KOHQHTYpPaLHOHHOH 3HTPONHHM H €e BKJajla B aKTHBHOCTb
KOMIIOHEHTOB C NMOMOIIbLIO 3TOH MOJEJH 3aBHUCHT OT l'IpHHFITOf:{ BEJTHYHHDbI
($OpMYAbHBIX €IHHHI, PaCTBOPa H KOMIOHeHTOB. Ec/i B TBeplOM pac-
TBOpE CMeLIeHHEe aTOMOB MNPOHCXOAHT B CTPYKTYPHBIX [IO3UIHAX OJHOro
THMa, TO BO H3bexanne 3HAYUTEbHBIX ﬂOFpELLlHOCTEﬁ B OnpeleseHHH
KOH(HTYPALHOHHOH SHTPONHH (GOpMYJ/IbHBIE €AHHHIIBI PAacTBOpa H KOM-
MOHEHTOB CJeaYeT BbIﬁPlpaTb TakK, yToOBI YHCJO ATOMOB, 3aHHMAIOILIHX
3TH CTPYKTYpDHbIE NO3HIIHH, PaBHAJOCH €IHHHILE. Ecan cmelienne ato-
MOB MPOMUCXOJHT B CTPYKTYPHBLIX MO3HUHAX OOJlee 4eM OJIHOro THIA,
TO KOH(HrYpalHOHHAA SHTPOMNUSA He MOMKeT ObITh BEPHO OlEHeHa B paM-
KaX MOJIEKYJISIPHOH MojenH npu Jjio6om BbiGope (OPMY/bHBIX €IHHHIL

KoppexkTHoe onpesesenHe KOH(GHTYPaIHOHHO! SHTPONUH — BaxHad
3ajlaya NpH HCCAeJOBAHHH TEPMOAHHAMHKHM MHOrONO3HIIHOHHOIO TBEp-
JOrO pacTBOpa. 3Ta TepMOAHHAMHYECKas XapaKTePHCTHKA paccYHThI-
BaeTCsl Ha OCHOBe CBeJeHHH O CTPYKType MHHepaJ/a, 3aKOHOMEepPHOCTSX
pasMellleHHs aTOMOB B KPHCTa/JIHUeCKOil pelleTke H HX CBOHCTBaX.
JI1s 37Ol LeMH Cay:KAT TepMOJAHHAMHYECKHE MOJEH KpHcTalios. Teo.



peTHyecKasl OLEHKAa TeNJIOTHl MJ/IH 3HTAMbIHH CMEIIEHHS CTaJKHBAaeTcs
€O 3HAYUTEJBHO GOJBIUHMH TPYJIHOCTAMH.

B cBsa3H ¢ Hepa3paGOTaHHOCTHIO TePMOJHHAMHYECKOH TEOPHH TBEp-
JBIX PacTBOPOB CJOXKHBIX CTPYKTYpHI H COCTaBa, & TaK¥Ke HEJOCTATKOM
cBefleHHii 0 TepMOAMHAMHYECKHX (DYHKIHAX MHHepa/JoB OOLIYHO B Ka-
yecTBe AKTHBHOCTH KOMIOHEHTOB HCHOJB3YIOTCA TAKHE 3MIHPHYECKH
nofo6GpaHHble NapaMeTpPhl COCTaBa MHHEpasoB, NpPHMEHEHHe KOTOPBIX
NPHBOJAHT K MpPHEMJEMBIM pesyabraTaM. PaspaoTka TepmoanHAMHYe-
CKHX Mojefeld MHHEpajoOB MepeMEeHHOTO CcocTaBa, MO3BOJAIOIHX OLe-
HHTh KOH(UI'YDALHOHHYKO IHTPONHIO H IpYrHe TepMOJHHAMHUECKHe
YHKIHH, TNOJBOJHT TeOpeTHYeCKyio Gasy Moj BHIOOP napaMeTpoB cO-
CTaBa KaK Mokasareseil aKTHBHOCTH KOMIIOHEHTOB.

KPMCTANNbL C HEYNOPSAO4YEHHLIM PA3MELLEHMEM ATOMOB

M. Temxkun [70] npuuesn K 3aK/IIOYEHHIO, YTO B TBEPABLIX PacTBOPax
3aMELIEHNs] C HeIKBHBAJEHTHBIMH CTPYKTYPHBIMH MO3HIMAMH KOHGH-
rypanHOHHAs SHTPOMHSA ONpeje/sercs He YHCJAOM INepecTaHOBOK
aTOMHBIX TPYNMHPOBOK, COOTBETCTBYIOUIMX KOMIOHEHTaM, a YHCJIOM
NepecTaHOBOK aTOMOB B Kax<[AOM THME CTPYKTYPHBIX nosuuuit. On pac-
CMOTpes TepMOAHHAMHYeCKHe cBoficTBa pactsopa (A, B, ...)* (X, Y, ...
...)B, B KOTOpPOM aTOMBI, 3aHHMAaIOLHe MO3HIHH OMNPEeJEIeHHOro THIA,
3. pasveniaiotest GecropsAI0OYHO H HE3aBHCHMO OT pa3sMelleHHs aTOMOB
B MOSHUMAX Apyroro THna. Uucao KoHHrypauHii aToMOB B TaKOM
S KpHcTa/se, cojepxaiieM n GopMyJabHbIX €IHHHI H N, Np, Nx, Ny aTo-
ymoe A, B, X, Y, paBHO

g__-(nAlnI;ll... )a(nx[r’:‘:l.,,)ﬁv (I1.1)

W, C/JeJ0BaTe/NbHO, €ro KOH(MHUIYpaUHOHHAs 3HTPOIHS  BbIPAXKaeTcs
ypaBHeHHeM

chmb :klng=—R[(N}\ InNa +N|3 InNg + ++:)* -
—!—-(N\( InNx 4+ NyInNy + «ee)B ], (112)

Ecii B KauecTBe KOMIOHEHTOB paccMaTpuBaTh coennuenus A%*XFP,
B*Y® u T. 4., Y KOTOPHIX Sgonp = 0, TO SHTpOnHs cmemenus ASY
pacTBopa paBHa ero KOH(HTYpPaLHOHHO SHTPOIMHH.

[pexcTaB/ieHHe O XaOTHYHOCTH H HE3aBHCHMOCTH PasMeLleHHs aTo-
MOB B KaIOM THIE CTPYKTYPHBIX NMO3HIHH ObLIO HCNONB30BAHO B MO-
CAelYIOUHX MOJeJsIX KPHCTa/I0B, B (JOPMYJbHOH EIHHHLE KOTOPBIX
YHC/IO aTOMOB, 3aHUMAIOUIMX ONpeNeeHHBIH THIO CTPYKTYPHBIX [03H-
IHil, MOMeT OTJIHYAThCA OT eAMHHUEL. KOoH(HrypauHOHHYIO SHTPOIMHIO
kpucramnos tHna (A, B, .0 (X, Y, )ﬁ B o0uieil jopme BBIpasHil
k. B. Tomncon [251]. B Takom KpHcTante ofliee YHCJA0 KOH(pHTYpa-
LHIT ATOMOB g OTpele/sieTcsl KOJHUECTBOM MepecTaHOBOK daTOMOB B IMO-
SHOHAX 0 H He3aBHCHMBIX OT HHX MEPecTaHOBOK aTOMOB B MO3HLHAX [

g=g"-g*. (11.3)
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B nosunmax o comepmHUTCsS mn aToMOB H cpean HUX mn N, aTomoB
A, mnNg atomoB B. B mosuuusix f u4HC/IO aTOMOB paBHO MNH CpepH
uux nn Nx atomoB X H nn Ny atomo Y. IlosTomy ofliee unciio KoH(H-
rypaumi

o (mnNA ! :::}VB ke )“ 7 (m]NX!u,;I;V!Y bi e )B’ (IL.4)

a KOHQHrypanHOHHAsi SHTPONHA KPHCTA/a BHIPAXKAETCS YpPaBHEHHEM
Suu,ﬂb = —R[m(N,\ InNap +NgInNg + o) 4

+n(NxInNgx +NyInNy 4+ -] (11.5)

Eciu B CTaHAAPTHBIX COCTOSIHHSIX KOMIIOHEHTOB KOH(MIYpallHOH-
HAsi SHTPOMHA OTCYTCTBYET (Syong = 0), TO KOH(PUTypaUHOHHAS 3HTPO-

NHs CMelleHHs ASﬂf,Hd, paBHA KOH(HIYpPAUHOHHOH 3HTPONMHH pacTBOpa
Sionp- AKTHBHOCTE TaKOro KOMIMOHEHTa B HEYNOPSAAOYEHHOM pacTBope

A X, = VAX, + N4 - Nx. (11.6)

KoapuuHenT ya, x, OTpaxaeT HaJHyHe TernJIOTH cMeinenus AHM u ne-
KOH(UI'YPaUHOHHOH SHTPONHH CMeIleHHSI.

OnHako KOMIOHEHTHI MOTYT HMeTb CJIOMKHBIH COCTaB, B HX CTaHAapT-
HEIX COCTOSHHAX CTPYKTYPHbIE TNMO3HIHH OJHOr0o THMa MOryT GhiTh 3a-
HATH 4TOMaMH PasHEIX BHIOB, H MO3TOMY HX KOH(QHTYpalHOHHAs SHT-
ponus He paBHa HYJ0. Kpome TOro, BeiGOp cOCTaBa KOMIIOHEHTOB TPO-
H3BOJIEH H, B YaCTHOCTH, B KauecTBe KOMIIOHEHTOB NONMYCTHM BhIGOP
cOe/IHHEeHH CJIOJKHOTO M JlaKe HeCTeXHOMeTpHYeCKoro coctasa. [Tostomy
1eo6XOAHM BLIBOJ| ypaBHeHHH (yHKIHH cMelueHHs TBepAOro pacTBopa
C YUETOM CJIOJKHOCTH COCTaBa KOMIOHEHTOB [33].

B ofmeM ciayuae KOH(HIYpauUHOHHAsI SHTPONHS cMelueHHs ASM
pacTBOpa J0JIKHA Onpee/siTbCsl KakK pasHOCTb Mexkay KOHQHTypalHoH-
HOil sHTponHell Syup pacTBOpa H MeXaHHYeCKOH CMecH KOMIOHEHTOB
B CTAHIAPTHOM COCTOSIHHH, T. €.

ASM == SKDH:}J[M) e }_: N;:anmb(t') ' (“7)

YcnoBUMCSl B KauecTBe CTAHAAPTHBIX COCTOSTHHH KOMTIOHEHTOB Bhl-
GupaTh 4JeHBl (KOHEYHEle MM NPOMEeXKYTOUHblE) psiia TBEpPALIX pacTBO-
POB, K KOTODEIM NPHHAJIEXKHT paccMaTpHBaeMblil HaMH pacTBop. Hanpu-
Mep, B KayecTBe KOMMOHeHTOB nupokcena (Fe, Mg)M?(Fe, Mg)M! Si,0,
MOXHO BHIOpaThb KaK KOHeuHhle 4jeHbl Fe,Sis0q v Mg,Si,04, Tak u
1000 MpOMeKYTOUHEIl COCTaB.

Kpome Toro, ycioBumcsi, 4ToGbl (pOPMYJIBHEIE €IHHHILI TBEPAOrO
pacTBOpa H ero KOMINOHEHTOB OblJIH ONHOH BeJHYHHEI, T. €. 9TOGH! GHLIO
OJMHAKOBHEIM YHCJO Y370B B CTPYKType KpHCTAaJJIOB, COJepHallux
OJHHAKOBOE KOJHYECTBO 3THX (DOPMYJIBHBIX €IHHHIL.

[lyeTh pasmellleHHe aTOMOB B CTPYKTYpPE pPacTBOpa BhIpaykaeTcs

gopmyaoii (A, B,...)m (X,,Yy...)ﬁ ..., & B CTPYKTYpe €ro KOMIOHEHTa
B CTAaHJapTHOM coctosHHH — dopMyaoii (AgBs,...)m (XY W)E, rie
a b, x, y u a; b, x;, y, — uncna atomo A, B, X, Y, saHuMalomux



COOTBETCTBYIOIIHE CTPYKTYPHEIE NOSHIMH, B OPMYJILHON eauHHLe pac-
TBOpa H KOMIIOHEHTa i COOTBeTCTBeHHO, Torna onpene/neHHe KoH(Urypa-
LHOHHO# sHTponuH cMemenuss ASM omHOro Moussi pacTBopa NoO BeJHYH-
HaM Syoup PACTBOPA M €0 KOMINOHEHTOB MPHBOAHT K BhipaxKeHHIO [33]
ASM = — RN [¥Yzinz— Y N, ¥z 1nz), (11.8)

A | Zy i Zy,
rlle z H 2; — 4YHCJIa aTOMOB Z, 3aHMMAIOLUHX MO3HIHH A, B (JOpPMYJbHOIH

€[MHHIle pPacTBOpa H KOMIOHEHTa [ COOTBETCTBEHHO.
AKTHBHOCTb KOMIIOHEHTA i B TaKOM pacTBOpe

%
a=n1T1(+)" (IL.9)
& g L
rje y;— BKJaJl B aKTHBHOCTb HEKOH(HIYpauHOHHHIX (DAKTOPOB (Tel-
JIOTHl CMeIUeHHsI, KoJebaTe/bHOH SHTPONHH CMeLleHHs W Ap.).

S9Tta Mozienb ABAfAETCS HanboJee o6llel MOAEBIO HEYIOPSIOYEeHHOro
TBEpPIOro pacTBopa, TaK KaK BCe NpeAbyliHe MOJAeNH NPeAcTaB/sioT
cofoil ee yacTHule cayyan., OHa MOXKeT NMPHMEHATLCS TPH BeiGOpe Hecte-
XHOMETPHUECKHX COeJHHeHHH B KadyecTBe KOMIOHEHTOB.

JIOKANbHO 3NEKTPOHEHTPAJIbHEIE KPUCTANBI

PaccmoTpennas Bblllie MOJeJb HeyNoOpSIIOYEHHOrO KpHCTalja Mpef-
YCMaTpHBAeT XaOTHYHOCTb pasMellleHHs aTOMOB B MO3HIHAX KaxkKJOro
THna. Ho npu pasnuuuy cBoficTB H30MOP(HEIX ATOMOB, YTO NPOSBJsETCS
B pa3/IHYHH SHEPrHH XHMHUYECKOH CBS3H C OKDPYMXKaIOUIMMH aTOMaMH,
SHepruH JedopMalnuH KPHCTA/IIHYeCKOH pelleTKH H T. X., S9HeprHs KpH-
CTa/jla 3aBHCHT OT B3aHMHOTO pacrnoJioxeHHs: aToMoB. M mockogbky
NPH NOCTOSHCTBE TEMNEPaTYPLl H JaBJeHHs YCTOHUHBOE COCTOSIHHE KpPH-
CTajijla ONMpelessieTcss MHHHMYMOM pasHoctH H — T8, crpemienue
4TOMOB K YNOPAZOYEHHOMY PasMellleHHIO Bo3pacTaeT NpH GOJIbLIOM pas-
JIHUMH CBOHCTB H30MOP(HBEIX aTOMOB, KOTJa BeJIHKa 3aBHCHMOCTDH SHTAJIb-
NHH KPHCTaJlJla OT pasMelleHHs1 aTOMOB, a TaKKe MPH MOHHKEHHH TeM-
nepaTypbl, KOrja BeJHUHHA 3HTPONHHHOA cOCTABASIOWEH 3HEPrHH
I'u66ca TS ymeHbluaercs.

Boubuwioe pas/jinyne CBOHCTB M30MOD(QHEIX aTOMOB CYLIECTBYET NpH
reTepoBaJeHTHOM H3oMopdH3Me., MoKHO noJjaraTh, YTO SHEPTHS TAKOro
pactBopa OJiH3Ka K MHHHMYMY, KOTZia COCTABJISIIOLIHE €ro aTOMHl pac-
noJlaraloTcsl Tak, 4ToObl B KaxKAOM Y4acTKe KpHcTanaa —cofiiofadcs
JIOKaJIbHBLIH 0a/laHC 3JeKTPOCTATHYECKHX 3apsiioB aTOMOB, T. €. BCe MX
BaJIEHTHOCTH ObliH CKOMNeHcHpoBanbl. IIpH TakoM cocTOsHHH MHPOK-
cena psxa Na (Al)M! S§i,0p —Ca (Mg)M! Si,O4 M3GHITOK 3apsga OKOJO
KatHoHa A%+, samumaiomero nosupuio MI, KOMIIEHCHPYEeTCSl OJHOBa-
JIeHTHEIM KaTHoHOM Nat B ogmnoil m3 Gummaiimux nosuuuit M2. Takoe
pasmMellleHHe aTOMOB — YaCTHBIH caydail GJHXKHEro nopsijka.

PaccmoTpum TepMOnMHaMiYeCKHE XapaKTePHCTHKH KpHCTadna, B
KOTOPOM aTOMbl pasMelleHbl ¢ COOMIONEHHEM JIOKAJbHOI 3/JeKTpOoHeHT-
panpHocth (J/I9H). B xavectse yc/0BHS, YNPOLAIOUIEro pellenHe
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3ajaun, MpHMEM, 9TO 3HEPrHs KPHCTaJJIa MOCTOSHHA MPH JI0GOM pa3me-
LIIeHHH aTOMOB, ec/]H cO0.I0faercs JOKaJbHafl 3/eKTPOHEHTPaJbHOCTb.
Ecan orpaHHYHTLCA OnpejeseHHeM HaHOoJbilel, KOH(HIYpanHOHHOMH
YacTH SHTPONHH CMEIUeHHs, 3ajaya CBOJAMTCA K ONpeJeseHHi0 dHc/Ia
BO3MOKHLIX KOH(HTYpauHii aTOMOB B JIOKAJIbHO 3JIEKTPOHEHTpasbHOM
pacTsope.

OrmeTHM 0COGEHHOCTh B3aHMHBIX TBEPABIX PAcTBOPOB, B KOTOPBIX
aTOMBl CMEIIHBAIOTCS B TMO3HUHAX JBYX H GoJiee THMOB, MpHYEM B MO3H-
IHSIX KaxIOro THIA eCThb [Ba HJH 0oJiee BHIOB aTOMOB OJHOIl BaJeHT-
nocri. Ilpuponubie MHHEpaJIbl CI0JKHOIO COCTaBa H CTPYKTYPbI OTHOCST-
€l K 3TOMY THNY pacTBOpOoB. BO B3auMHbIX pacTBOpax KOHLUEHTpailHs
KpaifHHX 4)eHOB HeonpeleseHHa. VIMeHHO ¢ THM c/eayeT CBA3LIBATH
HMefolHiics pasHOOOi B NMpelsIOXKeHHBIX CXeMax repecyeTa Ha MHHAJLL
cocTaBa MPHPOAHBIX MHHEpPA/JOB, HanpuMep MHpokcenoB. Onpako BO
B3aHMHBLIX PacTBOPAaxX OJHO3HAYHO MOXKeT ObIThb OMpeje/ieHa CyMMa KOH-
LeHTpauHii KOHEYHbIX YJEHOB, Y KOTOPBIX OJHHAKOBLIE CTPYKTYDHbIE
NO3HIUHH 3aHATHl M30BAMEHTHBIMH aTOMaMH, T. €. TAKHX MUHAJOB, KaK
Na (Al) Si,Of u Na (Fe*t) Si,04. Takue komeuHble 4JEHBI H COOTBET-
CTBYIOILHE MM 3JEKTPOHEHTpa/jbHble TPYNMNHPOBKH aTOMOB, KOTOpbIe
paccMaTpHBAIOTCS HHKe, OyleM CYHTaTh OXHOTHIHBIMH,

Konuuectso KoH(Mrypaumi aromos

Jnsa HaxoxkaeHHs o6IIero 4nc/ia KOHGUTypalnii aTOMOB B TeT€POBAJIEHT-
HOM pacTBOpe CHauaJja Onpefe/HM YHCJIO KOH(QHrypaiHi, cuHTas He-
PasIHYHUMLIMU aTOMBI OJHOJ BaJIEHTHOCTH, a 3aTeM yd4TeM KOH(HTYypalHH,
CBSI3aHHbLIE C [epecTaHOBKOH H30BAaJEHTHBIX aTOMOB, 3aHHMAIOLIHX OIH-
HAKOBBbIE CTPYKTYPHbIE MO3HLIHH.

PaccMOTpHM BO3MOMKHBIE MHKDPOCOCTOSIHHSl JIOKAJLHO 3/eKTPOHEHT-
paJLHOTO PacTBOpa, HE COJepPzKallero H30BaJEHTHLIX aTOMOB B OJHHA-
KOBBIX CTPYKTYPHBIX NO3HUHAX. B Takom pacTBope MOXKHO YCJOBHO BbI-
JIeIUTh OTAeJbHEIE 3/eKTPOHeHTpa/ibHble TPYNIHPOBKH aTOMOB (Iafee
o6o3navaemble Kak DH-rpynnupoBkH), HUMelolide cOCTaB KPaiHHX wie-
HOB pacTBOpa M BKJIOYalollMe aTOMbl, 3aHHMalOllHe [O3HIHH BCeX
THNOB, TaKOBBI H3OCTPYKTYPHbIE PACTBOPY TPYNIMHPOBKH, COOTBETCTBYIO-
utie kageutoBomy NaAlSi,Q4, arupuuosomy NaFe’tSi,Qq uepma-
kutosomy CaAl [AlSi,] Og, muoncuposomy CaMgSi,Op MHHanaM mupo-
KceHoB. BaauMmHEIe nepecTaHOBKH pa3HklX DH-rpynnHpoBOK H3MEHSIOT
KOH(JHTYpalLHI0 aTOMOB B KpHCTaJ/ljle, He Hapyllasi JIOKaJlbHOH 3JeKTpo-
HeliTpasibHOCTH. [IyCTh gy — YHCJIO TaKHX MepecTaHOBOK.

[Ipu (HKCHPOBAHHOM MOJOXEHHH aTOMOB B OJHOM H3 BHJOB CTPYyK-
TYPHBIX MO3UIHMH ¢, KOTOPOE COOTBETCTBYET KaKOMY-JIHO0 OIHOMY pas-
metiennio DH-rpynnupoBoK, aToMbl B JPYTHX MO3HIHMAX MOXKHO pac-
I0JIOXKHTh g, CIIOCOGAMH 33 CUET H3MEHEHHS HX B3aHMHOH OPHEHTHPOBKH,

Ecan 0oJIHHAKOBRIE CTPYKTYPHEIE MO3HIMH DPACTEOpa colepikaT H30-
BaJIeHTHbIE ATOMBI PA3HOTO BHIA, X MEPecTaHOBKA B Ka/JOM H3 MHKDO-
COCTOSIHMH, Ppa3/IMYaAOUHXCS [OJIOKEHHEM Ppa3HOBAJEHTHBIX aTOMOB,
JIaeT gy HOBBIX KOH(HUTYpammii.
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Ecau asa wan GoJiee pasHOBAJEHTHBIX aTOMa 3aHHMalOT OIHHAKOBEIE
CTPYKTYpPHBIE TO3HIMH B oauoil DH-rpynnupoBke, Kak, HanpHuep,
atomel Al u Si B TeTpasapuueckux nosuunax yepmaxura CaAl [AlSi] Og,
HX NEPecTaHOBKH HE HApYIIaT JOKAJLHOM 3JeKTPOHEHTPaJbHOCTH H
NPUBENYT K g, PA3THYHBIM MHKPOCOCTOSIHHAM KpHcTaaaa. Obuiee 4HCI0
KOH(QHTYpauHil aTOMOB B KpHCTaJl/Ie MPH COXPaHeHHH JOKaJbHOI 37eK-
TPOHEHTPaNLHOCTH OnpefiesigeTcsl NpoH3BefeHHeM

gnon = g1 ' 82 ° 83 ° 84 (11.10)
PaccMOTpHM KamKIblii H3 COMHOMKHTeJeil 3Toro ypasHEHHS.

BosmodxHble nepectaHosku IH-rpynnuposok

MaxkcHManbHOE YHCJO BO3MOMKHBIX MEPECTaHOBOK g; MOXKeT ObiTh
HallIeHO TOJNLKO B TOM cJayuae, ecad DH-rpynnupoBKH coiepzKar
HaHMeHblllee UHCJO0 AaTOMOB. B NHpOKceHaX 3TOMY YCJIOBHIO YJOBJe-
TBOPAIOT H30CTPYKTYpHbie pactBopy rpynmupoBkH Na (Al) SiyO,,
Mg (Mg) Si,O4 1 ap. IToacuer nepecranoBok Gonee kpynueix dH-rpyn-
NHPOBOK aTOMOB, TakHX, Kak Na, (Aly) Si Oy, 3HaUHTENBHO 3aHHIKAET
YHCJI0 BO3MOXMKHBIX KOH(HIYpauMil aTOMOB, TaK KaK NMpPH 3TOM He y4H-
THIBAETCS BO3MOXKHOCTh pasMelnentsi Gosee Mmeaknx H-rpynnupoBok
pasHoro BHAa Ha MecTe OJHOH KPYMHOIi.

I[Tycts B opMyJIbHOII eaHHHLE TBepOro pactsopa uucaa dH-rpyn-
nuposok tHna K, L, M paBusl &, [, m cOOTBETCTBEHHO H, C/IeI0BATE/bHO,
€ro cocTap MOKeT GuIThb BohipaxeH gopmynoil K,L;M,.

Jlas pacuera uucen k, [, m npurojen caepyiomuii npuem. Ilycts
ylcaa aToMOB A B OIMHAKOBHIX CTPYKTYPHBIX nosniusax B dH-rpynnu-
popkax K, L, M u B GopMy/bHOH elHHHIle pAcTBOpa paBHBI ag, di,
am M @ COOTBeTCTBEHHO. Toraa cnpaBelJHBO ypaBHEHHe

axk + a.l +awm = a. (IL.11)

Pellense cHcTeMbl aHAJOTHYHEIX YPaBHEHHH, CBA3BIBAIOIINX YHC/IA aTo-
MoB B QH-rpynnupoBkax W (GOpMYAbHOH eIHHHIIE PacTBOPA, NO3BOJISET
HafiTh uucna k, [, m.

Iycts B opMyabHOIl enunuIe pacTBopa uyHcao DH-rpynnupoBok
pasuo k -+ [+ m = p. Torna B n GopMyJBHBIX €IHHHUAX pacTBOpa
conepskntesi pn SH-rpynnupoBoK W cpean HHX kn rpynnuposok K,
In rpynnupoBok L u mn rpynnupoBox M. Uucso pasinyuMBEIX nepecra-
HOBOK 3THX TPYNIHPOBOK aTOMOB

o pn | ;
1= ZnTinTmnl ° (IL.12)

KoHdmrypaumun aToMOB B KpucTanne
npu PUKCMPOBAHHOM PACcMONOIKEHUM ATOMOB B NO3ULMAX O

Ecau B TBepaom pactsope thna (A, B)* (X, Y)P crerepoBa/ieHTHBIM H30-
mopusmom AX == BY conepxkanue komnonenta AX HHYUTOXKHO M MaJja
BEPOSTHOCTL TOrO, YTG JBe COCE/HHe MO3HIHH oo OYAYT 3aHATH aTOMaMH
A, To atoM X, KOMIEHCHPYIOWIHH BaJeHTHOCTb atoma A, MOMKeT
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3aHMMaTh JI00YI0 13 GaMKaimmX K nociaennemy nosuuuii f. Hucao Ta-
KHX TMO3HLHMH, T. €. KOOPAHHALMOHHOE YHCJO K(g—g), ONpPEaeIseT YHCI0
BAPDUAHTOB pacnoJioxkeHus rpynnuposkd AX npu (pUKCHPOBAHHOM MO-
noxeHuH atoma A. [Tocko/IbKY B 3TOM cJyyae OPHEHTHPOBKA Kay 1ok
rpynnupoBkH AX He 3aBHCHT OT OPHEHTHPOBKH APYrHX TaKHX Ke rpyn-
NIHPOBOK, TO OfLee YHC/A0 pa3/IHUHMbIX KOHGHrypalHii aTOMOB NPH QHK-
CHPOBAHHOM pacroJIOXKEHHH aTOMOB B MO3HLUMAX & DPABHO

n ¥

g: = (ka—p)"2%. (I1.13)

B ofuwem unc10o KoHdHrypammii g, 3aBHCHT OT COCTaBa H CTPYKTYPLI
pacrsopa. PaccMoTpuM ero onpefeleHue Ha NpHMepe MHPOKCEHOB CH-
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Puc. 2. Bsaumnuoe pacrnonokenne atomoB B mosuumsax M1 n M2 B mnockoctu (100)
crpykTyps napokcena (A, BYM? (B, OM! 8i,0. Mosicrenna B Texcre

CTeMbl AHONCH], — 3THPHH — KaaeuT. Ec/H o1Ho-, A1BYX- H TpeXBaJjeHT-
Hble KaTAOHBI 0603HaYHThL OykBamMu A, B 1 C coOTBETCTBEHHO, TO 06LIAs
dopmyJia STHX MHPOKceHOB 3anuiercs * B uge (A, B)M2 (B’, C)M! Si,0,.

B crpykType nHpokceHa aTOMBI, 3aHHMaiouiHe nosuiuH Ml u M2,
06pasyloT BBITAHYTHIE BJ0JIb OCH 2 moJocel B naockoctd (100). B 6au-
JKallleM OKDYKeHHH Ka)K[0H nosHuMH M2 HaxonWTcs TpPH MO3HIHH
M1 u wnaobopor (pHc. 2), T.e. Kme—mi paBHO TpeMm. Ecan nosunmus
M2 3zaHsdTa ONHOBAJIEHTHHIM aToMoM A, 1715 COGJIONEHHS JOKaJLHOH
3/IEKTPOHEHTPaJBHOCTH OJHA M3 Tpex Oamxaimux nosunuii Ml
IOJXKHA OBbITh 3aHATA TpeXBaJeHTHBIM aToMoM C, YTOOB cyMMapHas Ba-
JIEHTHOCTb aTOMOB B 3THX no3uuusax M1 u M2 paBHsiace geTbipeMm.
Taxk mxe cBazanbl atomsl B u B,

B03MO:KHOCTb NepeMeHBl MeCTaMH pSIOM PAcOJIOMEHHLIX ATOMOB
B’ u C B nosuuuax MI] npu coxpaHeHHH HX CBsI3H c aTomamH Bu A
npH (HKCHPOBAHHOM PACIMOJIOKEHHH B Mo3uuuax M2 onpejesasier yuc/ao
KOH(Hrypantii g,. Takasi BO3MOXKHOCTb GBLIBA€T JIMIIbL B T€X YYacTKax
[0JIOCH!, B KOTOPHLIX NpoeKuuH atoMoB A u B Ha ocbh z pacnogsaratorcs
pspom. Ecau ycnoBHMcsi 0603HaUaTh MOC/AEN0BATENLHOCTE PacHoJIoKe-
HHs aToMOB A H B B moJioce B COOTBETCTBHH C HX MPOEKIHel HA OCh 2, HX
pacnoJoxenne Ha pHc. 2 nsobpasurcsa psinom BBAAAABAAABABB.

I'pynnsl B Ba U GoJiee COCEIHHX ATOMOB OHOIl BAJIEHTHOCTH, HAIPH-
mep AA uau BB, orpaHuMuMBalOT BHIIENEHHBIE HA PHC. 2 VUACTKH C He-

* Ilns pasanuus JBYXBaJdeHTHHIX atoMos B, sauumatomux nosuuug M1 u M2,
nepBble NOMedeHkl WTPHXOM,
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32BHCHMBIM OT OCTaJbHOH 4acTH noJiocsl pasmernenHem atomos C u B.
Vuacrku I, 11, 111 Bvecte ¢ orpaHHYHBAIOUIHME HX aTOMaMH 0603HaYHM,
kak B(BA)A, A(ABA)A u A(ABAB)A.

Jlas onpenenenus ofuiero yWeaa KoHQHTypauHii aTOMOB B TMO3H-
wiax M1 HY»KHO 3HATH YHCJIO BO3MOXHHIX KOHGHrypamuii aromos C
B’ B Ka)KIOM BH/Ie He3aBHCHMBIX YYACTKOB H KOJIHYECTBO TAKHX YUaCTKOB.

B yuacrke I arom C MOXeT 3aHHMaTh MO3HIMH | HIH 2 H 4HCIO BO3-
MOKHBEIX KOH(Mrypauuii pasxo xsym. B yuactke II atom B’ moxer sa-
HHMMaTh JI0OYI0 H3 noauimil 3, 4 UAH 5 W UYHCJIO BApHAHTOB PacnoJo-
JKeHHsi aTOMOB B mnosuuuax Ml mpu 452 K
()MKCHPOBAHHOM DaCMOJIOKEHHH aTOMOB :
B nosuuuax M2 pasuo Tpem. Moxuo
nokasatb [37], uTo uymHCcaa AOMYCTHMBIX
nepectaHoBoK atomoB C H B’ B yyacTrax
C uHCJOM aTOMOB, paBHEIM 2, 3, 4, 5, 2[
6 u T. 1., 06pa3yIOT PeKYPPEHTHBIH Pl
dudonayuu 2, 3, 5, 8, 13 U T. ., KaK-
JIBli uJeH KOTOpPOro paBeH CyMMe JBYX
npeabLYIHX.

ITockosibKy B nosunuax M2 atomer 0 a'z ﬂ‘ ﬂ' L
pasMellleHbl XaoTHYHO, MOMKHO ompeje- i ok o0 i
JIHTh BEPOSITHOCTh p 00pa3oBaHHs He3a- Puc. 3. Paccuntanunie suauenus
BHCHMOTO y4YaCTKa M HAHTH YHCJAO Ta- ASY Bmupokcenax (A, B)™* (B’
KHX yuacTkoB. B uacTHocTH, BepostT- OM! Si,0p (kpyxkn) m  sasuch-
HOCTB TOTO, 4TO JOOble YeTeipe moapsan Mocts Ny (I—N ) Rin 3 (amuns)
B3ATHIEe aToMa nosunun M2 obGpasyior
rpynny BBAA, paBa N3iN%, a uHc/O TakHX HE3aBHCH MbIX yuacT-
KoB paBHO NNANE, rie Ny u Ny — KoHueHTpaunn atomoB A u B B
nosunuax M2,

OGiee YHCJIO JIONYCTHMBIX KOHGHrypaunii aToMoB B moaunusax Ml
paBHO NPOH3BENEHHIO YHCE/I IEPeCTAHOBOK aTOMOB BO BCEX HE3aBHCHMBIX
yuacrkax. Pacuer [37] nokassiBaer (puc. 3), 4TO OHO C XOpolue# cTe-
NeHbl0 NPHOIHMKEHHOCTH OMpeae/sercs BblPaKeHHeM

gy s gt (I1.14)

IMonuepkHeM, YTO KOOPAMHALMOHHOE YHCAO kmi_m2 TaKKe paBHO 3.
3acayKuBaeT BHHMaHusA To, uto ypaBHenus (I1.13) u (I1.14) nonoGusr.
JleficTBHTEIbHO, BeJHYHHY Nax = nNa B ypasuenuu (I1.13) moxwHO
cyitaTh paBHOH NN (I — Nj), NOCKOMBKY MpH MaJIOM YHCJe IPYIINH-
posok AX peanynna (1 — Na) Gauska x 1. 910 jaeT OCHOBaHHE npex-
TN0JIO}KHTh, YTO YpaBHEHHE

PSS (e e (I1.15)

BbIPA2KAET YHC/IO BO3MOMHBIX KOH(QHUrypauuil aToMOB g, B MO3HUHAX P
npH (PHKCHPOBAHHOM PAcCHOJIOKEHHH aTOMOB B NO3HIHAX o reTepoBa-
JIEHTHBIX TBEPAbIX PACTBOPOB, B KOTOPHIX 3aMelleHHe MNPOHCXOAHT IO
cxeme AX = BY.
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ﬂepeCTaHoskn HM30BANEHTHbLIX aTOMOB, 3aHMMaroLW KX
OO0MHAKOBBIE CTRPYKTYPHbBIE NO3WUKUK

[TycTh B MO3HIHUSX o ONHOBAJEHTHLIE ATOMBI [PeACTaBJIeHbl BugaMu A’,
A" u 1. 1., nByxsanentHbie — Bugamid B, B” u 1. 1. Torna sacenen-
HOCTb MO3HLMI }300pasuTcs (HopMyJoi (Ag-Az...ByBi...)%

B n ¢opMyJibHEIX €IMHHOAX PACTBOPa COJAEPIKUTCS @n OLHOBAJIEHT-
HbIX aTOMOB A M B TOM uHcae a'n atomoB A’, a’n atomoB A” u T. 1.
Uuncsio pa3iHuiMBIX I€PECTaHOBOK 3THX aTOMOB paBHo an!/(a’n! a'n!...).
AHaNOTHYHO YHCJIO Pa3IHUNMBIX NEPECTAHOBOK JBYXBaJEeHTHEIX aTOMOB
B pasuo bn!/(b'n! 5™n! ...). [TocKOAbKY 3TH NepecTAHOBKH HE3aBHCHMBbI
JIPYT OT 1ipyra, ofliee Y0 NepecTaHOBOK H30BaJIEHTHBIX aTOMOB B [10-
3HIHAX €

gg‘ ~ an ! : bn ! ) (II.IS)

a‘filfe’n 1. b'nlbnl...

Eciin mojo6Hble nepecTaHOBKH aTOMOB B Pa3HBIX MO3HIHAX HE 3aBHCAT
ApYT OT Apyra, ofliee YHCJ/IO NepPecTaHOBOK

o A
g=g5-g8 ... g, (11.17)
ITtH IIEPECTAHOBKH He H3MEHSIOT B3aHMHOTO PAaCnoJIOXEeHHs aTOMOB pas-

HOil BaJIEHTHOCTH H I03TOMY He HapylIaloT JOKAaJbHOH 3J]eKTpOoHeii-
TPaJbHOCTH KPHCTaJa.
Al

lNepecTaHOBKM PA3HOBANEHTHBLIX ATOMOB, 3aHMMAaKOLLLMX
OAMHAKOBbLIE CTRYKTYPHLIE NO3MLMK B DNEKTPOHEHTPAaNbHOMH
rpynnMpoeke

Buavasie onpefesHM 4HC/JI0 BO3MOMKHBEIX KOH(Urypauu#l pasHOBaJenT-
HBIX 4TOMOB, 3aHHMAIOIIHX SKBHBAJEHTHbIE NO3HIHH B KOHEUHBIX uJje-
HaX TBepIBIX pacTBOPOB. [IpHMEpOM MOTyT CJAYKHTh MArHETHT
Fe’+ [Fe?+Fe*t] O, u apyrue obpamenusie mmnunean A [AB]O,, canu-
aun K [AlSi;] Oy u npyrue KajHeBble NOJIeBble ILNATHL.

Pemnm 3anauy wa npumepe mnuxean B [AB] O, wau apyroro kpH-
cra/yia, y koroporo B SH-rpynnupoBKke ABe mosHUHH [ 3aHATH PasHO-
BaJeHTHEIMH aToMaMH A ¥ B. Ecau onna 3 no3unuil saHsTa aToMoM A,
Apyras, pacnoJaralolascsl o coceicTBy, 3aHsATa artomMoM B, H Ha-
000poT.

Ecau ycnoBHO passennm pelneTKy P Ha JBe nojoGHBIE MOAPEINETKH
p’ 1 B”, BO3MOXKHBI Pa3/IMYHbIE BAPHAHTHI PACIPEIEIEHHS aTOMOB MEXY
STHMH moppemteTkaMH, [Togpemerka ' MOKeT GbITh NMOJHOCTHIO 3ace.ie-
Ha atoMaMH A HJIM aToMaMH B WJIH HMeTb MpOMEeXKYTOUHBIH COCTaB, NMpH-
yeM II0 COCEJICTBY C KazKIbiM aToMoM A B Gumkaiiiieii nosumuu " naxo-
JUTCA KOMMEHCHPYIOIIKIT ero BaleHTHOCTh aTtoM B, a mo cocenctsy ¢
KaxJIpiM atomoM B — atom A B nosunuu f”. Ilyets B nosunusix f’ co-
JIepKHTCS N aTOMOB A H np atomoB B, npuuem ny - ng = nu na/n =
= x. Torma sacenenqnocth nosuunii B’ u f” Bepaxaerca (opmyoit
(AB1—x)P" (Ai—xB,)¥". UHcno BO3MOXKHBIX KOH(HTYpALHil aTOMOB MOXK-
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HO HaiiTH, IONYCTHB, YTO TNPH NPOH3BOJLHOM Pa3MelLleHHH aTOMOB B IO-
sumuax P’ aromel B no3umuax P pacnonaraiorest Tak, 4ToGhl coaiona-
Jlach JIOKaJbHasl 3JEKTPOHEHTpaNbHOCTb, PellleHHe 3alaud aHaJOrHYHO
PacCMOTPEHHOMY BHIllle HAXOXK/AEHHIO YHC/Ia BO3MOMKHBIX KOH(HTYpaiHil
aTomoB B pacteope (A, B)* (X, Y)? ¢ rerepoBaseHTHEIM H3oMOpPGH3MOM
AX = BY.

Uucio BO3MOMKHEIX IEPecTAHOBOK aTOMOB B MNO3HIHAX P’ paBHO
n!/(ns! ng!), npuueM NpH Kamo# nepecTaHoBKe BOIMOXKHO (Kp._pr)"A"B"
BapHAHTOB PacnoJoXeHHs atoMoB B nosuuusax P”. OGumee yucio nepe-
CTaHOBOK IIPH paccMaTpHBaeMOM pacnpefieseHHH aTOMOB COCTaBJ1seT

nang

g f) = o Gyp) ™ . (I1.18)
H3venenue pacrpefmesneHuss atomoB Mexay pf° uw p”, T.e. HaMeHe-
Hue uucaa aromoB A (¥ B) B mosunusx f’ (i p”), Berer K nosiBjeHuio
HOBBIX KOH(HTIYpaIHii aTOMOB, YHCJIO KOTOPHIX BhIPaXKaeTcsl YpaBHEHHEM
(I1.18). Obee unca0 BO3MOKHEIX KOHGHrypalui atomoB A u B B Jio-
KaJbHO 3/1eKTPOHEHTPaJbHOM KpHCTaJlle

nﬂ};=n nl nalg
= Y —— (pp) ™ . (1.19)

e
* n,lngl
ng=0 Alllg

Henonbayem npumensieMblil B CTATHCTHYECKOH TepMOAUHAMHKE TIpHEM —
8aMeHY CYMMbl g; €e MaKCHMa/JbHBIM HJIEHOM:

- I n' ng
g gi=—— (keg) 7, (11.20)

- .
HAI UB

Ll -
Tle Na H Np — BEJHYHHBI 1y U Np, NPH KOTOPLIX BeJHYHHA g; JOCTH-

raetT MakCuMyma. HEpr,I[HO JOKa3saTb, 4TO l'l;‘ e 1'13. = _ﬁ_ HO,D,CTEB-
ass 9TH sHadenHs B (I11.20), maxommm
g4 = 20 (kpe—p)* . (11.21)

KoHprrypaunoHHas sHTPONMS KpMcTanna

Ws (I1.10) crenyer, 4To KOHQHIYPaNHOHHYIO SHTPONHIO MOXKHO pac-
CMAaTPHBATh KdK CYMMY SHTDOMHH, CBA3aHHBIX C Pa3JIHUHBIMH THIaMH
H3MEeHeHHH DPacro/IOXKeHHS aTOMOB B KpHCTa/Je:

Smon=klngran=38,+S,+ S, +S,, (11.22)
4 HMeHHO, ¢ nepectanoBkamMH H-rpynnupoBox
o L3 =8 m
S R(klnp +ln—+mln p), (11.23)
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