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OBLASL XAPAKTEPUCTHKA PABOTHI

Baxuoii 3a5aueil B COBpeMeHHOI KPUCTALIOXMMHY ABIAETCA H3y4yeHHe AedeKTOB KPHCTATIOB U
TBEPABIX PpACTBOPOB, KaK JUIA JIOTHYECKHX 3aJa4, Tak M JUlsi MaTepHantoBedeHua. Tak Kak
IKCHEPUMEHTAIBPHOE H3ydeHHe Ae(eKTOB M TBEPABIX PacTBOPOB ABJIAETCA TPYAOEMKOIf, a 9acTo —

HEBO3MOKHOM 3a1a4¢id, GONBUIYIO PONth B 9TOH 00IACTH UIPAcT KOMITBIOTEPHOE MOACTHPOBAHHE.

KOMHB}OTCpHOC MOZACIHpOBaHHE lIC(l)CKTOB MO3BOJACT OLEHHTh BEPOATHOCTH BO3HHKHOBECHHA
TOTO HJIH HHOro HCQJCKT&, paccuuTarh csoﬁcma, KOTOpPLIE NOABIAKOTCA B KPHUCTALIC 6naronapx €ro
HaIAYHIO. Monennposaﬂue TBEPABIX PpacTBOPOB IIO3BOIACT PpacCUYUTATh HX (1)1’131’['—[601("6 %4

TEPMOAMHAMHYECKHE CBOICTBA, HX CTPYKTYPHBIE OCOOEHHOCTH.

Jannas pabora cocTouT M3 JBYX uacTeil. B mepBoii onmcaHml pe3yJssTaThl MOJETHPOBRHUA
COGCTBEHHBIX H NMPHMECHBIX TOYEYHBIX AC(CKTOB B IICITOYHBIX T'ANOrCHHAAX CO CTPYKTYpoil ramura
NaCl. Bo Bropoil yacTi paboTHl OIHCAHEl PE3YNLTATH MOACIHPOBAHUA COOCTBEHHBIX M NPHMECHBIX
nedektoB B paAe mnepoBckuroB. B palore momydyeHB! JaHHBIE, [OATBEPXKAAIONME MHOTHE
OKCHIEPUMEHTATbHBIE (AKTH M PACHIMPSIOMME TEOPETHUYECKUE IPEACTABACHUA, 4YTO € YYETOM

BBILIECKA3AHIIOrO ABIAETCA BECHMa aKTYalbHbIM.
Hesn aucceprannontoii padors

1. MozgenupoBanne cCOOCTBEHHBIX W IPUMECHBIX TOYCYHBIX JE(EKTOB B KPHCTALIaX MIETOYHBIX

ranorearaos MCI (M=Li, Na, K, Rb).

2. MogzennpoBaHue CBOHCTB CMEIICHNA H JIOKATBHOH CTPYKTYypH TBepasix pacTBopos LiNa;Cl,

Na,K;..Cl 1 K:Rb,..CL

3. MogenupoBaHHe CBOCTB, COOCIBEHHLIX M HPHMECHBIX TOYEYHBIX Ne(pEKTOB B KpHCTalIax

HeKOTOpbIx nepockutoB ABO; (A=Ca; B=Zr, Ti, Sn).
Hayuunas nosusua paéoTbl ‘

BriepBbie mposeaeH pacieT OTKIOHEHH OT alIHTHBHOCTH Moyl ynpyroctd AK 1 Monyns casura Ay,
suTponun cMelennus AS tBepasix pacteopoB LizNa;.Cl, Na,K1.Cl u K;Rb,..Cl. TeopeTnyecku nzydena
JIOKaBHAsA CTPYKTypa TBepAbIX pacTBopoB LigsNagsCl, NagsKosCl n Ko sRbosCl. Bnepsble nposeneno

MOJeIHpoBaHHe CBOHCTB M ToueuHbix gedextoB CaSnO;. IIpoBeneH pacuer SHePrHil pacTBOpeHHS



npuMecHsix HoHOB B CaTiO;, CaSn0;, CaZrO; npu pa3mnusbix cr10cobax KOMIEHcauuy H3GHTOYHOro

3apsja.
IIpakTu4eckas WEHHOCTh BLIOIHEHHOM PaboThbI

[Momy4ennsle 3HAYEHHA JHEPTHH CBA3H JE(EKTOB KIACTEPOB B IIENMOYHLIX TANOTCHHAAX MOTYT

OLITB MOJIE3HEL B OGJIACTH H3YUEHHSA NPOLECCOB, COMYTCTBYIOMINX 00pa3oBanmio NeGeKTOB B KpUCTALIAX.

Pe3syssTaTel MOJETHMPOBAHKSA CBOMCTB CMEIICHHS M JIOKANBHON CTPYKTYpH TBEPABIX PACTBOPOB

HIETOYHBIX TATOICHHAOB pacliupAIOT NIPEACTABICHU O (I)PISHKG TBEPABIX paCTBOPOB 3aMCICHUA.

IonyueHusie B XOfe MOJAENHPOBAaHHSA 3HAYEHHA YIPYTHX M TEPMOAMHAMHYECKMX CBOUCTB
KpucTamios nepoeckntoB ABO; (A=Ca; B=Zr, Ti, Sn) u aHepruii pacTBOpeHus NpUMeceil B HIX MOTYT

OBITH HOJIE3HEI TpH U3YUCHUH HpaKI‘H‘ICCKOﬁ TIIPHMEHHUMOCTH JAHHBIX KPHUCTAIUIOB.
OCHOBHBIE NOJ0KEHUSA AHCCepTalH, BBIHOCHMEIC HA 3ALHTY

1. MopenupoBanye H30MHPOBAHHBIX COOCTBEHHBIX U NPUMECHBIX Je()EKTOB M MX KNAcTEpoB B
LiCl, NaCl, KCl u RbCl. Pacuers1 3Hepruu cBsasu nedekTos B KIacTepax, YTOYHAIOLINES 3HAYEHNS

9HEpruil pacTBOPEHHS pIMeEceii B 9THX KPHCTAILIAX.

2. PacueTsl CTPYKTYpHBIX, YNPYTHX H TEPMOAMHAMMYECKUX CBOMCTB CMELICHHS TBEPABIX
pactBopoB  LiNa,Cl, NaK;.Cl n KRbCl. CpasHeHne 3THX pacueToB ¢
9KCIICPAMEHTANBHBIMU J2HHBIMH U C TPEACKa3aHUuAMH (EHOMEHOMOTNYECKOM TCOPUH TBEPABIX

PAaCTBOPOB.

3. TeopeTHyeckoe M3y4eHHE JOKANBHOH CTPYKTYPSl 3KBHMOIAPHBIX TBEPABIX DPacTBOPOB
NagsKosCl, KosRbgsCl, LipsNagsCl, xoropoe cyumiecTBEHHO YTOYHAET M JOMNOJHSET

npeacraBaeHnA QeHOMEHONOTHYECKOi TEOpHH TBEPABIX PACTBOPOB.

4. ATOMHCTHYECKOE MOJETMPOBAHHE CTPYKTYPHBIX, YIPYTHX U TCPMOJHHAMHYECKHX CBOMCTB
pomOnuecknx nepoeckntoB CaZrO;, CaTiO; m CaSnO3 — OCHOBHEIX KOMIIOHEHTOB MHHEpana
nakapruura. OUEHKM SHTANBIMH 0OpasoBaHUs HENPEPBIBHBIX TBEPABIX pactBopoB CaZrO;-
CaTiO;, CaZr0;-CaSn0O;, CaTiO3-CaSnO;. IlpeAcTaBieHBl pacdycTH SHEPrHH 00pa3oBaHHsA
COOCTBEHHBIX TOYEYHBIX AE(EKTOB M SHEPIMH PACTBOPEHHSA IPHMECHBIX 2-X, 3-x u 4-X
BaJleHTHEIX KAaTHOHOB, a Taloké MX acCcONMAaToB BO BCEX Tpex Marpuuax. JlaeTcs HX

TIpe/iBApUTENBHBIA aHATN3 HA OCHOBE KPHCTAUTOXHMHYECKOH MOJIENH TBEPABIX PacTBOPOB.



Anpobanus paoTs!

Pesynsratel paboThl AOKIAABIBANNCE HA CNEAYIOIIHX KOHGEPEHLUAX BCEPOCCHICKOrO H
MEXKIYHapOAHOro ypoBus: 4-as HammonansHas KpHCTamoxuMudeckas koHpepenuus (UepHorosnoska,
2006); Mexnynaponnas koHdepenuns “CHeKTpockomuss M KPHCTa/UIOXHMHA — MHHEpajios”
(ExatepunGypr, 2007); MexayHapoauoe cosemanne “Kpucrannoxumus 1 peHTreHorpadus MiuHepanos”
(Mpuacc, 2007); V HaumonansHas kpucramnoxumnueckas xoHpeperumns (Kasans, 2009); Beepoccuiickas
MOJOICKHAA HayyHas KoH(epenums. “MuHepansl: CTpoeHHe, CBOHCTBA, METOABI HCCIEIOBAHHA”,
Mpuacc, 2010; MexayHaponsstii cemunap "From atomistic calculations to thermodynamic modeling®,

Opankdypr-Ha-Maiine, 2010; XXX Hayunsie yrerns uM. H.B. Benora, Hixnuit Hosropon, 2011.

Hy6aukanun ¥ JHYNLIH BKIaJ aBTOpa

ITo MaTepuanam muccepTaumu omyGIHKOBaHO 17 mevyaTHBIX paboT, H3 HUX 3 CTaTBH B BEAYILMX

poccHifckuX 1 3apyBexHBIX KypHanax, 14 Te3HCOoB I0KIa10B Ha KOH(EPEHIHAX.

ABTOpOM BBIIIOJIHEHBI BCE pACUYCTBHl, PE3YIbTaTbl KOTOPBIX BBRIHECCHBI Ha 3allHTy U

nepedrcIeHHEIX B pasaene “Haydnas HoBu3Ha paboThi”.

Yacte paboTol Oblma BeMOMHEHa NpH (HMHAHCOBON HOMNEPXKKE CICAYIOINMX TPAHTOB: IPaHT
BeyIUX Hay4nbix mkon PO 8091.2006.5, unuuuartusubie npoexktst POOU 05-05-64721a u 09-05-
00403a.

AsTop BbIpaxaeT ocoOyio OnarofapHOCTh Hay4HOMY pyKoBoauTento akazemuxky PAH, mokropy

A.X.H., npod. B.C. Ypycosy.

Astop Bolpaxaer GrarogapHocts 4.X.H. goul. H.H. Epemuny, k.x.1. T.I". IletpoBoii 3a nomormus B
MpoBeJIeHHN pacyeToB. ABTOp OGmaromaput K.¢.-MH. I'pevanorckoro A.E. (MHCTHTYT reoxmmuy,
MuHepanorus u pynooOpasosauns uM. H.II. Cemenenxo HAH Vkpauner) m konnekTHs Kadeapsl
KpUCTaIorpadus M KpHCTAUIOXHMHH reonornyeckoro ¢akymsrera MI'Y 3a uennoe ofcysaeHne

PE3yIbTaTOB AAHHON ANCCEPTALIMOHHON paboTsl.



CrtpyKTypa n 00BeM AHCCEPTaLINH

Jluccepranusa COCTOWT W3 BBEACHWSA, TATH I7aB, OCHOBHBIX PE3YNIBTATOB H BHIBOIOB, CIIHCKA
JINTEPaTyphl, W3M0XKEHHBIX Ha 150 crpammuax. Huccepraums comepxur 31 pucynok, 21 Tabnumy n

CTUCOK MuTepaTypb! 3 130 HanmeHOBaHHH.

COJEPXAHUE PABOTHI
Beenenue

Bo BBemeHuM AHccepTanMOHHOM paboTel NpHBOAMTCH OGOCHOBAHHME AaKTYalnbHOCTH TEMBI
uccne0Banus, chopMyaupoBaHsl Lend paboThl, ONMHCaHA HAay4HAs HOBH3HA M 3HAYHMOCTH PaGOTHI,
¢HOPMYNHPOBAHEL MONOXEHUA, BBIHOCUMEIE HA 3alUNTy, NPHBEACHBI OOCTOATENRCTBA arpodanuu

paboThI.

I'aaBa 1

IlepBas rnasa JUCCEPTALMH COREPXKHUT ONHCAHHE METOAA aTOMHCTHYECKUX NAPHBIX MOTCHIHAJIOB,
JlaroTcq TeopeTHYECKHE OCHOBBI JaHHOTO Meroda. OCHOBHBIM NPHHUHIIOM JaHHOTO METOAA SBIAETCA
TOMCK MUHHMyMa SHEPTHH pelleTk Kprctana. OIMICHBaOTCS 0COOEHHOCTH MOJCTHPOBAHHS B HOHHOM
npubmkeHnn. OCHOBHBIM BBID@XEHHEM, ONHCHIBAIOIINM HOHHOE ITAPHOE B3aHMMOZACHCTBHE, SBILIETCA
noteHnman bykurrema [1], koTOpPBIA MOXKHO IPEACTABUTE B CICAYIOMEM BHIE:

6
Vi(R)=ZZ,|R; +A;exp(-R;/ p;)—c; IR, 1),
roe Zi v Zj, - 3apaibl B3aHMOACHCIBYIONIMX MOHOB, Rjj — paccTOsHWE MekAy HOHamu, A -
[PEAIKCIIOHEHIMANBHEI MHOXHTENb Nepe/ TOTEHIHATIOM OTTAlKHUBAaHMs, C;j - CHIOBOI napameTp Ban-

jep-Baanscosa B3aumMoacicTBIA.

B rnase ommchiBaeTcs Momens AByX BiIOkeHHBIX cdep Motra-Jlurnirona [2], kotopas

HCIIONB30BaNach aBTOPOM paGOTbI JUTA MOZCITHPOBAaHUA TOYCUHBIX HCQ)GKTOB.

Tak kak napamMeTphl MOTEHIHAIOB ypapHeHus (1) HAnpsMyto HE M3MEPSAIOTCA IKCHEPHMEHTAIBHO,
HX HEOOXOIHMO MHONYYHTh B XOA€ ONTHMM3ALMA IIOJ| H3BECTHBIC CBOHCTBAa KpHCTamioB. B rmase

OIHCAHBI 0COOEHHOCTH JAHHOH HPOIeayphl.



Janee wn3naralorca 0COOEHHOCTH KoMmmbloTepHoi nporpamMel GULP [3], kotopas Obuia
HCIIONB30BaHA ABTOPOM JUIS MOJEJHPOBAHHA METOAOM ATOMHCTHYECKHMX NapHBIX NOTeHIuanoB. Ha
A2HHBI1 MOMEHT 3Ta IporpaMma 06nafaeT HaHGOIBIIHM KOTUYECTBOM BO3MOXKHOCTEH U ABJISETCA CAMOH

PAacIpoCTPaHEHHOH B paMKaX JaHHOTO METOJA.

JlaeTcs KpaTkoe OIMCaHHE HPOrpaMM, MCIIOIb30BABIIMXCS IS MOJENHPOBAHHS TBEPIBIX
pacTBOpOB M HX JioKansHoii crpykTypsl. Ilporpamma BINAR [4]) ucronp3zoBamack I8 HaXOXKICHHA
aTOMHBIX KOH(GUIypalunii TBEPABIX PACTBOPOB, OTIHYAIONIMXCA MAKCHMAIbHOM CTENeHbIO Gecrnopsaika.
Iporpammer Gistogramma [5] 1 Relax [6] ucnons3oBanuces Ui pacyeTa JOKANbHOH CTPYKTYpPBI TBEPABIX

pacTBOpOB.

T'nara 2

Bo Bropoii rmase auccepranuM AaH JHTEPATYPHbIH 00630p MO MOASIHPOBAHHIO COOCTBEHHBIX M

NpUMecHBIX feekToB B mienounsix ranorednaax MCl (M=Li, Na, K, Rb) co crpyxrypoii ranura NaCl.

B rnaBe npuBeneHs! MOIYYEHHBIC aBTOPOM De3yAbTaThl 110 ONTHMH3AaOUM MapaMeTPOB
MOTEHIMANOB JAHHBIX MIENOYHBIX ratoreHuaoB. ONTUMU3alHs NapaMeTpoB NoTeHuMana byknurema as
BaanMopeiictBus M™-ClI" u CI-Cl npomcxowna MOj HM3BECTHBIE OKCHEPHMEHTANLHLIE JAHHEBIE:
rapameTpsl a 1 06beM ¥ anemenTapHoi sueiiky, ynpyrue koHcTaHThl Cry, Cia M Cas U MOJZYJIB YIIPYTOCTH
K, xone6aTenpHy10 3HTPONMUIO St, M30XOPHYIO TeroeMkocTs Cy uucThiX kpucramnoB MCl (M = Li, Na,
K, Rb). CrenmeHr uOHHOCTM cBA3M mUpHHHMaldack paBHoil 1.0. Jlna Gonee TouHOro OMHCaRMA
tepmozuHamudecknx ¢BoiicTs NaCl u KCl ucrnons3osanace oGomoueynas Momens mis ansoHos Cl. B
pe3yabTaTe MOAENHPOBAHMA TIONYYeHO XOpOIIEe COIJIACHE MNEPeYHCICHHBIX BBILIE CTPYKTYPHBIX,

YOPYTHX H TCPMOJHHAMHYECKHAX CBOMCTB IIIEJI0YHBIX FaJIOTCHHIOB C IKCTICPUMEHTAIBHBIMA JaHHBIMH.

Ha prc. 1 npuBeners! pe3yabTaThl pacyeTa KoaeOaTeabHOl SHTPOIUH ST METOYHBIX TAIOTCHHI0B
B TemneparypHoM auanasore or 300 go 1100 K. BuaHo, uto BhIuucIeHHBlE 3aBHcHMOCTH 1714 NaCl n
KCl OTKIOHAIOTCA OT SKCNEPHMEHTAILHBIX JAHHBIX [7] Ha paBHBIE BEIHMHHEL, W IO3TOMY IAHHbIC
OTKJIOHEHHs. HE BIHAIOT Ha pacueT CBOHCTB cMemeHus. Tawoke OBUIM PacCYHTaHBl 3aBHCHMOCTH
n3oxopuoil TennoemkoctH Cy oT TeMneparypsl 7, KOTOpBIE MMEIOT YAOBIETBOPHTEILHOE COIIACHE C

JKCNEPHMEHTAJIBHBIMHA JAHHBIMU.,
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Puc. 1. CpaBHeHHE 3aBHCHMOCTeil 3HTPONHH ST OT TeMmepatypsl 7, BBIMHCICHHEIX B XOfE
MOJETUPOBaHHs (CIUIONIHBIC JIMHHH) M HOMYYEHHBIX 3KCIEPUMEHTANbHO [7] (IyHKTHDHBIC JTHHAN)

AT IIENOYHBIX raJIOreHU/I0B.

Taxum o0pazom, BrIGpanHas MofieNb Obila ONTHMU3HUPOBAHA JUIS IOCJIEAYIOMErO MOAETNPOBAHUSA

neheKTOB U TBEPIBIX PACTBOPOB HCCIEAYEMBIX IENOYHBIX IaJIOreHHI0B.

Jlanee B riaBe OINMCBHIBAIOTCS PE3y/IBTaThl MOJETHPOBAHHS COGCTBEHHBIX TOUYCHYHBIX Ne(PEKTOB B
MCl (M = Li, Na, K, Rb). Mozaenuposatne GBUIO DPOBEJCHO C HCHONB30BAHHEM MAPAaMETPOB
NOTCHIMAIOB, ONMCAHHBIX B IepBOil YacTn rnaskl. C moMomuisio Monens MoTta-JIMTTITOHA BEIYHCIEHE
3Hepruu 006pa3oBaHUs COOCTBEHHBIX AS(EKTOB - BAKAHCHIT M HHTEpPCTHLMN KATHOHOB H aHHOHOB. ITo
3THM J[aHHBIM BBIYHMCIIEHBl 3HepruH 00pa3oBaHHs aHHOHHBLIX M KaTHOHHHIX AedextoB Ppenkend u
medexror WloTTkr B 3THX KpHCTawiax. Pe3yisTarhi PacueToB MOKA3BIBAIOT, 4TO NPH HH3KHX
TeMIepaTypax o0Opa3oBaHHE H30JIHMPOBAHHBIX MHTCPCTHLHMI 3HEPreTHYECKH ©O0Nee BHIFOAHO, YeM
pakaHcui. Katnonnble nedextsl DpeHkens OKa3blBAIOTCA Gojiee BEPOSTHHIMH MO CPaBHEHHIO C
anonHbIMU. Jedext LoTTky, cornaco pacyeTaM, aBiseTes Haudosiee BEPOSTHHIM THIIOM COOCTBEHHBIX

nedekToB.

Hanee npuBefeHbl pe3yabTaTsl MOACTHPOBAHHS TIPUMECHBIX TOUCUHBIX Ae(HEKTOB B M3y4aeMBIX
menounblx ragoresugax. C pomomsro mozenn Motra-JIMTIATOHA TIPOBEACHO MOIEIHPOBaHHE
06pa3oBanus TOYEUHHX NpUMEcHBIX aedexTo oHomamenTheix X (X = Li*, Na“, K', RbY),
asyxearentasix Y2© (Y = Ca®, Cr*", Fe**, Mg™) u tpexsanenthx Z** (Z = Cr**, Fe**) xatnonos 8 MCl
(M= Li, Na, K, Rb). IloTeHumans! B3auMOAeiCTBHA Y*-Cl' u Z¥-CI' 6 MOJTydeHbl ONTHMH3alHel

CTPYKTYDPHEIX ¥ 9HEPTETHYECKUX CBOHCTB COOTBETCTBYIONMX XNOPHAOB, P 31oM noteHman CI'—Cl

8



OCTaBAICA TAKHM 3KE, KaK PH MOAETHPOBAHMH IUEMONHbIX ratorenuaos MCl. Dueprun pactBopenns
npuMeceii E, ObUIM HaliIcHE ¢ y4eTOM 3Kepruii 06pa3oBaHys NPUMECHBIX AEHEKTOB U JHEPTHIl PEIIETOK
XJIOpHIOB. YUTEHO, YTO BXOXKICHHE TeTePOBAICHTHRIX NMpUMecel (ABYX- M TPEXBANTCHTHBIX KATHOHOB
You Zy) B xpucrain MCl xoMneHCHpyeTCs ¢ NOMOWBIO KATHOHHBLIX BaxaHchil V,,. Ha puc. 2
(CILIOIUHbIE NMHMHM) ITOKa3aHBl 3aBUCHMOCTH JHEPIHil PacTBOPEHNS KalHOHHBIX Hpumeceit 8 RbCl or
KBA/PaTa Pa3sHOCTH HOHHBIX PaJHyCOB HOHa-x03suHa M=Rb* u npumecu C(X, Y, Z) & =[(rc- rM)/rM]z.
MokHO BHACTH, YTO pa3jiMYHBIC IpHMecH OOpa3yloT pasHble MO YI7IaM HAaKIOHAa, HO OnM3kHE K
JHHENHBIM 33BUCHMOCTH, XapaKTepH3yOHe SHEPIeTHKY COOTBETCTBYIONINX NPOLECCOB H30MOphHOro

BXOXAEHHA NpUMeceii B HOHHBII KpHCTaLL.

E,, 5B
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0.8 - .
Zy +2Vy
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0.4
A
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0.0 r . . ,
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52
Puc. 2. 3aBucuMocTn 3mepruit pactpopenus E, oHOBAJCHTHBHIX X* (poM6EI), ABYXBANEHTHEIX Y*
(kBampathl) U TPEXBANCHTHBIX > (tpeyronpumnku) mpumeceir B RbCl or mapamerpa 8% Crnommsie
JMHUM TOKa3BIBAIOT PE3YJBTATEL PacdeTa HA OCHOBE IHEPrulil OQMHOYHBEIX Je(EeKTOB, MYHKTHPHHE —~

PE3YIbTATHI PACYETA C HCTIOJI630BAHUEM 3Hepl’Hﬁ HX KJIacTCpOB.

Jiis  MopmenupoBanus KkaactepoB aedektoB Opila nmocTpoeHa cBepxbaAueiika (4x4x4) ¢
YYETBEPSHHBIMH TapameTpamMy cTpykTyphl THna NaCl. TIpi onTUMH3aiuH CTPYKTYpPBI, YTOObI O3BOINTH
aTOMaM CMEIATHCH M3 CBOMX MACATBHBIX NONOKEHHH, OIPaHHYEHHI MO CHMMETpHH OLLIH CHATEHL
JauuelM cnocoOoM OBUIM BEIMMCIICHB! 3HEPTHH PELICTKH KPUCTAUIOB IIENOYHBIX TalOreHHAOB, B
cBepxbAueiikax KOTOphIX Gblna Npou3BEACHA 3aMEHA aTOMOR, COOTBETCTBYIOIAs IEKTPOHEHTPaNsHBIM
wiacrepaM coGcTBennbix medextos (nedexroB @penxens u llorrku) u npumecHsix JedexTo

(00pasoBaHHBIX NPH BXOKICHHH ABYX- H TPEXBAIEHTHBIX KaTHOHOB). Jle(eKTsl, BXOAdIHe B COCTAaB
9



Knacrepa, BHOUpamich Ha pacctosnnsax ot 2 po 15 A apyr or mpyra. Jins xaxoro Kactepa Oblin
Haiifens! snepruu cBasu Ee, = (Umca - Umcl w)/N, rae Umcl « — HEPIUS PElIeTKH, CBEPXbAuciika
KOTOpO#l conepxHT AedexTHbI KiacTep, N — 4HCI0 YacTHI B KiacTepe. JUis Bcex THIOB KIacTepon
NedeKToB BHEPrHA CBA3M KmacTepa Ee JNMHEHO YMEHBIAETCA C YBEIMYCHMEM DacCTOAHMS MEXKIy
YacTHUAMK. JHAUCHUA IHEPTrUil CBA3H KIACTEPOB YCPEIHEHH! IO BCEM PA3IHYHBIM PACCTOSHHAM MEXLY
wacTMLaMK B Kiacrepe. Cpemmme 3HaueHHs SHepruil cBs3H KiacrepoB E., ObUTH NPHGABIEHB! K
COOTBETCTBYIOIIUM 3HAYEHHAM 3HEPrHH pacTBOpeHHs £E, [AByX- H TpPEXBalCHTHLIX KAaTHOHOB.
ToNydeHHBIC YTOYHCHHBle 3aBHCHMOCTH OHEPIMH pacTBOpeHms g RbCl mokazamst ma puc, 2
OYHKTHPHEIMH  [IHHUAMY. Bocxomsmice H HHUCXOAfIICS HANpAaBICHHE 3aBUCHMOCTEH SHEPIHH
pacTBopenns E, M BCEX HeTHIPEX IMENOUHBIX Ta/IOTEHUAOB COLNIACYETCS C IPABHUIOM MOMAPHOCTH

nzoMopdusma.

I'naBa 3

B tpetrell rmaBe AmccepTalMM HaHO KpATKOE M3NMOXKeHHE (DEHOMEHOJOTHYECKO Teopuu
TBEPABIX PacTBOPOB 3amemienns (8], Jlannas Teopus Gasupyercs Ha aTOMUCTHYECKOM TPE/CTABICHRH O
CTPOSHHH KPUCTANINIECKOrO BEIECTBA, IO3BOIMET BLIYHCIATH CBOMCTBA CMELLEHHS TBEPARIX PACTBOPOB

Ha OCHOBE CBOMCTB MX YHCTBIX KOMIIOHEHTOB.,

B rmase npuBencH nUTEpaTypHBIH 0630p MO 3KCIEPHMEHTANBHOMY M TEOPETHYECKOMY

H3y4eHHIO TBepAbIX pactBopoB LiNa;.,Cl, Na,K,..Cl u K,Rb,.,Cl.

Janee npyUBeICHB MOTYYEHHBIC aBTOPOM PE3YIABTATH 110 MOJCTMPOBAHHUIO CBOMCTB CMEIUCHHS
JaHHBIX TBEPABIX PACTBOPOB. [[I1 PaCHETOB CTPYKTYD ¥ SHEPTUM TBEPABIX PACTBOPOB UCIOJNB30BANACH
cBepxbiueiika (4x4x4) ¢ yueTBEpeHHBIMH HapaMeTpaMH CIPYKTYpHl THOa ranuta. ONTHMH3AIHA
TPOBOJUNIACE [UIA CIEAyIomMX coctaBoB: mpu x = 0.125, 0.25, 0.50, 0.75 u 0.875. Maxcumansnas
CTENEHD HEYNOPAAOYECHHOCTH B PACMONOKEHHH KATHOHOB B CBEPXBAYEHKAX HOCTHUIalach ¢ IMOMOIIEO
nporpaMmel BINAR. B pesynerare onTHMH3amHA NOMYHCHB! 3HAYEHMS dHEprun pemeTky U ppa. Io
3TMM JAHHBIM, @ Taloke MO 3HAYCHAAM COOTBETCTBYIOIIMX CBOMCTB YHMCTBIX KOMIIOHEHTOB TBEP/BIX
PacTBOPOB, GbL/I BHIYHCIEHb] 3HAYEHHS SHTATBINE CMEWEHHSE AH oy = Usy ppa — Uixy ~ Usxz, tae Uyn Uy,

X1 N X2 — JHEPIrUH PEIICTKH ¥ MOJIBHBIC IO Kpaﬁx-mx “UICHOB TBEPIAOTO pacTBopa.

W3 puc. 3 Buado, uTo 3Hadenus AH., TBepporo pacteopa K.Rb;Cl, modyuennsie B xofe
aTOMUCTMYECKOTO  MOJENHPOBAHMS,  NPEBOCXOAAT  3Hayenus  AH,,  pacCYHTaHHBIE IO

EHOMEHOIOTHYECKOH TEOPHH, H XOpPOIIO COIVIACYIOTCS € IKCHEPHMEHTAIBHBIMH fanHbiMu [9]. Jlns
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tBepabix pactBopoB NaK.Cl u LiNa;(Cl 3HaueHus SHTAIBINM CMEUIEHHS, BBIYUCIEHHBIE B XOJE
MOJIENUPOBAHHUS, TAKKE PACIIONAraloTCsi BBIIE, HEXEIH pacdyeTsl MO (HEHOMEHONOTHYCCKOH TeopHH.
Pesynbratel MopenupoBanus juis cuctembl Na K, Cl xopomo cornacyioTcs ¢ 3KCIepUMEHTAIbHBIMH
naussMu [10].

K x/Mo1b

M,

1.0 -

0.0 — T T —

0 0.2 0.4 0.6 0.8 1
Xkal

Puc. 3. CpapHenne 3aBucuMmocTedl sHransmmu cmeienuss AH, tBeporo pacrsopa KRbi.,Cl ot ero

COCTaBa, MONY4CHHBIX B XOJAC ATOMHCTHYECKOTO MOIEIMPOBAHHS (KPYrH) M PACCYHTAHHBIX 110

(eroMeHOIOrnYeCKol TeopuH (CIUTONIHAS JIHHHAA) C IKCIIEPUMEHTaIbHBIMH JaHHbIMY [9] (KBaapaTs).

Ha ocHOBe 3HaYCHHIl 3HTAIBIHH CMEIICHHS JTA U3YyYaeMbIX TBEpJbIX PacTBOPOB BO BCEM
JMana3oHe COCTaBOB OBLIH HAlJICHB! 3HAYECHMs NapameTpa B3ammoneiictems Maprymeca O=AHe/xix2,
JlaHHBIE 3HAYSHHS] UMEIOT OTPULIATENBHOE OTKIOHEHHE OT aIUTUBHOCTH HIapaMETPOB B3aUMOJEUCTBHUS,
COOTBETCTBYIOIMM KpaiiHuM uieHaM TBepaoro pacrtsopa O (x = 1) u O» (x = 0), paBHBIM 3HEPrUsM

PacTROpeHHs ofHOBaNeHTHEIX Npumeceit X B MCL.

JUis u3yvaeMbIX TBEP/IBIX PACTBOPOB ObLIa Hali/ieHa SHTPOMHUA CMeleHHs AS,y, KOTOpas ABIAETCS
CyMMOIT KoeGaTenbHOI IHTPONHE cMeteHus ASt 1 KoH(urypanuonHoii sutponuu Sy. KoneGatensnas
IHTPOIHS CMELIEHHS ABJISCTCS OTKJIOHEHHEM SHTPOIUH TBEPAOTO PacTBOpa OT aJIMTHBHOCTH SHTPOIMH
KpallHHX WIEHOB TBEPHOTO pactBopa. KOH(MIypanMOHHAs BHTPONMS TBEPABIX PAcTBOPOB Oblia

paccunrtana 1o popmyie Sy = -kN[xInx + (1-x)In(1-x)].
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Ha puc. 4 noxasaHa 3aBUCHMOCTb BBIYMCIICHHBIX 3HAYEHHI SHTPONUH CMELICHHS ASe TBEPIOrO
pactBopa Na,K..Cl ot ero cocrapa B cpaBHEHHH C SKCIIEPUMEHTATBHEIMU TaHHbMY [11]. Beruncnensnie
3HAYEHHUsl HAXOJATCS B YIOBIETBOPUTENEHOM COTACHH € DKCTIEPMMEHTANbHBIX JAaHHBIMU. I1yHKTHPHOM
nuHUeR Ha rpaduKe noKazaHa KOHGUIYPaHOHHBIN BKIAX Sg, @ BEPTHKAIBHON JIMHHEH — KOJIeGaTe b HbIH

BKNAJ] ASxon B SHTPOIIHIO cMeIeHHs AS, JaHHOTO TBEPAOTO PacTBOpA.

Bergucnensple  spavennst ASe, i KRbi,Cl ¢ xopoumred TOYHOCTBIO COLJIACYIOTCS C
SKCHEPHUMEHTaJbHBIMU JaHHBIME [11]. BaXHBIM pe3yJbTaToOM BBIYHCIICHHE SIBISETCS HE3aBHCHMOCTD

3HaueHuH KonebaTeIbHOM SHTPOIUH cMeleHUS ASi,, OT TemIepaTypsl 7' Ul BCEX TPEX CHCTEM.

AS, Ix/moasK
10 ] ASC;\{
79 AS s
6 - | ] - — =t i .
~ N
o7 e

4 s =

] / N

. Y
7 /
’ k-
/4

0 Ll L} T X i !

0 0.2 04 0.6 0.8 1

XNacl
Puc. 4. CpaBHenHe 3aBUCHMOCTEH SHTPONHUH cMelleHus AS,, 0T cocTara Teeproro pacreopa Na,K,..Cl,
[ONYYEHHBIX B XOJE MOJENUPOBAHMA (CIUIOMIHAS JIMHUS) C SKCIEPUMEHTAIBHBIMU JaHHBIMH [11].
3aBHCHMOCTh KOH(UTYPAUMOHHON SHTPOIHH S¢ TI0Ka3aHa IyHKTUPHOH JIMHHEH, a BEPTHKaJIbHOI

JIMHHAEH — BEJIMYMHA K0J1e0aTebHOro Bkiaaa ASos.

Jis Beex Tpex TBEPIBIX PACTBOPOB OBLIM BBIUKMCIICHBI OTKJIOHEHHS 00beMa IIeMEHTapHOH sTHeHKn
AV or anautuBHOCTH. U3 pHC. 5. BUIHO, YTO OTKIOHEHMS 00BbEMA DIEMEHTApHOH sueiiku AV TBep/oro
pactsopa NaK..Cl ot npasuna Petrepca, monydeHHble B X0/1€ MOJICITUPOBAHUS, C XOPOIIEH TOYHOCTHIO
COINIACyIOTCs C OSKCIHECPUMEHTATBHBIMH NAHHBIME [12] ¥ HeCKONbKO TNPEBOCXOMIT 3HAYCHMS,

BBIYHCIICHHBIE TT0 ()eHOMEHONOIHYUECKO# TeOpHH.
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pacdeTamu 1o GeHOMEHOIOTHYECKOI Teopyelt (CIUIOIIHAS JIMHNU).

Puc. 5. OrkioneHus obbema smementapHoi sueiiku AV tBepnoro pactsopa NaK,.Cl or mpasuma

Perrepca, mody4eHHBIE B XOJ€ PACUETOR, B CPABHEHHM C JKCIEPUMEHTAIBHBIMU JaHHBIMU [12] m

Jlnst BceX TpeX TBEPABIX PACTBOPOB OBLIM BBIYHCICHBI OTKIOHEHUA MOy ynpyroctu AK or
aymTnBHOCTH. Kpome TOro, BiiepBbie I8 MOAEIMPOBAHMS TBEPIABIX PACTBOPOB IPOBEICHBI PACUETHI
OTKIIOHEHHA MOyl casura or amuutuBHocTH Ap. M3 puc. 6 BHAHO, YTO BBHIYHCIEHHBIE B XOJ€

MoJenupoBanys oTkIoHeHust AK or ammuruBHOCTH TBepioro pacrteopa NaKi..Cl [13] maxomsrcs B

XOpOUIEM COTrlIaCuH C DKCIICPUMEHTAIIBHBIMA JAaHHBIMUA U pacueTaMu 110 @GHOMCHOHOFH‘ICCKOP’I TEOpHUH.

| OTKIOHEHHS MOLYJis CABUTA A,[( 0T aIMTUBHOCTH MEHbIIE 110 aBCOTIOTHON BEJIMYMHEe, YEM OTKIIOHECHUSA

Mojyist yrpyroctd AK i BceX TpeX TBEpBIX pacTBOPOB.

3
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Puc. 6. Orknonmenns wmopyna yupyroct AK or amauTuBHOCTH TBepaoro pactsopa Na.K,;,.Cl,
BBIYHCIIEHHbIE B XOAE€ MOIENHPOBaHHA (KPYrH) B CpPaBHEHHH C SKCIEPUMEHTANLHBLIMU AaHHbMu [13]
(xBagpats) ¥ pacueTaMi 10 heHOMEHoNoTHYecKoit TeopuH (CtolHbe THEMH). Benrie kpyru nokassigaior

OTKIIOHEHUSI MOAY A CABUTA OT AAAUTHBHOCTH Aﬂ

Jlng Tpex TBEpABIX PAacTBOPOB paccuMTana ceoGoxnas sHeprus I'm6bca AGo, = AHoy — TAScw.
IMocTpoeHsl TeMmepaTypHble 3aBHCHMOCTH 2Hepruu [uGGea AG., OT coctaBa OUHAPHBIX TBEPIBIX
pacTBOpOB M IpPOBeA€HA AaNNPOKCHMAIMs NONYYEHHBIX 3HAYCHHH cTeneHHOH (yukumeil uecToro
nopsmka. s 1Bepasx pacrsopoB LiNa;,Cl n NaK;..Cl 3aBucumoctn suepruu I'ub6ca or x s
Pa3IMYHBIX TEMIEPATYpP HCCIEN0BAHEL 10 COCTABY HA MUHUMYM. MHHUMYMB! (YHKIIHH COOTBETCTBYIOT
TOYKaM DPacnaja TBepAOro pacTeopa. Ha OCHOBaHHMM TaKOro aHAIM3a ONpPENENEHBI TPAHUIEI Nonel

CTaCUTBHOCTH TBEPABIX paCTBOPOB.

Ha puc. 7 BuaHo, 9To rpanuusl cTabmnbHocTH TBepmoro pacteopa NaK;,Cl naxomarcs B
YAOBIETBOPHUTENBHOM COIVIACHH € 3KCIEPUMEHTANGHMME AaHHbME. KpuTuueckas teMmmeparypa mis
tBepaoro pacteopa Na,K;..Cl cocrasnger Tip = 842 K mpn xn.c1 = 0.55. Kpuruueckas temneparypa

3KCneprMenTanbHol kpusoii [10] remuoro mmke - 780 K.

Kputudeckas Ttemumeparypa s Teepioro pactsopa LiNap,Cl, cormacHo BbIMHCIEHHSM,
cocraBmaeT Ty = 685 K npu xiicp = 0.54, u pacnonaraercs wa 100-150 K spime 3uagennii mo
JKCIEpPHMEHTAIBLHBIM JaHHBIM [14-16], B KOTOPBIX KpUTHYECKad TeMIEpaTypa BapsupyeT ot 512 no 587
K.
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Puc. 7. Conocrasnenue consyca TBepuoro pacreopa NaCl-KCl, nocrpoenHoro mo pesynbraram

MOZCTHPOBARAL, € IKCHEPHMEHTATIBHBIME JaHHBIME [10].

Jlanee B rnape OMUCHIBAIOTCA PE3YJIBTATE TEOPETHUECKOrO HM3YYEHHs JIOKANBHOH CTPYKTYphl
BBIYHCIEHHA SKBHMOMAPHBIX TBEpABIX pactBopoB LigsNagsCl, NagsKosCl n KosRbgsCl. ITporpamma
Gistogramma 6bLTa HCIIONB30BAHA IS aHAH32 KOOPAMHAT aTOMOB B CBepXbadeilkax 4x4x4 Teepaslx
PacTBOPOB, ONTHMMHM3HPOBAHHBIX B XO/€ ATOMHCTHYECKOIO MOJETHPOBAHHA C HOMOLIBIO I12paMETPOB

TOTEHUIHANOB HOHHOH MOJIEH,

Ha puc. 8 npencraneH aHauM3 MEXAaTOMHEIX pPAacCTOSHMIl KaTHOH-KAQTHOH, aHHOH-aHMOH,
KaTHOH-aHNOH TBepaoro pacteopa LipsNagsCl. M3 pucyHka BuAHO, 4TO IMCHIEPCHS MEXATOMHOTO
paccrosuus Cl — Cl namuoro onue aucnepeun pacerosamii Li—~ Clu Na — Cl. Do 3HayuT, 4TO HMEHHO
BHHOHBI 3HAYHTENHLHO CMEIAIOTCA M3 CBOMX PEryJSPHBIX MO3MUMIl, YTO HAaXOAUTCH B COrNaCHH ¢
¢enomenonorndeckoil  Teopueil. HanBomsmee kommuectro paccrosumii M — Cl gna  mepsoit
KOOpAHHALMOHHOH chepbl COOTBETCTBYET cpefHeMY apudmeTHueckoMy paccronuuil Li — Cl un Na~Cl s
LiCl u NaCl. ®enoMeHONOTHYECKAA MOJEb HE YUHTHIBAET CMELIEHH aTOMOB METANA, CYMTAETCH, UTO
HCKAXEHUS NPOHCXOJAT TONBKO B aHHOHHOH noppeineTke. OnHaKo, KAk MOXKHO 3aMeTHTh Ha puc. §,
aTOMbI METa/lTa, XOTh H MCHEE 3HAUNTENEHO, HO BCE K€ CMELIAIOTCA U3 CBOMX HMCATRHEIX MONOKEHUI.
Ilomumo sroro, mabmiofaercs pa3mMyue B JUCIEPCHH NEPBOH M BTOPOHl KOOPAHHAIMOHHONH cdepsl
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BOKpYT aToMoB M. 3HaueHHA MexaToMHBIX paccTosfrmii Li — Cl And 3HAYATENBHO YBEINIMBAIOTCA MO
CPaBHCHUIO C 3THM PacCTOSHHEM B 4MCTOM KPHCTAILIE, B TO BpeMd KaK MEKaTOMHBIE pacCToAHnA Na —
Cl yMeHBIIAIOTCA 3HAYUTEABHO MeHplIe. OT0 OOBACHAETCA € IOMOUIBIO IpaBHiIa HOAPHOCTH

uszomopdusma.
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Puc. 8. UactoTHas anarpaMMa MeKAaTOMHBIX PAcCTOSHUE B cBepxsuefike 4x4x4 TBepAOro pacTBopa
LiOASNaO‘SCI.

C nomousio mporpaMmst Relax paccyHTanbi NOABIKHOCTH @ KaTHOHOB M' u aumonos CI.
IToBHXHOCTE AHHOHOB BbIIITE MIOABYMHOCTH KaToHOB. KpoMe ToTo, TIOABIKHOCTD KATHOHOB MEHBINETO

pasMepa BBILIC, YEM NMOABAXKHOCTE KATHOHOB Gonee KpYIHOTO pazMmepa.

Jina Toro ytoOBl OLEHHTH PEMaKCALMIO CTPYKTYPHl 32 CUCT PAaMIMYHBIX KATHOHHBIX TO3HLMI,
OBbLIM BEIMMCICHB! HOAATIHBOCTH KaTHOHOR ¢, Bo BCeX Tpex CiydasXx CTPYKTYp TBEPABIX PacTBOPOB
KaTHOHH OONajaroT OAMHAKOBOH MOAamIMBOCTEIO. To €CThb HX KOODAHHAIMOHHOE OKPYXEHHE

HCKaXKaeTCs B PaBHOI CTETIEHH, HECMOTPA Ha HX PA3THYHblE IOABIKHOCTH .

T'naBa 4

YerBepTas Inapa QUCCEPTALMH MOCBAIICHA KPHCTAIOXMMHU NEPOBCKHTOB. JlaHo onmcanue
uAeanbHOil cTpykTypsl neposckuta ABX;. Jlanee onriceisaeTca Hanbonee THITMYHBIA CIOCO0 HCKAXKEHHS

CTPYKTYPHI NIEPOBCKHTA ~ 32 CUET KauaHHA OKTa’apoB BXe. Yalle Bcero kaTHOH THIA A MeHbIIE AHHOHA
16



X (B ommuyne OT MACANbHOH CTPYKTYpBI NEPOBCKMTA), H Pajuyc Ra He COOTBETCTBYET pa3Mmepam
KyGOOKT23ApHYECKOro HOAMdAPA, M KPHCTAIIMYECKas CTPYKTYpa uckaxaercs. [pusonstcs HauGosee
pacHpocTpaHeHHblEe THITBI HCKAXEHHS MEPOBCKUTOBOH CTPYKTYpHI 33 CUET KauaHHs OKTasznpos. Hpyroit
croco® MCKaKEeHUs CTPYKTYPB! MEPOBCKUTA — 3a cueT sddexra Sna-Temnepa, KOTOPBI HMEET MECTO B
KPHCTA11aX COEAUHEHNH NEpPeXOoAHBIX METALIOB. ONUCHIBAETCS KPHCTALTOXHMHS TBEPABIX PACTBOPOB CO
CTPYKTypoH meposckura. [lanee pacckasaHo o0 YHHMKANBHBIX CBOHCTBaX MEPOBCKUTOB, Onaromaps
KOTOPEIM OHH MMEIOT IIMPOKOE NPaKTHYECKOE NpuMeHeHue. H3noxeHbl 0COOCHHOCTH KPHCTAIIOXHMHH

MHHEPAJIOB CO CTPYKTYPHBIM THIIOM NIEPOBCKUTA, KOTOPHIX HACYUTHIBAETCH 0K0JI0 30 BHIOB.

Taaea 5

[Iatas rmasa copepkutr MOApOGHBIT AuTEpATypHBIi 0030p IO MONEAHPOBAHMIO CBOHCTB,

COOCTBEHHBIX H IIPpEMCCHBIX ﬂeq)eKTOB NEPOBCKUTOB B HOHHOM HpM6HPDKeHHI/I.

O0beKTOM HaHHOMN YacTH PaboThl ABAACTCA MHHEpAT AaKPTHUT CO CTPYKTYpOii neposckuta [17].
ITo cocraBy makapruut npencrasiaser coboii Tpoitnoit TBepastit pactsop CaZrQ;-CaTiO;-CaSnOs. B
I1aBe MPHUBEACHB! PE3YIBTATH KOMIBEOTEPHOTO MOACIHPOBAHNA CTPYKTYPHEIX M TEPMOJNHAMITYECKHX
CBOMCTB KpHUCTALIOB ¢ poMmOmdeckoll neposckutoBod cTpyktypoil CaZrQ; CaTiO; u CaSnOs,
HPEACTABIMOHMX coboil KpaliHHe 4neHb! JaHHOTrO TBEpIOTO pacTropa. J{/s pacyeToB MCMONB30BANCA
METOR aTOMUCTHYECKHX TapHBIX NOTEHIHAIOB B MOHHOM NPUOIIDKEHUU. Pe3ynbTaThl MOASTMPOBAHNUS
CTPYKTYDHBIX CBOJCTB HaXOASTCd B XOpONIEM COMIAaCHH C 3KCIIEPUMEHTANBHBIMH JAHHBIMH M
BBIYHC/IEHHAMH JPYTHX MCCIENOBaTENel, B TO BpeMs KaK BBIYMCIICHHbIE 3HAYEHHA MOMYJEH ynpyroctu
3aBBILEHE]  OTHOCHTENBHO 3Ha4YEHHH, MNOJYYEHHBIX OKCNMECPHMEHTANLHO. BEIUMCIEHHBIE 3HaYEHHS
SHTPONHH Syo3 AT KOMHATHOM TEMIEPATyPHI XOPOLIO COTMIACYIOTCH C IKCHIEPHMEHTANBHBIMU JaHHBIMH

s CaTiO3 u CaZrOs.

Briepsble 114 3THX TpeX MNEPOBCKUTOB NPOBEACH PacyeT SHTPONHM ST B TEMIECPATYPHOM
auanazone 300 - 1800 K. Ha puc. 9 npuBesieHsl NModyYCHHRIE 3aBUCUMOCTH Sy OT TeMIepaTypel T,
Cpennee pacxoiAcHHE MEXKIY PACCUUTAHHEIMM 3HAYCHUSAMH M MMEIOLIMMHCSA SKCNEPHMEHTANBHBIMU
nanepvu [7] cocraBnger oxono 0.3% npu 300 K. PacxomaeHue yBENMYHBACTCH ¢ BO3PACTAHHEM
TEMIIEPATYPEI, TEM HE MEHEE, MAKCUMAIILHOE PA3Miuie PACCUHTAHHBIX M SKCIEPUMEHTANBHBIX 3HAYCHHIH

cocTaBiseT 5.9% npu 7=1500 K.
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Puc. 9. TemnepatypHas 3apucuMoctd 3uTporiun Sy CaTiOs, CaSnO; u CaZrO;. Crnomssie nuHAN —

Pe3ynbTAT pacyera, MyHKTHPHAS JHHUA — 9KCrepuMeHTansHele fanuste juis CaTiOs {7].

C nomonisro Metoaa Morra-Jluttitona Ghity BHIYMCICHD! SHEPIHA 00pa30BaHNs H30IHPOBAHHBIX
COOCTBEHHBIX TOYEUYHBIX AcheKTOB B 3TMX Kpucranigax. Jms BceX Tpex NEpOBCKHTOBHIX CTPYKTYp

HauboJee IHepreTHIecky BEroaHeM apiseres Ca-O gedekt Wortknm.

C nomowsd Meroga Motra-JINTINTOHA BBHIYHCICHBI B3HEPrHH HEHTPATBHHIX HPHMECHBIX
JeheKTOB TIPH H3OBATICHTHOM BXOWACHUN YeThpexpanentplx nonos (Zr', Ti*Y, sn**, HE™, U™, Th*") s
CaZrO3, CaTiO; u CaSn0;. Ha ocHOBe 3THX AaHHBIX GBUIM BEIMMCICHBI SHEPTHH ITapaMeTpsl Maprysteca
Qx =EMp) + U,503 - Upnos» T8 Uapoz ¥ Ucamos SBISIOTCS 3HEPTHAMHM PEIUETOK COOTBETCTBYIOLIHX
kpucrannop. [Tapamerpss Mapryneca Grinit HCIOIB30BaHBI IPH pacyeTe SHTANBINI CMEIICHH TBEPABIX
pactBopor CaZr «Tix03, CaZrSn,O;3 1 CaSn;TikO3 ¢ MOMOIWEBID MOENN PeryIspHOIO pacTBopa Io
dopmyne AH = x.x,(x,0, +x,0,), TRe x| H X2 — MOJIbHBIE JOIM KOMIJOHEHTOB TBEPAOro pacTeopa, O H
(O, - COOTBETICTBYIONME TapaMerpsl Mapryaeca KpalHHX WICHOB TBepAbIX pacTBopoB. Puc. 10
MOKa3BIBACT XOpOLIEE COTJIaCHE pe3ylbTaTOB [AaHHOrO pacdera SHTATBIHMH cMmewenus AHq, ¢

BBIYMCIICHUAMH 110 (PeHOMEHOJIOTHIECKOH TCOPHHL.
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Puc. 10. Ouramenuu cMemwrenus TBepapix pacrBopos CaZr Ti,0; CaSny,Ti,0s, CaZr;,Sn,0;.
CnnomHple TMHUK TIOKA3BIBAIOT PE3YNBTATE aTOMHCTHICCKOrO MOACTHPOBAHHA, IYHKTHPHEIE JTHHAH —

pacyeTs! Ha OCHOBE (HEHOMEHOIOTHIECKOI TEOPHH.

Ha ocnose stoif mudopmanuu Obina MpoBEAEHA OUEHKA CTaGMILHOCTH H3YYaeMBIX TBEPIABIX
pacTBopoB. 10 3THM JaHHBIM, KpHTHYECKas TeMmeparypa pacrmaga B cucreMe CaZrQ;-CaTiO; moxer
Gutn He poiute 1850 K, ang cucremer CaSnO; - CaTiOs T < 850 K n ana CaZrO; - CaSnOs T < 200
K. 310 osnauaer, yro cucrema CaZrQO; - CaSnO; MoxeT 00pasoBbIBATh IPOTSKEHHBIE TBEPHBIE
PACTBODHI IIPH BCEX TEMIIEPAaTypax Bhllle€ KOMHATHOM, a2 B JpyrMX IBYX CHCTEMax NPOMCXONMUT pacraj
TBEPJIOTO PACTBOPA HIDKE KPUTHUECKOM Temnepatyphbl. OHaKo npefens! B3aHMHOTO PACTBOPEHUS MOTYT
GhITh 3HAYMTENBHO YBENMYCHBI B TPOHHOH M Golee CIOXKHON cucteMe, K KOTOPOil M NPHHALICKUT

MHHepaJ1 nakapruut [17].

Ilposeneno MozenupoBaHHe BXOXKACHNA H3OIHPOBAHHBIX TPEXBATEHTHBIX (Sc“, Y, cr¥, Fe®,
La®) i wernipexpanenturx (HEY, U*, Th*") npumeceii B nosumm A u B (A = Ca, X = Zr, Ti, Sn) an

BCCX TPEX NEPOBCKATOB. PaCCMBTpHBZUH/]CL PasiNYHbIC BAPHAHTHI 3aMCIICHUS.

Tlpunumanocs, uto TpexsamentHste L>* (S¢*, Y™, Cr', Fe*, La*") u uersipexsanentnrie
MPUMECHEIE KaTHOHBI M* (Hf”, u*, Th*) sxonar B pemetky neporckuroB ABO; npu 3ameesuu
Horos B nosunuax A* wmr B nosmum BY cTpyKTypH. KoMmencanms u3ObITOYHOTO OTPHIATENLHOTO
3apsja B Tosunuu B mpu samememun womom LY paccmarpmanack 3a cuer ofpazoBanus Basoe

MEHBIIET0 KONMYECTBa KHCJIOPOAHBIX BakaHewii V;. B ciydae BO3HHKHOBEHHA H3OBITOUHOIO
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TIOJIOXKHUTENBEHOrO 3apAAa B NO3MIHKM A ObUIA MPHMHATa B PacCMOTPEHUE KOMICHCAUMS KATHOHHBIMH
BakaHcHAMH V, ¥ V}, B HeOGXOIWMEIX IIPONOPIMSX. YeTHpPeXBANEHTHbIE IPHMECHSIE KATHOHB! BXOJAT
B nosuumu B 6e3 kakoi-nimbo kommeHcamuu 3apsga.  Taroxke OblIM  PACCMOTPEHBI  Cy4Yau
OTHOBPEMEHHOTO BXOXICHHA HOHA Na© H TPeXBaneHTHOTO HOHa B TIO3HIMIO A, 2 TAKKE ONHOBPEMEHHOE

BXOXKIEHHE TPEXBANCHTHEIX MpUMecel B O3UNNK A U B cTpykTypHL.

Ha puc. 11 npencrasieHsl pe3y/nsTaThl pacyeTa IHEpruii pacTBOPSHMA TPUMECHBIX KaTHOHOB B
CaZrO;. U3 pucynka BHIHO, 9TO HamGosiee HU3KWME 3HAUCHWSA SHCPTHH PAaCTBOPECHHA TPEXBAJICHTHBIX
[IPUMECHBIX HOHOB COOTBETCTBYIOT CAy4asiM MX BXOXKACHHA B B-MO3HLHMIO CTPYKTYpHI N€POBCKHTA, a
TAKXKE MX OFHOBPEMEHHOMY BXOXJAGHHIO B A- M B-nosmumu crpykryphl. CiiefioBaTensHO, AaHHBIC
OpOLECcCH NPEANONaraloTcs Haubotee 3HepreTHYeckH BoIroAHbIMH. HauGonee BepoatHeri cmoco®
BXOXICHHAS TPEXBAICHTHBIX mpuMecei B A-TIOUIMIO CTPYKTYPH! OCYINECTBIACTCA 33 CUET 3aMEIEHHS
nosoM Na™ nona B mosunuu A. JTaurmtit cniocof KOMNEHCAIMH IUMPOKO PACTIPOCTPAHEH B NPUPO/IHBIX
nponeccax. Crroco® KomreHCalMs M30BITOYHOTO MOTOXKHUTENLHOIO 3apsda B NO3MIM A 3a CUET
o6pa3oBaniist BAKAHCHH, COTJIACHO BEIYHCICHHAM, OKa3ajca MeHee BEITOJHBIM. DHEPTHH pacTRopenus £p
XOPOIIO KOPPENHPYIOT C PACXOKAECHHEM PAIMEpOB NPHMECHOTO HOHA U HOHA KpreTALNa-Xodsmnsa Ca’¥

nn B*, BHIpAEHEBIM ¢ TIOMOWIBIO HapaMerpa &

HauGomee BepOATHBIM IYTeM BXOXICHH HETHIPEXBANCHTHEIX HosoB M** sBrsercs u3oBanenTHOE
3amemenne nona BY™, Ux Bxoxpienne B mo3uupio A 3a ceT KOMNEHCAIMH 3aPSIA C IOMOMIBI0 BAKaHCHiL
V. u V, OKa3niBAaeTC HAMHOTO MeHee BEITOMHEIM. COTIJIACHO HPOBEIEHHBIM BBIYHCIICHHAM, SHEPTHH
PpacTBOpEHU IIPH 3aMeleHnH M—B 0Ka3bIBIOTCS B NIPSAMOIA 3aBRCHMOCTH OT PACXOXKACHMS B pasMepax
HOHHBIX pajuycos ¢ OmHako 3uepriu 3amemenna uonos Ca momamm M mmeror oTpauaremshyio

3aBUCUMOCTD OT Pasiiiiisi B pasMEpax HOHOB.
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Pue. 11. Dnepruu pacTBOPEHMS TPEXBANCHTHBIX (KBAOPAThl) H YETHIPEXBAICHTHBIX (TPEYTONBHHKH)

IIPUMECHBIX HOHOB B perieTkax kpucramioB CaZrO; xak QyHKIMM pa3MepHOTo napaMerpa 8%,

Kak moxer Obithb BHAHO Ha pHe. 11, 3aBHcHMOcTH Ep(Sz) A1 M30BAIEHTHOIO BXOXKICHUS
M*B* e npuxogst B 0 mna § = 0, 3uaueHus sneprin £,(8 =0) cocrasnswor okono -0.5-1.0 3B.
JlaHHOE HECOOTBETCTBHE MOXET OBITh CBA3AHO C OTCYTCTBHEM Y4Ye€Ta JHEPIeTHYECKHX 3arparT lpH
cTpykrypaoM nepexone okeuaor HfO,, UO; u ThO; u3 ctpyktypsl THna ¢mroopura ¢ KY=8 x K4Y=6 B

KOHEYHOMH CTPYKTYpE TIEPOBCKUTA.

OcHoBHbIC Pe3yALTATHI H BLIBOAbI

1. TlpoeeneHo MonenupoBaHue crOHCTB uienounsix ragorenngos MCl (M = Li, Na, K, Rb) B
paMKax HOBHOH Mojemu. Pe3ynbTaTsl MOKA3pIBAIOT XOPOIIEE COMNIACHE C 3KCIIEPHMEHTANBHBIMH

JaHHBIMH.

2.  DBolumcnenpt ssepraH o0pasoBaHHA CODCTBEHHBIX TOYEYHBIX JG(PEKTOB H OJHEPTHH
pacTBopelus npuMecHsix katuoHos B MCl. IlpoBeaeno MonenupoBanue KIacTepoB COOCTBEHHBIX M
npuMecHeIX Achexkros B MCIL. Paccuutanbl dHEPruu cBa3H Re)eKTOB B KJacTepax, YTOUHSIOIINE

3HAYEHNA SHEPruil PacTBOPEHNA IPUMECEil,
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3. PaccumTaHbl CBOICTBA CMenIeHHA TBepAbIX pacteopos LiNa;.Cl, NaXK;,Cl n KRb,.CL
Pe3y/IbTaTH PacyeToB HMEIOT XOpOLIEe COIACHE € IKCIIEPHMEHTANBHEMI JaHHBIMK ¥ COMIACYIOTCH €

BBLINOTHCHHBIMH PaCYETaMHu 110 Q)CHOMCHOJ'[OI‘H'{CCKOI‘*’I TEOPHHU TBEPALIX PACTBOPOB.

4, M3yyeHbl OCHOBHBIE XapaKTEPHCTHKH JIOKAILHOH CTPYKTYpHI SKBHMONSPHBIX TBEPABIX
pacteopoB NagsKosCl, KosRbysCl, LigsNagsCl. AHHOHBI B LIETOM CHIbHEE CMEIIAIOTCA CO CBOMX

UACAIBHBIX I'JO3PILIHI7I, 4E€M KaTHOHBI, @ KPYNIHBIC KATHOHB! - CHIBHEE, YEM KaTHOHB! MEHBIUECTO paauyca,

5. IlpoBeacHo MOJETUPOBAaHME CTPYKTYDHBIX, YOPYIHX M TepPMOIMHAMHYECKHX CBOHCTB
CaZrOs, CaTiO3 u CaSnQ; B paMkax HOHHOI Monemu. Pe3yabrarsl pacyeToB HAXOMATCA B XOPOIUIEM
COrNAcHH € 3KCICPHMCHTANBHBIMU JaHHBIMH. Paccuuraner 3HepruH o6pa3soBaHHs COOCTBEHHBIX
TOYCUHBIX Ae(EKTOB W SHEPrMH PaCTBOPEHHs NMpHMecHBIX KaTHOHOB B CaZrQ;, CaTiO; u CaSnO;.

Pesyﬂm'aTm HAXOAsTCA B COMVIaCHH € MPEACTABICHIAMH Q)CHOMGHOJIOI‘ HIECKOH TeopHH.

LuTupyemas anteparypa

1. Buckingham R.A. The Classical Equation of State of Gaseous Helium, Neon and Argon //
Proc. Royal Soc. London A. 1938. V. 168. No 933. P. 264-283.

2. Mott N. F., Littleton M.J. Conduction in polar crystals. 1. Electrolytic conduction in solid
salts // Trans. Faraday Soc. 1938. V. 34. P. 485-499.

3. Gale I.D., Roh! A.L. The general lattice utility program (GULP) // Mol. Simul. 2003. V. 29.
No 5. P.291-341.

4. Epemun H.H., IesnoB P.3., Ypycos B.C. Brubop csepxpatciiki ¢ onTHMaNbHOH aTOMHOH
KOHGUIYpanHell NpY MONENMPOBAHUN HEYNOPANOICHHBIX TBEPABIX PacTBOopos / Du3NKa U XHMHS
ctexna. 2008. T.34. Ne 1. C. 9-18.

5. Epemun H.H., Jlesuos P.3., Ypycos B.C. Gistogramma - Ilporpamma asanu3sa JoKanbHo#
CTPYKTYpHl TBepmoro pactsopa. Omucahme nporpammsl // Mockea: MY, Teonormueckuii -1,
npenpHHT  Kadeapel.  kpucrawtorpabmuu, 2007, 12 crp.  Onekrpommas  BepcHs -

http://cryst.geol.msu.rw/odss/manual_g.pdf

6. Epemun HH., Hesunos P.3., Ypycos B.C. Relax- IIporpamma oLeHKH NOABHHOCTH aTOMOB

¥ NO2TINBOCTA NO3UINH B cTpyKType. Onucanne nporpammsl. // Mocksa: MI'Y, ['eonorudeckuii ¢-,

22


http://cryst.geol.msu.ru/odss/manual_g.pdf

npenpuHT  Kadenapst  kpuctamtorpadum, 2007, 17 crp.  OnexrponHas — BepcHA -

http://cryst.geol.msu.ru/odss/manual_r.pdf

7. Robie R.A., Hemingway B.S. Thermodinamic properties of minerals and related substances
at 298.15 K and 1 Bar (105 Pascals) pressure and at higher temperatures. / Washington: U. S.
Government Printing Office. U. S. Geological Survey Bulletin. 1995. No. 2131, 461 PP.

8. Urusov V.S. The phenomenological theory of solid solutions // In: «Solid solutions in
silicate and oxide systems». Budapest: EMU Notes in Mineralogy, Eotvos University. 2001, V. 3. P,
121-153.

9. Hpaukuna M.C. 3aBucuMocTh  Temnorel  00pasoBaHMs — TBEPABIX  PacTBOpPOB

IENOYHOraToNAHABIX conel 0T nx coctasa. // i3s. BY3oB cepns ¢pusz. 1958. Ne 3, C. 165.

10. Barett W.T., Wallace W.E. Studies of NaCl — KCl solid solutions. 1. Heats of formation,
lattice spacings, densities, Shottky defects and mutual solibulities // J. Amer. Chem. Soc. 1954. V.76.
P.366-369.

11. Barrett W.T., Wallace W.E. Studies of NaCl-KCl solid solutions. II. Experimental entropies
of formation and a comparison of certain thermodynamic properties with values calculated from

Wasastjerna’s theory // J. Amer. Chem, Soc., 1954, V. 76.

12. Walker D., Verma P.K., Cranswick L.M.D., Jones R.L., Clark S.M., Buhre S. Halite-sylvite
thermoconsolution // American Mineralogist. 2005. V. 90. P.229-239.

13. Walker D., Verma P.K., Cranswick L.M.D,, Jones R.L., Clark S.M., Buhre S. Halite-sylvite
thermoelasticity // American Mineralogist. 2004. V.89. P. 204-210.

14, Zhemchuzhnyi S., Rambach F. // Z. Anorg. Chem. 1910. V. 65. P. 403.
15. Schaefer W. // Neues Jahrb. Mineral. Geol. Palaecontol. Abh. Abt. A. 1920, V.43 P. 132,

16. Sangster J., Pelton A.D. Phase Diagrams and Thermodynamic Properties of the 70 Binary
Alkali Halide Systems Having Common Ions // J. Phys. Chem. Ref. Data. 1987. V. 16. P. 509,

17. Galuskin E.V., Gazeev V.M., Armbruster Th., Zadov A.E., Galuskina 1.O., Pertsev N.N,,
Dzierzanowski P., Kadiyski M., Gurbanov A.G., Wrzalik R., Winiarski A. Lakargiite CaZrQ; - a new
mineral of the perovskite group from the North Caucasus, Kabardino-Balkaria, Russia // Amer. Mineral.

2008. V. 93. No 12. P. 1903-1910.
23


http://cryst.geol.msu.ru/odss/manual_r.pdf

OcHoBHbBIE Pe3YIbLTATHI AHCCEPTAINN HIIOKEHE! B pafoTax:

1. ¥Ypycop B.C., Ilerpora T.I'., Epemun H. H. Jleonenxo E.B. KomnsioTtepnoe
MOJeJTHPOBAHHE JIOKAJLHOH CTPYKTYPBI, CEGIHCTE U CTaGuABHOCTH TBEPAOrO PacTBOPA FajIHT

NaCl - canseun KCl // Bectink Mockorckoro yuupepentera, Cep. 4. 2007, Ne2 C, 58-63.

2.  VYpycos B.C., Jleonenxo E.B. Jloxanbnam CTPYKTypa TBepAOr0 PacTBOpa FajiMT-
CHIbBHH 110 JAHHBIM KOMILIOTEPHOro Moienuposatns // Kpucrannorpadms, 2008. T. 53. Ne 5. C.
796-801.

3. Urusov V.S, Leonenko E.V. Atomistic computer simulation of ABO; (A=Ca; B=Zr,
Ti, Sn) perovskites: crystal structure, intrinsic point defects and dopant formation //
Mineralogical Journal (Ukraine). 2012. T. 34. Ne 1. C. 3-11.

Tesucel O0KIA008 HA HAVYHBIX KOHDEPERYUSX CEPOCCULICKO20 U MENCOYHAPOOHO2Q YPOGHS

4. Vpycor B.C., lerposa T.I"., Epemun H.H., Jleoneuxo E.B. Kpurepyu BeiGopa MeKaTOMHEIX
noteHymanos // COopruk Tesncos IV HanmomanbHoif kpucrantoxumudeckoli xondepenmmm.
Yepuoronosxka. 2006. C. 203.

5. Vpycos B.C., ITerpora T.I., Epemun H.H,, Jleonenxo E.B. KomnblotepHoe MoneaHpoBaHue
JIOKAIGHOH CTPYKTYpBI, CBOICTB M CTaGIIIBHOCTA TRepgoro pacteopa ramuT NaCl - cunesun KCI //
CGopHik Te3ucoB Mexnynaponuoii koudepeHuun « CnekTpocKonus i KPHCTAIIOXMMHI MHHEPATIOBY.
ExarepunGypr. 2007. C. 40-41.

6. Jleonenxo E.B. Koppenauust noxansHo# crpyxtypsl 1Beproro pacreopa NaCl-KCl ¢ ero
IIEKTPOCTATHIECKNMH HOIAMI N0 JAHHEIM KOMIBIOTEPHOro Moaenuposanus // CoopHUK Te3ncos XVI
MexayHapoHOro COBEUIAHUS IO KPUCTRINOXHMHM M pentrenorpadvu MuxepanoB. Muacc. 2007.
C.72-73.

7. Leonenko E.V., Urusov V.S, Eremin N.N. Computer modelling of local structure, properties
and stability of NaCIl-KCI solid solution // Abstracts of the XXI [UCr Congress, Osaka. 2008. P.
03.06.25.

24



8. Jleonenko E.B., Ypycos B.C., Epemun H.H. KoMmnioTepHoe MOACNHPOBAHUE JOKATLHOH
CTPYKTYpbl ¥ cBoOicTB OnHapubiX TBepawix pactBopoB // CGopuuk TtesucoB IV Beepoccuiickoit
KoHgpepenin «MaremMaTHyecKie UCCIESNOBAaHNA B KPUCTANNOrpadii, MUHEPAIoruy 1 nieTporpadnmy.
Anarntsr 2008. C. 33-37.

9. Jleonenko E.B., Ypycor B.C., Epemun H.H. KoMnbioTepsoe MonennpoBanye IpHMECHBIX 1
To4yeuHbIXx RedexroB B JMakapruute // COopHuk Te3ucoB V HalmoHambHOH KPHCTALIOXHMHYECKOM

koH¢pepenunn. Kazanp, 2009. C, 138,

10. Jleonenko E.B., ¥pycor B.C., Epemus H.H. KomnsroTepHoe MOIENHpoOBaHAE IPUMECHEIX H
ToueuHEIX AeekToB B nakapruure // COopuux TesucoB Beepoccuiickoil MonoaexHoi HaydHoi

kondepeHuuH «Munepansl: cTpoenne, CBOCTBA, METOAB! HccenoBani». Muace. 2010. C. 231,

11. Leonenko E.V., Urusov V.S., Eremin N.N. Thermodynamics of mixing in lakargiite solid
solution from atomistic model calculations // COOpHEK Te3HCOB MeXIyHapOAHOTO ceMuHapa «From

atomistic calculations to thermodynamic modelingy», Frankfurt-am-Main, 2010.

12. Leonenko E.V., Urusov V.S. Atomistic computer simulation of CaXOj; (X=Zt,Ti,Sn)
perovskites: crystal structure, some properties and point defect formation / CGopruk Te3ucOB

MeXIyHapoaHoit koHdepenuwn «International conference on Solid State Tonics-18», Bapasa, 2011,

13. Jleosenko E.B. ATOMHCTHYECKOC KOMIIBIOTEPHOE MOJEIHMPOBAHHE CBOWHCTB M TOYCUHBIX
nedexror neposckuros CaXOs (X=Zr, Ti, Sn) // COophux Te3ncOB MEeXIYHaponHON KoH$epeHuUH
«Crystal Chemistry, XRD&Spectroscopy». St. Petersburg. 2011. C. 49-50.

14. Jleonenko E.B., YpycoB B.C. AroMucrtHueckoe MozenupoBaHHe COOCTBEHHBIX M
npuMecHbIX TodeuHsIxX Aedexror B NaCl u KC! // Chopunx tesncos XXX Hayunsix urennit um. H.B.

Benosa. 2011, C. 135-136.

25



Te3ucst 0OKNA008 HA HAYYHBIX KOHDEPeHYUAX CIYOeHMO8 U MOBOOBIX YYEHBIX

15. Jleonenko E.B., Ypycos B.C., lerposa T.I',, Epemun H.H. Komnrtoreproe Monenupopanie
CTPYKTYpbl M CBoiicTB TBepaoro pactopa raaur NaCl — cunbsua KCl // COopuuk Te3ncos

xoHbepentn «JIlomorocos — 2006». Mocksa. 2006. C. 74-75.

16. Jleoneuxo E.B. Croiicrsa cMmericHns, JOKalbHad CTPYKTYpa H 3MEKTPOCTaTHYECKHE 1107 B
TBepaoM pactBope NaCl-KCl no pasHeM KommeioTepHoro moaenuposahus // COOpHHK TesHCOB

koH(epeHtmn «JlomoHocor-2007». Mocksa, 2007,

17. Ypycor B.C., Merposa T.I'. Epemun H.H., Jleonenko E.B. CBA3p 31€KTPOCTaTHIECKHX
moneif € IOKANGHOU CTPYKTYypoi OWHApHOro TBEPAOIO pacTBOpa NO JaHHHIM KOMIIBIOTEPHOTO
monenuposanus // TesucHt koudepenumu «Jlomonocosckue urenns - 2007». Mocksa. 2007.

DieKTpoHHad BepcHA - hittp://geo.web, ru/db/msg html?mid=1178466&uri=urusov.html

26


http://eeo.web.ru/db/msg.html?mid=l

3axa3 Ne 40-11/03/2012 IMommucano B nevats 12.03.2012 Tupax 160 sx3. Yen. n.n.1,25

s \ 000 “Iludpornaox”, Ten. (495) 649-83-30
@ www.cfr.ru ; e-mail:info@cfr.ru
N


http://www.cfr.ru
mailto:info@cfr.ru

