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Beenenue
AKTYAJBHOCTL TeMbI HCCJIETOBAHUA .

daza co crpykrypoii nenadoccuta CuCrO; obmagaeT BechMa HHTEPECHBIMU
C HAYyYHOM M MNPUKIAJHON TOYEK 3pEHUs CBOWCTBAMH (IOJYNPOBOJAHHKOBBIMH,
KaTaJIMTUYECKUMHU, (HOTO-, MATHUTO-, TEPMOIJIEKTPUUECKUMHU U JIp.), TOITOMY OHA
MHTEHCUBHO UcclienyeTcs nociueanue aecarwietrus [1-161]. Onaum u3 Hambosnee
NEPCIEKTUBHBIX HAMPABICHUNA BO3MOXHBIX NPUMEHEHUN 3TON (a3bl sBIsIETCS
UCIIOJIb30BAaHUE €€ Ui CO3JaHus MPO3PAayHOro IPOBOMAILETO OKCHIA C
npoBoauMOCThi0 P-tumna [1-8]. IIpo3paunbie mnpoBoasmue okcuasl (I1I10)
MPEACTABIAIOT OCO0OM Kjacc MaTepuanioB, IS KOTOPBIX OJHOBPEMEHHO
XapaKTEPHBbI BEICOKUE 3HAYEHUS JIEKTPOIIPOBOJHOCTH U IPO3PAYHOCTH B BUIUMOM
nuanaszoHe. Ha pplHKe mMpo3payHON AJIEKTPOHHMKHM B Kauye€CTBE TAaKMX MaTEpUAJIOB
JTOMUHUPYIOT TmoiynpoBoguuku N-tuna InpOs, ZnO, SnO, u 1. n. OHu
UCIIOJIB3YIOTCS. B KayeCTBE OAJIEKTPOJAOB i (HOTODIEKTPUUYECKUX DIEMEHTOB,
aKTHBHOTO CJIOSI ITPO3PAYHBIX TOHKOIUIEHOYHBIX TPAH3UCTOPOB, Y P-CBETOANOIOB,
ra30BbIX JAaTYMKOB M JPYTUX MPO3PAuHBIX IJIEKTPOHHBIX YCTpOWcTB [6, 9-12].
HecMmotps Ha mocTaToyHOe Hanuuue Kommepuecku ycnemnsix ¢a3 110 n-tumna,
HOJIXOAIIMM aHAJIOT ¢ TPOBOAMMOCTBIO P-TUIIA, HEOOXOAUMBIHM JIsl CO3/1aHus P—N-
MepPexo0/I0B, Ha JAHHBI MOMEHT OTCYTCTBYET [0, 9]. PazpaboTka Takux MatepuaioB
103BOJIWJIa ObI CO3AaBaTh NPUOOPHI MPO3PAUYHON SJIEKTPOHUKH HOBOTO MTOKOJICHUS,
CIIOCOOCTBYSl HM3TOTOBJICHUIO IOJIHOCTBIO MPO3PAYHBIX AKTHUBHBIX YCTPOICTB,
OCHOBAHHBIX Ha P—N-Iiepexoaax, KOMIUIEMEHTAapHBIX TpaH3ucropax [10—12]. beuio
UCCJIEIOBAHO OO0JIbIIOE KOJMYECTBO MAaTepHaIoB B KauecTBe BO3MOXkHbIX 110 p-
tuna [7, 13—42], oiHaKo OHU JIEMOHCTPUPYIOT JIUOO HU3KYIO TPOBOJAUMOCTE, JTUOO
HU3KYI0 Tpo3padyHocTb. OAHMM U3 HauOoJiee MEePCHEKTUBHBIX COCTUHEHHM aJis
npuMeneHus B kauectBe [1I1O p-tumna siBisieTcst ¢aza co CTpyKTypoit nenadocura
CuCrO; ¢ HaWIy4IIUMU 3aPETUCTPUPOBAHHBIMHU HA JAaHHBIH MOMEHT 3HAYCHHSIMH
snexTpornpoBoguMoctd 278 Cmrem™?  mpu  KOMHATHOM —TeMmepaType M C
npomnyckanuem 69% B BunuMoM auana3one [33].

Tem He MEHEe, CTOMT OTMETHUTD PSIJT BAXKHBIX BOITPOCOB, KACAIOIIUXCS JaHHBIX
O BeJIMUWHE 3ampenieHHON 30HbI [43-51], auanekTpuueckux cBoicTBax [52-57],
HEJTMHEHHOCTH AJIEKTPOIIPOBOTHOCTH OCTAETCS C1ab0 MIJIM COBCEM HE M3yUYCHHBIMU,
NPHUBOJUMBIC B JIMTEpaType JTaHHBIC MO 3THM BONPOCAM BO MHOTHX CIIydasx
npOTUBOPEYMBEI. OCTAIOTCS 10 KOHIIA HE PEIICHHBIMH BOTPOCHI, CBSI3aHHBIE C
BHYTPEHHUMHU JeDeKTaMH, KOTOPBIC OINPEACISIOT KOHIICHTPAIIUI0 OCHOBHBIX
HOCUTCIICH  3apsaa, MEXaHW3M  DJICKTPONPOBOAHOCTH. TakuM  oOpazowm,
aKTyaJIbHOCTh HCCIICJIOBAHHUS HACTOSIIETO JUCCEPTAIMOHHOTO HCCIICIOBAHUS
ornpenessercs HEOO0XOIUMOCTBIO U3YUYECHUS HEJINHENHBIX CBOMCTB
AJIEKTPOIIPOBOIMMOCTH, TIOJYIPOBOAHUKOBBIX M JUAICKTPHUYCCKUX CBOMCTB (hasbl
CuCrO; u tBepabix pacTBopoB Ha ee ocHOBe CuCri«AlO,. Takue uccaemoBanms
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OyayT criocoOCTBOBATh PA3BUTHIO TEOPETUUECKON U MPUKIIATHON DJIEKTPOTEXHUKH,
(bU3MKN KOHIEHCUPOBAHHOTO COCTOSTHUS, PACKPHITHIO OCOOCHHOCTEH MEXaHU3MOB,
OTIPEIEISIONNX JIUAICKTPUUYECKUE U TMPOBOJAIIME CBOMCTBA pacCMaTpPUBAEMBbIX
¢da3, co3maHuI0 HAyYHBIX OCHOB CHHTE3a HOBBIX MaTepUaioB C 3aJaHHBIMH
(bu3MYEeCKUMHU CBOMCTBaAMU, MOJYYEHHIO HOBBIX MAaTE€pPHAJIOB, IEPCIIEKTUBHBIX IS
MPUMEHEHUH B DJIEKTPOHHON TEXHHUKE.

WccnepoBanuss mo AWCCEPTAlMOHHON paboTe MPOBOJMIMCH B paMKax
npoektoB Ne FSFZ-2023-0005 m Ne FSFZ-2022-0007 mo Ttemaruke «HoBbie
MaTepuaibl W HOBbIe (u3umdeckne S(PPEKThl I CO3JaHUS TMEPCIEKTHBHBIX
YCTPOMCTB BJICKTPOHHOMN KOMIIOHEHTHOM 0a3bI» 151 «Pa3paboTka
MO YHKITMOHAIBHBIX TTHE30-, MUPO-, CETHETORJICKTPUICCKUX MaTePUATIOB IS
HOBBIX II€PCIEKTUBHBIX YCTPOWCTB JJIEKTPOHHOM TEXHUKHW», BBINOJHSAEMBIX B
pamkax ['oczamanuit Muno6paayku P® BeiciiuM yueOHBIM 3aBeIeHUSIM B cdepe
HAYYHOU JIESITETbHOCTH.

Ileap paOorbl: [lomydyeHne KepaMMYECKHX W MOHOKPHCTAJUITMYECKHUX
obpasnoB ¢azel CuCrO; co cTpykTypoil nenadoccura, KepaMHUUECKUX OOpasIioB
TBEpAbIX pacTBOpoB Ha ee ocHOBe CuCrixAlxO,, n3ydeHrne ux KpUCTALTUUECKON
CTPYKTYPBI, JUIIEKTPUUECKUX U HEMTUHEHHBIX SJICKTPHUECKUX CBOWCTB.

3amauu padoThI:

— OIpEACIICHHE PEXKUMOB CHHTE3a, IIOJIYyYEHUE KEPaMUYECKHX W
MOHOKpUcTainyeckux o00pa3ioB CuCrO;, kepaMuyecKux O0Opas3IoB TBEPIbIX
pactBopoB CuCrixAlO,, u3yueHHEe TEPMHUUECKON YCTOMYUBOCTH H (HA30BBIX
nepexogoB  CuCrO,  meromamu  AepuUBATOrpaUUYecKOro  aHamu3a |
MEccOayIPOBCKOM CIIEKTPOCKOIUH;

—  H3y4YeHHE OCOOEHHOCTEH  aTOMHO-KPUCTAJUIMYECKOHW  CTPYKTYpPbI
MOHOKpuctaizioB  CuCrOz2  METOOOM  PEHTTEHOCTPYKTYPHOIO  aHaJIu3a,
KPUCTAJUIMYECKOU CTPYKTYPBI U MUKPOCTPYKTYpPHI kKepamuueckux oopasion CuCri-
xAlO2 MeTomamMu peHTreHo(a30BOro aHalW3a M CKAaHMPYIOIICH 3JICKTPOHHOU
MUKPOCKOITMY; OINpPEACICHUE CTEXHUOMETPUHU (Pa3 B CHHTE3MPOBAHHBIX OOpa3lax
METOJAaMU SHEPrOJAMCIEPCUOHHON PEHTTEHOBCKOW CIIEKTPOCKONIMA M O¥XKe-
CIEKTPOCKOTIHH;

— H3YUYCHHC JUIJICKTPHUUYCCKUX, IIOJYIIPOBOAHUKOBBIX H HCJIMHEMHBIX
QJIICKTPHUICCKHX CBOMCTB IMOJIYYCHHBIX (1)33, BJIIMSAHHUEC HA HUX XUMHUYCCKOI'O COCTaBa,
MCTOJa CHHTC3Aa.

O0bekThl __mcciaenoBanuii. OObEKTaMH  UCCICNOBAHUMA  SIBIISUTUCH:
KepaMHU4YeCKre U MOHOKpHcTamuieckue obpasibl ¢azel CuCrO,, kepamudeckue
o6pasiiel TBepabix pacTBopoB CuCri-xAlkO, co cTpykTypoii aenadoccura.




BriOop ykazaHHbIX (a3 B KauecTBE OOBEKTOB HCCIIECIOBAHUI OO0YCIIOBIICH
HEJIOCTATOYHOM W3YYCHHOCTHIO WX TOJYyNPOBOAHUKOBBIX, JAUAJICKTPUUECKHUX
CBOMCTB, HEJIMHEHHBIX CBOWCTB AJICKTPOIPOBOIMMOCTH, a TaKXKE MPOSBICHHS
noJIIpoHHOTr0 Mexanm3ma mpoBoaumoctd y CuCrO; m CuAlO,, gto nmemaer ux
NEPCTICKTUBHBIMU JIJIST CO3JIaHUsI TPHUOOPOB TMPO3PAYHON DIEKTPOHUKHA HOBOTO
MTOKOJICHHUSI.

HavuyHast HOBU3HA padOTHI:

K HOBBIM Hay4HBIM Pe3yJIbTaTaM pa0OThl OTHOCATCA CIAEAYIOIINE:

I. B pe3yinbraTre BBINOJHEHHOTO PEHTTEHOCTPYKTYPHOIO  aHaIu3a
MOHOKPHUCTZIOB ~ YTOYHEHBI  MapamMeTpbl  KPUCTALTUYECKOH  CTPYKTYPBI
pombosapuueckon moaudukaiuu hassl CUCrO, mpu 293 K. BriepBrie onpeneneHa
3aceneHHocTh no3unmi Cu, Cr, O, pa3HOCTHas 3JEKTPOHHAA IJIOTHOCTh. BriepBbie
noJIy4eHsbl CTpykTypHbIe nannbie 1t 3R-CuCrO; npu T=120 K.

2. BnepBbie oOHapyxeH 3((EeKT MOporoBOro mo 3JIEKTPUUYECKOMY IOJIIO
NIEPEKIIIOYEHUS U3 BBICOKOOMHOTO B HU3KOOMHOE COCTOSIHUE B KEPAMHUUYECKHX U
MOHOKpHCcTaIHIecKkux oopasmax 3R-CuCrO,. DTo mepekiroueHre IPOsBISIETCS B
BUJE  BBIPAXKEHHBIX  CKAYKOB  JJIEKTPOCONPOTHUBJICHMS,  3HAUYUTEIbHOU
HEJIMHEWHOCTH  DJIEKTPONPOBOJUMOCTH M S-00pa3HbIX  BOJIbT-aMIEPHBIX
xapakrepuctuk (BAX). HaOmomaemble 0COOEHHOCTH — 3JIEKTPONPOBOASIIMX
CBOMCTB BIEPBbIE KAYECTBEHHO OOBACHAIOTCS OJSIPOHHBIM COCTOSIHUEM HOCUTENEH
3apsa B U3ydaeMbIX (pa3ax v MepexoioM MOJISTPOHOB MO IEUCTBUEM TEMIIEPATYPbI
Y BHELIHETO AJIEKTPUUECKOTO MOJsl B KBa3UCBOOOIHOE COCTOSIHUE.

3. BniepBbIe yCTaHOBIICHO YTO: AMAJIEKTPUICCKHAE CBOMCTBA KEPAMUICCKUX U
MOHOKpUCTAITHYeckuXx  00pa3noB  CuCrO; TposBISIOT — IUAJIEKTPHUECKYIO
penakcaiuto B obmactu 180-250 K; mpu moHM>XEHHH TeMIiepaTypbl B 00J1acTu
~200 K mpoucxoauT mepexoa OT aKTUBAIIMOHHOTO MEXaHW3Ma MPOBOJAMMOCTH K
MPBDKKOBOMY TI0 JIOKAJTM30BAHHBIM COCTOSIHUSM OKOJIO ypoBHs Depmu.

4. YcTaHOBIEHO, YTO MPHU BBICOKOTEMIIEPATYPHOM TBEPIO(PA3HOM CHUHTE3E
kepamuyeckux o0pasnoB B cucteMe CuCrixAlO, oOpa3yercss HeorpaHUYCHHBIH
P  TBEPABIX PACTBOPOB CO CTPYKTYpPOl pOMOOdIpHUEcKOro zaenadoccura.
[TosydyeHbl HOBBIE JAHHBIE O BIMSHUM XMMHUYECKOTO COCTaBa TAKUX TBEPIBIX
PacTBOPOB Ha MX CTPYKTYPHBIC M IJIEKTPOMPOBOISAIINE CBONCTBA. Y CTaHOBIICHO,
4YTO U3MEHEHHUE COCTaBa TBEP/IbIX PACTBOPOB HE OKA3BIBACT BHIPAKEHHOTO BIIMSHUS
Ha 2P (DHEKT NePEeKITIOUCHHS COTTPOTUBIICHHUSI.

IIpakTHyeckasi 3HAUMMOCTb Pa0OThI:

[TonyyeHHbIE 3KCHEPUMEHTAIBHBIE PE3YIbTATHl JUCCEPTAIMOHHON PadOTHhI
0 U3YYECHHUIO (U3UKO-XUMHUUYECKHX TMPOIECCOB, OIpPENESIONINX HeJINHEHHbIe

6



cBoricTBa mpoBoauMocTH Kepamuueckux CuCrixAlO2 U MOHOKpHCTAITMYECKUX
obpasnoB CuCrO; UMEIOT HAyYHYIO M MPAKTHYECKYI0 3HAYNMOCTh, a PE3yJIbTaThl
UCCJICIOBAHMSI UX CTPYKTYPHBIX U AIEKTPOPUZHIECKUX XapAKTEPUCTHUK, TIO3BOJISIOT
noyry4ath (pasel ¢ XapaKTePUCTHKAMH, KOTOPBIC TMEPCHEKTHBHBI TSI CO3TaHUS
puOOPOB MPO3PAYHON IIEKTPOHUKH HOBOTO TOKOJEHHs. CpaBHUTEIBHO HU3KHUE
BEJIMYMHBI KPUTHUECKOTO HAIPSDKCHUS TIEPEKITIOUCHISI ACTA0T MOyYCHHbIE (ha3bl
NMEPCIEKTUBHBIMUA 1T TPUMEHEHHUH WX B KadyeCTBE aKTHBHBIX 3JIEMEHTOB
NEPEKITIOYAONIUX  YCTPOMCTB, HMHAYKTHUBHBIX  JJIEMEHTOB,  YIPaBISIEMBIX
IEKTPUUECKUM TI0JIEM, PEJIAKCAITMOHHBIX TEHEPATOPOB U JIP.

Pesynbrarhl nuccepTallMOHHOW pabOThl MPENCTaBIAIOT HMHTEpEC IS
pa3BuTHs Hay4YHbIX OCHOB cuHTe3a 1110 p-Tuna ¢ 3ajaHHBIMU CBOMCTBaMU, a TAKXKE
B KAayeCTBE CIIPAaBOYHOI0 MaTepuasnga, KOTOPBIA MOXET HCIIOIb30BaThCA IIpU
pa3paboTKe HOBBIX MAaTEPUAJIOB 3JIEKTPOHHOW TEXHUKHU. Pe3ynbrarhl padoThl
UCIONIBb3YyIOTCs B yueOHOM mpouecce HUY "MOU" npu ureHnn kypca JeKUun
«OCHOBBI TEXHOJIOTUH MAaTE€PUAJIOB JIEKTPOHHON TEXHUKN.

[TonydenHbsle W OXapaKTEpU30BAHHBIC B TMPOLIECCE BBIMOJIHEHUS PaOOTHI
kepamuueckne CuCriAlkO, u Monokpucramumueckue ob6pasipl  CuCrO;
WCIIOJIB30BAIMCH MPU MPOBEACHUM (DYHIaMEHTAIbHBIX HAyYHBIX U MPUKIATHBIX
UCCIICIOBAHUM B psAlEe BEAYIIMX HAYYHBIX W HAayYHO-TIPOU3BOJICTBEHHBIX
opranuzauuid crpanel: PTY MHWUPDA, HUU sanepHoit ¢uzuku mmenu J[. B.
CkoOenpupiHa MI'Y, uncturyte pusznueckux npodiem um. I1.JI. Kanuner PAH,
busuko-rexnonornueckom MHCTUTYTe MMeHn K.A. BammeBa PAH, uncruryte
anemeHTooprannueckux coenunenuit um. A.H. HecmesnoBa PAH. Ob6ecneuenue
ATUX HCCIIECIOBAHUN MOAXOASIIMMHI 00pa3iiaMy TO3BOJIMIIO TIOJIYYUTH Psii HOBBIX
MPUOPUTETHBIX HAYUYHBIX PE3YyJIbTATOB.

OcHOBHbIE 10J10:KEHHS1, BLIHOCHMMbIE HA 3aIIIUTY:

1. TemnepaTypHble 3aBUCUMOCTH AUAJICKTpUUecKON mpoHunaemMoctu &(T) u
TaHTeHCa yrJia audiekTpuueckux notepb tgd(T) B obmactu temmeparyp 90-250 K
s kepamuku 3R-CuCrO; u B obmactu 200-220 K ans monokpucramioB 3R-
CuCrO; na wyacrorax 120 T'u—1 MI'y mposiBASIIOT CTyINEeHYaThbie MaKCHUMYMBbI
pellakcalloHHOTO xapakTepa. llporecc penakcanuy OINUCHIBAeTCS B paMKax
monenu Jlebas ¢ oHepruei aktuBaiun E,=0.31(2) 3B s kepamuku wu
E.=0.51(3) »B 1151 MOHOKPHCTAJLIOB.

2. Kepamuueckue n MoHokpucTtaimudyeckue oopasisl 3R-CuCrO,, a Takxe
KepaMuyeckre o0pasibl TBepasix pacTBopoB 3R-CuCriAlO; xapakTepusyroTcs
MOJIyIIPOBOJJHUKOBBIM XapakTtepoM npoBoaumoctu. [Ipu temneparypax T<200 K
MPOBOJAMMOCTh OCYIIECTBIIICTCA IO MPBDKKOBOMY MEXaHU3MYy C TEePEMEHHOMN
JUIMHOM TpBDKKA IO JIOKaJU30BAaHHBIM COCTOSHUSM BOMM3M sHeprun Depwmu,
noguMHAsACH 3akoHy Motra p=py exp(To/T)Y*. Tlpu Temmeparypax T=200 K
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HNPOBOJUMOCTh  OCYIICCTBISICTCS 110 TEPMOAKTUBAIMOHHOMY MEXaHHU3MY H
noquuHseTcsl 3akoHy AppeHmyca p=po-exp(Ea/ksT) c oHeprueit axTuBamu
EA=0.30(2) 3B nns kepamuku CuCrO; u EA=0.47(4) 3B 1151 MOHOKPHCTAILIOB.

3. VYBenuueHue HAMPSHKEHHOCTH SJIEKTpHUUecKoro mois Beime 1 kB/cm
BBI3bIBACT B KEPAMMUYECKUX M MOHOKpHcTauinueckux oOpasuax 3R-CuCrO,, a
TaKXe B KepaMU4ecKux oOpasmax tBepabix pactBopoB 3R-CuCri,AlO, moporosoe
O DJEKTPUUECKOMY IMOJI0 OOpaTUMOE€ NEPEKIIOUEHUE U3 BBICOKOOMHOIO B
HU3KOOMHOE COCTOSIHHE, KOTOPOE MPOSIBISETCS B 0bmactu Temriepatyp 90-275 K B
BUJIE CKAYKOB DJIEKTPOCOMPOTUBICHUS A0 6 MOPSIKOB BEJIMUMHBI, 4 TAKXKE B BUJIE
S-o6pasnbix  BAX. OcoOeHHOCTHM  NEPEKNIIOUEHUs, JAUIIEKTPUYECKUX U
MOJYIPOBOJHUKOBBIX ~ CBOWCTB  KAaYECTBEHHO  OOBSCHSIOTCS  IMOJISIPOHHBIM
COCTOSIHEM HOCHUTENEH 3apsijia B U3y4aeMbIX (azax U MEepexo/ioM IOJIIPOHOB MO
JEHCTBUEM TEMIIEpPAaTypbl U BHEIIHETO 3JEKTPUUECKOIO MOJs B KBAa3UCBOOOJHOE
COCTOSIHHE C PE3KUM POCTOM UX MOABMYKHOCTH.

J0CTOBEPHOCTL M 000CHOBAHHOCTH OCHOBHBIX Pe3YJILTATOB M BbIBOJAOB
AUCCEPTANMOHHOM _padoThbl o0ecneuynBaiaCh HMCIHOJIb30BAHUEM  Pa3IMYHBIX
B3aUMOJOTOJIHSFOIIUX IpyT apyra COBPEMEHHBIX anpoOUPOBaHHBIX
AKCIIEPUMEHTAIIBHBIX METOJIOB UCCIEAOBAHUN M METPOJIOTMYECKH aTTECTOBAHHOU
VM3MEPUTENIBHOM anmnapaTypsl; IPOBEICHUEM TOBTOPHBIX U3MEPEHUIN HUCCIIELYEMBIX
0o0pa3LoB, MOATBEPKIAIOMIMX BOCIPOU3BOJUMOCTh PE3YJIBTATOB; COTJIACHEM
MOJY4YEHHBIX PE3YJIbTATOB C TCOPETUUECKUMU PACUETAMU U JAHHBIMHU W3BECTHBIMU
U3 JIUTEPATYPHI.

AnpobGauus _padorbl. Pesynbprathl auccepranuyi ObUTH  JOJIOKEHBI Ha
Hay4yHBIX KOH(pepeHuusax: - Poccuiickas HaydHO-TEXHHUYECKass KOH(EpeHLus C
MEXIYHAPOAHBIM y4dacTHeM «VHHOBAlIMOHHBIE TEXHOJOTUU B JJIEKTPOHHUKE U
npubopoctpoerun», 5—12 ampenss 2021 r., Mockpa; - VIII Mexnynapoanas
koH(pepennusa «JlazepHblie, TUTa3MEHHBIC HCCIIEIOBAHUS M TEXHOJIOTHUW», 22—25
mapta 2022r., MockBa; - 6-as HarnmionanpHasi HaygyHO-TeXHHUECKass KOHPEpEeHIINs
C MEXKIyHapOaHbIM yuacTueM «llepcrekTuBHBIE MaTepHabl U TEXHOIOTUNY, 10—15
anpensa 2023 r., MockBa; - MexnyHapoHasi Hay4YHO-TEXHUYECKass KOH(pEpeHIUs
«OnTHYecKkrue TEXHOJIOTUH, MaTepualbl U cucteMmb» («Onrtorex-2023»), 11-15
nekabpst 2023 r., Mockga.

Iyoankamuu. OCHOBHBIE pPe3yJbTaThl JWCCEPTAIUUA OIMyOJMKOBAHBI B 7
neyaTHbIX paboTax, 3 cTaThu BXoasamux B 6a3y ganueix Web of Science u Scopus,
1 4 npounx MyOIUKaIKii B pEIEH3UPYEMbIX U3TaHUSIX.

JIMYHBIH BKJIAJ aBTOPA.

OO6o3HaueHWEe HaIpaBJICHUM, MOCTAHOBKA 3ajlad HCCIICIOBAHWI W aHAJIN3
MOJYYEHHBIX PE3yJIbTaTOB MPOBEJACHBI JUCCEPTAHTOM COBMECTHO C HAyYHBIM
pykoBogutesnieM. CHHTE3 KepaMUUYECKUX W MOHOKPHUCTAJUIMYECKUX OOpaslioB,
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MPOBE/ICHHE AKCIIEPUMEHTOB o 179 TEPMOTPaBUMETPUUECKUM,
PEHTTCHOTPAPUIECCKUM, TUIICKTPHICCKUM, UCCIEAOBAHUAM MTOTYIIPOBOTHUKOBBIX
Y HEJIMHEMHBIX CBOMCTB 3JIEKTPONPOBOIMMOCTH BBITIOJIHEHBI JINYHO aBTOPOM. HacThb
paboThl 1O JETAIBHOMY PEHTIEHOCTPYKTYPHOMY aHalii3y MOHOKPHUCTAJIOB
BBIMIOJIHEHA 1OA  pykoBoacTBoM K. ¢.-m. H. A.M. Crama (MuctuTyT
aeMeHToopranndecknx coeauHeHuii um. A.M. HecmessnoBa PAH). Yacte paboThl
1o MEccOayIPOBCKON CIMEKTPOCKONUHU BBITIOJIHEHA TTOJ] PYKOBOJCTBOM 1. ¢.-M. H.
B.A. AnapuanoBa (HUW sipepuoit dusuku umenu [[. B. CkoOenbipiHa MI'Y).
YacTh paOOThl MO CKAHUPYIOMIEH AJIEKTPOHHONH MUKPOCKOIHUU U DJIEMEHTHOMY
aHaJM3y BBIMIOJIHEHA I0J] pyKOBOJACTBOM K. ¢.-M. H. A.E. Poroxuna (DTUAH uwm.
K.A. Banuea PAH).

CTpyKTYypa U 00beM padoThl. JluccepTaiusi COCTOUT U3 BBEICHHUS, ISITH
TJIaB 1 3aKJIFOYCHHMSI, & TAKKE CITMCKA IUTHPOBAHHOM JTUTEPATypPHI B KoJindecTBe 166
HauMeHoBaHui. OOmuii o0beM auccepranmu coctaBiasier 120 cTpanwmil,
BKJTFOUArONNX 47 pucyHKoB 1 12 TaGumir.

OcHoBHOe conepxanne padoThI

Bo BBeeHUM 00OOCHOBBIBAETCS aKTYaJbHOCTh TE€MbI U BBIOOpP OOBEKTOB
UCCIIEIOBaHUM, C(OPMYIHPOBaHbBl OCHOBHBIE LENM W 3aJaud pabOThl, HayyHas
HOBH3HA M MPAKTUYECKasi 3HAYUMOCTD IMOIYYCHHBIX PEe3yJIbTaTOB, UX ampoOaluu,
IIOJIO’KEHUS, BBIHOCUMbBIE Ha 3aIIUTy, NPUBEJCHBI CBEIACHHUSI O JIMYHOM BKIIAJE
aBTOpa, €ro MyOoJIMKaILKIX 110 TeMe padOThI, €€ anpoOaIru.

B nepBoii riase nan 0030p AUTEpATyphI IO TEME UCCIEA0BaHHM, B KOTOPOM
pPacCMOTPEHBI JINTEpaTypHbIE JaHHBIC O MPO3PAYHBIX MPOBOAAIIUX OKCHIAX,
0COOEHHOCTSIX KPUCTALNTUYECKOU CTPYKTYpBbI nenadoccuTos,
MOJIyITPOBOJTHUKOBBIX, TUAJIEKTpUIEeCKuX cBOUCTB (a3l CUCrOs.

Bo BTOpOIi IJ1aBe 1aHO ONMCAaHUE OCHOBHBIX AKCIIEPUMEHTAIBHBIX METO/0B
1 000pyZOBaHMS, UCIOJIb3YEMBIX IPU UCCIIEIOBAHUAX B IUCCEPTALIMOHHON padoTe.

B Tperbeii _— mATOH __1jaBe TMPUBOIATCS U OOCYXKIAIOTCS
OKCIIEPUMEHTAJIbHBIC PE3yJbTaThl IO CHHTE3y W M3YyUCHHUIO KEPaMHUCCKHX
obopaszio CuCrO; (rmaBa 3), CuCri.xAlO, (rnaBa 4); MOHOKPHCTAILTHYECKHX
obpasnoB CuCrO; (rmasa 5) co cTpykTypoii nenadoccura.




I'masa 1. O630p 1uTepaTypbI
1.11Ipo3payHbie NPOBOASIIIAE OKCH/IBI

OIHOBpPEMEHHOE HAIMYUE Yy MaTepHalla BHICOKOM 3JEKTPONPOBOJAUMOCTU U
IIMPOKOM 3ampelieHHOW 30HBI SABISETCS BOCTPEOOBAHHBIM, OJHAKO 3a4acTyrO
B3aMMOMCKJIIOYAIOIINM CBOMCTBOM. B JaHHOM cilydae mpo3padHble MPOBOJISIIME
okcuzpl (ITI10) npencraBisaoT coO0K OCOOBIN KiIacc MaTepualoB, s KOTOPBIX
npucyiie oba 3TUX CBOMCTBAa. B 3aBUCHMOCTH OT JTOHOPHOTO WJIH aKLEOTOPHOIO
YpOBHsI 3Hepruu B 3anpemieHHoW 30He [II1O mposBisIIOT MOIYyHpPOBOAHUKOBYIO
IIPOBOAMMOCTH N WIIM P TUIIA C KOHIEHTpanuei Hocurtenel 3apsaaa okomno 101°-10%
CMH IS HEX XapaKTepHa ONTHYECKas MIMPUHA 3alpeIeHHOM 30HbI 0Koo 3 5B.
Haubonee wucnonp3yemMbiMd B TpoMbIIUIeHHBIX Macmtadbax [II1O sBastorcs
aerupoBanHbIil Sn InyOs, nerupoBannbiii Al ZnO u neruposansbiii F SnO,. Jlanubie
OKCHUJBI IPOSIBISIIOT MOJYIPOBOAHUKOBYIO IPOBOAMMOCTH N-Thma. Cpeau HHX
MOYKHO BBLIEIUTSH 1,03 ¢ 311eKTponpoBogHOCTBIO 0k0J10 10° CM*eM™ u onTryeckoi
npo3payHocThio Bhimie 80% B BuauMoMm auamnasone [58, 59]. IIIIO n-tuma
JOMUHUPYIOT Ha PBIHKE MPO3PAYHON 3JIEKTPOHUKH OJiaroiapsi IByM OCHOBHBIM
IPWIOKEHUSAM: BO-TIEPBBIX, B KAa4€CTBE IMPO3PAYHBIX SJIEKTPOAOB IS IUIOCKHX
JUCIIEEB U (DOTOINEKTPUUECKUX AJIEMEHTOB, @ BO-BTOPBIX, B KAUECTBE aKTUBHOIO
Clos ISl TPO3PayHbIX TOHKOIUIEHOYHBIX TPaH3UCTOPOB, Y D-CBETOAMO/IOB,
ra30BBIX JIATYUKOB WJIM JPYTUX MPO3PAYHBIX AIEKTPOHHBIX ycTpoucTB [1, 2]. He
cMoTps Ha goctatouynoe Hannuue [1110 n-tuma ¢ nepeunciieHHpIMU CBOMCTBaMHU, Ha
JAHHBI MOMEHT OTCYTCTBYET COOTBETCTBYIOLIUIA aHAJIOT C MPOBOAUMOCTBIO P-THIIA
[3-8]. IIIIO p-TMna ¢ MOXOXXMMH CBOMCTBAMH OTKPBUIO OBl HOBYHO 3py B
MPO3PAYHOIN 3IEKTPOHUKE, CIIOCOOCTBYSI M3TOTOBIEHUIO MOJHOCTHIO MPO3PayHBIX
aKTHBHBIX YCTPOWCTB, OCHOBaHHBIX Ha P—N-mepexonax [6, 9], koMruieMeHTapHBIX
TpaHsucropax [12—14]. DTO OTKpBITHE MMO3BOJWIO OBl CO3[aBaTh HOBBIH Ps
HEBUJIUMBIX 3JIEKTPOHHBIX YCTPOUCTB, BKJIIOYasi yMHbIE OKHa [1], mpo3paunbie Y O-
ceetoano bl [60, 61], reTeporepexoqHble COMHEUHBIC IeMeHThI [62, 63], ra3oBbie
naTauku [64—66], amekrpomarauTHbIe dKpaHbl [67] u T. 1. C MOMEHTa MEPBOTroO
COOOIIEHHsI O TONYMpo3padyHoM okcuuae P-tura, NiO [68], ObLI0 HMcClieoBaHO
OOJBIIIOE KOJUYECTBO MaTepuajoB B KadecTBe Bo3MoxkHoro I[IIIO p-tuma,
TIOJIXO/ISIIX JIJISl TIEPEUMCIICHHBIX PUMEeHEHu# [69]:

e JIsoitnsie okcuapl: ZNO, IN,03, NiO, SNO/SnOy, u B-Gay0s3;

e C(Cwmemannbie okcuabl: 1N203—-Ag20;

e Oxcuapl Ha ocHOBe xpoma: LaCrOs, Cry0s;

e Oxcuabl Co CTPYKTYpo# aenadoccura;

o Xampkorenuapl: LaCuOS u LaCuOSe;

e Oxkcumpl co crpykrypor mmuHenn: NiC0,04, ZNC0,04, ZnIr,0y,
ZnRh,04 u apyrue;

o I{pyrne OKCHUFI. BagBiTaOG, SrCu,0,, Sr3Cu,Sc,05S,, LaysSr3VO0s.
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WccnepoBanHbie Matepuasbl HE MOJHOCTbIO COOTBETCTBYIOT TPeOOBaHUSIM
[TTO p-Tumna, NOCKOJIbKY OHH IEMOHCTPUPYIOT MO0 HU3KYIO TPOBOAUMOCTb, JIMOO
HU3KYI0 TIPO3payHOCTh, HEOOXOAUMYIO I MpUKIagHbIX 1enei. I[Ipobiema
YIYUYIIEHUsSI ONTO3JIEKTPOHHBIX CBOMCTB 3TUX [IIIO p-Tuma Bo3HMKaeT H3-3a UX
COOCTBEHHOM JJIEKTPOHHOM CTPYKTyphl. Kpaii BasieHTHON 30HBI OOJIBIIMHCTBA
OKCUIHBIX MAaTEpPUAIIOB COCTOUT W3 CUJIBHO JIOKAJM30BAHHBIX 2p YpOBHEH
KHCIIOpoa u3-3a ero OOMBITION AIEKTPOOTPHUIIATEILHOCTH [7].
BBICOKORIEKTPOOTPULIATENILHBIE aTOMBI KUCJIOpPOJA 3aXBaThIBAIOT JABIPKH, YTO
MPUBOJNT K WX BBICOKMM 3HA4YCHHSIM d(PPEKTUBHON MACCHI, a CIIEIOBATEIBHO, U K
IUTOXMM TPAHCITOPTHBIM Xapaktepuctukam [ 7, 70]. JIns yBeIrdeHnss KOHIICHTPaIiH
JIBIPOK B KauyeCTBE HOCHUTENIEHW 3apsija MpU HUX OOpa30BaHUM 3a CYET TOYECUHBIX
neeKTOB HEOOXOMMO PacCMOTPETh ClIeayroIue yciosus [6, 71, 72]:

e JlegekTsl B KpUCTALIMYECKOW CTPYKTYpe, KOTOpbIE MPUBOIAT K
oOpa3oBaHMIO JBIPOK, JOJDKHBI 00NagaTh HHU3KOH SHeprueu
o0pa3oBaHus;

e DHeprus HMOHU3ALMH STUX AEPEKTOB JOJDKHA MPUHUMATh HU3KHE
3HAYEHUS,

e DHeprus o0pa3oBaHus COOCTBEHHBIX J€()EKTOB, KOTOPHIE MPUBOIAT K
YHUUTOKEHUIO JBIPOK, TOJIKHA IPUHUMATh BHICOKOE 3HAUEHUE.

Jlns mpumenenus B kauectse [1I10 p-tuna Hanbosee nepcreKTUBHON (a3oi
CO CTPYKTYpoOil nenadoccuta, KOTopasi 00J1ajaeT NepeurucICHHbIMU YCIOBUSIMU JIJIS
YBEITUYCHHS KOHIIEHTpauu IbIpok sBisieTcs daza CuCrO,. CuCrO; obecrieunBaet
OJIArONpHATHOE KOBaJeHTHOE cMemuBanue Mexay Cr* u O, BBICOKYIO ILIOTHOCTb
cocrosuuii Cr®® BONM3M MakcMMyMa BaJ€HTHON 30HBI M OONBIIYIO INMPUHY
3anpemeHHo 30Hbl.  ONTORJIEKTPUYECKHMMHU CBOMCTBAMHM COEOUHEHHS JIETKO
YIPaBIIATH 3a CUET H30BaIEHTHOrO 3amMertienus mo3uiuu Cr [73—-76]. CuCrO, umeer
HU3KYI0 TEeMIIepaTypy CHHTE€3a M BBICOKYIO TEPMHUYECKYIO CTaOMJIBHOCTh Ha
Bo3ayxe. Ha ceromHsimiHuil I€Hb CaMO€ BBICOKOE 3apETrMCTPUPOBAHHOE 3HAYCHHE
AIIEKTPOIIPOBOAMMOCTH JUIsl 3TOM (a3bl, JerupoBanHoi Mg u N, cocraBusier 278
Cm*cm? ¢ mponyckanueM 69% B BupuMom auanaszone [33].

CBoiicTBa JaHHOU (pa3bl rIaBHBIM 00pa3oM OIpPEAeNAIOTCS €€ COCTaBOM U
KPUCTALUTUYECKON CTPYKTYpOH.

1.2Kpucrananyeckasi CTpykTypa aejadgoccura

®azpr CuMO; 001a1al0T UHTEPECHBIMUA C HAYYHOU W TPUKIATHOW TOYEK
3pEHHS CBOMCTBAMU: (TEPMO)IJICKTPUIECKUMHU, ONITUUECKUMHU, TUIJIECKTPUUESCKUMU,
CETHETORJICKTPUUECKUMH, MAarHUTOJIEKTPUUYECKUMHU, MAarHUTHBIMH,
KaTAIMTUYECKUMH, (HOTOIEKTPOXUMHUUECKIUMH U APYTHUMH cBoWicTBamu. [TloaTomy
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BeChMa MHTEHCUBHO HCCIEAYyIOTCs nochennue necarwierus [42—161]. CpoiicTBa
JTaHHBIX (Pa3 TIIaBHBIM 00Pa30M OMPEIEISAIOTCS UX COCTAaBOM M KPUCTAUTMYECKON

CTPYKTYPOM.

CuMO; oTHOCSATCS K MHOTOYHCIEHHOMY CEMEMCTBY COEAMHEHUU C OOmIeit
dopmyrnoii AMO; (A — omgHoBasienTHbIe KatnoHbl Cu®, Ag*, Pd* mwmu Pt', M —
OOJIBIIMHCTBO TPEXBAJICHTHBIX MEPEXOIHBIX MeTauioB, aneMeHTsl 111 rpymmsr Al,
Sc, Ga, Y, In, Tl, peako3emenbHble 3JIEMEHTHI WJIH Tapbl 3JIEMEHTOB THIIA
M?2*1,M** 11, M#*53M%*13) ¢ KpUCTaIIMYECKOM CTPYKTYPOM, H30TUIIHOM CTPYKType
muHepana nenapoccuta CuFeO, [77, 78]. MexaroMHOE pacCTOSHUE MEXIY
KaTHOHAMHU A JTOBOJIBHO MaJIO M COCTABJISCT [T OOJIBIIMHCTBA COSUHEHHI OT 2.8
10 3.0 A. Ctpykrypy menmadoccuta MOKHO MPEACTABUTH KaK COCTOSIIYIO M3 JIBYX
YepeaYIONIMXCS BIOJIb TEKCArOHAILHONW OCH C CIIOEB: CIIOS KaTHOHOB A™ B BUIE
IUIOCKO# TpeyronbHoW pemetku u cios [MO3], 00pa3oBaHHOTO CBS3aHHBIMU
obmmmu pedpamu oktadapamu MOs. Kaxknpiii moH A™ B CTpyKType JTHHEWHO
KOODAMHMPOBaH JByMs uoHamu O2. MoH Kuciaopoga HaxoauTcs B
TICEBIOTETPASIPUICCKON KOOPIUHAIIMH C OJTHUM KaTHOHOM A W TpeMsi KaTHOHAMU

M — M3AO.

O6benuHNB BCIO MHpOpMAIUi0 00 MOHHOM paauyce coeauHernii AMO,,
MO’KHO IMOCTPOUTH KapTy BO3MOKHBIX 00pa3yrOIIMUXCs KPUCTAIUIMUECKUX CTPYKTYP
Uil JaHHOW (popmynbHOM eauHuubl (pucyHok 1.1). Crpykrypa nenadoccuta
cTaOMIIbHA TONBKO JIJISl Y€THIPEX MOHOB B MO3UIIMHU A, B TO BpeMsl KaK JJis KaTHOHA
M umeeTcst MHOKECTBO BapUAHTOB.

B Tabmune 1.1 mpencrtaBieHbl CTPYKTYpHbIE JIaHHBIE BCEX H3BECTHBIX
coenuHeHuii nenadoccuta. [lapamerpsl pemeTKkd KPUCTAUIMUECKOU CTPYKTYPHI
CWJIBHO BJIMSIFOT HAa HOHHBIE paanychl KaTuoHOB A n M. Kak noka3zano Ha puCyHke
1.2, Ha OCh @ CHJIbHOE BJIMSIHHE OKa3bIBAIOT MOHHBIE painychl kKaTHoHa M, Torna kak
OCh C B OCHOBHOM omnpeaensiercs JiauHoi cBa3u O—A-O. M3-3a oTTaJIKUBAIOLIETO
XapakTepa KaTHOHOB M3" Bmojp o0muX OKTa>apHueckux pebep MpOMCXOAUT
VUCKOKEHHE, TPUBOLAIICE K COKPALICHUIO MEKAaTOMHOIO PACCTOSHHMS MEXIY
aHnoHamu kuciopoja. [lo Mmepe yBenuuenus paauyca karuona M paccrosinue M—
O yBenunuuBaetcs, B TO BpeMsi Kak pacctositHue O—O ocTaeTcss OTHOCUTEIBbHO
HEeM3MEeHHBbIM. TakuMm 00pa3oM, yBelIHUeHUE pazMepa kaTuoHa M maio BiusieT Ha
napameTp penieTKy mo ocu C.
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CoenuneHue Ip. rp. a, A c, A Ccblika
AgAIO, R-3m 2.8729 18.336 [79]
AgCo0O, R-3m 2.890 18.27 [79]
AgCrO, R-3m 2.9843 18.511 [79]
AgFeO, R-3m 3.0391 18.59 [79]
AgGaO, R-3m 2.9889 18.534 [79]
AgInO, R-3m 32772 18.881 [79]
AgNiO, R-3m 2.936 18.35 [80]
AgRhO, R-3m 3.0684 18.579 [79]
AgScO, R-3m 32112 18.538 81]
AgTIO, R-3m 3.568 18.818 [81]
CuAlO, R-3m 2.8571 16.94 [79]
CuAlO, P63/ mmc 2.863 11.314 [82]
CuCoO, R-3m 2.8488 16.92 [79]
CuCrO, R-3m 2.975 17.096 [79]
CuEu0O;, R-3m 3.63 17.08 [82]
CuFeO, R-3m 3.0351 17.166 [82]
CuGaO, R-3m 2.975 17.154 (82]
CulnO, R-3m 3.2922 17.338 [82]
CuLaO;, R-3m 3.83 17.10 [83]
CuNdO, R-3m 371 17.09 183]
CuPro, R-3m 3.75 17.05 183]
CuRhO, R-3m 3.074 17.094 [82]
CuScO, R-3m 3.2204 17.0999 [82]
CuScO, P63;/mmc 3.223 11.413 [82]
CuSmO, R-3m 3.65 17.03 [83]
CuYO, R-3m 3.533 17.136 [82]
CuYO, P6;/mmc 3.531 11.418 [80]
PdCoO, R-3m 2.83 17.43 [79]
PdCrO, R-3m 2.9239 18.087 [79]
PdRhO, R-3m 3.0209 18.083 [79]
PIC00, R-3m 2.83 17.84 [79]

Tabnuma 1.1. [TapameTpsl pemIeTKn COETMHEHHI CO CTPYKTYpOil nenadoccura.

B 3aBucuMocTu ot cmocoba uepenoBaHus B CTPYKType JBOWHBIX clloeB L =
[A][MO;], moryt o0Opa3oBbIBaThCS ABE MOAMTUIHBIE (BopMbl (pucyHok 1.3):
rekcaroHaJibHbIN 2H-nonuTun ¢ uepeayronmmucs ciosimu L, moBepHyThiMu Ha 180°
oTHOcUTeNbHO Jpyr apyra L1L2 (npoctpanctBenHas rpymmna (mp. rp.) P6s/mmc)
uin pomOosapruyeckuii 3R-MONUTUII C MOCEeI0BATEIbHBIM YEPEIOBAHUEM TpPEX
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cnoes LI1L2L3, opueHTUpOBaHHBIX B OJHOM HAIpaBJIE€HUU, HO CMEILECHHBIX
OTHOCHTEIBLHO JIpyT Apyra (mp. rp. R-3m) [78, 84]. Hanbomnee pacnpocTpaHeHHBIM
sBisieTcss pomOodapudeckuit monutun. ®azer CuMO,, M = Al, Sc, Cr, Y moryr
KPUCTAILIM30BaThCS B 000MX mouThmax [ 78, 84].

A e
M@
0®

Puc. 1.3. Kpucrammudeckas crpykrypa nenadoccuta. (a) poMO0dIpUIeCKHiA TOJTATHUTT
3R, mp. rp. R-3m; (6) rexcaronansHbit momutun 2H, mp. rp. P6s/mmc. [78].

Cpenu stux coemuHennit MoxkHO BbieauTh CuCrO,, CUAIO; kak ¢a3bl, B

KOTOPBIX HAOII0gaeTCs MpeObIBaHNEe HOCUTENCH 3apsiaa B BUJIE MOJIIPOHOB MaOro
panmyca [40, 44, 45, 47, 57, 69, 74, 86].

1.2.1 Crpykrypnsbie napamerpbl CuCroO;

[TepBbIMU HCCIIEIOBATEISIMHU, KOTOPBIE C MTOMOIIBIO PEHTTEHOCTPYKTYPHOTO
aHanMW3a M3YYWIM  KPUCTAUIMYECKYI0  CTPYKTYpy POMOOIAPHUYECKOTO |
rexkcaroHasibHOTO Tosutrma CUuCrO; sasmuce O. Crottaz m F. Kiibel. B cBoux
pabotax [84, 87] onu uccaen0BaIN KPUCTAILTBI, TOJYUYCHHBIC PACTBOP PACILIABHBIM
metoioM u3 cmecu KoCroO; u CuO ¢ BecOBBIM cOOTHOLIEHUEM 4:1 B IJIaTUHOBOM
TUTJIE IPU YBEJIMUYEHUU TEMIIepaTypsl paciuiaa a0 1133 K.

beutn omnpenenensl no3unuu Baiikodda aTomMoB, UX KOOpAUHATHI X, Y, Z,
dakTopsl TemIoBbIX Koiaebanuit Uiy, Uiz, Uiz, Uz, Uszs, Uss (Tabmuna 1.2), nuHb
XUMHYECKOH cBs3M (Tabmuia 1.3).

Croutr oOTMETUTH, 4YTO B cBoux paborax [84, 88] nmns mnomydeHus
rekcoranaiapHoro mnoymtuna 2H-CuCrO, wucciemoBaTeny 3aKIIOYUINA, YTO
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HEOOXOJIMMO TMPOBOJUTH OBICTPYIO 3aKajKy poMOO0dapuueckoro mojurtumna 3R-
CuCrO; ot 1100°C 10 KOMHATHOM TeMIIEPATYPHI.

ATOM H €ro
ITO3UIIHSI X y Z U1 1 Uzz U33 Ulz U13 U23
Baiikodda
2H-CuCrO,, a=2.980(1)A, c=11.360(1)A
Cul 2¢ [13]23 1/4 0.0127(1) | Uy | 0.00432) [Un/2| 0
Cr| 2a | 0| 0 0 0.0046(1) | Uy | 0.0044(2) | U2 | ©
O | 4f [ 13|23 ] 0.0881(2) | 0.007(3) | Uiy | 0.0047) | Un/2| 0
3R-CuCrO,, a=2.980(3)A, c=17.050(4)A
Cul 3a | 0] 0 0 0.0143(1) | Uy | 0.0073(1) [Un/2| ©
Cr| 3 | 0| 0 1/2 0.0059(1) | Uy | 0.0069(1) | U2 | 0
O 6¢c | 0 | 0 [0.10792(8) | 0.008(4) | Uy | 0.008(8) | Un/2| 0

Tabmuna 1.2. [To3unuu Baiikodda atomos Cu, Cr, O, ux KOOpAUHATHI X, Y, Z, (HakTOpbI
termtoBbIX kKonebanmii Uy, U1z, U1s, U2z, U2z, Uss mst 2H u 3R-nonurunos CuCrO; [84, 87].

JlnnHa cBs3u, A
CBsa3b
Grottaz, 2H-CuCrO, Grottaz, 3R-CuCrO,
Cu-O 1.83896 1.84036
Cu-Cu 2.98175 2.98115
Cr-O 1.99159 1.99147
Cr-Cr 2.98175 2.98115

Ta6muma 1.3. J{nmunsr csi3u it 2H u 3R-nosmtunos CuCrO2 [84].

[Tonyuennsie O. Crottaz u F. Kiibel crpykryphubie napametps! 1iis 2H u 3R-
nouTunoB CuCrO; NoATBEPKIaIOTCA BBICOKUM Kaue€CTBOM MapaMeTPOB MOJIEIIEH,
ONPEAENSIONMX KPUCTAUIMYECKYIO CTPYKTYpY: KO3(DPUUMEHT HaIeKHOCTH
kotopeix R (F> 20(F)) coctaBnser mis 2H — 0.0142, ans 3R — 0.0210. Ognako
O0JBITIOE KOJMYECTBO MapaMeTPOB, TAKUX Kak 3aceleHHOCTh nmo3uiuii Cu, Cr, O,
Pa3HOCTh DJIEKTPOHHOM IUIOTHOCTM W JPyTHe, OTCYTCTBYIOT B JaHHOM
UCCJIEIOBAaHUU U TPEOYyeTCs yTOUYHEHHE KPUCTAIITNYECKON CTPYKTYPHI.

1.3MMoaynpoBoanukoBsie cBoiictBa CUCrO2

TonkomyeHoynsile W oObeMHBIE Kepamuueckue oOpasisl  CuCrO,
MPUBJICKAIOT 3HAYUTEIBHBIA HCCIIEIOBATENHCKUN HHTEpEC Onarojapsi TOMy, 4TO
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naHHble (a3bl 00J1a1al0T BHICOKOM MOJYNPOBOAHUKOBON MPOBOJMMOCTBIO P-THIIA
0e3 TonMpOBaHUSA ¥ ONTHYCCKON MPO3PavHOCTHIO B BUAMMOM juara3one [88].

[TonynpoBonuukoBass npupoaa npooaumocth CuCrO; onuchIBaeTcs c
WCITOJIb30BAHUEM JTAHHBIX O 30HHOW CTPYKTYpe, MOJYUYCHHBIX U3 PACUETOB TCOPUHU
dbyHKIIMOHANA IIOTHOCTH [3, 5, 6, 40, 69, 89-93], a Taxke MaHHBIX ONTUYECKOUN U
peHTreHoBCcKoM  crniekTpockonmu  [43-51]. KiroueByro poiib Ha CBOWMCTBA
MIPOBOJIMMOCTH JTAaHHOMU (Da3bl OKa3bIBAIOT COOCTBEHHBIE J1€(PEKThI, BOSHUKAIOIINE B
KPUCTAJUIMYECKON CTPYKTYPE.

1.3.1 3ounnas crpykrypa CuCrixAlxO:

Pe3ynbraTthl  HcClieqOBaTENbCKUX  pabOT MO  MPUMEHEHUIO  TEOPHH
(GyHKIIMOHAa MJIOTHOCTH Ul pacuera 30HHOM cTpyKkTyphl CuCrO; oTnnuarorcs
JpyT OT Ipyra, 4YTo BhIpaXKaeTcs B BOZMOKHOM TEOPETUYECKOM paz0poce 3HaUeHUH
npsimoii (2—4 »B) u Henpsimoii (1-3 3B) 3anpemennoit 30861 Eg [69], uTo cBs3aHO C
BBEIOOPOM pa3IMYHBIX MOTEHIMANOB 1pu pacuerax (Tadmuna 1.4).

Ilorennuan [Tpsamas E4, 2B Henpsimas Eg, 5B Ccbuika
GGA 1.97 1.12 [94]
sX-LDA 3.1 2.9 [94]
PBE - 1.06 [74]
PBE+U - 2.06 [74]
HSEO6 - 3.09 [74]
GGA - 2.14 [95]
PBE 1.83 1.06 [43]
PBE+U 2.39 1.70 [43]
PBE 1.3 0.96 [96]
GW 3.42 3.29 [96]
GW 3.42 3.42 [97]
GGA+U 2.55 2.04 [49]
PBE+U 1.72 1.67 [43]

Tabmuua 1.4. Paccuntannble 3Ha4€HUS MPSAMON M HEPSAMOM 3arpereHHO 30HbI ¢
MOMOIIBIO TeOpUH PyHKIMOHANA TioTHOCTU At CuCrOo.

WccnenoBanusi TBEpABIX PAaCTOBOPOB JENa(POCCUTOB KpailHE BaXXKHO IS
NOHUMaHUsl ocobeHHocTel cBorcTB uncTor ¢a3sl CUCrO,, ynpaBieHus JaHHBIMUA
cBoiictBaMu. EquHCTBEHHOM pabOTOM MO M3YUYEHUIO 30HHOW CTPYKTYPBI TBEPIBIX
pactBopoB CuCri4AlO, (x=0, 0.5, 1) ¢ mpumeHeHuem Teopuu (GyHKIIMOHAIA
IUTOTHOCTH siByisieTcst pabota D. O. Scanlon u ero kosier [98]. ABTOPBI HCHOIB3YIOT
IpaJueHTHO-KOpPEKTUpOBaHHbIN (yHKunoHaN [lepapro-bepka-Opuuepxoda [99] ¢

17



NOMpaBKaMH Ha JIOKAJIbHBIE KYJIOHOBCKHE B3aMMOJCHCTBUS ISl CHIIBHO
koppenupoBanHbix cucteM (GGA+U). Bce pacuersl npoBOOWINCH HA
BOCHBMHATOMHBIX T'€KCArOHATBHBIX JIEMEHTAPHBIX SYEHKax C MCIOJIb30BaHUEM K-
ToueuyHOl ceTku MonkxopcTta-Ilaka 9*9*5. PesynpraTel pacuera 30HHOU
CTPYKTYpHI IIpEeICTaBICHBI Ha pucyHKax 1.4-1.6.

CormacHo pe3yJibTaraM ONTUMHU3ALMU MNapaMeTPOB KPUCTAJUIMYECKOU
pemetku 111 CUCrO; ycranoBiieHo, uto ainuHa cBsizu Cu-O cocraBiseT 1.84 A, Cr-
O — 2.03 A. B 30HHOI1 cTpyKType ompe/eneHa HeNpsMas 3ampelieHHas 30Ha CO
3HaueHueM 2.04 5B, B TO BpeMs Kak IpsiMasi 3arpenieHHas 30Ha coctasiseT 2.55 3B
U PaCIIOJIaraeTcsi MEKy BHICOKOCUMMETPUYHBIMU TOUKaMu M-I". MUHUMYM 30HBI
MPOBOJANUMOCTH HaXOJUTCS MEXAY TOukaMu L u A, a MaKCUMyM BaJICHTHOU 30HBI
pacnosioxkeH B Touke M (pucyHok 1.4).

T
&/
— ————
C(g)  N—
= o
=)
]
% =
— —
SE = ] ==
_lor M L A T K H
(0,0,0) (¥4,0,0) (¥5,0,%2) (0,0,%2)(0,0,0) (V5,15,0)(V5,15,Y4)

Puc. 1.4. Dnexrponnas 3ouHast crpykrypa CuCrO2 B0JIb TOYEK BHICOKON CHMMETPHH
[98].

3amernienne Al noapemerkn Cr B depenyromuxcs ciaosx ab oka3biBacT
CYILIECTBEHHOE BJIMSHUE HAa KPUCTALUIMYECKYIO CTPYKTYpYy. ATOMBI KHCIOPOJa
TENeph CYLIECTBYIOT B ABYX no3unusax: Ol — Kuciaopon, pacrosioxKeHHbIA MEXKIY
Cu u Cr, u O2 — kucnopof, kotopblii koopaunuposat ¢ Cu u Al. JInuna cBsas3u Cu-
O1 yBemuuuBaercs 110 1.85 A no cpaBrenmo ¢ paccrosiauem Cu-O B CuCrO,, Torna
kak qiuuHa cBsa3u Cu-O2 me m3mensercs. JmmHa cBs3u Al-O2 cocrasiser 1.96 A,
Cr-O—2.01 A. PaccunTanHas 3anpelieHHas 30Ha BISETCA HEMPAMOM M COCTABIIAET
2.2 »B. 30HHas CTPyKTypa Ha pUCyHKE 1.5 MO3BOJSET 3aKIHOYUTh, YTO MUHUMYM
30HBI IPOBOJAMMOCTH PACIOJIaraeTcsi BAOJb JUHUM OT L 10 A, npu 3TOM MakcuMym
BaJIEHTHOH 30HBI MOSBIIAETCA BIOJIL JUHUU OT I 1o K, 61m3ko k Touke K. B ToM xe
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HampasJieHUH, HO Osmxke K [ numeercs npsimas 3ampeleHHas 30Ha 2.8 3B, a Bropas
npsimast menb 2.8 3B oOHapyxena Brosb L-A Bomu3u L.

B CuAlO; nonst Cu mMHEHHO KOOPAUHUPOBAHBI C IBYMS SKBHIUCTAHTHBIMU
aToMaMM KHcIopoja Ha paccrosHunm 1.866 A. Jlmuael casu Al-O B Al-
LIEHTPUPOBAHHBIX  KOOPJAMHALIMOHHBIX  OKTa3Apax cocTaBisitor  1.928 A.
PaccuntanHas 30HHas CTPYKTypa IOKa3aHa Ha pucyHke 1.6. MuUHHMYM 30HBI
MIPOBOJAMMOCTH HAXOJUTCS B TOYKE [, a MAKCMMyM BaJ€HTHON 30HbI HaXOIUTCA
Baonb H-K. 3anpemieHHas 30Ha sBisETCS HENpAMOW M cocTaBiseT 2.2 3B.
HanMeHnbiasg npsiMas 3anpellieHHas 30Ha HaxoauTcs B Touke I m cocrasiser 3.1

7B.
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105 M L AT K H
(0,0,0) (¥2,0,0) (¥2,0,15) (0,0,%4)(0,0,0) (V5,Y5,0)(V5,Y5,%5)

Puc. 1.5. Dnexrponnas 30uHast ctpyktypa CuCrosAlos02 B10Jb TOUEK BHICOKOM
cummetpun [98].

HecmoTpss Ha umerommecss paboThl MO pacyeTy 30HHOM CTPYKTYpPBI C
MOMOILBI0  TEOpUU dbyHKIIMOHANa  TJIOTHOCTH, NpUpOJa  BBICOKOMU
MOJyIIPOBOAHUKOBOW MPOBOAMMOCTH P-THIIA B paMKax JaHHBIX pPE3yJIbTATOB HE
OOBSICHSIETCSL.

[ToMuMO pasnnuus pacYETHBIX 3HAYEHUN NIPSAMOM U HENIPSAMOM 3alpEICHHON
30HbI CUCrO; B pamkax Teopuu (DyHKIMOHAJNA IJIOTHOCTH, TaK)Ke HAOIIFOMAFOTCS
HECOOTBETCTBUSl DIKCIEPUMEHTAIBHBIX 3HAYEHUH, MOJYUYEHHBIX C MOMOIIBIO
ONTUYECKOM M PEHTITEHOBCKOUM CIEKTPOCKONMUHU. 3HAUYCHUS MPSAMOUN 3arpenieHHON
30HbI BapbUpylOTCs B npenenax 2.9-3.63B, Hempsimas 3ampeleHHas 30Ha
n3MeHsercss B auamazone 1.3-2.8 3B [43-51]. Takoe 3HauUTENbHOE OTIUYHE
JIAHHBIX, MMO-BUINMOMY, BbI3BAHO PA3JIUYHBIMHU YCIOBUSIMU U METOJIaMH CHHTE3a

CuCr0..
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Puc. 1.6. Dnexrponnast 3oHHast ctpyktypa CuAlO2 B1ob TOUEK BHICOKOH CHMMETPHH

[98].

1.3.2. Onrnueckue ceoiictrea CuCrQO;

B Bumumom auanasoHe MJIMH BOJIH TUIUYHBIE 3HA4YCHUS Kod(duimeHTa
nporyckaaus il ToHkux 1wieHok CuCrO, maxopsarcs B auamazone 30—70%.
Opnako asist 60J1ee TOUHOTO CPABHEHUST ONTHYECKUX CBOWCTB JIAHHBIN MapaMeTp He
SBJISIETCS HAJEKHBIM, TaK KaK 3aBUCUT OT TOJIIIMHBI MJICHKU 0 3aKoHy JlamOepTa
1(d) = loexp(-ad)). [Tpoiiecch! MOTIOMICHHS TAK)KE 3aBUCIT OT MOP(OIOTHH TUICHOK,
KOTOpBIE OMNpPEAEAIOTCS METOAaMU OCaXACHUS W Tocieayromieii o0paboTKOM.
Takum 00pa3oM, 1151 XapaKTEePUCTUKUA U CPABHEHUSI ONITUYECKOTO OTKIIMKA TOHKHUX
IJIEHOK B OCHOBHOM HCIIOJIB3YETCSl ONTHYECKAasl MIMPUHA 3alpellieHHON 30HBI,
MOCKOJIBKY 3TO BHYTPEHHEE CBOMCTBO Marepualia, HE 3aBHUCSAIIECEC OT MeOMETPUU
wieHku. [lepBbie oOmnpeneraeHHble 3KCIEPUMEHTAIbHO 3HAYEHUS O 3alpelieHHOU
3oa¢ CuCrO;, ocHoBaHHbIe Ha (OTOIIEKTpOXMMHUYCCKUX wu3Mepenusx [100],
YKa3bIBAIOT Ha CYILLIECTBOBAHUE OJTHOM HENPSMOM 3aIPEIIEHHON 30HbI C BEJIMYUHOU
1.28 5B u aBywms npsmbiMu niepexogamu 3.08, 3.35 3B. Oxnako mocrienyroiue
M3MEPEHUs ONTUYECKON IMUPHUHBI 3arpenieHHbIX 30H ieHoK CUCrO; otnuyarorces
apyr ot npyra (Tabmuma 1.5). 3HauWTeNnbHOE OTIMYHME HKCIEPUMEHTATHHBIX
3HAYEHUM NPSMOM M HENPSIMOM 3aIlPEIIEeHHOM 30HbI, MO-BUIMUMOMY, BBI3BAHO
Pa3IMYHBIMU YCIOBUSAMU U MeToaMu cuHTe3a mieHok CuCrO;.
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Ontuyeckoe TMOIJIOIICHUE, MOsBIsIOIeecs Okoio 3 3B, o00ycioBieHo
nepexoioM 30Ha-30Ha Cul+0% — Cr¥¥+0O?. [ornomenue okono 2 3B cBA3aHO ¢
nepexogoM Cr¥(ty) — Cri(teg), KOTOpHI NPOMCXOAUT 3a CYET PACHICILICHHUS
ypoBHeH 3Heprun d-opOuTanei OKTadApUIeCcKUM KpucTaumdeckuM nojem [101].

MeTtox cuHTe3a [Ipsmas Eg, 5B Henpsimas Eg, 5B
MarsneTpoHHOE HaIbUICHUE 3.05-3.42 -
CamopacnpocTpaHsIIOIUiCs 3.62 -

BBICOKOTEMIIEpaTypHbBIN
CUHTE3
PacnbuinTenbHBIN TUPOIIN3 - 2.4
HNMmynbcHOE na3zepHoe 3.17-3.2 -
HaIbUICHUC
XHUMHUYECKOE OCaXKICHUE U3 2.31-3.21 -
ra3oBoil (azbl
3071b-TelIb METO 2.9-3.14 2.79
ATOMHO-CII0€BOE 3.09 -
OCaXJICHHE

Tabmuna 1.5. DxcriepuMeHTa bHBIC 3HAYSHHUS TPSIMOU U HETIPSIMOH 3alpeIeHHON 30HbI
wieHoK CuCrO», BeIpallleHHBIX pa3IuYHbIMUA MeTojaMu [69].

1.3.3. Oopa3oBanue codcTBeHHBIX AeekToB CUCIrO;

[ToMmuMo uCIONB30BaHUSA TEOPUH (DYHKIIMOHANA IUIOTHOCTH IJIs pacdeTa
30HHOM cTpyKTypbl CUCIrO,, naHHash TeOpusi MPUMEHSIETCS JUIsl pacdyeTa dHEPruu
oOpa30oBaHUs BHYTPEHHUX W BHEIIHUX JIEPEKTOB KPUCTALIUYCCKON CTPYKTYPHI H
WX BIIUSHUS Ha HOPMUPOBAHKE YHEPTETUUCCKUX YPOBHEH B 3aMpENICHHON 30HE, YTO
MO3BOJISICT OOBSICHUTD TIOIYIIPOBOIHUKOBYIO MTPOBOAUMOCTE P-THma [102].

Moxno BbienuTh paboty Fang Zhi-Jie u ero xomer [102], pesynbraT
KOTOPOM MO3BOJISIET 3aKJIFOYUTh, UTO IOMUHUPYIOIIMMHU COOCTBEHHBIMU e eKTaMU
B CuCrO2, OTBETCTBEHHBIMH 32 MPOBOJAMMOCTb P-THIIA, SIBJISIOTCS BAKAHCUU MEIH
V ¢y ¥/Uii Mexy3enbHbIe aTOMBI Kucaopoaa O'.

Pacuetsl mosiHOM »Heprum oOpazoBaHus AE(HEKTOB B ITOM HCCIEAOBAHUU
BBITIOJIHEHBI C KMCIIOJIB30BaHKEM MeToga ncesponoreHiuana (PAW) [103, 104] B
npuOrkeHnu JokanbHo# iotHocty (LDA) [105-108]. B pacuere ucnonb3yercs
cynepsiueiika, cojeprkamas 48 aToMoB. DHEPTHUs OTCEUKH JJIsl 0a3uca MIOCKUX BOJIH
coctasisiia 400 5B. [[ns noctpoenus 30061 bpriuirosHa UCTIOIB30BaIM MHOKECTBO
k-touek Monkxopcra-Ilaka 2x2x2 [109, 110]. PacueTsl 30HHOW CTPYKTYpHI
BBITIOJTHSJIUCh C HUCMOJIb30BAHUEM 3JIEMEHTAPHOUN SYEHKH M3 YEThIPEX aTOMOB, a
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pacueThl MOJHON PHEPTUU C MCIOJIb30BAHUEM CyIepsueiku u3 48 aTroMoB. UTOOBI
BBecTH BHemHUE MedexTsl B CuCrO,, Be, Mg u Ca, a takxe Si, Ge 1 Sn 3aMeHsITICH
Ha Cu umm Cr.

DHeprusi oOpa3oBaHus JedeKTa 3HAYUTEIHHO 3aBHCHUT OT AaTOMHOTO
XHUMHYECKOTO TIOTCHIINANA, a TAKXKE OT 3JCKTPOHHOM sHeprun Pepmu [111].

AH¢(a,q) = AE(a, q) + Neybey + Mol + Nerber + Nalg + qER, (1.1)
e

AE(a,q) = E(a,q) — Eo(CuCr0,) + nCuugu + nollg + ncﬂlgr + nAllg +
qEvem (1.2)

3neck E(0, q) — moiHas 3HEpPrus CymepsYeKku, coaepikamiei nedekT o B
3apsiioBoM coctosiHum (. Eo(CuCrO,) — mosiHast sHEprus TOH ke CynepsyeHKH,
CBOOOTHOM OT 1epeKTOB. Ncy, No, Ner U Na — KoaraecTBo Cu, O, Cr U IeTUPYIOMINX
npuMmecell cooTseTcTBeHHO. MO, u&., ul, n) — crammaprHele XuMHuecKue
NOTEHIMANBI WK ToJHAst dHeprusi ocHoBHOro coctosiuus Cu (I'IK), Cr (I'UK),
JICTHPYIOMIETO0 aroMa W KHCIOpoja COOTBETCTBEHHO. Ef — sHeprust depwmu,
MU3MEpPEHHAasi OT MAaKCUMYMa BaJICHTHOM 30HBI Evpm.

YpoBeHb sHeprum Jedekra €,(0/qQ") ompenensercs Kak 3HAYCHHE YPOBHS
depmu, Ipy KOTOPOM HEPTHs 00pa3oBaHus ( paBHA SHEPTHU 00pa3oBaHus ('

e«(q/q") = [AE(a, q) — AE(e, q")]/(q — q) (1.3)

s CuCrO; nuana3oH XMMHYECKUX IMOTEHIMAJIOB aTOMOB, M3 KOTOPBIX
COCTOUT COEJIMHEHUE, MOKET OBbITh OMPEAEIIEH C YYETOM CIEAYIOIUX (HaKTOPOB:

1) XUMHYECKHE IIOTCHIOMAJIBI BCCX aTOMOB, BXOIAIIMX B COCTAaB COCANHCHMUA,
JOJDKHBI OBITh MEHBIIIE HIIN PaBHBI HYJIO 1JIs1 BO3MOXXHOCTH O6pa3OBaHI/IH

¢a3sbl.

2) XuMUYeCKHe MOTEHIMaaa aTOMOB JOJKHBI YOBIETBOPATH (hOPMYIILHOM
CAUHULIC: Mcy + Her + 210 = AH(CuCr0,); npy + myy <
AHf(AnOpy).

JIist BEIYMCIICHHBIX 3HaYeHUM dHepruii oopazoBanus AHs (Cr,03) = —9.55 3B
u AH; (Cu,0) = —1.41 3B onpeseneHsl CIEAyIONIMEe OTPAaHUYCHUS HAa 3HAYCHHS
XUMHUYECKUX MOTEHIHAIOB aTOMOB, BXosux B coctaB CUCrO,: —0.71 < pc, <0,
—1.41 <po<0,-558 < pucr<-347.

B T1abmune 1.6 mnpuBeneHbl pacCUMTAaHHbIE DJHEPruu  OOpa30BaHUS
COOCTBEHHBIX Ne(PEeKTOB akienTopHoro tuma B TepmuHax AE(a, () cormacHo
ypaBHeHuio (1.2) W ypoBHH dHeprum AedeKkTa B 3ampeuicHHON 30He £4(q/q")
corjjlacHo ypaBHeHuto (1.3). 3HadeHuss »Hepruu oOpa3oBaHUs COOCTBEHHBIX
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nedextoB Vey, Oi u Oc, nipu ycnoBuu q = 0, npuHuMaroT 3Hadenus —1,69, —2,19 u
—0,89 5B coOOTBETCTBEHHO, YTO O3HAYaeT, 4YTO 3TU Je()EKTh MOTYT BO3HUKAThH
camorpoun3BoJibHO B CuCrO;. Kpome Toro, yuuThIBas MoJ0KEHUE YPOBHS SHEPTUU
nedekTa B 3ampernieHHol 30He, YCTaHOBJICHO, 9TO Vcy, Oi 1 Ocy UMEIOT ypPOBHH
sHeprum nepexona Ha 0.83, 1.25 u 1.03 »B BrIme MakcuMyMma BaJICHTHOM 30HBI
COOTBETCTBEHHO. PacmnoyioxkeHne ypoBHSI SHEPTUU UMEET PELIAIOIIEe 3HAUYECHUE JITIS
KOHIICHTpAIlMU HOCUTENeH 3apsaaa. Uem Oimke ypoBEeHb K MAaKCUMyMY BaJICHTHOU
30HBI, TeM 00JIee CUIIbHBIN BKJIaJ B aKIIENTOPHBIM MEXaHU3M MIPOBOJIUMOCTH MOKET
BHECTH JE(EKT.

CornacHo Tabsmie 1.6 MOXKHO 3aKJIIOYUTh, YTO COOCTBEHHBIMU JIeeKTaMu
aKIENTOPHOTO THIMA, KOTOPbIE MOTYT O0Opa30BBIBAaTHCS CIOHTAHHO, 3a CYET
OTpHULIATELHON SHeprun 06pasoBanus, seusiores V2, Vi, 07, 07, 02,. Tlpu yem
UMEHHO BaKaHCHMM MEAM OKAa3bIBAIOT PEHIAIONIYI0 POdb i MPOBOJUMOCTH
aKLENTOPHOTO THMA 3a CYET HamOonbpliedl OnMM30CTH Je(EKTHBIX YPOBHEH B
3arpenieHHoM 30He K MAaKCUMyMY BaJICHTHOU 30HbI. Bakancuu Meau AeMCTBYIOT Kak
JOHOPBI JBIPOK cleayromuM oopasom: Vey — Cu® + h* [74, 112]. Kucnoponnsle
unTepkaasiiuu O B CuCrO;5 Takke yIydIIaloT aKIENTOPHYIO TPOBOJUMOCTH T10
peakiuu: O, — 20; + 4h*,

Hedexr o | AE(a, g)/2B Acy ner no q
Ve, ~1.69 +1 0 0 0
Veu —0.86 +1 0 0 -1

YposeHns 3Heprun nedekra B 3anperniennoi 3oue (—/0) = £, + 0.83 3B
44 1.87 +1 0 0 0
Ver 2.55 0 +1 0 -1
/o 3.38 0 +1 0 -2
/£ 4.38 0 +1 0 -3

Yposens 3Hepruu nedekra B 3anpernieHHoi 3oue (—/0) = Ey + 0.68 3B,
(2—/-)=E,+0.833B, (3-/2-)=E,+1.03B

02, 6.41 0 +1 -1 0
0y 7.44 0 +1 -1 -1
0% 9.39 0 +1 -1 -2

YposeHs 3HEprun aedekra B 3anperieHHon 3oue (—/0) = £, + 1.03 3B,
2-/-)=E,+1955B

cu?, 1.8 -1 1 0 0
Cug, 3.04 -1 1 0 -1
CuZ; 439 -1 1 0 )

YposeHs 3HEeprun aedekra B 3anperieHHon 3oue (—/0) = £y, + 1.24 3B,
2-/-)=E,+1355B
23




0? -2.19 0 0 -1 0
07 —0.94 0 0 -1 -1
0F~ 0.48 0 0 -1 -2

VYpoBeHs 3HEprUM AedekTa B 3anpemnieHHou 30u¢e (—/0) = Ey, + 1.25 3B,
2—/-)=E,+1.425B

02, —0.89 +1 0 -1 0
Ocu 0.14 +1 0 -1 -1
0 1.3 +1 0 -1 -2

VYpoBeHs 3HEprUM Aedekra B 3anpemnieHHou 30u¢e (—/0) = £y, + 1.03 3B,
2-/-)=E,+1.16 3B

Ta6mumma 1.6. DHeprun 06pazoBaHus COOCTBEHHBIX JAE(PEKTOB aKIICHTOPHOTO TUIIA JJIS
CuCrOz [102].

B Tabnuue

1.7 npuBeaeHsl
COOCTBEHHBIX JE(PEKTOB JOHOPHOTO THIIA.

pacCUUTaHHbBIC

HEpruu 00pa3oOBaHUS

CornacHo Tabiuue 1.5 MoOXHO
3aKJIIOUYUTh, YTO BCE BHUIBl COOCTBEHHBIX AEPEKTOB JOHOPHOTO THUIIA HMEIOT
BBICOKYIO SHEPrUI0 00pa3oBaHusl U IiyOoKue ypoBHH sHepruu nepexoaa B CuCrOs.
Takum obpazom, 6e3 nerupoBanusi CuCrO, He MPOSBISAET MOJYHPOBOJIHUKOBYIO
IPOBOJUMOCTH N-THUIIA.

Hedexr o | AE(a, g)/2B Acy ner no q
vy 3.01 0 0 +1 0
V5 2.19 0 0 +1 +1
vat 1.44 0 0 +1 +2

VYpoBenb 3Hepruu nedekra B 3anpenieHHou 3oue (0/+) = E, — 2.38 3B,
(+/2+)=E.—2.455B

crd, 3.55 +1 -1 0 0
cri, 22 +1 -1 0 +1
crzt 0.95 1 -1 0 )

VYposens 3Heprun aedekra B 3anperienHon 3oue (0/+) = E. — 1.85 3B,
(+2+)=E.—1.95°B

1

Cu) 2.63 -1 0 0 0
Cuf 1.08 -1 0 0 +1
YpoBeHb 3Hepruu aedexra B 3anpenieHHon 3oue (0/+) = E. — 1.65 5B
cr 5.83 0 -1 0 0
Crf 4.18 0 -1 0 +1
Cr* 2.67 0 -1 0 +2
Cr3* 1.24 0 -1 0 +3

VYposens 3HEepruu nedekra B 3anpeniennoi 3oue (0/+) = E. — 1.55 3B,
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(+/24) = E.— 1.69 5B, (2+/3+) = E.— 1.77 5B

cry 7.37 0 -1 +1 0
Crg 6.08 0 -1 +1 +1
Crg* 4.91 0 -1 +1 +2
Cra* 3.92 0 -1 +1 +3

VYpoBens 3Hepruu nedekra B 3anpenieHHou 3oue (0/+) = E. — 1.91 3B,
(+2+)=E.—2.03 3B, 2+/3+)=E.—2.21 3B

cul 6.44 -1 0 +1 0
Cuf 5.09 —1 0 +1 +1
Cug* 4.03 -1 0 +1 +2
Cud* 3.08 -1 0 +1 +3

YpoBens 3Hepruu Aedekra B 3anpenieHHoi 3o1e (0/+) = E. — 1.85 3B,
(+/2+)=E.—2.145B, 2+/3+)=E.—2.25 5B

Tabmuma 1.7. DHeprun 006pa3oBaHus COOCTBEHHBIX JE(PEKTOB JOHOPHOTO THIIA JJIS
CuCrOz [102].

1.3.3.1 Crexunomerpusi CuixCriyO2+;

Ocoboe BHMMaHHE B TOCJIEIHEE BpEeMs YIEISETCS HECTEXMOMETPUUYECKUM
¢dazam penadoccura Cu;xCriyO,, KOTOpBIE XapaKTEPU3YIOTCS 3HAUYUTEIbHBIM
n30bITKOM/ eururoMm Meau w/uan xpoma [113-116]. HecmoTpss Ha 3ameTHOE
OTKJIOHEHUE OT CTaHJAPTHOM cTexuoMeTpud 1:1:2, naHHbIE peHTT€HOCTPYKTYPHOTO
aHaHM3a BCE CIIE YKAa3bIBAIOT HA MPHHAIC)KHOCTh JTaHHBIX ()a3 K CTPYKTYPHOMY
turty  nenadoccuta. CrexwoMeTpusi 00pa3lioB MOATBEPXKIACTCS  JTaHHBIMU
PCHTTEHOBCKOM (POTOIIEKTPOHHOM criekTpockonuer. Jluar u coaBToper [117]
METOJIOM TBEPAOTEIHLHON pEaKIMK CUHTE3UPOBAIN IUICHKUA C JCPHUIIUTOM XpoMa
(CuCrixO2; 0 < x < 0.1). MuHUManbHOE CONPOTHBICHHE MAHHBIX IJICHOK
cocraBisuio 2 kKOm*cm mns CuCrpg0,. Pappenmn um coaBropbl [114] npum
WCIIOJIb30BaHUU TTUPOJIA3A PACTIBUICHUEM U alleTHIIAIICTOHATHBIX TIPEKYPCOPOB JIJIst
MEIW W XpoMa B METAHOJIC BIICPBBIC IMOJYYMIU TUICHKH CO 3HAYUTCIBHBIM
neururom Menu (okoso 20%). i TOHKMX IUIGHOK ToMUHOW 90 HM
5JIEKTPOIPOBOJIHOCTE U ONTUYECKOE MpomycKkanue coctapmsm 12 Cv*em? u 55%
cOOTBETCTBEHHO. [103xke Ta ke ucciieoBarenbcKas rpyIina COOOMIHIa O MOTyYeHUN
ieHku Cug 4CrO; [115]. ABTopsI HA0IIO AN TOBBIIIIEHHOE KOJUYECTBO OKTAdIPOB
Cr—O B 3TUX MJEHKAaX MO CPaBHEHUI0 C MOHOKPHUCTAJUIMYECKHUMH OOpas3Iamu
CuCrO,. HecrexnoMeTpuyeckuii MEAHO-XPOMOBBIN /1e1aOoCCUT, MOKa3bIBAIOLIUI
OJTHOBpEMEHHO AePUIUT Meau 1 N30BITOK XpoMma Cu1«Cr14xO2, ObLT CHHTE3UPOBAH
METOJIOM OCQXKJICHHUSI METAIJIOPTraHUYECKUX COSAMHEHUU W3 ra3000pa3Hoi (asbl
[118]. Crexuomerpust 3TuX IUIeHOK coctaBistia 2/3:4/3:2, rae HabmromaeTcs
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Jne@UIUT TpeTH aTOMOB ME/IM U U30BITOK TPETH aTOMOB Xpoma. Ha maHHbIE MOMEHT
JJAHHbIC TIJIEHKW TMOKAa3bIBAIOT CaMbl€ BBICOKME 3HauYeHHUs mpoBoaumocTH (102
Cm*cm? [113]) miis meneruposansoro aenadoccura CuCrO,.

HccnenoBarenu cuuTaroT, 4YTO UCTOYHUKOM JIOMIOJTHUTEIBHBIX IBIPOK B OTHUX
HECTEXHOMETPUIECKHX JeTadOCCUTaXx HE MOTYT OBITh TOJBKO TOUYCUHBIC AE(PEKTHI
U (DaKTUYECKUN UCTOYHUK 3apsI/IOB, U MEXaHU3M IIepeHOCa B TaKUX (pa3ax BCE €IIe
SBISICTCS ~ OTKPBITBIM ~ BompocoMm  [113].  Hcmomb3ys  MO3UTPOHHYIO
AHHUTWIAIIMOHHYIO BPEMEHHYIO CIIeKTpockomuio Ha obpasmax CugesCri3302,
Jlyuka-ITona u coaBTopsl [119] CBS3BIBAOT CHMIKEHHE JJICKTPOIPOBOIMMOCTH C
YMCHBIIIEHHEM pa3Mepa IIeTOYeK BaKaHCUU Meau. Bo3MOXXHOE HamWuue 3THX
METaJUTMYECKUX TETIOYEYHBIX BAKaHCUN TOTBEPKIAACTCS TEOPETUUECKON paboTOM
Aprta u Ilynrepa [120], moka3siBatoieii, 4To oOpazoBaHue A€PEKTOB TAKOTO TUIIA
TEPMOJIUHAMHUYECKH BBITOHO.

Hab6nrogarorcs cXoCTBa B AJIEKTPUYECKUX CBOMCTBAX MEXKTY JIETUPOBAHHBIM
Mg CuCrO; u necrexuomerprdeckoi mreHku CUosCri.3302. B crygae Mg/CuCrO;
[121] Habaromaercs pe3koe yMeHbIIeHHE KodduimenTa 3ecOeka S ¢ yBeITUICHHEM
koHueHtpaiuu M. TemmnepaTypHas 3aBUCUMOCTb UMEET MUK, KOTOPbIN
MOCTETIEHHO HWCYe3aeT C yBeduueHueM coiepxkanus M. 3aBucumoctb
koa(ddurmenTa 3eedeka OT TeMMepaTypsl MPEACTABISET COO0M MOYTH JIMHEUHYIO
¢bynkuuio 10 300 K, 4T0 COOTBETCTBYET YMEHBIIEHUIO YIETBHOTO COMPOTUBICHHUS.
AHanornyHOE TIOBEACHUE HaOMoAaock B TuieHKax aemadoccuta CugesCriz30a.
OO0pas3Libl ocie OCAKICHUS IEMOHCTPUPYIOT OUYTH JIMHEHHYIO 3aBUCUMOCTD OT T.
[Tocne omxura kpusas S(T) npuoOperaeT MUK. DTO CXOJICTBO MOATBEPIKAACT UICIO
O TOM, YTO IIETIOYKH BaKaHCUH MeIU JCUCTBYIOT Kak JIETUPYIOIas MPUMECH B
Cuo.66Cr1.3302 anamoruuno ToMy, kak Mg aeiictByet B oopasiax CuCrO,.

JlaHHBIE PEHTTEHOBCKOM (hOTORIEKTPOHHON CIIEKTPOCKOTHH ISl HAHOYACTHII
CuCrO; mo3BOJIAIOT 3aKJIIOYUThH, YTO B IMPOLIECCE HArpeBa 0Opa3lOB MOJOKEHUS
mukoB it Cr¥* He usmenstorest, nomumo Cul* nosieistrorest nuku s Cu?t. Taxxe
HAOJIOMAeTCs MUK OT JIe(PEKTOB MO KUCIOPOIY U 00IIyI0 POPMYIHHYIO SIUHUILY C
Y4eTOM JIaHHBIX (POTOIICKTPOHHON CIIEKTPOCKONMKM MOXHO 3aIicaTh Kak

Cul* 1 Cu?*«Cr¥*Oax2 [19].

OtMeuaeTcsi CTaOUIIBHOCTh CTEXHOMETPUHU 00BeMHBIX 00pa3iioB CUCIrOy,; o
KuciaopoanbiM aedektam [78, 88, 122-124]. Vcroiuusocts ¢assr CuCrO; mo
OTHONICHUIO K BHEIPCHHUIO 3HAYUTEIIBHOTO KOJIMYECTBA CBEPXCTEXHOMETPUICCKUX
aToMOB Kkucjopoaa B cioun Cu’ KpHCTaIMYECKOW CTPYKTYphI jaeraadoccuTa
00BACHAETCS HEJAOCTATOYHO OONIBIIMM pazMepoM KatuoHos Cré*. B [124] nonyuena
OIICHKA BEJUYHMHBI KPUTHYCCKOTO pajJnyca KaTHOHA B MO3UIMKA M, TP MEHBIIIEM
3HAUYEHUHU KOTOPOTO0 HEBO3MOXXHO HWHTEPKAIUPOBATh AHMOHBI KHCIIOpoja Oe3
paspylieHus KpUCTAUTHUECKOH pemeTku. CoriacHO 3TOH OIIEHKE, BEIMYMHA TAKOTO
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KpuTHUECKOro paauyca 6muska k 0.70 A. ITosToMy Takoe BHEAPEHHE BO3MOKHO
tonmbko i CuMO; ¢ Gonblummu pasmepamu KatuoHoB M (Sc** ¢ uoHHBIM
pamuycom r(Sc¥, ku. = 6) = 0.745 A [125] u Gonee KpyNHBIMH KaTHOHAMH),
CO3/IAIOIIMMHU JTOCTaTOYHO MecCTa MJii BHEAPEHUS aTOMOB KHUCIOPOJa MEXIy
karroHamu Cu* B miockoctax Cu’. B caywae ¢aszel CuCrO; ¢ r(Cré*, xku. = 6) =
0.615 A mpocTpaHCTBO 718 HHTEPKATUPOBAHHOTO KHCIOPO/1a CIUIIKOM MAJIo.

1.3.4 Ocob6ennoctu d1ekTponpoBogumoctu CuCrO;

EAMHCTBEHHBIM  HCCEOBAaHMEM IO  HCCIEIOBAaHUIO  3aBUCHUMOCTH
AIIEKTPOCOMPOTUBJICHUSI OT TeMIepaTypbl MOHOKPUCTANIMYECKUX 00pa3loB
CuCrO; Ha OCTOSIHHOM TOKe siBJsieTcs: pabota Poienar u kosuter [126]. Y nenbHoe
AIIEKTPOCONIPOTUBIICHUE, H3MEPEHHOE BJIOJIb TUIOCKOCTH ab 1 HarpaBiieHUs C Fah(T)
u I(T) B pexxume oxnaxaeHuss oopasmnos ot 350 K g0 200 K, npencrasieHo Ha
pucyHnke 1.7 BMecTe ¢ pe3ynbTaToM, MOTYYEHHBIM ISl MOJUKPUCTAILTUIECKOTO
o6pasua CuCrO; (Ipoly).

Pab

Tc Pab

-H-%pc

200 300 350

T(K)

Puc. 1.7. TemnepaTypHasi 3aBUCUMOCTbD YACIBHOTO 3JICKTPOCOTPOTUBIICHUS B TNIOCKOCTH
ab v HanpaBJIeHUs C ISl MOHOKPHCTALTHYECKOTO U MOJIMKpUCTALINYecKoro oopasioB CuCrO;.
BcraBka: cxemaTHuecKue U300pakeHUsT K3MEPEHHS AJICKTPHUUECKOM aHU30TPOITHH IS
MOHOKPHCTAJIIOB: KOH(Uryparuu B tiockoctu ab (rap) u Hanpasnenuu C (rc) [126].

COOTBETCTBYIOIIME HOPMAIU30BAHHBIC TEMIICPATYPHBIC KPUBBIC Iap/Iap(300
K) u rc/re(300 K) (pucynok 1.8) moka3siBarOT, 4TO C YMCHBIICHHEM TEMIIEPATYPhI
3JIEKTPOCOIIPOTUBIIEHUE MOHOKPHCTAIa YBEIMUYUBACTCA Iopas3io ObICcTpee, 4eM
HOJUKPUCTALTMYECKOTO 00pasta Fooly/Mpoy(300 K). DTo Tarke moarBepkmaercs
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3HAYCHUSIMU JHEPIHH akTUBaiuu, E; = 280 MdB 1 mOIMKPUCTAIIIMYECKOTO
obpasna, E, = 436 M3B B HanpaBieHun C U B wiockoctr ab 409 m3B. Hauboiree
BaXHBIM PE3YJIbTATOM, MOJYYCHHBIM B PE3yJbTaTe 3TUX H3MEPCHH YICIBHOTO
AJIEKTPOCONPOTUBIICHUS,  SBIACTCS  HAIWYME  3aMETHOHM  aHU3OTPOIIUU.
DnekTpoconpoTupieHue B mwiockoctd ab (rap(300 K) = 3.4*102 Om*cm) B 35 pas
Hmke, ueM B Hanpasienun C (r¢(300 K) = 1.25*10* Om™cm). D10 mOKa3bIBAET, UTO
wiockoctu [CrO;] w/mmm [Cu*] sBisioTcst Oosiee OJaroNMpUATHBIMH ITyTSIMH IS
IIEpPEeMEIICHHS AJIEKTpUIecKoro Toka, ueM HampasicHue C (Cr—O—-Cu). IToxoxuii
pe3yJIbTaT, TO €CTh BBICOKOE OTHOIIECHUE YICIBHOTO CONPOTUBICHHS, I'c/I2h(300 K)
= 25 Obu1 mostydeH st kpuctaiuioB CuAlO; [127]. TIpomexyTouHOE 3HAYCHHUE [poly
MOJUKPUCTAIITMYECKOTO 00pa3iia MeXIY Ic U Fah XapaKTepU3yeTCs MOJIOKHUTEITbHON
TEPMOIJICKTPOABIXKYIIEH CHIIOW, YTO CBUAETEIBCTBYET O TOM, YTO B KPUCTAJLIAX
CuCrO; HocuTensaMHu 3apsiia SBISIFOTCS AbIpKH, Kak U B CuAlO».

I N I v 1 v 1 v I N I

220 240 260 280 300 320 340
T(K)

Puc. 1.8. HopmupoBanHas TeMiiepatypHasi 3aBUCUMOCTD yJI€TbHOTO
3JICKTPOCOTIPOTHUBIICHHS B TUTOCKOCTH ab U HAPaBJIEHHsI C 1T MOHOKPHCTAJUTHYECKOTO 1
noJuKprcTaumdeckoro oopasios CuCrOz [126].

Corimacuo wmcciemoBanusm  [44, 47-49, 51 69, 85, 91, 126]
AIEKTPOIPOBOAMMOCTH Kepamudeckux o0pasioB u mieHok CuCrO; Ha MOCTOSHHOM
TOKE MOXKHO 3aKJIIOUMTh, YTO B Auana3zoHe temmeparyp 200-300 K mexanusm
MPOBOJUMOCTH  (pa3bl AKTHUBAIIMOHHBIN, OIMMUCHIBAETCS 3aKOHOM AppeHuyca
p=po'eXP(Ea/ksT) c aneprueii aktuBarmu Ea, n3mensroreiics B nuanaszone 0.2-0.4
3B. C yMmeHbiieHueM Ttemmeparypsl Huke 200 K mexaHuW3M MOpOBOJIUMOCTH
npeodpaszyeTcsi B MPbLKKOBBIN MO JOKAJIW30BAHHBIM COCTOSIHUSIM BOJM3U YpPOBHS
depMH U ONMCBHIBAETCA C MOMOIIBIO BhIpaxkeHus Motra p = poeXp(To/T)Y* ¢
XapaKTEpUCTHYECKON Temmeparypoii Morra To okono 7.5%108 K. 3amernoe
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OTJINYME 3HAYECHUM DHHEPIUM aKTUBALMM OT 3HAYCHUN 3aIlpElICHHON 30HbI
ITOATBEPKAAET HAJTUYME AKIIENTOPHBIX YPOBHEN SJHEPIUHU B 3aIPELICHHON 30HE.

Otmeuaercs, uto A (a3 co cTpykTypoit nenadoccurta CuMO;, (M — Al, Cr,
Fe) mpucyiie moJasspoHHOE COCTOSHHE HOCUTENCH 3apsia ¢ y4acTHEM IOJISPOHOB
MaJjIoro pajanyca B MpoIecce MPOBOJIUMOCTH, ITPH KOTOPOM HCKaKCHHS PEIICTKH U
3aXBAauCHHBIC JBIPKA B3aWMOJEHCTBYIOT M TIEPEMEIIAIOTCS COBMECTHO, YTO
IPUBOJIUT K HU3KOH MOABMKHOCTH IbIpok [40, 44, 45, 47,57, 69, 74, 86].

JlaHHBIN MEXaHU3M MTPOBOAMMOCTH XapaKTepPU3yeTCs BEICOKON d(h(PeKTUBHOM
Maccoi u3-3a B3aMMOJECHCTBHS MEXIYy HOCHUTEISIMM 3apsja U KPUCTAJUINYECKOU
pemetkord. B cioydyae mNOJSPOHOB Majoro paanyca HCKAKEHHE PELIETKU
pacmpocTpaHseTcss Ha pacCTOSHUSA, KOTOPBIE MEHBIIE ITOCTOSHHOW PELIETKH.
CunpHOE B3aMMOJEHUCTBUE MEXKAY KPHUCTAUIMYECKOM PEIIETKOW M HOCHUTEIEM
3apsga MPUBOAMT K CaMO3axBaTy 3apsla HM3-3a COOCTBEHHOW MOJSPHU3ALUU.
[TonsipoHHasT NPOBOAMMOCTB XAPAaKTEPU3YETCsl IPBDKKOBBIMU CBOMCTBaMU. B
OTIMYME OT JIPYTUX MEXaHU3MOB IMPOBOJMMOCTH, KOJEOAHUs PEHIETKH He
MOJIABJISIIOT MPOBOAUMOCTD, & CKOpEe JOMYCKAIOT €€, KaK B MIOHHOM MPOBOIUMOCTH.
CymiecTByeT JBa THUIA IMOJIIPOHOB. B CIIy4ae MOJISIPOHOB OOJBILIOTO pajuyca
UCKOKEHHUE PEIIETKH PACHpPOCTPAHSIETCS Ha HECKOJIBKO IMOCTOSHHBIX PEIIETKH.
Tpa"CcnOpT HOCUTENIEH MO-TIPEKHEMY HA3bIBAETCS «30HHOM ITPOBOJMMOCTBIO», KaK
U B KJIACCUYECKHX MOJIYITPOBOJHUKAX, HO 3 (PEeKTUBHAS Macca B BAJICHTHOW 30HE U
30HE€ MPOBOAMOMOCTH HAMHOTO BBIIIE M3-32 B3aUMOJICUCTBHS MEK/y HOCUTEISIMU U
pemerkoit [128, 129]. Jlyng noiasipoHOB Majoro pajuyca CBsi3b HOCUTENS 3apsija C
KOJICOAHUSIMU JOCTATOYHO CUJIbHA, M HOCHUTEIM CTAaHOBSTCS CaMO3aXBaY€HHBIMHU
COOCTBEHHOW moJisipu3anuei, renepupyemoir B nonHoi pemerke [130]. 3xecw
ClIelyeT MNOAYEPKHYThb, YTO TEMIIEpaTypHas 3aBUCUMOCTb ABTOMATHUYECKU HE
MO/Ipa3yMEBaeT HCKIIOUYUTENIbHOE TPUCYTCTBUE MEXaHU3Ma MPOBOJAUMOCTHU
NOJIIPOHOB ~ Majoro paamyca. CorimacHo pacueraM, JpYrd€ MEXaHU3MBbI
IPOBOJIMMOCTH, HMCHOJIb3YIOIIME OINpPEACIICHHbIE MPEANOI0KEHUS, TAKKE MOTYT

TI0KA3bIBaTh TEMIIEPATYPHYIO 3aBHCHMOCTD, IIOX0KYI0 Ha 3aBucuMocts TY4 [131-
133].

[Tonsiponnsiit Mexanu3zM mnpoBoaumoctd (aser CUCrO; nabmropasics Ha
o0Opasiiax MOHOKPHUCTAUNIMYECKUX TOHKHUX IJIEHOK ToimmuHou 90 um [115], B Buae
Manoil moaBMKHOCTH HocuTened 3apsga (~0.1 cm?Bic?), anmpoxcumanmeii
TEMIIEPATYPHON 3aBUCUMOCTH DJIEKTPONPOBOJUMOCTH MPBIKKOBOM MOJAEIBIO

o w
NOJIIPOHOB MAJIOTO pajnyca o = 70 exp(— E)’ rae W — akTuBalMOHHAs! SHEPTHsl

npbokka (65-70 MaB). ITpu uem Hmxke Temmeparypsl okoso 220 K 3aBucHMMOCTb
noguuHsgercs 3akony TV (pucynok 1.9).
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Puc. 1.9. TemneparypHasi 3aBUCIMOCTb JIEKTPOIIPOBOIUMOCTH IS
MOHOKpHCcTaLTHUecKuX ieHok CUCrO; npu pa3inyHbIX TapIUATBHBIX TABJICHUSIX KACIOPO/Ia.
Ha BcraBke moka3aHa anmpoKCHMAaIUs 10 3aKkoHy Motrta. BepTukaibHas IyHKTHPHAS JTHHHS
yKa3bIBaeT Ha KPOCCOBep B MexaHu3Me mpoBoaumoctu (220 K) [115].

Taxoke MOIAPOHHBINA MEXaHHU3M ITPOBOANMOCTH HAOIIOAAIICS B KEPAMHYECKUX
obpasmax TBepasix pactBopoB CuCrixSnyO, (x = 0.01, 0.03) [47]. Ilo
TEMIIEpaTyPHO# 3aBUCMOCTH 3JIEKTPOIPOBOAMMOCTH MOKHO 3aKJIFOUUTh, YTO OHA
XOPOIIIO OMKUCHIBACTCS MPBDKKOBOM MOJICITBIO MOJIIPOHOB MAJIOTO paanyca (PUCYHOK
1.10). UccnenoBateny ¢ MOMOINBIO JaHHBIX PEHTTEHOBCKOW (hOTOIICKTPOHHOM
CIIEKTPOCKOITUH YCTAHOBHIIU, YTO B 00pa3iiax HabI01aeTCs CMEIIAHHOE COCTOSIHUE
menu Cut*/Cu®* m xpoma Cr#*/Cr3*. O6mas (GopMyibHas e€IMHULA MOXKET OBITh
sammcana kak Cujf,Cul*Crit, Cri*Sn3*0,,, VcranoBneHo, 4TO MeXaHH3M
NPOBOJUMOCTH B JaHHBIX COCTaBaX OCYIIECTBIIACTCS Yepe3 MPbKKOBBIN MEXaHU3M
HOJISIPOHOB MAJIOro paauyca 3a CYeT CMEUIAHHOTO COCTOSIHHS MEIM, TaK KakK 3TO
Oolee OSHEPreTUYECKM BBITOJHO, YEeM IPHDKKM HOCHTEIEH 3apsga depes
OKTa3ApUYecKre OJOKH MOIPEIICTKH XPOMA.
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Puc. 1.10. TemnepaTypHast 3aBUCUMOCTD SJIEKTPOIIPOBOJMMOCTH JIIsSI KEPAMHUYECKHX
06pasnoB TBepabIx pacTBopoB CUCrixSnxO2 [47].

1.4 Ocob6ennocTu andjiekTrpudeckux coiicte CuCrO;

JlaHHBIE O TEMIEPAaTypPHO-YACTOTHBIX 3aBHCHUMOCTSX JIHAJICKTPUICCKOM
nponunaemoctu (T, f) m TaHrenca yria nuanekrpuueckux motepsb tgo(T, f),
n3MepeHHbIX pu T <480 K u f < 10 MI'n, npuBenensl B padorax [45, 52-57, 126,
134]. Ha wu3y4YeHHBIX 3aBUCHUMOCTAX, IOMHUMO MaKCUMyMa €& B o0iactu
temnepatypbl Heenst Ty [52, 52, 134], npyrux ocoOEHHOCTEH B jMTEpaTrype He
oOHapyxeHo. CreayeT OTMETHTh, YTO UMEIOTCS CYIECTBEHHbIC MPOTUBOPEUMS B
3HAUEGHUAX € TMPU HUBKUX TeMmIeparypax, IMpPH KOTOPHIX OTCYTCTBYIOT
peaKcarmoHHbIe BKJIAAbI, W 3(PGEKThl MPOBOJAUMOCTH, TPUBEICHHBIX B Pa3HBIX
pabotax: 27 (10 K) [126], 20 (22,5 K) [134], 15 (5 K) [54], 7 (4 K) [52], 90 (100 K)
[57], 30-35 (20 K) [53]. [TostosxeHue BBIpaKEHHBIX MAKCUMYMOB IS KEPAMUYECKUX
obpasmoB CuCrO; mpu ~260 K u ~450 K Ha 3aBucumocTsix &(T) u tgo(T) cMemaeTcs
B CTOPOHY BBICOKHMX TEMIIEPATyp C POCTOM YacTOTHI [57], 4TO CBUAETEIHCTBYET O
pENaKCalMOHHOM XapaKTepe TUAIEKTPUUECKOro OTKIUKA (pucyHok 1.11). [Ipu uem
3aBucumocTts INf(Tr) mogunnusiercs 3akony Appenuyca f = foexp(—E4/kgTy).

BceraBka (o) Ha pucynke 1.11 mokassiBaeT maMmenenue In(f) xak ¢ynkmmm
1000/T. (rme f — gyacrora, fy — npemdKCIOHEHIIMATBHBIA MHOKHUTED, EA - HEprUs
aktuBaiuu, Kg — mocrosiHHas bonbiMana, a T, —Temmeparypa, IpH KOTOPOM
HaOJFOIaeTCsl MAKCUMYM TaHTEHCA yIJIa AUAJIEKTPUYECKUX MOTeph. PaccunTanHoe
3HaueHune Ea 1115 aToro mporiecca penakcanuu okaspiBaercs paBHbiM 0.32 5B. Takoe
3HAUYCHUE DHEPTUM aKTHBAIMW COOTBETCTBYET SHEPIHH MPHIHKKOBOTO MEXaHH3Ma
IPOBOIUMOCTH TOJISIPOHOB Majioro paauyca [135]. DTOT pe3ysbTaT coriacyercs ¢
pe3yabTaTaMd  W3MEPEHHH TOHKOW  CTPYKTYphl  CHEKTPOB  IOTJIOIICHHUS
PEHTI€HOBCKUX JIy4el, COTJIacHO KOTOpbIM Cu HaXOAUTCS B CMEIIAHHOM COCTOSIHUN
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okucnenus Cul* u Cu?'. Takum 00pa3oMm, aBTOPHl JAENAIOT BBIBOJ, YTO
IPOBOAMMOCTB P-THIIA PEaIu3yeTcs 3a CUET MPBIKKOB IbIpoK Mexkxy Cul® m Cu?”,

[IpyHuMas BO BHMMaHUE BBICOKME MakcUMajbHble 3HaueHus € (~6000 u
25000), ocobennoctn 3aBucumoctert  &(T, f) wm tgd(T), wnabmOACHHE
NUpPOdJIEKTpUdeckoro sddexkra U meTenb TUIIEKTPUYECKOro THUCTepe3nuca B
oomactu 400470 K, a Taxke HaOmOAeHHE TOJSIPHBIX HaHOOONAcTedl B
IPOCBEYHBAIONIEM JIEKTPOHHOM MUKpOCKoIie (pucyHok 1.12), uccnenoBarenu [57]
knaccuduimpoBain CuCrO; Kak «CErHETOIEKTPUK pelakcopHOTro Tuma». O1HaKo
3TOT BBIBOJI HE COTJIACYETCS C IIEHTPOCHUMMETPHUYHBIM THUIIOM KPUCTAIIHYECKON
ctpyktypbl CuCrO,. Taxxe HaOIIOAaeTCs CXOACTBO IMAICKTPUUYECKUX CBOMCTB

CuCrO; c Tak Ha3pIBa€MBIMH MaTepHalaMU C KOJIOCCATILHOW AMAICKTPHUECKOM
nponunaemoctsio (KJIIT) [55, 57].

2.4x10" | ol (@) 9w
t ol
16x10° | 8lEa=034ev 30kHz
- 47 44 46 48
* [ ) 1000T
8.0x10°
0.0
20
15
[/ ]
c 10
@
h—t
5
0 b
" [] . 1 N \ .
100 200 300 400 500

Puc. 1.11. (a) TemnepaTypHasi 3aBUCUMOCTb JTUAJIEKTPUUECKON TPOHUIIAEMOCTH Ha
BbIOpaHHBIX yacToTax (b) TemneparypHas 3aBUCUMOCTh TAHT€HCA YIJIa AUAJIEKTPUUECKUX
MOTeph Ha BHIOPAHHBIX YacTOTax. BeTaBka (o) MOATBEpIKIaeT penakcalio 1e0aeBCKOro Tuna
[57].
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CBsi3b JTMAJIGKTPUUYECKUX CBOMCTB M TMOJIAPOHHBIX HOCHTENCH 3apsja
OTMEYaeTCs TaKkKe B KepaMHUecKuX oOpasnax TBepasix pacTBOpoB CuCrixGexO,
(x=0, 0.01, 0.03, 0.05, 0.08, 0.1) u CuCr1-xSnO, (x=0.01, 0.03) [45, 47].

OO6HapyX)eHO, 9TO JUAICKTPHUECKUE CBONCTBA JIETUpOBaHHON Ge KepaMuKH
CuCrO; xoppenupyeT ¢ MNOPOBOJAUMOCTBIO. ['MraHTCKas AMDIIEKTpUYECKAs
MIPOHUIIAEMOCTb COTIPOBOKIAETCS BHICOKOM MPOBOJAUMOCTHIO IMTOCTOSIHHOTO TOKA U
BBICOKMM 3HaueHHeM tQo (pucyHok 1.12, pucynok 1.13). Otmeuaercs, dTO
TUTaHTCKas IUAJIEKTpUYecKas MPOHUIIAeMOCTh HellernpoBaHHOU kepamuku CUCrO;
JOJDKHA KOPPEIUPOBATH ¢ MpblKKaMu TosisipoHoB [136, 137]. Ilpebkku HOCHTENIEH
sapsaga mexay Cr* m Cr* Moryr OBITH OTBETCTBEHHBI 3a HAOIIONAEMYIO
TUTAHTCKYIO JUAJICKTPUUECKYI0 TPOHUIIAEMOCTh B HEJIETHPOBAHHOM KEpaMUKe
CuCrO;. DddekT BHYTpEHHET0 OapbepHOrO CIJIOSi KOHJEHCATOpAa MOKHO
UTHOPUPOBATH KaK BO3MOXKHYIO MPHUUYMHY 3TOTO THTAHTCKOTO JUAJIEKTPUYECKOTO
MOBEJICHUS, TOCKOJIbKY OOBeMHOE compoTtuBieHue Rp = 125 Owm*cm u
CONPOTHBIIEHWE Ha TrpaHunax 3epeH Rgp = 200 Om*cM CyliecTBEHHO He
pasznuyarorcs. 3ameniennss Ge mosurnuu Cr BI3BIBACT 3HAYUTEIHHOE CHIDKEHUE
MIPOBOJIMMOCTH, YTO YKa3bIBa€T HAa yMEHBIICHHE CBOOOJHBIX HOCHUTENEH 3apsja.
CoryiacHO MO/IeNiv MPBIKKOB MOJIIPOHOB MAJIOr0 pajauyca, € yMEHBIIAeTCs 3a CUeT
YMEHBIIICHUST KOHIICHTPAIUH TIOJIIPOHOB, KOTOpask KOPPEIUPYET ¢ KOHIICHTpaIUen
CBOOOIHBIX 3aps0B [137].
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Puc. 1.12. YacroTHas 3aBUCMOCTS €' ITPU KOMHATHOW TeMIepaType HeJllernpoOBaHHOM
CuCrO2 u neruposannoit Ge kepamuku CuCrO2 [45].
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Puc. 1.13. YacToTHas 3aBUCMMOCTD tgd IpH KOMHATHOM TEMIIEPAType HEIETUPOBAHHOM
CuCrO2 u nerupoBanHoit Ge kepamuku CuCrO2 [45].

EmunacTBeHHON paboToii o KOMILUIEKCHOMY HUCCIIEIOBAHUIO
JTUAJIEKTPUUECKUX CBOWCTB MOHOKpHcTaumueckux obpasioB CuCrO; sBrsgercs
uccienoBanue [126]. Crieayer otMeTuth, uTo (asza CuCrO; siBiiseTcss H3BECTHBIM
MYJIbTU(DEPPOUKOM, B KOTOPOM CIIMH-XHpaJbHas CTpYKTypa
CETHETO3JIEKTPUUECKUX JJOMEHOB MOKET ObITh TOHKO HACTPOEHA C UCIOIb30BaHUEM
KaK MarHUTHBIX, TaK U 3JICKTpHUECKUX mosiei [53, 54]. Jlns u3ydeHus: B3auMOCBS3H
MEXIY  JJIGKTPUYECKHMM W  MAarHUTHBIM  TOPSAKaMH B HCCIIETyEMBIX
MoHokpucTaiax CuCrO; ObLITH BBITIOIHEHBI IUAJIEKTPUUYECKUE U3MEPEHHS 0€3 U ¢
MarHdTHbIM ~ TIOJIEM,  TPUJIOXKEHHBIM  TEPIEHIUKYJSIPHO  TEPEMEHHOMY
ANEKTPUYECKOMY TOKY. JlWdJIeKTpuueckass MTPOHUIAEMOCTh H3MEpsUIach B
wiockoctd ab u BAOAL ocu C MoHOKpucTaioB CuCrQO;. CymiecTBYIOT /B
BO3MOXXHBIE KOH(DUTYpaMU [T U3MEPEHUS AUICKTPUUECKON MPOHUIIAEMOCTH B
mIockocTu: ¢l u ¢2, cxemMaTHYeCKH MpeACTaBICHHbIC Ha BcTaBke pucyHka 1.14. J{ns
koHurypanuu ¢l (pucyHok 1.14) HaGmromaercss OAMH MUK Ha KpuBou € (T) mpu
temriepatype Heemnst Ty = 24 K, monoskeHre KOTOpOro HE 3aBUCUT OT YaCTOTHI U JIJIS
KOTOPOT0 AUBJIEKTPUYECKUE ToTepr Maubl. /{715t BTopoii KoH(puUrypauuu c2 €' Takxke
UMeeT MUK Tpu Ty Ha MakcuMaiibHOM yactoTe 100 k', HO u3-3a popmbl U pazmepa
MU3MEPSIEMOr0 MOHOKPHUCTA/NIa 3JEKTPOJbl HAMHOIO MEHbIIE (a TOJIIMHA
KOHJIEHCATOpa HAMHOTO 0OJIbIIE), YeM B KOHPUTypaluu cl, 4To IPpUBOAUT K OYEHB
IIyMHBIM U3MepeHusiM. I3MepeHus BJ0JIb OCH ¢ MPEJICTaBIeHbI Ha pucyHke 1.15.
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Puc. 1.14. TemnepaTypHasi 3aBUCUMOCTb JTUAJIEKTPUUECKON MTPOHUIIAEMOCTH B
wiockoctu ab (mpu =5, 10, 50 u 100 x['n) B korduryparwu cl. BeraBka: cxemaTnyeckoe
M300paXkeHue IBYX BO3MOXKHBIX KOH(puryparwuii (cl u ¢2) 31eKTpo0B Ha TOBEPXHOCTH
MOHOKpHUCTAJIJIA JIUIsl U3MEPEHUS TUAIEKTPUUYECKON TPOHUIIAEMOCTH B TUIOCKOCTHU. [TyHKTHpHas
JMHUS yKa3biBaeT Temiiepatypy Heemns [126].

1.140

electrodes ' 1 E)OlezI |
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5 10 15 20 25 30 35 40 45
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Puc. 1.15. TemnepatypHast 3aBUCUMOCTb AUAIEKTPHUUECKON IPOHUIIAEMOCTH,
u3mepeHHoi ok ocu C ipu 100 k', BeraBka: koHduryparus nzmepenus [126].

Marnutosnexktpuyeckuid 3p@exT, u3MepeHHblii B KoHpurypauuu cl mnpu
MOCTOSIHHBIX TEeMIEpaTypax BbIIIE U HUXKE [y, MpEICcTaBieH Ha pucyHke 1.16.
DddeKT cuMMeTpruYeH NMpY TPUIOKEHUH MarHUTHOTO noJisg £9 Tn, ero BennyuHa
YBEJIMYMBAETCS C pOCTOM Temneparypsl 10 Ty = 24 K u cTaHOBUTCSA paBHOW HYJIIO
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npu 25 K. Habnronaercs rucrepe3uc Huxke Ty, 6osiee BeipakeHHbIN 1151 T =23 K
npu 5 Tx (pucynok 1.17). I'uctepesuc Takxke Hadmroaancs Ha kpubbix (AM/dH), € u
noJisipu3aiuu P oT MarauTHOrO 1moiis B [54].

28.2 - 100kHz _

HoH(T)

Puc. 1.16. 3aBUCUMOCTb IU3IEKTPUYECKON MPOHULIAEMOCTH OT MArHUTHOTO MOJISA
(xoHpurypamus cl) npu NOCTOSHHBIX Temneparypax (6, 21, 23, 25 u 27 K) [126].
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Puc. 1.17. BelpaXeHHBI! THCTEPE3UC HA 3aBUCUMOCTH IUAIEKTPUUECKON
MPOHMIIAEMOCTH OT MarHUTHOTO ToJist ipu T = 23 K [126].

[Monspuzanus P B miuockoctn ab kak (QyHKIHS TemrepaTypbl KpHCTaslia
nokazaHa Ha pucyHke 1.18. Bnonps ocu C nosspuzanus He U3MEHSETCS, YTO UMEET
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peliampoinee 3HaYeHHe, IOCKOJbKY IIO3BOJISCT CHENaTh BBIOOP MEXAYy ABYMs
MarHUTHBIMA CTPYKTypaMH, reJINKOUIAIBHON 1580071 UKJIONIAIBHOM,
IICPBOHAYAILHO MPEIOKCHHBIMA B HCCICAOBAHUA HEUTPOHHON IOPOIIKOBOI
mudpaxuu [138].
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Puc. 1.18. TemneparypHasi 3aBUCHMOCTb MOJISIPU3AIIMK B IIOCKOCTH ab MOHOKpHcTauia
CuCrO2, monyuenHas npu nosspusyroiiem mnoie 588 kB/m [126].

1.5 pyrue cBoiicrBa CuCrO;

Ha naHHBII MOMEHT MMEETCS KpallHE Majo WCCJIEAOBAHUM, MOCBSIIECHHBIX
CHUHTE3Yy U M3YUYCHHIO CBOMCTB 00BbeMHBIX MOHOKpHcTamuioB CuCrO,. [53, 54, 84,
87]. MoHoKkpuCTaIIBI 3TOH (Da3pl ObUIM TOTYyUYEHBI METOJIOM PACTBOP-PACIIIIABHON
KPHUCTAIIM3AI|H C HCIT0JIb30BaHneM B kauecTBe (iroca KoCro07 [84, 87] mn Bi,O3
[53, 54]. B pe3yabrate B 000ux ciydasx (aza CuCrO, cuHTe3upyeTcs B BHUJC
TEMHBIX MMPO3PAYHBIX IT'eKCArOHAIBHBIX MIACTHH OOPI0BOTO IBETA C IMOMEPECUYHBIMU
pazmepamu 0koj0 0.1 mm u TonmuHoM 0kojo 0.01 mm.

Maruuthaas ctpykrypa CuCrO2 HEOZHOKpPATHO HCCIEAoBalach METOJaMU
nudpakuuun  HertpoHoB [53, 54, 84]. CuCrO; sBisercss KBa3uIABYMEPHBIM
relizen0eprosckuM anTudeppomaraetnkom (ADGM) (Cr*, S = 3/2) ¢ Temneparypoit
Heens Ty okoiio 24 K Ha TpeyroibHOU pelieTke, B KOTOPOM ynakOBKa MarHUTHBIX
atomMoB Cr o0OpasyeT cIoucThiii poMOo3apudeckuii anTrdGeppomaraeTuk [53, 54].
Kak y>xe Obl10 0TMEUYEHO, ITepexo1 HIKe Ty B MAarHUTHOYIIOPSIOYEHHOE COCTOSIHHUE
CO  CHOUpPaJIbHOW  CHOMHOBOM  cTpykTypoil — mHayuupyer B CuCrO;
CETHETORJICKTPUUYECKOE COCTOSIHME CO CHOHTaHHOM mnosspusamuedn P < 0.03
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MkKn/cm?. Taxke ObUIM HMCCIENOBAHBI MArHUTOCTPUKIMOHHBIC CBOWCTBA B
TeMIepaTypHOil oOmactu okojio (hazoBoro mepexona [126]. YcraHoBiieHO, 4TO
JBIDKYIIAsi CUJIa, BBI3BIBAIOIIAS NCKAKEHUE PEIIETKH, TECHO CBsI3aHA CO CITMHOBOMU
CUCTEMOM, O YeM CBUJECTEIbCTBYET OJHOBPEMEHHOE BO3HMKHOBEHUE HCKAKECHMUS
KPUCTAJUTMUECKON PEMIETKH M MAarHUTHOTO TIepexoa mpu 1.

Kpome Toro, coo0manoch O BO3MOXHOCTH HWCIIOIB30BAHMS METHBIX
nenadOCCUTOB B KaUeCTBE KaTAIM3aTOPOB JIJII KOHBEPCHUY CUHTE3-Ta3a B TMHEHHBIC
cnupTel ¥ anpaerunabl, [89, 139], mns pacmernenus onabl [140], paznokeHus
TOKCUYHBIX Ta30B, MPOUCXOAIINX W3 JBUTATE]ICH BHYTPEHHETO CrOpaHws,
OKHUCJICHHUS HecropeBmux roprounx razoB u CO, cemextuBHOTO OoKucieHus CO,
okucienus HCI u B kauecTBe oToKaTamn3aTopoB st Bocctanopnenus CO, [141].

O 1nposiBIEHMH MATEPHAIIOM CBEPXIIPOBOJAIIMX CBOWCTB C BBICOKOM
kputnyeckoi temneparypoit (Tc=118 K) coobmianoce B pabote [142], B ocTadbHBIX
HCCJIEIOBAHUSIX CBEPXIIPOBOJUMOCTH B 3TOH (ha3e He HAOI01aIach.

1.6 CsoiicTBa TBepabIX pacTBopoB CUuCrixAlxO-

WccnenoBanne CBOWCTB TBepAbIX pacTBopoB nenadoccuta CuCrO;
KPUTUYECKA BAXKHO JUIsI CHOCOOHOCTH YIIpaBJiCHUS, NMOHUMAaHUs, MPUMEHEHUS
CBOMCTB (pa3wl. IMeroTcst paboTHI MO 3aMEIICHHIO MOApenieTk: Meau [51, 76, 93,
121]u xpoma [45, 47, 48, 55, 56, 67, 98, 143-146]. OqHako HECMOTPSI HA OTPOMHOE
KoJumuecTBo myOnukanui mno yuctoir gasze CuCrO; u tBepasiM pactBopam Cuji-
xMQxCrO, u mpoynM YIOMSHYTBIM pacTBOpPaM BBINIE, UMEETCS KpalHe Majo
UcclieoBaTeNIbCKuX padoT mo m3ydenuto a3 CuCriAlO, [143-146]. [danubie
Gda3bl OblT OBl KpailHEe KpallHE MHTEPECHBI 3a CYET MPOSIBICHUS MOJSIPOHHBIX
cBoiicTB mpoBoauMocTH Y 9uCcThIX CUCIrO; u CUAIO,, a Takke 3a cUeT BIUSHUS
3aMeIleHUs] TIO3UIINKU XpOMa Ha TPAHCIIOPTHHIE U IPyTHE CBOMCTBRA.

Belire ObuTH MpeicTaBICHbI HCCIIEA0BaHuUs 30HHOM CTPYKTYpbl CUCTKxAlLO2
(x=0, 0.5, 1) ¢ momoIIbI0 pacyeToB MO TeopuH (GyHKIHMOHANa TutoTHOCTH [98].
[Tomumo sTOoro, Ha Kepammueckux ooOpasmax CuCriAlLO, ¢ 0 < x < 04
UCCIIEIOBaHbl TeMIIepaTypHble 3aBHCHUMOCTH MAarHUTHOW MPOHUIIAEMOCTH B
nuarnazone ot 2 1o 300 K u rermmoemMkoctr npu temneparypax ot 2 10 150 K npu X
= 0, 0.15 [143]. YcraHoBIIEeHO, YTO aHTH()EPPOMATHUTHBIN TEPEXO/ CYIIECTBYET
utst as mpu X < 0.2.

B pa6ote [144] monydeHbl JaHHBIE O MOTJIOMICHUH M BBIACICHUH KHCI0OPOIa
Py HArpeBaHUU TBEPJOTO pacTBopa B aTMocdepe BOAOpoJa. DTOT MpoIlecc
npoucxoausl Onarogaps oOpaTUMOM peakiuu, U3MEHSIOIMEH KPUCTAILTUYECKYIO
CTPYKTYpY JenadoccuTa Ha CTPYKTYPY THITA KOPYH/IA.

38



B paGore [145] mosydeHbl W WHCCIEAOBaHbl TOHKHE IIJICHKH TBEPABIX
pactBopoB  CuCrixAlO;. MUKpOCTpYKTypa OTHX IUICHOK, a TaKke UX
TURIIEKTPUYECcKasi MPOHUIIAeMOCTh ObuH u3y4eHsl pu 0.95 < x < 1. YcraHoBIEHO,
9TO ¢ YBEeIWYCHHEM cojepxaHus Al auanekTpuyeckas MPOHHUIIAEMOCTHh TBEPJIBIX
PacTBOPOB YBEITUYHUBACTCH.

B paGote [146] mpuBeaeHbI JaHHBIE 110 CIIEKTPaM ONTHYECKOTO MPOITYCKaHUs
B auanazone ot 200 go 800 HM, a Takke TeMIepaTypHble 3aBUCUMOCTHU
AIEKTPOCONPOTUBIIEHNS TOHKUX IUIEHOK TBEPABIX pacTBOpoB mpu 0.985 <X <1 B
nuranaszone temnepatyp ot 250 go 300 K.

1.7  BbIBOABI U3 JIUTEPATYPHOI0 0030pa, MOCTAHOBKA LieJieil U 3a1a4
HCCJIeIOBAHM I

Ha ocHOBe mpHBEAECHHBIX JaHHBIX M3 JMTEPATYpHOro 0030pa MOXKHO
3aKJIIOYUTh, YTO COEAUHEHUSI CO CTPYKTypoH naenadoccuta, B 4acTHOCTH (pa3a
CuCrO; saBnsieTcst KpallHe TMEpPCHEKTUBHOM JJIsi TNPUMEHEHHUs €€ B 001acTu
OTNITORJIEKTPOHHBIX YCTpOWCTB HOBOro mokoJjieHus. CUuCrO, sBusieTcss ogHOW M3
HEMHOTuX (a3, KoTopas MOXKET MOJOWTU Ha POJb MPO3PAuYHOTO MPOBOJSLIETO
OKCHJIa C IMOJIYIPOBOJHUKOBOM IPOBOJUMOCTBIO P-TUMA. MOXHO OTMETUTh
OTPOMHOE KOJMYECTBO HCCIEAOBATEIBCKUX PAOOT MO HM3YYCHHUIO ONTHYECKHX,
CBOMCTB 3eKTporpoBoguMocTy yuctoil ¢a3sl CUCrO; u ee TBepAbIX pacTBOPOB.
HecmoTps Ha 5T0 UMeeTCs psJl KpUTHUECKH BaKHBIX I IPUMEHEHUS IPoOIeM:

a) Mmeetcs kpaiine Mano pabOT MO U3YUYEHUIO KPUCTALTUIECKON CTPYKTYPhI
nenadoccura CuCrO,. B wactHOCTH, O0JBIIOE YKCIIO TAPaMETPOB, OMIPEACTSIONTIX
KPUCTAUIMYECKYIO CTPYKTYpY, TaKMX Kak 3aceileHHocTh no3unuid Cu, Cr, O,
Pa3HOCTb NEKTPOHHON TUIOTHOCTHU U IPYTHX, OTCYTCTBYET B JIUTEpATypeE.

Kpucramnuuaeckas cTpykTypa nzydeHa B padorax Crottaz [84, 87] c momoiisro
PEHTTCHOCTPYKTYPHOTO aHaJIN3a, OJTHAKO JTaHHBIE UCCIEAOBAHUSI Ha COBPEMEHHOM
000py10BaHUU HE MTPOBOAMIKCE.

0) HaGOmromaercst 3HaUUTENbHBIN pa30poc 3HAYEHUN MPSAMON U HENpsIMOM
3aIlpeIIeHHON 30HbI, MOJIYYEHHBIX C IOMOIIbIO pacyeTa Mo Teopuu (GyHKIHOHAIA
wiotHocTH (ipsimast Eq = 2—4 3B, wenpsimas Eg =1-3 eV) [3, 5, 6, 40, 69, 89-93],
MOJMyYEHHBIX HAa OCHOBE OKCIEPUMEHTAIBHBIX JIaHHBIX ONTHYECKOH U
PEHTTEeHOBCKOM crekTpockonuu (mpsivasi Eq = 2.9-3.6 3B, nenpsmas Ey =1.3—
2.8 3B) [43-51].

CuCrO; sBnsieTcs TOJYNPOBOJHUKOM P-TUMAa O€3 JOMOJHHUTEIBHOTO
JeTHpOBaHusA. B CBSI3M C 3TUM BcTaeT BONPOC 00 DHEPreTUYECKH BBITOIHBIX
nedeKkTax KpUCTaUIMUECKOU CTPYKTYPHBI, OMPEIETISIONINX CBOMCTBA MPOBOANMOCTH
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aToi ¢as3pl. Ha ocHOBaHMM pacueToB MO TeopuH (yHKIMOHANIA TUIOTHOCTH
UCCIICIOBATEe]IN B OCHOBHOM CXOJSTCS BO MHCHHH, YTO MMCHHO BaKaHCHUU MEIU
UTPAIOT KJIIOYEBYIO POJh B 00Opa3oBaHWM OCHOBHBIX HOCHUTEJCH 3apsga B ¢aze
CuCrO; [102]. Taxxe umeroTcst pabOTHI TT0 H3YUYCHHIO BIIUSHUS MTOIPEIIETKH XpOMa
[45, 47, 48, 55, 56, 67, 98, 143-146] Ha cBOWCTBa IMPOBOJAUMOCTH. 3[€Ch CTOMT
OTMETUTh, YTO TIOMYNPOBOJHUKOBBIC U JIUIIEKTPUUCCKHUE CBOWCTBA TBEPIBIX
pactBopoB CUCr4AlO, mpakTHdeckr He W3y4YeHBl. MOXHO 3aKIIOYUTh, YTO
OKCIIEPUMEHTATBHO CBSI3b TPAHCIIOPTHBIX CBOWCTB M OMpEACICHHBIX Me(EeKTOB
KPUCTALTMYCCKON CTPYKTYPBI TOYHO HE yCTAHOBJICHA.

B HekoTopeIx paboTax IO KMCCIICIOBAHUIO CBOWCTB IMPOBOJAMMOCTH (Ha3bl
CuCrO; otmeuaeTcsi, YTO HOCUTEISIMH 3apsia SIBIAIOTCS MOJIAPOHBI MAaJloTo
pamuyca [40, 44, 45, 47,57, 69, 74, 86], uro moaTBepKaAaCTCS MIPBIKKOBOM MOICIIBIO

noJsipoHOB  Mayioro pamuyca In(cT) ~ 1/T, a Takke MalbIMH 3HAYCHHSIMHU
nofBmwKHOCTH Hocutened 3apama (~0.1 cm?Bict). Ommako B mmreparype
abCOJIIOTHO OTCYTCTBYIOT TaHHBIE 0 HEJIMHEHHBIX CBOMCTBax

AIIEKTPOIIPOBOIMMOCTH, XOTSI UCXOJII M3 HAIWYHUS TIOJSIPOHOB Majoro paamyca B
Ka4yeCcTBE HOCHTENEH 3apsija COrjacHO TeopeTudeckuM padbotam Emin [133, 147,
148], cnenyet oxkuaaTh S-00pa3HbIe BOJIbT-AMIIEPHBIC XapaKTEPUCTUKH, IBOJIOIIHS
KOTOPBIX IO ACHCTBHEM TEMIEPATyphl M JJICKTPUYECKOTO IO HECOMHEHHO
MPEACTABIISIET UHTEPEC I HAYYHOTO COOOIIEeCTBa.

B) PaboThI 10 M3y4eHUIO MOTYNPOBOTHUKOBBIX, TUAICKTPHUICCKIUX CBOWMCTB
00BEMHBIX MOHOKpHUCTAITHYECKUX 00pa3iioB ¢a3sl CUCIO; B IIMPOKOM Juana3oHe
TEeMITepaTyp OTCYTCTBYIOT.

C y4eToM BBINIECKa3aHHOTO MOYKHO 3aKIIOYUTh, YTO MOIYIPOBOJIHUKOBBIE,
nudnekTpudeckue cBorictBa ¢azel CUCIrO; sBISIOTCS HE M0 KOHIA W3YYCHHBIMH,
YTO KPUTUYECKH BAXKHO ISl IMMPOKOTO MPUMEHEHHUs OSTOTO COCIUHEHHUS, B
YaCTHOCTH, B Ka4eCTBE IPO3PAYHOTO IMPOBOMSIIECTO OKCHAa P-TUHa. Takum
o0pa3oM, pelieHre MOCTABIEHHBIX MPOOJIeM HECOMHEHHO MMEET OIpPEAeIsIolee
HAy4YHOE U NPUKIIAIHOE 3HAYCHUE.

[ensro paboThI SBJISCTCS MOJTyYCHHE KepaMUYECKHUX u
MOHOKpHCTAIITHYecKux 00pasnoB (a3el CuCrO, co cTpykTypoii aenadoccura,
KEepaMHYECKMX 00pa3loB TBEpAbIX pacTBOpoB Ha ee ocHOoBe CuCrixAlO,,
U3y4eHHE WX  KPUCTAUIMYECKOW  CTPYKTYpbl,  TOJYIPOBOJHUKOBBIX,
JTUDJICKTPUUECKUX U HEJTMHEHHBIX AIEKTPUUECKUX CBOWCTB.

OCHOBHBIMH 337]a4aMH paOOTHI SBIISLTUCK:

- CHHTE3 KepaMHuecKuX o00pasioB TBepAbiXx pacTBopoB CuCrixAlOz,
MoHokpucTtaiioB CuCrO;, wu3ydyeHHe TEpMUYECKOH YCTOWYMBOCTH, (Pa30BBIX
nepexosioB CUCrO; merogamu aepuBaTorpapuyeckoro anaiamsa, MéccOay’ poBCKOM
CHEKTPOCKOIHH;

40



- UW3y4eHHE OCOOEHHOCTEH  aTOMHO-KPUCTALUTMYECKOTO  CTPOCHHS
MoHOkpucTaioB  CuCrO,  MeTomoM  PEHTTeHOCTPYKTYPHOTO — aHaJM3a,
MHUKPOCTPYKTYpbI kKepamuueckux o0pasioB CuCrixAlxO, MeTooM ckaHupyromiei
AIEKTPOHHON MUKDPOCKOIINY;

- OIIPCOCIICHUC CTCXHUOMCTPUU o6pa3u03 MCTOJaMH BHepFOHHCHepCHOHHOﬁ
peHTFeHOBCKOﬁ CIICKTPOCKOIINH, OKC-CIICKTPOCKOIINM,

- U3YUCHUC OUIBJICKTPHUYCCKHUX, ITOJYIIPOBOJHHKOBLIX, HCJIWMHEHUHBIX CBOMCTB
SJICKTPOIMPOBOJIUMOCTH ITOJTYYCHHBIX (1)33, BJIIMAHUC HAa HUX XMMHYCCKOI'O COCTaBa,
MCTOJa CHMHTC3a.
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I'naBa 2. MeToasbl nojiy4eHus M u3y4eHusi 00pa3noB
2.1.11ony4yeHue KepaMUYeCKUX M1 MOHOKPHCTAJLIMYECKUX 00pa3LoB

[Tonyuenue  kepamuyeckux  oOpaslloB  MPOBOAWIM 1O  OOBIYHOM
KepaMUYECKOW TEXHOJIOTMU. MOHOKpHUCTaNIMUEeCKUe 00pasibl CUHTE3UPOBAIUCH
0 METOJy pacTBOpP-pacIUIaBHON KpHUCTAUIM3alMu. B KadecTBE MCXOTHBIX
XUMHUYECKUX PEAKTUBOB HCIOIB30BAIKNCHL OKCHUJIBI C COJACPKAHHUEM OCHOBHOIO
KoMmroHeHTa He MeHee 99.5%.

Cunres KECpaMUKH BKIIXOYaJl CJICAYIOMINUC dTaIlbI.

— JIO3UPOBAHME HCXOTHBIX KOMIIOHEHT B MPOIMOPLHUHU, HEOOXOTUMOU st
nosyueHus ¢asbl;

— F'OMOT'E€HH3ALUS CMECEU UCXOIHBIX OKCU/IOB;
— TBep10(ha3HbIN CUHTE3 TOMOTEHU3UPOBAHHBIX CMECEH;

— HU3MCJIbYCHHC B MGHKO3€pHHCTBIfI IIOPOLIOK IMPOAYKTOB TBepI[O(l)a?)HOFO
CHHTC34a,

— MOpUroTOBIIEHHE (OPMOBOYHOM MACChI, MPEACTABIAIONICH COOON cMmech
MOPOIIIKA CUHTE3UPOBAHHON (a3zbl ¢ 5% BOJHBIM PAaCTBOPOM TMOJUBUHUIIOBOTO
CIIUPTA;

— (opmoBanue TabneTok auamerpoM 10 MM M TommMHON 1 — 2 MM IOJ
nasieaneM 150 k[/cm?;

— CIIEKaHWE TA0JIETOK B IIEUYH.
CuHTE3 MOHOKPHUCTAIUTHYECKUX 00PA3I[0B BKIIIOYAJT CIICIYIONINE TATIbI:

— JI03UPOBAHHME HCXOJHBIX KOMIIOHEHT B MpPOIMOPLHUH, HEOOXOIUMOM JIs
nosrydeHusi ¢asbl;

— TOMOTEHU3aLUs CMECEH HCXOHBIX OKCHJIOB;

— pacTBOp-paciiaBHasl KPUCTAITU3AIMS TOMOTEHU3UPOBAHHBIX CMECEH;
— BbIJIEJICHHE MOHOKPUCTAJJIOB U3 TIOJYYEHHOTO KOHTJIOMEpaTa;
Hcnonbs3zyemoe 000pya0BaHKE:

— anektporHsie Becbi ADAM HCB302 dupmer ADAM Equipment (st
JO3UPOBAHUS UCXOTHBIX KOMITOHEHT);

— neub CHOJI 12/16 (puc. 2.1) ¢ pazmepom paboueit kamepsr 200%300%200
MM, aBTOMATHU3UPOBAHHBIM BOCBMHU  CTYNEHYATHIM  MHUKPOIPOIIECCOPHBIM
pETyJIATOpPOM  TEeMIlepaTyp W XPOMHUT-JAHTAHOBBIMH  HarpeBaTeIbHBIMH
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dJeMeHTaMH, oOecreuuBaromuMu  HarpeB o 1650°C  (ans  mpoBeaeHus
TBepA0(a3HOTO CHHTE3a TOPOIIKOB, CTIICKAHUS KEPAMHUKH, PacTBOP-PaCIUIaBHOM
KPUCTAILIN3AIUN);

— pyuHO# ruapaBianueckuil npecc ¢upmbl Shimadzu (maBnenue mo 1000
kI'c/cm?) (puc. 2.2) ¢ HaGopoM mpecc-popM 11t (POPMOBAHHS 3aTOTOBOK.

Puc. 2.1. Jlabopatopuas neur CHOJI 12/16.
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Puc. 2.2. 'mapasanueckuii mpecc Shimadzu 1 — ruapaBianueckuii mpece, 2 — mpecc
dopmsl, 3 — cTynKa.

2.2.PentrenodaszoBnplii aHaiu3

PentreHoazoBblii M PEHTT€HOCTPYKTYPHBIM aHaliW3 MPOBOAWIMA Ha
¢unbrpoBanHoM CuK, wu3IydeHMH C UCHOJB30BAaHUEM PEHTTEHOBCKOTO
nudpaxromerpa JIPOH-4 (mpousBomutens HIIIT "BypeBectnuk", 1. CaHKT-
[TeTtepOypr), KOTOpBIH ObBUT MOJAEPHU3UPOBAH IIyTEM COUJICHEHHS] €ro ¢
KOMITBIOTEPOM 4€pe3 COOTBETCTBYIomMEe uHTepdericubie minatel (puc. 2.3). Ilpu
uneHTugukanuu a3 UCroIb30BaAIM MEXIYHAPOIHYIO 0a3y JaHHBIX MOPOIIKOBON
mudppaxkuun [CDD [171]. [lpu unaunmpoBaHuu audpakTorpamMm, yTOUHEHUU
CUMMETPUU U TApaMETPOB AJIEMEHTAPHON SYEHKH M3ydaeMbIX (pa3 MCIOIb30BAIU
CIIeIMAIM3UPOBaHHYI0 KoMmbloTepHyto mporpammy «CELREF for unit cell
refinementy» [172].

Pexum cbeMku nudpakTorpamMm: peHTTEHOOINTHYECKas cxema mo bparry—
bpeHTaHo, 1Mana3oH yrioB 1o mkaie 20 ot 7° 1o 80°, TUCKPETHBIN PEXKUM ChEMKH,
CKOpOCTb ckaHupoBaHus 1 rpaja/muH, mar 0.02°, sxcniozutus 1 ¢, CuK,-u3nyuenue,

HUKEJIEBbIN QUILTP, CUUHTHUIAIIMOHHBIN CYETYMK ¢ KpucTauioM Nal, HanpsiokeHue
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Ha peHTreHoBckod TpyOke 30 kB, Tok 20 MA. [l TNOBBIMIEHUS TOYHOCTH
oTIpeNie]ICHUs] Op3TTOBCKUX YTJIOB OTpaxkeHuss 20 B uHcciaeAyeMble 00pasIlbl
N00aBIANY  M3MeNbuéHHBlE B Hopomok Kpuctamisl Ge (a=5.6567(6) A),
PEHTreHOBCKUE pedeKChl OT KOTOPBIX HCIOJIb30BaJU B KauyeCTBE BHYTPEHHETO
stanoHa. [lorpemnocts onpenenenus 20 B 3ToM citydae He npesbimaina +0.02°.

Puc. 2.3. ABTOMaTH3MPOBAaHHBIN PEHTTEHOBCKUH udpakromeTp Ha 6aze [JPOH-4.

2.3. PeHTreHOCTPYKTYpPHbI aHAIN3

PeHTreHOCTpyKTypHBIN aHAIN3 UCCIIETyEeMbIX MOHOKPUCTAIIJIOB IPOBE/ICH Ha
Bruker APEX-II ¢ aerexktopom PHOTON-II mpu 120 K u 293 K (rpadwur-
MOHOXpOMAaTH3UpoBanHoe usaydenue MoK,, A = 0.71073 A, o-ckanuposanue).

Jlnst uaterpupoBanust otpaxkennit XRD ucnons3zoBanack mporpamma SAINT
v.8.38A. UucnenHasg nonpaBKa Ha TNOTJIOUIEHWE PEHTTEHOBCKUX JIy4eH IS
rabutyca Kpuctajyla M paBHOMEPHOE MAacHITAOMPOBAaHHWE HWHTETPaJIbHBIX
WHTEHCUBHOCTEH ObLTM IPUMEHEHBI C MOMOIIbI0 mporpamMmMbl SADABS v.2016/2 u3
nporpammHoro odecrieueHust Apex3 [30]. CtpykTypa KpucTasia Obuia onpeeneHa
¢ ucnois3oBanreM nporpammuoro nakera Bruker SHELXTL Apex3 [30, 31] u
nporpammbl  XPREP 11 ompeneneHust NPOCTPAHCTBEHHOW TIPYINIbL, a TAaKKe
nporpamM XT u XL s onpeneneHyst 1 yTOYHEHUS KPUCTAIINYECKON CTPYKTYPBI
cOoOTBETCTBeHHO. KpucTtanmuueckast cTpykTypa Obljla yTOYHEHA OJTHOMATPUUHBIM
METOJIOM HauMeHbIUX KBaapaToB mo F2(hkl) ¢ aHM30TPONHBIMU TEIIOBHIMU
napameTpaMH JiJIsl BCEX aTOMOB.

45



2.4. CkaHupyomasi 3J1eKTPOHHAasi MUKPOCKOMMSI

Ckanupytomias ayeKkTpoHHass Mukpockonus (COM) CcHHTE3MpOBaHHBIX
00pa3loB MPOBOIWIACH C HKCIIOJB30BAHHEM CKAHHPYIOMIETO AIIEKTPOHHOTO
mukpockona COM Zeiss Ultra 55 npu yckopsitorem Hanpspkenuu 10 kB. Ananus
TIOJTYYEHHBIX HW300paXKCHUI TMPOBOIWICS C HCIOJIB30BAaHHEM IPOTPAMMHOTO
obecrieuenus Imagel [18].

DHEeproaucIepcuoHHass  peHTreHoBckas  crekrtpockonus (COM-DPC)
npoBoauiack B TeueHun S50 ¢ npu Hampspkenuu 10 kB, kaptupysa Bce
oOHapyXuBaemble d3JeMEHTBl. [l Kaxaoro wucciaeayemMoro oopasua ObuIo
npoBesieHo 1maTh u3mepenuit COM-OPC ¢ BbiOpaHHON 0071aCThIO MPUOIUZUTEIHHO
100 MKMm.

2.5. O:xe-3J1eKTPOHHAS CIIEKTPOCKONMS

O3xe-371eKTpOHHasi CHEKTPOCKONMS MPOBOAMIACH C  HUCHOJIb30BAaHUEM
cnektpometpa Jamp-9510F dupmst JEOL. Yron HakioHa oOpasiia o OTHOLIEHUIO
K JJIEKTPOHHOMY IIy4dKy cocTaBisl 30 rpaaycoB. YcCKOpsromiee HanpsiKEHUE
ANEKTPOHOB cocTaBiswio 10 k3B, Tok myuka — 34 HA.

[TapameTpsl noaychepudeckoro 3J€KTPOHHOTO aHaiu3aTopa: AHaIu3aTop
pabotan B pexume M4 C T[OCTOSHHBIM MOTEHLMAJIOM peTapJaluud U
OTHOCHUTENBHBIM DHEPreTHUeCKuM paspemeHueM 0.3%.

Jlns ananu3a rryOuHHOTO npoduiis 00pasiia Croab30Baiach HOHHAS MyIIIKa
CO CJICAYIOUIMMU MapamMeTpamu: sHeprus noHoB aproHa 2000 3B, yros TpaBieHus
41 rpamyc. CxopocTh TpaBieHus, oTtkanuOpoBanHas mo SiO;, coctaBmsuia 10.2
HM/MHH. YyBCTBUTEIBHOCTh METO/IA 110 TIIyOMHE COCTaBIsIa 2—5 HM.

2.6. TepmorpaBumerpuYecKHii aHAIN3

TepMmorpaBuMeTprUEeCKUil  aHAIM3 TPOBOJWIM Ha MOACPHU3UPOBAHHOM
nepuBarorpade Q 1500 D cucremsr «Paulik-Paulik-Erdei» ¢upmer MOM
(Benrpus) (puc. 2.4), COWICHEHHBIM Yepe3 UHTEPPECHCHYIO IIATy C KOMIIBIOTEPOM.
[Ipu nccnenoBaHUsIX UCTIOJIB30BAIM TUTATUHOBBIE TUTIIH EMKOCTBIO 3 MJI, B KAUECTBE
sTaJOHHOro BemiecTBa — mpokanéHHbii npu 1500°C oxcun amomubms AlyOs.
3anmuch BPEMEHHBIX 3aBHCHUMOCTEH TemriepaTypbl (kpuBas 7), pasHOCTH
TeMIiepaTypbl oOpasiia u dTaJoHHOro BemectBa (kpuBas ITA) u maccel oOpasia
(kpuBass TI') ocCymIeCTBIISIIM CO CKOPOCTBIO HarpeBa WM OXJIAKICHUS IICUH,
Jexarnei B npeaenax S5 — 20 rpaja/MuH.
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Puc. 2.4. MonepuusupoBanubiii gepusarorpad Q 1500 D cucremsr «Paulik-Paulik-
Erdei». I - 610k nuTanus, 11 — 610K mporpaMmMHOro perynstopa Harpesa, I1I - 6110k TepMoBecoB
(11 -1 -Becsr; 11 - 2 - nuddepentmansHblii Tpanchopmarop npeodpazosanust T 111 - 3 —
maraut; III - 4 — karymika), [V - 6ok neueit (IV — 1, 2 — repmomnapsr; IV - 3, 4 — turnu ans
npoOBbI U 11 KHEPTHOTO BerecTBa, IV - 5, 6 — kepamuueckue Tpyoku, IV - 7(8) -meun), V -
moaynb ALIL VI - nepcoHanbHbII KOMITBIOTED.

2.7. MeéccOayrpoBckasi CHIEKTPOCKONUS

Méccbayaporckue cnektpsl (MC) ucciaenoBaivch KJIaCCUYECKUM METO0M
MPOMYCKAaHUsI C MCHOJIb30BAHUEM MeccOayIpOBCKOr0O CIEKTpoMeTpa Ha 0aze
MHOTOKaHaJIbHOro aHaiau3zatopa Nokia LP 4840, paGoraromero B pexuMe
MOCTOSIHHOTO yCKopeHus. Mccmemyembie oOpasibl MPEACTaBISIM COOOH TOHKHE
cimon mopomka CuCrooes’ F€0 0402, HAHECEHHOTO W3 CHMPTOBOIO pacTBOpa Ha
amoMHHKEBYIO (onbry. Tonmmaa 06pasuos cocrasisna 20 mr/cm?,

2.8. JImdjaexkTpuyecKue u3MepeHust

N3mepenus  AMDIEKTPUYECKOW IMPOHULIAEMOCTH €, TAaHIEHCAa  yria
JTUPJIEKTPUUECKUX TMOTeph tgd W MNPOBOJWIM C MCIOJIB30BAHHEM H3MEPUTEIIS
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ummuTtanca E7-20 nmpoussoacrea MHUIIN, Musnck (puc. 2.5) B quanazoHe 4acToT
u3MeputensHoro mons f =25 — 10° T'u, amMminTyna HanpssKeHHs JIEKTPHIECKOTO
noJist cocTasisiia npu 3tom 1 B/cwm.

a) 0)

Puc. 2.5. a) — Buemnwmii Bun ycranoBok LCR — usmepurenst MT — 4090 u uzmeputens
ummuTtanca E7-20; 6) — saeiika ans m3mepenus C, tgd, npu Temreparype ot 70 10 400 K B
cpene popBakyyma.

2.9. HM3MepeHus YJIeKTPOCONPOTUBIECHHUS HA MOCTOSTHHOM TOKe

H3mepeHusi dSIEKTPUUECKOTO COMPOTHUBICHHUS Ppc U BOJIBT-aMIEPHBIX
xapaktepucTuk (BAX) TOCTOSHHOTO TOKa NPOBOIWINCH C HCIOJIH30BAHUEM
NOCJIe0BATEIbHON HEMH, BKIIOYAIOIIEH UCTOYHUK MOCTOSTHHOTO 3JEKTPUYECKOTO
Hanpsokenus U,, uccieayeMbiii oOpaselr u conpotusiicHue Harpy3ku (R, = 5470
Owm). ConpotuBnenue oOpasiia ppc MPH Pa3IMYHBIX TEMIIEpaTypax OMPEeAeIsIOCh
10 pe3ynbTaraM W3MepeHus HampsokeHust Uy Ha CONMPOTHMBIEHUHM HArpY3KH, Ppc
paccunThiBaniock 1o Qgopmyie: ppc = nD?(Uy-Uy)Rn/4hUy. CkopocTs M3MeHeHUs
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Temrneparypbl mnpu usMepeHusx cocraBmsa 0.1 K/c. bomee agerampHO
JIEKTPUYECKAsT CXeMa M3MEPEHHs AJICKTPHUECKUX XapaKTEPUCTUK HCCIIETYyEMBIX
00pa3IoB n3o0paxeHa Ha pucyHke 2.6.

v
A 4
Lock-1n
IPD [ ¢ Ryll Cj
7 v
PC
oo
U Us

Puc. 2.6. DnexTpuyeckas cxema, UCIOJIb3yeMast AJI U3MEPEHUH MEeKTPUUECKUX
XapaKTePUCTHK MCCleAyeMbIX 00pa3oB: V — yHuBepcaibHbIil udpoBoii BoasTMmerp 11]-300,
Lock-in — ¢a3ouyBcTBUTENBHBIN HaHOBOIBTMETP PAR-1243, U~ — HCTOYHUK IEPEMEHHOTO
HanpsokeHus, Up — MCTOYHUK OCTOSTHHOTO HanpsbkeHus b-32, IPD — unrepdeiic puznvecknx
npubopos, PC — nepcoHanbHbIi KOMIBIOTEP, T — TepMonapa, Rs u Cs — 5KkBUBajIeHTHBIC
COIIPOTHBIIEHUE U EMKOCTh 00pasia, Cc — eMKOCTh H3MEpUTENHHOH stueiiku 0e3 oOpasma (8.0
n®), Ry — Harpy3o4yHOe conpoTusienue, Cp — mapa3uTHbIC EMKOCTH (IPOBOJIOB H T. 11.).

2.10. BrIBOABI

Pe3ynbraroM AaHHOW TJIaBbl SBJISETCS MOAPOOHOE OMUCAHUE YCTAHOBOK U
METOJMK U3MEPEHHM MO CHUHTE3y, XapaKTepu3aluu 00pas3lioB M HCCIEAOBAHUIO
HEJIMHEWHBIX  CBOWCTB  DJIEKTPONPOBOJAMMOCTH,  IOJYIIPOBOAHUKOBBIX U
JTUAJIEKTPUYECKUX CBOMCTB M3y4YaeMbIX (a3 C HCIOJIb30BAHHEM OOBIYHOM

KepaMHUYECKOU TEXHOJIOTHH, pacTBOpP-pacIIaBHON KpUCTaJUIM3aL1H,
PEHTTEHOCTPYKTYPHOTO aHanusa, 0K€-3JIEKTPOHHOU, MeccOay3pcKon
CHEKPOCKONNM, CKAHUPYIOLWIEH AIIEKTPOHHON CHEKTPOCKONUHU, COBPEMEHHBIX
anpoOUPOBAHHBIX AKCIEPUMEHTAIIbHBIX METOJI0B UCCJIeI0BAHUS

ANEKTPOPU3NYECKUX CBOMCTB MAaTEPUAIIOB.
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I'naBa 3. O0Hapy:kenue 3¢@deKkra MOpPOroBoro Mmoo 3IEKTPUYECKOMY IOJII0
MePeKIIYCHUS U3 BBICOKOOMHOI0 B HUI3KOOMHOE COCTOSIHME B KEPAMUYECKUX
oopasunax ¢aszbl 3R-CuCrO;

3.1. Bgenenue

daza CuCrO, obnamaeT MHTEPECHBIMU C HAYYHOW M TMPHUKIAJTHON TOYEK
3peHus xapaktepuctukamu. OTHAKO MUMEIOIIHECS YKCIIEPUMEHTAIbHBIC TaHHBIE U
TEOPETUIECKHIE MOACITHU O JUAJIEKTPUICSCKUX CBOMCTBAX, CBOWCTBAX MPOBOIUMOCTH
HETMOJIHBI W TPOTHUBOPEYMBHL. [IpOTHBOpEUMBHI CBEACHUS O BO3MOXKHOCTH
YaCTUYHOTO U3MEHEHHMs BaJEHTHBIX cocTosiHM katnoHoB B CuCrO; (Cu*/Cu?* [51,
76, 93, 121] unu Cr**/Cr** [45, 47, 48, 55, 56, 67, 98, 143-146]); HenmonHBI U
MPOTUBOPEYHMBLI  J@HHBIE O  TEMIEPATypHO-YaCTOTHBIX  3aBHCHMOCTSX
nuanekTpudeckoir nponunaeMoctd CuCrOz; OTCYTCTBYIOT CBEACHHUS O BIUSHUU
MOCTOSIHHOTO ~ AJICKTPUYECKOTO0  TMOJIsI  Ha  TPOBOJUMOCTh.  Bo3moxkHOE
CYIIIECTBOBAHHE TMOJIIPOHOB B Ka4eCTBE HOCHUTENEH 3apsi/ia B JaHHOU (a3e MOKET
MO3BOJIUTH HAOJIOIEHNE pa3pyIICHUS MOJISIPOHHOTO COCTOSIHUSI HOCUTENIEH 3apsia
MO/ JCHCTBHEM BHEITHETO JJICKTPUYECKOTO IOJIsl, YTO CHOCOOHO TPUBECTH K
b dexTy nepexiitoueHrus 00pasioB U3 BHICOKOOMHOTO B HM3KOOMHOE COCTOSIHHE
[147, 148]. [Iposiienue B 0Opa3iax JaHHOro 3P eKTa MOPOroBOro MePeKIFOUCHHS
MOXET TPHBECTH K HAIMYUIO ydYacTKa OTpHUIATEIhHOTO auddepeHInaaIsHOoTo
conpotusieHust (OC), yto no3Bonut ucnois3oBarh ¢asy CuCrO; B xauecTBe
aKTUBHBIX 3JIEMEHTOB KOMMYTAIIMOHHBIX YCTPONCTB; CTA0MIM3aTOPOB HATIPSKCHHSI
U OTpaHWYHTENICH TOKAa; YIPABISIEMBIX WHIYKTUBHBIX D3JIEMEHTOB; B CXEMax
pa3NUYHBIX pEIaKCAllMOHHBIX TEHEPAaTOpOB, a TaKXKe DHEProHEe3aBUCHUMOU
PE3UCTUBHOM TaMATH ¢ Mpou3BoJbHBIM goctyniom (ReRAM) [149, 150]. Ilo
CPaBHEHUI0O C  UCIHOJIb3YEeMBbIMH  XAJIbKOTCHHUJIHBIMH  CTEKJIO00Pa3HBIMU
NOMyNMpoBOAHWKAaMU  (Hampumep, B cucreme Te-As-Ge-Si)  moporoso-
NEPeKIIIouaeMble  00pa3ibl Ha OCHOBE OKCHUAHBIX (a3 MEPEeXOIHBIX METaJUIOB
0o0NaaroT PSIIOM BaXKHBIX M OYEBUIHBIX NPEUMYIIECTB, CBSI3aHHBIX C HX
TEXHOJIOTHYHOCTBIO, JIETIICBU3HOM, AKOJIOTHICCKUMU dakTopamu,
AKCIUTyaTallMOHHBIMU XapakTepuctukamu. Ha ocHoBe wmatepuanoB ¢ OJIC c¢
SIBJICHMEM PE3UCTUBHOTO TMEPEKIIIOUCHUs IIMPOKO HCCIEAOBAH Psii aIbTEPHATUB
coBpemeHHoi Flash-namartu nns nomydenust 6omee MOITHOW M (PYHKIIMOHAIBHOM
SHEPTOHE3aBUCHUMOM MMaMSITH.

Hacrosimas rnmaBa auccepTallMOHHOM pPaOOThl TOCBSIIEHA MPOBEACHHUIO
JIETalIbHBIX HUCCJIEAOBAaHUNA TEPMOrPABUMETPUUECKUX, PEHTTEHOCTPYKTYPHBIX,
MeccOay3pOBCKHX, JUAJIEKTPUUYECKUX CBOMCTB, BOJBT-aMIEPHBIX XapaKTEPUCTHUK,
TEMIIEPaTypPHBIX 3aBUCHMOCTEN NPOBOAUMOCTH HA MOCTOSIHHOM TOKE W BIIUSHHUSA
MOCTOSIHHOTO HaNpsDKEHHs] HA CBOMCTBA CHMHTE3MPOBAHHBIX OOpa3lioB KEpaMUKU

CuCrO; [Al, A4, A5].
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3.2. Cunrte3 kepamudecknx oopazuoB CuCrO;

Cunre3 oO0Opa3lloB OCYIIECTBISUICA B  BO3AYIIHOM aTmocdepe Mo
TBepAO0(a3HON peakiuy MO OOBIYHOW KepaMUYeCKON TexHojormu. B kauecTBe
UCXOAHOM HIMXThI MCMIOJIb30BANaCh TOMOTCHH3UpOBaHHAsT cMech OKCUIoB CrOs
(u.ma.)) m CuO (u.;.a.) B3ATBIX B MPOINOPIMH, COOTBETCTBYMOMICH (opmyiie
Cry03-2CuO. I'oMoreHu3anuo cMecu MPOBOAMIIN IyTEM PACTUPaHHs MOPOIIKOB B
aratoBoi ctymnke B cpeae aTaHoja. llluxty moasepranu 4-kpaTHOMY OOXKHUTY C
nocieaoBaTeabHbIM HarpeBoM oT 900 °C 1o 930 °C, 3atem 10 950 °C u 10 980 °C ¢
BBIJICPKKOM 110 2 4 MPU KAXKIOW TEMIIEPATYPE.

W3 nu3MenbueHHBIX MPOAYKTOB 00KUTA C IOMOIIBIO THPABINYECKOTO IIpecca
(dopMoBanu TabJIETKU MOJ OAHOOCHBIM naBieHueM 15 Mlla. B cunTe3upoBanHble
IOPOLIKM BBOJWIM CBs3ylIlee B BuAe 5 Mac. % BOJHOINO pacTBopa
NOJIMBUHWIOBOTO criupTa. Criekanue oopa3unoB npooawin npu 1300 °C B TeueHue
| 4 ¢ oXNaKIEHUEM B PEKUME BBIKIIOYEHHOM I1EYN.

B pesynpraTe OBLIM TOJYyYEHBl KEpaMHUYECKHEe O0O0paslbsl B  BUIC
ITHHIpUYEeCKUX Tabierok nuamerpoM D = 10 MM m Tommmuoi h = 1-2 mmM,
IJIOTHOCTh MOJIyYEHHOM KepaMuKu cocTtaBuiia 93% OT peHTT€HOBCKOM.

Jis1 351eKTPOPU3NIECKUX UCCIIETOBAaHUM Ha TJIOCKUE TOBEPXHOCTH TaOJIETOK
HAHOCHJIM 3JIEKTPOJIbI MyTEM BJKUTaHUsS cepedpocoiepKalliei MpoBOASILEH MACTHI.

Jlns uccienoBaHusi cekTpoB MéccOayspa Takxke ObLITM CHUHTE3UPOBAHBI
oopasusl 0.98CuCrO,-0.02°’Fe,O; myrem pno6apnenuss °'Fe;Oz K MOIydeHHOI
kepamuke CuCrO; ¢ mocneayromum o6xurom mpu 1100 °C u 900 °C B Teuenue 1 u
2 9 COOTBETCTBEHHO U OXJIAXKJICHUEM B PEKUME BBIKITFOUCHHOU TTCYH.

3.3. Penrtrenoga3oBblii aHaIu3

Bce pednexcst qudpakrorpamm (puc. 3.1) kepamuku CuCrO;, crieueHHOM
nmpu 1300 °C, xopomo uUASHTUDUIUPYIOTCS HA OCHOBE TE€KCArOHAJIBHON
37eMeHTapHOl Adeliku ¢ mapamerpamu a = 2.9745(8) A, ¢ = 17.087(2) A, uro
COOTBETCTBYET JIUTEPATYpHBIM JAHHBIM TI0 pomOo3apudeckoMy 3R-momuTuiy
daser CuCrO, [78, 84, 87, 88]. IlonyuyeHHbie AUpPAKTOrpaMMbl HE COICpPIKAT
HEUJICHTH(OUIIMPOBAHHBIX PE(IICKCOB.

PentrenoBckue pediiekcer oT rekcorananbHoro 2H-nmomutuna CuCrO; [84]
He Habmomarorcs. OOpasipl, noydeHHbie ipu 950°C, a Takke oOpasilbl Mociie
tepmorpaBumerpudeckoro ananmmza CuCrO; ¢ narpeBom 10 1300 °C u 06pasiisi
Cu(Cro95°"F€0.04)02 mmeror oamuakoBble mudpakrorpammbl ¢passl 3R—CuCrO,,
pa3Mepbl WX SJIEMEHTApHBIX SUEEK MPAKTUYECKH COBIAJAIOT MEXIYy co00i (pwuc.
3.1) B mpenenax SKCIePUMEHTAILHBIX MMOTPEITHOCTEH.
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Puc. 3.1. Penrtrenosckue guppakrorpammbl 06pasnos CuCrO2 u Cu(Croge® Feo.04)02 ¢
no0aBlIeHHEM KpUcTainyeckoro nopoiika Ge B kauecTBe 3TalloHa. B jeBoii yactu pucyHka
NIPUBE/ICHBI JJAHHBIE 00 YCIOBHSX MOJyYeHUs Kaxkaoro oopasua (TS — remneparypa cunresa, TT°
— 00pa3Iibl OCJIe TEPMOTPABUMETPUIECCKOTO aHAIK3a) U TApaMeTPax JICMEHTAPHOU TYCHKH.
Han pednexcamu ykazansl X uHIeKCch Muniepa.

Pesynbratel peHTrea3zoBoro aHaan3a MoKa3bIBalOT, YTO CHHTE3MPOBAHHBIE
oOpasibl ABISIOTCS ofHO(a3zHbIMU, cocToaT u3 3R-momutuna dazer CuCrO; co
cTpyKTypoii nenadoccuta. Hanmune metacTaOMIIbHOTO MPU HU3KUX TEMIEpaTypax
rekcoranajgpHoro nonutuna 2H-CuCrO,, onmucannoro B [84], B Hammx oOpasmax He
HaONIOMAeTCs, YTO, TO-BHAMMOMY, CBSI3aHO C OTHOCHTEIBHO MEJICHHBIM
OXJIaXKICHUEM KepaMHUKH TIOCJIEe CTICKaHUS TP BBICOKUX Temmeparypax. CorjacHo
[84], nnst monmyuenus noautuna 2H HeoOxoauma OwicTpast 3akanka 3R-CuCrO; ot
1100 -C 1o KOMHaTHOW TeMIIEPaTyPHI.

3.4. TepmorpaBumeTpu4ecKuil aHAJIN3

Pe3ynbrarthl mpoBeleHHOro TepMmorpaBuMerpudeckoro anammsa (TI'A)
kepamuku (aser CuCrO,, cnieuennoit npu 1300°C, mpencraBieHsl Ha puc. 3.2.
HNanusie  nuddepennuanbHoro  tepmudeckoro anammsa (JATA) wu Tr
(TemneparypHas 3aBUCHUMOCTb Macchl oOpas3na) npu Harpee no0 1340 °C ne
MOKa3bIBAIOT PE3KUX M3MEHEHUH, XapaKTepHbIX AJs (Da30BBIX MEPEXOAO0B H/HIU
W3MEHEHHUS] BAJCHTHOTO COCTOSIHUS aTOMOB MeAu Wi xpoma. lloBbllieHue
TemriepaTypbl oopasna Beitie 7= 700 °C BbI3bIBACT MOCTENEHHOE YMEHBIIICHUE €T0
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MAaCChI, MPUYEM CKOPOCTh 3aMETHO yBennunBaercs Boiiie ~1160 C. [Toteps Macchl
obpasma cocrasmsieT 0.1% npu mHarpese g0 1000 °C u 1,1% npu Harpese g0 1340
°C. YMeHbllIeHHEe MacChl 00pa3lia COXpaHAeTCs U MOcle Mepexojia OT Harpesa K
OXJIXKICHUIO.
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Puc. 3.2. Pe3ynpTaTsl TepMOTrpaBUMETPUIECKOTO aHAIN3A MTOPOIITKA KEPAMUIECKOTO
o6pasna (asel CuCrOy, ciedennsix npu temmeparype 1300°C.

HeobOpatumocTs ymensbItieHust Macchl oopasia daszsl CuCrO; ipu ero HarpeBe
Bbilie 700 °C, yctanoBineHHass meTogoM TI'A, cBUIETENBCTBYET O TOM, YTO 3TO
YMEHbIIIEHUE 00YCIIOBJICHO HE U3BMEHEHUEM COJCPKAHUS KUCIIOPO/Ia, a JIETYYECThIO
koMrtoHeHTOB (a3bl (CuO u/umm Cr,03). DTOT BBIBOJ coracyercs ¢ naHHbiMu TT'A
[40, 69, 88, 93], cormacHo koTopwsIM coxepkanue kuciaopoga B CuCrO; He
U3MEHAETCS Npu HarpeBaHun Ha Bo3ayxe. [lo manmnsiMm TI'A, mpoBeneHHBIM B
BO3MyIIHOW aTtMocdepe, HeoOpaTumbie nu3meHeHuss Maccbl CuCrO; mocie nukiia
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HarpeB 10 1200 °C—oxnaxaenue coctaBisitoT 0.02% [47], a nmpu HarpeBaHUM 10
1100 °C [122] u mo 1000 -C [56] Macca mpakTHYEeCKH HE U3MeHseTcs. Pe3ynpraTel
MPOBEICHHOTO0 HamMu peHTreHodaszoBoro ananm3a ooOpaznoB CuCrO; mocie ux
Harpeea B TI'A 1o 1300 °C mnokasbiBatOT, 4TO OOpa3lbl COXPAHSIOT CBOIO
onHodasznocts (puc. 3.1). OrcyrerBue paznoxeHus CuCrO,—CuCr;04 + CuO npu
T > 1200 C, o koTopoM coobianock B [93], BeposiTHO, 0OBSICHSETCS TEM, YTO B
HaIlleM CTydae HarpeB oOpasiia MpOU3BOAWICS B aTMOoc(epe OKpyKaromieh cpepl,
a He B atMocdepe kuciopona, kak B [93]. B To xe BpeMs yCTaHOBIIEHHOE
MOCTOSTHCTBO cojepxkaHust kuciaopoaa B ¢aze CuCrO;, He cormacyeTcsi ¢ BEIBOJIOM
00 wm3MeHeHun conaepxkanus kuciopoma B CuCrO;, BBI3BBAHHOM H3MEHEHUEM

BaseHTHOro coctostHus Meau Cu'yyCu?*«CrOaxz [51, 76, 93, 121] niu xpoma
Cu(Cr¥ 1xCr*,)Oa+x12 [45, 47, 48, 55, 56, 67, 98, 143-146].

Ycroitunocth Pazbl CuCrO; 1o OTHOIIEHUIO K BKIIFOUEHHUIO 3HAYUTEIHHOTO
KOJINYECTBA CBEPXCTEXHOMETPUYECKMX aTOMOB Kuciopoma B cioum Cu?
KPUCTANTMYECKON CTpYKTyphbl nenadoccura oObsicHsercs [78, 88, 122-124]
HEJ0CTATOYHO GONBIIMM pazmMepoM kKatuoHoB Cri*. B [124] oleHeH KpUTHYECKHIA
paauyc karvoHa B no3uiuu M niist CUMOg,, nipu MeHbIleM 3HAYEHHH KOTOPOTO
HEBO3MOXKHO  HMHTEPKAJIMPOBaTh  aHMOHBI  KHUCJIOpoja ©0e3  pa3pylieHus
KpUCTAUINYECKON pemeTkn. CorjmacHO 3TOM  OLIEHKE, 3HA4Y€HUE TaKoro
KpUTUYECcKOro paauyca 6mmsko k 0.70 A. ITosToMy Takoe BHEIpEHHE BO3MOKHO
tonmpko s CuMO; ¢ Gonplummu pasmepamu KatuoHoB M (Sc** ¢ moHHBIM
pamuycom r(Sc®, k.u. = 6) = 0.745 A [125] u Gonee KpynHble KATHOHKI), KOTOphIE
CO3/al0T JOCTaTOYHO MECTa JUIsl BHEJPEHHSI aTOMOB KHCJIOPOJIa MEXKIy KaTHOHAMHU
Cu* B mnockoctax Cu*. B cinyuae ¢dassl CuCrO, ¢ r(Cr¥, xu. = 6) = 0.615 A
MPOCTPAHCTBA ISl HHTEPKAIUPOBAHHOTO KHUCIOPO/Ia CIUIIKOM MaJIo.

3.5. Meéccoayrpckasi CIEKTPOCKOMUSA

B nmmamazone Ttemmeparyp 80-300 K cmektper Meccbayspa (MC)
MOKA3bIBAIOT OJMH KBaApymnoiabHbIM 1yoner (puc. 3.3). Ilpu komMHaTHOMU
TeMriepaTtype JyOJeT UMEeT CIEIYIONIMe TapaMeTpbl: HW30MEpHBIA  CIBUT
otHocutenbHO o-Fe IS = (0.348(2) mm/c, kBaapymnosbHOEe pacmieryienne QS =
0.611(4) mm/c, mmpuna nuHuM Ha nonyBeicore FWHM = 0.317(4) mm/c.
CrexkTpalibHbIE TapaMeTpbl CBUACTEIBCTBYIOT O TOM, YTO KAaTHOHBI Keje3a
HaXOJIATCS B BBICOKOCITHHOBOM (3+) BaJICHTHOM COCTOSIHMM W 3aMEIIat0T KaTHOHBI
Cr3* B perynspHbIX y371aX KPHCTAJUIMYECKOM penreTku. IloaydeHHbIe 3HAYEHUS

napaMeTpoB B IIEJIOM COTJIacyloTcsl ¢ AaHHbIMU, npuBeaeHHbIMU st MC CuCr;-
> FexO, mpu x = 0.05 u T'=5-33 K [135], a taxxe npu x = 0.01 u 296 K [151].
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Puc. 3.3. Meccbaysposckue criekTpsl kepamuku Cu(Cro.o6° Feo.04) Oz,
3apEerMCTPUPOBAHHBIC IPH KOMHATHOM TEMIIEpATYpE.
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Puc. 3.4. TemneparypHble 3aBUCUMOCTH U30MEPHOTO c/iBUra IS (a) 1 KBaapymnoiabHOro
pacmrernenns QS (6) xepamuxn Cu(Crogs° F€0.04)O2.
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Ha puc. 3.4 mnokasaHel 3aBUCUMOCTH H30MepHOTo ciasura IS wu
KBaApynoJibHOTO pacmieruieanst QS ot remneparypsl. [Ipu Temneparypax 130-300
K u30MepHBIN cIBUT UMEET YETKYIO JIMHEHHYIO0 3aBUCUMOCTH (puc. 3.4a). OaHako
npu temneparypax Hiwke 130 K Ha0Gmro1ar0Tcst OTKJIOHEHUSI H30MEPHOTO CIBUTa OT
JMHEHHON 3aBUCUMOCTH, YTO CBHUJETEIHCTBYET 00 HU3MEHEHHH HIIEKTPOHHOTO
cocrosinug atomoB Fe. TemmepartypHas 3aBucumoctb QS (puc. 3.4b) umeer
aHOMaJbHBIA BHJ, MOCKONBbKY QS yBenmuuBaercs ¢ TemmepaTypoil. OObuHOE
MOBEJCHUE KBAAPYIOJIBHOIO PACIIEIIIICHUS] COOTBETCTBYET MOHOTOHHOMY MaICHUIO
C TEMIIEPATYPOH.

Pesynbrathl uccnenoBanus cnekTpoB MeccOayspa B 1IEJIOM COIIIACYIOTCS C
JTAHHBIMH, TIOJTydeHHBIMU B o0actu 5—33 K [135] u mpu koMHAaTHOW TeMIiepaType
[151]. TlonydeHHBle HaMH JaHHBIC O TEMIIEPATYPHOW 3aBHCHMOCTH CIIEKTPOB
Meccbayapa B nuanazone 77-300 K nokasbiBatoT psin ocobeHHocten. M3omepHbIit
casur IS mpu temneparypax Huxke 130 K mokassiBaeT OTKIIOHEHHE OT JTUHEHWHOU
3aBUCHUMOCTH, UYTO MOXET CBHUJAETEIbCTBOBATh 00 H3MEHEHUU HIIEKTPOHHOIO
cocrossinug aromMoB Fe. TemmeparypHas 3aBHCHUMOCTb  KBaJpYIOJIbHOTO
pacmerienust QS (puc. 3.40) umeeT aHOMAJIbHBIA BHUJ, TTOCKOJIBKY BenuuuHa QS
yBEJIMYUBAETCs ¢ TeMieparypoil. Takoe noBeneHne oOBSCHAETCSI 0OCOOEHHOCTAMU
Kpuctaumndeckou cTpyKTypbl CuCrOz, KOTOpast XapaKTEPU3yEeTCs OTPULIATEIbHBIM
koadummentom TteroBoro pacmupenuss (KTP) nns mapameTrpoB suediku C u
nosoxkutenbHbIM KTP mns mapamerpa a [138]. B pa6ore [138] mokaszano, 4To
orpunarenbHbiii KTP 00ycnoBien cxkaruem ciosi, coaepxaiiero okraapsl (Cr,
Fe)Os. CooTBeTCcTBEHHO, yBenudeHue aedopmarmu oktasapos (Cr, Fe)Os ¢ pocTom

TEMIICPATYPbI IPUBOAUT K YBCIIMYCHUIO KBAJAPYIIOJIbHOT'O PACHICIVICHUA Ha AApax
57|:e

3.6. JlmdjekTpHYecKHe CBOCTBA

TemneparypHbie 3aBUCUMOCTU JUAJIEKTpUYECKON mponuiiaemoctu &(T) u
TaHTeHCa yria JaudJeKkTpuueckux mnotepb tgo(T), m3MepeHHble B JUaIa3oHE
temmeparyp 80-290 K mpu gacrorax 3ouaupyromero mois f, pasusix 0.12, 0.5, 1,
10, 100 u 1000 k', npencraiensl Ha puc. 3.5. IlosydeHHbIE B 3TOM JHaNa30He
TeMIepaTyp 3aBUCUMOCTH HE JEMOHCTPUPYIOT OCOOCHHOCTEH, XapaKTEpPHBIX s
dazoBbix mepexonos. 3aBucumoctu &(T, f) n tgd(T, f) B amamazone remmeparyp 180—
250 K uMeroT cTyneHuYaThblil XapakTep, MOJOKEHUS [y ITUX CTYNEHEK CMENIatoTCs
C 4aCTOTOM B CTOPOHY 00Jiee BBICOKHX TEMIIEpaTyp, YTO CBUICTEIBCTBYET 00 WX
penakcarmonHor mipupone [148]. TemmeparypHass 3aBUCUMOCTH BpPEMEHU
penakcaruu T(T), ompenensemas u3 cootHomenus 2nft = 1 (mpu T = Tp),
CIpaBeJIMBOro B pamkax mojaenu [lebas [152], mogumHsETCS aKTUBAIMOHHOMY
3akoHy Appennyca T = 1/2nf = 1eXp(EdksT), ¢ oHeprueir axTuBaryu
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penakcaronHoro mporecca E; = 0.31(2) 3B u 1, = 7.4(3)-10—15 ¢; (cM. BcTaBKy Ha
puc. 3.5b). IToayuennoe namu 3HadeHue E, cormacyercs ¢ E, = 0.32 3B u3 paboTsI
[57], moyuennoit B oomactu 200-250 K.
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Puc. 3.5. TemneparypHble 3aBUCUMOCTH AUDIEKTPUUECKOI MPOHUIIAEMOCTH € (a) U
TaHTreHca yria JuanekTpudeckux notepsb tgo (0) kepamuku CuCrO2, n3MepeHHbIE Ha YaCTOTaX:
0.12 (xpuBas 1), 0.5 (2), 1 (3), 10 (4), 100 (5) u 1000 kI'r; (6). Ha BcTaBKe moKazaH 3aKOH
Appennyca 1/21t(Tm).
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Habmonenne HU3KOTEMIEPAaTypHOW MUAJIEKTPUYECKOW pellakcaluu, TIo-
BUJMMOMY, CBSI3aHO C MPBDKKAMH TMOJSPOHOB, KOTOPBIEC SIBISIFOTCS HOCHTEISIMHU
3apsifa, 4TO DKBHUBAJCHTHO IMEPEOPHCHTAIMU DIJICKTPUUYCCKUX JUIIONICH, a TaKKe
NEPEOpUCHTAIIMEN CBSI3aHHBIX MOJsApoHOB [153-155]. B cmyuae 30HHOTO
MeXaHHU3Ma MPOBOJAUMOCTH OCOOCHHOCTH PEJIAKCAIIMOHHOTO THIA B 3aBUCUMOCTSX
tgd(T, f) He mposBsroTCs. HaliieHHbIC TapaMeTphbl pellakCallMOHHOTO Mpolecca B
CuCrO; (Ea u To) IMEIOT 3HAYCHUS, XapaKTEPHBIC [T peIaKCaIluy MoJIIpoHOoB [153—

155].

3.7. I/I3MepeHl/Iﬂ JICKTPOCONPOTUBJICHUS HA MOCTOAHHOM TOKE

TemmneparypHsbie 3aBUCUMOCTH 3JEKTPOCONPOTUBIICHUS CuCrOo,
U3MepeHHBIe Ha TocTossHHOM Toke, ppc(T, Uo), M3MepeHHBIe B Mpoliecce Harpena
W/WITU OXJIXKICHUS TPU pa3iuuHbiXx HanpspkeHusx U, 1-270 B, npencraBnensl Ha
puc. 3.6-3.8. Cxopocth u3MeHeHus temnepatypsl coctaisiia 0.1 K/c.

[Tpu Hu3kux HanpspkeHusax (U, < 50 B) 3aBucumoctu ppc(T, Uo) kepamuku
CuCrO; wMmerT TUNMWYHBIA [ TOJXYNPOBOAHUKOB BHJI C MOHOTOHHBIM

YMEHBIIICHUEM YACIBLHOTO cOnpoTHUBicHus pu HarpeBanuu (dppc/dT < 0) (puc. 3.6
u 3.7).

B o6mactu Hmskux Ttemmeparyp (T < ~210 K) 3aBucumocts ppc(T),
u3MepeHHas mpu Maibix HanpspkeHussx U, (U, < 50 B), Xxoporio anmpokcuMupyercst
Gopmynoit MotTta ppc = poeXpP(To/T)Y* ¢ xapakrepHoii Temneparypoit Motra T
=5.9¢10° K (puc. 3.6a), 4YTO CBMAETEILCTBYET O MPEOONAJAHUM B OSTOM
TEMIEpaTypHOM Auama3zoHe 3D TpBDKKOBOTO MeXaHW3Ma TMPOBOJUMOCTH C
MEePEMEHHON JUTMHOW TPBIXKKA O JIOKAJTU30BAHHBIM COCTOSHUSM BOJIM3U ypPOBHS
®depmu [156]. OtmeTrm, uto Habmonaemoe Ha rpadukax ppc(T, Uo) (puc. 3.6-3.8)
HACBIIIECHUE TIPU HU3KHUX TEeMIIepaTypax BEIWYUHBI COMPOTUBIICHHS OOBSCHSIETCS
TEM, YTO M3-3a YBEJIMUYEHUS CONIPOTUBIICHHS 00pa3lia OHO CTAHOBUTCS 3HAUUTEIBHO
00JIbIIIe COMTPOTUBIICHHS HATPY3KH, B PE3yJIbTAaTE YEro U3MEepsieMoe HapsHKEHUE Ha
COTPOTUBJICHUN HArpy3KH CTAHOBHUTCS HUKE UYBCTBUTEIILHOCTH HCIIOJIb3yEMOTO
BOJIBTMETDA.

[Tpu BeIcOKKX Temmepatypax (T > ~200 K) u U, < 50 B 3aBucumocts ppc(T)
onuckiBaeTcs hopmyoit Apperuyca ppc = PoeXP(Ea/KsT) ¢ aHeprueii aktuaimu E,
=0.30(2) 3B (puc. 3.6b). 3HaueHNE SHESPTUU AKTHUBAIIMOHHOM 111eH E,, MoTydeHHOE
13 U3MEPEHUI COITPOTHUBIICHHMS], 3HAYNTEIBHO MEHBIIE IIUPHUHBI 3aITPEILIEHHON 30HbI
Egy. IloaToOMy MOXHO caenath BbIBOA, UTO MHpolecc mpoBoauMocTy npu T >~200 K
OPOUCXOAUT IMyTeM TEPMHUYECKOW aKTHUBALlUM IBIPOK C YpOBHEH AePEeKTOB B
3aIpPEIICHHON 30HE B BAJEHTHYIO 30HY. bIM30CTh HalJIeHHBIX HAMHU 3HAYCHUU
HHEPrUU AKTUBALIMU AUdJIeKTprudeckol penakcanuu (0.31 3B) u sHeprum akTuBauuu
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npooguMocTd (0.30 3B) cBuaeTENbCTBYET O TOM, YTO 00€ OHM OINPEACINISAIOTCS
MPBDKKOBBIMU JBMKEHUSIMH TTOJISIPOHOB.

Takum o0pazom, B kepamuke CuCrO; ¢ pocToM TeMIeparypbl MPOUCXOAUT
Nepexo/l OT MPBDKKOBOIO MEXaHW3Ma MPOBOJAUMOCTH C TMEPEMEHHOW IMHOMN
npeokka (mpu T < ~200 K) k akTUBaIlMOHHOMY MEXaHHU3MY MPOBOIUMOCTH (Tipu T
> ~200 K).

OTHU pe3ynbTaThl XOPOIIIO COTIACYIOTCs ¢ AaHHBIMU padoTt [44, 4749 69, 85,
93, 126], B koTopeix Takxke npu ~200 K nabmronancs nepexoa oT MPBIKKOBOTO K
AKTUBAIIMOHHOMY MEXaHH3My MPOBOJUMOCTH ¢ 3Heprueit akrtusaiuu 0.29 [93],
0.28 [85, 126], 0.34 [47], 0.35 =B [47, 48]. na T, B [48] npuBoaUTCS 3HAYCHUE
7.5¢108 K.
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Puc. 3.6. TemrepaTypHble 3aBHCHMOCTH 3JIEKTPOCOIPOTHBIIEHHS Ha TIOCTOSHHOM TOKE
kepamukn CuCrO2 B Buze lgpoc ot 1/TY (a) u 1gpoc ot 1/T (b).

[Ipn nmobimieHun HanpsbkeHus U, ceime 102 B B obmactu 170-190 K
MOSIBJIIETCSL CKadyoK compotuBieHus: (puc. 3.7 u 3.8). DTO CBUAETEILCTBYET O
MOPOTOBOM TEPEKIIIOUEHUH IIEKTPUUYECKOTO OIS U3 BiIcOkooMHoro (ipu T > 190
K) B Huzkoomuoe cocrosinue (pu T < 170 K). 3meHnenus conpoTuiieHust 0opasiia
Py TaKOM TMEPEKIIOYEHUN JTOCTUTalOT ~3 TMOPSAKOB (MPU OXJIAXKICHUU TI0]
Hanpspkennem Uy, = 204.5 B, puc. 3.7¢ u 3.8).
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Puc. 3.7. TemneparypHbie 3aBUCUMOCTH COIIPOTUBJICHHS HA MIOCTOSTHHOM TOKE KEPaMHUKHU
CuCrO2, u3MepeHHBIE IIPH OXJIAXKICHUHU U HarpeBe 0e3 oTkimoueHus Hanpsokenns Uo: (a) 100,
(b) 150, (c) 204,5; (d) 225 B ¢ mpoMeKyTOYHBIM COPOCOM HAIPSKEHHUS B TCUCHUE ~5 MUH MOCTIE
OXJIaXJICHUs 00Opasia.

YHoMsHYThIC BBIIE CKadku conpoTuBieHUs ppc(T), HaOMrOmaeMbie mpu
oxnaxaenun odpasua npu U, < 204.5 B, xauecTBEHHO BOCIPOU3BOJATCS U B
peXUMe HarpeBa KEepaMHUKM TMpH YCIOBUM  MOAJIEPKAaHUS MOCTOSHHOTO
AIIEKTPHUYECKOTO HAINPSDKEHUs B Mporecce u3mepenuit (puc. 3.7a, b, ¢). [Ipu stom
HaOJroMaeTCs TUCTEpe3UC B obmacTu ckauka conportusienus ot 0 K mpu U, = 100
B o ~30 K ipu U, =204.5 B, puc. 3.74a, b, ¢, 3.8. Bennunna ckayka COnpOTHBICHHUS
MJIaBHO yBeJIn4yuBaeTcs ¢ poctoM Uo.

OOHapy’KeHO CYIIeCTBEHHOE pa3jinune B noBeaeHuu 3aBucumocteii ppc(T),
U3MEPEHHBIX B pexkume oxnaxaeHus mpu U, < 205.5 B u mpu U, > 225 B
cootrBeTcTBeHHO (puc. 3.7 m 3.8). B ciyuae U, > 225 B oOpazenr ocraeTcs B
HU3KOOMHOM COCTOSIHHH TTPH OXJIKICHUU BO BCEM auanaszoHe temmepartyp. [locme
BBIKJIFOUECHUS HaIpspKeHus pu /7 K ¥ OBTOPHOIO €ro BKIIFOYEHHUS Yepe3 ~5 MUH
oOpasell TEPEXOJUT B BBICOKOOMHOE COCTOSIHHE, KOTOpPOE TIPH HarpeBaHHH
nepexoaut npu 180 K B Hm3koomHoe coctostaue (puc. 3.7d).
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Puc. 3.8. TemnepaTypHble 3aBUCUMOCTH COITPOTUBIICHUSI HA TIOCTOSTHHOM TOKE KEPaMUKH
CuCrOg, u3mepeHHBIC B TIPOIIECCE OXJIAXKICHUS WM HarpeBa mpu Hanpstkerusx Uo: 1, 11, 50,
102, 150, 204,5, 225, 270 B.

Oddexkr moporoBoro MNEPEeKIIOYEHUS M3 BBICOKOOMHOTO B HHU3KOOMHOE
coctostHue B obpasznax CuCrO; nposiBIsIeTCs TaKKe B BUJIE UX S-00pa3HbIX BOJIBT-

aMIIEpHBIX  XapaKTEPUCTUK, COJEpPXKAIIMX  YYacTOK C  OTPULIATEIbHBIM
mu(epeHnanbHbIM COPOTUBIEHUEM (puc. 3.9).
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Puc. 3.9. BoabT-amniepnsie xapaktepuctuku kepamuku CuCrOz2, uamepennsle npu 185 K
n 200 K.

Hamu ycranomieno, yto kepamuka CuCrO; obGnamaer psaoM HEOOBIYHBIX
JTUDJIEKTPUUECKUX W TPOBOASIINX CBOMCTB: 1) AMAIEKTpUYECKasl peakcaius B
obnactu 180-250 K, 2) nepexoa OT aKTUBALIMOHHOTO K MPBIKKOBOMY MEXaHU3MY
MIPOBOJIMMOCTH MPU HU3KUX TeMIepaTypax, 3) 3QdeKT moporoBoro nepeKIrodeHus
13 BBICOKOOMHOT'O B HU3KOOMHOE COCTOSTHUE TIOJ1 ACHCTBUEM DJIEKTPUUECKOTO MOJIs,
4) 3HaUMTETbHAS HEIMHEWMHOCTH DJIEKTPONPOBOAHOCTH U S-00pa3Has BAX. Bee atu
0COOCHHOCTH MOYKHO OOBSICHUTD TeM, uTo HocHuTenn 3apsaaa B CuCrO; HaxomsTcs B
COCTOSIHUM TOJIIPOHOB MaJIOr0 pajadyca C MaJlodl MOJBUXKHOCTBIO H3-3a

IIPBDKKOBOI'O MEXaHHM3Ma IepeHoca 3apsaa. [lodspoHHOE COCTOSHUE HOCHUTEICH
3apsaa B CuCrO; onmcano B padotax [40, 44, 45, 47, 57, 69, 74, 86].

MexaHu3M MTOPOTrOBOTO MEPEKIIOYSHUS JJCKTPOCONPOTHBIICHUS B (hazax ¢
MOJIIPOHHOM MTPOBOJIMMOCTHRIO onKcaH B padbotax [147, 148]. Unxekuus HocuTenen
3apsia B 00paserl, mpeacTaBIISIFONINI CO00H HEOJHOPOAHYIO Cpeay (0 OTHOIICHHIO
K 2JICKTPOJIaM U ITOIBOISAIIIAM IIPOBOJIaM) C CHIILHBIM 3((HEKTOM CaMOJIOKAIU3AIIH,
YBEJIMYUBAECT KOHUECHTPALMIO MOJIIPOHOB MAJIOro paauyca. Y BEJIMYEHUE TOKA MIPU
MIPUJIOKECHHOM HAIPSHKEHUN TPUBOJUT K YBEIWYECHUIO IUIOTHOCTHU IOJIIPOHOB.
Korna koHueHTpanys noJsipOHOB JOCTUTAET KPUTUUECKOTO 3HAYCHHUS, CUCTEMA U3-
3a B3aUMOJCUCTBUSA MEXKY ITOJIAPOHAMHU CTAHOBUTCSA HEYCTOMUYMBOU OTHOCUTEIIBHO
IIpEeBpaIleHUs] TTOJISIPOHOB B KBa3MCBOOOAHBIC HOCUTEIN HEMOJSIPOHHOIO THIIA CO
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3HAYUTEIHLHO OOJIBIICH IIOABHUIKHOCTBIO. B PE3YIbTATE NPOUCXOINUT IMOPOTOBOC I10
QJICKTPUYICCKOMY IIOJIO TIICPCKIIOYCHHUEC K3 BBICOKOOMHOIO B HH3KOOMHOC
COCTOsHHC.

CoxpaHeHHe HU3KOOMHOTO COCTOSIHUS TMPU OXJIAXKICHUH B TOJIE BBICOKOU
HanpspkeHHocTH (E > 2.25 xB/cMm) m mepexosl B BRICOKOOMHOE COCTOSIHHE ITOCIIe
CHSITHS TIOJISI MOXKHO OOBSICHUTH CJIETYIONUM 00pa3oM.

[Tpunoxxennoe noje ¢ £ = 2.25 kB/cM nipeBbIaeT 3HaueHUEe KPUTHIECKOTO
IOJIsl TPU  BCEX TEMIIEpATypax, MO3TOMY HOCHUTENIM 3apsaa HaxomATCcs B
KBa3UCBOOOJHOM COCTOSIHUH, YTO oOecreunBaeTcsi OONbIINM 3HAUYEHHUEM TOKa H,
COOTBETCTBEHHO, OOJNBIION HMHXKEKIHeH 3apsna B oOpasen. CHsTHE MO MPH
HU3KHX TEMIIEpaTypax CHUJIbHO CHHXXA€T TOK W, COOTBETCTBEHHO, HWHIKEKIIUIO
3apsnoB. B pesynbrare  KOMIIGHCUPYIOLIIEE  B3aMMOJEUCTBUE  IOJIIPOHOB
YMEHBIIAETCS W HOCUTEIW 3apsia MEPEXOIAT B IMOJAPOHHOE COCTOSIHUE, YTO
IIPUBOJIUT K YBEJIIMYEHHUIO CONPOTUBIICHUS.

3.80060cHOBaHME BHIOOPA MOJISIPOHHOT0 MEXaHU3MAa MPOBOIMMOCTH JIJIAA

KA4YeCTBEHHOI0 OObSICHEHUSI OCOOCHHOCTEH CBOWCTB KepaMHKH
CuCr0O;

Haubonee spkuM  pe3ynbTaroM  HAIIMX  MCCIEIOBAaHUN  CBOMCTB
kepamuuecknx 00pasroB ¢azel CUCrO; sBiseTcss 0OHAPY)KCHHBIA B HACTOSIIICH
pabote oOpatuMbii A(QPEKT TEPEKITIOUCHUS DIEKTPOCOMPOTUBICHUS O]
JEUCTBUEM 3JIEKTPUYECKOIO IOJSI U3 BBICOKOOMHOT'O B HM3KOOMHOE COCTOSIHUE.
[ToMuMO TOJIIPOHHOTO MEXaHU3Ma MPOBOJUMOCTH AaHHBIA 3PPEKT MOKET ObITh
CBSI3aH C  Jpyrumu (¢u3NYeCKUMU  MEXaHHW3MaMH  [EpPEKITIOYCHHUS
3JIEKTPOCONPOTUBIICHUS: (POPMUPOBAHNE MMOTEHIIMATIBHBIX OapbepOB HA TPaHMIIAX
36pEH KEpaMHMKH, BKJIAJ TEIUIOBOW HEYCTOWYMBOCTH, TyYHHEIbHAs MEPECTPOMKA
Ne(EeKTHBIX COCTOSIHUM, (POPMHUPOBAHUE TOKOBBIX JJOMEHOB, TOPSAYUX AJIEKTPOHOB,
CTpYKTypHble (pa3oBbie mnepexonbl. PaccMoTpum o00nacTh TNPUMEHEHHS H
OTrpaHUYEHUS] JAHHBIX MEXaHW3MOB, a TaKKe INpUBeAeM OOOCHOBaHME BbIOOpa
WMEHHO TOJIIPOHHOU TTpupo sl niepekitouenus B CUCIrO;.

Cornacuo monorpaguu BaneeBa X.C. u Ksackosa B. B. [157] S-o0pa3Hast
dbopMa BONBT-aMIIEPHONM XapaKTEPUCTUKH, XapaKTepHas s KepaMHUECKUX
00pa3loB METAJUIOKCUIHBIX MOIYIPOBOJIHUKOB, TAKMX Kak JIerMpoBaHHBIM ZnO u
BaTiOs, oOycnoBineHa KOMIUIEKCOM (GU3NYECKHX SIBICHHHA, MPOMCXOISAIINX Ha
MEXKPHUCTAJUIMTHBIX TpaHHUIaXx. B ocHoBe HaO0IaeMOil HETHMHEWHOCTH JICKUT
dbopMHpOBaHWE TOTCHIIMAIBHBIX 0OaphepoB Ha TpaHUIAX 3EPEH, BBI3BAHHBIX
MOBEPXHOCTHBIMU COCTOSTHUSIMHM, MOTEHLHUAIBHO OOpa3yIOIMMUCSA B pe3yJbTaTe
XeMOCOpOIIMM  KUCIOpOoJa. OTH DJHEpPreTHuYecKkue Oapbepbl MPEmsITCTBYIOT
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NPOXOXKJICHUIO HOCUTENeW 3apsga Mpu  MajblX HaOpsHKEHHUSX, CO37aBas
BBICOKOOMHOE cocTosiHre. C pOCTOM HampsDKEHUS MPOUCXOTUT Pa3pylICHUE WU
pe3Koe CHUYKEHUE BBICOTHI Oaphepa, YTO MPUBOAUT K YBEIMYCHHIO TOKA, (HOPMUPYS
ydqacTok  S-obpasHoii BAX ¢ orpumarensHeiM  aud¢epeHInanbHbIM
COIIPOTHBIICHUEM.

Kpome TOro, BO3MOXKEH BKJIAJ TEIIOBOM HEYCTOMYMBOCTU. JIOKambHBIN
HarpeB MEXKPUCTAJUIMTHOM OOJacTH BCIEACTBUE NPOTEKAHUS TOKA MOXKET
IPUBOJUTH K JIONOJHUTEIBHOMY CHIDKEHHIO Oapbepa. OTO MNPUBOIUT K
MOJIOKUTETHbHON OOpaTHOW CBSI3U: YCHJICHHE TOKa BBI3BIBACT JIOKAJIBHBINA HArpes,
4TO B CBOKO O4YEpE]b YCUIMBACT TOK. Takol TEPMUYECKHA MEXAHU3M MOKET
YCUJIMBATh NIEPEXOJ CUCTEMBI U3 BBICOKOOMHOTO COCTOSIHHSI B HU3KOOMHOE.

Baxxno ormeTtuts, uto B pabore Baneea X.C. u KBackosa B. b. [157] Bce
paccMaTpuBaeMble HEMUHEHbIE 3P(EKThI 00YCIOBIEHBI PE3YJIFTATOM IOJIEBOTO U
TEMIEPATYPHOTO BO3JEHCTBUS HA MEXKPUCTAJUIUTHBIE Oapbepbl, BOSHUKAIOLIUE 32
cu€r  xemocopOuuw, IIOBEPXHOCTHBIX COCTOSIHUI u CTPYKTYpHOU
HEYIOPSIAOYECHHOCTH. JlaKe MOJIAPOHHBIN MEXAHU3M ITPOBOAUMOCTH JIETUPOBAHHOU
kepamuku BaTiO3 B pamkax ommcaHus CBOMCTB IPEICTABISECTCS TOJBKO Kak
JOTIOJIHUTENBHBIM HMCTOYHUK JIOKAJIM30BAHHBIX ITIOBEPXHOCTHBIX COCTOSIHAM Ha
MEXKPUCTAJUINTHBIX FPAHUIIAX.

B wmonorpapum KsackoBa B. b. [158] oTmeuaercs, 4TOo OJHUM U3
byHIaMEHTAIBHBIX MEXaHU3MOB (HOPMHUPOBAHUS S-00pa3HOM BOJIBT-aMIIEPHOMN
XapaKTEPUCTUKU B XaJIbKOT€HHUIHBIX CTEKJI000pa3HbIX nosynpoBogHukax (XCII)
SBJIIETCSI TYHHEJIbHas TepecTpoiika Me(EeKTHBIX COCTOSIHUM. OTOT Tpolece
npejacTaBisieT co0OM HHAYLHMPOBAHHOE IIOJIEM HW3MEHEHHUE JJIEKTPOHHOM U
CTPYKTYpPHOM KOH(UTYpAIH JIOKATBHBIX COCTOSHUN, OTBETCTBEHHBIX 3a MEPEHOC
3apsia, ¥ JIEXKUT B OCHOBE pa0OThI KIIFOUEBBIX MEPEKIIIOYAIOLINX CTPYKTYp, TaKUX
kak coemuHeHus Te—-As-Ge (TAG), Se-Te-As-Ge (STAG) u aHaJOTHYHBIX
CHCTEM.

B XCII npu amopdHOW CTPyKType OTCYTCTBYET MNEPUOJUYHOCTb
KPUCTAJUIMYECKOW  PEIIETKH, HO COXPAHAITCS YCTOMYMBBIE KOPOTKO U
JATbHOIEHCTBYIOIIE KOOPAUHALMOHHBIE CBSI3U. B Taknx Marepuanax peanusyercs
neeKTHas CTPYKTypa, TaKue Kak mapbl BaleHTHBIX coctosiHuii C3'—Ci, tme Cs
COOTBETCTBYET TPEXBAJICHTHOMY aTOMY C U30BITKOM 3JIEKTPOHOB, a C1 — 1eeKTy ¢
ne(UIUTOM BaJCHTHBIX JJEKTPOHOB. OTHU Mapbl WrpaloT pojib JIOBYIIEK U
bopMHUpPYIOT TITyOOKHE JIOKaJM30BaHHBIE COCTOSIHUS B 3ampeléHHoi 3oHe. [Ipu
YBEJIMYEHUH BHEIIHETO 3JIEKTPUYECKOTO OIS PEaTU3yeTCsl MEXaHU3M TyHHEIbHOU
nepe3apsakd 3THX JAe@ekTHbIX map. B 3ToM mpouecce aBa neeKTHBIX LEHTpa
IpeBpalaloTCsl B MPOBOASIIME, MPU STOM BBICBOOOXKIAETCS HOCHUTENb 3apsja
(3JIEKTPOH WJIU JIBIPKA), CIIOCOOHBIA y4acTBOBaTh B TOKe. II0CKOJIBKY MJIOTHOCTH
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Takux map B crekinooOpasHeix XCII BbIcOKa, MpH AOCTHKEHUU ITOPOTOBOTO
HaIpsHKEHUST MOXKET HAaudaThCsl JJABUHOOOPa3HBIA MPOLECC MEPECTPOUKHU: Kaxiaas
niepe3apspKeHHas mapa co3AaéT YCIOBHS U TIEPEeCTPORKH COCETHUX, POpMUPYS
MIPOBOJIAIIME KaHAJBI, TPOHU3BIBAIONINE JAUAICKTPUUICCKYI0 MaTpully. Bo3Hukaer
MIOJIOKUTEIbHAS 0OpaTHas CBS3b: OOJBINE MPOBOISIIUX IIEHTPOB — BHINIE TOK —
Oombie mepecTpoek J1ePeKToB. ITO COMPOBOKAACTCS CKAYKOOOpPa3HBIM POCTOM
ToOka W (OpPMHPYET Y4YacTOK C OTpUIATEIbHBIM  JIuddepeHInaIbHBIM
COIIPOTUBIICHUEM.

CornacHo mpeAcTaBlIEHUSM, U3NI0KEHHBIM B MOHorpaduu bonu-bBpyesuua,
3BsirnHa 1 MupoHoBa [159], kimroueBbIM GU3NYECKUM OCHOBAHUEM JIJIS IPOSIBIICHUS
S-o6paznoii BAX sBuserca sneKTpuUUecKass HEYyCTOWYMBOCTH, MPHUBOIAAIIAS K
(OpMHUPOBAHKIO IPOCTPAHCTBEHHO HEOJHOPOIHBIX COCTOSIHUM, B TIEPBYIO OUYepeb
— TOKOBBIX JIOMEHOB. B moiynpoBoAgHMKaX C CHJIBHO BBIPQXKEHHOM 3aBUCHUMOCTBIO
NOJBW)KHOCTH WJIM KOHUEHTpAIMd HOCUTENEH OT 3JEKTPUYECKOTO MOJs WU
TEMIEPATYpbl, TPU YBEIUUYEHUU MPWIOKEHHOTO HANPSIKEHUS BO3MOXKHO
BO3HMKHOBEHHUE JIOKAJIbHOM O0JIACTH € MOBBILIEHHOW HAINpPSKEHHOCTBIO TOJSA U
IPOBOJAMMOCTBIO — TOKOBOTO JIoMeHa. Takoi JAOMEH, Kak MpaBuiio, GopMUpyeTcs
OpU JOCTHKEHUHU OIPEAENIEHHOr0 IMOopora HampsyKEeHUs] U COMPOBOXKAAETCA
HepepaclpeesIeHueM JJIEKTpUYeckoro mnoist. B ciaboHanmpspk€HHON obmactu
HANpsOKEHHOCTh OCTa€Tcsl HU3KOM, TOrZa Kak B JIOMEHE OHa BO3pacTaeT [0
3HAYEHUM, TPU KOTOPBIX PEATU3YIOTCS CUIIBHO HEJIMHENHBIE MPOLIECCHI IEPEHOCA.

S-o0pa3znast ¢opma BOJBT-aMIIEPHOM XapaKTEPUCTUKU, HaOIr0JaeMas B
MOJTyITPOBOJHUKAX MPHU IEUCTBUH CUJIBHBIX DJICKTPUICCKUX TOJICH, OOBSICHSIETCS B
paMKax TEOPUU HEPABHOBECHBIX HOCUTEJICH KaK CJIEICTBHE U3MEHEHUs XapaKTepa
paccesiHus SHEpPTuu U uMirysbca. CorjaacHO TEOpHUH, MOAPOOHO PACCMOTPEHHOU B
moHorpaduu D. M. Konyamn [160], B yCIIOBHSX BBICOKHX JJICKTPUUYCCKUX TOJICH
HOCHUTENIM TPHOOPETAIOT SHEPIrHI0, 3HAYUTENIBHO TMPEBBIIIAIONIYI0 TETUIOBYIO.
Bo3HUKAaIOT Tak Ha3bpIBa€MbIE€ TOpPAYUE DIJIEKTPOHBI, XapaKTEePHU3YIOIIUECs
JJIEKTPOHHOM TEMIIEPATypOU, CYILIECTBEHHO IMPEBOCXOMAILIECH TeMIIeparypy
peméTku. [Tpy Takux yCciIoBUsIX OOBIYHBIE MEXAHU3MBI paccesiHus (Ha aKyCTUYECKHUX
W ONTHYECKUX (OHOHAX, WOHU30BAHHBIX TIPUMECSAX) CTAHOBITCS MEHEE
7 (eKTUBHBIMU B Miepeave dHeprun. B aTom ciydae ypaBHeHHe OanaHca YHEPTUU
MOXKET HE HMMETh CTAI[MOHAPHOTO PEIICHUS, WM KE pEIICHWE OKa3bIBaeTCs
MHOTO3HAYHBIM, 4YTO VYKa3blBaCT Ha DJJICKTPUUECKYI0 HEYCTOWYMBOCTH U
BO3MOXKHOCTbh JJABUHOOOPA3HOTO HAarpeBa HOCUTENEH. DTO COMPOBOKAACTCS PE3KUM
yBEIMUEHUEM TUIOTHOCTH TOKa M TIOABICHHEM Yy4YacTKa OTPHUIIATEIBHOTO
nudpepeHnnanbHOTO CONMPOTHRICHUS, 4yT0 W dopmupyeT S-obpasnyio BAX.
Kpome Toro, B Matepuanax ¢ MHOTOJOJUHHOW 30HHOU CTPYKTypoit (Hanpumep, Ge,
GaAs) neperpeB HOCUTENEH MOMKET MPUBECTH K MEXIAOJIMHHBIM NEpexoaam, Ipu
KOTOPBIX AJIEKTPOHBI MEPEXOIAT U3 OJUHBI ¢ HU3KOW TOJIBMYKHOCTBIO B JOJUHY C
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Oosiee BBICOKOW MOJBHKHOCTBIO. DTO COMPOBOXKIACTCA PE3KUM POCTOM TOKa H,
COOTBETCTBEHHO, TAK)KE MOXKET PEaTu30BhIBaThC S-00paznas BAX.

®opmupoBanue S-oOpasznoit BAX B monorpadmum Moximma 3.J[. [161]
OOBSCHSETCS] HECKOJIBKUMU (PU3NYECKUMH MEXaHU3MaMH, Haubosee BaXKHBIMU U3
KOTOPBIX SIBJIIIOTCS TEpPMHUYECKass HEYCTOWYMBOCTh U JIOKaJbHBIE (Da3oBbIe
nepexonpl. OIHUM U3 KIIOYEBBIX (DAKTOPOB, MPUBOAAIIMX K OOpa3oBaHHUIO S-
o0pasHoit BAX, siBisieTcst TOKaJbHBIA HArpeB MaTepualia MpH MpOIyCKaHUH TOKa.
[Tpu mpoTekaHNM TOKa Yepe3 TEPMOPE3UCTOP, MaTEPHAll HATPEBAETCA, YTO, B CBOIO
oyepellb, CHUXKAET €ro CONPOTHBJIEHHWE B MecTax HarpeBa. OTO co37aéT
MOJIOKHUTEIBHYIO OOPaTHYIO CBS3b: CHIDKEHUE COTPOTUBIICHHUS JIOKAIBHOM 007acTh
IPUBOJUT K POCTY TOKA B 3TON 0OJIACTH, UTO BBI3BIBACT JOMOJHUTEIbHBIN Harpes.
OTOT mpolecc MOXKET MPOJOJDKAThCA A0 TEX MOp, MOKa He OyAeT JOCTUTHYT
KPUTHUYECKUH TOK, IPU KOTOPOM MaTepuaj MEPEeXOJUT B HU3KOOMHOE COCTOSIHHUE,
BBI3bIBAsl PE3KOE YBEIMUEHUE TPOBOJUMOCTH U  (OPMHUPYS YYACTOK C
OTpHULATENbHBIM AP PepeHnaIbHbIM contpoTuBieHreM Ha BAX. Jlanublii apdext
XapakTepeH Il TEPMOPE3UCTOPOB C  OTPULIATENBHBIM  TEeMIIEpaTypHBIM
ko3¢ punmentoM conporusienus (TKC), nanpumep, 111 OKCHI0OB METAJUIOB TUIIA
Zn0O nmu CuO.

CrpykTypHble (ha30BbI€ IEPEXO/IbI TAKKE MOTYT OBITh MPUUMHOMN S-00pa3HbIX
BAX B TepMope3ucTopax, 0COOEHHO B Marepuanax, Takux kak VO, KoTopbie pu
ONpPENENEHHON TeMIIepaType IAEMOHCTPUPYIOT MEPEXO] U3 IHUIJIEKTPUYECKOTO
COCTOSIHHMSI B METAJUIMUECKOE. DTH (Pa30Bble NEPEX0Ibl MOTYT ObITh BBI3BaHBI KaK
TeMIiepaTypHbIM 3((PEKTOM, TaK U JHKOYJIEBBIM HATPEBOM MPU MPOIMYCKAHUU TOKA.
ITpu sTOoM S-00pa3zHas ¢opMa BO3HHKAET B pe3yjbTaTe KOHKYPEHLUU MEXIY
JIMHENHBIM YBEJIIMYEHUEM ITPOBOJMMOCTH U €€ PE3KUM CKAYKOM IpU AOCTHKEHUU
MOPOTrOBOr0 HAMPSYKEHUS WU TEMIIEPATYPHI.

B pabore /[pBuna Omwuna [147] ommcaHbl Mpolecchl, TPUBOAAIINE K S-
oOpa3Hol BoibT-amnepHoi xapaktepuctuke (BAX) B Marepuanax, mpoBOJIUMOCTh
KOTOpBIX 00yCIIOBJIEHA MOJISIPOHAMH Masloro panuyca. [lonsipoHsl Manoro paguyca
NPEACTABIAIOT COOOM JIOKAaJM30BaHHBIE HOCUTENM 3apsiia, oOpasyroluecs B
pe3yJIbTaTe B3aUMOACHUCTBUS 3aPSIKEHHBIX HOCUTEIIEH C PEIUIETKOM, UTO IPUBOJIUT K
UX JIOKaJTU3alMK B 1Ie(PEKTHBIX COCTOSIHUAX MaTepuaia. Mexanusm GopMHUpPOBaHUS
S-o0pazHoit BAX B Takux MOJYNPOBOJAHHUKAX OOBSICHSETCS JIMHAMHUKOU
JIOKaJIM3alliy HOCUTENEH U UX Mepexo oM B Oosiee MOABMKHOE (J1€JI0KATM30BaHHOE)
COCTOSIHUE TIOJ] BO3JICHCTBUEM BHEIIHETO ANEKTPUUECKOTO TOJISI U TOKA.
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Puc. 3.10. I'paduk 3aBHCUMOCTH ITOTHOCTH TOKA J OT MPUIIOKEHHOTO 3JIEKTPUUECKOTO
nojisi F B pamkax MoJieii moporoBoro MepeKItoYeHUs AIEKTPOCOIIPOTHUBIICHUS C MOJISIPOHAMU
Mmasoro paauyca [147].

[Ipy HU3KHX HAOPSKEHUSX MTPOBOAUMMOCTh B TAKHUX MOJYIPOBOJIHHUKAX
OTPpAaHWYEHA  HAJIMYUEM  JIOKAJIM30BAHHBIX  COCTOSHMU. OTO  COCTOSHHUE
XapaKTEepU3yeTCsd HHU3KOM NOABWKHOCTBIO HocuTened. Ha HavanbHOM cTaguu
YBEJIMYEHUE IEKTPUUECKOTO OIS MO3BOJAET MOJISAPOHAM MEPEMENIATHCS TOJIBKO
3a CYET MPBDKKOBOIO MEXaHW3Ma MPOBOAUMOCTH C OJHOTO JIOKAIM30BAHHOIO
COCTOSIHUSI Ha APYroe, NpoOBOAUMOCTh OCTAETCs HU3KOW. C yBEIMYEHHWEM TOKa B
CHUCTEME IUIOTHOCTb HOCHUTENEH 3apsaa Bo3pacraer. llapamiensHo ¢ 3TuUM
YBEJIMYUBAECTCSA IUIOTHOCTDH JIOKAJIU30BAaHHBIX COCTOSIHUM, HOCHUTEIMU CTAHOBATCS
0oJiee MOJBUKHBIMHU, YTO TMOBBIIIAET MPOBOJUMOCTh. IJTOT MPOIECC HAYMHAET
MPUBOJUTHh K JIABUHOOOPA3HOMY POCTY IUIOTHOCTA HOCHUTENEH, YTO HapyIlIaeT
CTAOMJIBHOCTh JIOKau3anuu. [lpu nanpHelileM YyBEIWYEHUW HaANpsKEHUS U
IUDIOTHOCTH TOKA Marepuan MNEPEXOAUT B JCJTOKAIM30BAHHOE COCTOSHHUE, T
HOCHTEJIM MOTYT ABUTaThCsI cBOO0HO. Ha BAX 3TOT mporiecc oToopakaeTcs B BUJIC
CKayka TOKAa, KOTOpPBIM  XapaKTepU3yeT Y4YaCTOK C  OTPHULATEIbHBIM
muddepennuansubiM - conpotuBiienneM (Puc. 3.10). B Takmx wmarepuanax
MEePEKIIIOYEHUE JICKTPOCONPOTUBIICHUS MOXKET ObITh HEOOPATUMBIM, €CIT TIEPEXO0/T
B JICJIOKAJM30BAaHHOE COCTOSIHME COIMPOBOXKAACTCS CTPYKTYpHBIM (Da30BbIM
[IEPEeX00M WIIM U3MEHEHMEM XUMHUUYECKOr0 COCTaBa Marepuala. B Takux ciydasx,
JIa)Ke TIPU CHSATUM BHEITHETO TOKA, MAaTEPUAJl MOKET COXPAHATh COCTOSIHUE BEICOKOM
MPOBOJANMOCTH, YTO MIPUBOJUT K ructepesucy Ha BAX.

CormnoctaBuM NMpUBEACHHBIE BbIEe PU3MUECKHUE MEXaHU3MbI MEPEKIIOUCHUS
anekTpoconpoTuiieHns B Tabmuie 2.1 ¢ ykazaHueM yCIOBHIA peann3aiun JaHHBIX
MEXaHU3MOB, TeMIIEpaTypHBIX oO0jacTell mnpuMeHeHus [, XapaKTEepPHBIX
AIIEKTPUYECKUX OJIEH NEPEKIIIOUEHUS DIIEKTPOCONPOTUBIECHUS Epur.
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PuznuecKuit Kparkoe onucanne Ycenosus
MEXaHU3M peanu3anuu
NEePEeKITI0YEHUS MeXaHu3Ma
CONPOTHUBJIEHUS
[TorennumanbHbie DHepreTuyecKue O0apbepsl | [Tonukpucrannuyec
Oapbepsl Ha | IPEMSTCTBYIOT MIPOXO0KJICHHUIO | Kasi CTPYKTYypa.
rpaHuIax 3ep€H | HOCUTENEH 3apsga TpU  MajbIxX .
Paril p PAA P HeoOpatumsrit
Kepamuku [157] HaIPSHKCHUSX. C pocToM
nepexo.
HaIpPsHKEHUS IPOUCXOJIUT
CHIDKCHHE BBICOTBI Oapbepa, uTo | Expur~ 10°-10° B/em
MIPUBOJNT K YBEIIMUEHUIO TOKA.
PUBOZ YBCIIMHCHHIO TOKA T — xoMHaTHas
TyHHenbHas [Ipu  yBenmuyeHun  BHemHero | AMopdHas
nepecTpoika AIEKTPUYECKOTO OJIS JIBa | CTPYKTypa, HAIUYUE
neheKTHBIX ne(EeKTHBIX [IEHTpa MPEBPAILAIOTCS | TOJOKUTEIBHBIX |
coctosiHuii [158] B IIPOBOJISIIIIIE C BELICBOOOKICHUEM | OTPHUIIATEIbHBIX
HOCUTENSA 3apsna. Kaxnas | nedekTHbIX
nepe3apspKeHHash mapa  CO3LaET | LEHTPOB.
CJIOBUA TS MIEPECTPONKHU .
Y o 8 peeTp O6parumblii
COCEIIHUX, (OpMHUPYSI IPOBOISILINAE
FUTHX, QOPMHPY3 HPOBOIIL MEPEXO/I.
KaHaJIbI.
T — koMHaTHas
dopMHUpOBaHUE Hocutenn 3apsna mnpuoOperarot | Hanuuue
TOKOBBIX JIOMEHOB, | OOJIBIIYIO KMHETHUYECKYIO | HEOJTHOPOHOCTEM.
rOpSTYNX DHEPTrUl0, 4YTO  MPUBOJUT K .
P prHIo, pHBOA O6parumblii
aekTpoHoB  [159, | mepexoqy B 0Oojiee MOIBHKHBIC Hepexo
160] COCTOSIHUS ¥ JIaBUHOOOPa3HOMY '
POCTY TOKA. Expnr ~ 10%-10° B/cm
T-100-300 K
CtpyKTypHBIE [Ipu omnpenenénnoit temmnepartype | CTpYKTypHBI
(dazoBble Mepexopl | HabIoaaeTCs nepexon u3 | pa3oBbIl  mepexon
[161] JURJIEKTPUUECKOTO COCTOSIHUS B | (IUDJICKTPHK-
METAJUIMYECKOE. POBOIHUK) B
TEeMIIEpaTypHOU
obnactu

npuMeHeHus (asbl.
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HeobOpatumerit
HIePEXO/I.

Epur ~ 10*-10° B/cm
T =68 °C m1a VO,

Bximag  TemnoBou | JIOKaJIbHBIN HarpeB nipu | JIokanpHBIM Harpes
HEYCTOWYUBOCTH MIPOXO0’KJIEHNU TOKa, BbI3bIBaromuii | 10 100 °C — 300 °C.
[161] HEOOpaTUMBIi pocT

MIPOBOJAUMOCTH.
Henoxkanuzanus [Tepexon MOJISIPOHOB B | Hocurens 3apsina —
COCTOSIHUM JIETIOKAJIM30BaHHOE COCTOSTHUE MPH | MOJIIPOHBI  MaJoro

IMOJKIPOHOB MAJIOTO | BBICOKHUX INIOTHOCTAX TOKa MM | paanyca.

panuyca [147, 148] | HanpspKeHUHA. O6patimbtii

Hepexo/i.

XapaxkTepHsble
TEMIIEPATYPbI 17}
JNEKTPUIECKUE
I10JIS1 IIEPEKIIFOYCHUS
HE U3YYECHBI.

Ta6Jmua 2.1. KpaTKoe OIIMCaHHNEC BO3MOKHBIX (bHSI/I‘IeCKI/IX MCXaHU3MOB IICPCKIOYCHUA
QJICKTPOCOIIPOTUBJICHUA U UX yCJ'IOBI/Iﬁ pcaj3anuu.

HecmoTpst Ha TO, 4TO (PU3MYECKUX MEXAHU3MOB, OMHUCHIBAIOIIUX 3PeKT
NEPEKITIOYEHUST  AIEKTPOCONPOTUBIIEHU JOCTATOYHO MHOIO, CYUTAEM, UTO
HamOoJsiee BEPOATHBIM MexaHnu3MoM nisi ¢azel CUCrO; sBisieTcss HMMEHHO
JIeJIOKanu3anusl COCTOSSHAN TOJISIPOHOB Majoro paauyca. B mosb3y moJsipOHHOU
IPUPOJIbI MEPEKITIOYEHHS] COOOLIAOT MPUBEICHHBIE B JIUTEPATYPE AaHHbIE O MO
noasrkHOCTH 3apsana Gpasel (< 1 cm?Bic?) [44], monyuennsie B HacTosIwEH paboTe
JaHHbIE 00 OTCYTCTBUM CTPYKTYpPHBIX (Pa30BbIX MEPEX0J0B, OJIHO(DA3ZHOCTU
0o0pa3loB, JUINEKTPUUYECKOM perakcalii, CMEHE MPBDKKOBOIO MeEXaHH3Ma
IPOBOJMMOCTH Ha aKTHUBAaLMOHHBIM, HaOmoneHue »>PQekra MNepeKToYeHUs

5JIEKTPOCOIPOTHBJICHUS [IPU HAMPSHKEHHOCTH DIEKTPHYECKOro 1mous nopsaka 103
B/cm 1 S-o0pasubix BAX.

Jlenokanu3amnuss COCTOSIHMM TOJIIPOHOB  MaJIOr0  paguyca MO3BOJISIET
KaueCTBEHHO omnucaTh Bce HaOmogaeMbie cBoicTBa (azel CUCrO,. Omgnako B
KepaMHU4YeCKuX 00pasiax B 3(PPeKT nepextoueHus dIeKTPOCOPOTUBICHHS] MOKET
BHOCHUTH 3HAUMTEIbHBIN BKJIAJ OT MOTEHIHMAIbHBIX 0apbepoB Ha I'paHUIAX 3€pPEH.
Takum 06pa3zom, 4TOOBI MOATBEPIUTh, YTO JAHHBIN 3PEKT sIBisieTcs: 00bEMHBIM U
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CBSI3aH C TIOJSIPOHHOM MPOBOJUMOCTBIO, TPEOYIOTCS €ro HCCIICOBaHUS Ha
MOHOKpHCTALTHYECKUX o0pasiax ¢azer CuCrOs.

3.8. BrbiBoabI

1. CuHTe3upoBaHbl M OXapaKTEPU30BAaHbI METOJAMU PEHTTEeHO(}a30BOTO,
TEPMOTPaBUMETPUUYECKOTO U MECCOAYIPOBCKOTO aHAIM30B KEpaMUUYECKHUE 00pa3Ilbl
CuCrO; u Cu(Croos°'F€004)O2. VYcranoBneHa omHO(a3sHOCTh OOpPa3sLOB U HX
OPUHAIIICKHOCT, K  pomOosapuyeckoMy 3R-nmomutumy ¢assl  CuCrO; ¢
mapamMeTpaMH »JeMeHTapHoil sueitkm a = 2.974(1) A, ¢ = 17.087(2) A.
YcTaHoBIeHO, 4YTO Tpu HarpeBaHuu oOpas3noB Bbime 700 °C mpoucxomuT
HeoOpaTuMas moTepsi Beca u3-3a Jierydectd KomrnoHeHToB ¢asbl. [Ipu 1340 C stu
norepu gocTuraroT 1.1%. [TomydeHsl HOBbIE TaHHBIE O TEMIIEPATYPHOM MOBEACHUN
MeccOay?pOBCKHX CIeKTpoB B auamna3zoHe Temmeparyp 80-300 K. Mzomepnsiii
caeur IS mpu Ttemmeparypax Hmke 130 K cBuumerenbcTByeT 00 HM3MEHEHUH
ANEKTPOHHOTO  cocrtosiHus  atomoB  Fe.  TemmeparypHas — 3aBUCMMOCTh
KBaJpyIoibHOTO pacineruieHus QS (puc. 3.4b) uMeeT aHOMaNbHBIN BUJL, TOCKOJIBKY
BenuunHa QS yBennuuBaercs ¢ Temneparypoi. [Ipu3HakoB cTpyKTYpHBIX (Da30BBIX
NEPEX0JI0B B UCCIEAOBAHHOM JIMaNla30HE TEMIIEpaTyp He OOHAPYKEHO.

2. TemmnepaTypHble 3aBUCUMOCTH JUAJIEKTpHUUECKOr npoHuraemoctu &(T) u
TAHI'€HCa YIia AudJeKTpuueckux notepb tgd(T) uccinemoBanuch B Juarna3oHe
temrepatyp 77-290 K u na yactorax ot 120 I' 1o 1 MI'u. B ob6xactu 90-250 K
HaOJIIOAAIMCh CTYNEHYaThle MAaKCUMyMbI pelakCcallMOHHOro Xapakrtepa. [Iponecc
pellakcalliy ONMUChIBaeTCs B paMmkax mojenu Jlebas ¢ sHeprued aktuBanuu E, =
0.31(2) 5B u BpemeHeM penakcauuu T, = 7.4(3)-10 ™ c.

3. UccnenoBanbsl TemmepaTypHbIe 3aBUCUMOCTH YACIBHOTO MOCTOSHHOTO
toka ppc(T) B muamazone 77-610 K npu npunosxenHom HanpsbkeHun Ug ot 1 10 270
B. 3aBHCHMMOCTM HMEIOT NOJYNPOBOAHUKOBBIM XapakTep M IOKa3bIBAIOT
MOHOTOHHOE YMEHbIIIEHUE CONPOTUBIICHUS MPU HArpeBe, Mpu 3TOM B obmactu T <
~200 K 3aBucumocts ppc(T) Xopoiio anmpokcumupyercs popmysioi Motra ppc(T)
= poeXp(T/To)¥ ¢ Ty =5.9¢10° K, a ipu T > ~200 K nogumnnsercs 3akony AppeHuyca
poc = poeXP(Ea/keT) ¢ Ea = 0.30(2) »B. [TonyueHHbIC AaHHBIE CBHACTEIBLCTBYIOT O
TOM, YTO MpPU HHUBKUX Temmeparypax mnpoBoauMocTh B obOpasmax CuCrO;
OCYIIECTBISIETCS MO MPBDKKOBOMY MEXaHU3MY C TIEPEMEHHOU JITMHOW MPBDKKA T10
JOKaJM30BaHHBIM COCTOSIHUSIM BONMM3W dSHepruu DepMu, a TpH  BBICOKUX
TEeMIIEpaTypax — M0 aKTUBAIIMOHHOMY MEXaHU3MY.

4. BmepBeie B o6Opasnax CuCrO; o6HapyxkeH 5(QexT moporoBoro
MEPEKITIOUCHUST M3 BBICOKOOMHOTO B HHU3KOOMHOE COCTOSIHME TPH TPHJIOKECHUHU
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anekTpudyeckoro mois Beime 1 kB/cm. Oddexkt nposBiasercs B auana3oHe
temneparyp 170-190 K.

5. BospT-aMriepHble XapakrepucTuku oOpasuoB npu T <~200 K umeror S-
oOpa3Hyl0 3aBHUCHMOCTb H  JICMOHCTPUPYIOT  00JacTh  OTPHUIIATEIHHOTO
g hepeHIMATFHOTO COPOTUBIICHHUS.

6. BoO3HUKHOBEHHME BBIPAKEHHON HEIMHEWMHOCTH AIEKTPOPU3UUECKUX
cBoiicTB kepamuku CuCrQO; CBA3aHO C MOJSIPOHHBIM MEXaHU3MOM MPOBOJIUMOCTH,
a TaKXKe C MepexoJ0M HOCUTENEH 3apsia U3 CBA3aHHOIO MOJSIPOHHOIO COCTOSIHUS B
KBa3UCBOOOJHOE COCTOSIHUE, MHIYIIMPOBAHHOE BHEUTHUM AJIEKTPUUECKUM TIOJIEM.

7.  OTHOCHUTENBPHO HU3KHME 3HAYEHUS KPUTHYECKOTO  HaIpPsHKEHUS
nepexioueHus aenat oopasnsl CuCrO; nepcneKTUBHBIMU ISl UCIIOJIb30BaHUS B
KA4EeCTBE AKTWMBHBIX JJEMEHTOB KOMMYTAIIMOHHBIX YCTPOMCTB, HWHAYKTHMBHBIX
DJIEMEHTOB, YIPABIAEMBIX JJIEKTPUYECKUM I10JIEM, PEIAKCALIMOHHBIX T€HEPATOPOB
U T. 1.
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I'naBa 4. Cunre3 kepamudecknx oo6pa3noB 3R-CuCrixAlkO2, onpenesnenue ux
KPHUCTALJIMYECKON CTPYKTYPbl, MHKPOCTPYKTYPbI, 3JIeKTPONPOBOAAIIUX
CBOMCTB

4.1. Bgsenenue

HecmoTtps Ha 3HaunTenbHbIA HHTEpEC K U3yueHuto ga3z CuCrO; u CuAlO, B
JUTEpaType HAOIOMAeTCsI CYIMEeCTBEHHBIN Ne(UIUT TaHHBIX TI0 UCCIICIOBAHUIO HX
HEJIMHEHHBIX JJIGKTPUUYECKUX CBOMCTB. B mpeapiaymieit rnaBe auccepTanuu
BIIEpPBBIE OOHApYXeH >PQPEKT MEePEKTIOYCHHUsS] U3 BBICOKOOMHOTO B HHU3KOOMHOE
COCTOSIHUE TMOJ JIEWCTBHEM >JIEKTPUYECKOIO IMOJISI B KEpaMUYECKHUX oOpaznax
CuCrO;. D10 sBreHuWe HaAOMIOMAETCS HA TEMIEPATYPHBIX 3aBUCUMOCTSX
anekTpoconpotusiieHnsa B nuamazone 170-200 K, xapakTepusyrommxcs CKaykoM
CONMPOTHUBJICHUS JO 3 TOPSAKOB TIO BEJIMYMHE, M HA BOJbT-aMIIEPHBIX
XapaKTepUCTUKaX C  y4acTKOM  OTpulartenbHoro  auddepeHnaibHOro
CONPOTHUBJICHUS.

Jlist appexTuBHOrO yripaBiaeHust 3TUM 3P(HEKTOM HEOOXOAUMBI JadbHENIIINE
VCCJIEIOBAHMSI HEJIMHEWHBIX 3JEKTPUYECKUX CBOMCTB, BKIIOYAIOIIME YaCTHYHOE
WIH [IOJIHOE 3aMEIlIEHNE aTOMOB B CTPYKType Aenadoccura.

Lenbto HacTosIIeH pabOTHI SABJISAETCS ONpPEAEIICHUE TPEiesia paCTBOPUMOCTH
B oOpasnax kepamuku CuCrixAlO; u mpoBeneHHe AeTaNBHBIX HCCICIOBAHUI
BiustHus cootHoenus Cr/Al B oOpasnax kepamuku CuCrixAlxO, Ha cTpyKTYpHBIE,
MUKpPOCTPYKTYPHBIE W BOJIbT-AMIIEPHBIE XapaKTEPUCTUKH, a TAKXKE H3yUdEHUE
TEMIIEPATypPHBIX 3aBUCUMOCTEN MPOBOAMMOCTH HA MOCTOSIHHOM TOKE W BIUSHUSA

NPUJIOKEHHOTO HANPSDHKCHHS Ha IMPOBOMAIIME CBOWCTBA IMOJIyYECHHBIX 00pasIioB
kepamuku [A2, AB].

4.2. CuHTe3 00pa3uoB

Kepamuueckue o6pasupl CuCriAlO, (x = 0, 0.25, 0.5, 0.75 u 1) Obumn
MOJIy4YE€Hbl METOJOM TBepAO(pa3HOM peakiuu MO TPAAUIIMOHHON KepamMHYEeCKOH
TEXHOJIOTUM B BO3IYIIHOW aTmocdepe. B KkauecTBe HMCXOIHBIX BEIECTB
ucnob30Baanch okcuapl: CroO3 Mapku «oc. 4.», CuO — «oc. 4.», Al,O3 — «oc.
9.», B3ThIC B MPOIMOPIHUX, COOTBeTCTBYOMUX (hopmyiie CuCriAlO,.

IN'omorenusanuro cmeceit okcuao CuO, Cry03 u Al,O3 npoBoauIN MyTeM ux
pacTUpaHusl B araToOBOW CTYNKE B MPUCYTCTBHM 3TUJIIOBOTO crnupTa B TeueHue 30
MUH.

Cunre3 romorenusupoBanHoi cmecu Cr,O; u CuO mnpoBoauiaM myTeM
YyeTbIpeXKpaTHoro ooxura npu temmeparypax 900, 930, 950 u 980 °C B TeueHue 2
g kaxapiit 00xwur. Cmech coctapa (1-X)Cr,03:-XAl03-2Cu0 (rme x = 0.25, 0.5, 0.75,
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1) oOkuranu npu Temmeparype 1040 °C B teuenue 40 4. PasmuuHble peXKUMBI
cuaTe3a st oopaszioB CuCrO; u o6pasnos, coaepxkanmx Al, 00ycIOBICHBI TEM,
yT0 0€3 JNIUTeNIbHOro o0ura (asbl ¢ Al He 00pa30BHIBAIINCH.

N3 n3MenbueHHBIX TPOAYKTOB CUHTE3a MOl OAHOOCHBIM JaBieHuem 15 Mlla
C TIOMOILBIO THUJIPABIMYECKOTO Mpecca (HOpPMOBAIM HUIMHIPUUYECKUE TaOJIETKH
quamerpoM 10 MM 1 TosmmuHOM 1-2 MMm. IIpu 3TOM B CHHTE3MpPOBaHHBIE TOPOLIKU
B KQ4ECTBE CBA3YIONIEro J00aBIsIN 5 Mac.% BOAHOTO pacTBOpa MOJUBUHUIOBOTO
cnupta. Cniekanre oOpa3IoB IPOBOAWIN B KaMepHOU neun npu temmnepatype 1300
°C B TeueHue | 4 ¢ oXJaxJAeHUEM B YCIIOBUSIX BBIKIIIOUEHHO neun. B pe3ynbraTte
ObLIM TOJYyYEHbl KepaMU4ecKue oOpasilbl B BHUJAE HWIMHIPHUYECKUX TaOJIETOK
nuameTpoM 10 MM u TonmuHoN 1-2 Mm.

JUis mpoBeAeHUsT AIIEKTPOPU3NYECKUX MCCIEAOBAHUNA HAa IIOBEPXHOCTH
MOJIYYEHHBIX TA0JIETOK MyTEM BXKUTaHUS cepedpocoaepxkaliel nacTbl HAHOCHIIUCH
IIEKTPOBI.

4.3. PentrenodgasoBblii anaau3

Pentrenogazossbiil ananus (POA) cunre3npoBaHHbIX 00Pa310B IPOBOAUIICS
Ha aBTOMAaTUYECKOM peHTreHoBckoM audpaktomerpe JPOH 4 (B kayecTtBe
BHYTPEHHEI0 CTaHJapTa HUCHOJb30Bajiock oTduiabTpoBaHHOoe CuKa-uzimydenue,
KpUCTaJUIMYECKUil mopoiok Ge).

Bce nudpakinuronnble mukyu Ha peHTreHorpammax (puc. 4.1), molydeHHbIX
kepamuyecknx obpaznoB CuCrixAlkO, (X = 0, 0.25, 0.5, 0.75 u 1), xopomio
VHAULOUPYIOTCA  HAa  OCHOBE  TIE€KCAaroHaJlbHOM  JJIEMEHTApPHOM  SYEHKH
(mpocTtpancTBeHHas rpyra R-3m) ¢ napamerpaMu pemnieTky, moka3aHHBIMU Ha PUC.
4.2, cooTBEeTCTBYIONIEH CTpyKType nenadoccuta [78, 84, 87, 88]. [lomyueHHbIC
pE3yIbTaThl CBUACTENBCTBYIOT 00 0JHO(PA3HOCTH 00PA3IOB, UX MPUHAJICKHOCTH K
CTPYKTYpPHOMY CEMEUCTRY AenadoccruTa 1 00pa30BaHUK HEOTPAHUYCHHBIX TBEPABIX
pactBopoB B cucteme CuCryxAlOo.

CpaBHeHHE W3MEPEHHOW IUIOTHOCTH KEPAaMUKH Pg C PacyeTHOM Pt
npeacrasiieHo B Tabnmie 4.1 u coctasisieT ot 75 10 93%.

Pesynbrathl peHTreHo(a3zoBoro aHanan3a MOKa3bIBAIOT, 4TO
CHUHTE3UpPOBaHHbIE 00pa3lbl SBJISAIOTCS OJHO(PA3HBIMH, OHU COCTOST Hu3 3R-
nomutuna  (asel  CuCriAlO2 co crpykrypori nmenadoccura. Hamuume
METacTa0MIBLHOTO MPHU HU3KKUX Temrneparypax nonutuna 2H, onucannoro B [84], B
Hamux oOpa3nax He HaOII0AAeTCs, YTO, MO-BUAUMOMY, CBSI3aHO C OTHOCHUTEIHHO
MEJUICHHBIM ~ OXJIQXKJICHHEM KEpAMHKM TMOCHI€ CHEKaHWs TpPU  BBICOKHUX
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temreparypax. Cornacto [84], nns nonydenus nonmtuna 2H Heo6xonuma ObicTpast
3akanika 3R-CuCrO; ot 1100 °C 1o KOMHaTHOI TeMIepaTypshl.

o
] o CuCrO,
CuCro 75Al9 250,
§ CuCr, sAl, 50,
CuCry 25Al5.750,
i o —— CuAlO,

[, a.e.
003
Ge

O
N
|
N | -
l
. 0]

T T T T T T T T T T 1 T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60 65 70 75 8
Puc. 4.1. Pentrenosckue qudpaxrorpammsl 0opaszioB CuCrixAlxO2 (x = 0, 0.25, 0.5,

0.75, 1) ¢ nobaBneHneM KpUCTaJUIMUECKOro nopoika Ge B Ka4yecTBe BHYTPEHHETO CTaHAApTa.
Han pedexcamu ykazansl ux uHIaeKCh Musiepa.

a, A° c, A°

2,987 17,10

2,96-\ 17,081

' " 17,06 1
2,94 ]

] 17,04 1
2’92'_ 17,02 1
2,90 - 17,00
2,88- \ 16,98-
2 86 _ 16,96 -

R T
0,00 0,25 050 075 1,00 0,00 025 0,50 075 1,00
X

Puc. 4.2. KoHIIEHTpAI[MOHHBIE 3aBUCHMOCTH MTapaMETPOB JIEMEHTAPHOM SIYCHKH a U C
tBepabix pactBopoB CuCrixAlxO2, x =0, 0,25, 0,5, 0,75, 1
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X 0 0.25 0.50 0.75 1
SEM-EDX Cu: 22.86 Cu:24.30 | Cu:24.02 | Cu:25.28 Cu: 24.49
KOHIEHTpALIH Cr: 23.07 Cr: 18.05 | Cr: 12.09 Cr: 5.73 Al 2375
2JIEMEHTOB, O: 54.07 Al: 4.40 Al: 12.41 | Al: 14.29 O: 50.78
atomic % 0O:53.25 0:51.49 0:54.71
B3BemenHnas Cu: 25 Cu: 25 Cu: 25 Cu: 25 Cu: 25
KOHIEHTpALIHs Cr: 25 Cr: 18.75 | Cr: 12.50 Cr: 6.25 Al: 25
2JIEMEHTOB, 0: 50 Al: 6.25 Al: 12.50 | Al: 18.75 0: 50
atomic % 0: 50 0: 50 0: 50
Ea, 5B 0.3 0.28 0.27 0.31 0.22
Tp-10%, K 5.62 4.16 5.25 5.07 0.57
Tc, K 175 - 183 94 160
Ty, K 190 188 193 192 175
a, A 2.9741(5) | 2.9488(5) | 2.9224(5) | 2.8896(5) | 2.8571(5)
c, A 17.098(1) | 17.063(1) | 17.019(1) | 16.978(1) | 16.978(1)
pe/pr-100% 93 80 77 90 75
davg, MKM 5.55 7.51 5.79 7.34 1.23

Tabnuua 4.1. SEM-EDX u B3BellIeHHbIE aTOMHbBIE KOHIIEHTPALIK, SHEPTUU aKTHUBAIUU
Ea, xapakrepuctuyeckue temreparypbl Motta To, TEMIIEpaTyphl IEPEKIIOUCHUS TIPH
HarnpspkeHHOCTH noJist E ~ 1.5 xB/cm nipu oxnaxknenuu (Tc) u Harpese (TH), mapaMeTpsl
KPHUCTAJUTHIECKON PEIIETKH &, C, OTHOCUTEJIbHBIC TUNIOTHOCTH PE/PT, CPEIHHIE pa3MEPhl YaCTHIL
davg kepamuueckux 00pasioB CuCrixAlxO-.

4.4. Cra”Hupywomas 3JeKTPOHHAS MUKPOCKOMUS

[Tonyuyennsie ~ COM  u300pakeHHUs  MHKPOCTPYKTYpbl  00OpasIioB
npenacrabienbl Ha puc. 4.3. Ha ocHOBe 3TuX M300pakeHUM TMOJIyYeHBI KPUBBIC
pacmpesieieHusi pa3MepoB  3€peH, aNMpPOKCHMHPOBAHHBIE pacIHpeeICHUEeM

Beitoynna, f(x) = (k/2)(x/)* Lexp(—(x/2)*) (puc. 4.4). Cpennue pasmepsl
3epeH Uayg s KaXIoro o0pasiia npecTaBieHsl B Tabuie 4.1.

Jlns o6pasnos ¢ X = 0.25, 0.5 u 0.75 xapakTepeH BRICOKHIA pa3dpoc pa3MepoB
3epeH, TP ITOM KPYIHBIC U MEJIKUE YaCTHUIThI BKPATUISIFOTCS APYT B IPyTa.
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Puc. 4.3. Caumku ckostoB kepamuaeckux 00pasioB CuCrixAlxO2, moaydennsie ¢
nmomotneio COM. a) X =0; b) x=0.25; ¢) x =0.5; d) x=0.75; e) x = 1.

Y cTaHOBJIEHO, YTO U3MEHEHHE COCTaBa TBEP/IBIX PACTBOPOB HE BBHI3HIBACT MPH
CYIIECTBEHHBIX Ka4eCTBEHHBIX HM3MEHEHUH MHUKPOCTPYKTYPHl KEepaMHUYECKHX
00pa3ios (puc. 4.3). OgHaKko MOKHO OTMETUTD, UTO HauboJiee coBepIiieHHas opma
3epeH U paBHOMEPHOE pacipeiesieHre nop Hadiaoaaercs st coctaa ¢ X = 0, 4ro,

78



NO-BUAMMOMY, OOYCJIOBIIEHO JIy4IlIed CIEeKaeMOCThIO KEPAMUKU JTAHHOTO COCTaBa
M, COOTBETCTBEHHO, €€ HanOoJbmiel TIOTHOCTRIO (93%, Tabmuma 4.1). Cpennue
KOHIIEHTpAI[MU JJIEMEHTHOT'O COCTaBa CHUHTE3UMPOBAHHBIX TBEPJIBIX PACTBOPOB
CuCrixAlkO; monmydeHbI Ha OCHOBaHHMH CIIEKTPOB JHEProIUCTIEPCHOHHON
pentreHoBckoil cnekrpockonuu (SEM—EDX) (puc. 4.5) u npuBeneHbl B TaOiuile
4.1. Anamuz SEM-EDX mnoarBepkmaeT B Ipeaenax TOYHOCTH METoJIa
CTeXHOMETpHuIo  oOpas3noB. CiemyeT OTMETHUTh, YTO H3-3a HEPOBHOCTHU

aHaJII/IBI/IpyeMOﬁ IMOBCPXHOCTHU KCPAMHUKHU TOYHOCTb MCTOAa COCTaBHJIa OKOJIO 3 ar.
%.

0.8 - — x=0
/\ —_— x=0.25
71 \ ==
0.6 = x=0.75 _
— X=il
0.5 - ‘

o
~

<
w
1

o
N

=
[

MNOTHOCTb pacnpeaeneHns YacTumy

o
o

d, MKM

Puc. 4.4. AnmpokcuMmarius pacrpeaeneHus pazmepos 3eper 00pasioB CuCrixAlxO2 o
3akoHy BeitOymna.

CrexuomeTpusi 00pa3lioB MOATBEPHKIACTCS B3BEIIMBAHUEM KOMIIOHEHTOB C
BBICOKOM TOYHOCTBIO TpPH HAYaIbHOW JO3UPOBKE HA AHAIMTUYECKUX BeECax.
3agaHHas CTEXUOMETpHUS COXpaHSETCS B TMPOIECCE BBICOKOTEMIIEPATYPHOIO
CHUHTE3a 00pa3IoB 3a CUET MaJiOW JIETy4eCTH KOMIIOHEHTOB, YTO TOJITBEPKIACTCS
JAHHBIMU TEPMOTPABUMETPUYECKOTO aHaimu3a MUXThl cocTaBoB Al,O3-:2CuO u
Cr03-2CuO [40, 69, 88, 93]. IlocTrosHCTBO Macchl B TIpOIlECCE€ CHHTE3a
CBUJETEIBCTBYET O TOM, UYTO BaJEHTHBIE COCTOSHUS MEAM W XpoMa B
CHUHTE3UPOBAHHBIX TBEP/IbIX PACTBOPAX COOTBETCTBYIOT BAJICHTHBIM COCTOSIHUSIM B
ncxoaHbIx pearentax (Cu?*O, Cri*,03).
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R Y 6 & 10 12 14

16
K3B
Puc. 4.5. SEM-EDX kepamuueckux 00pa3ioB CuCrixAlxO2. a) X = 0; b) x =0.25; ¢) x =

0.5;d)x=0.75;e) x = 1.

4.5. H3mepeHMe 3J1eKTPOCONPOTUBIECHUSI HA MOCTOSTHHOM TOKe

Ha pucynke 4.6 mpenctaBieHbl TEMIIEpAaTypHbIE 3aBUCUMOCTH YACIBHOTO
anekTpoconpotuBicHuss ppc(T) KepamMHyecKHx OO0pa3loB, H3MEpPEHHBbIC Ha
MOCTOSTHHOM TOKe Tipu Hanpspkernn Ug =1 B B pexxume oxnaxknenus oopasios. [Ipu
manbix  HanpsokeHusix  Up  3aBucumoctd  ppe(T)  CuCriAlO,  umeror
MOJTyITPOBOTHUKOBBIN BUJI C YMEHBIIICHHEM COTIPOTUBIICHUS C POCTOM TEMIIEPATYPhI
T. 3aBucumoctu ppc(T) mpu T > ~200 K onwmchiBaroTCs ypaBHEHHEM AppeHHyca:
ppc = poeXP(Ea/ksT). Ilpu T < ~200 K 3aBucumoctu p(T) XOPOIIO OMUCHIBAIOTCS
opmynoit Morra: ppc = poeXp(To/T)YA.

81



JlaHHBIE O 3HAUEHUSAX HHEPrUM aKTUBALMU Ea W XapakTepuctuyeckou
temneparypel Motra Ty, monmydeHHbIE W3 ammpokcuMmanuu 3aBucumocteit p(T),
npejcTaBiieHbl B Ta0utie 4.1.

Cobmonenue 3akona Mortra (puc. 4.6) npu T < 200 K cBugerenscTByeT o
TOM, YTO B HCCIIEIOBAaHHBIX OOpasliax MpU HU3KUX TEeMIIepaTypax peanusyercs
IIPBDKKOBBIM MEXAHU3M IIPOBOAMMOCTH C TNIEPEMEHHOM JUIMHOW MpPbDKKA 10
JIOKaJIM30BAaHHBIM COCTOSTHUAM BOJM3U dHepruu @epmu [156]. Takum 06pazom, MbI
HAOM0JTaeM  MEPEeKII0YeHHE TMPBDKKOBOTO MEXaHW3Ma MPOBOJUMOCTU  TIO
JOKAJIM30BaHHBIM COCTOSIHUSIM BONU3U ypoBHA DepMH Ha aKTHBAIIMOHHBIN
MEXaHU3M MPOBOJIUMOCTHU C POCTOM TEMIIEPATYPHI.

—1 B/em
—1.5 KB/cm, Harpes

1010 —1.5 kB/cm, oxnaxp.
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S 10
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Puc. 4.6. TemnieparypHas 3aBUCUMOCTb JIEKTPOCONPOTUBIICHUS B nuana3zone 77-300 K
kepamudeckux 0opasioB CuCrixAlxOz: a) X =0; 6) x =0.25; B) X =0.5; 1) X = 0.75; 1) X = 1 npu
HaNPSHKEHHOCTAX MPHIIOKEHHOTO 3JekTpudeckoro nosst E = 0.001, 0.94, 1.27, 1.5 xB/cm.

[Ipu  yBenmuueHMH  TPWIOKEHHOW K  oOpa3naM  HampsDKEHHOCTH
anekTpudeckoro mos 10 E = 1.5 kB/cMm Ha 3aBucumMocTtsx ppc(T) B auamnazone 90—
200 K mabmomaercs 3¢h(dEKT TepeKToueHuss 00pa3ioB W3 BHICOKOOMHOTO B
HU3KOOMHOE COCTOSTHHUE. OTO SIBIICHHE TMPOSIBISIETCS B PE3KOM HW3MEHEHUHU
AIEKTPOCONPOTHUBIIEHUI B auana3oHe Ttemmeparyp 90-200 K, pocrturaromem
HECKOJIbKUX MOPSIKOB.

H3MeHeHre 3JIeKTPOCOMPOTUBICHUS MPU TAKOM IMEPEKIIOYeHUH Ui (as3bl
CuCrp25Alp 750, mocTuraeT npuMepHO 6 TOPSAIAKOB IO BEIWYMHE. 3aMETCH
3HAYUTEIBHBIN TUCTEPE3UC B MOJIOKEHUU TeMIEepaTypbl nepexintodeHus (puc. 4.6,
tabnuua 1). Madopmanms o TeMiepaType NEPEKIIOYEHHs] MPU HarpeBe Iy H
OXJIaXJIeHUu ¢ 00pa3ioB npuBeneHa B Tadmuie 1.

[Tepexntouenue 3aeKTpoconpoTuBiaeHus 00pas3os ¢ x = 0.25 u 0.75 umeer
OCOOEHHOCTH IO CPaBHEHHMIO C TEPEKIIOYEHHUEM O0OpasloB JAPYTHX COCTAaBOB,
KOTOPBIE 3aKJIOYAIOTCA B TOM, YTO UX MEpekitoueHue B noie ¢ £ = 1.5 kB/cM npu
oxnaxaeHuu He npoucxoauT 10 80 K m 95 K coorBercTtBeHHO (pHc. 4.6). Ota
OCOOCHHOCTh OOBSACHSAETCS TEM, YTO JJII 3TUX cocTaBoB moine £ = 1.5 kB/cm
CJIIMIIIKOM BEJIIMKO M pa3pyliaeT MOJISIPOHHOE COCTOSIHUE HOCUTENEH 3apsiia B
JMara3oHe TeMIepaTyp 10 YKa3aHHBbIX HU3KHX TEMIIepaTtyp. OTOT BBIBOJ
MOATBEP)KIACTCS TEM, UYTO MPH YMEHBIICHWH HampspKeHHOCTH mojst mo £ = 0.94
kB/cm s x = 0,25 u no £ = 1.27 xB/em qns x = 0.75 addexT nepexitoueHus
MPOUCXOJUT MPUMEPHO TMPU TEX K€ TeMIleparypax, 4YTo U IS APYTUX COCTABOB
(puc. 4.6).

[Toporossiii 3¢ PeKT nepekIFoUeHUs B JJIIEKTPUUECKOM TT0JIE JIJIsl Iepexo/ia u3
BBICOKOOMHOT'O B HH3KOOMHOE COCTOSIHME B KE€paMHMUECKUX oOpasliax TBEpIbIX
pactBopoB CuCrixAlxO; nposBasieTcst TakkKe B UX S-00pa3sHbIX BOJIBT-aMIIEPHBIX
XapaKTePUCTHKAX, COACPIKAIIUX YUaCTOK C OTpUIaTeIbHbIM AudPepeHImaaIbHbIM
conpotuBieHueM (puc. 4.7). OtmeuyeHo, 4YTO S-00pa3HbIC BOJILT-aMIICPHBIC
XapaKTepUCTUKHU MOSBISIIOTCS npu Temneparypax 175 u 220 K, 1. e. B 1uana3oHe
TeMIiepatyp, riae Habmonaercs (et nepexoa u3 BBICOKOOMHOTO B HU3KOOMHOE
COCTOSIHUE.

CornacHo paboram Emin [133, 147, 148], Takoe mOporoBoe MmepeKIroueHre
U3 BBICOKOOMHOI'O COCTOSIHMSI B HH3KOOMHOE IOJ JEHCTBHEM CHJIBLHOIO
SIIEKTPHUYCCKOTO OIS TMPOUCXOAMT BCIEACTBHE HApPYIICHHWS IOJIPOHHOIO
COCTOSIHMSI HOCHUTEJIEH 3apsaa U MepPexoaa UX B KBa3UCBOOOIHOE COCTOSHHUE, YTO
NPUBOJUT K PE3KOMY YBEIMYCHHUIO MO IBUKHOCTH.
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Puc. 4.7. Boapr-amnepnsie xapakrepucTiki kepaMuku CuCrixAlxO2, n3mepennsie npu

a) 120, 6) 175 u B) 220 K.
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MO0>XHO 00BSICHUTH OCOOEHHOCTH NepeKIoYeHust oopasua ¢ X = 0.25 MoxKHO
cienyomuM 00pa3oM. CHATUE 3IEKTPUYECKOTO MOJIA MPU HU3KUX TEMIIepaTypax
PE3KO CHUXKAET TOK U, COOTBETCTBEHHO, CHUKAET MHKEKIIMIO HOCUTENeH 3apsja, B
pe3yibTaTe 4ero KOMIEHCUPYIOIIEE B3aUMOACHCTBUE NOJIPOHOB YMEHbIIAECTCA U
HOCHUTEIHU 3apsjia MepeXosT B MOJSIPOHHOE COCTOSIHUE C POCTOM COMPOTHBIICHUS
npu HarpeBaHuu odpasia. [loaromy B pexxume oxmnaxkaeHus 3PGeKT nepeKTrodeHus
Ut 0Opasiia He HaOIroAaeTcs, a Py HarpeBaHUU OH IPUCYTCTBYET.

OTmeTHM, YTO apaMeTphl, XapakTepusyomue 3QpheKT nepexnoueHus (puc.
4.6, 4.7, Tabnuma 1), He TOKA3bIBAIOT 3HAYMMOM 3aBUCHMOCTH OT cooTHOoIeHus Cr
kK Al B ucciemyeMoM TBepAOM pacTtBope. OTCYTCTBUE ATOM KOPPENSIIIUA MOXKET
yKa3pIBaTh Ha OMNPEACIAIONIYI0O pOJb TMOAPEHIETKH MEAW B KOHIICHTPAIUU
MOJIIPOHOB B HaOiromaeMoM 3¢ @deKTe MepeKIoUeHns, a TakKe KOHIICHTPAIUH
OCHOBHBIX HOcUTeel 3apsaa [51, 76, 93, 121].

4.6. BpIBOABI

1. YcraHoBieHO, YTO MPU BBICOKOTEMIEPATYPHOM TBEP10(ha3HOM CHUHTE3E
kepamuyeckux o0pasnoB B cucteMe CuCrixAlO, oOpa3yercss HeorpaHWYCHHBIH
PSI TBEPABIX PACTBOPOB CO CTPYKTYPOMl pOMOOIAPUUYECKOTO JenadoccuTa.

2. JlaHHble TeMIEpPaTYpPHBIX 3aBHCUMOCTEH  DIEKTPOCOMPOTHBIICHUS
CBUJICTCJIILCTBYFOT O TOM, YTO CHHTC3HMPOBAHHBIC TBEPIbIC PACTBOPHI
XapaKTEPU3YIOTCS TOJTYIPOBOIHUKOBBIM XapaKTepoM MpoBoauMocTH. [1pu sToM B
obpasnax CuCrixAlO; mpu Huskux temmeparypax (T < ~200 K) npoBoauMocThb
OCYIIECTBIISIETCS TIO MPBDKKOBOMY MEXaHU3MY C MEPEMEHHOHN JUIMHOW MPBDKKA T10
JIOKaJIM30BaHHBIM COCTOSHUSAM BONM3M sHeprun depmu mo 3akoHy MoTTa ppc =
poeXP(To/T)Y4, a mpu Beicokux Temmeparypax (T > ~200 K) mpoBoammocTsb
OCYIIECTBIISIETCS 10 aKTHUBAIIMOHHOMY MEXaHW3My 1o ¢dopmynie AppeHrnyca ppc =
poeXP(Ea/ksT).

3. BnepBbie OOHapy>K€H MOPOTOBBIM MO AJIEKTPUUECKOMY MOIK0 d(PPeKT
HEPEKIIFOYCHUST JJIEKTPOCONPOTUBICHUST TBepAbIX pactBopoB CuCriAlO, u3
BBICOKOOMHOTO B HHU3KOOMHOE COCTOSIHME, MPOSBISIONIUICS  CKadyKaMu
AIIEKTPOCOMPOTUBIICHHS TOpsiiKa 2—6 1O BeTMYMHE. YCTaHOBJEHO, YTO BOJBT-
aMIepHbIe XapaKTePUCTUKHN KepaMUYECKUX 00pa3oB UMEIOT S-00pa3Hyto hopmMy U
YYaCTOK C OTpHIIATEIbHBIM U PEpEeHIINATHHBIM COPOTUBIICHUEM.

4. He mHnaOmogaeTcss SIBHOM KOPpPEIAMA TApaMETPOB TEPEKITIOUYCHHUS
AIEKTPOCONPOTUBIICHUS C TlapaMeTpaMH MHUKPOCTPYKTYPBl KEPAMHKH — HJTU
napamMeTpamMu KpPUCTAUTUYECKON CTPYKTYphI, UYTO YKa3blBaeT Ha OOBEMHBIN
MEXaHU3M BO3HHUKHOBEHUS 3(PQekTa MEepeKIFoUeHHs, a TakKe, 4TO IMOApCeHIeTKA
XpoMa SIBHBIM 00pa3oM He BiuseT Ha Hero. [lanubiii s dexT mnepextoueHus
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00BsACHSACTCS paspymi€cHUEM TOJIAPOHHOTO COCTOSHUSA HOCHUTEJICH 3apsaga U HX
Mepexoa0M B KBaBI/ICBO6OI[HBIe HOCHTCIJIN.
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I'naBa 5. Poct kpucranioB 3R-CuCrO;, onpenesienne uxX KpUCTALINYECKOH
CTPYKTYPbI, IHNIEKTPHUECKHX H YJTeKTPONPOBOASAIIUX CBOICTB
5.1. Bsexenue

B uccnenoBarensckux pabotax [40, 44, 45, 47,57, 69, 74, 86] oTMedeHO, 4TO
Hocutenu 3apsga B ¢gasze CuCrO, HaxoJsATCs B COCTOSHHUM MOJIIPOHOB MAaJIOTO
paguyca. B mpeaplaymmx TiiaBaX HACTOSIIEH JUCCEPTAlMOHHOW PpPabOThI
OOHapy>keH MOpOroBbIl A(DPEKT MEepeKIIOUeHHs] B DIEKTPUYECKOM TMOJe U3
BBICOKOOMHOT'O B HU3KOOMHOE COCTOsTHUE B Kepamudeckux oopasmax ¢azer CuCrOs,
npoucxomamuii B uHTEpBaie Ttemmeparyp 90-200 K npu HanpskeHHOCTH
anekTpuueckoro mong E > 1.5 kB/cm. O1oT 3ddexT cBsizaH ¢ pazpylieHuEeM
NOJIIPOHHOTO ~ COCTOSIHMSI HOCHUTENEW 3apsaa dJIEKTpUYecCKUM nojeM. B
OpEeabIAYIUX TiaBax auccepranuu 3PGEeKT MepeKIIoUeHHs] U3ydalics TOJIbKO Ha
KepaMUYECKHX 00pa3liax, YTO HE MO3BOJIAET Pa3/ieiIUTh BKIAJbl B 3TOT 3PPEKT OT
KPUCTAJUIUTOB (3€pEH) KEpaMHKH M MEK3EpEHHbIX IpaHull. [TloatoMy TpeOyroTcs
uccienoBanus d(PQexra MepeKToueHUuss UMEHHO Ha MOHOKPHUCTAUIMYECKHUX
oOpazmax. Jlpyrux paOoT, TMOCBSIIEHHBIX HCCJICIOBAHUIO  HEJIMHEUHBIX
3NIeKTponpoBoaAumX cBOMCTB (a3pl CuCrOy, HeT.

Ha naHHBIE MOMEHT MMEETCS KpaHE MAJIO MCCIEAOBAHUM, MOCBSIIECHHBIX
CHUHTE3Yy U M3YYCHHMIO CBOMCTB 00beMHBIX MOoHOKpucTamuioB CuCrO,. [53, 54, 84,
87]. MoHoKpHCTAIIIBI ATOW (ha3bl OBLIM MOJTYYEHBI METOJOM PaCTBOP-paCILIIaBHOMN
KpUCTAJUTH3AIIH ¢ UCTI0JIb30BaHueM B kKadecTBe durroca KoCr,07 [84, 87] mmm Bi,03

[53, 54].

WccnenoBanuii, TMOCBSIIEHHBIX CHHTE3y M CBOMCTBAM  OOBEMHBIX
MoHokpuctamoB CuCrO,, kpaiine majo [53, 54, 84, 87]. MoHOKpHUCTaIBI TOU
(da3pl OBUTM MOJYYEHBI METOJOM PACTBOP-pACIIaBa C UCIIOJIH30BAHUEM B KAUECTBE
duroca K,Cr,07 [84, 87] nnmu Bi,03 [53, 54]. B pesyabrare B 000ux ciaydasx (asa
CuCrO; cuHTe3mpyeTcs B BHJAEC TEMHBIX IPO3PAYHBIX T'eKCArOHAIBHBIX ILIACTHH
OOpZI0BOTO IIBETA C MOIMEPEeYHbIMU pazmepamMu 0kojio 0.1 MM M TOJIIIMHON OKOJIO
0.01 mm. Ha MOoHOKpUCTAIIMYECKUX 00pa3iiax yCTaHOBIIEH aHTU(EePPOMarHUTHBIH
nopsiok ¢ temneparyporr Heens okomo 24 K [53]. MarHutosnekTpudeckue u
MarHUTOCTPUKIIMOHHBIE CBOMCTBA HCCIIEIOBaHbI B MHTEpBasie Temiepatyp 200-350
K [53, 54]. 3aBUCHMOCTb 3JIEKTPOCONPOTUBIEHUSI MOCTOSSHHOMY TOKY BIOJIb
HampaBJieHus C U B m1ockoctu ab ncciaenoBana B uaTepBaiie Temmneparyp 200-350
K [126]. 3HaueHus COMPOTUBIEHHS IS KEPAMMYECKUX 0OPa3LoB Ppoly (~10°-10°
OM-cM) JTexkaT MeX Ay N3MEPEHHBIMU 3HAYCHUSMH BIOJIb KpUCTAIOTpaduuecKoro
HanpasieHus C pe (~10'-10* Om-cm) u Hanpasnenus miockoctu ab pap (~10°-10
OmM-cM). YCTaHOBJIEHO, YTO SHEPIHs aKTHBAIIMU B DTHX HAIMPABICHUSX COCTABIISIET
0.436 1 0.409 5B cooTBeTCTBEHHO, YTO NpeBbImaeT 3HaueHue 0.28 3B, noiyyenHoe
JUT KepaMHU4IecKuX o0pasioB [126].
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Takum o0Opa3oM, LeNbl0 HACTOSIIEH TIJaBbl SBISETCS BbIPAIMBAHUE
MoHOkpucTamioB CuCrO;, mnpoBeleHHWE PEHTTEHOCTPYKTYPHOIO aHalin3a, HX
UCCIIEJOBAaHUE METOAOM JJIEKTPOHHOU OKe-CHEKTPOCKONUN M HCCIEIOBAHUE
TEMIEPATyPHO-UYACTOTHBIX 3aBUCUMOCTEH AMDIEKTPUUECKON MPOHHUIIAEMOCTH € H
TURIICKTPUYECKUX TOTeph tgd, a TakkKe TeMIepaTypHO-TIOJEBBIX 3aBUCHMOCTEH

IMOCTOAHHOTO YACIBHOI'O 3JICKTPUYCCKOI'O COIIPOTUBJICHUA MOHOKPHCTAJIJIOB [AS,
AT].

5.2. CuHnTte3 00pa3uoB

OOpa3ipl MOHOKPHUCTA/UIOB TOJYYEHBI METOJOM pacTBOp-paciiaBa B
cucreme Cr03 — CuO — Bi;O3; B BOo3mymHOM arMocdepe. Jlias BeIpaniuBaHus
KPHCTAJUIOB UCIIOJIh30BalIach cMech, cocTosmmas u3 okcuaoB Cry0z, CuO u Bi,O3 B
MPOTOPIHSX, COOTBETCTBYIONUX popmyiie 0.75Bi2,03:1.0Cu0O-0.5Cr,0:s.

['omorenuzanuto cmecu okcunoB CuO, Cr03 u Bi,O3 mpoBoannu mytem ux
pacThpaHHsi B araTOBOW CTYIIKE B CpE€J€ ATUJIIOBOTO crupTta B TeueHue 30 MUHYT.
['OMOreHU3upOBaHHYIO CMECh OKCHUJIOB, MOMEIICHHYIO B HEIJIOTHO 3aKPBITHIN
KOPYHJIOBBIM THUTreJb, MOJABEPTraid TEPMHUUECKOM 0OpabOTKE MyTEeM MOBBIIICHUS
temneparypsl 10 1250°C B TeyeHue 4 4yacoB ¢ MOCIEAYIOUIEH BBIACPKKOW MHpH
1250°C B Teuenne 3 gacos. 3ateM ero MeieHHO oxyiaxaann 1o 900°C B TeueHne
45 yacoB u BeiaepxkuBanu npu 900°C B TeueHne 21 yaca, mocie 4ero OXJIaKIanu
JI0 KOMHAaTHOU TeMIEPaTyphl B PEKUME BHIKJIIFOUEHHOM Y.

KpucrannuzoBanHblii  pacmiiaB  mpeacTaBisiii  coOod  MHOrodasHbIi
KOHTJIOMEpaT, U3 KOTOPOTrO yAaJoCh BBIACIUTH MOHOKPUCTAIIBI B BHUJE TOHKHX
reKkcaroHaJIbHbIX MacThH. VX TonmuHa coctanisuia okoso 0.2 MM, a mornepeyHbie
pasMepbl jgocturani 3—5 Mm. IlomMuMO TIacTMH, B KOHTJIOMEpaTe TakKke
MPUCYTCTBOBAJIM 00pa3libl MOHOKPUCTANIOB B BUJE OKTa3IpPOB C JUIMHOW OKOJIO 1
MM, UJACHTH(PUIIMPOBAHHBIE METOJOM peHTreHoda3oBoro aHaimmsa (puc. 5.1) kak
daza BigCrOy; (cMm. HIDKE). Menkue MOMMAAPUYECKHE KPHUCTAUIBI 3TON (hasbl
HaOJI0JaNMCh B BUJIE HAPOCTOB HAa MOBEPXHOCTH TIEKCArOHAJIbHBIX IJIACTHH, U
MOJIHOCTBIO OTAEIUTh UX HE YJAJIOCh.

JInss  OUBIEKTPUYECKUX HCCICAOBAHMM UM NOCHEAYIOIIHNX HW3MEPEHUHN
YAEIBHOTO COMPOTUBJICHUS Ha MTOBEPXHOCTh CUHTE3UPOBAHHBIX
MoHOKkpucTamuyeckux MmiactuH 3R-CuCrO, HaHOCWIHMCH BJEKTPOIAbI MyTEeM
B)KHTaHHS cepeOpOoCcCoaepIKaIICH MaCThI.

5.3. Pentrenogaszosnblii aHanu3
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AHanu3 TMOPOIMIKOBOW  MU(MPAKIIMOHHON KApTUHBI MOHOKPHCTAJUIOB,
U3BJICUCHHBIX W3 KpucTaimm3oBaHHoro pacmiaBa 0.75Bi203:1.0Cu0O-0.5Cr,0s,
MOKAa3bIBACT, YTO €€ MOXXHO OXapaKTepu30BaTh Kak CMech IBYX (a3 —
pom6oaprudeckoii passl 3R-CUCrO, (mp. rp. R-3m, a=2.9480(2) A, ¢=17.033(2)
A) u terparonanbroil gassl BisCrO,; (p. rp. 14/m, a=8.6881(5) A, ¢=16.958(2)
A) (puc. 5.1). JIpyrux pedekco Ha AudpaKIHOHHON KapTHHE He HAOII0JaeTCA.

[TapameTpsl pelIeTKH CUHTE3UPOBAHHBIX KPUCTANIOB MEHBIIE MapaMeTpoOB
pelIeTKH MOHOKPUCTAILIOB, BEIPALIEHHBIX B TITATHHOBHIX TUITIAX (& = 2.9747(5) A,
c=17.1038(6) A) [126], a Tak’ke HECKONBKO MeHbIIE MapaMeTpoB (a = 2.9745(8)
A, c=17.087(2) A), onpeneneHHbIX IS KepaMHYECKUX 00Pa3LOB B IPEIbLTYIIHX
TJIaBaxX HACTOSAIIEH AUCCEPTAIIUU.

3000- o
] o
. 2500 R:3R-CuCrO:2
® 2000-

1500 A
1000 A

500 +

0 1 ' . : . . ,
20 40 60 80

20,['pagychbl

Puc. 5.1. PeHTreHoBckue MOPOMIKOBBIE AUPPAKTOrPaMMbl MOHOKPUCTANTNYECKUX
00pa31oB, monydeHHbIX B cucteme 0.75Bi203:1.0Cu0-0.5Cr203 ¢ modaBneHnemM
KpucTaiauieckoro nopoiika Ge B kauecTBe 3TajgoHa. Hax peduiekcamu yka3aHbl UX HHICKCHI
Muepa.

[To pesynbraTamM TPOBENCHHOTO B HACTOSIICH padOTe WCCIeIOBAHUS
MeTosoM OrKe-3JIeKTPOHHOM crekTpockonuu (maparpad 5.5) MOXHO chenath
BBIBOJI, YTO B NPOLIECCE BBIPALIMBAHUS KPUCTAIUIOB U3 BBICOKOTEMIIEPATYPHOTO
pacmiaBa Al U3 Marepuana KOpyHIOBOIO THUIJIS BHEAPSETCS B KpUCTaLI, o0pa3ys
tBepabie pacTBopbl CuCrixAlxO;. Takoe BHeapeHre Al MPUBOIUT K YMEHBIICHUIO
napameTpoB peretku [33-37].
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5.4. PeHTreHOCTPYKTYPHBbII aHAJIN3

JIJ1st peHTTEHOCTPYKTYPHOTO aHAIHM3a OB BHIOPaHBI MOHOKPHUCTATUTMUECKHE
reKcaroHaJIbHbIC IJIaCTHHBI, BIpameHHbie u3 cmecu 0.75Bi,03:1.0Cu0-0.5Cr;0:s.
[TonpoGuas undopmaryst 06 yTOUYHEHUN KPUCTAJUIMYECKON CTPYKTYphl 0000111eHa

B TabOmure 5.1.

[Tapamerp

O6pazen; 3R-CuCrO,

Temneparypa, K

120(2)

293(2)

MonekynspHast macca (1o
pe3yabpTaTaM YTOUHCHHSI
aTOMHBIX 3aCEJICHHOCTEH )

147.54

Kpucramnmmueckas cucrema

TpuronansHas

HpOCTpaHCTBCHHaﬂ I'pyIiiia

R-3m

Yuciio hopMyJbHBIX €UHUIL B
AJIEMEHTApPHOU sAueiike Z

3

[TapameTpsbl 31€MEHTapHOU
fueiik: a, ¢, A

2.96130(14),
17.0982(13)

2.96520(14),
17.0857(12)

OO6beM areMeHTapHOM sueiiku V,

A3

129.851(16)

130.098(15)

[TnoTHOCTH, g/cm3

5.66

5.649

Xapakrep

MCTUKH cOOpa TaHHBIX

N3nyuenne

MoKa, A =0.71073 A

KomuaecTBo pedekcon
U3MEPCHHBIX, HE3aBUCHMBIX U
Haomomaembix (I > 26(I))

1202, 170, 137

1030, 164, 123

dakTop HaAEKHOCTH Riy 0.0282 0.0181
0 nuamas3oH, rpaaychl 3.575-45.024 3.577-44.560
K
03 durmeHt H_(l)FJ'IOIIIeHI/ISI L, 18.078 18.044
MM
Pa3mepsl kpucramia, mm 0.210%0.117%0.038 0.092x0.047%0.034

Koppekuus nommomnieHus

Yucnennas

YTou

HEHHE CTPYKTYPBI

®axkrop HagexxHocTu R(F >
20(F)], wR(F), GOOF

0.0210, 0.0540, 1.181

0.0239, 0.0617, 1.112

KonnuectBo
pediiekcoB/mapaMeTpoB

170/9

164/9

3acenenHocts Cu, Cr, O

1

1

1
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PasHocTHas snmekTpoHHas
TJIOTHOCTD APmax / Apmin, /A3

0.925/-1.352

0.823/-0.943

Tabmuua 5.1. IlogpoOuas nadopmarus 06 SKCEpUMEHTe TI0 PEHTT€HOBCKOM MU paKIuu
MOHOKPHUCTAJIJIOB U KpucTayuiorpaduueckue gannsie s 3R-CuCrO2.

Nudopmanusa o kooparHATaX aToMoOB, (haKTOpax TEIUIOBBIX KOJeOaHUN U
JUTHH MEXATOMHBIX CBS3€H KPUCTAJUTMIECKOU CTPYKTYPBI, IpeIcTaBieHa B Tadmiie

Atom | IIB | x y z U11 Uzz U33 Ulz U13 U23
Grottaz [87], 3R-CuCrO», a = 2.980(3)A, ¢ = 17.050(4)A
Cu | 3a0[0o] o0 [0.01431)] Uy |0.0073(1) [Unw2] 0 | 0
Cr | 3b]0[0] 12 [0.00591) | Uy |0.0069(1) [Uw2] 0 | 0
O | 6¢c [0]0]0.10792| 0.008(4) | Uy | 0.0088) |[Un2| 0 | 0
(8)

Hacrosimas pabora, 3R-CuCrO,, a =

2.96130(14)A, ¢ = 17.0982(13)A

Cu [ 32 [0]0 0 0.0069(2) | Uy | 0.0036(2) | Up/2| 0
Cr | 3b |O0|O0 1/2 0.00513(1 | Uy; | 0.00452) |Up/2| 0O
9)
O 6¢c | 0|0 [0.10817 | 0.0062(5) | Uy | 0.0038(6) | Ui/2| 0O 0
(11)
JUIMHBI CBSI3HU
XuMHUUYECKasi CBSI3b Hacrosimast pabota Grottaz [87]
Cu-O 1.8495(18) 1.84036
Cu-Cu 2.96129(14) 2.98115
Cr-O 1.9807(9) 1.99147
Cr-Cr 2.96129(14) 2.98115

5.2.

Tabmuma 5.2. Uadopmarus o nmosunusx Baitkodda (I1B), koopauHaTax aToMoB X, Y, Z,
¢akTopax TeroBbIX Konebanuit U, qmuHax cBsi3u it MoHOKprcTaiwioB 3R-CuCrO;,
MOJTyYEeHHBIX B HACTOSAIIECH paboTe u B padorax Grottaz.

CrtpyxkrypHble napameTpsl (Tabmuia 5.1), onpeaensronye KpucTauiniecKyro
ctpykrypy 3R-CuCrO;, cornacyrorcst co 3HaueHUsIMH, osTydeHHbIMU Grottaz [87]
(bakTop HagexHOCTH HacTosmiei padoTel — 0.021, dakTop HaaexHocTH Grottaz —
0.025). OmgHako B HACTOSIIEM WCCIENOBAaHUM OBUIO OmpenenaeHo OoJbIiee
KOJIMYECTBO CTPYKTYPHBIX IIapaMeTpoB, BKiIroudas 3aceneHHoctd Cu, Cr, O,
Pa3HOCTb NEKTPOHHOU TUIOTHOCTH U IPYTHE.

PaccunTannas kpucTauiMueckas CTpyKTypa MpecTaBiieHa Ha pucyHke 5.2.
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Puc. 5.2. Paccunrannas kpuctamumdeckas ctpykrypa 3R-CuCrOz. Kpacusriit — Cu,
3enensbiii — Cr, cunnii — O.

9.5.  Oxe-3J1eKTPOHHAS CIIEKTPOCKONMS

[IpopunupoBanre TIIyOMHBI €  UCHOJIb3oBaHUEM  (Ke-AIeKTPOHHOMN
CIIEKTPOCKOTIMM C WOHHBIM TpPABJICHHEM OBLIO TPOBEICHO IS Tpex 00pasIoB
MoHokpuctaioB 3R-CuCrO,. M3-3a BBICOKOH IIEPOXOBATOCTH ITOBEPXHOCTHU
oOpasiia pexum BpalieHus «Zolar-rotation» He TpUMEHSIICS.

Ha moBepxnoctu o6pasma Obutr 0OHapyKeHBI cleayrorniue smeMenTol: C, Bi,
Cu, O, Cr, Al, Cl. Hanuuue C (~15%) Ha moBepXHOCTH 00YCIIOBIECHO €CTECTBEHHBIM
3arpsisHeHueM noepxHoctu. Hamnuue Bi oOycioBieHo ucnosnb3oBanuem BiOs B
kauectBe ¢urroca. Hammuue Al (mpumepno 8% otHocutenpHO Cr), MO-BUIUMOMY,
00YyCJIOBJIEHO €ro BKJIIOUEHHEM B KPUCTAIMYECKYIO cTpyKTypy (hazel CuCrO; u3
Matepuana TUTIA. Al 3aHUMaeT MO3MIMIO XpPOMa, TaK KakK W3BECTHO, YTO
oOpasyrorcsi HeorpanudeHHbsle TBepabie pactBopsl CuCriAlO, [98, 143-146].
UYepes 30 cexyna nonHoro tpasienus cieanl Bi, C u Cl ucuesnu, a KOHIIEHTpaIus
JPYTUX 3JIEMEHTOB BBIXOIUT Ha 1u1ato (puc. 5.3).
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Puc. 5.3. I3MeHeHne KOHIIEHTpAlUU 3JIEMEHTOB B 3aBUCIMOCTH OT BPEMEHH TPaBJICHUS
monokpuctaiia 3R-CuCrO; no nanHbIM 351eKTPOHHON OKe-CIIEKTPOCKOIUH.

IlepeBox mHTEHCUBHOCTEN O’KE-IIMKOB B KOHIEHTPALIMA HPOBOAWICS C
WCIIOJB30BAaHUEM  MOJENM  OAHOPONHOTO  pACIPENENICHHs  DJIEMEHTOB B
aHAJIM3UPYEMOM  Cllo€ € ydyeToM  KO3(p(UUIUEHTOB  OTHOCUTENIbHOM
YyBCTBUTEIBHOCTH dSJIeMEHTOB. JlaHHBIH MeTOoa 0OpabOTKM U mepecyer
MHTEHCUBHOCTENW (OKe-NIMKOB B KOHUEHTPALWHA C YyYETOM HAJIWYMS CTaHAAPTHBIX
oopasiioB CuO, Cr;03 u AlyO; mO3BONSIOT TOYHO OINPEACIUTh COCTaB
aHAJIM3UPYEMOTO CJIOS € MOrPEMIHOCTBIO, HE MpeBbIIIaroieil 10 mporeHTos.

Cu @) Cr Al O
(Cu-0O) | (Cu-O-Cr) | (Cr-O) | (AI-O) | (Cu-O-Al)
Oo6pazerr 1 | 24,16 % | 46,79% | 24,15% | 2,94 % 1,95 %
Oo6pazern; 2 | 28,06 % | 40,61% | 28,32% | 1,81 % 12%
Oo6pazent 3 | 23,81% | 48,34% | 23.89% | 2,38% 1,57 %

Tabnuma 5.3. KoHneHTpanuu 31eMeHTOB (aTOMHBIE MPOIEHTHI) J71s 3 00pa3IoB

MoHokpuctauioB 3R-CuCrO2 nmocne TpaBieHus. XuMUYecKas CBSI3b ISl COOTBETCTBYIOIIETO
JJ€MEHTa YKa3aHa B CKOOKax.

JlaHHBIE 110 KOHIICHTpAIUSM DJIEMEHTOB B HCCIECIOBAHHBIX 00pa3lax
MOHOKPHCTAIIJIOB TIPEJCTaBICHBI B Tabuwmie 5.3. CTOUT OTMETUTh, YTO B padoTax
[51, 76, 93, 121] oOcyxaaeTcss BO3MOMXHOCTh YaCTUYHOTO M3MEHEHHUsS BaJCHTHBIX
cocrosuuii katnoHoB Cu* — CU?* B cJI0SX METaUIMYECKON MEIU B CTPYKTYpE
CuCrOz. Metamummueckue Oxe-muku Cu—Cu, kak ykaszaHo B [162, 163], He Obln
OoOHapy>KEHbI TIPU aHATTN3€ METOJIOM JIEKTPOHHON 0)KE-CIIEKTPOCKOIIHH.
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5.6. JImdjekTpuyecKue CBOiiCTBA

Ha pucynkax 5.4a u 5.4b moxkaszanel TemmepaTypHbIE 3aBUCHMOCTH
JTURJICKTPUICCKON TIPOHHUIIAEMOCTH € M TaHTCHCA yIUIa JHAJICKTPHUYSCKUX IOTEPh
tgd, n3mepenHbie Ha pa3HbIX yactoTax B auama3one 0.5—100 kI st 3R-CuCrO,.

0.5klMy,

+ S ot KrLl, a
80 - —2kly
——5klY
——10kly

0O . 100 200 300

103 —— 1= 7,eXPE JKgT )

T T T T v 1
0 100 200 300
Puc. 5.4. TemnepaTypHbIe 3aBHCUMOCTH (2) TUIEKTPUUECKO mpoHuiiaemoctH, (b)

TaHTeHCA yTJia TUICKTPUICCKUX MTOTeph MOHOKpHUCTAIITHYEcKoro oopasia 3R-CuCrO; mpu
Pa3IMYHBIX YaCTOTaX U3MEPHUTEIBHOTO OIS, IIPUIIOKEHHOTO BIOIb OCH C.

3aBucumoct  €(T) m tgo(T) mOKa3pIBAalOT TaKhue OCOOCHHOCTH, Kak
«CTYTICHBKN» U «M3JIOMBD» B 00JacT TeMmneparyp Tm. CMelieHne ux mojJoKeHus B
CTOpPOHY 0oJjiee BBICOKMX TEMIIEpaTyp C POCTOM YaCTOTHl yKa3blBa€T Ha HX
peaKcanoHHY0 pupoay. Mcronb3ys cripaBeyIiBOe PaBEHCTBO PeIaKCAIIMOHHON
mogenu Jlebast wt=1 nipu Ty [152], ObLIM paccunTaHbl BpeMeHa perakcanuu (T) Ha
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uccienyembix yactorax f=0.5-100 k' (o=2xf). 3aBucumocts 1(Tm) B KOOpanHaTax
lg(t) — (1/Ty) Xopomio ammpokcumupyercss npsmod nuHmed (puc. 5.3D), dro
CBUICTECIHCTBYET 0 CTPaBEIJTMBOCTH ypaBHECHUS Appenuyca
1=1/2nf=10eXp(Ea/KeT). [lo HakmoHy mpsmoit (puc. 5.3Db) paccuuTaHa 3HEPrus
aktuBanun E;=0.51(3) 3B.

HaiinenHoe 3HaueHNE SHEPTUU AKTUBAIIUU OTIUYACTCS OT MOJYYSHHOTO ISt
KepaMHU4YecKuX o0pa3ioB, kotopoe coctasisgeT (.32 3B. D10 pacxoxxaeHue MoxKeT
OBITh CBSI3aHO C BJMSHUEM TPAHUIl 3€PCH B KEpaMUKE W/WIW aHWU30TPOIHEH
AJIEKTPOIPOBOIHOCTH B KpUCTAIIAX.

[IposiBneHue MUANEKTPUUYECKONW pENaKCallid MOXET OBITh O0OYyCIIOBJICHO
HaJIMYKMEM B paccMaTpUBaeMol (haze MOJSIPOHHOTO COCTOSTHUSI HOCHUTEINEH 3apsia,
YTO XapakTepHO JUIsl JUAJICKTPUYECKOM pellakcaluu. JTO o00CyklIaercs B
TeopeTudeckux padorax Emin [147, 148] u mabmogaeTcs TakkKe B POACTBCHHBIX
coeaunenusix CuCrO, [164-166].

5.7. I/I3MepeHue AJIEKTPOCONPOTUBJCHUSA HA MOCTOAHHOM TOKE

Ha  pucynke 5.5 nmpencraBieHa — TeMmIepaTypHas  3aBHCHUMOCTD
anekTpocomnpotuieHust MoHOKpucTamuia 3R-CuCrO,, nu3mepeHHast Ha TOCTOSTHHOM
TOKE BJIOJb OCH C MpU PA3IUYHBIX HANPSKEHHOCTAX DSIIEKTPUUYECKOrO OIS,
NPUJIOKEHHOTO K  KpuCTauly. PoCT mOpoBOAMMOCTH €  TeMmIepaTypou
CBUJETENBCTBYET O €r0 MOJYIPOBOJHUKOBON TPUPOJE.

B nmamazone temmeparyp 204-300 K 3aBucumoctu ppc(T) omuchiBaroTcs
3akOHOM aktuBauuu Appenuyca p=po€XP(Ea/ksT) ¢ osHeprueit axTuBarmu
Ea=0.47(4) »B. Orta pacueTHas >HEprusi aKTUBAIUU OTJIWYACTCS OT 3HAUYCHU,
MOJTYYEHHBIX B OOJIBIIMHCTBE UCCIIEI0BAaHUM, KOTOPBIE HAXOASTCs B quarna3one 0,2—
0,4 »B [44, 47-49 69, 85, 93, 126]. Oxnako ona Omm3ka k 3HaueHUo 0.436 5B,
MOJIyYEHHOMY B TOM JK€ KpUCTALIOTpaUUecKoM HaIrpaBlI€HUU IJIsI KPUCTAILIIOB,
CUHTE3UPOBAHHBIX B INIATHHOBBIX THIIISAX [126].

3HauYCHHUS DHEPTUU aAKTHBAIlMU JUISI MEXaHHW3Ma  JUAJICKTPUYCCKOM
pelakcalui W DJICKTPONPOBOJMMOCTH OJIM3KH 110 BEIMYHWHE, YTO MOJXKET
CBHJICTEIIBCTBOBATh 00 MX OJIMHAKOBOM (DM3NUSCKOM MPHUPOJIE.

B numamazone temmeparyp 180-204 K 3aBucumoctu ppc(T) OmuchIBaroTCS
Gopmynoiit Morta ppc = poeXp(To/T)Y¥* ¢ xapakrepnoii Temmeparypoii MotTa
T0=8.2(2)-109 K. DTo cBuaeTenbCTBYyeT O MNpeoOsialaHuu B ATOM JIHAria3oHe
TEMIEPATyp TPEXMEPHOTO MEXaHW3Ma MPBLKKOBON MPOBOAMUMOCTH C TIEPEMEHHOM
JUIMHOM MPBDKKA IO JIOKAJTW30BaHHBIM COCTOSHUAM BOMM3K ypoBHs Depmu [156].
Hab6mrogaemoe Ha puCyHKe 5.5 HachIeHNE YACIBHOTO JIEKTPOCOTPOTUBIICHUS TPH
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temneparypax Huxke 180 K, BeposiTHO, 00YCIIOBIEHO POCTOM CONPOTHBIICHUS
oOpasiia, TMPeBBIMAIMM npeaen u3MepeHuil. [Ipu HarpeBaHuM (OXJIKICHUN)
0o0pa3loB MpHU HANPSHKEHHOCTH 3JieKTpuyeckoro nonst E >4 kB/cm B auanazone
temrnepatyp 120-275 K HaOmogaeTcss pe3Koe YMEHbIICHHE (yBEIUYCHHE)
COMPOTHUBJICHUS, YTO CBUJIETEIILCTBYET O MEPEXOJE KPUCTAUIa U3 BHICOKOOMHOTO
COCTOSIHUS B HHU3KOOMHOE (WM Haobopor). MakcuMmanbHOe U3MEHEHHE
COIIPOTHUBIIEHUS, HAOII0aeMoe Mpu 3TOM 3PdeKTe MEepeKIIOYCHNU B HACTOSIIEM
HCCIIeIOBAHUM, COCTABIISIET OKOJIO 5 mopsiakoB mipu E =4.67 kB/cmu T = 120 K.

Ha pucynke 5.5 moka3zaH THCTEpE3UC B 3aBUCUMOCTSX COIMPOTUBIIEHUS OT
TEMIIEPATYPbI, U3MEPEHHBIN MTPH HATPEBAHUHU M OXJIAXKICHUU MOHOKPHCTAJUIOB TIPU
E = 333, 4, 4.67, 6.67 kB/cM. DTOT THCTEpE3UC YBEIMYMBACTCS C POCTOM
HANPSDKEHHOCTH  AJIGKTPUYCCKOTO  IMOJsI, YTO Takke HaOmIoganoch s
KepaMHU4YeCKHX 00pasiioB.

——Harpes 0.67 kB/cm

1 01 0 ' ] ——Oxnaxna. 0.67 kB/cm
T T Harpes 3.33 kB/cm
109 : Oxnaxna. 3.33 kB/cm
——Harpes 4 kB/cm
1 08 ——Oxnaxa. 4 kB/cm
——Harpes 4.67 kB/cwm
=10/ Oxnaxg. 4.67 kB/cm
&) ——Harpes 6.67 kB/cm
"‘E 4 06 ——Oxnaxa. 6.67 kB/cm
O
~10°
i[8

100 150 200 250 300 350
T, K

Puc. 5.5. TemnepaTypHble 3aBUCIMOCTH SJIEKTPOCONPOTUBIICHHUS HA TTOCTOSTHHOM TOKE,
M3MEpEHHBIC B PKUMaX OXJIAXICHUS U HarpeBa MOHOKpHUCTAJUTHUECKOTo 00pasma 3R-CuCrOs.

B pexume oxnmaxaeHus dAPOEKT TEPEeKITIOYEHUS TMPH  BBICOKUX
HaIpPsHDKEHHOCTSIX AekTpudeckoro nois (E > 6,67 kB/cM) He mposiBisieTcs: u3-3a
TIO/TABJICHUSI TIOJISIPOHHOTO COCTOSIHUSI HOCHUTENICH 3apsiia CTOJb BBICOKHM IIOJIEM
npu Bcex Temriepatypax. CHATHE AIEKTPUUECKOTO IO Ha HEKOTOpPOoe BpeMs (<5
MUH) TIpH HU3KUX TEMIIEpaTypax Pe3Ko CHUXKACT TOK M, CJICI0BATEIbLHO, CHIKACT
VMHKEKIIMIO HOCUTENEH 3apsaa. B pe3ynprate KOMIEHCUPYIOLIEEe B3aUMOACHUCTBUE
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MMOJIAPOHOB YMCHBIIACTCS, © HOCUTCIIN 3apsaga NMCpEXOJAT B IIOJILAPOHHOC COCTOSAHHC
C ITOBBIICHHUEM JJICKTPOCOIIPOTUBIICHUA.

Dddekr mepexoueHUs MPOSBISETCS TAaKKe B BHJAEC S-00pa3HBIX BOJBT-
amnepHbIx Xxapakrtepuctuk (BAX), comaepkallux ydYacTOK € OTpPULIATEIbHBIM
mup¢epenunanbHpiM - conpoTtuBieHneM.  CootBerctByroume  BAX  npu
temneparypax 270 K n 320 K npu HanpsoKEHHOCTH 3IEKTPUYECKOro noJist 10 3.5
kB/cMm nokaszaHsl Ha pucyHke 5.6.

3
—— 270K
“ — 320K
N§2q
L9
< 4
ﬁ"%
0+ B

0 1000 2000 3000
E B/cwm

Puc. 5.6. Bonbr-amnepnsie xapakrepuctuku 3R-CuCrO2, usmepennsie npu 270, 320 K.

YuuteiBas pe3ynabTarhl uccienoBanuii [147, 148], addexT nepexmrodcHUs
MOET OBITh CBSI3aH C Pa3pyIIEHUEM MOJSIPOHHOTO COCTOSIHHMSI HOCUTENEH 3apsiia
ANEKTpUYECKUM  moneM.  MHkeKkuus  HOcUTeNeld  3apsiga  yBEIMYHUBAaET
KOHLIEHTPAIMIO MOJISIPOHOB Majioro paauyca. Korja KoHIEHTpauus MOJSIPOHOB
JIOCTUTAET KPUTHUYECKOTO 3HAYEHHUS, CUCTEMA CTAHOBUTCS HEYCTOMYMBOM H3-3a
B3aUMOJICMCTBUSL MEXKAY IMOJISIpOHaMu. B pe3ynbrare MOJISIPOHHOE COCTOSHUE
HOCHUTENIeW 3apsiia pa3pyliaeTcsi, NpeBpailias UX B KBA3UCBOOOJHBIE HOCHUTEIU
3apsiia ¢ PE3KUM YBEIMYEHUEM MOJBHXKHOCTH. Cle10BaTENbHO, B JIEKTPHUUYECKOM
10JIE TPOUCXOJIUT TOPOTOBOE MEPEKIIOYEHHE W3 BBICOKOOMHOTO COCTOSIHHS B
HU3KOOMHOE.

Takum 00pa3om, pe3yabTaThl TUIICKTPHUCCKUX H3MEPEHHUH, 0COOCHHOCTH
HCCIICIOBAHUM IPOBOJUMOCTH Ha IIOCTOSHHOM TOKe H S-o0OpasHeie BAX
MO3BOJIIOT MPEANOJIOKUTh, YTO HaOMI0AaeMbI 3P HEKT nepekTtoueHus: 00pas3IoB
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U3 BBICOKOOMHOI'O COCTOSIHHMSI B HU3KOOMHOE MOKET OBITh CBSI3aH C pa3pylICHUEM
MOJIIPOHHOT'O COCTOSIHHSI HOCUTEJIEH 3apsiia IPHIIOKEHHBIM 3JIEKTPUYECKUM TOJIEM.
HabGmrogaemsiit 3pdexT nepexioueHuss B MOHOKPUCTAUIAX CBUJIETEIBCTBYET O
TOM, 4TO 3 (DEKT ABISETCS 0OBEMHBIM, CBSI3aHHBIM C 3JICKTPOHHOU TIOTHOCTHIO

kpucTaia [147, 148].

5.8. BrbIiBoabI

1. BeIpamensl MoHOKpucTamudeckue oo6pasiel CuCrO; B BHJE TOHKHX
TeKCarOHAJIBHBIX TUIACTUH METOJOM pPacTBOp-paciuiaBa. Y CTaHOBIICHO, YTO TPHU
ucnons3oBanuu Bi;O3 B kauectBe (toca CuCrO; kpucramnuzyetcs B R-nonutume
np. rp. R-3m ¢ mapamerpamu pemetku a = 2.9480(2) A, ¢ = 17.033(2) A. Taxxe
obpasyrotcss MoHOKpucTamisl BigCrOy; (mp. rp. 14/m, a = 8.6881(5) A, ¢ =
16.958(2) A). YTouneHsI cTpyKTypHble TapameTpsl nonutuna 3R-CuCrO,.

2. ITo JTAHHBIM AIEKTPOHHON Oe-CIeKTPOCKOINH, pu
BBICOKOTEMIIEPATypHOM cuHTe3¢ MOHOKpuctamioB 3R-CuCrO; B KOpyHIOBOM
TUTJIE TPOUCXOAUT yacTuuHoe 3amenienue Cr Ha Al (mpumepHo 8%).
Mertamnuueckue cBszu Cu-Cu He ObulM OOHaApyXE€Hbl C IOMOUIbIO aHaIu3a
JIIEKTPOHHOM 0KE-CIIEKTPOCKOITHH.

3. TeMmnepaTypHble 3aBUCUMOCTH JAUAJIEKTpUYECKON mpoHutiaemoctu €(T) u
TaHTeHca yria amdekrpudeckux motepb tgo(T) mis 3R-CuCrO, Obun n3y4yeHsl B
nuanasone temrepatyp 8—300 K u na vacrorax ot 0/5 kI'u go 100 kI'u. B obnactu
200220 K nabmromanuch 0COOCHHOCTH PEIaKCAaIlMOHHOTO xapakrtepa. IIpomecc
pellakcaliyd OIUCHIBaeTCs B pamkax Mmozenu [lebas ¢ sHepruedl akTuBanuu

E.=0.51(3) 3B.

4. TemmnepaTypHble 3aBUCUMOCTU dnekTpocomnpotuBieHus ais 3R-CuCrO,
OblTM  W3yueHbl B jauana3zoHe temmepatyp 77-300 K mpu  pasnuyHbIxX
HaMpPsHKEHHOCTSIX MTPUIIOKEHHOTO0 AJiekTpudeckoro noJis (0.67, 4, 4.67, 6.67 kB/cm).
3aBucumoctd  ppc(T) AEMOHCTPHPYIOT MOJYNPOBOJHUKOBOC IOBeACHHE. B
nuanazone temmeparyp 204—300 K 3aBucumoctu ppc(T) ONMUCHIBalOTCS 3aKOHOM
Appenuyca ¢ sHeprueit aktuBanuu Eo=0.47(4) sB. B nuanazone temmneparyp 180—
204 K 3aBucumoct ppc(T) ommchiBaroTcs ¢opmyaoli MoTra ¢ XapakTepHOU
TemmnepaTypoii Morra T, = 8.2(2)-10° K. Iloy4eHHbIe JaHHBIC CBUIETENLCTBYIOT O
TOM, YTO TMpPU HHU3KUX TeMIeparypax MHPOBOAUMOCTh B 00paslax KpUCTAIOB
CuCrO; ocymiecTBIseTCS MPHIKKOBEIM MEXaHU3MOM C TIEPEMEHHOW JITUHOU
NPbDKKA Yepe3 JTOKAIM30BaHHbIE COCTOSIHUS BOIM3U dHEpTrun Depmu.

5. BniepBsie oOHapyskeH 3PP eKT moporoBoro nepeKIroueHms KpuctamioB 3R-
CuCrO; u3 BBICOKOOMHOTO B HHU3KOOMHOE COCTOSIHHE, MNPOUCXOASAIIMI MpH
HaIPSHKEHHOCTSIX dJieKTpuyeckoro mnoist £ = 4, 4.67, 6.67 kB/cm B nuamaszone
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temneparyp 120-275 K. VYcra"oBneHo, uTo HabmogaeMble OCOOEHHOCTU
OOyCIIOBJIGHBI ~ pa3pylleHHEM IMOJIAPOHHOTO COCTOSIHUSI HOCHTENeH 3apsa
MPUIOKEHHBIM JIEKTPUUYECKUM TOJIEM.
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3akiroueHue
1. Onpenenensl ycinoBusi CHHTE3a kKepamudeckux oopasioB ¢aszer CuCrO; u
CuCr1xAlxO2, MeToIOM OOBIYHOW KEepaMHYECKOH TEXHOJIOTMH CHHTC3UPOBAHBI
oOpasiibl ykazanHbIX (pa3. [IpoBeneHHbIi peHTreH0(ha30BbIi aHAIN3 TTOKA3all, 9TO B
cucreme CuCrixAlkO2 (0 < x < 1) oOpa3yeTcss HEOTpaHWYCHHBIH Ps TBEPABIX
pacTBOpPOB €O CTPyKTypoil jgenadoccutra pombosapuyueckoro 3R-momutuna.
Metomom pacTBop-paciuiaBHo# Kpucrammu3anun B cucteme Cr,03 — CuO — BiyOs

BbIpaiieHbl MoHoOkpucTaibl 3R monmutuna CuCrO; u comyTcTByromed (hasbl
Bilecr027.

2. MeTogoM TepMOTPaBUMETPUYECKOTO aHAIM3a YCTAaHOBICHO, YTO IPH
HarpeBaHuM Kepamudeckux o0pa3ioB CuCrO; Bemre 700°C  mpoucxoaut
HeoOpaTuMas NoTepsi MacChl U3-3a JIETy4eCTH KOMIOHEHTOB (a3l (110 1.1 mace.%
npu 1340°C). B obnactu 80-300 K wu3ydyeHsl TemriiepaTypHble 3aBHCHUMOCTHU
W30MEPHOTO CIBUTA W KBAJPYIOJIHHOTO PACIICIUICHUS, MECCOAyIPCKUX CIEKTPOB
CuCro.95°"Feo 0s02. Ha mosydeHHBIX 3aBUCUMOCTSIX HEe HAOII0AaeTCsi 0COOEHHOCTENH,
XapaKTEePHBIX I (Pa30BBIX TIEPEeXOA0B. BBIABICHO aHOMAalbHOE TOBEICHUE
KBaIPYIOJILHOTO PACIIEIIIIEHUS, KOTOPOE 3aKII0YAETCS B €T0 INIABHOM YBEJIMUCHUN
C POCTOM TEMIIEPATYPHI.

3. MeToIoM pEeHTIeHOCTPYKTYpHOTO aHajlu3a MOHOKPUCTAJNIOB YTOYHEHBI
napaMeTpsl KpucTaumueckoi cTpykTypsl nomutuna 3R-CuCrO; mpu 120 u 300 K.
Merogom  25mekTpoHHOM ~ OXKe-CIIEKTPOCKONMM  yCTAHOBJIEHO, 4YTO  IIpHU
BBICOKOTEMIIEpaTypHOM cuHTe3e MoHOKpuctamuioB 3R-CuCrO; B KOpyHIOBBIX
TUTJISX TpoucxoauT yactuuHoe 3amerienne Cr Ha Al (=8%). OO6cyxiaembie B
autepaTtype Metaunyeckue cBsizu Cu—Cu He ObLII 0OHAPYKEHBI.

4. B mmamazone 77-300 K wuccrnenoBanbl TemmnepaTypHble 3aBUCHMOCTU
YIEILHOTO COMPOTHUBIICHHUST Ha MOCTOSHHOM Toke ppc(T) Kepamuyeckux u
MOHOKpHCcTauYeckux o00pa3noB CuCrO,, a Takxke KepamMHYecKuX oOpa3loB
CuCrixAlkO,. OOHapykeHO, YTO 3aBHCUMOCTH HWMEIOT TOJIYIPOBOIHUKOBBIN
XapakTep U MPOSBIISIOT MOHOTOHHOE YMEHBIIEHUE CONPOTUBIICHUS MPU HArpeBe,
npu 3ToM B obsnactu T=200 K mpoucxoauT cMeHa MeXaHu3Ma MPOBOJAUMOCTU OT
aktuBarionHoro mpu 12200 K k npbhKKOBOMY MEXaHH3MY C IIEPEMEHHOM JJITMHON
MPBDKKA 10 JIOKAJTU30BaHHBIM COCTOSTHUSM BOIM3H sHeprun Pepmu nipu T200 K.
[lpu T=200 K 3aBucumocth ppc(T) XOpOIIO ammpoKCUMUPYETCS 3aKOHOM
Appennyca ppc=poeXP(Ea/keT), a npu T<200 K mogumnsiercs dopmyine Morra
poc(T) = poexp(T/To)¥4,

3. N3y4enbl TeMIIEpaTypHbIE 3aBUCUMOCTU JTABIIEKTPUUECKON
nponuiiaemocty (1) U TaHTeHca yTiia AMAIEKTPUIECKUX moTeps tgd(T) Ha yacToTax
ot 120 I'y no 1 MI'nt B ntuanazone tremneparyp 77-300 K ansa kepamuku CuCrO; u
B nuanazoHe 8-300 K mms monokpuctamuioB CuCrO,. OOHapykeHO, YTO Ha
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3aBUCUMOCTSIX B obOsactu 90-250 K HaGmromaroTcs CTyleHYaThle MaKCUMYMBbI
pellaKCalluOHHOTO  XapakTepa. YCTaHOBJIEHO, YTO TPOIECC  pellakcaluu
OIMKCBhIBacTCS B pamkax mozenu Jlebas ¢ sueprueit aktuBanuu E,=0.31(2) 3B s
kepamuku CuCrO; u 0.51(3) 3B qys monokpuctramioB CuCrOs.

6. OOHapyxeH »5>(QQeKT MOporoBoro Mo 3JIEKTPUUYECKOMY  IOJIO
NEPEKIIIOUEHUSI U3 BHICOKOOMHOTO B HHU3KOOMHOE COCTOSIHHE, MPOUCXOJISAIIETO B
nuarnasone temnepatyp 120-275 K npu npuinokeHnu K o0pasiam dIeKTPHIECKOTO
1oJisl ¢ HampsbKeHHOCThIO Bhimie 1 kB/cm. DddexT mposBnsercs B BUIE CKauKoOB
AIIEKTPOCOMPOTUBJICHUSI TOPsiiKa 2—6 MO BEIMYMHE, a TAKXKe B BHUJE S-00pa3HbIX
BOJIBT-aMITEPHBIX XapaKTEePUCTHK C Y4aCTKOM OTPHLIATEIIEHOTO
nuddepeHInaTbHOTO CONPOTHUBJICHUS. Haiinenneie 0COOCHHOCTH
JTUBJIEKTPUUECKHUX, HEJTMHEUHBIX 3JIEKTPUUECKUX CBOWCTB OOBSICHSIOTCS TEM, UTO
HOCUTEJH 3apsja B pacCMaTpuBaeMbIX (pa3zax HAXOJATCS B COCTOSIHMM MOJIIPOHOB
MaJIOT0 Pajguyca, KOTOpOoe IMOJ JIEHCTBHEM 3JIEKTPUYECKOIrO IOJIs MEePEeXOIuT B
KBa3MCBOOOJHOE COCTOSTHHE.
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