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BBEJAEHUE

AKTYaJIbHOCTh M HEO0XOAUMOCTH IPOBEJCHUs] MCCJIEeI0BAHUI 110 TeMe
auccepranmu. XXI croiieThe SABIAETCA BEKOM TJIOOATM3ALMM, PHIHOYHBIX
OTHOIIEHWH  WH(POPMALMOHHO — KOMIBIOTEPHOH KOMMYHHKAIMd U T. [I.
TexHUYeCKuil Nporpecc U BHEAPEHUS, TOCTUTHYThIE HAYKOW, CBUIETEIBCTBYIOT O
OypHOM pa3BUTUHU HE TOJHKO OOIIECTBA, HO U OTPACiu (PyHIAMEHTAIbHBIX HayK.
Oco0eHHO OBICTPO pPa3BUBAIOTCSI U BHEAPSIOTCA pPE3YJbTaThl HCCIEIOBAaHUN B
pasznuuHble O00JAacTH HAyKH, KOTOpble HUMEIOT IIMPOKUE MEepPCHEKTUBBI MJis
pa3BUTHS JIEKTPOHHOM TexHUKH. Hapsiay ¢ Apyrumu HaykaMu OCOOEHHO OBICTPO
pa3BUBAIOTCS (PU3UKA U XUMHUS MTOJIYIPOBOIHUKOB.

[Ilupokoe mnpUMEHEHHE IOJyIPOBOJHUKOB, OCOOEHHO B KadecTBe
AJIEKTPOHHBIX MPUOOPOB, TAaKUE KaK BBIIPAMUTENN TOKa, (HOTOIIEMEHTOB,
(OTOCONIPOTUBIICHUH, TEPMOPE3UCTOPOB, JaTUMKOB XOJJla, BapUCTOPOB —
HEJIMHEWHBIX CONPOTUBIICHHUM, TPO30BBIX PA3PSAAHUKOB, MATEPUAIIOB [JISI TEPMO-
AJIEKTPOTEHEPATOPOB U T. 1. — Ojarojaps MOJYNPOBOJHUKOBON 3JEKTPOHUKU
HAXOJUTCS Ha MEPEJOBON JUHUU Pa3BUTUE HOBOW TEXHUKU. DTOMY CIIOCOOCTBYET
HayaBlUIeeCs IIMPOKOE NMPUMEHEHHE OMHAPHBIX M CIOXKHBIX MOJYNPOBOJAHUKOB B
TBEPJIOM U KUJIKOM COCTOSIHUM.

B obOnacti Gu3MKM M XUMUU TOJYNPOBOJHUKOB HMMEIOTCS €IIE€ MHOTHE
HEpELIEHHBIE BOIIPOCHI, KOTOPBIE CO31AaI0T TPYAHOCTH B PA3JIMYHBIX ACIIEKTax, B
YaCTHOCTH, IIPOLIECCHl IUIABJICHUS W  KPUCTA/UIM3ALMM, OTHOCAILIMECS K
BAKHEMIIMM CTagusAM TEXHOJOTHM IIOJyYEHHs MaTepuaioB. B cCBfA3M C 3TuUM
UCCJIEIOBATEeNIM HEYCTaHHO pa0dOoTaloT HaJl BOMPOCAMH MOKMCKA HOBBIX MAaTEPHAIIOB
U U3YYECHHS] KOMIUIEKCAa MX (DU3UKO-XMMHUYECKUX CBOMCTB B TBEPJIOM M KUIKOM
COCTOSIHUH.

IIpn IIPOEKTUPOBAHUM 17} CO3JIaHUH Oonee COBPEMEHHBIX
MOJIYIPOBOJHUKOBBIX TPUOOPOB M MJIsi JAlbHEHIIEro WX SKCIUTyaTUPOBaHUS
HEOOXOJMMBI PpacyeThl BaKHEUIIMX MapaMeTpoB, TaKHe KaK KOHLEHTpalus,

MNOABMKHOCTE M OINPCACICHHUC 3HaKa HOCHUTEJICH 3apAa0B. Bmecte ¢ Tem



HE00XOAMMOCTh COBEPILIEHCTBOBAHMUSI TEXHOJIOTHH IPOM3BOJICTBA
MOJIYIPOBOJHUKOBBIX ~ MaTEpPUaJIOB M  YJIy4lllEHHS MX KadecTBa TpeoOyer
JANbHEHIIEro  BCECTOPOHHETO  M3Y4YEHHS  (PUBHKO-XMMHYECKHX  CBOMCTB
MOJIyIIPOBOJJHUKOBBIX MAaTE€pUajoB B TBEPIOM M KUIKOM cocTossHuU. [loaTomy
TEOPETHUYECKHUE MCCIIETOBAHMS PA3IUYHBIX CBOKMCTB IOJYIPOBOJIHUKOB HE TOJIBKO
B TBEPIAOM WM JKUAKOM COCTOSHUM, HO M TUIABJICHUS CBUJICTEIBLCTBYET 00
HEUCYEPIIAEMOCTHU PEIICHUSI CYIIECTBYIONIUX 3a/1a4.

B wyacTHOCTH, peElIeHHE BOIPOCOB JIETMPOBAHUSA IOJYIPOBOJIHHUKOB
HEOTAEIMMO oT U3Y4YECHUS IPUMECHBIX YPOBHEH, MEXaHU3MOB
JIEKTPOIPOBOIHOCTH M TEPMO-3JIC, BO3ZHHUKAIOIIMX B IOJYNPOBOAHUKAX IPH
JerupoBaHud. B3auMopeiicTBUE JErHpyroNIMX 3JEMEHTOB ApYyr C JAPYIOM U
HECOBEPIIEHCTBO  KPUCTAJUIMYECKOM  peleTkd, Auddys3us B  KpUCTaLIax
MOJIyIPOBOJHUKOB, pacmajl TBEPABIX PAacTBOPOB, MOSBICHHE BTOPOM (a3bl B
HEKOTOPBIX M3 HUX MPUBOAMT K BO3HMKHOBEHHWIO Ae(PEKTOB B TBEPAOU (ase,
BJIMSTHUIO JIETUPYIOLIUX 100aBOK HAa SHEPreTUYECKHUM CIEKTp, Ha UX ONTHYECKHUE,
IIEKTPOPHU3NICCKUE, TEPMOIICKTPUUICCKUE CBOMCTBA U T. 1. [1-5].

B cBm3u ¢ otuM B coeauHennsax Tuna A''BY u nx TBEPHBIX pacTBOpax
U3YUYEHO BIIMSIHUE psAJla MpUMeced Ha KOMIUIEKC CBOMCTB B TBEPAOM M KUIKOM
cocrosinud. B. M. I'mazoBsim [6-10] 1 ero mkosoi OblIO T0Ka3aHO, YTO MPUMECH
1o 1 % B pacruiaBax MoOJXyIpPOBOAHUKOB HE MOTYT BJIMSTH Ha 3JIEKTPOPU3NUECKUE
napameTpbl paciuiaBoB. C Opyroil CTOPOHBI, B CUJTy TOTO, YTO MPHU MOBBIIIEHHBIX
TEMIEpaTypax XUMHYECKUE 3JIEMEHThl BeAyT ceOsi OueHb AKTUBHO, MPOOJIEMBI
MPUTOTOBJICHUS] M TePMETU3AINH STYEHKH, TPUMEHEHUE TEPMOIIAphl MPU BBICOKUX
TEeMIlepaTypax U Ipyrue TEXHOJOTUYECKHUE aCTIeKThl OCTAIOTCA OTKPBITHIMHU.

Bo3nukator 00mme HaydHO - TEOpPETUYECKHE 3a/ayd, CBA3aHHBIE C
UCCJIEIOBAHUEM TEXHOJOTUYECKHX, SIEKTPOPUZHUUECKUX, TEPMOIIECKTPHUUECKIX U
JPYTUX BaKHEUIIUX CBOMCTB MOJYNPOBOAHUKOB B TBEPJAOM U KUJIKOM COCTOSIHUU
[11-21].

BbIBOJ O MpUHAAJIEKHOCTH BEIIECTB K TOMY WJIM MHOMY THUITy MEpPEeXo/a U3

TBEPAOrO COCTOSHUSI B JKHJIKOE B OCHOBHOM Oa3upyeTcsi Ha pe3ysibTaTax
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MCCIIEOBAaHUS JIEKTPONPOBOIHOCTH U B HEKOTOPBIX ClIy4asix TepMo-3Ac. Mmes B
BUJly HMHTETPAIbHBIA XapaKTep JIEKTPONPOBOAHOCTA TEPMO-3JIC UX a0COITIOTHBIC
3HAQ4YECHUS, TEMIEpPaTypHas 3aBUCHUMOCTb HE BCErja I03BOJBUIA JOCTOBEPHO
YTBEpPKIaTh, YTO JAHHBIA  pACIUIAB MPUHAMIEKUT K KOHKPETHOMY KIAcCy
KOHJIEHCUPOBaHHBIX (a3. B paborax [22, 23] aBTOpHI MOIONLIN K KOMILUIEKCHOMY
VCCJIEIOBAHUIO MAapaMETPOB psAla TBEPABIX M KUIAKUX MOJYyNPOBOAHUKOB. OHU
JOTIOJTHUTENBHO, JKCIEPUMEHTAIBHBIM IMyTEM HccleqoBamu 3¢ ekt Xoia,
KOTOPBIM €T BO3MOKHOCTb HENOCPEICTBEHHO OIPEACIUTh KOHLEHTPALUIO M
IIOJBMYKHOCTb HOCUTEIIEH 3apsiza.

Takum 00pa3oMm, MOWCK HOBBIX MAaTE€pUAJIOB, HMEIOIIUX ONTUMAJIbHbBIE
napameTpbl IyTeM JIETUPOBaHUA B TBEPJON U KUAKOHM (pa3e UrparOT BAXKHYIO POJIb
B HAayKe U TEXHHKE, paboTe OOJBIIMHCTBA DJIEKTPOHHBIX IMOJYNPOBOJHUKOBBIX
puOOPOB U almapaTyphbl, CBA3aHHOW C UCIOJIb30BAHUEM IMPHUMECHOIO MEXaHHU3Ma
npoBoguMoctd  [24-35].  IloaTtoMy BO3HHMKaeT mpoOsiema  JIETUPOBaHUS
MOJIyIIPOBOJIHUKA, JOOABKaMU B KOHTPOJUPYEMBIX KOJIMYECTBAX, HCCIEIOBAaHUE
(U3BUKO-XUMUYECKHX, ANEKTPOPUINYECKUX, TEIIOPU3NYECKUX U APYTHUX CBOMCTB
JIETUPOBAHHBIX MOJYIPOBOAHUKOB. JTH HMCCIIEIOBAHUS TAKKE MO3BOJIAIOT CYIUTh
O B3aWMOJCWUCTBUM MEXKIy JIATaTypaMd U COeAMHEHUsMH. HemanoBaxHoe
TEOPETUYECKOE 3HAYEHWE HMEIOT OCHOBBI JIETUPOBAHUSA IOJYyIPOBOIHHUKOB.
Pemenune  nmanHO#M 3agaud HEOOXOAMMO JMJIS YMHPABJICHUS CBOWCTB TBEPIBIX
MTOJIYTIPOBOJHUKOB Iy TEM JIETUPOBAHUS PAZTUYHBIMU TPUMECIMHU.

[TosTomy mpobneMa JerupoBaHHsl TOJYIPOBOJHUKOB, WKW J100aBKa
puUMecedl B KOHTPOJIIMPYEMBIX KOJIMUYECTBAX, U3yUYCHHE BAKHEUITUX WX (PU3HKO-
XUMHUYECKUX NTapaMETPOB SIBJSIETCS aKTyJIbHOM.

CreneHb M3Yy4eHHOCTH Hay4YHOH mpo0JieMbl, TeopeTHYeCKass WU
MEeTO0/10JI0THYecKasi OCHOBBI HCCJIeJ0BAHUS.

B mHacrosmeir pabore paccmaTpuBaeTcsl KOMIUIGKCHBIM —MOJIXOa K
WCCIICIOBAHUIO DJIEKTPOPUZUUECKUX, TEXHOJOTHYECKUX, TEPMOIICKTPUIECKUX
CBOMCTB. M3BECTHO, YTO XMMHYECKUE BEUIECTBA IPU BBICOKHX TEMIIEPATYpPAX

00/1aaI0T 3HAYUTEILHOM XUMMYECKOM aKTHBHOCTBIO, M HCCJIEIOBAaHHME JIFOOOIO

5



bu3nyeckoro mapameTpa Mpu TaKUX YCIOBHUSX BechbMa clokHO. HecMmoTps Ha
CJIOHOCTh IIPOLIECCOB, UCCIEOBAaHUS B 00JACTH PA3IUYHBIX CTPYKTYPHBIX TPYIII
nepuoanyeckoi cuctemsl J[. M. MenaeneeBa MpeACTaBISIIOT OOJBIIION HHTEPEC, C
OJIHOW CTOPOHBI, B CBSI3U C MPAKTUYECKUMU PUMEHECHHUSIMU B KAUE€CTBE AKTUBHBIX
AJIEMEHTOB JJIEKTPOHHBIX MPUOOPOB, a TaKXKE LEIbI0 UX MHUHUMH3AINH, BO —
BTOPBIX, 3TO TpeOOBaHME HAYKH MAJISi MOCTPOCHHUS OOIIeld Teopuu B 00JaCTU
MpeAIUIaBIeHuUs, TOCIIE TIABJICHUS U KUAKOU (a3bl.

W3moskeHHBIM BBIIIIE aHATU3 MPOOJIEMbl HCCIEAOBAHUA, MPAKTHUYECKOTO
WCIIOJIb30BaHUsA, BBIIICHA3BAHHBIX COEAWHEHHBIM M WX TBEPIBIX PacTBOPOB
103BOJIIET C(HOPMYJINPOBATH OCHOBHBIE MOJIOKEHUSI TUCCEPTAUOHHON pabOTHI.

[lepeuriciieHHble  BbIIE  MPOOJEMBI  HAUUIM  CBOE  pEUIeHUE B
JUCCEPTAIMOHHOM paboTe MpU UCCIEIOBAaHUM METOJIOB CUHTE3a BBILICHA3BaHHBIX
COEJIMHEHU, KBa3MOMHAPHBIX Pa3pe30B U TBEPJBIX pacCTBOPOB HAa UX OCHOBE, UX
JETUPOBAaHUSA W HW3YYEHUs KOMIUIEKCA HMX CBOMCTB B TBEPAOM M JKUJIKOM
COCTOSIHUH.

OTtpacab uccjaenoBanmsi. I[IpoBen€HHBIN KOJIMYECTBEHHBIM AaHAIU3
MPUMEHUMOCTH Teopetnueckux mozeneit M. Karnepa, H. @. Motra, Anaepcona,
OINMHCHIBAIOIINX busnueckue CBOICTBa UCCIIE0BAHHBIX pacriaBoB
MOJIyIPOBOJHUKOB, a TakXKe BEIIECTB C MOJO0OHONW (PU3UKO-XUMHYECKOU
npuponoil. IlomyueHHsle B paboTe KOJIMYECTBEHHbIE NAHHBIE IO H3YYEHHBIM
(Gu3MYecCKUM CBOWMCTBaAM MOJYNPOBOAHUKOB TPEJACTABISAIOT HWHTEpEC s
pa3pabOTUMKOB almaparypbl AIEKTPOHHON TEXHUKHU U TEXHOJIOTOB MPHU CO3JAaHUU
M OKCIUTyaTalluh  TEXHOJIOTUYECKOro  00OpyJoBaHMA  AJI1  TOJy4YEHUS
MOJIyIIPOBOJJHUKOBBIX MAaTepUajoB U MPUOOPOB Ha 0a3e MCCIIeJOBAHHBIX TBEPABIX
pPacTBOPOB.

OcHoBHast  MH(OPMAIMOHHO-IKCIIEPUMeHTAIbHAsE  0a3a:  Pabota
BBITIOJTHEHA Ha Kadenpe o6meir u Teoperudeckor Qusuku Kymssockoro
rOCy/IapCTBEHHOIO yHHBepcuTeTa HuMeHH AOyaOnymiox Pynmaku Ha ocHoOBe
kaeapanpHoil Tembl «VccnemoBaHue CTPYKTYphl U (DU3UKO-XUMHUYECKHE

CBOMCTBA MOJIYIIPOBOJAHUKOB B IIIMPOKOM JHANa30HE TEMIIEPATYPBD».



OBLIAS XAPAKTEPUCTUKA PABOTHBI

Heanb wuccaenoBaHusl SBISICTCS BbISBICHHE 3aKOHOMEPHOCTEW M3MEHEHUS
KOA(UITUEHTOB 3IEKTPONPOBOTHOCTH, TEPMO-3/IC U XO0JIIa B MOTYIPOBOAHUKAX C
Pa3IMYHBIMU THUIAMU MEXYACTUYHOTO B3aUMOJEHCTBUS B TBEPAOM M SKHIKOM
COCTOSIHUH, BOJIM3U TOUKH TJIABJICHUS.

3agauyu uccjeI0BaHMS:
1. Ha 6a3e KOMIUIEKCHOTO UCCIeI0BaHMs (PU3UUECKUX CBONCTB MOIYNPOBOTHUKOB
AMBYV npu mepexome W3 TBEPAOrO COCTOSHUS B JKUIKOE M B pacIUlaBe B
3aBUCHUMOCTH OT TEMIIEpaTypbl C MPHUBJICYEHUEM KaK TPaJUIMOHHBIX METOJIO0B
AIIEKTPONPOBOIHOCTH U TEPMO-3/IC, TaKk U MeToj1a dpdekTa Xoia;
2. Ilouck HOBBIX BBICOKOA((EKTHBHBIX MaTEpUaiOB ITyTEM JIETUPOBAHUS IS
OPUMEHEHHUS B O00JIaCTU TEPMOAJIEKTPUYECTBA KaK aKTHUBHBIX MaTepuasoB
TEPMOAJIEMEHTOB, TEPMOTEHEPATOPOB, IHUOJOB M JPYTHUX MOIYHPOBOIHUKOBBIX
pUOOpPOB;
3. Onwucanue 3IEKTPOYU3IUYECKUX CBOMCTB paACIUIAaBOB IOJYIPOBOJIHUKOB
pa3IMYHBIMHA MOJEIISIMHU 3JIEKTPOHHBIX PACIIaBOB;
4. Pa3paboTka Hag&KHONW METOAUKU M ammapaTypbl AJI BBICOKOTEMIEPATYPHBIX
MPEIU3UOHHBIX MCCIICIOBAHUN BJIEKTPONMPOBOJAHOCTH, TepMo-3ic U 3ddekra
Xoua B paciuiaBax HOJyTPOBOJHUKOB;
5. DKCnepuMEHTalbHOE HCCIEJOBaHUE 3JIEKTPOIPOBOJHOCTH, TEPMO-3JIC U
apdexkra Xomma B TBEPAOM © KUAKOM COCTOSHHUU TMOYTPOBOJIHUKOBBIX
COCMHEHHUM Pa3IMYHBIX CTPYKTYPHBIX T'PYII, a TaKKe KBa3MOMHAPHBIX CIIJIABOB
Ha MX OCHOBE;
6. AHanu3 COBPEMEHHBIX MOJIEJe HEYNOPSAOYCHHBIX CHCTEM C MO3UIUH
BBISICHEHHMSI UX BO3MOXHOCTEH Mpu aOCOJIOTHBIX 3HAYEHHUSIX M TEeMIepaTypHOU
3aBHCHUMOCTH  (DM3UKO-XMMHUYECKUX CBOWCTB Ha OCHOBE  KOMIUIEKCHBIX
UCCIIEIOBaHUH, raJlbBAHOMarHUTHBIX, AIIEKTPOPUINIECKUX u
TEPMOAJICKTPUIECKUX XapaKTEPUCTHK;
7. BblicHeHne 00J1aCTU MPAKTUYECKOTO IMPUMEHEHHS HOBBIX OWHAPHBIX

AHTUMOHUJOB 1 KB33H6I/IHapHBIX pa3spe30B aHTUMOHU/IOB B BHCKTpOHHOﬁ TCXHHUKCE,
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8. HccrnenoBaHne KHUHETHUYECKUX TMAapaMETPOB W WX CBS3U CO CBOMCTBAMH H
coctaBoM INSb u nerupoBanHbiMH oOpaznamu INSb+AQ ¢ 1enp0 moaydeHus
MaTEpHaIOB C BEICOKON TEPMOAIEKTPpHUECKOH (D (PEKTUBHOCTHIO;

9. CuHTe3 U mosyuyeHue o0pa3IoB aHTUMOHHUAA MHAMS, JISTHPOBAHHBIX CEpPeOpOM,

MOJTyYCHUE HOBBIX AKCIIEPUMEHTAIBHBIX JAHHBIX 11O AJIEKTPOIPOBOTHOCTH, TEPMO-

sac u dpdexra Xoiia B ICXOTHOM U JISTUPOBAHHBIX 00pa3Iax.

O0bekT HnccaenoBanusi. OOBEKTOM HCCIICOBAaHUS HAMH OBUIA BBIOPAHEI
npezacraButeny rpynnsl coeaunenus A'BY- antumonmpa uHmus u oGpasipl
AHTUMOHMJIA UHIUSI JISTUPOBAHHOTO CEPeOPOM U M3YUEHUSI KOMILIEKCA UX CBOMCTB
B TBEPJIOM U KUIKOM COCTOSHUM.

IIpeaMeToM mcc/ieq0BAHUSA SIBISICTCS SKCIEPUMEHTAIILHOE MCCIIEI0OBAHKE
KO3 (PUIIMEHTOB AIEKTPONPOBOHOCTH, TEPMO-3]IC U XO0JJIa B aHTUMOHUJIE UH]TUS
(InSb) u oOpa3uer nermpoBanHoro cepedpa (INSb+Ag) ¢ npuBiIeucHHEM
TPaJAUIIMOHHBIX METOJIOB 3JIEKTPOMPOBOAHOCTH, TEPMO-31C U 3 dekra Xoia.

HayuyHasi HOBU3HA HCCJIEIOBAHNS 3aAKITH0YAETCSI:

1. BiepBble CHHTE3WpPOBAaHbI O00paslbl AHTUMOHHUAA HWHAWS C COJACpKAHUEM
cepeopa (InSb+AQ) wu moiydyeHa TemIepaTypHas 3aBHCHMOCTb BaXKHBIX
MEKTPOPHU3NYECKUX  TapaMeTpoB, a  HMEHHO:  DJIEKTPONPOBOIHOCTD,
Koa(dpuieHTs TepMo-37C 1 XoJua.

2.Ha oOCHOBe OKCIIEPUMCHTAIBHBIX JAaHHBIX PACUYMTAHBl TIOJBHKHOCTH U
KOHIICHTpAIlMsl HOCUTENeW 3apsaa. BrepBble MPOBEACHO KOMIUIEKCHOE
UCCJIEIOBAHNUE AJIEKTPOPHU3NYECKUX CBOUCTB - 3ddekTa Xoiia, TePMO-3/C U
SJIEKTPONPOBOJHOCTH B paciiaBax INSb, a Takxke oOpasiax JErHpOBaHHBIX
cepedbpom InSh+Ag.

3. BniepBoie cnenan KOJWYECTBEHHBIN aHAINU3 MCCIIEIOBAHHBIX CBOWCTB BEIICCTB
Ha OCHOBE Pa3IMYHBIX MoJeleH, mpeaiokeHHbpIXx M. KatiepoM u KiacCu4ecKo
TEeOpHe CBOOOIHBIX DJIEKTPOHOB.

4. OCHOBBIBaSICh Ha OKCICPUMCHTAIBHBIX M PACUYCTHBIX JAHHBIX, MOXKHO
knaccuduuuposars coenunenus A''BY, B wactHOCTHM, aHTMMOHMIAa MHIUA

(InSb) u ux nermpoBanmst cepedpom (INSb+Ag) B TBepmoM cocTOSHUHM Kak
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NOJIyMETall, a IIpu Iepexofe U3 TBEPAOTO B JKUIKOE COCTOSIHUE Kak

II0JIyMeTaJuI-MeTall
5. MoxHO OTMETUTh, uTO 00pa3isl INSh ¢ comepkanuem 0,1macc. % AQ umeroT

0osiee BBICOKOE 3HaueHUE KO3(p(dULIMEHTa TEPMO-3/C, KOTOPbIE MOTYT UIpaTh

Ba)KHYIO POJIb B U3TOTOBJICHUH TEPMOAATUNKOB.

Teopernyeckass M NpaKTH4YeCKasi HEHHOCTh HcciaenoBanus. [IpoBenéHublii
KOJIMYECTBEHHBIM aHAIN3 NMPUMEHMMOCTH TeopeThueckux mozene M. Katepa,
H. ®. MortTa, AHepcoHa, OMUCHIBAIONUX (HU3UIECKHIE CBOMCTBA MCCICIOBAHHBIX
pacIuiaBoB  MOJIyIPOBOJHUKOB, a TAaKXe BEIIECTB C MOJ00HOM (usmko-
XUMHUYECKON NpUpoaoi. IlomydeHHbIE KOJIMYECTBEHHBIE NAHHBIE 0 U3y4YECHHBIM
(Gu3MYEeCKUM CBOMCTBaAM MOJYNPOBOJAHHUKOB MPEJACTABISAIOT HWHTEpPEC IS
pa3pabOTUYMKOB anmaparypbl JIEKTPOHHONM TEXHUKH U TEXHOJIOIOB MPHU CO3JAaHUU
W DKCIUTyaTalluM  TEXHOJIOTMYECKOro  OOOpyAOBaHWS O MOJIyYEHHS
MOJIyIIPOBOJHUKOBBIX MAaTEpUajoB U MPUOOPOB Ha Oa3e MCCIETOBAHHBIX TBEPIBIX
pacTBOpPOB.

[TomyyeH OoJbLION OO0BEM IKCIEPUMEHTANIBHBIX JTAHHBIX BBICOKOM TOYHOCTH,
HAJIC)KHOCTU TO 3JIEKTPOINPOBOAHOCTH, TepMO-3aC U 3Pdekra Xomia YUCTOro
antumonnna wHaus (INSh), neruposanHoro cepedpom (InSh+Ag), pesynbraThi
KOTOPBIX BHEAPEHBI B OJYYEHHBIX 00pa3lax B HAPOJHOM XO3AMCTBE.

[IpenyioxkeHa METOAMKA OJHOBPEMEHHOIO HU3MEPEHHS 3IJIEKTPOIPOBOJHOCTH,
TepMO-3/C U Ko3pdunuenta Xoijia B MHUPOKOM JHANA30HE TEMIIEPATyp, KOTOPas
MO3BOJISIET PKOHOMHUTH MaTepHal SYEHKH, UCCIENYEMOE BEIECTBO M BpeMsl IS
MOATOTOBKM SYEHMKH K H3MEPEHHMSIM. BMecTo pa3oBBIX H3MEPUTEIBHBIX SYEEK
npeajiaraeTcsi MCHOJb30BAHME MHOTOPA30BBIX TIOCHE TOJHOTO  U3YYEHUS
UCCIIEyeMOr0 BEIIECTBAa, MPOBOAMUTH CIEIHUAIbHbIE NMPUEMBI U sueiika Oynaer
roToBa K HOBOMY M3MEPEHHUIO.

Ilono:xkeHusi, BbIHOCMMBIE Ha 3amMTy: Ha OCHOBaHMHM TPOBENECHHBIX
UCCIIEIOBaHUM U pa3pabOTOK Ha 3alIUTY BEIHOCUTCS CIIEAYIOIIEE:
1. Meroauka KOMILJIEKCHOTO HCCJIEIOBAHUS 3JIEKTPOIPOBOAHOCTH, TEPMO-3AC U

s dexra Xoima NoTyIpOBOIHUKOB B TBEPIOM H KUJIKOM COCTOSTHHH.



2. DKCTIepUMEHTAIbHBIC PE3YIIbTATHI WCCIICTOBAHMSI MIEPEYNCIICHHBIX
xapaktepuctuk coequnenne A!'BY) a  Takke KBasMOMHApHBIE CHCTEMBI
coenunennii A""BY, B wactnocTH, antumonnna unmusa (INSb) ¢ comepxanuem
0,1;0,2;0,3; 0,4; 0,5 macc.% Ag.

AHanmu3 K03h(OUIIMEHTOB JIEKTPOIPOBOTHOCTH, TETUIOMPOBOIHOCTH, TEPMO-3]IC
u  dddexkra Xoima HCCICAOBAHHBIX BEIMIECTB C IICJNBIO0  BBISCHCHUS
BBICOKOA(()EKTUBHBIX MaTepUalOB MJIsi PEKOMEHAAIMM WX K TPUMEHEHHUIO B
Pa3IMYHBIX 00J1aCTSIX TOJYIPOBOTHUKOBON TEXHHUKH.

JlaHHBIC TIO aHATN3Y SBJICHHS «ITOCJICTUIABICHUSD M POJIb OJMKHETO MOpSIKA B
KHUJIKOM  COCTOSSHMM  HMCCIEAyeMBIX  BEIISCTB, a  TakKXKe  sBICHUS
KJIaCTepOOOpa30BaHUS MTOCIIE TIABJICHHU.

JIOCTOBEPHOCTh  JAUCCEPTANMOHHBIX  pe3yJabTaToB.  [loydeHHBIC
SKCIIEPUMEHTAIbHBIC JTaHHBIC IOJITBEPIKIAIOTCS HCITOJTb30BAaHUEM
ICKTPOPUINICCKUX M TEPMODJICKTPHUSCKUX  METOJIUK  HCCJICIOBAHUS;
COBpEMEHHBIMHU DJICKTPOHHBIMU npubopamu; BOCIIPOM3BOIUMOCTBIO
OKCIIEPUMEHTAIBHBIX PE3YyJbTAaTOB B IIMPOKOM JHAINAa30HE TEMIIEPATYP; MOUCKOM
¥ HAXOJIKOHW HOBBIX BBICOKOA()(EKTHBHBIX aKTHBHBIX JJIEMECHTOB ISl CO3JaHUS
AIIEKTPOHHBIX MPUOOPOB.

CoBnajieHHe TUCCEPTAIUM C MACTIOPTOM CHEIHATBLHOCTH.

PaccmatpuBaeTcs y3k030HHBIC OMHAPHOE ITOJTYITPOBOJIHUKOBOE COCTUHEHHE THTIA

AB®, B wuactHoct aHTuMoHuaa wuHaums (INSb) u  aHTUMOHMma wMHIMA,

aerupoBannoro cepebpom (INSb+Ag). IIpoBeneHbl KOMIUIEKCHBIC HCCICAOBAHMUS

IIEKTPOPUINICCKUX, TEPMOIICKTPUICCKHX CBOWCTB W METOIUYCCKHE IMPUEMBI

MOJIyIPOBOIHUKOB B IIIMPOKOM JIMAIIa30HE TEMIIEPaTyp, BKIOYAs U KUAKYIO (a3y

(cootBeTcTBYyeT myHKTam 1, 2 u 5 mo cneuunanbHoctn 02.00.04 — dusnueckas

xuMusi (MyHKT | — DKcnepuMeHTadbHOE OMNpPEACNICHHE W pacueT IMapamMeTpoB

CTPOCHHMSI MOJICKYJI M TPOCTPAHCTBEHHOM CTPYKTYphI BCINECTB, MYHKT 2 —

DKCIIEpUMEHTAIILHOE ~ OTIPE/CIICHHE TEPMOJMHAMUYCCKUX CBOMCTB  BEIIECTB,

pacder TepMOJUHAMUYECKHX (DYHKIIUN MPOCTHIX U CIIOKHBIX CHCTEM, B TOM YHUCIIE

Ha OCHOBC MCTOA0OB CTaTUCTUUYECKOM TCPMOIAUHAMUKHU, NU3YUCHHUC TCPMOJUHAMHUKN
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(dazoBbIx mpeBpaieHud U (a3oBbIX MEpexo/ioB; MyHK 5 — M3ydenue Qusuko-
XUMUYECKUX CBOMCTB CHUCTEM NpHU BO3JECHCTBUM BHEIIHUX IMOJEH, a Takke B
IKCTPEMAITBHBIX YCIOBUSIX BEICOKUX TEMIIEPATYp U JAABICHHIA)).

BrisBrnenue 3aKOHOMEPHOCTEH U3MEHEHUS K03 HUIIEHTOB
AIIEKTPOTPOBOTHOCTH, TEPMO-3/C U XOJUla B MOJYNPOBOJHUKAX C PA3IUYHBIMU
TUTIAMU MEXYaCTHYHOTO B3aUMOACHCTBUS B TBEPAOM M >KUIKOM COCTOSIHHH,
BONU3M TOYKM IUIaBleHus, kinaccuduxanus coenunenuss A''BY, B wactHocTw,
anTumonuaa wHausA (INSb) m wux nermpoBanus cepedbpom (INSh+Ag), dro B
TBEP/JOM COCTOSIHUM KaK IOJYyMETall, a MpHU MEpPEexoj]ie U3 TBEPAOrO B KHUAKOE
COCTOSIHUE KakK TMOJyMeTaI-MeTal (COOTBETCTBYeT myHkTam 4, 9 u 11 mo
cnenuransHoctd 02.00.04 — ®dusnueckas xumus (myHKT 4 — Teopust pacTBOpOB,
MEXMOJIEKYJIIPHbIE U MEKUACTUUHbIE B3aUMOJICUCTBUS; TyHKT 9 — DieMeHTapHbIe
pEaKIuy C y4acTHEM aKTUBHBIX YacTHII, MyHKT 11 — OU3NKO-XUMHUYECKHUE_OCHOBBI
MPOIIECCOB XMMUUYECKON TEXHOJIOTHH)).

JInuHbli BKJAA couckarejsi B paOOTy, BBIIOJHEHHYIO B COAaBTOPCTBE,
COCTOSUI B CHCTEMAaTH3alliy JIMUTEPATYpHBIX JAHHBIX 1O TEeME IHUCCEPTalluy,
NOCTAHOBKE 3a/1aY HCCIIEOBaHUs, IOJYYEHUH OHKCHEPUMEHTANbHBIX JIaHHBIX,
aHanu3ze u O0O0OLIEHWH pPe3ynbTaToB, (POPMYIMPOBKE OCHOBHBIX BBIBOJOB
JUCCEepTallii, BHEIPEHUH PE3yJbTATOB MCCIECIOBAHHUS B HAPOJHOM XO3SIMCTBE,
MOJIy4YE€HUU aBTOPCKOTO CBUAETEIHCTRA.

AnpobGanus  aucceprauuM u uHpopmauus 00 HCHOJB30BAHMU €€
pe3yJbTaToB. Pe3ynbrarhl, MOMydeHHbIE B AMCCEpPTAIMM, JOKJIAIbIBAINCH U
OOCYXKJalIuch Ha  CICAYIOIIUMX  MEXAYHapOAHBIX W  peciyOIMKaHCKUX
KOH(epeHUusX: HayuHno-Teopernueckas KOH(pepeHus Kynsockoro
rocyJ1apcTBeHHOro yHuBepcuTeta umeHu AOyabaymiox Pymaxu (Kyns6.17
anpeins 2012 r.);

Vl-as MexayHapoiHasi Hay4HO--TeopeTudeckas KoHbepeHIms: «Du3nko-
XUMHYECKHE OCHOBBI TOJYYEHHMsS] KOMILJIEKCA CBOWMCTB IOJIYIPOBOJHUKOBBIX,
KOMIO3UIIUOHHBIX U JAWAJIEKTpudeckux wmarepuanoB» (Kyms6, 25-27 nexabps

2013); Hayuno-teoperuueckas koHdpepeHuus KymsOCKOro rocyaapcCTBEHHOIO
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yauBepcutera uMm. A.Pymaxkm (Kyms6. 17 ampens 2012 r.); HayuHo-
TeopeTudeckas  KoHepeHuus, mnocesmenHas  70-nmetuto  Kymsabckoro
rocygapcTBeHHOro  yHuBepcuTera uM. A. Pymakm»  (Kyna6.2015);
PecniyOnukanckas — koHpepenuus — «CoBpeMeHHbIE — TpoOieMbl  (UBUKK»
(Kyn:16.2019).

Ony0aukoBanHble pe3yabTarbl guccepramum. [lo  pesynbraram
uccienoBanus omyonukoBaHo 19 pabotr, B ToM yucie 4 U3 HUX B JKypHaJax,
pexomengoBanHbIX BAK npu [Ipesunenre PT u BAK P®, 14 te3ucoB nokiagoB
Ha MEXXTYHAPOHBIX U PECIyOIMKaHCKUX KOH(PEPEHINSIX U 0JHO N300pEeTeHHE.

Ctpykrypa U 00béM auccepramuu. [{uccepTamusi COCTOUT U3 BBEIICHUA,
IV rnaB, BBIBOJOB, CHMCKAa HWCIOJIL30BAaHHOM JUTEpaTtyphl — 174 UCTOYHUKOB.
Hucceptanus uznoxkena Ha 130 ctpaHunax, comepxut 22 pucyHka, 15 Tabnui u

IIPUIIOKCHHUC, IIATCHT — IHIT, aKT O BHCAPCHUC - LT,
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I''IABA |. OB30P JIMTEPATYPbI

1.1. Puzuko-xuMHYeCKAasi TeOPUs MOJYNPOBOTHUKOBBIX
MaTepHuAaJIioB U HEKOTOPbIE OCHOBHbIE CBOMCTBA

AHTUMOHMIA UHIUA.

Pe3koe ynydieHue kayecTBa TPAJAMIMOHHBIX, & TAKXKE OCBOCHHE HOBBIX
MOJTyITPOBOTHUKOBBIX MAaTEPUAIOB TTO3BOJIMIIO MPUCTYITUTh K CO3JAHUIO0 OOJIBIINX,
CBEpXOOJIBIIUX, CBEPXOBICTPOJICUCTBYIOIUX HMHTETPAIbHBIX CXEM, YJaJoCh
CYLIECTBEHHO IIOBBICUTh CTEIIEHb MHMHHUATIOPU3ALUU  MHUKPOIIEKTPOHHBIX
YCTPOMCTB, pa3padoTaTh psJi KJIACCOB MPUHIIUIIUAIBHO HOBBIX OMTORJICKTPOHHBIX
u CBY- npubopoB, UHTEHCUBHBIMH TEeMIIaMU HayaTa peajn3alus BO3MOKHOCTEH
BOJIOKOHHO - ONITUYECKUX JIMHUN CBA3U U UHTETPATIbHOU TEXHUKHU.

CoBpeMeHHass  dJIEKTpOHMKAa TpeOyeT Marepuainbl ¢ OoratbiM U
HETPUBUAIBHBIM HA0OpOM XapaKTEPUCTHUK, TaK YTO OJHUX JHIIb YHUCTHIX
KPHUCTAJJIOB, CIY)KMBIINX MHOTO JIET, OKAa3bIBAETCA HENOCTATOYHO, W, C APYrou
CTOPOHBI, HENPEPHIBHO PA3BUBAIOIIAACS HAYKA O «HEYHOPSAAOYECHHBIX CUCTEMAX),
YAaCTHBIM CJIy4ae€M KOTOPBIX SIBJISIFOTCSI KUIKHUE TOJYNPOBOIHUKH, TpeOyeT
HAJEKHBIX YKCIIEPUMEHTANTBHBIX JTAHHBIX JIJIS1 TOCTPOCHUS 001IeH TeOprr TBEPABIX
Tell. [Iouck m nosrydyeHre HOBBIX  IMOJIYITPOBOJHUKOBBIX MAaTEPUAIIOB HEBO3MOKHO
0€3 BCECTOPOHHETO0 H3y4YeHUs UX (PU3UKO-XUMUUYECKUX CBOMCTB B IIMPOKOM
JMarna3oHe TeMIIepaTyp, BKIIIOYas U KUIKYIO (a3y.

N3BecTHO, 4TO KUJKKE MOTYTPOBOJHUKNA UMEIOT Pl IPEUMYIIECTB TEpe.
TBEPABIMUA, OHU PACIIUPSAIOT pPaboOuMii TeMmIepaTypHbIM auamna3oH MpUOOPOB,
MaJIOYYBCTBUTEJIbHBI K BHYTPEHHUM M BHEIIHUM BO3JICWCTBHSAM, NPH HAIUYUU
MpUMECE 10 OJTHOTO MPOLEHTa HAOMIOJAETCS CTAOMILHOCTh UX XapaKTEPUCTUKU
U T. 1.

[TepBoHaYaIbHBIMU OOBSICHEHUSMH TIPOIIECCa TUTABJICHHS OBLITH B OCHOBHOM
MEXAHUYECKHUE TEOPUM IUIABJICHUSA, KOTOPBIE HAJIEKO HEPEaJIbHO OIMUCHIBAIU
npoiiecc ¢dazoBoro nepexoaa (moaens Openens). B nmocinennee Bpems pa3padoTka

YaCTHBIX TCOpI/Iﬁ KUAKOTO COCTOAHHUA COCTOMT B TOM, UYTO HM3Yy4YarOTCA
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ONpENEIICHHbIE  MOJENIHM, UX BbIBOJBl CpPAaBHUBAKOTCI C  pe3yJibTaTaMu
skcriepuMenTa. CucreMarnyeckue HccieoBaHusl (U3UYECKUX CBOWCTB Yy
MOJIyIIPOBOJHUKOB PA3JUYHBIX CTPYKTYPHBIX TPYHN B IMIMPOKOM TEMIIEPATypPHOM
JIMana3oHe MO3BOJWIM ClIeNIaTh HEKOTOpble 0000IICHMS, Kacalolruecs U3MEHEHNUs
CTPYKTYpBI OJMKHETO MOPSAIKAa U XapaKTepa XUMUYECKOW CBS3U MpU IUIABJICHUH
NOJIyIPOBOJHUKOB U HarpeBa pacmiaBoB. Ha ocHOBe OOMIMpPHBIX pe3yJIbTaTOB IO
XapaKkTepy M3MEHEHUs (DU3UKO-XMMHUYECKUX CBOWCTB MpPH ILJIABJICHUU OOIBIION
rpynmnsl BemiecTB. A. P. Perenem u B. M. I'mazoBeim [6 - 10] Obuta mpeacraBieHa
KJIacCCU(UKALUs, COINIACHO KOTOPOH CYLIECTBYIOT CIIEIYIOIIME TUIIBI IIEPEXo/ia U3
TBEPAOrO COCTOSHUS B KMAKOE: METAI — METaul, MOJIyMeTalll — METalll,
MOJIYIIPOBOJHUK —TIOJIYIIPOBOJHUK, IMOIYNPOBOJHUK — METAILI, MOJYyHPOBOIHHUK
— HOHHBIN NPOBOJHUK. COXpaHEHHE NOJyIPOBOJHUKOBBIX CBOMCTB BEIIECTB B
xuakon daze A. P. Perens u B. M. ['11a30B CBSI3bIBaIOT C COXpaHEHUEM OJIMKHETO
MOpsiAKA M XapakTepa XUMHUYECKOW CBSI3U TIOCIE IUIABIIEHUS, CBOWCTBEHHOIO
TBEpOMYy cocTostHuIo [9, 10]. Ilepexoasl OCTambHBIX THIIOB OHH OOBSCHSIOT
pa3pylICHUEM TMPOCTPAHCTBEHHOW CHUCTEMBI TOMEOMOJSPHBIX  CBSI3€M W
MEePECTPONKON CTPYKTYphl OJMKHETro mopsiaka. [loarBepikmaeTcss mMpaBUILHOCTD
npuHuuna akaaemuka A. @O. Hodde [24, 25], cormacHO KOTOpOMY
OTIPENETSIONIYI0 POJIb JJIsi DJEKTPOHHBIX MOJYNPOBOJHUKOB MIpaeT OJIMKHUIMA
NOPSIOK B PACIOJOKEHUH aTOMOB M XapakKTepa XHMHUYECKOW CBS3U MEXIY
atomamu. Cynid 10 XapaKkTepy U3MEHEHHsI JIEKTPUYECKUX CBOMCTB, CAENaH BBIBO/,
YTO IPU IJIABJIECHUU Y UCTUHHBIX METAVIOB THUI XMMUYECKOU CBA3U COXPAHSETCA,
U CKa4yOK D3JIEKTPONPOBOJHOCTH MOAUMHAETCS mpaBuiy [lepnuiia m ypaBHEHHIO
Motra [26, 27] (3a uCKIIOYeHHEM NepexoaHblx MeTamioB). Ilpu mnnaBneHuun
MOJIyMETAJUIOB YCUJIMBAETCS METaJUIMYECKOW xapakrtep cBsa3u. llomynpoBogHuku
IPU IJIABJICHUU JIMOO COXPAHSIIOT CBOM CBOMCTBA M COOTBETCTBEHHO, pEaIU3yeTcCs
IPEUMYIIECTBEHHO TOMEOMOJISIPHBIA THIT XMMHUYECKON CBsI3U, TUOO MEPEXOosT B
MeTaimueckoe coctosHue. [logoOHast kimaccudukauus SIBUWIACh HUTOTOM
DKCHEPUMEHTAJIbHBIX YCUJIMHA MHOTHX MCCIEAOBAaTeNed, W OuyeBHAHA €€

IMOJOXHUTCIIbHAA POJIb JJIA HaﬂbHeﬁMHX P aboT B obmacTn KHUIKHNX
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MOJYTIPOBOJHUKOB. J[0 MOCIIEIHETO BPEMEHH BBIBOJ MMPUHAIJIEAKHOCTH BEIIECTB K
TOMY WUJIM MHOMY THUIy Mepexojia U3 TBEPAOTO COCTOSIHUS B KHAKOE 0a3MpoBajCs
UCKJIIOYUTEILHO Ha pe3yjibTaTax WCCIEJOBAHUS DJIEKTPOIPOBOJHOCTH U B
HEKOTOPBIX CIydasX TEpPMO-31c. B urtore, umes B BUIAY MHTETPAIbHBIN XapakTep
TUX (U3UYECKUX TMapaMeTpPOB, WX aOCOJIOTHBIC 3HAYEHUS M TEMIIEPaTypHYIO
3aBUCHUMOCTh HE BCErJla IO3BOJIAIOT JOCTOBEPHO YTBEPXKIAaTh, YTO JaHHBIN
pacruiaB MPUHAUICKUT K KOHKPETHOMY KJacCy KOHJIEHCUpPOBaHHBIX (a3. B
YAaCTHOCTH, €CJIM peyb Iuia 00 3JIEKTPONPOBOJAHOCTH, TO OJHOBPEMEHHOE
W3MEHEHUE TMOJBMKHOCTH W KOHIEHTpAIMs CBOOOJHBIX HOCUTENEH IMpu
IJIABJIEHUH HE TIO3BOJISIET CTPOTO Pa3IMYMTh HA OCHOBE aHaju3a 3TOro mapamerpa
3 dekThl, CBA3aHHBIE C pa3pylleHHeM JajdbHero mnopsaka U AhPeKThl,
OOyCJIOBJICHHbIE H3MEHEHHEM XapaKTepa MEXYaCTUYHOTO B3auMojeucTBus. B
pe3yJibTaTe BO3HHMKAET HEOOXOAUMOCTh B PACHIMPEHHUM YHCJIA HUCCIETyEMBbIX
CBOMCTB C TOW II€NIbI0, YTOOBI BBIBOJABI O MEPEXOJE BEIIECTB W3 TBEPIOTO
COCTOSIHUA B XKUJIKOE OblM OoJiee oO0ocHOBaHHBIMU. CrenyeT emé 100aBUTh, UYTO
KaXJIbI TIOJIyITPOBOJAHUKOBBIM MaTepual Hapsiay ¢ oxkugaeMbiMu dhpexTamu npu
€ro HCCIICIOBAaHUU MOXET ObITh OOHApYKEH U COBCEM HeoxuaaHHo. Hampumep, B
Hayaje pa3paboOTKu apceHuaa rajuius e€ABa JHU KTO - HUOyAb MOr AymaTh O
MPUMEHEHUU €ro B KaueCTBE JIA3€pHOr0 MaTepuasa Ui, CKaKeM, O IPUMEHEHUHU
YCUJICHHS YIBTpa3ByKa, TaBHO UCIOJIb3yemMoro B momuHecteHuu Zn0. [Toatomy,
HEOOXOJIMMO MOJYEPKHYTh, YTO PaOOTHI MO CUHTE3Y U KPUCTAIIU3AIMU HOBBIX
MOJIyITPOBOJTHUKOBBIX MaTEPHANIOB TPEOYIOT 0COOOTO KOHTPOJIS (PU3NUYECKHUX,
XUMHUUYECKUX U TEXHOJIOTHYECKUX MPOLIECCOB.

Baxnas 3amaua, peieHre KOTOpOi KpaiiHe HeOOXOIUMO,- 3TO yIIpaBieHUE
CBOMCTBAMHU TOJIYIIPOBOJHUKOB IMyTEM JISTMPOBAHUS PA3IUYHBIX MpUMeEcei, nbo
pa3zHooOpasue CBOMCTB U, CIE0BaTEIIbHO, chpep MPUMEHEHUS MOTYyIPOBOIHUKOB B
TEXHHUKE OMPECIICTCS HE TOJIBKO Pa3InuyueM SHEPreTUYECKUX CIIEKTPOB BEIIECTB:
AJIEKTPOHHBIMU TPOILIECCAMU B MOJYIMPOBOJHUKAX MOXHO YIPABISTh U IMyTEM

JICTUPOBAaHUA.
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KomrmiekcHbIl MOAXO K aHAIU3y JIEKTPO(YU3NYECKUX CBOMCTB pacriaBoB
ciAenaH B TIocleaHee Bpems B psjge  pabdor  [8,9]. IToka3zano, uTO
HKCIIEPUMEHTAIBHOE HCCIEAOBAHUE DJIEKTPOIPOBOAHOCTH, TEPMO-3C U 3 deKTa
Xomia pacIulaBJICHHBIX BEHIECTB, OOJAJAlONIMX K TOMY JK€ 3HAYUTEIbHOU
XMMHUYECKON aKTUBHOCTBIO, BeCbMa CI0KHO. OCOOEHHO 3TO OTHOCUTCS K 3P PexTy
Xomna. [Ins peureHus 3ajayd aHanu3a U3MEHEHHs TUIA XMMHYECKOM CBS3U NPH
IUIAaBJICHUM M TOCJE TUIABJICHHUS METOJOM DJEKTPO(PU3NUECKUX HCCIeIOBaHUN
clIemyeT M00aBUTh M BOIPOCH METOMOJOTHYECKOTO acmekrta. Jlemo B TOM, 4TO
COBpPEMEHHAasi TEOpHs IMOJYIPOBOJHUKOB JJIS TBEPJIOTO COCTOSHUS JTOCTATOYHO
pa3paboTaHa, a 4TO KacaeTcsi TEOPUM >KUJKUX TOJYyNPOBOIHUKOB, T. €. TEOPHUH
HEYTOPSATOYCHHBIX CHUCTEM, TO OHa HE TO3BOJISICT JOCTOBEPHO MPEICKA3bIBAThH
a0COIOTHBIE 3HAUYeHUS (U3MUECKUX CBOMCTB IKUIKUX IMOJYNPOBOJHUKOB, U
3a4acTyl0 TIOJIb3YETCS COOTHOIICHUSMH, 3aWMCTBOBAHHBIMU U3 TEOpHUH
KPUCTAJUTMYECKUX TIOJYyIPOBOJHUKOB, OCHOBBIBASCH Ha TMPEJACTABICHUAX O
COXpaHEHUU 30HHOTO XapaKTepa YHEPreTUYECKOTO CIIEKTPa HOCUTEIIEH.

HaOntomaercss OonbInol uHTEpec UCcieAoBaTeled K  COCIUHEHUSIM
anemenToB |ll- V rpymmer Ilepuomgmueckoit cuctembl J[. M. MenneneeBa, B
YaCTHOCTH, aHTUMOHHUJA TaJUTUS W WHAMS, a TaKXKE HEKOTOPBHIX KBAa3MOWHAPHBIX
CHCTEM Ha UX OCHOBe, B ToM unciie: GaSh, InSb, InSb — GaSb u np.

Coenunenne A'BY xak B TBEPIOM, Tak M B KMIKOM COCTOSIHHH, M3y4YEHEI
HejocratouHo. daszosele paBHoBecus B cuctemax Al — BV  onmceiBarorcs
qUarpaMMaMHl COCTOSIHMSI C OJHUM KOHTPYIHTHO TUIABSAIIUMCS COCTOSTHUEM,
KOTOpO€ 00pa3yeTcsi MPU COOTHOIIIEHWH aTOMHBIX MPOIEHTOB KOMIOHEHTOB 1:1 u
JIEJICHUU MarpaMMBbl Ha JB€ MPOCThIE IUArpaMMbl 3BTEKTUUECKOTO TUmna [26,27].

B pabGore [10] ommcanbl M aHAIU3UPYIOTCS OCOOEHHOCTH CTPYKTYpPblI H
XapakTepa XMUMHYECKOH cBssu y coemunenuii A'BY, umzmenenns cTpykTypsl
OJMVDKHETO TOpSAKAa TPU TUIABJICHUM, DJIEKTPOMPOBOJHOCTH W TEPMO-3JIC TPHU
BBICOKHX TeMIIepaTypax, BKJIOYas W KUAKYI ¢azy. Ha ocHOBE mMoOmydeHHBIX
pe3ynbTaTOB CleJaH BBIBOJ, YTO B MOMEHT IUIABJICHUS COCAMHEHUN TPYTIIBI

AIHB acCIiyiaB OKa3bIBACTCA «KBA3HUI'CTCPOI'CHHBIM)Y, COXpPaHAA B OTACIIBHBIX
5
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MUKPOOOJIACTAX JIEMEHTHI PhIXJION YIaKOBKH, CBOMCTBEHHOHN KpucTaiuty. Harpes
CIIOCOOCTBYET YIJIOTHEHHIO CTPYKTYPBI 32 CUET pa3pylIeHUs dTUX MUpoobOiacTen
U yBEIWYEHUS] MPU 3TOM KOOPJUHAIIMOHHOTO YHMCJa, a 3HAYUTEIbHBIA MEpPEerpeB
OPUBOJAUT K 3aMETHOM TEpMHUYECKOM naucconuanuu coenuHeHuid. Ha ocHoBe
pEe3ybTAaTOB  HCCIACAOBAHUS  DIEKTPODU3MYECKUX CBOWCTB W OOBEMHBIX
M3MEHECHUU NP TJIABJICHUU U KUIKOM COCTOSHUU YCTAHOBJIEHO, YTO COCIUHECHUS
A"'BY g ygactHoctH, InSh, GaSh, AISb, npu nepexome u3 TBEpmoii (assl B
KUJKYI0 H3MEHSIIOT XapakTep XUMHUYECKOM CBSI3M OT MPEUMYIIECTBEHHO
TOMEOIIOJISIPHOM C HEKOTOPOM JI0JI€M MOHHOM COCTABISAIOLICH K METAJUIMYECKOM.
[Ipy >TOM TPOUCXOIUT pa3pYIICHHE MPOCTPAHCTBEHHOM CHCTEMBI KUIKUX
KOBAJICHTHBIX CBSA3E€H, COMPOBOXKAAIOIIMXCA MEPEXOJOM 3HAYUTEIBHOTO YHCIIA
AJIEKTPOHOB CBSI3M B CBOOOJHOE COCTOSIHME. JTU BBIBOJIBI ClI€JIaHHBIE HA OCHOBE
U3YUYCHUS bu3nIeCcKuX CBOMCTB MOATBEPKAAIOTCA JAHHBIMU
PEHTTEHOCTPYKTYPHOTO aHaau3a,  CBUJACTEIBCTBYIOIIMMU O  POCTE
KOOPJAMHAIMOHHOTO YKCJIa MPU Mepexojie U3 TBEPAOro COCTOSHUS B KUIKoe. B TO
K€ BpeMs aHaliu3 TeMIepaTypHOW 3aBUCHMOCTU BSI3KOCTH Ha OCHOBE TEOpHUU
aKTUBUPOBAHHOIO KOMIUIEKCA M ypaBHeHUs baumnHckoro [28] mokazan, 4To
nporiecc TpaHnchopmaluu CTPYKTYpbl M XapakTepa XUMHUYECKOM CBSI3M B TOYKE
IJIABJICHUS] HE 3aBepIIaeTCs [0 KOHIIA M PACHPOCTPAHSIETCS Ha HEKOTOPbIN
WHTEpBAJ TEMIIepaTyp yXe B 00y1acTu KUAKON ¢asbl, T. €. HabI01aeTCs SIBJICHUE
«TOCJICTUIABJICHUS», O KOTOPOM €II€ TOBOPWIM TomyJyisipHo. B 3Toit oOnactu
JKUJKOCTh  OKa3bIBAE€TCA KBA3WUIE€TEPOTCHHOW, M B HEH MOPUCYTCTBYIOT
MUKPOOOIACTH, COXpaHAIOIIME, B HW3BECTHOM Mepe, HacCJICACTBEHHbIC YEPThI
ctpoeHust TBEpmor Qaspl. PacueTsl, mpojenanneie B padortax [29, 30-35] nns
InSb, GaSh, AlISb, 06béMHast 1011 KIIACTEPOB COCTABJISIET TOT XKe MOPSI0K, YTO U
y 3JIEMEHTApHBIX MOJyNnpoBoaHuKoB Ge u Si. B mepuon mocie IutaBieHust Ipu
MOBBIIIEHUN TEMIIEPATypbl MPOUCXOASAT MPOLECCHI, CBOMSIIMECS K YIUIOTHEHUIO
CTPYKTYpPbl JKUJIKOCTH, T. €. K YBEJIWYEHHUIO KOOPAMHAIIMOHHOIO 4YHCIa U
pa3pylIEHUIO OCTAaTKOB TOMEOIOJISIPHBIX CBSI3e. DTO 3aKIIIOUEHHE COIJIACYeTCs C

BeiBojlamu Jlanunosa B. U. [31]. Cnenan BbIBOA O TOM, YTO PacTBOPUMOCTH
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BrucMyTa B INSh HOCUT perporpanubiii Xxapakrep. TBEpabIe M KHIKHE COCTOSHHE
MOIJIO OBbI JaTh BO3MOYKHOCTH IOJYYUTh MOJIHBIE CBEACHHUS 00 DHEPreTHYECKOM
CIEKTPE W MEXaHW3ME pacCesHUS HOCUTENEeW 3apsiga, a Takke O (DHU3UKO-
XUMHUYECKUX U3MEHEHUSIX MPH JISTUPOBAHHUH U IJIABJICHUH B 3THX OCOOBIX Kjlaccax
BEIIECTB.

AHTAMOHUJ] WHIWS SBISACTCS HanOoJiee W3YYCHHBIM IPEACTABUTEIIEM
coenunennii tuna AM'BYV. Jlpa 06cTOATENBCTBA BBIBLIBAIOT HMHTEPEC K ATOMY
MOJIYIPOBOJHUKY.  BO-TIepBBIX, = OTHOCHTENbHas  JIETKOCTh  TOJTY4YCHUS
MoHOKpucTayia InSb ¢ umcroroit Ha 2 — 3 mopsaka OOJNBIICH, YeM APYrux
coequernit Il w  V rpymm. Bo — Bropeix, INSh oGnamaer HEOOBIYHBIMU
CBOMCTBaMU OJyiaroiapsi 4pe3BbIYAMHO BBICOKOM TOJBUKHOCTH U HEOOJBIION
s¢dekTuBHON Macce 3aeKTpoHOB mpoBogumoctu. Coemumnenue InSb  ummeer
CTPYKTYpY IIMHKOBOW OOMaHKH. ETo TUIOTHOCTH W TOCTOSIHHAs pemIeTKa TMpu
KOMHATHO# Temmepatype 5,79 r/cm® u 6,48 A coorsercTBeHHO. IIpoBOANMOCTS U
apdpext Xosmra INSb Bemie TemmepaTypbl IUIABICHHS HMMEIOT 3HAUCHMUS,
XapaKTepHbIC TS JKUIKAX MeTaioB. Juarpamma cocrosaus In — Sb nposenena
Ha pucyHke 1. MHOTro HeoObIYHBIX CBOMCTB INSh cBszano ¢ Manoit adhdhexTuBHOM

Maccoll 3JEKTPOHOB MPOBOJAMMOCTH M, CJEAOBATEIIbHO, C UX BBICOKOH

IHOABUXHOCTBIO.
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XPpOCTOBCKUI U COTp. COIJIACOBAIM HAWIECHHBIE UMU JKCIEPUMEHTAIIbHbBIC
IIOABKHOCTH C  PACYETHBIMU  KPUBBIMU  IOJABWXHOCTEM HOCHUTEIIEU B
KPUCTAUINYECKOU PEIIETKE U JJIsI IPUMECH.

Onu IMOJIYYHIIN CICAYIOIICC BBIPAKCHUC I IMOABUIKHOCTU JJICKTPOHOB B

- _ 109 M
peLIETKE:! y, =1,09-10 Sk

Oto naér 3navenue 70000 cm? /B - cek. mpu 300° K. Xepman u cotp. Habmonau
3JEKTPOHHYIO mNozaBHAKHOCTE 500000cMm? / (B-cex). mpu 78° K mis o6pasua,
conepxamero 10 nonopos B 1em®. Ipupona mexannsma paccesaus s InSb u
npyrux coeauHenuit |l u V rpynn no cux nmop He BbiicHeHa [36-40]. OnHako
Openpeiix [41] mpuB€n aprymeHTbl B TMOJb3Y TOTO, YTO MPU KOMHATHOMU
TEMIIepaType MOABWXHOCTb 3JEKTPOHOB  ONpEAENsAeTCd  paccesHUeM Ha
IPOAOIBHBIX ONTUYECKUX KOJICOAHUSIX.

[To ero oueHke, MOABMKHOCTh MIPU aKyCTUYECKOM PACCESHUU MOKET OBITh
~10° cmM%/(B-cek). npu komHaTHOI Temneparype [35]. Koadppuuuent Xomna umeeT
SPKO BBIPAKEHHBIM MaKCHMYyM, KOTOPBIM CABUTAETCS K BBICOKUM TEMIIEpaTypam ¢
YBEIIMYCHUEM COJICPIKaHUS TMpuMeceld. XPOCTOBCKHA W COTp. aBTOpbI [35]
OLICHWIM »HHepruto uoHmszaumu axkuenrtopoB 0,007 sB w3 TtemmeparypHOU
3aBUCUMOCTH KO3 ¢uuueHTsl Xoja Ha BBICOKOTEMIIEPATYpHOU CTOpOHE
MakCUMyMma. OTO 3HAUYE€HHE HAXOJUTCA B XOpPOIIEM COIJIACUM C DHepruei
MOHM3AIMM, O0XHMJAeMOM HJii BOAOPOIONOAOOHBIX aKUENTOPOB. AHAIOTHYHbBIE
pe3yabTathl noiaydenbl Opuinme u Jlapk — [oposutiem [33]. TlogBwkHOCTH B
IIpUMECHOM 30He Obuta okomo lcm? /B -cek.. BBUIy OYeHb HU3KOrO 3HAYECHHS
3¢ (EeKTUBHON MacCChl 3JEKTPOHOB HHEPTUsl MOHM3AIMM JIOHOPOB OLIEHEHA BCETO
mmb 6 -10* 5B. HesicHO, MMeeTCs 1M 3aloJHEHHE JOHOPHBIX YPOBHEH mpH
temneparypax Hmwke 1,3° K B o6pasuax, comepxamux 10° nomopos ma lcm®.
CyIIHOCTh SIBJIGHUSI COCTOMT B TOM, YTO MpPH 3TUX KOHIEHTPALUSX IOHOPHBIE
npuMecu 00paszyloT 30HY, KOTOpasi MEPEKPHIBAET 30HY MPOBOAUMOCTH. CuuTaercs,
YTO CYIIECTBOBAHUE MEPEKPHIBAHUS CTABUT IO BOIPOC, MOTYT JIM 3TU U3MEPEHUS

INSb n-Tuma paccMaTpuBaTBCS KAk XapaKTEPU3YIOIIME JCHCTBUTEIBHO 30HY
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MPOBOJIMMOCTH, €CJIM - HET, TO B KOKOM Mepe HIMpHUHA 30HbI BUAOU3MEHSETCA
JIOHOPHBIM COCTOSIHMEM. XPpOTOBCKMH U cotp. [35] Hamuim, dYTo 3SHeprus
MOHM3alluM JOHOPOB, paBHas 103 5B, mabmomaerca mpu 28 K B obpasnax,
coAepKalIux 0KOJo 1013 JIOHOPOB Ha lems.

TermmomnpoBomHocTh INSh BriepBrie m3Mepena bymewm u Inaiinepom [42-44]
B TemnepaTypHor obsactu ot -180 mo 500 K, mosrydeHbl BBICOKHME 3HAuYeHUS,
ONM3KHMEe K TEIIONPOBOJHOCTH MeTauioB. Ilpu HHM3KMX TeMmiepaTypax
TEIIONPOBOAHOCTh IIOJUUHAETCS 3aKOHY T, NPUMEHUMOMY K PEIIETOYHOM
TEIJIONPOBOAHOCTU. JInsl mpuBEAEHUS B COOTBETCTBHE CO 3HAYEHUSIMHU MpU
BBICOKHX TeMIIepaTypax ObUT HCIOJIb30BaH JIOMOJHUTEIbHBIN YJI€H, UMEIOIIUN
dopmyy;

x =A - exp (—26/KT). (1)

BBeneHue 3Toro wieHa BhI3BAHO AIEKTPOHHOM YaCThEO TEIUIONPOBOIHOCTH,
IPOMOPIMOHAIBHON TUIOTHOCTBIO ToKa. Bmpouem Iltykec He HaOmoaan
YBEJIMYECHMS TEIUIOIPOBOJHOCTH, BBI3BIBAEMOM 3JIEKTPOHHOU cocTaBisronieil. Ee
BEJIMUMHBI ObUIM 3HAYUTENILHO HUKE B TeMIiiepatypHoil obnactu ot 40 no 425 K,
umes ipu 225 K 3nauenns mexay 0,02 u 0,03 xan/(cm? -Tpan).

Taxum 00pazom, Kak BUJHO U3 BBILIEU3IO0KEHHOTO, UHTEPEC K aHTUMOHUIY
UHAUS orpomeH.  Mmeercs HeMano MyONMKaUMid MO 3JIEKTPO(U3UUECKUM,
ONTHYECKMM W JPYruM cBoiicTBamu INSD, omHako CymecTBYIOT W HEKOTOPBIC

MPOTUBOPEYHS], TPEOYIOIINE TaTbHEUIIIETO UCCIICIOBAHMUS.

1.2. Daexrpodusuyeckune cBoiicrsa coenunenuii Tuna A'''BVnpn

BBICOKHX TeMIIEPATypPax, BKJIYAs U *KUAKYIO a3y

UccnenoBannio  (QU3MKO-XUMHUUYECKHX cBoiicts coenunenuii Al'BY B
yacTHOCTH INSb, mocssmeno HemoctaroyHo.. HM3BECTHO, 4YTO XUMHUYECKHE
coemunenust A'BY umeror yHuKanbHBIE CBOKMCTBA, B IeTEKTOpaxX MH(YPAKPACHOTO
W3IYy4EHHUs] ONTHYECKMX NPHOOPOB, B JETEKTOPaX MATHUTHOTO IIOJA, B
TEPMODJIEKTPUYECKMX TEHEPATOPaX, B IIOJYIPOBOAHUKOBBIX U COBPEMEHHBIX
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AJIEKTPOHHBIX YCTAHOBKax. B CBS3M C aKTHBHBIM pacUIMpeHHEeM o0iacTel ux
MIPUMEHEHUE UCCIIEIOBAHUE TEMITEPATYPHBIX U KOHIIEHTPALMOHHBIX 3aBUCUMOCTEN
KHHETHYECKNX MapaMeTpoOB MPEACTaBISICT OOJBINON WHTEpeC. TemmepaTypHbie U
KOHILIEHTPAIlMOHHbIE ~ 3aBUCUMOCTH  Kod3pduinmeHtoB  Xoja, TepMO-3/C,
AIEKTPONPOBOIHOCTh, MOJABUKHOCTh, KOHIEHTPAIUU U JIp. MO3BOJSIOT OIEHUTH
BBICOKOA((hEKTUBHOCTH Marepuasna Kak AKTUBHBIN AIEMEHT
TepMmoasiekTporeneparopos  [8]. B paGore [10] moapoOHO ommcaHbl U
aHAJTM3UPYIOTCS. OCOOCHHOCTH CTPYKTYpPbl M HX XapaKTEpP XUMHUYECKOW CBS3U Y
coenunenniit A''"BY, usMeHeHne CTPYKTyphl OJMKHETO TOPSAKA IPH IIABICHUH,
AIEKTPONPOBOJIHOCTh M TEPMO-3JIC IPHU BBICOKUX TEMIEpATypax, BKIOYas U
Kuakyro (azy. Ha ocHOBe MONy4YeHHBIX pPE3YyJbTATOB CJElaH BBIBOJ, UYTO B
MOMEHT IuiaBnenus coenuHenuii rpymnsl A''BY  pacmas okaswiBaeTcs
«KBA3UTE€TEPOTCHHBIM», COXpaHSAsl B OTACJIBHBIX MHUKPO-00JACTSAX DJIEMEHTHI
PBIXJION yIaKOBKU, CBOMCTBEHHOM KpucTauty. HarpeB crnocoOCTBYET YIIIOTHEHUIO
CTPYKTYpBI 32 CUET pa3pylICHHUs] ITUX MUKPO-00JIaCTeH U yBEIMUYCHUIO TIPU ITOM
KOOPJAMHAIMOHHOTO YHUCJa, a 3HAYUTEIbHBIA MEperpeB MPUBOJIUT K 3aMETHOMU
TEPMUYECKON AUCCOLUALMN COCIMHEHUHN. TPAHCIISIMUOHHOW CUMMETPUHU.
BriOpanHble HaMu OOBEKTHI HCCJIEAOBAHUSA MPEJCTABISIOT OOJBIION
WHTEpEeC Il Pa3IMuHbIX 00JIaCTe HAayKHM M TEXHUKH, a TaKKe TMOMCK HOBBIX
JIETUPOBAHHBIX O0Opa3llOB M HW3Y4YEHUE HX DJIEKTPOPUIMUECKUX CBOMCTB TaKXKE
MMEET HeMaJoBakHOE€ 3HadeHue B OyaymemM. OTMETHM, 4YTO MEXaHHU3M
AJIEKTPOIIPOBOTHOCTH, TepMO-37c U dddexra Xoma 10 cUX MOpP HE JO KOHIA
BBISICHEH, W TIPOBEJICHHUE DKCIEPUMEHTOB, 0cOOeHHO 10 3ddexty Xoimma, OyayT
OYEHb TIOJIE3HBIMU. V3ydyeHHe KOHLEHTPAIMOHHOM 3aBUCUMOCTH BAXKHEUIIUX
napamMeTpoB MOJYIPOBOIHUKOB, d(PdekT Xoia, ONTUYECKUX CBONCTB U APYTHX
HEJIOCTATOYHO JIJII TOT0, YTOOBl OTHECTHU JIAHHOE BEIIECTBO K TOMY HJIM UHOMY
KJIaCCYy MOJYyNPOBOJHUKOB. Hy>XHO y4MTBIBaTh, YTO 3TH MapameTphl SIBISIOTCS
WHTETPaJIbHBIMU W HE JAlOT BO3MOXHOCTh OJHO3HAYHO OMNPEACIUTh KJlacc
BemectB. Meroa sddekra Xosma sBisercs Oojiee TPYAOEMKHUM, HO C €ro

IMOMOIIbKO MOJKHO HCIOCPECACTBCHHO OIIPCACINTL KOHICHTPALHIO HOCHUTEJICH
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3apsna, 0 IPUHAAJIEKHOCTH BEUIECTB K TOMY WJIM MHOMY KJIACcCy, HO U CYAHTh O
3HaKE HOCHUTENICH SIBICHUW BBIPOXKIACHUS W HEBBIPOXKICHHS, U Ha UX OCHOBE
pPETyIMpOBaTh KOHIICHTPAIIUIO U TIOJy4aTh HOBBIC IOJYIPOBOJIHUKOBBIC
MaTepHalbl C 3apaHee 3aJJaHHBIMHU CBOMCTBaMU.

Kak wu3BecTHO, TepeHOC HOCUTENCH 3apsiga B KpPUCTAUIaX OOBSCHICTCS
KBaHTOBOW TE€OpHEH TBEPAOTO Tea, KOTOpPas OMUCHIBAET PA3MBIThIC TUCKPETHOTO
HPHEPreTUYECKOr0 CIEKTpa DJIEKTPOHOB aTOMbl B HJHEPreTUYECKHE 30HbI
KpUCTAIUTMUECKUX BemiecTB. Kpome OnpkHero mopsijaka, KpUCTall oOlajaeTr u
JanbHUM TopsakoM. Hanuuume nandpHEro mopsaka B KpHUCTAJIE SBISETCS
byHIaMEHTAIBHOW OCHOBOM TIOCTPOEHHUS TEOPUM DJIEKTPOHHOTO CIIEKTpa B
TBEPABIX  Tenmax. JKuakoe K€  COCTOSHHE  BENmIeCTBa  OTJIMYACTCS  OT
KPUCTAJUIMYECKOTO pexie BCETO OTCYTCTBUEM POCTPAHCTBEHHOM
MIEPUOIUYHOCTH B aTOMHON CTPYKTYpE, UYTO HE TO3BOJISICT NMPUMEHSATHh B OOIIEH
dbopme Teopemy broxa um TeM caMbIM cO3a€T TPYAHOCTH B TIOCTPOCHHUH CTPOTOMN
TEOPUHU DJICKTPOHHBIX COCTOSIHUN B TAaKMX CUCTeMax.  MHorue 3a/1a4H,
CBS3aHHBIC C HEYMOPSAOYEHHBIMH CHCTEMaMH, pEIIafoTCs  MOMACIISIMH
KBa3UKPUCTAIUTMYECKOTO TMPHUOIUKEHUS U «TIOYTH CBOOOJIHBIX 3JIEKTPOHOBY. [Ipu
ONMCAHWKM CBOWCTB KPUCTAUIMYECKUX METAUTMUYECKUX M TTOTYIPOBOJTHUKOBBIX
MaTepHaIOB HWCIOJB3YETCS KBAa3UKPUCTAUIMYECKOS TMPUOIDKEHHE, KOTOopas
ornupaercsa Ha Teoputo biioxa, KOTopasi MPUMEHSIETCSI B «IIPUOIMKEHHON (opMey.
BmecTe ¢ TeMm cocTossHME WMeeT ONMWKHHUN TOPSAO0K, T.€. TOCIe pa3pyIICHUS
JAIbHETO MOPSIKA MOSBISIOTCS MUKPOTPYIIITUPOBKU MM Kiactepsl [7, 45-49]. B
paborax X. ®pemuxom [50], A. WM. T'ybanoBeiMm [51] paccmarpuBaercs
MaTeMaTH4eCKoe TMPUMEHCHHE MOJIEIM W KBAaHTOMEXaHHYECKOE J0Ka3aTeIbCTBO
COXpaHEHUS B KUIKOCTSIX, AaHAJOTUYHBIM TBEPABIM TeJlaM, 30HHBI CTPYKTYPHI [25,
33, 52], u BmocieacTBUM pa3BuBajioch B padorax H. ®d. Morra u ero
nocyieioBaTese. Pe3yapTaThl pacueTa IMOKa3bIBAIOT, YTO «30HHAS CTPYKTypa» B
I[EJIOM COXPAHSETCs, OJHAKO DHEPreTUYECKUUM CIEKTP B HEYMOPSIOYECHHBIX
cucremax Oynuer obyagaTh psjgoMm crnennduyueckux oranumii [53,54]. Dra pasHuna

CMCIICHUA ypOBHCfI BCPXHCTO W HUIKHCTO Kpasi 30HbBI MPUBOJIWUT K PACHIMPCHHUIO
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pPa3pEeLICHHBIX 30H U CY>KEHHUIO 3allpElIEHHBIX 3a30poB. CleqyeT OTMETUTH, YTO
mogenb A. WM. T'ybanosa [52], cmpaBemiuBee Uisi HEKOTOPBIX THIOTETHYCCKUX
KUIKOCTEH TI0 CBOEMYy CTpoeHHI0 Onu3ka K TBEpAOMYy Teimy. OOBIYHO B
KPUCTAUIMYECKUX BEIIECTBaX MPH HHTEPIPETAlMM IPOLECCOB IEpeHoca
UCIIOJB3YIOTCA KHUHETHYEeCKUe YypaBHeHUs boasumana [50, 52], koropsie
OMHUCBHIBAIOT ~ M3MEHEHHWE IUIOTHOCTU COCTOSIHHMS ~ HOCHUTENeW  3apsiga B
DHEPreTUYECKUX 30HAaX. B paMkax KBa3MKpPUCTAIUIMYECKOrO IMOJXOJA TaKas ke
TPAKTOBKA KMHEMATHUYECKUX SIBIICHHM MOJKHA UMETh MECTO U ISl Pa3IMYHBIX
KiaccoB xkuakocteii. B padote I1. M. Augepcona [33], BBIABHHYTO HPEIOKCHHE
O JIOKQJIN3ALUH 3JIEKTPOHHBIX COCTOSIHUM. Henmokanu3oBaHHBIE, T. €. CBSI3aHHBIE C
MOHAMU aTOMHOTO COCTaBa U YCJIOBHO.

CrienoBatenbHO, YUYUTHIBAS PA3IMYHYIO CTENEHD JIOKAIU3ALUN 3JIEKTPOHOB B
00JIacTU pa3MBITOTO Kpas 30H, MOXKHO MPOBECTH Kauye€CTBEHHOE pa3JeicHUe
AJIEKTPOHHBIX PacIuIaBOB Ha knacchl. [1o muenuto Mortra [10], B JaHHOM cniekTpe
AJIEKTPOHHBIX PACIUIABOB CYIIECTBYET HeKoTopas rpaHuuHasi sHeprus (E— mms
AIIEKTPOHOB U By— 1151 IBIPOK), BBIIIIE KOTOPOM AJEKTPOHHOE COCTOSIHUE SIBJISIETCS
OOBIYHO JIOKAIM30BaHHBIM. JTa ujess MoTTa B HacCTOsIIIee BpeMs pa3padaThIBACTCs
rpynmnoit TeopetukoB Bo riaasa ¢ M. JI. KosnoM [55] u B HEKOTOPBIX MyOIMKaLMsIX
1o 3tomy nosoay [48, 56-67] maxe moaydeHBI KOJIMYECTBEHHBIC pe3yibTaThl. B
JKUJKOM  COCTOSIHUH YaCTUYHO HAONMIOaeTCAd TMPBDKKOBBI  MEXaHU3M
5JEKTPOIPOBOIMMOCTH, TJI€ HOABMKHOCTh NPHMMEPHO COCTABIseT mopsiaka 10°-
10° M%(B. ¢), ¥ ecnu CpPaBHHTh DTH JaHHbIE C JaHHBIMH 30HHBI MEXAaHU3M
nepenoca 3apsaga (mopsaka 10# — 10° m?%/(B. ¢)), TO MOXHO CHENATh BBEIBOJ, YTO
MOABWKHOCTh M3MEHSIETCS CKauKOOOpa3HO Ha TpaHUIle JIOKAJIM30BaHHBIX
COCTOSIHUM MOYTH B JBa MOPSIKA.

B pa6orax M. JI. Kosna [55] nmoka3zaHo, 4To B HEYMOPSAAOYCHHBIX CUCTEMaX
OCHOBHYIO POJIb B KHHETHMUECKHX SIBJICHUSX WIPAcT HE 3alpelleHHBIA 3a30p, a
HEKOTOPBI MHTEPBAI SHEPTUU, OTPAHUYEHHBINA KpaeM MOJABUKHOCTU 3JEKTPOHOB,
C OJIHOM CTOPOHBI, U KpaeM IOJBHXKXHOCTH NBIPOK, - ¢ Ipyrou. Ilo maHHBIM ero

KOJIMYECTBCHHBIX ONCHOK, 3JICKTPOIIPOBOAHOCTL CHCTEMBI IIpU ( = 0,3 HE
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npesbinaer Benududy 10*CM/M, 9TO CBOWCTBEHHO KHMAKUM IOIYIPOBOIHHKAM.

Takum oOpa3oMm, KHHETHKA I[epeHOca B IKUIKUX IMOJIYIMPOBOJHUKAX
OMpeeNIeTCs HATMYUEM JBYX MEXaHU3MOB — 30HHOTO U MPBLKKOBOTO.

B pab6ote [68] 3aiiman JIk. yka3bIBaeT Ha TO, YTO «(akT CyIIeCTBOBaAHUS
KUJKUX MOJyITPOBOJHUKOB B MIEPBYIO OYEPEIb CIEAYET CBSA3BIBATH C COXPAHEHUEM
OpUPOABl W KOH(PUTYpaIllMd aTOMHOTO WM MOJICKYJIIPHOTO TOTCHIHAIAY.
3amMeTUM, 4YTO BbICKa3blBaHWE 3aliMaHa MPAKTHUYECKH SIBISETCA HOBOM
dbopmynupoBkoit uaem akagemuka A. @. Hodde, KOTOphI BBICKa3bIBAII
MpeanosoxkeHue o0 OmpeNeNsomed poiu OJMKHEro Mopsika B (OPMUPOBAHUU
CTPYKTYpBI 2JIeKTpoHHOTO crektpa [8]. Ecim A. WM. I'ybanoB [51] ucxomut u3
MPEJCTABICHUS O MHUJKOCTH KakK O >XUIAKOM KpucCTajule, TO 3aiimMaH [68] Kk
oOpaTHOMY TPHUOJMKEHUIO — KBAHTUTA30BOM  MOJENU  OKHJIKOCTH  WJIU
NPpUOIMKEHUE TMOYTH CBOOOJHBIX JJIEKTPOHOB, KOTOPOE TaKXe IPUBOJUT K
«30HHOM CTPYKTYype»  JKUJKOCTH. YYHUTHIBas, 4YTO pACIOJOXEHUE HOHOB B
KUJKOCTU SIBIIIETCS B BBICHICH CTENEHW HeymnopsaodyeHHbM, JIk. 3aliMan
MPUXOAUT K BBIBOAY, UTO B 3TOM ciy4yae Hanbosee mpaBaonogo0Ha Takas MOJAEIb
JUISL  AJEKTPOHOB MPOBOAUMOCTH, B KOTOPOM HX COCTOSIHHE OMNMCHIBACTCS
OOBIYHBIMU IJIOCKUMHU BOJHaMu J¢ bpoiins, T. €. DIEeKTPOHHBIM Ta3
paccMaTpWBaeTCs Kak Ta3 CBOOOJHBIX JJIEKTpOHOB [26, 69-72]. k. 3aiiman
MPUXOJIUT K 3aKIIOUYECHUIO, YTO B3aUMOJIEHCTBHUE HJIEKTPOHOB MPOBOJAMUMOCTH C
aTOMHOM CTPYKTYpOU MOKHO OMHUCATh, KaK IU(PPAKIIUIO MJIOCKUX BOJIH HA CUCTEME
noHoB. B mepBom mnpubmmwkenun JIx. 3aiiman [68] mpuHHMaeT, YTO HOHBI
KUJKOCTU PACCEUBAIOT JJIEKTPOHBI, HE3aBHUCHMO JIPyr OT Jpyra, TorAa JJIMHA
cBOOOHOTO Mpobera ¢ MpH HE3aBUCUMOM paccessHUU ekTpoHa Ha N meHTpax
MOJKET OBITh MPECTABICHA B CIICAYIOIIEM COOTHOIIeHUH [73]:

% = 2n9]:(1—cos¢9)1(9)sin o (2)

rae 1(0)- nuddepeHInaTbHOES CEUCHHE pacCcesHUsS SJICKTPOHA Ha CBOOOIHOM

HOHC, 0 - yroj MCKAy ICPBOHAYAIIbHBIM HAIIPABJIICHUCM JIBUIKCHU A, V- aTOMHBIN
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00béM. B citydyae paccessHUS 2JIEKTPOHOB Ha CBOOOIHOM MOHE nuddepeHinaibHoe

CCUCHHE PacCesHUSI MOXKET OBITh MTPEICTABICHO B BUC [74]:

10)= e 1 e | 3)

A’

rae M- macca dIeKTpoHa; 72 -moctosHHas Ilnanka; UK‘ MMOTEHIIHAJI CBOOOIHOTO

atroMma. Ecnu cuurtath pacCCAaHrC 3JICKTPOHOB HA KAKAOM aTOMC HC3aBUCHUMbBIM, TO

JUTMHA CBOOOAHOTO IIpodera Oy1eT paBHa:

1V

= N(hzj [ (t—cos6)sin fju,|*do (4)

1
/
o —_—>
WJIU TIEpEX0/1a OT MMepeMeHON O K BOJTHOBOMY BEKTOPY Ky TTOTYIHM:

1 1(m\Vv | 1 %
f}[ﬁjﬁ ot [l e, (5)
F o

—
rae. kF — BOJIHOBOH BCKTOP CDepMH — JJICKTPOHOB, CBSI3aHHBIM C BOJIHOBBIM

BEKTOPOM COOTHOIIIEHUEM:
k =2kg sin (6)

IPU YCIOBHM, YTO IPH YIPYrOM PACCESTHUM TPU BEKTOpa F k_) k- oOpa3yror
pPaBHOOEIPEHHBIA TPEYTONBGHUK C yrioM 6  [pW BepiimHe, K- 3TO BEKTOP
- —
paccesiHus, U3MEHSomuics ot k, o k. OmHako naxe IS KUAKAX METaIOB
HEJIb3s MPEHEOpeYh CTPYKTYPHOM KOppEisAIMed B pacIOIOKCHUU aTOMOB. JTO
KOPpEJSIAS. MOXKET ObITh YYTeHa BBeJeHUEM i U (EepeHIIMATBLHOTO CCUCHUS
WJTH MTHTCHCHUBHOCTH PaCCEsIHHS JOOABOYHOTO MHOXHTENSA d (K) — CTPYKTYPHOTO
dakropa, BeIMYMHA KOTOPOTO CBs3aHa ¢ (DYHKIMEH paauabHOTO pacIpeIeICHHsI
noHoB. TakuMm 00pa3om, JJIs JJIUHBI CBOOOJAHOIO mpodera MOJyduM CIICAYFOIee
BBIPQKCHHE:
2k

1=1(@j { [lu.] al | a(ic ) dic )

¢ rm\h) N |4x.
3areM, TOJICTaBISAS ATO BBIpAXEHHE B (POPMYJIC AIEKTPOTPOBOIHOCTH U TEPMO-3]IC

METaJuIoB, 3aiimaH [60] momy4wi criemyromnme pacdeTHbie (YOPMYIIBL:
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> N 1
o=— —— 8
37Z' F V <a(K‘XUK|2> ( )
nu
_ _TL'kET _ [2a(2kp)|urkpl 2]
N 3eEF{ (a()lugl2y 9)

rae Kg-nocrosiHHas bomeumana, T, K — temneparypa, Er — sneprus ®@epmu, a

a(2x. ) u (ZK =) - sHaueHHe CTPYKTYPHOro (BAKTOPa I MOTEHIHATA CBOGOIHOrO

WOHA B 00J1acTH yaBoeHHOTO pagnyca @epmu. M3 cootromenwii (8) u (9) cnenyer,
YTO JJIS pacueTa JIaHHBIX AIEKTPOPUINYECKUX XapaKTEPUCTUK HEOOXOAUMO 3HAThH
WX LEHTP, BEJIMUMHA KOTOPOTO0 HUKOTJIa He ObIBAET TOYHO U3BeCTHA. JIJis permeHus
sToi 3amaun JIk. 3aiiMaH MpeiokKuI UCIOJIb30BATh B KAYECTBE PACCEUBAIOIIECTO
MOTEHIMAIA «IICEBJONMOTEHIIMA» HOHA B MeTaylie, 3JeKTpoHHbIM «[laymmy»
OTTAJIKUBAHUEM B3aUMOJCHCTBHEM CBOOOJHOTO DJIGKTPOHA C JJIEKTPOHAMU
MOJIHOCTBIO  3alOJIHEHHBIX  oOojouek. B3amMHas  koMmmeHcausi  3THX
MPOTUBOMOJIOKHBIX IO 3aKOHY MOTEHIIMAJIOB JaéT Mallyl0 BEJIWYMHY, KOTOpas
MOXET OBITh CpaBHHMMA C TMOTEHIIMAJIOM paccesHusl majaaroimieid BosHbl [52]. B
HACTOSIIIEe BpeMsl IMPU pacueTax KUHETUYECKUX CBOMCTB JKHMJIKHUX METaJUIOB
YCIICIITHO UCIONB3YIOTCs TiceBaonoTeHmmansl B. A. Xapucona [74], A. O.
Anunmony, B. Xeitne [75], JI. Kpacko [53, 54], H. B. Amkpodra [76], AnekceeBa
B. A., AuapeeBa A. A., Ilpoxopenko B. II. [67] u apyrux aBTopoB [57-81]. O1n
TICEBIOTIOTCHIINAJIBI KaK BHIBEJACHHBIC M3 TIEPBBIX MPUHIIUIIOB, TaK U MEJJICHHbIC,
MMEIOT CBOE MPEHUMYILECTBA U HEJOCTATKH B MPOLIECCE WX HUCCIEAOBAHUA IS
pacuera KOHKPETHBIX CBOMCTB JKHUJKHX METAJJIOB M, KaK OTMEuUaeTcs B padote
[54], mo3BOMAOT HA AAHHOM OTale PA3BUTUS  HAIIUX TEOPETHUYCCKUX
NPEACTABICHU O  TPHUPOJAEC  MEKATOMHOTO  B3aUMOJCHCTBUSI  BHIOpATH
ONTUMAJBLHYIO  YHHUBEPCAJIbHYIO MOJEIb JUIsI  pEabHOTO  BEIIECTBA C
OTIPEJICTICHHBIM THUIIOM XHUMHYECKOW CBs3u. UTO xKe Kacaercs CTPYKTYPHOTO
dbakTopa, €ro ONPEACNISIIOT  TEOPETHUUECKUM  IyTeM, U3  Pe3yJbTaToB
peHTreHorpaduyeckux UiIu HeUTpoHorpahuueckux SKCIepuMeHToB [76, 77, 79].

JIBIJKEHUE DJJIEKTPOHOB M JBIPOK B IOJYNPOBOAHUKAX HMMEET OYECHb
26



CIIOKHBIN XapakTep, MO3TOMY NpPUMEHEHHE aauadaTHYecKOTO MPHUOIMKEHHUS K
HUM SIBJISICTCS 00JIee BBITOIHBIM, YEM JIPYTHE MOJICIIH.

Knaccuueckas ctatuctuka bonpiiMana ¢ e€ paBHOMEPHBIM pacrpe/eieHueM
DHEPTUHM 10 CTEMEeHSIM CBOOOJBI OblJla 3aMEHEHAa KBAHTOBOW CTAaTHYECKOH,
Pa3BUTOM JIJIs ANIEKTPOHOB B MeTaute @epmu u J{upakom [81]. UToObI onpenenTh
HaWBEPOSTHEHIIEE pacIpeesicHne JJICKTPOHOB MpH Temmeparype T, MOXKHO
MOJICYMTATh YHCIIO BO3MOXKHBIX pacIpe/elICHH, JOIMyCKaeMbIX cTaTukoi depmu-
Jlupaka, ¥ HAUTH YCIIOBUS, P KOTOPHIX 3TO YHCIIO JOCTUTAET MAKCUMyMa, TaKOE
pacrpeseniendie U OyJIeT paBHOBeCHbIM. KBaHTOBasi CTaTUCTHKA, B OTJIMYUE OT
KJIACCUYECKOM, pa3inyaeT COCTOSHHE TOJbKO IO YKCIY d3JEKTPOHOB B JaHHOU
sueiike, 0OMEH K€ 3JIEKTPOHOB MECTaMH HE YUYUTBHIBACTCS, T. K. 3aMEHa OJHOTO
AJIEKTPOHA JPYTUM HUYETO HE U3MEHAET B (PU3NYECKOM COCTOSIHUM TBEPJIOTO Tea.

JIisi omucaHus JABWIKEHHUS DJIEKTPOHA, paccMaTpUBAcMOro Kak dYacTHIla B
ANEKTPUYECKOM moJie  (KpUCTALIMYECKOM pelieTke), WIh B  CBOOOJHOM
MPOCTPAHCTBE, MOJB3YIOTCS, KpoMe KuHeTudeckoil sHepruu (E) emé moustuem

«UMITYJIBCY», WU KOJMYECTBO JBMKeHUd ( P = Mv ). Mexnay (E) u p cymectByer

COOTHOIIICHHUC:

E=t (10)

B BOJIHOBON MexaHUKE MMMYJbC (pP) MOXKET ObITh BBIPQXKEH uUepe3 JIIUHY

BOJIHEI (1), T. €.

h 2

N3BecTHO, uTO BOJIHA fe¢ bpos:

A=h/m9=h/p torna p=h/A=2ml2 (12)
3neck: h=h/27=6,62-10%/2-314=106-10" Dpr.cexk.
OOparHas BeMYnHa:

2T i
—=k (13)
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-

37€C. k- gucno BOJIH, YKJIAAbIBAIOIIHUXCA Ha MJIIMHC 271', Ha3bIBACTCA BOJIHOBBIM

BektopoM. Torma, cormacHo (11) wmmm (12), K cBs3aHO ¢ HWMIyJIbCcOM P

YPaBHEHUEM:
p =7k (14)
Y TI0JI00HO UMITYJIbCY, OIIPEESAETCS HAlIPABICHUEM JABUKEHUS JIEKTPOHA.
HccnepoBanue >KUIKMX METAUIOB M MOJYIPOBOJHUKOB, W MEXaHU3Ma
IUIABJICHUU U KPUCTAJUIM3ALUH, C KIACCUYECKON TOYKU 3pEHUs, NPUHAICKUT S.
N. ®penkemo. COBpEMEHHBIE MOJENM DJIEKTPOHHBIX PACIUIABOB M IIJIAKOBBIX
pacTBOpPOB WIPAarOT pPOJIb B Pa3BUTUM TEOPUH JKUJIKOIO COCTOSIHUS, OJIHAKO
YAaCTUYHO JOMNOJHSAKT WIM UrHopupyror Tteopuro Ppenkens . HU. o
KBa3UKPUCTAUIMYECKOU CTpyKType kuakocted. I. B. Crwoapr [26, 27]
IPEIIOKUII MOJIEb KUJKOIO COCTOSIHHS, B KOTOPOM 3apsJibl pacIoyararTcs Ha
Oonpmiie  00BEMBI, 00pa3ylOTCs MHKPOTPYNIHUPOBKH, HAMOAOOME poOU H
CUOOTaKCUCHI, MTOXOKHE KaK B TBEPAOM Tene. MexXIay MUKpOTpyNIHUPOBKAMU
IPOUCXOAUT OOMEH 3apsiioB, B CBSI3U C 3TUM HEKOTOPBIE U3 HUX pa3pyllIaloTcs U
CO BpEMEHEM IMpOoNajalT, IpPyrue OOHOBISIOTCS, a BO MHOTMX CIydasx
IIPOUCXOJIUT B3aUMOJIEHCTBUE Pa3HOMMEHHBIX 3apsAloB. [[pyrue momenu »KUAKOro
cocrosiuus npenoxunu Jx. bepnan, Jx.E. Jlennapa, N.3.®umep, H.®. Motrt n
P.B.I'enpu u MHOTHE Apyrue uccienoparen. HecMoTps Ha OrpOMHOE KOJIMYECTBO
MOJIeJIEl, KOTOpBIE CYIIECTBYIOT B HAy4YHOW JUTEpAType, 10 CUX IOp HET
ONMpEeNeNEHHOr0  Ha3BaHUs OOHAPYKMBAEMBIX B KUAKAX MeTalylaX U
MOJIyIIPOBOJHUKAX KBAa3HUKPUCTAIMYECKUX TPyNIUpoBOK. OIHHA ydeHbIE HAa3BaIu
UX CcHOOTaKcucamMH, JApyrHe MHUKPOTPYNIHUPOBKAMH, TPETbU - KOMIUIEKCAMH,
4yeTBepThle KiacTepbl. HekoTopble wuIen W METOAbl MNOTYUHSIOTCS OOLIUM
IPUHLIAIIAM KBaHTOBOW MEXaHUKH, B yacTHOCTH, puHIumy [laymu. Ob6ocHoBaHMe
JIAHHOTO TPEAIOJIoKeHsI Oazupyercss Ha paborax ['puna, Koxna u Paiica [73],
KOTOpbIE  TOKa3aJd, HalIpuMep, UYTO BKJIAJ  JBWXKEHUS  arOMOB B
AIIEKTPOCONPOTUBIIEHNN JAXKeE y TAKOTO JIETKOT0 3JIEMEHTA, KaK HATPHii, MEHbIIIE 2

%, a BKJIaJd B TCINIOIIPOBOAHOCTL TAKKE NOCTHUIa€T BCEroO HECKOJIBKHUX ITPOLCHTOB.
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Takum o00pa3oM, MOXHO IIOJIaraTh, 4YTO OCHOBHBIE (U3MUYECKHE MapaMeTphl
KUJKOCTU 3aBUCSIT HE OT MTHOBEHHOTO IOJIOKEHHS MOHOB, a OT ONpE/IeIECHHBIX
CTATUYECKUX Koppessiuuid. JJis pereHus: NoCTaBAEHHbBIX 3a/1a4 HY>KHO YYUTHIBATh
BO3JICUCTBHE pA3IMYHBIX BHEMIHUX (PAKTOPOB Ha TOYHOCTHh H3MEPSIEMBIX
napaMmeTpoB. B wactHoctH, Takol ~ OO0mMHA  TOAXOA B ONHCAHUU
AMEKTPOPHU3NIECKUX CBOMCTB JKHAKHX METAUIOB W METAJUTM3YIONIUXCS TpHU
IUJIABJICHUM TOJYIIPOBOJHUKOB MO3BOJSET YYECTh BIMSHUE MArHUTHOTO TOJIS U
OOBSCHUTH OTKJIOHEHHE IMOCTOSIHHOW XOJUla OT TEOPUU CBOOOIHBIX JICKTPOHOB,
OCHOBBIBAsCh HAa HJEAX KBA3MKPUCTAJUIMYHOCTH >KUJKOCTH WM OCTaBasCh B
paMKax KBa3UTa3oBOro mpuOIMKeHUs. PaccMOTpuM HEKOTOpbIe MOJIEIbHBIC
TEOPUHU, KOTOPbI€ OBLIM BBIIBUHYTHI MJi1 OOBSICHEHUS OTKJIOHEHHM KOHCTAHTBHI
Xomia OT TeOpUU CBOOOJHBIX AJEKTPOHOB, B YaCcTHOCTH, Teopus S. . ®dpenens,
A. P. Kopomnbkoga, I'. B. Ctroapra, JIx. bepnana, [Ix. E. Jlenopna, 1. B. ®umepa,
H. ®. Morra, P. B. I'enpu, E. C. ®ununosa, I'. Diipunra, A. Yo66enone, O.
Jluanemana u apyrux [26, 27]. H. ®. Motr pa3pabotan M-MOAeIb KHIKUAX
METAJIJIOB ¥ TIOJYyNPOBOIHUKOB [27], a M. Katiepom [26] 3Ta Momens mpruMeHEeHA
K KOHKPETHBIM COEJUHEHHSIM. YBEJIWYEHHUE TEIUIOBOW JHEPrUU C POCTOM
TeMIEepaTypbl MPUBOJUT K Pa3pylICHUIO TTyOWHBI TMCEBAOIIETN U YBEIMUCHUIO
MJIOTHOCTH COCTOSIHUSI, TPHU OSTOM DJEKTPUUECKHE CBOMCTBA TMEPEXOasIT B
TUMTUYHBIC CBOMCTBA KUJKUX MeTauioB [26]. HecMoTpst HA TO, 4TO MeTaJIMYECKast
MOJIeb JAéT MPOCThIE U YJIOBJIETBOPUTENbHBIC PE3yJIbTaThl JJISI Kau€CTBEHHOIO
OOBSCHEHUS TOJIYITPOBOJHUKOBOTO TIOBEACHHS >KUIKOCTEH, COOTBETCTBYIOIIWE
TEOPETUUYECKHE MPOOIEMbI OUEHb CJIOKHBI U3 — 3a CUJIBHOTO B3aUMOJICHCTBUSI.

B nocnennee Bpems nosiBuics psan paoor [S1, 82, 83], B KOTOphIX U3yUeHHE
(U3UKO-XMMHUYECKUX TMapaMeTPOB OIMKCHIBACTCS TEOPUEH CaMOCOTIACOBAaHHOTO
MoJIsl, © Ha OCHOBAHUU ATUX MPUOJMIKEHUM MOMXHO XapaKTEpH30BaTh IJIOTHOCTH
COCTOSIHUSI B 3aBHCUMOCTH OT cocTaBa ciuiaBa. ['yOaHoBeIM [51] BBeneHa
nedopmariis uAeaIbHOTO KPUCTAJIa B KAYECTBE TapaMeTPOB TEOPUH BO3MYIIICHUN
U TOJy4YeHbl YypaBHEHHMs, onuchbiBatome 3P(EKThl N3MEHEHUS BOJHOBBIX

(GYHKIUI 1 SHEPTUU SJIEKTPOHHBIX COCTOSTHUIMA.
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Mopenb MOJIEKYJSIPHBIX CBsi3ed K JKUAKAM TOJYyHPOBOAHUKAaM Oblia
npumeHena M. Kamiepom [26]. OH ke UIsi HEKOTOPBIX IMOJYHPOBOJTHHUKOBBIX
CHCTEM NPUMEHSET HOBYIO MOJEIb MOJYMPOBOAHUKA —S-THMAa. B OCHOBHOM, 3Ta
MOJIeNIb  YYUTBIBA€T, YTO B  TOJYNPOBOAHUKAX  AJIEKTPOIPOBOIHOCTH
YBEJIMYUBACTCS, @ TEPMO-3/IC MEIJICHHO YyOBIBaeT C pOCTOM TeMmrieparypsl. s
OMUCAHUS KUHETUYECKUX SIBICHUU B JIBOMHBIX U TPOWHBIX MOJYHPOBOJIHUKOBBIX
COCJIMHEHUSX IPUMEHSIEM S-MOJIeIIb U YBUUM, UTO OHA peaTn3yeTcs
Heruioxo. Hapsany ¢ oqHO30HHOM S —MOAENbI0 HAllUTM JBYX30HHYIO S-MOJIENb, C
IOMOUIbI0 KOTOPBIX MOYKHO OOBSICHUTH OTKJIOHEHHE 3HaYCHHE KOHCTAHThI XOJia
or TCD. Mnga XuAkux MeTaioB KO3(PPuIueHT Xoijja MOXHO HamucaTh
CJIETyIOLIUM BBIPAKEHHUEM:

:1. (nn:ur? _npﬂé)
! € (nn/un—l_np:up) ’

R (15)

rac nn’p u /un,p' COOTBCTCTBCHHO KOHIOCHTPAIUA W IIOABHIKHOCTBL 3JICKTPOHOB H

TIBIPOK.

Mogenb MOJEKYJSIPHBIX CBSI3€M JA€T TakkKe HEKOTOPOE MPEACTABICHUE O
BO3MOYKHOM BJIMSSHUM TEMIIEPATYpPbl HA SJIEKTPOHHYIO CTPYKTYypy. TeruioBbie
KoJeOaHMs, HMCKaKaIMUe KOHPUTYpPAIMM KOBAJICHTHO CBS3aHHBIX aTOMOB,
YMEHBIIAIOT 3(PPEKT paciierieHus YpOBHEH U CIBHUTAOT SHEPIUIO0 JTUCKPETHBIX
YPOBHEHN K UX HAYAIbHBIM 3HAYEHUSM, COOTBETCTBYIOIIMM aTOMHBIM OPOUTAIAMHU.
Jpyroi BO3MOKHOCTBIO SIBJISIETCS Pa3pblB HEKOTOPBIX cBs3eil. Koraa paspeiBaercs
CBSI3b, TMOSIBIISIETCA JOIOJHUTEIIBHOE COCTOSIHUE Y JIMIIHUX DJICKTPOHOB B
BaJICHTHOM 30HE Ha KXY Pa30pBAHHYIO CBS3b, TAK YTO CyMMapHbId d(dexT
COCTOUTCS B J00aBJICHWH OJHOW JBIPKH. ECTh OCHOBaHHS OXHAATh, YTO
pa3opBaHHBIE CBA3M 0oJiee€ BaXHbI KakK MpPUYMHA TEIJIOBOTO HW3MEHEHUS
AJIEKTPOHHOM CTPYKTYPHI JJIs1 MOJIEKYJI THIIA LIEMOYEK, TOT1a KaK UCKAXKECHHUE CBSI3H
MOTKET IOMUHUPOBATH B CETUATHIX CTPYKTypax.

JInst IETKUX SJEMEHTOB, KOTOPBIE YYacTBYIOT B OOJIBIITMHCTBE 3HAKOMBIX
IpUMEPOB 00pa30BaHMsI KOBAJICHTHBIX CBS3€H, MEKMOJICKYJISIpHAS CBS3b Cllada 1Mo

CpaBHCHHIO C BHYTPHMOJCKYJIAPHBIMU BSaHMOHCﬁCTBHHMH. HpI/I‘{I/IHa 9TOI0O
30



CBsI3aHA C TEM, YTO TSLKEIIbIE JIEMEHTHI UMEIOT 0OJIbIIIE HOHHOTO B3aUMOJECHCTBUS,
a BaJCHTHBIE AaTOMHbIE OpPOMTAIMM HE TaK XOPOIIO OTIEICHbI OT HEro 0
SHEPIUsiM, KakK B cliydae JIETKUX aTOMOB.

B Momenu MonekymspHbIX opOuTaneit  Yaripom u  Topriom [84]
MPEoJiaracTcs CyIeCTBOBaHNE OJMKHETO MOPsIIKa, XapaKTEPHOTO ISl CUCTEMBbI
C KOBAJCHTHBIMHU CBSI3SIMH, HO OTJIMYHBIMM OT HYJIA, NPUHUMAIOTCS JIUIIb
B3aMMOJICUCTBUS MEXKIY OMKAWIIUMU COCEISMHU, TaK YTO JAIbHHUI MOPSIOK HE

HUrpact poJin. 9T0 BHU/IHO U3 BBIPAKCHUA MJII MOJACIIBHOI'O TaMWJIbTOHUAHA!

H= Z V1‘¢ab>¢ab<‘ + Z V, ¢ab><¢alb
a,bzb? a=a,b (16)

3nmechb: ¢, ,- BOIHOBasI (PYHKIHS, COOTBETCTBYIOIIAs aTOMY Ha y3lie a U CBs3H D.

Takum oOpa3oM, V, ONpeaensieT B3auMOIEUCTBHE MEXITY PAa3IUYHBIMU CBS3SIMU Ha
OJIHOM aTtomMe, a V, - B3aUMOJCHUCTBUE MEXKIY COCEIHHMH aTOMaMH,
COCIMHCHHBIMU JaHHOW CBA3bi0. C IIOMOIIBIO MATPUUYHBIX METOJOB MOKHO
MOJIY4YUTh UH(GOPMALIUIO O TJIOTHOCTH COCTOSTHUNA. CaMbIM Ba)KHBIM PE3yJIbTaTOM
3TOM paboThl OBUT OOIIMN BBIBOJ O TOM, YTO TOIMOJIOTHYECKUN Oecrnopsok (T. €
OTCYTCTBHE JAJIBHETO TOPsAKa) caM 1o cebe He JUMKBUIAUPYET 3alPETHYIO 30HY.
[lo — BugUMOMY, OTOT MOJAXOJ MOXKHO OOOOIIUTH Tak, YTOOBI YYECThb
JNAIBHOJICUCTBYIOIINE B3aUMOJICUCTBUS, TaKWE€ KaK B3aUMOJICHCTBUE BTOPBIX
OMmKaMIKMX cocele, U PaCCMOTPETh CUCTEMBI, COCTOSIINE U3 aTOMOB 00Jiee YeM
OJIHOTO COpTa.

CyiiecTByeT JBE€ TOYKHA 3pPEHHUSI Ha MPOUCXOXKACHUE KIACTEPOB MIPHU
maaBjieHud kpuctaia. IlepBeie u3 Hux npuHagaexur B. A. Tumypy [85],
KOTOPBIM CUMTAET, UTO MPOIIECC TIIABJICHUS MPOTEKAET MO0 CXeMe OMMOJICKYISIPHBIX
peakiuu, T. €.

p + A15Anyq (17)
r€: - OTIENbHBIA aTOM WJIM MOJIEKYyJa, &, —KOMIUIEKC W3 #- aTOMOB

(MoJieKyI).
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Ecnu ydectp 3Ty TOUKYy 3peHHS, TO B TPOLECCE IUIABICHUS KPUCTAILI
CHayaJla paclajaeTcs Ha OTACJbHBIC YAaCTHUIIbl, a 3aTeM B KHJIKOCTH, 3TH aTOMBI
3aHOBO 00pa3yroTcs, 0OBEAUHSIOTCS B MOAOOHYIO CTPYKTYpPY, 00pa3ys KiacTephl.
[Ipu sTOM KiacTepbl HE SBISIOTCS CBA3aHHBIMU C MCXOJIHBIM TBEPIBIM TEJIOM.
Torma, MOXXHO TPEMIOKUTH, YTO TPH KPUCTALIM3AIMHA KJIACTEPhl CHadaia
pacmagarTcs Ha OTICIBHBIE ATOMBI, a TMOTOM KaXKIbI aTOM TNPWIHAIMACT K
3apOBIILY U B pe3yJbTaTe MPOUCXOAUT KpucTaumu3anus. OIHAKO CTYyNeHYaToCTh
NPOIECCOB TUIABJICHUS M KPUCTAIUTM3AIMM HE OTBEYACT MPHUHIMIY MHHAMYMa
’HEepruu. BMmecTe ¢ TeM OTMETHM, YTO TaKWe YIyIIEHHUs JOIMYyCKalOTCS B CBS3H C
TEM, 4TO pa3paboTKa TEOpHUHU IJIABJICHUS U KPUCTAJUIM3AIMU T03aUMCTBOBAaHA U3
pa3paOoTaHHOM cXeMbl ucnapeHuss u KonjaeHcanuu [86-88]. HeobOxoaumo
pa3paboTaTh TEOPHIO KOTOpas, NOJKHO OBITh, B OOJBIICH CTENIEHW OTBEYAET

NPUHIUITY MUHUMYMA U (DaKTy CyHIECTBOBAHUS KJIACTEPOB.

1.3. CoBpeMeHHBbIE MOJ€EJN METAJLJIOB U TOJYIIPOBOJAHUKOB B

TBEPAOM U KUJIKOM COCTOSIHUH

[Torick HOBBIX BBICOKOA(()EKTUBHBIX MOJIYITPOBOJHUKOBBIX MAaTEPUAJIOB JIJIsi
CO37IaHHUSI AKTHUBHBIX TEPMODJIEKTPUUECKUX TEHEPATOPOB, OBICTPOICHCTBYIOIMINX
MepeKIoyaTeiel MW MHUKPOIJIEKTpOHHBIX ycrpoiictB u  CBY  mpubopos,
MHTCHCUBHBIMH TEMIIAaMM Hayal pEIU3alMi0 BO3MOXKHOCTEH BOJOKOHHO-
ONTUYECKUX JIMHUW CBSI3UM U UHTETPAJIbHOW ONTUKH, & TAKXKE MHTEPIPETALUIO Ha
OCHOBE COBPEMEHHBIX MOJIENIC 3JICKTPOHHBIX PACIUIaBOB, KOTOPBIE SIBJISIOTCS
aKTyaJIbHBIMH.

N3yuenne »mekTpodU3NUEeCcKUX, TEPMOAUHAMUYECKUX, CTPYKTYPHBIX H
JPYTUX CBOMCTB MOJYyHNPOBOJHUKOB, B TOM YHCJIE CBOMCTB HEYMNOPSIOUYCHHBIX
KOHJICHCUPOBAHHBIX CHCTEM TMPUBJICKACT BHUMAHWE HE TOJBKO (PHU3UKOB U
XMMUKOB,  HO W  TMPEACTaBUTENEH  CMEXHBIX  Hayk. JlerupoBanue
MOJIYTIPOBOJHUKOBBIX ~MaTepHajioB Ja€T BO3MOXKHOCTh MNPUOOPECTH HOBBIC

oOpa3Iel ¢ 3apaHee 3aJaHHBIMA CBOMCTBaMHU. [26-29,82],
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Psin aBTOpOB mocTapanuck pa3paboTaTh €IUHYIO TEOPUIO HEYTIOPSIOYCHHBIX
CHCTEM, TJIe BOXHYIO POJb WTPACT CIydyalHOE IOJIe, U DHEPTeTHUSCKUN CIIEKTP
HU3KOJIC)KANUX COCTOSHUN HEYMOPSIOYeHHBIX cucTteM. CyIIecTBYIOT BETBH
CTIIEKTpa, OTBEUAIONINE OJHOYACTUYHOW KapTHHE, T. €. AHAJIOTH KBa3WYACTHIL.
OmHAaKO B CHJIYy OTCYTCTBHS TPAHCJISIIMOHHOW CHUMMETPUHM CHCTEMAaTHKa JTaKe
OJTHOYACTHYHBIX COCTOSHUH B HEYNOPSJIOYCHHBIX CHCTEMaX OKa3bIBAeTCS MEHEE
HaTJISIHOM, a CTPYKTypa CrekTpa — 06ojee pa3sHO0Opa3HO, 4eM B yHOPSAI0UYECHHON
cucteme. B pabote [28] aHanmu3upyroTCs YHEPTrETUICCKUAE CIIEKTPHl U KBAHTOBBIE
COCTOSIHVISI HEYTIOPSIOUECHHBIX CUCTEM U B IEPBYIO OUEPE/Ib IMJIOTHOCTH COCTOSIHUMN
U TMPOCTPAHCTBEHHO-BPEMEHHBIX KOPPEJSITOpPaxX, 4Yepe3 KOTOPHIC BBIPAKAIOTCS
OCHOBHBIC TEPMOJMHAMUYCCKUE M KHHETHYCCKUE XapaKTCPUCTHUKU CHCTEMBI B
pamMKax OJHOYACTHYHOW 3a1auu. [[BHKEHHS YacTHI] B SJCKTPOMArHUTHBIX IMOJIAX,
IJIe JaHbl CTATHYCCKHE XapaKTEPUCTHUKH U METOJBI pacuera JICKTPOPUINICCKHUX,
TEPMOAJICKTPUICCKUX U ONTHYCCKHX XapaKTEPHUCTHK, HPUBEJICHBI B padote [29].
HeymopsiioueHHbIE CHCTEMBbI, B YaCTHOCTH, CTEKJIOOOpa3Hble, aMOppHBIC U
CHJILHOJICTUPOBAHHBIC METAJUIMUECKHE M TOJYIPOBOJHUKOBBIC COCIUHEHUS II0
CPaBHCHHIO C KpHUCTAUIaMH, B KOTOPBIX MPOUCXOIUT PA3PYIICHHE IaTbHETO
TIOPSAIKA U MOSBJICHUE OJMKHETO, B CBS3H C YeM IPOUCXOIHUT YCHUIICHHE 3BYKOBBIX
BOJIH C OECIOpSIOYHBIMM aMIIUTydamMu u  (asamu. B 3ToM cocTosHHM
HEYTOPSIOYCHHBIC CHCTEMBI JOJDKHBI TTOJUYUHATCS ONPEACICHHOMY 3aKOHY,
OJIHAKO JI0 CHX TMOp HE pa3paboTaHO eauHas TEOpHs, KOTopas MO3BoJjsia Obl
OIKCBIBATh 3TO cocTosiHue [6, 7]. B pabote [26] aHAIM3UPYIOTCS HMEIOIIHECS
MOJICTT HEKPUCTAJUTMUECKUX BEHICCTB W Ha KOHKPETHBIX JKCIICPUMEHTATBHBIX
pe3ynbTarax IoKa3aHa, MPUMEHHMOCTh TOW HWJIM HMHON MOJCIH 3JICKTPOHHBIX
pacmiaBoB. Takue ke aHanu3sl npuBoaaTcs u B padote [27]. Kpokcton A. K. [30]
MOKA3bIBACT, YTO CMEKHBIC pa3jieibl (U3UKH MPEABIBISIOT K (PU3UKE XKUIKOCTEH
BCe Bo3pacTaroiue TpedoBanus. B 3Ty 00nacTh €€ co BpeMeH MepBbIX Pacu€éToB
bonbiMana, 9ToOBl JaTh YIOBIETBOPUTETbHBIE O0BsICHEHUS (Ha30BOTO IMepexojia
MEXTY )KUKOCTBIO U TBEPBIM TEJIOM, ObLITa BO3MOXKHOCTh BBIYHCIUTE O0siee TpEX

KOA(p(GUIUMEHTOB B BUPHAIBHOM PA3JIOKEHUU [UJIsI CUCTEMBbI TBEPABIX cep.
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MHuorue aBTOpbl, HauumHas OT DpeHkenss U [0 HaAUIMX JHEH, MONBITAIUCH
pa3paboTarh €AMHYI0 TEOPUI0 HEKPUCTALTUYECKUX WM K€ HEYMOPSA0YEHHBIX
CUCTEM M YaCTUYHO JOOWIHMCH ONpENENIEHHbIX ycnexoB. OQHAKo 10 CUX MOp He
CYIIECTBYeT M He pa3paboTaHa enuHas Teopus HEYMOPSTOUYCHHBIX CHUCTEM,
KOTOpasi To3BoJinja Obl TPUMEHATh €€ K OINHCAHUI0 SKCIEPUMEHTAIBHBIX
pe3yNbTaTOB B KOHKpETHOM ciyd4ae. [lo3ToMy HaMu 4YaCTUYHO MPUMEHSIOTCA
MOJIETIH DJIEKTPOHHBIX paciuiaBoB H. Motra [27], M. Katnepa [26], Auaepcona
[33] u apyrux aBTOPOB K ONMHCAHUIO PU3NICCKUX CBOKWCTB BHIOPAHHBIX OOBEKTOB.
UYro ke KacaeTcsi IKCIEPUMEHTAIbHOTIO UCCIIEI0OBAaHUS HEYTIOPAIOUEHHBIX CUCTEM,
TO, CIEAyeT OTMETUTh, YTO HMMEETCs OOLIMpHas MHPOpMALUs O COECTUHEHHSIX
Pa3IMYHBIX TPYNH U UX MPOMEXKYTOUHBIX cocTaBax. OJHAKO JaHHBIE Pa3TUYHBIX
aBTOPOB MO (U3MUECKUM U XMUMHUUYECKHUM CBOMCTBAM WHOTJA MPOTUBOpEYAT JAPYT
Ipyry. B cBS3u ¢ 3TUM BO MHOTHMX CIy4asix HEOOXOJUMO HCCIEI0BaTh (PU3HKO-
XUMHYECKHE CBOMCTBA OTCIIbHBIX BEIIECTB.

OcranoBuMcs HA  KOHKPETHBIX Clly4yasix  OKCIEPUMEHTAIbHBIX
UCCIICIOBAaHU, TPOBEACHHBIX B  TEUEHHWE  MHOTMX JIeT  pa3BUTHEM
HEYMOPSATOUYCHHbIX cucTeM. @akTt o ToM, 4YTO (¢U3UKA CTPYKTYpHO-
HEYMNOPSAIOUYECHHBIX CUCTEM J0 CHX MOpP HE A0 KOHIIA UCCIIEI0BaHa, U, HECMOTpPS Ha
Ty OOIIMPHYIO MH(POPMALIHMIO, KOTOpas MOJy4YyeHa Ha CEroJHAIIHEN JEeHb, B 3TOU
o0JacT CKpBIBAIOTCS OYEHb MHOTHE (DU3MUECKHE, XUMUYECKUE, ONTUYECKUE U
Jpyrue siBjieHus. DTy 00sacth Brepsbie B 1948 r. otkpbin akanemuk A. @. Modde
[25]. B mampreimem A. @. Hobde wu A. P. Perens [89] mmpoko mccienoBaim
pacIuiaBel  AJIEKTPOHHBIX TOJYMPOBOAHMUKOB M TIOKa3aJd CYIECTBOBAHUE
MOJTyTIPOBOTHUKOBOM MPOBOJUMOCTH B CTPYKTYPHO- HEYTIOPSIOYCHHBIX CHCTEMAX.
Taxkum 00pa3om OBLITM OTKPBITHI KUJKHE MOTYyNPOBOAHUKHU. [loa BiustHUMEM Hen
A. ®. Nodde ObicTpo pa3BUBAETCS HCCIEIOBAHUE HOBOIO Kjacca CTPYKTYpPHO-
HEYMOPSIOYCHHBIX  IOJYIPOBOAHUKOB —  XaJbKOTEHUAHBIX CTEKONI. OTH
martepuaibl oTKpbUM b. I'. Konomuen u IN'opronosa H. A [90, 91]. UccnenoBanus
M0 KUJKUM U CTEKJI000pa3HbIM MOJYyNpPOBOAHMKAM B 60—X romax AOMOJHSIOTCA

HCCICAOBAHUsIMU B o0acTu KUIAKUX MCTAJUIOB, KOTOPBIC IIPOBOJUIIMCH
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anrmiickumu ¢usukamu Bo miase ¢ JIxk. 3aiimanom [68]. TlosiBisercs moHsTHE
AJIIEKTPOHHON MPOBOJUMOCTH, MPBIKKOBAs MPOBOAUMOCTh B HEYMOPSIOYCHHBIX
Marepuanax. B cBs3u ¢ 3TUM NOTpeOOBAUCH YKCIIEPUMEHTAIBHBIE PE3YIbTATHI 110
(bU3BUKO-XUMUYECKUM, CTPYKTYPHBIM, TEIUIO(PU3NYECKUM U JPYTUMHU CBOMCTBAMU
CTPYKTYpPHO - HEYNOPSJOYCHHBIX MAaTEpUaloB, YAaCTHBIM CIIydyaeM KOTOPbIE
ABIIAIOTCSA  KMJIKUE TMOJIYNnpoBOAHMKKM. Mott wu [esuc [27] Hanucanu
0000111a0111y}0 MOHOTpa(HIO, KOTOpasi OXBAThIBAET MHOTHE ACMEKThl MPOOJIEMBI
xuakoro cocrosHus. M. Karmep [26], HeBuc m  Mott [27] mamm 00630p 1o
ANEKTPOHHBIM  CBOWMCTBAM  KUJKHX  IOJYIPOBOJHUKOB, B  KOTOPOM
WHTEPIPETUPOBAH MEXaHU3M NPOBOJMMOCTH, B HEYHNOPSJOYEHHBIX CHUCTEMaX,
HCXOJISl U3 COBPEMEHHBIX BO33PECHHUI.

Ompenenenue «GKUIKUX TOTYyNPOBOAHUKOB» BrepBbie Aan A. @. HModde
[25]u  A. P. Perens [6] cneayronuM oOpa3zoM: «OKuIKUMU MOTYyIPOBOIHUKAMHU
SBJISIIOTCSL  JKUJIKOCTH C JJIEKTPOHHOM MPOBOJUMOCTHIO, BEIMYMHA KOTOPOU
MEHbIIIe OOBIYHOTO YPOBHS 3JIEKTPOIMPOBOJHOCTH XKUIAKUX MeTaimioBy. Modde u
Perenb NpeaioKuiIn, 9To KUIKOCTH C SIEKTPOHHOM IPOBOAMMOCTBIO MeHee 104
Cm/cMm (3HaueHHE TPOBOJUMOCTH KHUAKONW PTYTH) CIEAYET CUUTATh >KUIKUMHU
MOJIYNPOBOJHUKAMU. B 3TOM acriekTe orpoMHbIE SKCIIEPUMEHTAIIbHBIC PE3yJIbTaThl
npuHagiexatr A. @. Nodde, A. P. Perenro, B. M. I'mazoBy, A. A. AiiBa3oBy u
JIPYTUM, KOTOphie 0000matorcs B o63opax [1 - 96]. B pabore [9] Ha ocHOBe
nepuoandeckoro 3akoHa JI. WM. MenxaeneeBa paccmarpuBaeTcsi mpoOsemMa
nepexo/ia BEHeCTBA M3 TBEPAOrO COCTOSIHUA B kuakoe. [Ipemnnoxena
KJaccu(uKaIys SJICKTPOHHBIX PACIIaBOB IO XapakTepy MEXATOMHOW CBSI3U U
BBIJIBUHYTA KOHIIEMIIMS O POJIM CUJI CIEIUICHUS B KpUCTaJJIaX M paciuiaBax Mpu
nepexojie M3 OAHOro cocrossHus B apyroe. B [10] oOcyxnarorcs
OKCTIIEPUMEHTANIbHbIC JJaHHbIE 10 (PU3UYECKUM CBOMCTBAM  DJICKTPOHHBIX
pacIuiaBoB, CHCTEMAaTH3UPOBAHHBIX Ha OCHOBE mepuojauueckoro 3akona [ U.
MenneneeBa. CpoiictBa pacraBoB snemeHToB |l u V- rpynn nepuoamueckoi
CUCTEMBI, HMMEIOUIME Ba)XHOE 3HAYEHHWE B PA3BUTHM OOUIMX MPEICTaBICHUN

XapakTepa H3MEHEHHMMU CTPYKTYpbl, XMMHMYECKOM CBA3M IIPU IUIABICHUU U O
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IPUPOJIE BJEKTPOHHBIX PACIUIABOB, MCCIEAOBAaHbl HENOCTATOYHO MOApoOHO. B
pabore [56] pa3nMYHBIMH METOJAMH HCCIICAOBAHBI CTPYKTYpPhI PpaCILIaBOB
NOJIyIPOBOJHUKOB M JlaHAa OLIEHKAa M3MEHEHUIO CTPYKTYphl pAacIUIaBOB IpHU
paccMaTpuBaHWM TEMIIEPATYpPHBIX 3aBUCUMOCTEW IIOTHOCTH, BSA3KOCTH M
KOHCTaHThl XOJUIa, W NPUIUIM K BBIBOJIY, YTO HIpPH IEPEXOoAe W3 TBEPIOrO
COCTOSIHMSI B KHJIKO€ HaOmonaercss 3¢p¢eKT «mocneruiapieHus». EcTecTBeHHO,
SBJICHUSl «IIOCJIEIUIABJICHUS» HE MOXET HE BIUATh Ha (U3MKO-XUMHUYECKHE
CBOICTBa pACIUIaBOB IMOJYNPOBOJHUKOB M 3TO IOKa3aHO Ha INpPHUMEpPE XoJa
TEMIEPATYPHBIX 3aBUCUMOCTEH 3JIEKTPOPU3UUECKHMX M TEPMOAIEKTPUUECKUX

napamerpos coeaunenuii A BV u npomexyTouHbIX criaBoB Ha uX ocHose [97].

1.4. Metajuindeckasi MO/ieJIb 3JIeKTPOHHOM CTPYKTYPbI PacijiaBoB
MOJIyNIPOBOHUKOB. /[ByX30HHAas1 MO/leJIb S — TUIIA U 3AaBUCHUMOCTD

3¢ (PeKTUBHOUA MACCHI OT BOJTHOBOI'0 BEKTOPAa

Merannuyeckas MOJIEh AIEKTPOHHOM CTPYKTYPbI KUJTKUX
MOJYTIPOBOJHUKOB Obl1a pa3Bura MoTToM [27] M K KOHKPETHBIM BEIICCTBAM
npuMeneHa Karmepom [26] . B e€ ocHOBe JEXUT NpUOIUKEHHUE CBOOOIHBIX
AJIEKTPOHOB. 3aTeM BBOJUTCS JJIEKTPOHHOE B3aMMOJCUCTBUE ISl TMPOCTHIX
MeTalIoB, dA(PGdeKTUBHOEC B3aMMOACHCTBHE TIPEACTABIACTCS KaK  CIAOBIH
MICEBJAONOTEHIIMA, TaK 4YTO C JOBOJBHO XOPOIIEH TOYHOCTHIO MOXET OBbITh
HCMOJIb30BaHa TpocTas Teopus Bo3MmylleHus. JKuJIKui  1OIynpOBOJHUK
OTJINYAETCSI OT KPUCTAJUIMYECKOIO MeTajlla OTCYTCTBHEM JAJIbHEr0 MOpsAKa U
Ooysiee  CHJIBHBIM  JJIGKTPOHHO-WOHHBIM  B3ammojercTBuem[97-106]. Xots
B3aMMOJICUCTBHUE B KUJIKMX TOJYTPOBOJHUKAX CIUIITKOM BEJIHUKO JJISI TOTO, YTOOBI
MPUMEHSTH MPOCTYI0 TEOPHUI0 BO3MYIIEHUM, MOKHO OXHJATh, YTO Kau€CTBEHHO
7 PeKThl aHATIOTMYHBI TEM, KOTOPHIE UMEIOT MECTO B KPUCTAIITMYECKUX METalIax.
Katimep  mokaspiBaeT, 4YTO HHU3KOE€ 3HAYEHHUE  IUIOTHOCTH  COCTOSIHUH
HEMOCPEJACTBEHHO  CBA3aHO C  OTHOCUTEIIBHO  HU3KUMHU  3HAYCHHUSIMU
AIEKTPONPOBOIHOCTH U APYTUMH XapaKTEPUCTHUKAMM KUJIKUX MOTYTPOBOIHUKOB.
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YBenuueHue TerioBOi SHEPTUU C POCTOM TEMIIEPATypPbl IPUBOJIUT K pa3pylICHUIO
rIIyOMHBI TICEBAOIIENN W YBEIWYEHHUIO IUIOTHOCTU cocTosiHui. [lpu a3towm,
AIEKTPUYECKUE CBOMCTBA TEPEXOMSIT B TUIHWYHBIE CBOMCTBA JKUIKHX METAJIOB
[26]. Hecmorps Ha TO, YTO MeTaUIMYecKas  MOJCIb AaéT TPOCThIC U
YAOBJICTBOPUTEIBHBIE  PE3YJIbTATHI JUIST  Ka4eCTBEHHOTO  OOBSICHCHHUS
MOJIyTIPOBOTHUKOBOTO TOBECHUS KUIKOCTEH, COOTBETCTBYIOIINE TEOPETUUECCKHUE
npo0JeMbl OYEHb  CIIOXKHBI U3- 3a CWIBHOTO B3auMojeiicTBusa. Eciu
paccmaTpuBaTh A((PEKT MPUCYTCTBUS aTOMOB 0oJjiee YeM OJHOTO COpTa, TO B
MeTasuie 3TOT 3¢ dexT 700aBIsgeT HOBbIE TPYJIHOCTH, MOITOMY TEOPHUS OMHAPHBIX
METaJUIMYECKHUX CIUIABOB CUMTAJIACh HEPEIICHHOU mpobieMoit. OHaKo MOSBUIUCH
paboThl, KOTOpPHIC OMHUCHIBAIOT JAaHHBIA 3(P(EKT Teopuer CcaMOCOrIaCOBAaHHOTO
nouis [86, 87] . DT MoOjAENU MO3BOJIAIOT B HEKOTOPOM HPUOIMKEHUHN MOIYYHUTh
MOBEICHWE TIUIOTHOCTH COCTOSHUSI Kak (YHKIMIO COCTaBa B  CIUIaBax
HEYMNOPSAOYECHHBIX cUCTeM. Mo/iellb NCKa)KEHHOTI0 KpucTajljia Obula paccCMOTpEHa
B padote [51, 107]. TlokazaHo, yTo mpupoaa «OeCHOpsIKa», HAKIAABIBAEMOIO Ha
KpUCTaJUI, 4YacTO JIOCTATOYHO TOYHO HE OMNpeAeNseTcs W 3aBUCUT OT THUMa
HeymnopsigodenHoro Matepuana [107]. I'yOanoBeiM [51] BBenmena medopmarius
UCATFHOTO KPUCTAJIa B KAYECTBE ApaMeTPOB TEOPUH BOSMYIICHUHN U TIOTYUYEHBI
ypaBHEHUS, ONMUCHIBaroNue d()PEKTHl N3MEHEHHUS BOJTHOBOW (DYHKIIMHM M dHEPTUU
AJIEKTPOHHBIX COCTOSHUW. YKa3bIBaeTCs, 4YTO B Tpenelie, KOorja BO3MYIICHHS
MaJibl, CHCTEMa CTAaHOBUTCS KPUCTAIIIIOM.

Jlpyroit Mopenbi0 I ONUCAHUS KUIAKUX TMOJYTPOBOJTHUKOB SIBISETCS
MOJIeNIb MOJICKYJIIPHBIX CBS3€H, KOTOpas 3a OCHOBY NMPUHUMAET IHEPTEeTUUYCCKUE
mend. J[MCKpeTHbIe YpOBHH pPACHIMPSIOTCS B 30HAX, KOTOPBIE MOTYT OBITh
OTMHMCaHbI MPUOIKEHUEM CHUIILHO CBS3aHHBIX JIEKTPOHOB. 3/1€Ch MOKHO OXHUIATh
MEPEKPBITHE «XBOCTOB» IIJIOTHOCTH COCTOSHHUM B O0JacTH DSHEPTUU  MEXKIY
30HaMH, YTO MPHUBOTUT K oOpaszoBanuio rcesromienu [107]. dus  onumcaHwus
KOHKpeTHOM  cucrembl M. Karnep npemimaraer W OpPUMEHSIET  MOJEIb
nonaynpoBoguuka (S-tuma) [26]. Kpurepriem Mozenu S-Tuma sBISETCA TO, YTO

B HOHynpOBOI{HHKOBOﬁ obnactn MPUHUMACTCA OTHOCUTCIBHO MCIJICHHOC
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BO3pACTaHUE DIJIEKTPOMPOBOJHOCTH M MEIJIEHHO YyObIBarOlasi TEPMO-3AC C
coctaBoM [107]. TTockosbKy TEpMO-37C UMEET MOJIOKUTEIBHBIA 3HAK, TO TIEPEHOC
OCYIIECTBISIETCS JIBIPKaMM, a WOHBI JOJDKHBI OBITH OTpHIATeNbHBIMH. Pabora
Karnepa 103BOJNSIET BBIBECTH DJJIEKTPOHHYIO CTPYKTYPY BAJCHTHOW 30HBI
HEIMOCPEICTBEHHO W3 3KCIEPUMEHTANBHBIX JAHHBIX JUISI AJIEKTPOIMPOBOJHOCTH U
TEPMO-3/IC B paMKaX MOJENH JKECTKOW 30HbI, peann3alus KOTOPO HAUYMHAETCA C
MOCTPOEHUSI COOTBETCTBYIOIIEH 3aBUCUMOCTU TEPMO-3/IC U IEKTPOIPOBOJHOCTH
[107]. JlemoHcTpamust Takoro (akTa, 4TO IKCIEPUMEHTAIBHBIE TOYKH JIOKATCS HA
CAMHCTBEHHYIO KpPHMBYIO, W3 KOTOPOHW MOXHO TOJY4YHUTh 3aBUCUMOCTh  G(E),
CBUJETENBCTBYIOIIYI0 O €€ NPUMEHMMOCTH K JaHHOMY cocraBy. Mcmombszyem

MeTajuimyeckoe nmpuodamxenue. Toraa ypaBHeHUs

o= oo(Es),

21,2 9
s=-TrCm

MOKA3bIBAIOT, YTO DJKCIEPUMEHTAIbHBIE TOYKH MJOJDKHBI JIOKUTHCS Ha OJHOU
kpuBoi 3aBucumoctsio S(T) ot o[S(T)] = f (o). B nanpHeiimem Mbl IpuMeHsIEM
JAaHHYIO MOJEIb JI OMHCAHUS SBJICHUN TEpeHoca B psfae OMHAPHBIX M TPOMHBIX
paciiaBoB MOJYIIPOBOJHUKOBBIX CHCTEM M B KOHKPETHBIX MpUMEpax yOemmMmcs,
4TO JaHHAsi MOJIE/b HETUI0X0 peanusyercs[107].

Jlpyroii MoOAENnbI0 AN ONMUCAHUS KUAKUX TOJYIPOBOJHUKOB SIBISIETCS
MOJIEJTh MOJICKYJIIPHBIX OpOUTANICH, KOTOpas BIIEPBBIC ObLTA MPUMEHEHA K KUIKUM
noaymnpoBoaHukam B cucteme Tl — Te Katiepom [26].

B pab6ore [26, 107] mns oObsiCHEHUS OTKJIOHEHHH W MOCTOSIHHOM XoJuia
OT TEOpUH CBOOOJHBIX DJIEKTPOHOB OblJla HCIIOJB30BAHA MOJENb JABYX
MIEPEKPHIBAIOLINXCS MOJIOC IPOBOJAMMOCTH, MJTH TaK Ha3biBaeMas AByX30HHas. [Ipu
ATOM Ka)XJOH M3 TOJIOC COOTBETCTBYET CBOM KBaJpaTUYHBINA 3aKOH TUCTICPCUU
HOCHUTEJe UM CBOE HW30TpOmHOE Bpemsi penakcauuu. Ilpennmoxkenue o
CTPaBEYIMBOCTH JIBYX30HHON MOJENH B KHAKOM MeTaie AaéT Cleayrolee
BBIpKEHUE ISl KA dUIMeHTa X0Jia;

1 (nppi-npup)
Ry =-.———F2FP~ 19
H e (nn#n _npﬂp) ( )
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rie Npp U Mnp - COOTBETCTBEHHO, KOHLIEHTPALMS U MOJBUKHOCTD 3JIEKTPOHOB
u Ablpok. Jlns kpucramia 30HbI BpuiuiiosHa M KpuUCTaUIMUecKass CUMMETPUS
MPUBOJIUT K POCTY OTKJIIOHEHUH OT TEOPUU CBOOOHBIX 3JEKTPOHOB. OIHAKO MpHU
IUIABJICHUM  KPUCTAUIMYECKass CTPYKTypa paspyllaeTrcs, H3MEHsAeTCS 3Hak
kodpduumenTa Xosia OT MOJOXKHUTEIBHOTO K OTPUIATENIbBHOMY B TOYKE
MJIABJICHUS JUISl TAKUX METAJJIOB, KaK OCpWIITUMI, [IMHK, KaJAMUM, TaJUIUi, BAaHAIHM,
XpOM U JApyrve. ITO HAXOAMUTCS B XOPOILIEM COTJIACUU C pa3pylIeHUEeM 30HHOU
CTPYKTYPBI B TIEPEX0JIOM K MOJISIIH ITOYTH CBOOOIHBIX 3jIekTpoHOB [107].

OnHoMt W3 pa3sHOBUIHOCTEW JBYX30HHOW MOJENU, NPUMEHIEMON  NJIs
MEPEXOIHBIX METAIJIOB, SABJISETCS MOJENb «IBIPKW», TIIE «ABIPKH» MOSBISIOTCA
u3 d — monocel, umeroT >¢dpektuBHy0 Maccy (m’<0), menpme Hyna. IIpocroe
pPacCMOTpPEHHE B paMKax JIBYX30HHOU Mojenu d — 3JeKTpOHOB U d — JIBIPOK JaeT
TOJBKO MOJIOKUTEIBHBIN 3HAaK Kod(duuueHnta Xosia, €ciu Toabko d — IBIPKH
MIPOBOJIAT TAK)KE€ XOPOIIO WIIM JaKe JIydIle, yeM S—3JIEKTPOHbI. B Takoi Mmoaenu
BO3MOYKEH TOJIOKHUTENbHBIA 3HaK Koddduimenta Xoia, €cid TOIBKO S —
noA0OHbIE JBIPKH CYHIECTBYIOT B >KUAKOCTH. [loctosHHass XoJijia 3aBUCUT OT
noBepxHoctd Depmu U dPPEKTUBHON MaCChl, KOTOPBIE OINPEACISIIOTCS
COOTBETCTBEHHO IIEPBOM M BTOpoM mnpousBomnoi E(K). B oroii mMomemn

nocrostHHas XoJjuia onpenensercs opmyioit [107]:

Ry = — 12m3h (20)

em*vp Sg
rae. Se—miomans Pepmu  moBepxHOCTH. [lOCKONBKY B IKHAKHUX MeTajuiax
SHEPreTHYECKHE TIOBEPXHOCTH B  K—IIPOCTPAHCTBA  SBJIAIOTCA  cepamu,
npuBeAéHHAs (opMysia MOXKET OBITh BhIpaKeHa uepe3 MmI0THOCThL cocTossHust N(E).

Torna nocrosinHas Xoia 0y1eT onpeaesThCs CISAYIOMUM 00pa3oM:

_ _3m*S[, __Ski dN(E)
Ry = ek} [ niN(E)" dE I 1)
rae
dE , |dE
s=2/ |E (22)
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Benuunna mnepen ckoOKaMu COOTBETCTBYET IMOCTOSIHHOW XoJula B MOJIETH
CBOOOJHBIX DJIEKTPOHOB, a €& 3HaK 3aBUCHT oT miomanu  (S) mepsoi
MPOU3BOJHONW OT IUIOTHOCTH cocTosHuU. Ecnm 3Hak kosddummenta Xoa
MOJIOKHUTENICH, TO Il OOBSCHEHUS TOJOKUTEIBHOM KOHCTAHTHI HEOOXOJUMO,
yT0OBI BOMM3HM sHeprur depmu ObUT ObI JOCTATOYHO OOJBIION TMOJIOKUTEITBHBIN

HAKJIOH (DyHKIWHU TUIOTHOCTH cocTostHus [107].

1.5. U3MeHeHue 3J1eKTPO-TePpMO-(pU3HIEeCKUX CBOMCTB

coequnenns A''"BY npu nunasaennn

V3MEHEHUIO DJIEKTPO- Ternopu3nueckux cBoicTB coequnenus A'Sb u
00Jiee CIOXKHBIX TIOTYNPOBOJHUKOB TIPH IJIABJICHUU, U, B YaCTHOCTUA COCIUHEHUS
aHTUMOHHUJA WHIUSA TOCBAIIEHO MHOro pabor  [76, 98-109]. H3menenue
3¢ (HEeKTUBHON MaccChl, TUIOTHOCTH COCTOSIHMMA M TIOJBFDKHOCTH JJIEKTPOHOB TIPH
IUTaBJICHUU Ha 0OoJiee CJIOXKHBIC IMOJIYIPOBOJHUKH, W, B YaCTHOCTH, COCIUHCHUH
A"'Sh nmpuseneno B pabote [58], 1 Ha OCHOBaHUM NIPEACTABICHHI 00 JIEKTPOHHOM
COCTABJISIFOIICH SHTPOMHH TIJIABJICHUSI TIPEIJIOKEH CIOCO0 OLEHKU 3(PGHEeKTUBHOM

MAacChl JJIEKTPOHOB MPOBOAMMOCTH (M;4) B pacIuiaBax MOJyNpOBOAHMKOB. Ha

npumepe coemunenuii A''Sh nokazano, 4To masneHue Mo TUILY TOIYIPOBOIHUK —
METaJIJT COMPOBOXKIAETCS PE3KUM BO3pPACTaHWEM BEJIMYMHBI, YTO CBUICTEILCTBYET
O CYIIIECTBEHHOM HM3MEHEHUHU SHEPreTUYECKOro CIEeKTpa HOCUTEJEH 3apsga Npu
($a30BbBIX MEepexo/1ax MEePBOro THIA.

XapakTep IUJIaBJICHUS AaHTUMOHHUIOB AQIIOMUHMS, TaUIMsl WU UWHIUA B
HACTOsIEe BpeMsi UccieqoBaH aoctaTtouHo [77, 78]. Nmerommiicss Ha cerojHs
AKCTIIEPUMEHTAJIbHBIA MaTepual Mo 3JIEKTPOYU3NYECKUM M TEIUIO(PU3UUESCKUM
CBOMCTBaM JTHX BEIECTB BOJM3U (ha30BOTO MEpexojia KPUCTAI — paciuiaB Co
BCEl OUYEBUIHOCTHIO CBUJETEIBCTBYET O TOM, UYTO OHHU IUIABSTCS IO THUILY
MOJIYTPOBOJHUK — METAJLI, YK€ €CTh; MMPOUCXOJUT pa3pyllIeHUEe TPaHCISIIUOHHON
MIPOCTPAHCTBEHHON CHUCTEMBI JKECTKMX KOBAJICHTHBIX CBSI3€M, XapaKTEPHOW MJIst
KPUCTAJUTMYECKOTO  COCTOSIHHS, CKa4KoOOpa3HO BO3pacTaeT KOHIICHTpAIUs
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CBOOOJIHBIX AJIEKTPOHOB M, KaK CIEACTBUE, DJIEKTPOIPOBOJHOCTh, TEPMO-3]ICU
KOHCTaHThl XoJsuta. 3BecTHO, YTO BENUYMHA JIEKTPONPOBOAHOCTU OMPEEISETCS
HE TOJBKO KOHLEHTpaUWed HOCUTENEeH 3apsAaa, HO HX MOABWKHOCTBIO, a
MOCJIESTHSAST HEMOCPEJCTBEHHO CBsi3aHa ¢ 3(dexTuBHON Maccoil. Bo3mMoKHOCTH
NpUOTMKEHHOW OIEHKM TOJABMKHOCTH TpU (Da30BOM TEpexojie KpPUCTAILT —
pacruiaB sl pa3jIMYHbIX METAJUIOB U MOJIYIIPOBOJIHUKOB ObLIa MOKa3aHa Perenem
[79 - 81].

B pabote [84] aBTOpBI paccMaTpuBai BO3MOKHOCTh pacueTra M3MEHEHUS
3¢(deKTUBHOM  Macchl  3JEKTPOHOB  HpH  IUIABJICHUM  DJIEMEHTapHBIX
NOJyIPOBOJHUKOB TepMaHus U KpemHus. B paOote [76] caenaHa mMONbITKA
pacrpocTpaHeHus pa3BUTOro B padborte [84] moaxoaa K pelIeHUIO JaHHOW 3aJauu
Ha GoJiee CIOKHBIX TOJIYNPOBOJHMKAX, M, B YaCTHOCTH, Ha coequnenusx A'''Sb,
KOTOpbIE MOJOOHO T'€pMaHUI0O U KPEMHHUIO IJIABATCS 10 TUIY MOJYINPOBOJHUK —
metamt [77, 78]. Tlo aHanmorum ¢ repMaHueM W KpemHUeM [79] K pelIeHHIO
JaHHOW 3a/Jayd TOJOILIM Ha OCHOBE IMPEACTaBICHUN 00 3IEKTpOHHOU
COCTABJISIIOUIEH HHTPONUHU IUJIABJICHUS IOJYIPOBOJHUKOB, H3MEHSAIONINX B
npouecce (pa3zoBoro mepexoja THUIN XUMHUYECKOM CBSI3M OT IPEUMYIIECTBEHHO
KOBAJIGHTHOTO K MeTtaumueckomy [85, 86]. CraTHCTHKO-TEpMOIMHAMHYECKOE
paccMotperre B [87] M3MEHEHHs DIIEKTPOHHON KOH(MUTYpalMu B pe3yJlbTare
¢dazoBoro mepexoia MOJIYNPOBOAHUK — METall MO3BOJIMJIO CTPOTrO OLIEHUTH
ANIEKTPOHHBIA BKJIQJ, B OHHTPOIMUIO IUIABJIEHUSA, HPU 3TOM ObLUIO MOJIYYEHO

cdireayromec COOTHOCHUC!

-3

AS,, =in ( £L ) (Fe)? 23)

En€p mj

rae My, u my - 3QPEKTUBHLIE MACCHI JIEKTPOHOB M JIBIPOK B KPHCTAJUIMIECKOM
HOJYTIPOBOIHUKE, M - A3((EeKTUBHAS Macca INIOTHOCTH COCTOSIHUN JIEKTPOHOB B
paciiaBe, &, U &, — KUHETHYECKas DHEPIUS DJIEKTPOHOB W IBIPOK B KPUCTAILIE,
€L- KUHETUYECKasi SHEPrus 3JEKTPOHOB B paciuiaBe, R — yHHBEpcalbHas ra3oBas

IIOCTOsAHHAA.

Y4uThIBas METAJUTMYECKHH XapakTep paciuiaBoB [106], MokeM 3amnucath:
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e = h2 (3&)3/2, (24)

~ 2mj \8n
rIe. 1N; — KOHIEHTpAIMs 3JCKTPOHOB B paciuiaBe. [lojacTamiss 3HAYCHHS

paBeHcTBa U3 (3) B ypaBHEHHE (2) U pernas MoJyYeHHOE COOTHOIICHHE MOy YHM:

\/_ * * 3/4 1/4-
2V2 (mnmp) (Sn‘gp) exp ASan (25)

(i) :

m; =

N3 storo ypaBHeHUs CleAyeT, YTO d(PPEKTUBHYIO MACCy IUIOTHOCTH COCTOSIHUS
AJIEKTPOHOB B pacIlylaBe MOXKHO PacCUUTaTh, 3HAask BEIUYUHBI I(P(PEKTUBHBIX Macc
IUIOTHOCTU COCTOSIHUM 3JIGKTPOHOB M JBIPOK B TBEPIOM COCTOSIHUM B OJU3U

TEMIIEPATypPhl MIABIEHUS ( My, M) COOTBETCTBEHHO MX KMHETHYECKOH SHEPIHU

€y M &, , KOHUEHTPAIMIO 3aT€M B PACIIABE My U DJICKTPOHHYIO COCTABJIAIOLIYIO

SHTponMM IaBieHus. [lepedncieHHble CHOCOOBI  pacyeTra  3IEKTPOHHOU
COCTABJISIIOUIEH AHTPONUU IJIABJIEHUS B mpenenax pazopoca 10 % um garor, kak
NoKa3aHo B pabore [88] Ui METAUIM3YIOIIMXCA TOpU  [UIABJICHUU
MOJyIPOBOJHUKOB, CXOZsIIMEcs Mexay coOoil 3HaueHHs, Mbl IpU pacuere
3¢ (}eKTUBHON Macchl IJIOTHOCTH COCTOSIHMSL DJIGKTPOHOB B paciulaBax
AHTUMOHUJIOB aJIIOMMHMUS, TaJUIM U UHAMUS U30pajii METO/I OLEHKU 3JIEKTPOHHOTO
BKJIaJla B DSHTPONMIO IUIABJICHHUS Ha OCHOBE aHaju3a TEPMODJIEKTPUYECKHUX
s dekToB.

W3 ananu3a TepMoaieKTpuueckux 3((eKToB Ha TpaHuIle pasaena TBEPION U
XUAKo# ¢asz, cormacHo pador [34, 109-112], crexyer, 9To

AS,, = eAn(as — a)V, , (26)

rae € — 3apsan 2JICKTPOHA, An = (n, —ng) — U3MEHEHHE KOHIIEHTPAIUX DJIEKTPOHOB
IIpU IJIABJIEHUU ; g U ; — KodhduimeHTsl 3eedeka s TBEPAON U KUIKOU (a3
COOTBETCTBEHHO, V; - MOJBHBI 00bEM paciijiaBa. YUYWTHIBAs, YTO JJIS BEIIECTB,
IUIABSALIUXCS IO TUIY MOJYNPOBOAHUK — METAIUI, N; = Ng , MOKHO CYUTATh, YTO
n; = ng

BBenem o003HaueHUE
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_ 2VE(mimy) " (ene)

N/ 27
L h(3nL/n_)1/3 ( )
Torna, moacraBuB 3HaueHHUE (26) B ypaBHeHHe (25), npu yuete (27) OyaemM UMETh:
m; = Njexp[n,e(as — a;)V,/R] (28)

W3 cootnomenuit (25) u (28) cnenyer, uro oneHka 3>h(HEKTHBHBIX Macc
HOCHUTEJIEH 3apsga B  paclUlaBax, METaUIM3YIOIUXCS TpH  IUIaBJICHUU
MOJIyIIPOBOJTHUKOB, KpPOME 3HAHHUS OKCIICPUMEHTAJIBHBIX 3HAYEHUH g, A U
HEKOTOPbIX (YHIAMEHTAIBHBIX (U3HUECKUX TOCTOSHHBIX, TpeOyeTcs 3HaHue
>¢pexTuBHBIX Macc Hocutened 3apsga B coemunenmsx A''Sb B TBEpmOM
COCTOSIHUU BOJIM3U TOYKH TUTABJICHHS, COOTBETCTBEHHO UX KHHETUYECKON YHEPTUH,
KOHIIEHTpAIlMU HOCHUTENeH 3apsjga Kak B TBEPAOW, Tak U B KuAkou ¢aze. s
pacdeTa yKa3aHHBIX BEJIWYWH HCIOJB30BANCH PE3YIbTAThl IKCTICPUMEHTATBHBIX
UCCJIEIOBAHUM AJIEKTPONPOBOAHOCTH, TEPMO-3AC U dddekxra Xoia coequHEeHUN
A""BV monyuennsle panee B pabotax [77, 78, 84, 109-115] (Tabmn.1).

Taonuuya 1.
IKcnepumenmanvHuvlie 3HAYEHUA INEKMPOPUIUYECKUX CEOUCHE COeOUHEHUTl
AYSh ¢ meépoom u ncuokom cocmosamuu npu memnepamype nnaenenus,

UCNOIb308AHOIL 0.1 pacuemoe.

2s |z . |zz |z:@ |¢@ s 5
SOl =R = Z T = = = F X
&8 g g a © g S . = = S o m
R5) | =z /-\E Q0 B - ST = o o o = ~
A S x =| B Z | X £ 5 5 2 ox oo
= = 8 = o~ e o) Q. n O
s| £ E 2| m @ m S| O w S w TR
M @] 5 @ = = S| [l =
SHR A B - = Tl g 8 | s E s B e A
A g < a M " g g © = g © o o 5 o m M ~
5 27 5 = " 5 = == g = o x5 S
() Q 5 B 3 5 a A I~ g K
S v o & 5 © S o T c v T, A= == o [
ERA S EZ DI XE L XA BE | EEL | SE g
= . X 5 - ~ o BB =\ s o
Q “n Q B N = = = = = = o H
2 ) 2 o © z I = | m =M 2 = o 29 =
&= = & 8 w E o = =E o = o T o o T o a O =
o EE S| E S| EEE|EES| a8 | 22 | E 5
8 Q£ | Q& =2 Z| 5 K& S E Z| 9 = o = 3 = 2
[= 2= o &5 0| & & O S & O S = ° s = N S S a
3 EcoE|l g xEl356E5 | &8 & 8 39 2 &
¥ o8| 2 a4 = o £ 2| 2= »| 285 3| 85 8
5 | 8328|9183 88| 58F |88F <5 =
m M o E| MO B| % o B 2 S 2|l =% | = 8 | ES
AlSb |16 9,90 2,00 4,80 120 76 44
GaSb |28 10,60 2,00 5,00 80 40 40
InNSb |29 10,00 1,20 7,00 108 24 84
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WUcnonb3ys  SKCIEPUMEHTANbHbIE JAHHBIE 110 M3MEPEHHIO KOHCTAHTBI
XoJ11a, 3NMEeKTPONPOBOJHOCTH B TBEPAOM COCTOSHMH M YYUTHIBAs, 4TO BOIM3M
TOYKM IIaBIEHHMS OTH  COEIMHEHMs BelyT cebs, Kak COOCTBEHHbIE
MOJIYHNPOBOJHMKH, MMM PAcCUMTAaHbl  BEIMYMHBI TEPMMYECKOH  IIMPUHBI
3aIpelIeHHOM 30HBI B pPAacCMaTPUBAEMBIX  COEJMHEHMSX U3  3HAYCHMIA
nponsBoxHbIX GyHkumit u In|RT3/?| no 1/T.

Pe3ynbrarhl pacyeToB MpUBEIEHBI B TaOiuile 2, U3 KOTOPOM CIEeAyeT, uTo
BbIUMCIIeHHbIE 3HaueHust AEp u  AE,; Xopomio coryiacyrTcs Mexay coboi. Ha
OCHOBE PKCIIEPUMEHTAIBHBIX JIAaHHBIX MO U3MEPEeHUIO MU PepeHInaTbHON TepMO-
5AC B TBEPIOM COCTOSHHUM MpU Temreparype IiaBiieHust (Tabia. 1), ucrnonn3ys
BBIYUCJICHHBIC 3HAYCHUSI BEIIMUMHBI TEPMUUYECKON IIMPUHBI 3aNIPEIICHHON 30HbBI B
ATUX coequHeHusx (Tabm. 2), mo uzBectHor meroauke [110, 113], aBTopbl paboThI
[76], paccunTanyu OTHOIICHHMS ITOABM)KHOCTEH JICKTPOHOB M JBIPOK, YYACTBYIOIINX
B IIpolLiecce NepeHoca 3apsaa:

Taonuua 2.

3Hauenun mepmuueckoil WUPUHBL 3aNPEUIeHHON 30Hbl, NOJIYUEHHblIE HA
OCHOGe U3MepeHUIl 3J1eKmponpoeooHocmu u Ippexma Xonna, u omuouieHus
noosuxcnocmeii 31eKkmponos u 0vipox y coedunenus A''Sb 6 meépooit paze

npu memnepamype niae1eHus.

5 O‘ = = \D‘ & - g
= S 2 & 28z
2 75 K S = 55 £ E =
= =g L TR g X 2 o
= =R =T 2 & & 2¢ S B2 &
o 5 Z o o = E § o E o & 3 &
aa] E » B H 3 8 8 — ©C B 8 H =
AISb 1,24 1,28 2,14
GaSb |0,39 0,40 3,22
InSb 0,16 0,17 2,31
AE_ Aa
_ Mn _ 2 A@03/T)
p=te zEOD (29)
P 2 ' A(103/T)
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rie AE (3B) — Tepmuueckas mupuHa 3ampemieHHoM 30Hb, a Aa (MB/K)
U3MEHCHHE TEPMO-37IC Ha OINpPEJCICHHOM TEeMIIepaTypHOM uHTepBaie (Tadm. 2).
[IpyauMas BO BHHMaHHE TO, YTO Y pPacCMaTPUBAEMBIX BEIIECTB JJICKTPOHHAs
IPOBOJUMOCTH Mpeodiiagaet (KOHCTaHTa X0JuTa OTpHuIiaTeibHa u b>1), mpoBeacHsI
pacyeThl KOHIICHTPAIlMM HOCHUTENICH 3apsja, Mpeamnojiaras, 4YTo BOJIU3U
TEMITepaTyphl IUIABJICHUS B KPUCTAJUIE MMPOUCXOAUT paccesHue HOCUTENCH 3apsaa

MNpECUMYIICCTBCHHO Ha TCINIOBBLIX KOJICOAHMSIX PCUICTKH. HpI/I 9TOM, COIJIaCHO

pabote [116]:

n = 3 1 (b-1)
L™ 8 eR;(b+1)’

(30)

rae R; — 3nauenue kodddurmenta Xomna npu Tp,; e — 3aps AIeKTpoHa.

B xugkoit xe ¢ase coeamnenus  A''lSb,  mo  mmerommmcs
HKCIIEPUMEHTAJILHBIM  JaHHBIM, CTAHOBSTCS MeETaUIaMH, TI09TOMY pacuer
KOHIIEHTpAllUd HOCUTENEW 3apsaa MPOBOAMICS C HUCIOJIb30BAaHUEM H3BECTHOTO
COOTHOIICHHS TEOPUU CBOOOIHBIX IJIEKTPOHOB:

n, = 1/Rye (31)

PesynpTatel pacueTa KOHIIEHTpAIlMM HOCHUTENEH 3apsijga aHTUMOHHIIOB
ATIOMUHUA, TAUIMS W WUHIWA Kak B TBEPAOW, Tak M B JKUAKOW ¢asze mpu
TeMIlepaType TIaBJIeHUs, IPeICTaBlIeHbI B TabIuUIE 3.

N3 TtemneparypHoOil 3aBUCUMOCTU U] PEepeHIIMATIBHON TEPMO-3]IC, TOMUMO
OTIpe/eNICHUs] OTHOLIEHUS MOABMXKHOCTEH HOCHUTENEH 3apsijia MOKHO paccuuTaTh
NoJIo’)keHHe ypoBHS DepMU B KPHUCTANTMIECKOM TOTYIPOBOAHUKE BOJIM3H TOUYKHU

IUTABJICHUS TIPH ITOMOIIH CIICAYIOMEro cooTHomenus [117]:

1 _ 2Fy(Ep/KT) 2F, (Ep/KT)
a= eT(b+1) {b [EF FO(EF/kT)] t [EF +AE + Fo(Ep/KT) }’ (32)

rae 7, K — teMmnepatypa IiaBieHus; b — OTHOLIEHUE MOJBWKHOCTEH; Ep —
sneprusa Gepmu; k — nocrosgunas bonbimana; AE — myMpuHa 3anpenieHHON 30HbI,
a F;, u Fy — unrerpansl @epMu, COOTBETCTBEHHO MEPBOrO M HYJIEBOTO MOPSAKA.
HeoOxoanmbie gaHHbIE AJIS PACUE€TOB 3HAYEHUS MHTErpasioB depmu ObLIN B3SITHI

u3 padot [116-126].
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Hcnonb3ysi BBIUMCICHHBIE TIO BBIpXKEHUIO (8) BEIMYMHBI KOHIEHTPAIIUU
HocuTenel 3apsga B TBEpHoi (asze coemmnenmii A'Sh, aBroper paGorer [127]
paccunTtasii 3HadeHUS S(PPEKTUBHBIX Macc MJIsl IUIOTHOCTH COCTOSHUWA TIpHU
TEMIEpaType IUIABIICHUS AHTUMOHHUIOB  alIOMUHUS, Talldd W  WHIWA

COOTBETCTBCHHO C IIOMOIIBIO CIICAYIONTUX COOTHOMmEeHu# [127, 128]:

. kT\3/2 E

n; = 4w (Zmn ﬁ) Fy/s (é) (33)
Taonuua 3.

@usuueckue ceoiicmea coeounenuii A'"'Sb ¢ meépoom u scuokom cocmoanuu

npu memnepamype njiae1eHus

S = = = n = R =S = = moX m
Sf., |25, |=2El2EF° g% ° = =
= O a ©q = R O 5 © m = O S Q m
= K s 0 B s g © = SN S = B R 3 o )
% N = 2 S 5 8| % N % Y 2 B2 =
o = ~ g" & B = s % = O e
SHN 2o =z O =2 = o- = 5 2 | 2 B 5
2 25 m £ o g = =) m 2 825 ° s g
B = B — g 8 B E S| 2 E © o g0
= 8 = 8 S 2B 8 - g g8 . 5 2 =
S & E & fgEl e f|E ge el (el
S = x| 8 = & 25 F 8 < w 8 = =| E 3 s 3 s 3 %
8 |EEE|EBEEE|EE TS = |Z5 3 s | EN|ED
S| 5 ES8|5E8 528z £58| 285 28 55|55 |5¢%
9 g o =z 5 S B © 2 2| B S & g S B o 2| & — g g —
S |EEE|ESE | £S5 ESE| 568 EEE |8 .]B
m| 2382|232 |0CkKEE82E|E8Eoked|ed| L
AISb | 1,26 0,13 970 0,50 2,71 10,2 | 5,09 5,09 2,38
GaSb |1,22 0,19 644 0,53 4,77 13 16,90 |6,90 |2,13
InSb | 0,88 0,24 367 0,70 29,55 74 52,09 | 52,09 | 22,54
Tabnuua 3 (mpoaomKeHue)
© - < 4" S s - S oy o =
QO xL Q Q * = e
S g e S 2 F 2 3 > g
= = = § § = xg é ~| 7 <5
3 g x5 g X g R oo E 1= I 5 ~
jas jas] o Q o ~ 2} M <3 S K~
o N M [~ = E B p = *5 = O I S 2
2 S = = = T S =E & | Zox 8 s
= E o 5 | E = Z 5| 9 E = 85 T o =~
) 2 8 = o % ® 2 5 £ - & = g = 8 = SN
o O B - Q= o S -~ &5 2 o ¥ | o kg E 2 &
= sl SO g & 2 B R&) z S § 5 & ES =8 22
o A |0BRE | w82 |O0OfESA|OFEF HES
AlSb | 95,1 534 8,34 88 -4,1 0,017<1
GasSb | 7,7 438 0,53 69 +0,9 246> 1
InSh 5,7 434 4,10 723 +2,65 14,20 >1
(IIpumeuanue: Egp/kT- omuem om Ona 30nvl nposooumocmu)
— 4 (2 KT 3/2F Ep+AE 34
n; = 4am mp h2 1/2 KT ) ( )
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rae F, —uarerpan Gepmu nopsaaxa /.
BrrauciieHHBIC 3HAYCHUS My, U m;, IpeacTaBlieHbl B Ta0nuie 3. BemmunHb
KHHCTHYCCKOW DJHEPruM DJICKTPOHOB W JBIPOK B TBEpAOH ¢aze BOIM3HU

TEMIEPaTyphl IUIABJICHH, BbIpaKeHU cormacHo pabot [116 - 133], B pabote

[127] aBTOpaMu ObLIM pacCUnUTaHbI C IPUMEHEHUEM COOTHOIICHHUIA:

F3/2(Ep/KT)

en = F1/2(Ep/kT)"’ (35)
1 F3/2(=Ep+AE/KT)
p = kT F1/2(-Ep+AE/KT) " (36)

OTtMeTnM, B Cilyyae MOJIHOTO BBIPOXKACHUS AJIEKTPOHHOTO raza B TBEpAOU (dase,
KaK B Clly4ac AHTHUMOHMJIOB WHIUSA, JHEPIUIO &, PACCUUTHIBAIM, IOJIB3YSIChH

BEIpwKeHHEM (2) TpW 3aMeHe BEIWYMH M; W N; COOTBETCTBEHHO HAa
rbdexTuBHYI0O Maccy npH Temreparype IaBiaeHus. Ilocie moacTaHOBKU Bcex
PACCUMTAHHBIX BEJIUYUH U COOTBETCTBYIOIIMX SKCIEPUMEHTAIbHBIX JTaHHBIX B
pabote [127] paccunTanbl 3HaueHUs dYPPEKTUBHON MACCHI TIJIOTHOCTH COCTOSIHUM
AJIEKTPOHOB B paciylaBaX aHTUMOHHUJIOB AIFOMUHUS, TS U UHAMS B TOYKE HX
niaBiieHusi. Pe3ynbTaThl pacueToB TMpeACTaBlieHbl B Tabnuie 3. AHanus
TIOJYYEHHBIX PE3yJIbTaTOB MOKA3bIBAET, YTO NpM IuiasieHun coeaunenuii Al''Sh
(Tabn. 3) mpOUCXOIUT CKauykooOpa3zHoe yBequueHue >(PHEKTUBHOM Macchl IS
IJIOTHOCTH COCTOSIHUM 3JIEKTPOHOB, KOTOpPasi 3aKOHOMEPHO YBEJIMYHUBAETCA OT
AHTUMOHM/IA ATFOMUHUS K aHTUMOHUTY UHIMS.
OcTtaHOBUMCS TeMEpb HAa BOMPOCE WM3MEHEHHS TMOJBUKHOCTU JJICKTPOHOB

npu miaBneHun coeaunenuit AlSb, GaSb u InSb. IMoaBmkHOCTH 3JEKTPOHOB B
TBEPJIOM COCTOSIHUM BOJIM3U TOYKH TUIABJICHUS Y aHTUMOHUIOB QJTFOMUHUS, TaJUTUS
u uaaus [128-133], B pabote [127] BhIUMCICHBI HA OCHOBE DKCIIEPUMEHTATBHBIX
JIAHHBIX IO 3JIEKTPONPOBOJHOCTH, UCIOJIb3YSl PE3YIbTAThl OLIEHOK COOTHOIIEHUS
MOABMYKHOCTEH JIEKTPOHOB U JILIPOK b C TOMOIIIBIO CIAETYIOIUX COOTHOIICHU:

o; = eni,up(l + b) (37)

u;, = b, (38)
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B KuakoM K€ COCTOSSHUM MOJBHXKHOCTH DJIEKTPOHOB OIpEAeNsiach C
UCITIOJIb30BAaHUEM MTPOCTOIO COOTHOIICHUS] TEOPUU CBOOOTHBIX AIEKTPOHOB

u, = o.Ry, (39)
IZie 0;, — DJIEKTPOIPOBOJIHOCTh paciiaBa, a R; — 3HaueHHe MOCTOSTHHOM XoJiia B
pacriase.

Benmunnbl noasmwkHocteld coenuuennii A"'Sh B TBépmoit m xuaxoin daszax
npejacTaBiieHbl B Tabnuie 3. OTMETHM, 4TO cliejlaHHble B paboTe [127] oneHKH
KOHIICHTPAI[MM HOCUTENICW 3aps/ia M WX MOJBWKHOCTH NPU y4eTe OTHOIICHUS
MOABWKHOCTEW DSIIEKTPOHOB M [IBIPOK IO MOPSAKY BEIMYUH COIVIACYETCS C
MOJIyYCHHBIMH paHee JaHHBIMU B pabote [134], rie OHM OLIEHWBAJIUCH HA OCHOBE
TEOPUU CBOOOJHBIX DJIEKTPOHOB. PacdeT yKa3aHHBIX BEIUYUH IO TEOPUU
CBOOOJHOTO  TMOJYNPOBOJHMUKA  TMO3BOJIsiET  Oojee  CTPOro  OILICHHTH
HEMOCPEJACTBCHHBIM  BKJIaJl  DJIEKTPOHOB B OONIyI0  MPOBOAUMOCTH U,
CJIEIOBATENIbHO, SBJSETCS OoJiee KOPPEKTUBHBIM. M3 cpaBHEHUS YHWCIECHHBIX
3HAQYEHUN TMOJBMKHOCTEM JJIEKTPOHOB B TBEPAOM M KUIAKOM COCTOSIHUU Y
AHTUMOHMUJIOB AJIFOMUHUS, TAJUTUS U UHAUS MOKHO BUJETh, YTO MX MOJBUKHOCTh
NpY TUIABJICHUU PE3KO TaJaeT, YMEHbIIasch cooTBeTcTBeHHO it AlISb B 10,2
pa3a, s GaSb B 13 pa3 m mnsa InSb B 74 pasza. YMeHbIleHUE TMOJBHKHOCTH
AJIEKTPOHOB MPHU TJIABJIECHUU aHTUMOHHUJIOB JFOMUHUS, TAJUTUS U UHJUS XOPOIIIO
COTJIaCyeTCs C COOTBETCTBYIOIIUM Bo3pacTaHueM 3 ()EKTUBHON MACCHI IIJIOTHOCTH
COCTOSIHUSI DJIEKTPOHOB IPHU MEPEX0]i€ U3 TBEPIOTO COCTOSHUS B XKUIKOE.

N3 Tabmuiet 3 cnenayer, uto 3 deKTHUBHAS Macca IIIOTHOCTUA COCTOSTHUS TIPU
MJIABJICHUM BO3PACTACT JIJII aHTUMOHUIA aTIOMUHUA B 88 pa3, aHTUMOHM 1A TaJLIUs
B 69 pa3 u aHTUMOHMIA UHIIKS B 723 pasza. B naHHOM cilydae mociea0BaTeIbHOCTh
B U3MEHEHUH CKaudka 3((HEeKTUBHON MACChI INIOTHOCTH COCTOSTHUS DJICKTPOHOB MPHU
KaTMOHHOM 3aMEIIICHUHU Ha 0oJiee TsDKENBIA AJIEMEHT HECKOJIbKO HApyIIaeTCs, YTO
MOXET OBbITh, CBSI3AHO C OCOOEHHOCTSIMH  JHEPTreTUYECKOTO  CIEKTpa
paccMaTpUBaeMbIX COSAMHEHUI MPU TeMIIepaType TUIaBJIeHHs B TBEPAOH (asze.

B coorBercTBMHM ¢ KpuUTEepHEeM BBIpOKIEHHUsA, coriacHo [133, 134],

MMOJHOCTBIO BBIPOKACHHBIM IIOJIYIPOBOOAHHUKOM B TBépI[OM COCTOSAHHMN IIPHU
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TeMIlepaType IJIABJICHUS SIBISETCS aHTUMOHUJ UHAMSA. JIJisi aHTUMOHMIA UHIUS,
TOTO COEAWHEHUS ClIeJITaHHBIE OIICHKA OTHOWIEHUS HS(PQGEKTUBHBIX Macc
IUVIOTHOCTH COCTOSIHMM THpH TEPexXoJe W3 TBEPAOTO COCTOSHHS B JKHUIKOE
COBIAJAIOT C OTHOILIEHUEM A(PPEKTUBHBIX MACC AIEKTPOHOB MPOBOAUMOCTHU. [lis
JPYTUX BEIIECTB MOJYYEHHBIE PE3YyJIbTaThl HOCAT OLIEHOYHBIN XapakTep.

[MonynposogHukoBble coeaunenus tuna AM'BY| B wactHOCTH, HMMerOT
CTPYKTYpY IIMHKOBOM oOMaHku. Kpuctamibl aHTUMOHHUIOB UHAUS OOBIYHO
BBIPAIIMBAIOT M3 paciulaBa crexuomerpuyeckoro cocraBa. JIC coenuHenus
aHTUMOHMJIa WHIUA TIpuBelneHbl B pabdore [1]. Kak BugHO, OHO 00pasyer
COCIMHEHHUS TMpU OTHOLIEHWHM KOMIIOHEHTOB 1:1, W jgumarpamMma wHMeer
HBTEKTHUECKUI Xxapakrep. Temmeparypa IUIaBJICHUS AaHTUMOHHIA WHIUS B
OTJIMYHME OT JPYTUX aHATOTUYHBIX COCAMHEHUM JSKUT MeKAY Ty IN 1 Ty SD.

B paGore [135] Ha OCHOBE JMTEpaTypHBIX [aHHBIX IIOKa3aHO, 4YTO
AHTUMOHUBI TPEThEHN TPYMIIbI IIAaBATCA 0€3 pasziiokeHusa. CoeMHEHNs SJIEMEHTOB
Il u V rpynn o0pa3yloT KjiacC HHTEPMETAUIMYECKUX MOJIYNPOBOIHUKOBBIX
coequHenuii, wumeromux  popmyny AMBY. Hayumplii wuHTEpEC K 3THM
COCIMHECHUSIM, TPEACTABISIONIMM TUIUYHBIA KJIacC TBEPIBIX COCIMHEHHM, OBLI
BbI3BaH MX OOJBIIONW MEPCHEKTUBHOCTBIO MJisi MpakTUKU. OHHM 00ecredyuBaroT
Oosnee MUPOKUN BHIOOP OCHOBHBIX MOITYIPOBOJHUKOBBIX MAapaMETPOB, HIUPUHY
3aMpeneHHON 30Hbl M MOJBM)KHOCTH HOCUTENEH TOKa, YeM IPOCThIE BEIECTBA,
oOpa3oBaHHbIE dJIeMeHTaMu |V rpymibl.

JlaHHbIE OLIEHKH Beca MOHHOM cBsi3u coeauHeHuit |l m V rpynn Obuim
OCHOBaHBI Ha IIKayie AneKkTpooTpuriatenbHocTH [laynunra [136]. Bee coennnenus
Il u V rpynn umenu paznuune B 3nekTpooTpunarenbHoctsax ot 0,3 mo 0,5
€IMHHUI], YTO COOTBETCTBYET BECy MOHHOM CBs3U OT 5 10 10 %. bbumn u3ydeHsl
HEKOTOpbIE MOJENH, KOTOpPhle KayeCTBEHHO CIOCOOCTBOBAIM MOHUMAHHIO
CXOJCTBA U pa3innuus Mexy coeauaenusamu |l v V rpynn u cooTBeTcTBYOIIMMHI
anmementamu |V rpymmer (tadn. 4). Xepman [137] oOocHoBanm HE0OXOIUMOCTH

HOI[pO6HOFO OnmrucaHust 30H HPOBOAMMOCTHM MW BaJICHTHOCTHU JJIA 00BACHEHUS
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KOHKPETHBIX CBOMCTB KPHUCTAJJIOB THMA IIMHKOBOM OOMaHKHU. 30HHAs CTPYKTypa

InSb siBrsiIack mpeaMeTOM HECKOJIBKHX JIPYTHX TEOPETHUECKUX UCCIICAOBAHUI.

Taobnuua 4.
Cpaenenue coeounenua |1l uV zpynn ¢ coomeemcmeyowjumu
noaynpogoonuxamu |\ zpynnut
No Marepuan Touka [[upuna 3anpe- | Pacctositnue — mexay
/o [UIABJICHUSA IICHHOW 30HBI MpHU | OIMKAUTITUMU
300K, 3B. cocemsimu A
1 AlP 1500 3,0 2,36
2 Si 1412 1,08 2,34
3 GaAs 1238 1,35 2,44
4 Ge 958 0,66 2,44
5 InSb 523 0,17 2,80
6 a—Sn 232 0,1 2,8

Jlmarpamma coctosiHusi cucteMbl In — Sbh mokazaHa Ha pucyHke 1.
CrexnomMeTpuuecKoe COeIMHEHHE MTOTYYaeTCsl IPH OTHOLIEHUH KOMIIOHEHTOB 1:1.
BbiBoAbI 1O mnepBOi ri1aBe
Hcxons U3 BBILIEU3JI0KEHHOT0, MOXKHO CIIEaTh CJIETYIOIUE BBIBOIBI.

B nureparypHOM paccMaTpUBAIOTCS pa3jIMYHbIE TEOPETUUYECKHUE, COBPEMEHHBIE
MOJIEJId METAJJIOB M AJIEKTPOHHBIX paciyiaBoB. [loka3zaHo, 4TO 1O CUX MOp HET
€IMHHOM Teopuu IJi1 ONMMCAHUS KMHETUYECKUX SIBIICHUHN B JKUIKUX METaulax U
MOJIyIPOBOJHUKAX. B CBSI3M C 3TUM HMHTEPHPETUPOBATH SKCHEPUMEHTAIIbHbBIE
pe3yNbTaThl MO 3JEKTPOYU3MUECKUM M TEPMORJICKTPUUYECKUM SIBIICHUSM HEIb3s
0€3 TPOTUBOPEUHIA.

Pe3ynbTaTthl TEOPETUYECKOrO0 PACCMOTPEHUS KUHETUYECKHX SIBJICHUN B
KUJKUX MeETalylax U TMOJYNPOBOAHHKAX IMOKa3bIBAIOT, YTO B IKUAKOCTU
COXpaHSIETCsl 30HHAsI TEOpHUS SHEPTeTUYECKOIrO CIEKTpPa AJIEKTPOHOB, HO HESCHO,
KaK OHHU BIIMSIOT Ha KOJPHCTaHbl XoOJUla, TEPMO-3AC W JpYrue MapaMerpbl
KHUJIKOCTEH.

[Touck HOBBIX MarepuajioB C OOJBIIUMU  TEPMODIIEKTPUUECKUMHU

napaMeTpamMu B TBEPAOU U KUIKOHM (Da3ax MyTeM JETHPOBAHUU, TEPMOOOPAOOTKH,
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COBMECTHOTI'O IUIABJICHUSI HMCXOIHBIX KOMIIOHEHTOB SBIIIETCS OCHOBOM pELICHUS
po0JieM B AJIEKTPOHHON TEXHUKE.

[IprMeHeHne MONMyNpPOBOJHUKOBBIX COEIUHEHUM U TBEPIBIX PAaCTBOPOB Ha
X OCHOBE, JICTUPOBAHHBIE MAaTEPHAJIbl B KAaYECTBE AKTUBHBIX MAaTEpPHAIIOB B

COBPEMEHHOW TEXHUKE CENAIOT ATy 3a/1ady 00Jiee OCyIIECTBUMOM.

TIJIABA 1. AIITAPATYPA U DKCIIEPUMEHTAJIBHBIE
METO/bI NCCJIEAOBAHUA

2.1. DyekTpopusnUecKUe U TEPMOIIEKTPUUYECKHE

napaMeTpbl COeIUHEHUH B TBEPAOM U KUJIKOM COCTOSTHHH

Pa3zBuTue COBpEMEHHOHN 3JIEKTPOHHOW TEXHUKHU: PATUOIIEKTPOHUKH,
POOOTOTEXHUKH, JIA3E€PHOM, KOMIIBIOTEPHOM U MOJYIIPOBOJHUKOBOU TEXHUKH,
ABTOMATHUKH, J3JIEKTPOHHONW HAHOTEXHOJIOTMM U T. JI. TpeOyeT MOJIydyeHUs
Pa3HOOOPA3HBIX XUMHYECKMX COCAMHEHUM U TBEPABIX PACTBOPOB, KOTOpPHIC
oOmaganu Obl BBICOKOI((EKTUBHBIMU CBOWMCTBAMM B IIIMPOKOM JHANA30HE
temnepatyp.  CoenuHeHMS  pa3NMMYHBIX  CTPYKTYPHBIX  TPymm U
MPOMEKYTOUYHBIE CIUIaBbl HA MX OCHOBE JOIOJIHSIOT KJIACCUYECKYIO TPYIIITY
«CTapbIX» 3JIEMEHTAPHBIX MOIYMPOBOJIHUKOB. B TeXHOJOTUM 3JIeMEHTapPHBIX
MOJIYIIPOBOJHUKOB 0CO0O€ MECTO 3aHMMAalOT BOIPOCHI, CBS3aHHBIC C
MOJIy4YeHUEM MOJTYITPOBOJHUKOBBIX MaTepUaioB B YUCTOM
MOJIMKPUCTAININYECKOM  BHjae. B TeXHONMOTMHM  MOJIYyHPOBOJHUKOBBIX
COEIUMHEHMH, KakK TMpaBWIO, OTCYTCTBYIOT OIl€pallui, CBSI3aHHbIE C
MOJIyYCHUEM HMCXOAHBIX KOMIOHEHTOB. OCHOBHBIM 3TAaIllOM TEXHOJIOTHH 3/1eCh
SIBJISIETCS TIOJIyYEHHE CaMOT0 COCIMHEHUsI U COCTAaBOB — CHHTE3, KOTOPBIN IO
CBOMM METOJaM TITOTeeT K HeopraHmdeckoMmy cuHTedy. Cremyromeid 3a
CHUHTE30M OIIEepallU SIBJISIETCS MeXaHU4Yeckast 0o0paboTKa CIUTKOB U OUMCTKOM
CHHTE3UPOBAHHOTO COCIMHEHUS, a BBIpAIIMBAHUE €ro MOHOKPHCTAJUIOB
BBITMOJTHSIETCS OOBIYHO B XOJI€ OJTHOTO IMpoIlecca HEMOCPEACTBEHHO BCie 3a
CHHTE30M B OJHOHM ammapaType, 4To OOYCIIOBJICHO BBICOKOW pPeaKIMOHHOMU

CITIOCOOHOCTBIO COGI[I/IHGHI/If/'I, N COCTABIIAIOIINX KOMIIOHCHTOB B COUYCTAHUM C
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BBICOKOU TEMIIEpATypOl IUIABJIEHUS W BBICOKMM JABJICHUEM MapOB
KOMIIOHEHTOB WK coeauHeHuil. IloatoMy TexHoJsiorusi W amnmapartypa,
WCIOJIb3YEMbIE I TOJIYYEHHSI KPHUCTAJIOB TaKHUX IOJYMPOBOJHUKOBBIX
COEMHEHUH, KaK MPaBUJIO, 3HAYUTEIBHO CI0XHEE, YEM B ClIyyae MOJIyUYeHUs
KPUCTAJJIOB 3JIEMEHTAPHBIX MOJYIPOBOJIHUKOB. [Ipu pelieHnn TEeXHOJOTUU
CHUHTE3a U IOJIYYEHUU MOJTYIPOBOJHUKOBBIX COCTUHEHUN U TPOMEKYTOUHBIX
CIUTABOB TaKX€ HEOOXOAUMO 3HATh JHArpaMMbl COCTOSIHMSI, TEMIIEPATYpPHI
TJIABJICHUS yOpyroctu JMCCOLUALINH. Haubonee BAKHBIMU
MOJIYITPOBOJHUKOBBIMHM COCIUHEHUSIMHU SIBIISIIOTCS COCIMHEHUS, BXOJSIINE B
rpynnsl AgoBVL, AIIBY AIVBVL AIIBVI i T, 71.

ITosmyyeHne MONYNIPOBOAHUKOBOTO COEAUHEHUS CKJIAJIBIBACTCA W3
CIEAYIOIMX OCHOBHBIX OIEpalyii: CHUHTE3a, OYUCTKH, BbIpAIIMBAHUS
MOHOKPHCTAJIJIOB, JIETUPOBAHUS, TEPMOOOPAOOTKH MOIYyUYEHHBIX 0Opa3IoB U
Opyrux. JJist OCYIIECTBIEHUS 3THUX OIEpaldi BaXHOE MECTO 3aHUMAIOT
HCIIOJIb3YEMBIE 3JIEKTPUUYECKHUE TT€UYH BBICOKUX TEMIIEPATYP.

M3roroBieHne neun /st U3MepeHus NOJYNPOBOAHUKOBBIX COeIMHEHUI.

Pa3paboTkoii HarpeBaTeleil M HCCIEIOBAHUEM HX CBOMCTB YUEHbIC
3aHuMaroTcs eme ¢ 1913 roma. Pabora mo paspaboTke neyei BEAETCS B IBYX
HAIIPaBJIEHUSIX: BO-TIEPBbIX, UCIIOJIb30BAHUE HATPEBATEJIENH HA OCHOBE YUCTBIX
METaJIJIOB, TaKUX Kak jkeie3o, KobanpT, rpadut, BombppaM U T. 1., BO-
BTOPBIX, - HATPEBATEJIEN HA OCHOBE OKHCIIOB, TAKUX KAaK JBYOKHCH ITUPKOHUS,
OKHC ITMPKOHMS, KapOuaa KpeMHUS U T. 1.

Jst  u3MepeHust 3JeKTPpOPU3UUYECKUX IMapaMeTpoB HaMu  ObLIU
HCIOJIb30BaHbl HarpeBaTeau (pUc.2) Ha OCHOBE CILJIABOB CTAJIU U KOOAIbTa.

ITeur [138] BhIMOMHEHAa W3 CTajdbHON TPyOBI, auameTrpoM 30 MM,
MOKPBITOM CIIOEM 3JIEKTPOKOPYHIA, 3aTeM OUMUIIPHO HAMOTAH JICHTOUHBIN
HarpeBaTenb tuna OXFO23BA, paccunmtanHblii Ha 25 A, oOecrieumBaroIIuii
MaKCcUMalbHYI0 TeMiepaTypy ao 1300K [107].

HarpeBarenbs moMemaercsi B BOJI0OXJIaXK1aeMbIi KOXKyX. [IpocTpaHCTBO

MCXKIY BOOAOXJIAKIACMBIM KOXYXOM H HAIr'peBATCIIEM ITOCJIC BTOPOT'O TOHKOI'O
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CJIOSl DJIEKTPOKOPYHJIA 3aMOJIHSETCS BBICOKOTEMIIEPATYPHOU KAaOJIMHOBOU

BaTOI;'I, BO M30eKaHue IMIOTCPHb TCILIA.

1

a

Pucynox 2. Cxema nexkmpuueckoil neuu 011 usmepenus 3j1eKmpoduzuueckux
napamempog. 1-60000Xx1ax#cOarOWUll KOHCYX, 2-cmanvHas mpyoa, 3- ouguiapHo
HAMOMAaHHblll Hazpesamev, 4-asmomparncgopmamop muna PHO-250-10.

Bonmooxiaxaaromnmii KoxkyX U3rOTOBJIEH U3 HEMArHUTHOTO MaTepuaa.
B pesynbraTe mojydyeHa Oe3rpajgueHTHAs I€Yb, KOTOPAs MCIIOJIb3YETCS IS
M3MEpPEHUST JJIEKTPONPOBOJHOCTH M Ko3(pduimeHta Xojjaa B MIKHUPOKOM
ayanal3oHe TeMIlepaTyp, BKiouas U xkuakyto dasy [107]. B ciyyae oTcyTcrBus
3JIEKTPOKOPYH/IA, HAMU OBbLT UCIOJb30BAH 3aMEHUTEIb JIEKTPOKOPYHAA. DTO
CIlelIMaJIbHAS MAacTa, XOPOIIO OYUIIEHHAs OT IMPUMECE, HA OCHOBE MECTHOTO
cbipbs. OHa MpeaBapUTENIbHO JUCHEPrUPYETCS O MOPOIIKA, HAMAUMBAETCS B
TEUEHUE CYTOK M TMOCJIE 4Yero npumeHserca. OHa HU B YEM HE YCTYIAET
AJIEKTPOKOPYHIY U IO TEPMOCTOMKOCTH, U MO kapocroiikoctu. Hapsnay ¢
3TUM JUISI CHUHTe3a COEIWHEHUM aHTUMOHMWAA WHAUS HaMud ObUIM
WCII0JIb30BaHbl U cTangapTHbie ieun Mapku CLHOJIb -1 -1, 6/12 u CYOJI- 0.4
-2,5/1,5-UL

AHamu3 COBPEMEHHBIX METOJMK U3MEPEHUsS] 3IJIEKTPOPUINIECKUX
CBOMCTB IMOJIYITPOBOJHUKOB M UX PACIJIABOB MO3BOJISIET CALIATh BBIBO O TOM,
YTO HU3yueHHE (U3NYECKHUX CBOWCTB PACIUIABJICHHBIX BEIIECTB CBS3aHO C
MPEOJOJIEHUEM 3HAUUTEIbHBIX JKCIIEPUMEHTAIbHBIX TpyaHocTend. OmgHONl U3
[JIaBHBIX 3aJlay MPU NPOBEJACHUU H3KCHEPUMEHTAJIBHBIX HCCIIEIOBAHUI

ocTaéTcs BOIIPOC O CO3JaHHMHN YHHUBCPCAJIIBHOTO HArpcBaTClIAd. Hawnbonee
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JOCTOBEPHBIE OIBITHBIE JAHHBIE, XOPOLIO KOPPEIUPYIOIIMUE APYT C IPYroM
IpM  OAWHAKOBBIX TEMIIEpaTypax, IIOJy4aloTCd IMpPU OJHOBPEMEHHOM
U3MEPEHUN HECKOIbKUX (PU3UYECKUX MapaMeTpoB. YUUTHIBAs crieliM(pUUIECKUe
OCOOEHHOCTH M3MEPSIEMBIX OOBEKTOB, MOXHO CPOPMYIMPOBATH OCHOBHBIE
TpeOOBaHUS K TAKOMY YHUBEPCAJIbHOMY HArpeBaTENlO, MPEIHA3HAYCHHOMY
U1 UCCIEAOBAaHMSI HE TOJBKO  (PU3MUECKUX mapaMeTrpoB.  Takoit
YHUBEPCAJIbHBIN HATPEBATEND JOJIKEH 00/1a/1aTh CIEAYIOIIMMHA CBOMCTBAMU:
-BO-TIEPBBIX, OH JOJDKEH 00€CleunBaTh Ha paboyeM ydyacTKe OJJHOBPEMEHHOE
TEMIIEPATYPHOE MOJIE, YTO BECbMa CYIIECTBEHHO ISl TPOBEACHUS U3MEPEHUH,
B 4acTHOCTH, Koa(¢puimenta XoJuia, CKOPOCTU MOTIJIOLIEHUS YJIbTPa3BYKa,
TEPMO-3/IC U JPYTHUE;

-BO BTOPBIX, TAKOW HArpeBaTelb JIOJKEH MMETh HEOOXOAMMBbIE HEOOJbIINE
rabapuThl, BCIEACTBUE OTPAHUYEHHOCTU Pa3MEpOB (PU3NUECKON YCTAHOBKU;
-B-TPEThUX, B JIJAOOPATOPHBIX YCIOBUSIX HEMAJIOBAXKHBIM SIBIISIETCS BOIIPOC 00
YMEHBUIEHUHU MTOTPEOIIEMON MOIITHOCTH.

C yu€roM BBIIIECIEPEUNCIICHHBIX TpPeOOBaHUII HamMu pa3paboTaHa
KOHCTPYKLIMSI ~ HarpeBaTens, IPEAHA3HAYEHHOTO  JUIS  MCCIIEAOBAHUS
(U3UUEeCKUX CBOMCTB PACIUIaBOB pa3IMUHBIX BemiecTB [139].

TerIoBbIAEHSIONUNA 3JIEMEHT COCTOUT W3 JBYX TIpaduTOBBIX TPYO,
COEMHEHHBIX MEXTYy COOOU B BepxHel yacTu. Takast KOHCTPYKIHS ITO3BOJISIET
IPONYyCKAaTh TOK 4Yepe3 HarpeBaTtelib B  JABYX  IIPOTHUBOIIOJIOKHBIX
HAIPABJICHUSIX. DTUM MCKIIOYAETCS BO3MOKHOCTb CO3JAHUS MArHUTHOI'O
IOJIsl, OOYCIIOBJIEHHOTO TOKOM HAarpeBaTessl, 4YTO HMEET CYLIECTBEHHOE
3HAYEHME MPU MTOCTAHOBKE MCCIIEOBAHUN (DU3UUECKUX CBOMCTB.

[ep:xaTtenm u u3MepurebHble ssueiiku. M3BeCTHO, UTO )11 UBMEPEHUS
ANEKTPOPUINUECKUX TAPAMETPOB B 3aBUCUMOCTH OT TEMIIEPATYPbI BAKHYIO
pOJIb UTPAET KpeIyIeHne o0pa3la, Tak Kak Naiika UHAUEM UJIU CEPEOPOM - HE
OYeHb HaAEKHBIN MeTo1. [103TOMy HamMu OBLIIU U3TOTOBJIEHBI AePKATENIN

oOpasia pa3HoOTo BUa, HEKOTOPHIE U3 HUX MTOKA3aHbl HA PUCYHKE 3 U 4.
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OTHU AepKaTeIN MO3BOJISIIOT U3MEPSTh AIEKTPOIPOBOTHOCTH, TEPMO-3/IC
1 ko3 puureHT XoJuia TBEPIbIX 00Ppa310B. BIUIOTh /10 TEMIIEPATYPhI
TIJIaBJICHUS.
JlepxaTenu, KOTOpbIe MOKAa3aHbl HA PUCYHKE 3 OoJiee MOMyIspHBIE U, 11O
HallleMy MHEHHUIO, He OuYeHb Haa&xkHble. [lemo B TOM, YTO KpeIjieHUe
TepMONIapbl TPU HU3MEPEHUM TEPMO-3JIC B TBEPAOM COCTOSIHUM HEIb3s

rapaHTHPOBATh COMPUKOCHOBEHUE TEPMOMAPhI K 00pasIy.
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Pucynox 3. /leprcamenu ona uzmepenus 31eKmponpoeooHocmiu,

Koncmanma XoJaa u mepmo-30¢ 6 meépoom coCmosHuu

: ‘pJH (,J(th/z/g
//////////// )

—F 3 < wE,
%//3/////// ////Mf °
w\

Pucynox 4. Texnonozuueckas cxema oeprcamens 0 usmepeHus ko3ghguuyumos
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INEKMPONPo80OOHOCTI, MEPMO- I0C U XO0A1A 6 MEEPOOM COCMOAHUN.
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JI7st ycTpaHeHUs HEIOCTATKOB HaMHu ObUT pa3pabOoTaH HOBBIA BUI
JepKaTesi, KOTOPbIM MPeACTaBIEH Ha PUCYHKE 4.

Kak BugHO U3 pucyHka 4, KperjieHne TEPMOIApbl UJIM TOKOBBIE 30H]IbI
MPOU3BOJATCS TpU ToMolu BUHTOB 3 u 4. Ha Tepmomapbl U 30H/bI
HAJE€BAIOTCS KEPAMUYECKUE COJIOMKM M BHUHTBI CONPUKACAIOTCS ¢ HUMU. Tak
YTO U3OJISIIMS TepMONapbl WIM 30HAOB OT JAep)KaTelsl U BIUSHUE BHEUIHUX
(haKTOPOB MOJTHOCTHIO TAPAHTUPYETCS.

BMecte ¢ TeM pUKOCHOBEHME TEPMOMAPhl WJIM 30HJ0B K 0Opas3liaM He
BBI3BIBACT HUKAKUX IorpertHoctei [107, 140].

Jl1st u3MepeHus 3JeKTPpoPU3NIECKUX TapaMeTpOB JAHHBIN JepKaTelb
MOHO U3TrOTOBUTH M3 CTalM (Ipu u3MepeHusx go temmepatypsl 1700 K), mo
1100K B kauecTBe MaTepraIoOB AEPKATEISI MOKHO UCIOJIb30BATh ACOECTOBBIE,
KBaplLEBble MaTepualibl. JlaHHBIM JEpXKATEIb TMO3BOJSIET HApPSAy C
U3MEPEHUEM JJIEKTPOINPOBOJHOCTH OMPEILIATh TEPMO-3]IC U KOIPPUIIMEHT
Xomna. J{ns 3TOW 1enuM JOCTAaTOYHO 3aMEHUTh, TepMonapbl 1 u 2, Takxke
BUHTBI 5 uW 6 Ha 30HABL. B cioydae o0Opa3loB, HMEIOIIUX CTPOro
MPSIMOYTOJIbHBIE (DOPMBI, 30HABI 1 U 2 TOKOBBIE, 5 U 6-TtoTeHIHaIbHbIe [107].

CrnenyeT OTMETUTDh, YTO MPU U3MEPEHUU KOHCTAHThI XOJUIa AEPKATENb
JIOJI’KEH M3TOTOBIISTHCS U3 HEMArHUTHOTO MaTepuana. Bua nepkarens cOOKy
1 B 0OIIIEM BUJIE€ TTIOKA3aHbI HA PUCYHKaX 3 a U 3B.

JIJ1s1 u3MepeHUst 3NEKTPIIPOBOJHOCTH MOKHO HCIOJIb30BATH 3JIEKTPO/IbI
71 8. B 3TOM cityuae 35IeKTpoibl 1 1 2 UrparoT poJib TOKOBBIX 30HAOB, a4 7 U 8
— MMOTEHIIUAJIbHBIE.

BMmecTe ¢ Tem 119 u3MepeHus IpU  BBICOKUX TeMIlepaTypax BIUIOTh 10
1300 — 1500 K HamMu ncnonp3oBaHa KEpaMUUeCcKas sUYeKa, U3rOTOBJIEHHAS HA
ocHoBe Al>O3, MaTepmalioM sTUEHKU sABIsIeTCA KepaMuka Mapku I'M (puc.5).

MoXHO OTMETUTH, UuTO B paborax [141, 142] nna n3meperus 3¢gdexra
XoJl1a MPUMEHSJIUCH SSYEHKHN Y-2, a AJIs1 3JIEKTPOIIPOBOJHOCTH U TEPMO-3/IC -
suetiku Y-1. Ilpu uccnemoBanuu 37eKTPOPUZNIECKUX MTAPAMETPOB B KUIKOM
¢daze U MpU BHICOKUX TEeMIIEpaTypax MbI MCIIOJb30BAIM SYCHKH Mapku Y-2,

IIOTOMY YTO H3MCPCHUSA OISJICKTPOIIPOBOAHOCTU, KOHCTAHTDI XOJ'IJ'Ia, Moo
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TCPMO-3IC M OJJICKTPOIIPOBOAHOCTH IIPOBOAWIIM OJHOBPCMCHHO B TCUCHHC

OIHOI'O SKCIICPUMCHTA.
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Pucynox 5. Hueitku ona usmepenus siekmpogpuzuueckux napamempos:

a —setika Y-1,- 015 uzmeperue 31eKmponpo8ooHocmu u Kodggpuyuenma Xouna
8 MBEPOOM U HCUOKOM COCMOSHUU, O-syelika V-2 - 01 uzmepenus mepmo-30c¢ 8
MBEPOOM U HCUOKOM COCHIOSIHUL.

Sueitka mnpeacTaBiaseT COOOM UWIMHAP EMKOCTBIO JJISl 3arpy3KH
HCCIIEyEMOTO BEIIECTBA M KOHYCOOOPA3HbIM YYAaCTKOM B BEpPXHEM udacTu, K
KOTOpOMY  TMputupaerca  rpaduToBas  WiIu  ajdyHIoOBas  MpoOKa,
repMETU3UPYIONIAsi BHYTPEHHUN OO0BEM suelku. DTa MpoOKa CMa3bIBAETCS
CrienajJIbHOM 3aMa3KOl Ha OCHOBE OKHCH aJlfoMuHUs. Mccimeayemoe BelecTBo
MOJIsl  IUIABJIEHUST 3aHUMAET TOJHOCTBIO  IIEJIH, HMEIOIINE CTPOro
MpSIMOYTOJIbHYIO (OpMYy U CHAOXEHHYIO THE3IaMM JJIsi TOKOBBIX U
MMOTCHIMAIbHBIX 30HA0B [107].

Pabouas mens [0,05(0,04; 0,03; 0,5x3,5)].10-2 m. KouuecTBO OTBEpCTUA
oA BJIEKTpOoAbI-S, nuaMeTp oTBepctuii—4 mm, Bec 40 r. Takas BeaudyuHa
BBIOMpAITACh C IIEJIBI0O YMEHBIIIEHUS! BIMSHUS TOKOBBIX 30HI0B Ha MU3MEPECHUS
[141]. B xadecTBe 30HAOB MBI HCIOJIb30BAIM CIIEKTPAJIbHO UHMCTBIA rpadur,
KOTOPBIN TIJIOTHO BIIPECCOBBIBAETCS B THE3/MA SYCHKH M B HEM COCTUHSICTCS

MOJ'[I/I6I[CHOBBIC NI PCHHUCBLIC BbIBOJLI. I[J'IH yIydlieHuA I'E€pMCTHYHOCTHU
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SYeMKM Bce TrpadUTOBBIE YIUIOTHEHUS MPOMA3bIBAIUCh CIEMATIbHON
3aMa3KOl HAa OCHOBE OKHCH QIIOMUHHMS, KOTOpass MOXET CIYXUTb IIPU
BBICOKHUX TemmepaTtypax [107]. Sldeiika MMeeT KOHCTPYKIUIO, KOTOpas
MO3BOJISIET  M3TOTABIUBATHL €€  CEPUUHO, TMPUMEHSS  KEPAMUUYECKYIO
TEXHOJIOTHIO 0€3 KaKoW-Tubo mocieayroie Mmexannueckoi nopabotku. [pu
M3MEPEHUM KOHCTAHThI XOJIJIa 4acTOTa MEPEMEHHOI0 TOKa, MOJBOJIMMOTO K
oOpasiy oT crangapTHoro re"epatopa [3-33 cocraBnsiiio 86 I'l. HyxhHo
OTMETUTh, YTO HCCIAEAyEMble OO0pas3lbl MMEJIM JOCTATOYHO IIUPOKHUM
MHTEPBAJI BXOJIHBIX COIIPOTUBJIEHUN, UYTO COOTBETCTBEHHO MPEACTABIISIO
OOJIBIIYI0 TPYAHOCTb I MX COTJIACOBAHUS C BBIXOAHBIM COIPOTHUBIICHUEM
reHepatopa. Ilo3ToMy yCUIMTEIb MOIIMHOCTH SIBISETCS HEOOXOIUMBIM
aneMeHToM cxeMbl [107].

N3MepeHre XOJUIOBCKOTO HAMPSDKEHUST Mbl MPOBOJWIM MO TPEM
30H/IOBBIM CXeMaM U3MepeHMs. [Ijis1 KOMIIEHCAllud WHIYKIMOHHOW HaBOJKHU
Obula coOpaHa cheluaibHas cXema, COCTOSIasi U3 MACCUBHBIX 3JIEMEHTOB.
YpoBeHb KOMIIEHCAluM pAocturan 1-5 MxB mis KUOKUX METAJUIOB U
METaJUTU3UPYIOMIMNXCS MOJYNPOBOJAHUKOB. HeOosbIime OTKIOHEHUSI 3TOro
YPOBHSI B TIPOIIECCE M3MEPEHUS] PETUCTPUPOBAIMCH C TIOMOIIBIO JIBYX
CEJIEKTUBHBIX BOJBTMETPOB B6-9, HACTpOEHHBIX Ha YacTOTy TOKa U
MarHUTHOTO MOJIsI, COOTBETCTBEHHO, M BU3yaJbHO HAOIIOAAIUCh HA HKpaHax
ocuuiiorpadoB tuna CVY-5. Hanpsokenue Xojjia perucTpupoBajioch Ha
pa3HocTHOM 4vactoTe 36 'l ¢ MOMONIBIO CEJIEKTUBHOIO yCUIUTENsd Y2-8 ¢
CUHXPOHHBIM AeTekTopoM B9-2. BHOCMMOE BBIXOJHBIMU LIETISIMU OCJIa0JIeHNe
YUYUTBIBAJIOCHh C TIOMOIIBI0O KOHTPOJILHOTO reHeparopa ['3-33, HacCTpOE€HHOTO
Ha dvactoty 36 I'1, KOTOphIii BMecTOo oOpaslia MNOJKIIoYAJICS Ha BXOJI
M3MEPUTEIIbHON CUCTEMBI JJII CPABHEHUS BXOJIHOT'O M BBIXOJHOTO CHUTHAJIOB.
N3mepenue Toka 4epe3 obOpasell U MarHUTHOE IIOJIE OCYIIECTBISIIOCH C
MOMOIIBIO ITU(PPOBOTO BOJILTMETPA MOBBINIEHHOTO Kiacca TouHocTu (BK7-
18). I'pagynpoBOYHOE M3MEpPEHHE KOHCTAHThI XOJlJIa MPOBOAWINA MO PTYTH,

JUIST KOTOpOM OHa xopouro wuszBecTHa. IlocrosHnass Xosuia Ui pTyTH
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okazamacb paBHo 7,4.1011 M3 /Km, d9ro Xopomo cormacyercs ¢

JUTepaTypHBIMU JaHHBIMHU [107].

2.2. JKCIepUMEeHTAIbLHbIE JJAHHbIE 110 JIeKTPO(PU3nYECKUM
napamMeTrpam noJynpoBOJHNUKOBBIX COeINHEHUI B IIMPOKOM

AUANA30HE TeMIIEPATYP

[TogpobHOE omucaHue METOAMKHU, anmaparypbl 1 HEOOXOAUMBIX MpUOOPOB
JUISL  U3MEPCHHS  DIICKTPODU3UYECKUX TapaMeTpOB JKHIKHUX METALIOB U
HIOJTIYITPOBOIHUKOB TMpHBEIeHO B paboTax [8,143]. Onucana MeToMKa U3MEPCHHUS
ANEKTPOPU3NIECKUX,  TEPMOIJICKTPUUECKUX  TAPaMETPOB  JIBYX-30HIIOBBIM,
YeThIPEX-30HJIOBBIM MeTOAOM M MeToaoM Bau-nep-Ilay. Hamu wusrotoisuck
oOpaszubl napamwienonunennoit ¢hopmbel. [lociae cuHTe3a 00pas3loB MOTyUYEHHBIE
CIMTKH  00pabaThIBAIUCh MEXAaHMYECKUM METOJOM, M3 KOTOPBIX ITOTYUYEHBI
HeoOxoauMble o0pasubl st udMepeHus. [lpu Mexanudeckoit oOpaboTke HaMH
OBUTM HCTIONB30BaHbl CTAHJAPTHBIE YCTAHOBKU, CTAHKA M C TTOMOIIBIO aTMa3HbIX
JTUCKOB OBLTM pa3pe3aHbl CIUTKH. [lpu W3MEpeHHH HIEKTPONPOBOIHOCTH
WCIIOJIb30BAIM  METOJI TOCTOSSHHOTO TOKa C TPUMEHEHHEM COBPEMEHHBIX
YHUBEPCAIbHBIX MPEUU3HUOHHBIX IMU(GPOBBIX BOJBTMETPOB Mapku B7-21 u B7-
21A. TlorpemiHocTh M3MEPEHUM JJISI  DJIEKTPONPOBOJAHOCTH U TEPMO-IJIC
cocraBmsuia 2,5 %, a ansg koHcTaHThl Xoia - 6 %. Dnekrpodusmueckue
mapamMeTphl MPY HU3KHUX TEMIIepaTypax H3MEPSUIH C UCIIOIh30BaHUEM KPHOCTATA,
a TIPU BBICOKUX TeMIIEpaTypax UCIOIb30BaIN TEPMOCTAT.

MeToanbl H3MepeHus 3J1eKTPONPOBOHOCTH B MeTaJLIax,
MOJIYNIPOBOAHMKAX M MX MeXaHW3Mbl. V3BecTHO, 4TO B TBEPIBIX TENax B
AJIEKTPOHHON MPOBOJMMOCTH YYacCTBYIOT B OCHOBHOM JJIEKTPOHBI, COOCTBEHHAs
DHEPTUS KOTOPBIX JISKHUT B 30HE MPOBOIUMOCTH. [Ipr OTCYTCTBHM BHEUTHETO OIS
OHM JBWKYTCS XaOTHYECKH, MOJAOOHO MojekyjaaMm raza. OmHako B OTIMYHE OT
MOJIEKYJIBl Ta3a JUIMHY CBOOOJHOTO TpoOera JJIGKTPOHOB  OMPEACIISIOT
CTOJIKHOBEHHEM ¢ (OHOHaMH JAedeKTamMHu pemeTku. B mpoMexyTkax Mexiy
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CTOJIKHOBEHHMSIMU 3JIEKTPOHAMH JBWXYTCA CBOOOAHO. IlpuioskeHune BHEUIHEro
noJisi K 00pasily BbI3BIBAECT MOSBICHUE COCTABIIAIONIMX CKOPOCTEW AJIEKTPOHOB,
HaIIpaBJIEHHBIX IPOTUBOIIOJIOKHO BHEIIHEMY IIOJIIO BCJIEACTBHE TOrO, YTO Ha
KQKJIBIM AJIEKTPOH JACHCTBYET AJIEKTpUUECKasi CHJIa, COOOIAOIIAsl eMy YCKOPEHUE
B 3TOM HaIlpaBJIEHUU. DJIEKTPUYECKHI TOK BO3HHMKAET KaK CIEACTBUE IMOSBICHUS
n100aBOYHOM cpenHel ckopocTu (AD), KOTOPYIO MPUOOPETAIOT IEKTPOHBI 33 BpEMS
cBOOOJHOrO Mpobera 3a cYET BHemIHero moiid. [Ipu 3TOM BEKTOpBI CKOPOCTH
AIIEKTPOHOB HECKOJIBKO MTOBOPAYUBAIOTCS BJOJIb MOJISI — BO3SHUKAET 3JIEKTPUUECKUI
ToK. IlpuHATO pasnuyars cnabble MOJS, HPU KOTOPBIX H3MEHSAETCS TOJIBKO
HaIpaBJIEHUE JBMKEHUS 31EKTPOHOB (AD < 1), U CUIIbHBIE TOJIA, O] JIEHCTBUEM
KOTOPBIX 3aMETHO U3MEHSETCS a0COJIIOTHAS BEJIMUMHA X cKopocTel (AD = V). [lpu
TOM YCKOpPEHHE, MOJYy4aeMOEe 3JIEKTPOHOM B IIOJI€, PaBHSIETCS a = % . Torpa
CKOPOCTb IpuoOpeTaeMas 3JEKTPOHOM JOMOJHUTENBHO 3@ CUET BHEIIHETO MOJIS Ha
BpeMs CBOOOJHOro Impolera, €clid YYecTb CTaTUYECKOE pacIpeiesieHue

QJICKTPOHOB 110 CKOPOCTAM, OIPCACILACTCA CICAYIOIINM O6p&30MI

A9 =

T (40)

m

r7ie T- BpeMsi CBOOOHOTO mpobera aeKkTpoHa, M*- a¢gdextuBHas macca. Cpeausis

CKOPOCTb I10 HAIIPABJIEHUIO E ONpeaenseTcs Kak:

_ le =
Au =-—FT,
2m
a TOJIBMYKHOCTD DJICKTPOHOB:
Auile
=—=-—T 41
p=—-— (41)
TOT/Ia YJeJIbHasl 3JIEKTPOINPOBOJHOCTE:
1 e?
o=neyu=—-n—r-t
2 m

C npyro# CTOpOHBI, CKOPOCTH, MOJTydaeMas 3apsIoM IOJ] 1eHCTBUEM OJHHOYHOTO

I10JIs1, HA3bIBACTCS NOJABMXKHOCTBIO U paBHA B HAILICM CJIyvac.
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I/ITaK, IIpu E)JIGKTpOHHOI\/'I IMPOBOJUMMOCTH YYAaCTBYIOT B OCHOBHOM OJJICKTPOHBI,
coOCTBEeHHAs OHCPIUA KOTOPBIX JICKKUT B 30HC IIPOBOAUMOCTH. TOr'la YACJIbHAA

AIIEKTPOIPOBOTHOCTH:

C apyroit CTOpOHBI, CKOPOCTh, TOJIydaeMasi 3aps0oM IO ICUCTBUEM OJUHOYHOTO
T10JIs1, HA3bIBAETCS MTOJBUYKHOCTHIO U paBHA B HAILIEM CIIy4yae

_ Au et
H= F - m

HOBTOMy yYACIIbHAA SJICKTPOIIPOBOJAHOCTD TBép,I[OFO TCJa IIPHU HAJIMYHUHN HOCHUTEIICH

TOKa OJIHOTO 3HaKa MOET ObITh MPEJ/ICTABIICHA B BUJIE:
o = neu (42)
B ciiyyae HocuTenel Toka JByX 3HAKOB IJIOTHOCTh TOKa paBHA
j = enAd + ePAD
DIIEKTPOIPOBOJHOCTh, OUEBUIHO, CYMMUPYETCS:
o=enu_+enyu, (43)

Takum oOpazom, JBHKEHHUE DJICKTPOHOB M JIBIPOK MPOTUBOMOJIOKHO, HO B

000OMX HampaBlICHUAX TOKa. B ciiydae Cli0KHOW 30HHOW CTPYKTYpHI, HAlpUMeEp,

IIpHU HAJIMYKUHU TAXKCIIBIX W JICTKHUX OBIPOK, COOTBCTCTBCHHO!

o =e(Prur + Py 1iy) (44)

Kak cnengyer, ynenbHOH SIEKTPONPOBOAHOCTHIO SABJISETCS HHTETPAJIbHAS
YyBCTBUTEIIBHOCTH U 3aBUCUT OT TEMIIEPATYPHI.

IIpu BBICOKMX TeMmmepaTypax 3JIEKTPOHBI MEPEXOAST HEMOCPEACTBEHHO H3
3alIOJTHEHHOW 30HBI B 30HY MTPOBOJMMOCTH, U HAKJIOH COOTBETCTBYIOIIETO Y4acTKa
KpUBOW OMpeeNsieTcss MUPUHON 3ampemEHHON 30HBI — JTO COOCTBEHHAs
POBOAUMOCTE. ['OpU30HTAILHEIE YUACTKH 6, 6 U ¢/, 6/ 0TBEUaroT TeMIepaTypHOMY
MHTEPBAITy, B KOTOPOM BCE 3JIEKTPOHBI C MPUMECHBIX YPOBHEW YIUIM B 30HY
MPOBOAUMOCTH (WJIM MOJIHOCTHIO 3aMOJHUIN aKUENTOPHBIE YPOBHU JIBIPOYHOIO

MOJIyIIPOBOJIHUKA), HO Oarofaps CpaBHUTEIBHO OOJIBIION HMIMPUHE 3aNpelEHHON
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30HBI OJJICKTPOHLI U3 3al0JIJHCHHOM 30HBI CIHé HEC HWMCKHT BO3MOXHOCTH

NpeoaOJICTh 3alIpCHICHHYIO 30HY B 3aMCTHBLIX KOJHYCCTBAX — 3JTO O6JIaCTI>
HNCTOLICHUA.
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Pucynok 6. Teopemuueckan 3a6ucumocmsb KOHUEHMPAUUU
HACBIUEHUA 3aPAOA OM MEMNEPantypbl.

[Ipy gocTato4HO GONBLUIMX KOHLEHTPALUAX IPHMECHBIX aTOMOB B 00pasle,
00J1aCTh MCTOIIEHUS MOYKET OTCYTCTBOBAaTh, TAK KaK IEPEXOAbl JJIEKTPOHOB W3
3aI0JIHEHHOM 30HbI HAUMHAKOTCA JI0 TIOJHOM HOHU3ALUK IIPUMECHBIX aTOMOB (I10JIE
Ha NPUMECHBIX aTOMax, IOKAa Ha IPUMECHBIX YPOBHSX €IIE €CTh JJIEKTPOHBI).
Bepxuss ropuszontanbHas npsmas 6, a’ coorserctsyer nomymeramty. B ciyudae
KOHLIEHTPALMK DIEKTPOHOB B 30HE MNPOBOAUMOCTH B HHM3KOTEMIIEPATypHOM
00J1aCTH HACTOJILKO BEJIMKA, Y4TO OHA IPAKTMYECKH HE MEHSAETCS BIUIOTh 0
HACTYIUICHUs COOCTBEHHOM MPOBOAMMOCTH. JTO SBJICHUE BO3MOXKHO IIPH OYEHb
OOJIBIIION KOHIIEHTpAIIMK NIpUMecel B o0pasiie U Mayion sHepruu aktuBanuu AE;.
B Takux INOYNPOBOJHUKAX DJICKTPOHHBIM Ta3 «BBIPOKIECH», KaK B METaJIax.
BenuuuHa IOJBMKHOCTH DJIEKTPOHOB B METAIaX OOBIMHO COCTABISET COTHH
cM?(B-c)}, y monynpoBOAHUKOB ¥ AUAJIEKTPUKOB OT eauHuil 10 10%cm?(B-c)™.

Teoperudeckn npH aOCONIOTHOM Hylle DJIEKTPOHHBIE BOJHBI MOTYT
OECHPENATCTBEHHO PACIPOCTPAHATECA MO KPUCTALTy M IOABMXKHOCTH JOJDKHA
OBITH OECKOHEYHO OOJNIBLION, €CIM HE YYMTBIBATH BIEKTPOH-3JIEKTPOHHBIM
B3aumojeiicTereM. [Ipy HU3KMX TEMIEpaTypax pacCesHHME DJIEKTPOHOB OyaeT

MHUHHUMAJIBbHBIM, II09TOMY IIOABMIKHOCTL B IIOJIYIPOBOJHHUKAX HOOJIZKHA HMCTb
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Oonpive 3HaueHus. OJHAKO SBJICHHE CBEPXIPOBOJUMOCTH B ITHUX BEIIECTBAX
OOBIYHO HE HaAOJIOAAETCs, MOCKOJBbKY IMpHU TeMmIeparype abCOIIOTHOTO HYJIS B
UJCATBHOM KpPHUCTAJUIE MOJYNPOBOJAHUKA BEPXHSS BAJICHTHAs 30HA 3arloJIHEHA
LEJIMKOM MapHBIMH 3JIeKTpoHaMU. KaxaoMy 31€KTpOHY, JBUXKYIIEMYCS B OJHOM
HalpaBJICHUH, OyJeT COOTBETCTBOBATh OJEKTPOH C  MPOTHBOIIOJOKHBIM
HaIMpaBJICHUEM CKOPOCTH. BelnunHa TOABMKHOCTU JJIEKTPOHOB U JBIPOK
OTIpEENSIETCSl AKCIEPUMEHTaIbHO. B oTiMYMe OT METa/uIoB DJJIEKTPOHBI B

MIOJIyITPOBOJTHUKE 00JaAA0T MUPOKUM CIIEKTPOM TETUIOBBIX CKOPOCTEH, BETMYMHA

KOTOPBIX 3aBHCUT OT TCMIICPATYpPbl, KdK B KIACCHUYCCKOM TIa3C: 19~\/T

COOTBETCTBEHHO JOJDKHA U3MCHATBHCA U ITIOABHUXKHOCTD.

2.3. HexoTtopble rajibBaHOMaruuTHblie 3)eKThl B
MOJIyIIPOBOIHUKAX

["anbBaHOMarHuTHbBIE 3((PEKTH MPECTABISAIOT COOOH BTOPUYHBIE SBICHHUS,
IPOUCXOASIINE B TBEPABIX TedaxX IPU OJHOBPEMEHHOM BO3JEHCTBUU Ha HHUX
MarHUTHOTO TIOJISl, C OJHOW CTOPOHBI, W 3JCKTPUYECKOrO MO ¢ apyroi [1].
[TpuHsTO paznensTh 3TH SBJIECHUS HA MPOAOJIbHbIC, BO3HUKAIOLINE B HAllPaBICHUU
BO3JICHCTBHS AJIEKTPUIECKOTO TIOJISI UITM TPAJAMECHTA TEeMIIepaTyphl, U MOTIEpEeYHbIE,
HamnpaBlieHHbIC MEPIICHANKYJISIPHO TPAANCHTAM TEMIIEPATyphl U AJICKTPUUYECKOTO
noteHuuana. OTHUM U3 rajlbBaHOMETPUUECKUX sIBJICHUH siBnsieTcs a¢g ekt Xooa,
CYyThb KOTOPOTO COCTOWT B TIOSIBJICHHW TIOMEPEYHOW pPA3HOCTH TOTEHIMAIOB B
oOpasie, MOMEIIEHHOM B MAarHUTHOE II0JIe, NPHU MPOMYCKaHUU BJOJb HETO
JlieKTpuyeckoro  Toka. Ilpu 3TOM  HampaBieHHE€  MAarHMUTHOTO  TOJS
NIEPIICHINKYJIIPHO HATPABJICHUSIM TOKA M BOSHUKAIOIIEH Pa3HOCTH TTOTECHITUAIOB.

Oddexr Obul OTKPHIT W HM3ydYeH Ha MeTautax. (Okaszajaoch, YTO 3HaK
BO3HMKaromend pazHoctu noreHuuanoB (D1C Xoimna) y OOJIbIIMHCTBA METAIIOB
OTpHUIIATENIEH U COOTBETCTBYET  JJIEKTPOHHOW  MPOBOJUMOCTH;  OJHAKO Y
HEKOTOPBIX METaJUIOB, TaKMX KaK BOJb(GpaMm, OH mojoxkuTeneH. C mosBieHuEM
pa3IMYHBIX TOJYNPOBOJAHUKOBBIX MaTepuanoB cdepa wuccienoBaHuii s3ddexra

XoJ1a paciupHIIach.
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PaccmoTpum snementapuyro Teopuio 3ddexra Xomta. [lycte MarHutHoe
ToJie HarpasieHo B0k ocu OZ, T.e. H=H,, 37eKTpruuecKuii ToK B1oib ocu OX,

T.. | = Ix. Torma snekTpoHbl OYIyT OTKIOHSATHCA B IJIOCKOCTU (B HANpaBIICHUU
€y) U HaKaIUIMBATbCA y MepeHel rpanu oopasna. O4eBUIHO, UTO HAKOILJIEHUE 3TO
OyJeT mpPOUCXOIUTD JI0 TEX MOP, MOKa BO3HUKIIIEE BCIIEICTBHE CKOTUICHUS 3apsiI0B
ANIEKTPUUYECKOE TI0JIE HE YPABHOBECUT MArHUTHYIO CHIIY, OTKJIOHSIOILIYIO
ANEKTPOHBI. B nanbHeileM »ieKTpoHbl OyayT JBHratbcs BIOJb oOpaslia u
HACTYyMaeT CTallMOHAPHOE COCTOSIHUE, MPU KOTOPOM:
edyB = ek, (45)
OTCIOJIa mony4aem: &, = U,B, Ho 9, = &,U , Torma
¢, = UBE, (46)
IpU HAJIWMYUM MArHUTHOTO IMOJsl B pe3ylbrate Bo3HUKHOBeHus OJIC Xoia
AIIEKTPOHBI HAXOSITCS MOJI CYMMapHBIM BO3ACHCTBUEM SJIEKTPUUECKOTO MOJIS €x U
noJist Xosuta gy. O4eBUAHO, YTO HAIIPABIEHUE NIEKTPUUECKOr0 TOKa BAOIb ocu OX
HE COBIIAJIAET C HAIIPaBJICHUEM CYMMAapHOTO TOJIsA B 00pasiie, MpUuYeM yroj MexIy

HUMU HEBEJUK. DTO yroa Xoa:

E
®=">=UB=R,0oB (47)

X
1

HpaKTI/I‘ICCKI/I HU3MEPACTCA HEC I10JIC Ey, d pa3HOCTb MMOTCHIINAJIOB. O‘ICBI/II[HO, qTo

U, = &b mm U, = UBE,b, (48)
HO MTOCKOJIBKY
Jjx = end, , Toraa: (49)
I =j,S=j.bd, (50)

rae, S = bd — nonepeyHoe ceueHue oopasia, To

1 BI Bl
:——:R JE—
Y ne / "y

[ToctositnHas Ry-Ha3piBaeTcsa mocTossHHOM XoJuia. 3HaK €€ omnpenelsieTcs

U (51)

3HaKOM Hocutesel Toka. Koadduiment Xosia MOXHO HalWTH 1o popMmyie:
uf

R__1
7Bl

(52)
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a BCC OCTAJIbHBIC BEJIMYMHLBI OIIPCACIIAIOTCA SKCIICPUMCHTAJIBHO.

BT g

5

1

B

Pucynok 7. Cxema nonyueHus Xoni06cKko020 HANPAHCEHUS.

3Has RH, JICTKO BBIYHUCJINTH KOHOCHTPAIIUIO HOCHUTEJIEH TOKA:

1
n= R.e (53)

B Gosnee ctporoit hopme BhIpakeHHE MOCTOSSHHOM Xo0J1a UMEET BU;

R, =+ (54)

en

r7e. 3HAK «+» U «-» - COOTBETCTBYIOT JAbIpKaMm M 3jeKkTpoHaM. [loctosiHHas A-
MMEET PA3JIMYHbIE 3HAYCHHS B 3aBUCUMOCTH OT MEXAHN3Ma PACCESIHUS JIEKTPOHOB
B aTOMHBIX Kpuctamwiax: A= 3n/8 = 1,17 nmpu T > 0, B metaymax A= 1,11 pu T >
0, A=1 mpu T < 0, mpu paccessHUM SJIEKTPOHOB Ha aTomax npumecerd A= 1,93 B
CUJIBHO BBIPOKJICHHBIX MOJyIPOBOJHMKAaX. B mocinegHeM ciyyae, 3JIEKTPOHBI
MPOBOJAMMOCTH 00JIaal0T BIIOJIHE OMNPEASACHHON OHHEPrHeil M CKOPOCTBIO,
OnM3KMMHU K rpanuie @epmu U pactpeiesieHue 0 CKOPOCTSAM YUUTBIBATh HE HAJIO.

Cnenyer OTMETHTB, YTO Ha OCHOBE 3KCIEPUMEHTAIBHBIX JaHHBIX I10
AIEKTPONPOBOIHOCTH M TEPMO-3/C MOKA3aHO, YTO NPH IUIABJICHUH MPOUCXOIUT
nepexoj M3 MOJYNPOBOJAHMKOBOTO COCTOSIHUS B METaJNIMYECKoe, JIMOo
NOJyIPOBOJHUK,  Mepexoas B JKUAKYy0  (a3y,  coxpaHseT  CBOU
MOJIYTIPOBOJHUKOBBIE CBOMCTBA, T. €. B JKUIKOM COCTOSHHUM COXPAHSET
TOMEOTIOJISIPHBIN THIT XUMHYECKOU CBs3U. Teopernuecku kodhduimeHnt Xoia B
METAJUIMYECKUX PAaCIUIaBaX TOYHO COBMANAET CO 3HAYCHUSIMU, IIPEICKA3YEMBIMU
Teopueir cBoOOAHBIX 3ekTpoHOB (TCD), a TepMo-3/c NpPUHUMAET 3HAYCHMS,

CBOMCTBEHHbIE MeTaymaMm. llepexom B Kuakyo (a3zy COMpOBOXKIACTCS
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pa3pylICeHUEM  KOBAJICHTHBIX KPUCTALIUYECKUX CTPYKTYp, OCBOOOXKJICHEM
OOJIBIIIOTO  KOJIMYECTBA CBOOOJHBIX JJEKTPOHOB M 00pa30BaHHMEM HOBBIX
KoH(HUrypanmuii, OTIMYAIMX 0oJee  CHUMMETPUYHBIM  pacipeaeiieHueM
AJIEKTPOHHOM TIJIOTHOCTH B MPOCTPAHCTBE. B KUIKUX MeTaUlax MpHU IJIABICHUU
KOOPAMHAIMOHHOE YUCJIO YBeJIMuuBaeTcsa oT 4 10 6 u gaxe A0 8, ’TO O3HAYAET,
YTO JKECTKash CHCTEMa KOBAJCHTHBIX CBS3€H KpHCTalIa pa3pyliacTcs, OMMKHUN
MOPSAJIOK  MEHSIETCA, 4YTO  INPUBOAUT K  KAYECTBEHHOMY  M3MEHEHMIO
SHEPreTHYECKOTO CIIEKTPa HOCUTENEH 3apsiaa.

[Ipy3HakoM coxpaHEHHUs TOJYIPOBOJHUKOBBIX CBOMCTB paciuiaBa OOBIYHO
CYUTAIOT OTCYTCTBHE€ 3aMETHOTO CKauyka Ha TEeMIIEpaTypHOHW 3aBHCHUMOCTHU
aJIeKTporpoBoHOCTH Tipu TutaBieHuu [107]. O4yeBUAHO, YTO TaKOE IOBEACHHE
AJICKTPOIIPOBOJIHOCTH HE  Bcerja  HaOmogaeTcs, eClu Tpu  IUIaBJICHUHU
MPOUCXOIUIIO OBl CYIIECTBEHHOE N3MEHEHUE AHEPIETUUECKOTO CIIEKTPa HOCUTENEH
3apsifia, 00yCIOBIEHHOE OJIMKHUM mopsikoM. KpoMe Toro, nmoiaynpoBOJHUKH MpU
MJIABJICHUH MOTYT BECTH C€0sl IPOMEXKYTOUHBIM 00pa3oM, T. €. B IOJIe TUIaBICHUS
B 3HAUUTEJILHOW CTENEHU COXpaHSAETCS ONMXKHUN MOPSAIOK, MOJOOHBIN CTPOCHUIO
KpUCTajljia B TBEPJIOM COCTOSIHUH, U XapaKTep U3MEHEHHUS DJICKTPUUECKUX CBOMCTB
OyJleT ONpeNeNaThCsl «IPeaeIbHBIM COCTOSTHUEM» KUJIKOCTH. Eciu «mpenensHoe
COCTOSIHME» METAJUIMYECKOE, TO MPHU HATPEBE KUAKOCTH PaA3PYILIAKOTCS OCTATKU
OMIDKHETO TopsaKka M 00pa3yroTcs KIAcTephbl, OCBOOOXKIAIOTCS DJIESKTPOHHI,
ANEKTPONPOBOAUMOCTh  yBenuuuBaercs. Ilpu  pasgeneHnu  3IEKTPOHHBIX
pacIlJIaBOB Ha KJIAcChl MO XapakKTepy M3MEHEHUS] XMMUYECKON CBSI3M BO3HUKAET
BOIIPOC: B KAKOW CTENEHU MKUJKUE METAUIbl M TMOJYNPOBOAHUKH HJICHTHYHbI
KPUCTAUTMYECKUM TejlaM, OOJIaIalolIuM TEeM J>KE€ THUIIOM XHMHUYECKOW CBSI3U?
OueBUHO, UYTO HAa OCHOBAaHUM TOJBKO OSKCIEPUMEHTAJIBHBIX JAHHBIX TIO0
AJEKTPONPOBOJHOCTH HENB3s JaTh OTBET HA IOCTABJICHHBIA BOIPOC, MOITOMY
HEOOXOJMMO OJHOBPEMEHHOE HW3MEpEHHEe JpPYyrux MapaMeTpoB, HampuUMeED,
KOHCTAHTBI XOJIa, TEPMO-3AC M Jp., YTO OCOOCHHO BAXXHO [JII COCIMHCHHUM
MEPEMEHHOT0 COCTaBa. AHAJIU3 CYIIECTBYIOIIUX pPAbOT IO HCCIEI0BAHUIO

a¢¢ekra Xoia B paciuiaBax NoJyNpOBOJHUKOB YKa3bIBACT HAa MPOTUBOPEUUBBIC U
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Ha CETrOJHSAIIHUN JIeHb HEOOBSICHUMBbIE MOMEHTHI, B YAaCTHOCTH, YCTaHOBJIEHA
BO3MOYKHOCTh YIPABJICHUs] 3HAKOM HOCHUTEIEH 3apsiaa myTéM J00aBOK MPUMECHBIX
atoMoB [107], a apyrue aBTOPHI JOKa3bIBAIOT, YTO JOOABKH mpumecH jo 1 % He
M3MEHSAIOT CBOMCTBA paciulaBa; KpOME TOrO, JajJ€KO HE BCErJa 3HAK TEPMO-3]IC
COBIAJAECT CO 3HAKOM KOHCTaHTBI XoOJUla B pacIulaBax MOJYIPOBOIHHUKOB. DTO
NPUBOJUT K «N-P» aHOMAJIMA B HEYIOPSAOYCHHBIX CHUCTEMax U JO CHUX IOp
OTCYTCTBYET MOCIEAOBATEIIbHOE HEMPOTUBOPEUHBOE OOBSICHEHUE €ro MPHUPOJBI.
MoOXHO  OTMETHTb, 4YTO I  METAUIM3UPYIOIIMXCA MpU  IUIABJICHUU
MOJIYIIPOBOJTHUKOB HAOJO/Ia€TCSd 3HAYMTENIbHOE OTKJIOHEHHE Kod(pduilneHTa
Xonna OT «T€OpUH CBOOOJHBIX 3JIEKTPOHOBY», KOTOPOE 10 CUX NOp OcTaéres
HenoHATHO#H [107]. OqHuM U3 BaXKHBIX PE3yJIbTaTOB ATON TCOPHH SBJIICTCS TO, YTO
OPUBOAUT K OTPUILIATEILHOMY 3HaKy kod(duimenta Xoiia, Korja IepeHoC
OCYUIECTBIISIETCS «JBIPKAMU», YTO JA€T OOBSICHEHUE DPACXOXKIACHUIO 3HAKOB C
TEPMO-3/JIC. DTOT pe3yJibTaT CBS3aH C MPENOMJIOKEHUEM, UYTO MPeoOIafaromui
BKJIAJl JalOT KOHTYpHI, COJEep)Kallue TpU y3ia (HEUYETHBIC), a Y3Jbl, KOTOPHIC
MMEIOT 4YEThIpe aTroMa (YEeTHBIE), MAIOT MOJIOKUTENbHBIA 3HaK Kod(hduimeHnrta
Xomna. Takum ob6pazom, Teopusi Opuamana ONMUCHIBACT Psii BaKHBIX aCIEKTOB
sddexTa Xomna B paciiaBax MoxyrnpoBOJHUKOB. OHAKO, OHA BCE kK€ YACTUYHO
HE COIJlacyeTcsi € OJKCHepUMEHTaM M, HenoHsATHo. HekoTtopeie ¢GakTopsl,
HEOOXOAUMBIC [IJISi OMUCAHUS HUMEIONICHCS CUTyallid, HE YYUTHIBAIOTCS. OTO
MOKET OBITh CBA3aHO C HEOOBIYHOM NPUPONOM MOYTHU 3arOJHEHHON 30HBI B

KUIKOCTAX P-THIIA.

2.4. MeTtoapl onpeaeJaeHnsl HMIUPHHBI 3aNPeleHHOH 30HbI

AE/2KT nyneitna, 1. €. B

Ecin TtemneparypHas 3aBUCUMOCTb O = 0ge€
OCHOBHOM OIpEAEIATCS KOHLIEHTpaUUen HOCHUTEJIEM  TOKa, TO o
JKCIIEPUMEHTaJIbHOMY rpaduky dToi  3aBucumoctu lgo = f(1/T) moxHO
ONPENENNUTh BEIMYMHBI TEPMUYECKOM »HHepruu aktuBauuu AEq u sHeprum

MOHM3aIMK TTpuMecHbIX ypoBHell AE; (paxtuuecku lgo ~ (Ign) ~exp[AE/kT], a
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u3 rpaduka onpenensercs AE. DneKTponpoBOJHOCTh B 3TOM CIIy4ae BBIPAXKACTCS
JBYXUJIEHHOW (OpPMYIJION, COOTBETCTBEHHO, JIsl BBICOKMX W HU3KUX TEMIIEpaTyp
[143, 144]:
o = olexp(—AE/2kT) + o2exp(—AE,/2kT) (55)

TOT]Ia BEICOKOTEMIIEPATYPHBINA yIaCTOK rpaduka BeIpa3uTcs B popme:

lgo = lgo, — AE, /2T (56)
WM B IECSITUYHBIX JIoTapudMax B BUJIE:

lgo = lgo; — 0,43AE, /2T (57)
W3 HakioHa npsiMoil K ocu abcuuce onpenesnsieM

tgp = —0,43AE,/2kT (58)
OTcroma ¥ BEIYUCIISIOTCS AEgI/I AE;. IIpuHIIMTIHANBHBIA HEAOCTATOK 3TOTO0 METO/1a
obut otMeueH A. P. Lllynsmanom [145- 147], KOTOpBI# MOKa3all, 4TO U3JI0OM KPUBOM
CBsI3aH HE TOJBKO MEPEXO0J0M OT OJHOTO MEXaHHW3Ma MPOBOJUMOCTH K JPYTOMY,
HO ¥ W3MEHEHHWEM KpPHUBHU3HBI TEMIEPATYypHOU 3aBUCHMOCTH XHMHYECKOTO

IIOTCHOMAJIa.

2.5. MeToauka uccjieIoBaHUs TEPMO-I/IC.

W3BecTHO, 4TO K TEPMOIJIEKTPUUECKUM SIBJICHUSIM B IOJYIPOBOJAHHUKAX
otHocATca 3pdekThl 3eedeka, [lenbThe 1 ToMcona. Dpdextor 3eedexa u TomcoHa
CBS3aHbl C TPAJIMEHTOM TeMmIeparypbl B oOpasie, a 3pdext IlenbThe cBsi3aH C
BBIJICJICHUEM WM TIOTJIOIIEHWEM TeIlla, COCTOSILEro W3 JBYX MAaTepHaloB,
poXokaeHuU 1Mo Hemy Toka [148]. [Tockonbky 311 3 (GEKThI MPOSBISIOTCS OYCHD
ci1abo, MPaKTUYECKOEe 3HAUEHUE MMEET TOJBKO TEPMO-3JIC, C MOMOIIBI0 KOTOPOH
U3MepsIIach TeMIeparypa.

Oddexkr BO3ZHUKHOBEHHS TEPMO-3AC HUCIOJB3yeTCcsl g MPSIMOro
npeo0pa3oBaHus TEIUIOBOW PHEPTUU B AJICKTPUUECKYIO, a dddekT [lenpThe — ms
nosydeHus: xosioaa. Iloatomy, wuccienoBaHue TEPMOIIEKTPUUECKUX SIBJICHUN
MPEACTABISAECT TENEPh HE TOJIBKO YMCTO HAYYHBIA, HO U OOJBIIONW MPAKTUUYECKUUN
WHTEpEC. DKCIEPUMEHTATHHO OOBIYHO ompenensitoT auddepeHnnansayo TepMo-

sACc. MexaHu3M BO3HUKHOBEHMS TEPMO-3JIC CICAYIOIIMH: Korja K oOpasiy
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IOPUJIO)KEHA PA3HOCTh TEMIEpPATyp, BO3HUKAET TIPAAUEHT KOHLEHTpaLuu
HOCUTEJIEH ToKa, NmpUuéM dYeM OoJIbLlE Pa3HOCTh TEMIEpaTyp, IPHU BBICOKOU
TEMIlepaType KOHUEHTpaiusi Oonpiie. [lpm ycTaHOBIEHMM CTAalMOHAPHOIO
COCTOSIHMSI CUCTEMA CTPEMUTCSI K PAaBHOBECHOMY PACHpPEIEICHNUI0 KOHIIEHTpAIHil
Hocutenei. B pesynbrate nud¢y3un HocUTENnel OT TOPSIYMX KOHIIOB K XOJIOJHBIM
Ha MOCJIETHUX BO3HHMKAET M30BITOUHBIN 3apsll, CO3JAIOIIMN 3JIEKTPUUECKOE TOJIE,
IPENATCTBYIOLIEE ajlbHENIIEMy HAKOIUIEHUIO 3apsaoB. B paBHOBecHOM ciyuae
3TO ToJie ypaBHOBemMBaeT AU(Py3HMOHHBI TMOTOK 3apsinoB. CBsi3aHHas C
BO3HUKILIUM TakuM OOpa3oM IOJIEM pPa3HOCTh IMOTEHLIMAJIOB MEXIy KOHIIAMU
IIPOBOJHUKOB M €CTh TEPMO-3JC. 3aMETHM, 4YTO IIOBBIILICHHE KOHIICHTpALUU
HOCHUTEJIE TOKa y TOpSYMX CJIOEB HEBO3MOXHO TOJIBKO B HEBBIPOKIEHHBIX
NOJIyIPOBOJIHUKAX. BennmunHa TepMo-31Cc npu HEOONBIINX PA3HOCTAX TEMIIEPATYP
IPOMOPIIMOHAIIEHA 3TUM Pa3HOCTSIM:

Ae = oy ,AT (59)
D70 Tak Ha3biBaemas AuQdepeHuuanbHas TepMO-3/C, IPUUYEM:

_o
oT

a
[Ipu O0JBIIMX PA3HOCTAX TEMIEPATYP COOTHOILIEHUE 3TO HE BBIMOIHAETCS, TaK KaK
caM KO3(QQUIMEHT TEepMO-3AC 3aBUCUT OT TEMIEpPaTypbl U B ILIUPOKOM
TEMIIEPATYPHOM MHTEPBAJIIE MOXKET Ja)Xe MEHATH 3HaK. M3mepeHus B 3ToM ciydae
TEPMO-3/IC ABJISIOTCS UHTErpaibHbIMU. KpoMe Toro, koappuuueHT o TepMo-3ic

3aBUCUT OT MaTEpUANIOB, COCTABIAIOIIMX TepMorapy. MHTerpanbHas Tepmo-37C

OIpCACIIACTCA BEIPAXKCHHUCM !

T
€12 = _f(al —a,)oT (60)
Otkyna:
ag
%2 = 6—; =0 (61)

69



Koadduumentsl o1 M o Ha3bIBaOTCA aOCOMIOTHBIMU AU depeHImaIbHbIMU
kodhPunmentamu 3eebeka. Ecnum B mOMynpoBOJHUKE HMEIOTCS o00a 3HaKa

HOCHTEJICH 3apsaa, To TudQepeHnraibaas TePMO-3]IC PAaBHICTCS

azf{u—n—(A—ﬁj—u+P(A+Mﬂ (62)
o KT KT

re |- XMMUUYECKUN MOTeHIHan, A=r+2 — MOCTOsIHHAsA, 3aBUCSIAs OT MEXaHU3Ma
paccessHUs U OT 30HHOM CTPYKTYPBIL. {7151 aTOMHBIX pemETOK A=2, 11 NOHHBIX IPH
T<O0y, 4=2,5, a npu T >0y, A=3,0 A. IIpu paccesstHun Ha atoMmax npumeced 4=4,
JUIS HeBBIpOKAeHHOTO moiynpoBoanuka H. JI. TTucapenko [59] BeiBenm dopmyiy
(mpyu BBICOKHX TEMIIEpaTypax), HMCIOJIb30BAB MPHUOIMKEHHOE BBIPAKEHUE IS
XMMHYECKOTO MOTEHIHAaIa:

3 3
a="|u-n-| A+l 2(27zm*3—kT)2 —u+P+ A+In2(27zm—*3+k-r)2
o e® N, e* N,

(63)

Takum oOpa3oM, KOIPPUIUMEHT TEPMO-3JIC 3aBUCUT OT KOHIICHTPAIIUH,
MOJABMXXHOCTU U 3(DPEKTUBHON MacChl HOCUTEJNEH TOKa (B Cllydae HOCUTENEH TOoKa
OJIHOTO 3Haka B ¢opMyJie HaI0 B3AITh OJHO cjaraeMoe). 3aBHCHUMOCTH
koddduieHTa TepMo-3/1C OT TeMIIepaTyphl, KOHIIEHTpPAIMM HOCUTEJIEH TOKa U
AJIEKTPONPOBOIHOCTH TOJYNPOBOJHUKOB 3allMIIeM B CleayromeM Bujae (mpu
HaJIMYUU HOCUTEJIEH OJHOTO 3HAKA):

3
2(2am* —«T) 2

@a*)°N,, (64)

a=+%| 4+
1

Ecnu snexkTponpoBOAHOCTh BEIIECTBA BEJIMKA, TO 3aBUCUMOCTHIO KOHIICHTPAIIUU
OT TeMmIlepaTypbl B TPUMECHOH O00JacTH MOXXHO TMpeHeOpeYb, KaKk |
TEMIIepaTypHOU 3aBHCUMOCTHIO 2((HEKTUBHOI MaCCHI.

Tornma:

3
w2
L PR e L L) 5)
1 (2m1°)°n, 2/
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T. e. 3aBucumocth 0=f(InT) B 3TOM ciywyae Tepmo-31C JODKHA BO3pACTaTh
JUHENHO B 3aBUCHUMOCTH OT Jiorapudma Ttemreparypbl. Ecnum TemmneparypHas

3aBUCUMOCTb KOHICHTPAIUN Hpeo6naz[aeT, TO IIOJIyUHUM:

3
K 22m*—xT)2 | K
a==— A+In(—33) ——Inn, (66)
( %) (
T. €. 3aBucuMocTth 0=f(N) m300parkaeTcs MPsSMON JIMHUEH, MPUIEM C POCTOM
KOHILICHTPAIIMU  TIPUMECEH  CBSI3b ~ TEPMO-3AC C  DJIEKTPOIPOBOIHOCTHIO
3aIMCBHIBACTCS CICAYIOIIUM 00pa3oM:

3
2(2zm*—«T) 2

azE A+1In 33
14 (277°)

el —% In( nes) (67)

CnepoBatenbHO, KO3(P(UUUEHT TEPMO-3AC YMEHBIIAETCA C  POCTOM
AJIEKTPONPOBOJHOCTU. [lONB3ysICh M3I0KEHHBIMU TPEACTABICHUSAMHU, OOBIYHO
MOKHO OOBSCHUTH IKCIEPUMEHTaIbHbIE KpHuBble. OnHAaKO HabIogaeMas MHOTIA
HE3aBUCUMOCTh KO3(ppuIMEeHTa TepMO-3/C OT TEMIIEpaTypbl OCTAETCS HESICHOM.
BeposiTHO, HalM TeopeTHUecKHe NPeCTaBIeHUs elI€ HEeTOCTaTOYHbI U MOJJIeKaT
JalTbHEN e pa3paloTKe. [IpuBenénnnie METO/IbI U3MEpPEHUS
AJIEKTPONPOBOIHOCTH U Tepmo-3ic [92, 149-156] BBIMOJHSAIOTCS C MOMOIIBIO
noteHuoMerpoB tuna P 306, P 306-3, 4yTo HE IMO3BOJSET, BO - MEPBHIX,
CKOPOCTHOE H3MEpPEHHUE, B pe3yJbTaTe 4YEero MpoJJIeBACTCA JKCIEPUMEHT H
3a4acTylo, HapyIIaeTcs TEePMOCTaOMIIM3alus; BO - BTOPBIX, NPH JBYX, TPEX U
0osiee M3MEPEHUI CHUXAETCSl TOYHOCTb SKCIIEPUMEHTA; BO - TPETbUX, JaHHbIC
METO/Abl HE MOryT OO€CNeunuTh BHU3yaJlbHOE HAONIOJCHHE HW3MEHEHHE 3HaKa
HOocUTenel Ha 1udpoBoM Tabmo mpubopa. B Hamiel ycTaHOBKE NpPUMEHEHBI
UG POBBIE MPEIM3UOHHBIE MUKPOBOJIBTMETPHI, KOTOPHIE MO3BOJISIIOT CKOPOCTHBIC
u3Mmepenus. g BeiuncineHus Au@QepeHImanbHOro TEPMO-3C HCIOIb30BaHa

meToauka npeanoioxernas M. Illtenoeky u I1. Y. bapanckomy [148].
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2.5. Metoabl uccaenoanus 3¢ dexra Xouaa

["abBaHOMarHuTHBIE A(G(PEKTHI TPECTABISIOT COO0H BTOPUYHBIC SIBICHUS,
MPOUCXOMSININE B TBEPABIX Tellax MPU OJHOBPEMEHHOM B3aMMOJICHCTBUM HA HUX
MarHuTHOTO MOJIA, C OJHOM CTOPOHBI, WU SJIEKTPUYECKOrO IMOJsA, - C JAPYroi.
[IpuHsATO pa3znensTh 3THU SBJICHUS Ha MPOJOJIbHBIC, BO3HUKAIOUIUE B HAMPABICHUU
BO3JICUCTBUS DJIEKTPUUECKOTO TIOJIS WUIIM TPaJIMEHTa TEMIIEpaTyphl U MOMEPEUHO
HaIpaBJICHHbIC MNEPHEHIAUKYISPHO TPATUCHTHI TEMIIEPATypbl U DIECKTPUUYECKOTO
noTeHnana. OQHUM W3 TaIbBAHOMArHUTHBIX SIBIICHUU siBIsieTcs 3(dekT Xoia,
CyTh KOTOPOTO COCTOMT B TIOSIBJICHUHM TOMEPEUYHONM PA3HOCTU MOTEHIMAIOB B
oOpaslie, NMOMEIICHHOM B MAarHUTHOM TIOJie, MPU NPOIYCKAaHUM BJIOJb HETO
ANEKTpUYECKOro  Toka. Ilpm  3TOM  HampaBl€eHHME  MArHUTHOTO  IOJS
MEPIECHIUKYJISIPHO HAIPABJICHUIO TOKAa W BO3HUKAIOIIEH PAa3HOCTH MOTEHIMAJIOB.
Oddext ObUT OTKPHIT U U3yUYeH HAa MeTaiiax. OKka3anock, YTO 3HAK BO3HUKAIOIICH
pazHoctu notenimaioB (3C Xomia) y METauioB OTPUIIATENIEH U COOTBETCTBYET
AIEKTPOHHON TPOBOAUMOCTH. C MOSBICHUEM Pa3JIMUHBIX MOJIYINPOBOIHUKOBBIX
MatepuanioB chepa uccienoBanuii addexkra Xomia pacmmpuiack. Paccmorpum
aneMeHTapHyto Teoputo 3 dexra Xomna. IlycTh MarHMTHOE MOJIE HAMPABIECHO

Bioab ocu 0Z, T. e. H=H,, anexrpuyeckoii Tok Baoiab ocu OX, T. e. I = Ix .
Tornma, S7eKTpoOHBI OYyIyT OTKJIOHSTHCS B TUIOCKOCTH B HaIpaBJICHUU &, H
HaKaIUIMBAIOTCA Yy TepeaHe rpanu oOpasma. OYeBHIHO, YTO HAKOILICHHWE 3TO
OyJleT MPOUCXOAUTH J0 T€X MOp, IMOKa BO3HUKIIIEE BCICACTBUE CKOILJICHHUS 3apsiI0B
JJEKTPUYECKOE TI0JI€ HE YPABHOBECUT MATHUTHYK) CHIIY, OTKJIOHSIOLIYIO
ANIEKTPOHBI. B  nmanbHeWIeM »3JIeKTpOHBI OYyIyT JBUraThCs BIOJL 00pasla,

HAaCTynnacT CTaiMOHAPHOC COCTOAHUC, IIPU KOTOPOM:

e3 B=cE, (68)
Orcroga nonyanm: £, =8 B, no 9, = E u, Torna

E, = UBE, (69)
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[Ipy HanWuuM MarHUTHOTO MOJs B pe3yibTare Bo3HUKHOBeHUst DJIC Xoina
AIIEKTPOHBI HAXOJSATCS MO CyMMapHBIM BO3JACHCTBUEM BJIEKTpUUECKOTo ToJisd Ex u
nosst Xomta Ey. OueBUAHO, YTO HAINpaBIEHHE JJIEKTPUYECKOTO TOKA BIOJb OCH
OX He coBMajlaeT C HampapJIEHUEM CYMMapHOro MoJisi B 0Opasiie, Mpu4éM Yroi
MEXIy HUMH HEBEJIMK. DTO yroj XoJua:

Ey
@IE—IUBIRHGB (70)

X

HpaKTI/I‘{eCKH HU3MCPACTCA HC I10JIC Ey, d Pa3HOCTH ITOTCHIOUAJIOB. O‘ICBI/II[HO, qTo

U, = E, b,
501051
U, = UBE,b, (71)
HO IOCKOJIbKY
] =ens, (72)
I =j.S=jbd (73)

rae: S = bd — nonepedyHoe cedeHue oopasiia, To

U, =——=Hry (74)

Ru- HaspIiBaeTcs MOCTOsIHHONM Xoiuia. 3HaK €€ ompeessieTcsi 3HaKOM HOCUTENeH
toka. Koaddurment Xomia MoxkHO HalTu 1o popmyiie:
_u .d

= (75)

a BCC OCTAJIbHBIC BCIMYMHBI — JSKCIICPHMMCHTAJIBHO. 3Has RH JCI'KO BBIYUCIIUTDH

KOHIIEHTpAIMI0 HOCUTeNel Toka coriacHo TCO:

1
= 76
day (76)

Takol mpoCTOM MEXaHU3M BbIBOJIA KOHCTAHTHI XO0JUIA HAM KaKETCS HETOYHBIM: B
HEM HE YYHUTBIBAKOTCS pPa3HULA MEXAY I[OJHOM CKOPOCTBIO M CKOPOCTBIO B
MAarHUTHOM II0JIe, TIOTOMY YTO JBHXXEHHE JJICKTPOHOB B MAarHuTHOM H
DJIEKTPUYECKOM TIOJIAX CUJIBHO M3MEHseTCA. EcCiuM  TOAXOauTh K BBIBOIY
ko3¢ uimenTa Xomia ¢ y4eToM HeIOCTaTKOB, TO MOTyYaeM:
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Ry=+ 4 (77)
en

€. 3HAKH «H» H «-» COOTBCTCTBYIOT JbIPKaM H J3JICKTPOHaM, COOTBCTCTBCHHO,

NOCTOSIHHAsE A - HMMEET pa3jIMyHble 3HAYEHHUS B 3aBUCUMOCTH OT MEXaHH3Ma
3r
paccHuBaHus JJIEKTPOHOB B aTOMHBIX KpUCTauiax: A = 5 = 1,77 B meTamiax npu

T > 0, BmonynpoBoguukax A= 1,11; T > OuA =1, T < 0 npu paccesHuu
AJEKTPOHOB Ha aromax npumeced M A = 1,93 B CHIBHO BBIPOKIECHHBIX
MOJYIPOBOAHUKAX. B CHJIBHO BBIPOXKACHHBIX MOJYIPOBOJHUKAX SJICKTPOHBI
MPOBOAUMOCTH OOJIaJJal0T BIIOJIHE OMNPEICICHHOM »HHEpPrueil M CKOPOCTHIO,
Omm3kumMu K rpanHuilie depMu, W pacrpeeieHue MO0 CKOPOCTSIM YUHUTHIBaTh HE
Hago. M3MepeHne KOHCTaHTHI X0JJ1a HaM JaéT JOMOIHUTEIbHYI0 HHOOPMAIIUIO O
KOHIICHTPAIIUU U B MOCIEJACTBUU O MOJABUKHOCTU JIEKTPOHOB, KOTOPHIC SIBJISIOTCS
BOXHBIMU  MapaMeTpamMu  JUIsi  MPAKTUYECKOr0 MPUMEHEHHs, Halpumep,
MPUMEHCHUM AHTUMOHMJA WHIUA B KadeCTBE aKTUBHOro sjeMmeHta B MK —
u3nydenus [151].

N3mepenne koHCTaHThl XOJUIAa HaMHd NOPOBOJWIOCH MO METOIUKE,
pa3pabotanHoii B pabore [23]. Io - BO3MOKHOCTH HaMH Oblja HCIIOJIb30BaHA
CTaHJapTHas afmaparypa M TMpUOOpPHI, TOCKOJIBKY OHM HMEIOT O0O0JIbIIIOE
MPEUMYIIECTBO MO CPABHEHUIO C CaMOJACIbHBIMU. J[1s1 BBIUMCIICHUS KOHCTAHTHI
XoJ1a IpUMEHUMO SKCIIEPUMEHTAIbHOE YPaBHEHHUE:

U(B) =R (E—z) . I(A) - B(Tx) -

1

T (78)

BuIBOaBI IO IJ1aBE

Hamu  paccMoTpeHa  MeTOOMKa  M3MEPEHUS  AJIEKTPOOU3NUECKUX
MapaMeTpPoOB U U3 HUX BBIOPAHBI HAJIEKHBIE, C UCTIOJIb30BAHUEM CTaHIAPTHOMN
COBPEMEHHOM anmnapaTypbl U IPUOOPOB.

Pa3paboTanbl W KOHCTPYUPOBAHbI  0€3 TPAJUEHTHBIX 3JIEKTPUUECKUX
reye, KOTOpbIE IIO3BOJISIIOT HArpeB o0O0pa3loB, COOTBETCTBEHHO 10

temnepatypsl 1300 K u rpacduroBsie neun Brioth 10 2000 K.
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PazpaboTanbl M KOHCTPYUpPOBAHBI  JAepKaTeIM pa3HOTO BUIA IS
KpEIUIeHHs TBEPIABIX 0Opa3IoB, KOTOpbIE TO3BOJISIOT OJHOBPEMEHHOE
n3MepeHne KO3(P(PUIIMEHTOB 3JIEKTPONMPOBOJHOCTH, TEPMO-3AC M XOJjja 10
TEeMITepaTypPbl TIJIABICHUS.

MeToaoM TOYHOIO KEPaMHYECKOTO JIUThS M3TOTOBJIEHBI KePAMHUYECKHE
SUEHKU 11 M3MEPEHHS 3JEKTPOIPOBOJAHOCTH, TEPMO-3JC U KOHCTAHTBI
Xomna B TBEPAOM M KHUIKOM COCTOSHHH, Ha KOTOPBIX IPOBEAEH psia
9KCIIEPUMEHTOB.

CobpaHa ycTaHOBKA ISl U3MEPEHUS 3IEKTPOMPOBOJIHOCTU, TEPMO-3JIC U
KOHCTaHTbI Xoita c MCIIOJIb30BAHUEM CTAHIAPTHOTO
BBICOKOUYBCTBUTEIIPHOTO  IPEHU3MOHHOTO  IMdpoBoro  mpubopa u

anmnapaTtypsl.

I'JIABA 111. TEXHOJIOTUYECKHUE ITPOLECCBHI CUHTE3A 1
HOAI'OTOBKH OBPA3I1OB K UBMEPEHUAM

3.1. CuHTe3 coeIMHEHNH 1 MPOMEKYTOUYHbIE CIUIABHI HA X OCHOBE

[IpoBenenue CUHTE3a u AKCIIEPUMEHTAIIbHBIX UCCIIEIOBAHUIM
MOJTYTIPOBOJHUKOBBIX MAaTEpUAJIOB MPU BBICOKUX TeMIepaTypax, T. €. BBIIIE
TEeMIIepaTyphl TUJIaBJICHUS, MPEACTABISAET OOJbIINe TPYIHOCTH. B cBs3u ¢ 3TUM
HKCIEPUMEHTHI M0 M3YYECHHUIO >KUJKOTO COCTOSIHUS OWHAPHBIX U  CJOXKHBIX
MOJTYTIPOBOHUKOB JI0 CHX MOP CAepKUBarOTCs. JJ1 UccienoBaHus )KUJIKOCTH MPU
BBICOKUX TEMIIepaTypax Hapsay cO CIeU(PUISCKUMHU MPoOieMaMHu TMPUXOIATCS
MIPEOJI0JIEBATh CICAYIOIINE TPAAUIIMOHHBIE TPYIHOCTH:

1) B KUIKOM COCTOSSHUM TPH BBICOKMX TeMIEpaTypax KOMIIOHEHTHI
MOJYTIPOBOJHUKOBBIX COCIMHEHUN HMMEIOT BBICOKOE JIaBJICHHE MAapoB, a TaKkKe
3a4acTyI0 OHU SIBJISIFOTCS S1JIOBUTHIMH,

2) mpu BBICOKMX TeMIepaTypax MKHUJIKOCTh BbI3BIBAET KOPPO3UIO Marepualia

QJICKTPOOOB, KOHTGI\/’IHCpOB H A4YECCK, 0COOEHHO KOoraa MCIIOJIb3YIOTCA MCTAJIIBI;
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3) KpucTaJM3alus MOJYyNPOBOAHUKOBBIX MaTepUANIOB W3 KUIKOTO COCTOSHHUS
MPUBOJUT K N3MEHEHUIO COCTaBA M3-3a JIETYYECTH KOMIIOHEHTOB, T.€. TPOUCXOIUAT
OTKJIOHEHUE OT CTEXUOMETPUH;

4) is MHOTHMX MAaTEPUAJIOB XapaKTepHO, YTO TNPU KPUCTAUIM3ALUU YacTO
POUCXOJUT OOBEMHOE PACUIMPEHHUE, BCIEICTBUE YETO KUIKOCTh MOKET OKA3aTh
JABJICHUE HA CTEHKU KOHTEWHEpPOB (MPHUBOJUT K TpEHIMHAM M Pa3pyLICHUSM
U3MEPUTENBHBIX AYEEK);

KoMOuHMpoBaHue BbIIICYKAa3aHHBIX TPYJHOCTEH SBISIETCS TOPMO30OM B
CO3JJaHUM DKCIIEPUMEHTAJIBHBIX YCTAaHOBOK M YCTPOMCTB, @ TaKXe IMPUBOIUT K
[I0TEPE BPEMEHU, OIPAHUYUBAET NIPEJE] U TOUHOCTh U3MEPEHHUS.

B nmaHHBIE MOMEHT B HAy4yHOM JIMTEpaType H3BECTHbI MHOIHE
IPUHLUANKAIBHBIE  METOABl  CUHTE3Q, IIOJIyYEHHsST  ITOIYIPOBOJHUKOBBIX
COEIMHEHN U MPOMEKYTOYHBIX CIIAaBOB HA MX OCHOBE. B 4acTHOCTH, MMOKa3aHo,
YTO OCHOBHBIM 3aTPyJAHEHUEM IIPU CHHTE3€ CIUIABOB SIBIIETCS TO, YTO B CUCTEMAX
XaJIbKOreH-cepeOpo CYLIECTBYIOT pa3iauuHble (a3oBble nepexonsl. JlerydecTb
XaJbKOTE€HA YCJIOXKHSET ToyueHue 3Tux BemlecTB [3]. HaumbGosiee mpocThiM u
pacIpOCTPAaHEHHBIM METOJAOM CHHTE3a SBIETCS COBMECTHOE CIUIABJIICHUE
MCXOJHBIX KOMIIOHEHTOB B BAKYYMHUPOBAHHBIX U 3alasHHBIX KBAPLEBBIX AMITYJIAX.

[Ipu npurotoBaeHUH 00pa3OB HAMHU UCIOJIB30BaHbI, cepedpo yuctoTo 99,99%,

In — 00, Sb-CY-00. CwuHTe3 aHTUMOHHWAA WHAMS TMPOBOIMICA MPSIMBIM
CIUIABJICHMEM KOMIIOHEHTOB B BaKyyMHPOBAaHHBIX 3alasHHBIX aMITyJax. AMITyJIbl
CHayaja MpoMbIBAIUCh cMechio KucioT HNO3 + 3HCI, nocne 4ero crojiocHyJu
JUCTUUIMPOBAHHOM BOJIOM, BEICYIIMBAIK pH Temreparypax 100 — 120 °C B meun.
Hapeckn B3BemmBamuch 1mo TouHoctd 5102 kr (¢ Tounoctero  +1-10° xr).
Amnynsl otkauuBanuchk 10 1,5-10%* IMa. YuuTeiBasg 5K30TEPMHYHOCTH PEAKLUH
oOpazoBaHus cepebpa C aAHTUMOHMJIOM WHJUS, HArpeB amIiyj B IIe4u
npousBoamwiica cryneHdaro. CHavajlia Temmeparypa I€4d [OJHUMAJIach Ji0
TEMIIEpaTypbl TUIABJIEHHUS] COOTBETCTBYIOIINX KOMIIOHEHTOB, IPOBOAWIIACH YAaCOBas
BBIZIEPKKa, MOCJIE YEro co CKOpocThio ~ 50 rpan/ yac Temmneparypy JOBOJMIIHU /10

ypoBHs Ha 50-70 rpaaycoB BbIlIE€ TEMIIEPATYpbl IUIABJIECHHUS COOTBETCTBYIOILEIO
76



coenuHeHud. IIpu 3TOM TemmepaType paciulaB BBIIEPKHUBAICA B TEYCHHUE TPeEX
4acoB, MOCJIE YETO CIUIAaB OXJIAKIAJICS BecTe ¢ neubto. CUMHTE3 aHTUMOHNA WHIUS
npoBoamwiicss B mewdax wapku CIHIOJI-I-1,62 u CYOJI- 0,4- 2,5/1,5-Ul.
besrpagueHTHas 30Ha Ie4M HAMHOTO NpEBbIIIaa pa3Mepsl amnyJl. [locnenyromuii
MUKPOCTPYKTYPHBI aHajdn3 TMOKa3ajl Hajdudhe BKJIIOYEHUH BTOpPOW (Qa3pl B
CHUHTE3UpPOBAaHHBIX 00pa3lax, CBA3aHHBIX C PABHOBECHBIMU OTKJIOHEHHUSIMH OT

cTexuomeTpuu [3].

3.2. TexHoJIOrH4YeCcKHUeE Mpollecca CHHTE3a

[Tonyyenue  MOMYNPOBOAHMKOBOTO  COCIMHEHMSI  CKJIAJbIBaeTCid U3
CIIEIyIOUIMX OIEepalii. CHUHTE3a, OYMCTKH, BBIPAIIMBAHWA MOHOKPHUCTAILIOB,
JETUPOBAHUA W B HEKOTOPHIX CIydasx, TEPMOOOPaOOTKH IOTYyYEHHBIX
KpUCTAUIOB. B TEXHOJIOrMYECKOM OTHOIICHHHM TaKUE Olepaluu, Kak CHUHTE3 U
BEIpAIIUBAaHUE KPUCTAIa, a TakKe JIETUPOBAHHWE TIOTYTPOBOTHUKOBOTO
COCMHEHMSI TOCIEeI0BATEIbHO MPOBOAWIUCH B XOJI€ OJHOTO TEXHOJIOTHMYECKOTO
1uKIia. J{ns npyrux coeuHEeHU OHU BBIMOJIHSIOTCS 000COOJIEHHO IPYT OT JIpyTra.
[TepBrbIit BapuaHT siBIsieTcs HanOosee 23pHEeKTUBHBIM, TaK KaK MO3BOJISET CHU3UTH
10 MUHUMYyMa 3arpsi3HEHUs, BHOCUMbBIE B COCJUHEHHUE TMPH TEPEXO0je OT OIHOU
TEXHOJIOTUYECKON omepanuu K Apyroi. OgHako, Kak MpaBUIIo, OH TpedyeT Oosiee
CJIOXKHOM, CIICIIMAILHOM anmapaTypahl.

Kaxnas omepaiuisi moaydeHHUs TMOIYNIPOBOJHUKOBOTO COEAMHEHUS MOMKET
OBITH OCYIIECTBJIEHA C TIPHUBJICUYCHWEM pPa3HOOOPA3HBIX (PU3UKO-XUMHUYECKHUX
MPOIIECCOB. DTH TMPOIECChI MOTYT OBITh pa3OUTHI Ha JBE OOJBIINE TPYIIIHI.
[lepBass U3 HUX OXBATHIBAET MPOIECCHI, CBSI3aHHBIE C CHHTE30M, a BTOpas — C
BBIZICIICHUEM CHHTE3UPOBAHHOTO COCAMHCHHUS W3 OKpYKaromeh ero cpeapl. Kak
MpaBujIo, BTOpas TPYIa MPOIECCOB HCIONB3YETCS ISl OTEpaluii OYUCTKU U
BBIpAIIUBAHUS MOHOKPHUCTAIIOB. B MpUHIINIIE KaX/1asi U3 3TUX ABYX TPYIIT MOXKET
OBITH TIOJpa3/elicHa B COOTBETCTBHHM C CYIICCTBYIOIIMMH KJIaCCU(PUKAIMIMHU

XHMHUYECKUX PEaKIUi W MPOIIECCOB pa3fiesicHus. TeM He MeHee He BCe M3 HUX B
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HACTOSIIIEE BpEeMsl MCHOJB3YIOTCS JJIA  TOJY4YEHHUs MOJYNPOBOJIHUKOBBIX
COeJIMHEHUM.

OnHUM U3 CYIIECTBEHHBIX IPU3HAKOB, KOTOPHIE CIEAYyEeT MPUHUMATH BO
BHUMaHHE TIPU PACCMOTPEHUM TIPOLIECCOB CHUHTE3a, SBISETCA COCTOSHUE
MCXOJHBIX BEIIECTB, B3ATHIX JJISl MOJY4YEHHsS] coeAuHEHUs. J[efCTBUTENbHO, OT
TOr0O 4YTO U3 ce0s NPEeACTaBISAIOT  MCXOJHBIE BEIIECTBA, BJIEMEHTHl WM
COEJIMHEHHUS, 3aBUCUT HE TOJBKO XapaKTep XMMUYECKUX PEAKIIUiA, B XOJ€ KOTOPbIX
CHUHTE3UPYETCS COSTUHEHNE, HO U METOJT €r0 BBIACICHUS U3 (PU3UKO-XUMHUIECKON
CUCTEMBI, a TAKXKE MpUMEHsIeMas JIsl 3TUX LIeJIeH anmnaparypa.

[Io mnpu3HaKy COCTOSIHUS MCXOJHBIX BEIIECTB, WCIOJIb3YEMbIX IS
MOJTYUYEHUSI COEUHEHUM, CYIIECTBYIOIINUE TPOLIECCHl MOKHO MOAPA3ACIUThH HA JBE
OOJBIIINE TPYIIIIBI: IPSMbIE U KOCBEHHBIE.

B npsiMmoM cuHTE3€ UCXOIHBIEC BEIIECTBA MPEACTABISIOT COO0M KOMIIOHEHTHI
CUHTE3UPYEMOr0 COCIMHEHUS, HaXOJAIIUecs B TOM WM HHOM arperarHoM
cocTtostHUU. I[Ipu 3TOM, CHHTE3 COEIWHEHUS OCYILIECTBISIETCS B pE3yJbTaTe
MPSIMOT0 KHHETHYECKOTO WK AU PYy3HOHHOTO B3aUMOJIEUCTBUS KOMITIOHEHTOB.

Ecim XxoTs oaWH M3 KOMIIOHEHTOB TMPEJCTABISET COOOW XMMHUYECKOE
COEIMHEHNE, KOTOPOE B3aMMOJICHCTBYET CO BTOPHIM KOMIIOHEHTOM, HAXOISIIIIUMCS
B DJIEMEHTApHON (OpME WJIM B CBS3aHHOM COCTOSIHMM, TO TaKOW CHHTE3 JOJIKEH
OBITh OTHECEH K YHCITy KOCBEHHBIX.

Jlns cunte3a InSb +AgQ ObuM CHHTE3UPOBaHBI CIUIABBI ¢ coaepxkanuem 0,1;
0,2; 0,3; 0,4; 0,5 % Ag. Hasecku B3pemmBamuch 1m0 5-10° kr (¢ TOYHOCTEIO
+£1-10°kr), ¢ ucnonb30BaHMEM HU(PPOBHIX SIEKTPOHHBIX BECOB.

JI1s1 OYUCTKH, CHHTE3a U TIOJIYYEHHUS TTOJTyMETAIIOB U TTOTYTPOBOIHUKOBBIX
MaTepuayioB HaMu Oblia pa3paboTaHa «YHHUBEpcalbHAs YCTAaHOBKA JUIsI OYUCTKHU
[BETHBIX META/IOB, CHUHTE3a W TMOJYyYEHHUS KPHUCTAUIOB MOJYNPOBOIHUKOBBIX

coenuHeHui» [157]. Cxema yHUBEpCaIbHON YCTAaHOBKU NPUBEICHA HA PUCYHOK 8.
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NHepTHbIK ras

PucyHOK 8. Yuueepcaﬂbmm ycmanoeKa 07151 OUUCMKU UeemHblXx memalioe,

CuHmesa u nojly4eHus Kpucmauioe nOlel’IPOGOOHuKOKblx coeduueuuﬁ;
(n - neuu u n- nepexoo): I- neuu, 2- keapyesas mpyoka, 3, 4- kpauvl, 5- niameopma, 6 —
ogueamens, 7 — pedykmop, 8 -n100ouka c eujecmeom, 9 — ogyxcmoponnuil nepexnovamens, 10
- OONOJIHUMENbHBLI NeYb.

[Ipuniun pa®oOThl  HACTOSIIEH YCTAaHOBKHM 3aKIJIOYaeTcsi B TOM, YTO B
BaKyyMHMPOBaHHOH ammyne, npumepHo g0 1,3 - 102 Ila, mpeasapurensHo
rpaUTU3UPOBAHHA U MOMEIIEHA B KBAPLUEBOU TPYOKHU HAXOIALIEHCS B JIOJOUYKE C
BEIIECTBOM B BHJE I[OPOIIKA WIM MEJIKOKPHUCTAJUIMYECKHE  BEIIECTBA.
OOHOBPEMEHHO C HarpeTou Mmeybto, BKIKYAETCS ABUTATElNb, U KBApLEBas amIlyJja
BMECTE JIOJIOUKOW C BEIIECTBOM B IMEYM MPHU MOMOUIN 3y0UaToOro BUHTA ABUXKYTCS
no ocu. HacTosmass ycTaHOBKa CKOHCTPYHPOBaHA CIEIYIOIIEM 00pa3oM: OjHA
neyb, U n- MePexol, n- Meudb, U OJAUH NMEPEXO] WM n- MeUb, U n- nepexoaoM. Yem
OOJIBIIIE YKCIIO TEPEX0JI0B, TEM YBEJIMUYMBACTCS CTENEHb YUCTOTHI Kod(duimenrta
3¢ ()EKTUBHOCTU CUHTE3A.

[IpensioxkeHHass yCTaHOBKa JUIsl OYMCTKHM, CHHTE€3a U MOJy4YeHUs
OJHOPOJHBIX TOJU- W MOHOKPUCTAIUIMUECKUX OO0pa3loB  MOJYyMETAJUIOB,
MOJIYIIPOBOJHUKOBBIX COEIMHEHUM M I[BETHBIX METAJJIOB anmpoOupoBayics s
CO3/IaHUSI U BHEJPEHUS, U, MOXKET HAUTH MPUMEHEHUS B DJIEKTPOHHON TEXHUKH.

OuncTKa, CHUHTE3a M TMOJYYEHUS COEJUHEHUS C IIOMOIUBI0 JaHHOU
YCTAaHOBKU  sABJsieTCs]  3(P(EKTUBHBIM  MPOLECCOM  MOBBIIICHUS  YHUCTOTHI.
PactBopumocTh B TBEPAOM INSh M30BITOYHOrO KOMMUYECTBA KOMIIOHEHTOB TPOTHUB

CTCXNOMETPHUHU IIpC?;BBIIIaI\/'IHO HHU3Ka, 4YTO OOKa3bIBACTCA  BO3MOXHOCTBIO
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MOJIYYeHUS] KPUCTAJJIOB C KOHIIEHTPALUEW AJIEKTPUUYECKH aKTHUBHOM MPUMECHIO B
oomnactu 10'*-10%° atom/cm?.

OpHuM mpenrnoyiaraéMbIM pPe3yJbTaTOM H30bITKa KOMIIOHEHTA SIBIISIFOTCS
ne(heKThl pemETKU, KOTOPhIE MOTYT 00pa30BaTh AIEKTPUUECKU aKTUBHBIE LIEHTPHI.
Kpuctann MoxeT ObITh BRITAHYT U3 paciiaBa Ha CTaHAAPTHOM 0OOPYIOBaHHH, C
y4eToM JaBjieHue mapoB IN u Sb, KOTOpble WMEIOT HU3KOE 3HAYCHUE IIPH
Temmeparype miasinenus INSh, pasuoit T=796 K.

Jns Ttoro uroObl OpaTh HaBeckd B oOTHommeHuu 1:1, Hamum Oblia

HCIIOJIB30BaHa M3BCCTHAas Q)opMyﬂa:

My = _Pimamy (79)

Py mg+Pympg '
rae P1 u P, - mpoueHTHRIE COOTHOIIEHHS |
my — HaBecku B rpammax InSh, m,, mg — aromnas (MossipHas) macca
cooTBeTCTBeHHO KommoneHnTa A (In) u B (Sbh).
Hasecku 6panu B Mepe 5-102 kr InSb (¢ TounocTsio B3BemmBanus 1-107° kr).
Jlo6aBka cepebpa B aHTUMOHUE MHus pou3Boauian kak 0,1; 0,2; 0,3; 0,4; 0,5%

Ag B MacCOBOM OTHOIIICHUH.

3.3. loaroroBka 00pa3mo0B AHTUMOHM/IA MH/IMS,

JIErMPOBAHHOTO CePedpPoOM K U3MeEPEHH IO

Kaxnprii oOpaseny CuUHTE3UpOBajiCs OTAENbHO. Pexum cuHTe3a ObLI
CTYIEHYATHIH, T. €. TEMIIEPATYPy IIeuu cHadana nossicuan 10 700°C, Temneparypa
TJTaBJICHUS aHTUMOHUIA WH]IMS, 3aTEM €€ TPH 3TOM TeMIlepaType BbIICPKUBATIHU B
TEUEHHE Yaca, IMOCJE 4Yero OmsATh MOBbICMIM Temmeparypy ao 1133 — 1135 K
TeMIlepaTypbl IJaBlieHus cepeOpa. Jlamee, B mepBoM cHHTe3¢ Hamu Obuia
yBeIu4eHa Temmeparypa Ha 20 TpaayCoB BBIIIE TOYKH IUIaBJICHHUS cepeodpa.
BemiecTBo oxyaxaanioch BMECTE C BBIKIIFOUEHHOM MEYbI0 MPUMEPHO CO CKOPOCTHIO
50 rpaa./dac. OmHaKO TOCHE OXJKICHHUS Ha oOpaslle HaOMJaTuch Ie(EKThI
THUIIA 3€PHBIIIEK, YTO MPUBEIIO K COMHEHUIO. 3aTeM, BTOPUYHO TTOCTABUIIN aMITyJTy

JUIsl cuHTe3a. Pexkum ObUT MpEXHWW, HO Ha 3TOT pa3 TeMIeparypy paciijiaBa
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noBbiciii Ha 100 — 150 rpagycoB. PacniaB BeIAEPKMBAJICS B TEUCHUE 2 YACOB C
anepuoauyeckoil MexaHudeckoil BuOparmeit. Ilocie BTOporo cuHTe3a ObLIM
NOJIyYeHbl OJHOPOJHBIE O0pa3lbl B BHUAE CIAUTKA. M3 3TUX CIUTKOB BbIpE3ajn
o0paslibl CTPOro MPSIMOYTOJIbHON T€OMETPUYECKOI (POPMBI C pa3Mepamu:

1) 3,75 x 6,90 x 10,00 mm.

2) 5,00 x 7,00 x 10,00 mm.

3) 3,75 x 6,90 x 10,00 mm.

OnHako TIpU  KCHOJIB30BAHMM HW3MEPUTEIBHBIA SYEHMKU TPU BBICOKHUX
TeMIlepaTypax HaMu ObUIM pa3MelibueHbl O0pa3llbl B BHJE IMOPOIIKA M 3TOT
MOPOIIOK TOMECTUIIM B KOHYCO000pa3Hyto hopmy suerku. TeMrepaTypy HOBBICHIU
no 1,, ¥ TOCji€ HEKOTOpON BHOpAIMU 3amoJHsIAch IIENb SYEHKH, O YEM
CBUJICTEIIbCTBYET NPOSBISAIOIMINN 3JIEKTPUYECKU  TOK B KOHTakTax. ['He3mo
s4eiiki 3ama3bpiBaii  mactod Ha ocHoBe Al,0;. B kadecTBe KOHTaKTa
UCITIOJIb30BaIM IpaUTOBBIE KOJMAYKH.

BeIBOALI 1O IJ1aBe

1. [Toka3aHbl TEXHOJIOTMYECKUE MOAXOJIBI, OIEpalus U IMPOLECC CUHTE3a K
MOATOTOBKE 00pa3IoB B TBEPAON U KUJKOU (aze NIt u3MEpPEHUs.

2. [TokaszaHbl cxemMa yCTaHOBKA, MPEJCTABISECTCS METOJl CUHTE3a U MOJATOTOBKA
CTPOTO TMPSIMOYTOJILHOM T€OMETpUYEeCKO (POopMbI 00pa3IOB aHTUMOHMIA WHIMS,

JIETHPOBAHHOTO CEpeOPOM K N3MEPEHHIO.

I'JIABA IV. AHAJIN3 DKCHEPUMETAJIBHBIX PE3YJBTATOB I1O
JIEKTPOITPOBOAHOCTHU, TEPMO-2AC C IPUBJIEYEHUEM
JAHHBIX ITO DODEKTY XOJJIA

4.1. ®duznNKo-xuMHYECKHE CBOICTBA AHTUMOHMIA UHIUSA.
[ToyyeHHas HaMu TeMIiepaTypHas 3aBUCUMOCThb TEPMO-3/IC dJIEKTPOIPOBO/-

HOCTH ¥ 3(pdexra Xota aHTUMOHUAA WHJIUA MIPEACTaBICHA Ha pUCYHKE. 9.
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Pucynox. 9. Temnepamypnasn 3a8ucumocms 3J1eKmponpo8ooOHOCMU, Mepmo-30¢

u Koncmanmaul Xo1a 6 meépoom u HeuoKoOmM COCMOAHUU.

Mp1 Oyzem paccMaTpuBaTh JaHHBIN paciijiaB BhIIIE TOYKHU TJIABICHUS B
obnactu temnepatyp 1100-1250 K.

Kak BHAHO W3 puCyHKa 9, 3IEKTPONPOBOJHOCTh AHTUMOHHWIA WHIUA B
TBEPJIOM COCTOSIHUM B IUIOTh JI0 TEMIEPATYphl IJIABJICHUS, YBEIMYUBACTCS, a B
KUJIKOM COCTOSIHUM HMMEET METAUIMYECKU xapaktep. AOCOTIOTHBIC 3HAUCHUS
5IEKTPOPOoBOIHOCTH ~10° CM/M yKa3bIBalOT HA CYIIECTBEHHYI) METaILTM3alUIO
paciuiaBa, U MOXHO MpeJrosararb, 4To JJjisl OonucaHus (U3NYECKOro MexaHu3Ma
MPOBOAUMOCTH MOKHO HPUMEHUTHh METAINIMYECKYIO MOJIENb.

Tepmo-31C aHTUMOHUJA WHIWSA TPAKTUYECKU TIOCTOSHHA B TIpEAesiax OIIMOKHU
WU3MEPEHUS U UMEET OTPUIIATEIHHBIN 3HAK.

KoncranTa XoJsia B JaHHOM JIMana3oHe TeMIepaTyp U3MEHSETCs B Mpeaeiax
+ 0,2.101, M¥Kn m mpakTuuecku eé MOMKHO CUMTATh MOCTOSHHOM, OHA MMeEET
oTpuniaTebHbii  3HaK. Cyas MO AKCIEPUMEHTAIBHOM  3aBUCUMOCTH
MCCIICIOBAaHHBIX IMAPaMETPOB MOXKHO MPEANOJIOKUTh, YTO MOKHO PEaIM30BaTh

YUCTO MCTATNNIMYCCKYIO MOJICJIb.
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[TockobKy KOHIICHTpaIs: HocuTeser moctosuua ¢ yuetoM R(T) u a(T), To
METAJJTHYECKUN XapaKTep TeMIepaTypHOH 3aBUCUMOCTU AJIEKTPOIPOBOJIHOCTU
MOXHO OOBSICHUTH YMEHBIIICHUEM MTOJABUKHOCTU HOCUTENEH. B naHHOM MHTEpBase
TeMmreparyp He HaOMI0JaeTcs CYIIECTBEHHOTO W3MEHEHMS KOHICHTpPAIMU M
MO3TOMY MOXHO TIPEIIMOJIOXKHUTh, YTO MPOIECC pa3phiBa CBsA3CH M 0Opa3oBaHUS
CBOOOJIHBIX HOCHUTEJICH 3aKaHYMBACTCS B 00JIacTH MOCJIEINIaBiIcHUs. M3 maHHBIX
R(T) Belunciena konueHtpanus Hocuteneil N=9.10%m3. 3nauenne koHIEHTpaLUK
HOCHUTEJIEH JOCTATOYHO BEJIMKO, YTO CBUJETEIBCTBYET O METAJIU3AI[UU CUCTEMBI.
Brrunciiena noaBm:KHOCTh HOCHTEIICH B TaOIHIIE S.

Kak BugHo w3 T1abmumbl S, TOABMIKHOCTD YMEHBIIACTCS C POCTOM
TEeMIEPATYpHI, BCJICJICTBHEC Yyero AIEKTPOIPOBOIHOCTD npuoodpeTaer
MeTaJuTndeckuii xapakrtep. Jlanee, BbruucieHsl nopor noaswkHoctd (Ey, — Ep)
InSb o mMeroauke, onucannoi B padore [27], npunss AC%= 5700 -Om?- cm? 5B,
[Tomy4yeHHbIE AaHHBIC CBUACTEIBCTBYIOT O TOM, YTO PacCIlIaB CHJIbHO BBIPOXK/ICH,
YTO BIIOJIHE €CTECTBEHHO IPH TaKUX XapakTepuctukax. CoriacHo paboTsl [69] mo
3HaueHuto E onpenenena r3ppekTuBHAsI Macca aHTUMOHU A UHAUS.

Tabnuuya 5.

Hexomopble napamempbsl pacnjiaea AHMUMOHUOA UHOUA

[TapameTpsbl Temnepartypa,K

1110 1130 1150 1200 1250
IToaBMKHOCTD, 0,58 0,57 0,57 0,55 0,53
Uy 104, M2 /(B.c)
[Topor 1,5 1,5 1,4 1,4 1,4
noaswxkHocTtH, (Ey, —
Er), 5B
Konnerpoarus, n-|193 9,2 8,8 8,7 8,5
10728 3
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OHa BBIBOJUTCA M3 KUHETUYECKOrO ypaBHEHHsS bojbliMaHa B MeETaLTMYECKOM
NPUOJIMKEHUU TIPU YCIOBUH, YTO Ep c1abo 3aBUCHUT OT TeMrepaTypbl, BCIEICTBUE

IMOCTOSAHCTBA KOHIOCHTpAIUN HOCHUTEJICH:

2
Er_h?(3m%ny)3/2m* (80)
Pacuetsr Er OepyTtcst OT mHA cBOOOHOM 30HEI. [I03TOMY MBI TpUHUMAaEM BMECTO
Ep 3uauenme (E,, — Ep):

2 2 2/3
p— h (37T pO) (81)

3 (Evo—EF)
B pesynbrare momyuwnim me, = 61m,, T. €. IBIPKM TsDKENEE CBOOOJHOTO
3NeKTpoHa B 61 pas.

Hcxons v3 BBIIEU3I0KEHHOTO, CIEAYET OTMETUTh, YTO aHTUMOHH UHIUS
OMMCaH OJHOM 30HHOM METaJUIMYECKON Mojelnblo. PacmiaB aHTUMOHWIA WHAUS
MOXHO OTHECTH K Kjaccy mnojymeraiioB. IIporiecc oOpa3zoBaHusi HOCUTENEH y
COCJIMHEHHUS 3aKaHYMBAETCsl B 00nacTH riaBiaeHus. CyJis 1Mo X0y TeMIiepaTypHOR
3apucuMocTH 6(T) , R(T), m oa(T) MOKHO OTMETHTh, YTO TAKOW XOJ[ MOKa3bIBACT
HaJIMYME B paclljlaBe aHTUMOHMJIA UHJMS SBJIEHUS «rociemiaBienus» [130, 131,
134, 135] .

[TonydeHHble DKCHIEPUMEHTAJIBHBIE JTAHHBIE MPEACTABICHBI HA pucyHke 10.
Kak BumHO, 3JIEKTPONMPOBOJHOCTh BOJM3H IIaBIEHUS B TBEpAOW ¢aze uMeer
sgauenne ~0,397.10° Cm/M, a npu (azoBoM mepexone HAOIIOIAETCS PE3KOE
YBEJIMYEHHE DJIEKTPONPOBOAHOCTH 10 ~1,2.10° Cwm/M. AGCOMOTHBIE 3HAYEHUS
AIIEKTPONPOBOIHOCTH YKa3bIBAIOT HA CYILIECTBEHHYIO METaJUIM3allMI0 pacluiaBa,
YTO MPUBOJUT K TPUMEHUMOCTH M-MOIeIH.

Tabnuuya 6.

AKcnepumenmanvhvle OAHHbLE ITEKMPONPOBOOHOCHU AHMUMOHUOA
unousa npu T,,=798= 809K

Temmneparypa T, K 365 | 419 | 450 | 696 | 683 | 733 |810 818 | 833 | 853

Onexrpomnposoanocts | 0,35 | 0,36 | 0,40 | 0,76 | 0,78 | 0,96 | 11,97 |11,99 |12,00 | 11,9

6-10°, Cm-m?
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Ipoodonscenue mabauywl 6.

Temmepa | 865 887 899 930 973 996 1023 1033 1068 951
Typa, T,
K
. 11,96 |11,91 | 11,8 11,7 | 11,64 11,60 |11,20 | 11,40 |11,24 | 11,50
Qo —
A
=
g
[Ipooonocenue mabauyol 6.
Temnepar | 1110 1145 1155 1183 1175 1203 1253 1257 1265 1288
ypa, T, K
8'0 11,10 | 10,85 |10,82 | 11,05 |11,01 |10,72 |10,70 |10,42 | 10,42 | 10,35
.
=
g
Taonuua 7.
IKcnepumenmaibHvle OAHHbBIE MEPMO-IOC AHMUMOHUOA UHOUA
npu T,,=798= 809K
Temneparypa | 706 127 788 789 815 827 |843 |866
T.K
Tepmo-anc -108,9 |-1149 |-121,0|-116,8|-2,80 |-2,40 |-2,30 |-2,50
a-10%, B-K*
Ipoooorcerue mabauyor 1.
Temmeparypa | 886 |[899 [928 (943 |[975 |1010 |1023 |1033
T, K
Tepmo-ac -2,20 |-2,32 |-2,27 |-1,84 |-1,80 |-1,60 {-1,53 |-1,50
a-10%, B-K*!
IIpooondicenue mabauuot 1.
Temneparypa | 1040 | 1060 |1098 | 1125 1155 | 1173 | 1203
T,K
Tepmo-aac -1,40 |-1,10 |-0,70 |-0,80 -0,44 | -0,40 |-0,30
a-10%, B-K!
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Hcnonb3yst sKcnepuMeHTalbHbIE JIlaHHbIC, Ha OCHOBE MPUOIHKEHUS
CBOOOJHBIX  DJICKTPOHOB  BBIYMCJIEHA KOHIICHTpAIlMs HOCHTEJIEH  3apsja.
[TorydeHHBIE SKCTIEPUMEHTAILHBIE TAHHBIC TIPEICTABIICHBI B TabIMIax 6-8 .

Taobnuua 8.
IKcnepumenmanvHvle OanHuvle KO puyuenma Xonna anmumonuoa

unousa npu T,,=798= 809K

Temneparypa 703 737 774 801 807
T,.K
Koncranra 5,29 4,83 3,81 3,45 2,99

Xomra Ry-10°

IIpooonocenue mabauuot 8.

Temmneparypa 813 828 839 950 966
T, K

Koncranra 7,30-10° | 6,99-10° | 6,59- 10° | 6,68- 10° | 6,64- 107
Xomna Ry-10°

IIpooonocennvie mabauua 8.

Temneparypa T, | 1010 1050 1125 1175 1237
K

KoucranTa 6,72- 10° 6,72 10° | 6,80- 10° | 7,10- 10°® 7,04 - 107
Xomra Ry-10°

HMEKT POTPOR 0THO CTh
- 1077, O

12

_ e e Tenmepatypa T. K

300 Q0C 1oC0C 11o0 1200

Pucynok 10. Temnepamypnasn 3agucumocms nekmponpogooumocmu InSp.
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Pucynok 11. Temnepamypnasn 3asucumocms mepmo-3oc pacniaea |\nSh

TemneparypHple  3aBUCUMOCTH  3JIEKTPOIIPOBOJHOCTH, TEPMO-3JIC  C
npuBiedeHrueM Kodpdummenta Xoiia INSh npusenensr Ha pucynkax 10 -12.

Kak BugHo u3 pucynka 10, 3J€KTpONpOBOJHOCTh BOJU3M IUIABJICHUS
TBEpHOK (aszel mmeer 3HaueHme ~39,7-10° Cm/m, a mpu (aszoBoMm mnepexoje

HAOII0NAeTCs PE3KOE YBEIMUYEHHE HIEKTPOIPOBOIHOCTH 10 ~12:10° Cm/Mm.

EFoHcTaHT A
Nomaa By, |[m? - .
]_\-]—ﬂ_ L‘! ‘:l, [L8y
10
108
107
10— 1o
1011
10°12
Tenmeparypa T K
700 800 900 1000 1100 1200

Pucynok 12. Temnepamypuas 3agucumocms KoIppuyuenma

Xonna 6 scuokom pacniage INSh
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AOCOIIOTHOE 3HAUEHUE YKa3blBae€T HA CYIIECTBEHHYI METAJIIM3aLUI0
pacIiuiaBa, 4yTo MPUBOJIUT K MpUMEHUMOCTH M- Mozenu. TepMoaaekTpoaBIKyIIast
cuna InSb B TBEpmoit (paze BONM3M IMIaBIIeHUS UMEET 3HAYCHUE MPUOIU3UTEIEHO
120-10° B/K, uTo Xxopoo corinacyercs ¢ JMTepaTypHbIMH AaHHbIMHU [10], a mpu
IJIaBJICHUM HAOJI01a€TCs MHBEPCHS 3HaKa C OTPULIATENLHOTO Ha TOJIOKUTEIIbHBIN.

Ecnu paccMoTpeTh M3MEHEHNE YKa3aHHBIX TapaMeTPOB B KUAKOU ¢aze nmpu
JaJIbHENIIIEM HarpeBe, CIeAyeT CIENaTh BBIBOJ, YTO B PACIUIaBE HE MPOUCXOAUT
HUKAKUX PaJUKAIbHBIX W3MEHEHUH, KPOME TE€X, KOTOPBIE COMPOBOXKIAET HArpeB
AH000M  KUAKOCTU: OciabJeHHEe CHJI MEXMOJIEKYJSIPHOTO B3aMMOJEHCTBUS,
YBEJIMYECHHUE MEKMOJIEKYIISIPHBIX PACCTOSIHUM, YBEJIMUYECHNE YUCIIA BAKAHCHHN U T. [I.

B paccMoTpeHHOM HMHTEpBaje TeMIEPATyp B KUAKOM (aze XUMUYECKOE
coenuHenne INSh oTHocuTenpHO ycToitunBo. [Ipu nanpHeifeM HarpeBe CTEICHb
JUCCOLIMAIMU CJIEAYyeT CUMUTaTh IOCTOSHHOM, TaKk Kak B XOJI€ TEeMIEepaTypHOU
3aBUCUMOCTH  Ko3(duimenta Xomia ¢ HOPOBOJUMOCTH HE MPOUCXOIUT
CYLIECTBEHHBIX HM3MEHEHUH, M KOHLEHTpAlusi HOCHUTENeH NpUOIU3UTEIBHO
ocTaeTcs NocTosHHOM N=9-10%M3. Y MeHbIIeHNE DIEKTPONPOBOAHOCTH B PACILIABE
MOKHO OOBSCHUTh YMEHBUICHHEM IMOJBWKHOCTH Hocuteneil. TemneparypHas
3aBUCUMOCTh TIOJIBIDKHOCTH HOCHTENeH B XUAKOM ciuiaBe INShb mpusenena na
tabnuue 9. He3HauuTenbHOE YMEHBIIEHUE TMOABUKHOCTH C TOBBILIEHUEM
TEMIIepaTypbl IPUBOJUT K MOHOTOHHOMY YMEHBIIEHHIO 3JIEKTPOIIPOBOJHOCTH.

Tabnuya 9.
Temnepamypnasn 3a86ucumocms HOOBUNCHOCIU HOCUMEEN 8 HCUOKOM

cnaage INSh.

Temmepapypa, | 815 | 830 |845 |950 |970 |1010 | 1050 | 1125 |1175 | 1237
T, K.

ITopsuxuocrs, | 0,87 | 0,83 (0,78 (0,77 |0,77 |0,76 (0,75 |0,75 |0,78 |0,76
Hyx10%,

M?/B - cek
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Pucynok 13. Temnepamypnasn 3a8ucumocmov HOOGUNHCHOCHIU

Hocumeneil 6 dcuokom cnaage InSh.

['padux TeMrepaTypHOIl 3aBUCMMOCTb MOJBH>KHOCTH HOCUTENEHN MpPECTaBIECH Ha
pucyHke 13.

B oramume ot mpenpiaymux  pador [10, 25] mMbl HaOm0ganuM HU3KHUE
3HauYeHUsA Ko3(PUIIMEeHTa TEPMO-3/IC C MOJOKUTEIBHBIM 3HAKOM JI0 TEMIEPATyphbl

~ 1250 K.

CYI[H Mo Xo4y TEMIICPATYypPHBIX 3aBUCUMOCTEH M IMMOJYYCHHBIX YMCIICHHBIX

JTAHHBIX o(T) p6amsu nmasnenus B tBépmoit daze E ? = 0,18+ 0,01 3B, uro
XOPOIIIO COTIacyeTcs ¢ JaHHBIMH paboT [23, 26, 144]. To, 4yro kacaeTcs mpoiiecca
IUTaBJICHHUS W TIOCJIe HEro, TO MOYKHO TMPEANONIoKNUTh, uTo B INSh cpa3y mocie

IUIaBJICHUS  3aBepllaeTcsd TeHepauus CBOOOAHBIX  HOCUTENEH, O ueM

CBUJETEILCTBYIOT BBICOKHE 3HAYCHUS o(T) u eé momoTOHHOE YMEHBIICHHUE.
JlanHble TO TEeMMeEpaTypHOW 3aBUCUMOCTH Kod(duimenta Xoiuia MOKa3bIBAIOT
HE3HAUUTEIHLHOE YBEIMYCHHE AITOro Kod(h( UIIMEHTa W OTPUIIATENILHBIN 3HAK B
pacruiaBe InSb. Ecnim yuuThIBaTh, YTO OMMIMOKA IMOTPEIIHOCTH B H3MEPCHHUH
ko> pumuenta Xomia cocrasuser 6%, To B mpepenax +0,2 cm*/Kn ykazaHHbIH

napamMeTp MOXHO CUHUTATh IMOCTOSAHHBIM.
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HCHOJ’IBS}’H OKCIICPUMCHTAJIbHBIC JaHHBIC Ha OCHOBC HpI/I6J'II/I>KCHI/I$I

CBO6OI[HI>IX QJICKTPOHOB, BBIYHUCJICHA KOHLCHTPAIIWA HOCHUTEIICH 3apsaaa II0

dbopmyre:

(82)

1
n=
RH-e

Brruucnennas TemmneparypHas 3aBHCHUMOCTh KOHIIEHTPAIMH JKHUJKOTO pacIijiaBa
INSb npuBenena Ha Tadmub 10.

Taonuua 10.

Temnepamypuas 3a6ucumocms KOHUESHMPAUUU HcuoKo2o pacniasa INSh

Temneparypa | 813 | 828 | 839 950 966 | 1010 1050 | 1125 1175 1237
T,K

KoHueHTpauus, | 8,60 | 8,90 | 9,50 9,46 |9,41 |9,36 9,30 |9,23 8,86 8,80

-28
NyenX1074°,

M—3

I'padux TemmepaTypHOW 3aBHCHUMOCTH KOHIIEHTpAIIMH >KUIKOTO pacruiaBa

INSb mpencrasneH Ha pucynke 14.

Konmenrparns,

n-10%8 M3
10 |-

@
oL

)
8 | @
Temmeparypa, T, K
1 1 | 1 2
1100 1150 1200 1250 1300

Pucynok 14. Temnepamypnas 3a6ucumocms KOHYEeHmMpayuu

Hocumenei ¢ ycuokom pacniage INSh
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Kak BuHO Ha pucyHke 14, KOHIIEHTpalusi HOCUTENEH 3apsia cpasy IMocie
IUIaBIEeHKs pHOOpeTaeT 3HadeHue nopaaka 102m3, a npu manpHelimem Harpese
pacrutaBa HabJI01aeTCA HE3HAYUTEILHOE YMEHBIIICHHE STOTO TTapaMeTpa.

N3mepenne «(T) mokaszano COBHaJCHHME JaHHBIX B TBEPIOH (ase BOIM3H
TIaBJICHUS ¢ JaHHBIME pa0oThI [10]. OgHako B )kuakon (ase nMeErommecs JaHHbIC
MPOTUBOPEUUBEI.

Hamm sxcriepuMeHTh MMOKa3aiu, YTo 3HaueHHe Kod(PUIMeHTa TepMO-3/C
COOTBETCTBYET YHCTO METAIUTMYECKOMY XapaKTEPy U UMEET OTPULIATEIIbHBINA 3HAK.
Cyns 1o xapakTepy TeMIepaTypHOU 3aBUCUMOCTU KO3 PUIIMEHTa TEPMO-3/IC, IPU
nanpHeimem Harpese (1250 K), mpoucxoauT uHBepCcus 3HaAKa HOCUTENEH U 3HAK
TEPMO-3/C COBHagaeT co 3HakoM kodpduimenta Xosia. [lockonbKky B HamieM
ciy4yae HaOJt0/1aeTCsd HECOOTBETCTBUE 3HAKA TEPMO-3C U Kodduiimenta Xoia,
TO, Ucxoas u3 teopun Ppummana [155], MbI MOkeM CKkazaTh, UTO HE UCKITFOUEHA
BO3MO>KHOCTh JAHHOU CUTYaluu.

YuurtsiBasg npemsioxkenue Motra [25, 27] 0 TOM, YTO €CIU MPOBOJUMOCTD
OCYILIECTBIISIETC dJEKTpoHaMH BOMM3U E., TO XOJJIOBCKas MOABUXKHOCTH HE
JOJKHA 3aBHCETh OT TEMIIEPATyphl U UMEET BenuuuHy okoio 0,1cm?/B-c.

[TosTOMy BBIYKCIIEHA TOJABUAKHOCTD IO AIMIIUPUUYECKOU PopmyTie:
tu = o|Ryl (83)

B nameMm ciydae py B cpenneM passo 0,7 £ 0,1cm?/B-c. Otcrona cienyer,
YTO HOCUTEIISIMUA TOKA HE SIBJISIOTCS AJIEKTPOHBI, 00 3TOM CBUICTEIILCTBYET U 3HAK
TepMo-3Ac. Eciu  npuHATP BO  BHMMaHWE, 4YTO €CJIUM  MPOBOJUMOCTH
OCYIIECTBIISIETCS C TIOMOIIBIO AJIEKTPOHOB, BO30YKICHHBIX HA KPAO TOJIBHKHOCTH
[155], To, mcmonb3ys Mojaenb AHAEPCOHA B MPEAJIONKCHHH, YTO (ha3bl aTOMHBIX
GyHKIUH CiiydyallHbl M 4TO TpeXy3eJibHasi MOJIe/Ib IPUMEHUMA K JTaHHOMY CITydaro

M XOJUIOBCKaAs IMOABHMIKHOCTD OIIPCACILICTCA KAK:

__ 2mnzla®

uy = T a*B - N(E) (84)
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3neck B — mmpuHa 30Hb1 6€3 yuéTta Oecnopska; Z — KOOPAUHALMOHHOE YUCIIO; Z -
CpEIHEE 4YHMCIIO 3aMKHYTBIX TpPEXY3€JHbIX MyTed BOJM3UM MPOU3BOJIHHO
BBIOPAHHOTIO y371a.

@puaman npeanoarai, 4ro Z =Z, a Mbl IpuMeM Z = 6 JuIsl TpEXMEPHOTO

ciaydas 1 Z =4 1us AByXMEPHOT0. JTO IAaeT B TPEXMEPHOM CIIyvae:,

2 o
Hy = == 0.23cM?/B - ¢, ecnn a = 3A.

DTH TaHHBIC YKA3bIBAIOT HA TO, YTO B XKHMJKOM paciiaBe INSb npu a =3Auz =4

MMEET MECTO CJIy4Yail IByXMEPHBIH.

2
CM CM
Hamm mannwsie py (tabn. 9) umeror 3nadenue 0,8 =+ 0,76B—_C = 1B—_C, YTO

COOTBETCTBYET TEOPETUYECKUM pacueTaM DpumMana Jyisi IBYXMEPHOTO CITydasl.
Ucxons u3 BBIIICYKa3aHHOTO, pe3ynbTaThl OTHOIIEHUS
AJICKTPONPOBOHOCTH paciuiaBa INSb B TBEpmoit m skmukoi (azax corjacHO
pab6otsl [10] paBHsI 3,5.
Hammm uccnenoBanus moka3aiau, 9TO aHTUMOHH WHIWS BOJIM3M TUTABJICHHUS
B TBEPAOH (aze MMeeT MPOBOJAUMOCTb, a MOCIE IJIaBJICHUA, T. € B KUIKOH dase,
o, = 11,97 - 10°Cm/M, a oTHOIIEHUE Oy /0, = 30,1.

Pacuersl u ctaTucTueckass 0OpabOTKa MOJTYYEHHBIX SKCHEPUMEHTAIbHBIX
JIAHHBIX OCYIIECTBIICHBI C UCIIOJIb30BAHUEM KOMIIBIOTEPHBIX mporpamm «Excely u
«Corel dray». TIlomydyeHHOMY ypaBHEHUWIO aNMIPOKCUMUPYIOMICH MPSMOW
COOTBETCTBYET 3JIEKTPOIPOBOJHOCT paciiasa ¢ = 9,55 — 2,7 - 1073T, Tepmo —
mc a=282-664-10"3T u xoopduuuenta Xomra o =9,55—2,7-
1073T,Ry = 30,3 —1,35-1072T. Cormacao pabore [25] m  wucxons wus
METAJTTMYECKOr0 XapaKTepa MPOBOAMMOCTH M OOJBIION KOHIIEHTPALIMU HOCUTENEH
COOTBETCTBYIOILIETO BBIPOXKIEHHOTO COCTOSIHUSI JUIsl ompeneneHus: ypoBHs depmu

TIPUBOJIATCSI:
hZ 3 2
Er=——|(2) (85)

2m* 8w

IIpu BBICOKMX TemIeparypax, KOIJAa DHEpPrus OJJIEKTPOHOB BEJIMKA U
paznocts E — u > 2kT, dopmyna pactipeaenennss Gepmu — J[upaka mepexoaur B
dbopmyny Kiaccuueckoro pacrpeneneHus Maxkcemta. Ilpaktuuecku Er —
ompenensieTcss ¢ y4€toM H(h(OEKTUBHON MacChl 3JEKTPOHOB. BBIYHMCICHHBIE

napamMeTpbl TnpuBeleHbl Ha Tabnuue 11. Mbl  MONBITaTUCh  ONPEACIIUTH
92



2 PEeKTUBHYI0O MacCy JJICKTPOHOB M OTHOIICHHE A(PGEeKTUBHONW MacChl K Macce
MOKOsI dJeKTpoHa. Jls 3Tol menu cHavana ompeaenwmn kp — pamuyc chepsl
®epmu (Tabdm. 11).

kr = (3m% - n)? (86)
N3 cooTHOmEHUs 3eiiMana, KOTOpoe NAa€TCs ISl METAIUIMYECKOTO MPUOIKEHHUS,
oTpeensieM JITUHY CBOOOIHOTO Ipodera:

ne’L _ hkpy

A= 0 a L=
hkp OO

(87)

ne?
Taonuua 11.

Hexomopuie napamempovt aHmuMoOHUOA UHOUA 8 HCUOKOUL (ha3ze

Temnepapypa T, | 815 |830 |845 [950 |[970 [1010 | 1050 | 1125 [1175 | 1237
K

Paguyc  cdepwr | 1,37 [ 1,38 |1,41 |1,41 |1,41 |1,40 (1,40 |[1,39 |1,38 |1,38
®epmu kpx1019,
M1

JnunHa 785 |762 |733 |70 |7,16 |7,05 |694 |6,81 |7,09 |6,95
¢BOOOIHOTO
npo6eralT,A

O¢dextuBnocts | 1,85 | 1,9 195 |166 |1,66 |1,60 |1,5 1,4 1,3 1,25
macchl, m*x10%8,
KT

O¢ddexruBHocts | 203,6 | 209,2 | 214,5 | 182,4 | 182,4 | 175,4 | 166,2 | 149,4 | 143,5 | 137,8
MaccChl 51
OTHOILIEHUE

*
mace, ™ /m,

[TonyyeHHBIC HAMH PE3yJIbTaThl CPEIHEH UIMHBI CBOOOIHOTO Mpobera (Tadm. 11.)
MOYKHO CYMTATh IOCTOSHHBIMU U paBHBIME A =7,2 + 0,6A.

Kak u3BecTHO, 1711 NOABUKHOCTH HOCUTEIIEH 3apsaa Ha€TCsl COCTOSTHUE:

(88)

et

U=

R
m
rjae T-BpeMs cBoOoIHOrO npodera; M° - spdextuBHas Mmacca. C y4eToM TOrO, 4TO

, TAe, ¥ - CKOpPOCTh HOCHUTEJEH, Mbl MPUHUMAEM JAaHHYIO CKOPOCTh KakK

]

T =

«TCINNIOBYIO» XU MOXKEM ITOJIYUUTD CICAYIOIICC BBIPAKCHHUC!

272
. €L

u2kr’ (89)
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rae k - mnocrosinHas bonbimana. [lonmydennsie pe3ynbrarsl 3G (HEKTUBHONW MacChl

U OTHOIIIEHUs Macc npuBeneHbl B Tadmuie 11. OtHomenue 3¢ HeKTUBHON Macchl K
Macce TIOKOA DJJEKTpOHAa B 3aBUCHUMOCTH OT TeMIlepaTrypbl Tpaduuecku

MIPE/ICTAaBICHO HAa pUCYHKE 15.

- m
COTHOMIEHIH Macca, —
It

AN

150 [~

160 -

1400

Tenmepatypa T, K

HO0 S 1000 1100 1200 1300

Pucynok 15. Temnepamyphas 3a86ucumochv OMHOUWEHUU MACC 6

acuokom pacnaase INSh

Kakx BumHO u3 rpaduka, 3TO OTHOIICHHE IIOCJIE TUIABJICHUS HEMHOTO
yBEIUYMBAETCS, a TIPU JajJbHEWIIEeM HarpeBe HaOMIOAaeTCs YMEHbIIICHUE
oTHOIIEeHUs1 Macc. Jlamee, mpenmonaras, 4YTO paccesTHUE HOCHTENEeH 3apsia
MIPOUCXOINUT Ha aKycTuueckux (onax, mpuaumaem 1 = 31/8. Torma npeiidonas

MMOJABHKHOCTD,

_1 . _ _ 8|Rylo
ua_lel 0= (90)

PacueTsl MOKa3bIBAIOT, UTO B cpeaneM |1, 0,7 10“4m?/B- ¢, a 510 cornacyercs
¢ Uy. YuureiBas naHHBIE paGoTHI [155] M1 BRIPOXKAEHHBIX IOTYIIPOBOAHUKOB U
METAaJJIOB, UMEET MECTO |, = Hy. B HameMm ciydae B npegene + 0,1- 10%m%/B- ¢
npeiioBas M XOIUIOBCKAas MOIBMKHOCTH COBHANAlOT. XOJUIOBA IOJBHKHOCT,

OTIpeensonas yroia Xoia, IponopiuuoHagbHa Ipei(oBoil MOABIKHOCTH Uy =
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TUg,. B cilydae, korja Bpems penakcalu T = CONSt, 1. e. He 3aBUCUT OT

SHEPIuM =1, TO B HAILIEM CiIy4yae UMEET MECTO

r= Z—H =1.m"=m=29,1-10%%r,

h = 6,635 -103*/Ix:c, 10%®wm
n=9,1-10%8m"3 u paccuurans Ef.
B dopmyne (85) Mbl mpuHUMAaNU ClEAYIONIME 3HAUCHUS: CPEIHEE 3HAUCHHE
Er coOTBeTCTBYET clenytomeMy 3Hauennio: Er =6- 1022°3B. Ecnu yuects, 4T0
MaKcUMalbHas sHeprus 1pu 6+ 1022cM™3 pasHa 9 5B, TO MOXkKHO OTMETHTh, YTO
Har ganabie (7,35B) emmé pa3 yTBepKIar0T METAUIM3AIMI0 AaHTUMOHK/IA HHIIHS B
xuakon daze . Ucxons uz M- monenu Katnepa [26] B ciiyyae nmapaboauyecKoi

30HBI CTPYKTYPHI IJIA JKUAKOI'O pacilylaBa INSb mamu BEIUMCININ 9HCPI'UIO (DepMI/I:

2.1,2
a="= —, (92)
Otkyna,
2.1,2
Ep=""1 92)
[TonyueHHble pe3ybTaThl IPUBEACHBI B Ta0MIIE 12.
Taonuya 12.
Hekomopuie napamempvl aHMUMOHUOA UHOUA 8 HCUOKOIUL (ha3e
Temmnepatypsr, T,K | 1, - 1074, Ef, 2B Apacy-10°, Sg-10%°,
M2/B-c B/K M?2

815 0,74 7,1 2,8 23,59

828 0,70 7,2 2,76 23,93

839 0,66 7,6 2,65 24,97

950 0,65 7,55 3,02 24,97

966 0,65 7,55 3,02 24,97

1010 0,65 7,49 3,23 24,62

1050 0,64 7,49 3,36 24,62

1125 0,64 7,44 3,63 24,28

1175 0,66 7,23 3,9 23,92

1237 0,65 7,23 4,1 2392
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Kak BHJHO, 3HAYCHHUC OHCPIUn cDf:prI, paCcCinuTaHHOC Ha OCHOBE MOACIIN

KaTJIepa n MOACIIN KBAaHTOBOM MEXaHUKHU HE COBITIadaroT.

SHeprd b, 9B

;T\
7,7 4
* _I_'TRE{{
751 | T
e | .
I, "
| E‘“‘m
73 -l ;' T
II
|
7.1 4 |
{
4
Tenmeparypa T, K
T | L | T | ]
1000 1100 1200

I
800 900
Pucynok 16. Temnepamypnasn 3asucumocms Er scuokozo pacnnaea InSh.

JlanHbie Ha OoCHOBe Mojeneid Karinepa He coBmagaroT ¢ TEOPETUYECKUMHU
3HAYEHUSIMH 11 METAJUIOB, MMEIOIINX MAKCHUMAaJbHYIO 3Hepruto 93B. B namem
cinydae (puc. 16), COOTBETCTBHE C TEOPETUUYECKUMHU 3HAYCHUSIMHU, HAOJIOAAETCS

JUIIB TIPY TeMIiepaTypax, paBHbix 810-850 K.
OTcroga MOXHO cienaTh BBIBOJ, YTO B JAaHHOM citydae mojenu Katmepa k
xunkomy InSb He mpumenumbl. Ha oCHOBe 3KCIIEpHMEHTAIBHBIX JaHHBIX I10

TEPMO-3C MbI MONBITAINCH, UCIIOIB3YIO Takke 3akoH Bunemana — ®panna [25],

PaccUYMTaTh >IEKTPOHHYIO TEMIONPOBOIHOCTS:
=250 = WooT (93)
rae, Wy = 2,45 - 107 8Bt - Om/rpag?.
Tabnuua 13.
Temnepamypnas 3aeucumocms menionpoéoonocmu pacnaaea InSh
Temmepapypa, | 810 | 830 |865 | 951 | 1033 | 1110 | 1175 | 1203 | 1226 | 1275
TK
Xon MFB;M 23,2 1245 (253|269 [289 | 29,6 |30,7 | 32,0 | 32,7 |32,5
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Takoil TOAXOJ K OMNPENENIEHUIO )Y IOKa3zall, 4To 3HadyeHue Kodhduimenrta
TEIUIONPOBOJHOCTH IO CPAaBHEHHIO C 3aJaHHBIMH 3HAYCHUSAMH KOA(DPHUIIUESHTOB
UCXOMHBIX KOMIOHEHTOB [N m Sb 3aHmmaer mnpomexyToyHOE IOJIOKCHHE.
[TomydyeHHble pe3ysibTaThl TemiieparypHas 3aBUCUMOCTH TEILIONPOBOIHOCTH

pacmuiaBa InSb npuBeneHs! Ha TabwHIe 13.

TermmoryoB 0IH CTh

x. [Br-m 1K1
/./
32| o
- /./i'
30_|
.,f/’/
28_] -
265 >
Ll' " /
- -
'
24 j’.
| | Tpuorepatypa, TK
! I | f |
200 900 1000 1100 1200

Pucynok 17. Temnepamypnasn 3a6ucumocms MmenionpoeooOHOCHmU
pacnaaea InSbh

HaHOMHI/IM, 94TO B YHNCTOM BHJC In umeer AJI Y CIICAYIOIIUE 3HAYCHUA Y =

BTt BTt

36,3 , a mig Sb umeem: y = 26,2 ——. Kak BuAHO U3 TaOIHIBL, C
M'Tpaj M-Tpaj

MOBBIILIEHUEM TEeMIIepaTypbl Ha001aeTCs poct ko3 punmenTa

TEIUIONPOBOAHOCTH (puc. 17).

Jlanee HamMHM HMCHOJIb30BaHbl JaHHbIE U3 (opmyiibl (7) M, NOJCTaBUB MX B
(15), paccunranu xkodddunueHT Tepmo-3ac. [lonydeHHble TaHHBIC MPUBEICHBI B
tabmuie 12. Kak BuaHO, BEIYUCICHHBIN KOY(PDUIIUEHT TEPMO-3/IC C TTOBBIIICHUEM
TEMIIEPaTypbl UMEET TCHICHIUIO K yBenndeHno. OHAKO CIeAyeT OTMETHTh, YTO
Cpa3y Moce TUIaBieHus] HaOJI0IaeTCs MOJTHE COBMAICHHUE TAHHBIX KO hUIIeHTa
TEPMO-3JIC, a TIPH JAJbHEUIIEM HarpeBe paciuiaBa XOJA MPOTHUBOMOJIOKEH. OTY
MIPOTUBOPEYMBOCTh MOXKHO OOBSICHHTH TEM, YTO JaHHBIC IO KOHIICHTPAIIUU
HOcHUTeNed Mbl Opanu 1mo koddduimenty Xoiia, re 3HaK HOCUTENCH SIBISETCS

OTpULIATCIIbHBIM, T. €. pPACdY€Tbl COOTBCTCTBYIOT JJICKTPOHHOMY IIPOLECCY, a
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(akTUUECKH M3 —3a TOJOXKHUTEIHHOTO 3HaKa MOXHO CKa3aTh, YTO HOCHTEISIMU
SBIISIIOTCSL  TIOJIOKUTEIbHBIE HMOHBI MeTala. Tak kak KodddummeHt Xoiuia
SIBIIICTCSl aHOMAJILHBIM, JJIS OTIPE/CIICHUS 3HaKa HOCUTENICH CIIy)KHT 3HAaK TepMO-
snc [27]. B oTimume OT KPUCTAIMUECKUX METAJUIOB, MPH MOCTOSITHHOM 3HAYCHHUH
kodpdummenta Xomma, KOAIQOUIMEHT TEPMO-3AC C POCTOM TEMIIEPATYPHI
YMCHBIIIACTCS B JKMJIKOM AaHTHMOHHJC WHIUS H, IT0-BUIUMOMY, IPOUCXOIHT
CHJILHOE 3JICKTPOHHO-MOHHOE B3aUMOJICHCTBHE, BCIEACTBUE YETO YMCHBIIACTCS
MOJIBIDKHOCTh M COOTBETCTBCHHO JJICKTPONPOBOJHOCTh paciiaBa. Tak Kak

IMIPOU3BCACHUC BOJIHOBOI'O BCKTOPA HA AJIMHY CBO6OI[HOFO Hpo6era HOCHUTEIICH JJI
KUIKUX MCTAJZIOB JOJDKHO YAOBJICTBOPATH YCIIOBHUC kL >>1, 9TO COOTBCTCTBYCT U

Hamemy ciydaro. [losromy kodddunment Xomia J0JKEH OBbITh MEHbINE, YeM
pacCUMTaHHBIC 3HAYCHHS 10 TCOPUU CBOOOIHBIX 3JIEKTPOHOB. JIeWCTBUTEIBHO,
€CIM y4eCTh, YTO JUISI METAJUIOB KOHIIGHTpAIlMs HOCUTEICH 3apsma paBHA
10%3cm™3, To pacuers nokassiBaroT Ry = 6,25 - 10~ M3 /K1, a B namem ciyudae
DKCIIEPUMEHTAIbHBIC JIAHHBIE HWMEIOT OOJIbIllee 3HAYCHHWE 110 CPaBHEHUIO CO
3HaYE€HHEM TaHHOIrO Ro.

B 3akoHomMepHOM (QoOpMHUpPOBAaHWUU CTPYKTYpPhI OJMKHETO TOpsIKA
AJIEMEHTAPHBIX PACIUIABOB, BOMPOCH A dy3un u camoauddy3un UrparoT 1ajieKko
HE MOCIEAHIO poiib. B 310l cBsizu paccmorpenue kodddummenta auddy3un B
KUIKAX METaUlaX M TIOJYMPOBOAHHMKAX TPEACTABISICT MHTEPEC C ABYX TOYCK
3penus. Bo-mepBeix, mpobnema nmuddysun B paciuiaBax TECHO CBsS3aHa C
MPEICTABIICHUSIMU 00 MX CTPOCHHWH, a BO — BTOPBIX, MPABWJIbHAS OPUCHTAIUS B
TEOPETUUECKHX MOCTPOSHUAX 110 caMoaudPy3uu )KUIAKUX COCTOSTHUI BOOOIIE 1aéT
BO3MOXKHOCTh BBIOpaTh peajibHble MyTH OICHKA IU(PPy3nOHHBIX KOHCTAHT B
AJIEKTPOHHBIX pacIliaBax, MOCKOJIBKY SKCIICPUMEHTAIBHOE PEIICHHUE BOMpOCa TOKa
ellle  HATAJKWBaeTCs Ha cepbE3upie mpenstctBus [158]. C  yduerom
MHUKPOCKOITMYECKON TPHUPOAbl AP YHAUPYIOMUX YACTUIl MPUHUMAETCS, YTO K
JBIKEHUIO MUKPOYACTHIIBI TPUMEHIUMO COOTHOIIIEHNE DWHINITCHHA, CBSI3bIBAIOIICE
ko3 uueHT qupdy3un D ¢ MOABMKHOCTBIO U

D=kg T pq (94)
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VYpaBuenue (94) BnepBbie MpeACTaBWII DUHIITEHH Ha OCHOBAHUM TEOPHUU

6POYHOBCKOFO JABUIKCHMUS. Ecan YUYUTBIBATh KAXXI0C 3HAYCHHUC ITOABUKHOCTHU IIPHU

PaBHOBCCHUHU KUAKOCTHU, TO MOKHO ITPUMCHATb 9TO COOTHOHMICHUC K X XUJIKOMY InSb.

Tabauya 14.

Temnepamypuas 3aeucumocms Koigppuyuenma ougpghyzuu

8 Jcuokom pacnaaee INnSh

Temneparypa | 815 | 828 | 839 | 875 | 900 | 950 | 966 | 1010 | 1050 | 1125 | 1175 | 1237
T,K

Kos¢unment |52 |4,99 | 4,77 |50 |54 |532 541 566 |579 |621 6,68 |6,93
mudysus D -

108, M2 -

cex !

Tak xak 3HAYCHUS XOJUIOBCKOH U JIper(PoBOM MOABUKHOCTEN OUCHBb OJIU3KH,

nod3ToMy npu pacuére korpdumrenta nuddysuu (D) MbI UcOIb3yeM 3HaUYCHUE

Uy ZI1 aHTUMOHMAA WHAMA. IlodydeHHble pe3yJbTaThl IO TEMIEPATYpPHas

3aBUCUMOCTH K03 duiinenta auddy3un npuBeeHsl B Tadbauie 14.

D- 105, [m2-

10_

¢

800

900

[
1000

1100

I
1200

TK

Pucynok 18. Temnepamypnas 3agucumocms KoIgpguyuenma ouggysuu ¢

arcuokom pacnaase INSh
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[TonmyyeHHble pe3ynbTaThl MOKA3bIBAIOT, YTO MMEETCS OINpeAesIeHHAs
3aKOHOMEPHOCTh B JKUIKOM paciuiaBe INSb B unreppane temneparyp 810 — 1240 K
(puc. 18).

Kak BumHO 13 3TOTO pHcyHKa, KO3 duimeHT aud@y3un uMeeT TeHICHIIUIO
K YBEJIMYCHUIO, YTO BITOJIHE COOTBETCTBYeT Teopuu. OMHAKO IS psiaa BEIIECTB, B
YaCTHOCTH, B TIOJYIPOBOAHUKAX U MOHHBIX COSIUHEHUSAX, OTHOMIeHHe /D B Tpm
paza 6oJiblIe, 4eM ITO clieIyeT U3 ypaBHeHUs (94).

Takoe OTKIIOHEHHUE CBSI3BIBACTCSA C 00pa30BaHMEM KOMIUICKCOB 3apsKEHHBIX
JaCcTHUI[ WK Ki1acTepoB. B Haiem ciydae, eciau paccmaTpuBaTh INSh kak sxuakuit
MeTas, To KodhduiueHT nuddy3un T0KeH ObITh paBeH 3HAUCHUIO TIOpsJIKa 2 -+
3-107%m? /CEK., T. €. dTa BEJIMYMHA TaKOBa, KaK W JUISI TPOCTHIX KUIKUAX
MeTauioB. Buaumo, B OWHApHBIX KUIKOCTAX 0Opa3oBaHHE KOMIUIEKCOB WIIU
KJIACTEPOB MOXKET BIUATH Ha WX (pu3udeckre cBoicTBa. [10ATOMY HECOOTBETCTBHE
YHUCIOBBIX  3HA4YeHWH kuakoro INSb MokHO cBs3aTh ¢ mpoIleccoM
KiactepoodpazoBanus [159 - 164]. Ecau cunrtath, 4To 007JaCTH MEKKIACTESPHBIX
pPa3phIBOB SBJISIOTCS HEMPOBOASIIMMH, TO WX TMOsBIEHHWE OyAeT aHaJIOTHYHO

YMEHBIIICHHUIO TUIOIIAAN CeUeHuUs oOpasiia. B atom ciyydae:

(&)T =S —Sp, (95)

O-T B

rae S, — OTHOILIEHHWE YHClIa KBAaHTOB MEXAY KiacTepamH, MNOAXOASIIMMH Ha
EAVHMILY IUIOAAN B KUIAKOM MeTaie OpHu Ty, K YCIOBHOMY YMCIy KOHTaKTOB
MEXIy KiIacTepaMy, KOTOpble IIPUHUMAEM 3a EAWHMUIYYy. Sp — IUIOIIAJb
MEXKJIACTEPHBIX PA3pbIBOB HA €AMHUILY IUIOIIAIA CEYEHUSI METalIa.

Ha ocHoBe cooTHomienus (95) MbI OIleHUBAIN HETPOBOASIIYIO 001aCTh MIPH
wianernn INSb. TMonyunnu S, — Sp = 12,5 npu Temneparype miaBienus. 13
CpPaBHEHHs HAIMX JaHHBIX (A7 OWHApHBIX JKUIKOCTEH) C pe3yJbTaTaMH
NOJIYYEHHBIMH  JUISI ~ HPOCTBIX  KUAKOCTEM  CIEAyeT, 4YTO  OTHOIIEHHE
AIEKTPONPOBOIHOCTH TNpU Ty, A7 OMHAPHBIX SKUAKOCTEM, W OCOOEHHO s

MCTAJUIM3YIOINHUXCA ITOJIYIIPOBOAHHUKOB, HAMHOI'O 6OJ'ILI_H€, ycM JJId OOBIYHBIX
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npocthix MetayuoB. K npumepy misa In: (py/prs) = 2,18, mig Sb: (py/Prs) =
0,61.

4.2. D1eKTPONPOBOIHOCTD, TEPMO-31c U 3P dekT XoJ71a

AHTUMOHMJIA MHIUS, JIETUPOBAHHOTI0 cepedOpoM

UssectHo, uro xmmuueckue coemunenns AT'BY  wumeror yHukanbHble
CBOMCTBA, KOTOPHIE MPEACTABIAIOT OOJBIION WHTEpEeC AJIA WX TPUMEHEHUS B
KayecTBE AaKTHBHBIX JJIEMEHTOB B JIETEKTOpaxX HH(PPAKPACHOTO HU3IIy4YCHHUs
ONTUYECKUX MPUOOPOB, B JAETEKTOPaX MAarHUTHOTO MOJISA, B TEPMOAIEKTPUIECKIX
reHepaTopax, B HOJYIPOBOJHUKOBBIX U COBPEMEHHBIX AJIEKTPOHHBIX YCTAHOBKAX.
B cBs3u C aKTHBHBIM pacHIMpeHHEM OO0JacTel MX MPUMEHEHUs HCCIICOBAaHHE
TEMIEPATYPHBIX U KOHIIEHTPAIIMOHHBIX 3aBUCUMOCTEN KMHETUYECKUX MapaMeTpoB
npejacTaBisier  OosblIo  MHTepec. TemmeparypHas M KOHILIEHTpallMOHHas
3aBUCUMOCTH  Kod(pdunmentoB Xomna, TEPMO-3AC, AJIEKTPOIPOBOIHOCTH,
MOJIBUYKHOCTH, KOHIEHTPALMU U JIp. MO3BOJISIIOT OILIEHUTh BBICOKO3(D(PEKTUBHOCTD
MaTepHualia Kak akTHBHBIN 3JIEMEHT TepMoaJieKTporeneparopos [120, 165-173].

B cBsi3u ¢ 3TUM B HacTosIIEe BpEeMs aKTyalbHBIM SIBIISIETCS MMOMCK HOBBIX
AKTUBHBIX BBICOKOA(()EKTUBHBIX MOJIYNPOBOIHUKOBBIX MaTepuajioB C 3apaHee
3aJlaHHBIMHU CBOMcTBamu [26, 167, 169].

C uenpl0 MOMCKAa HOBBIX MOJIYNPOBOJHUKOBBIX MAaTepuajioB HaMu ObLIN
BbIOpaHbl COEJMHEHME AaHTUMOHHKIA HMHIUS M B KayecTBE JIMraTypbl cepelpo.
OCHOBHBIM 3aTPYAHEHHEM IIPH CHUHTE3€ COCIUHEHUS SBISETCS TO, UYTO JIETYUYECTh
cepeOpa YCIOXKHSET MOJNydeHHe sxkermaemoro oOpasua. HecmoTps Ha 3TO, mpum
M3TOTOBJIEHUH 00pa3IoB HaMU OBUIM HCIOJB30BaHbI cepedpo, unctotoi 99,9998
% ¥ coelVHEHUE aHTUMOHUAA UHAMS, CHHTE3UPOBAHHOTO OTAENbHO. McX0aHbIMU
KOMIIOHEHTAaMHU CIYXWIA MOHOKPHUCTAUIMYECKUE WHAMM u cyppma. Jlius
peanu3aiuy MOCTaBJICHHON 3aJauu ObUIM CUHTE3UPOBAaHBI 00pa3libl aHTHUMOHM]IA

uHaus ¢ cogepxanuem 0,1; 0,2; 0,3;0,4; 0,5 macc.% AQ.
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CuHTe3 00pa3loB MPOBOAWICA MPSIMBIM CIUIABJICHUEM KOMIIOHEHTOB B
BaKyyMHPOBaHHBIX KBAapLEBBIX aMIlyjaX. AMIYJIbl IPEABAPUTEIBHO IPOMBIBAIIUCH
CMECHIO KHCIIOT HNO3;+3HCI, 3aTeM  TIIATEIbHO IPOMBIBAJIUCH
JUCTWUIMPOBAHHOW BOJIOM, IOCJIE€ YEro BBICYIIMBAIMCh. AMITYJIbI OTKaUMBAJINCh
mo 1,3-107I1a. Hamu ObLIM DKCHEPUMEHTAIBHO UCCIENOBAHBI TAKHME MAPAMETPE,
KaK d3JEKTPOIPOBOAHOCTh, TepMO—3AC u Kkoddduument Xomma o0Opas3ioB
aHTUMOHUA UHAYS, JIETUPOBAHHOT'O cepedpom TpaJULUOHHBIM
YETBIPEX30HAOBBIM METOJIOM. MeTOoauKka W3MEpPEHUs AIIEKTPOINPOBOJHOCTU H
muddepeHIMaTbHBIA METO JUIsl ONPENEICHNUs TEPMO-3/C MOAPOOHO ONMUCAHBI B
pabote [120,170-173].

OTMeTuM, 4YTO HM3MEpPEHUE YKa3aHHbIX MapaMeTpOB Ha 3TUX 0Opasmax
IpOBOAUTCA BHepBble. M3MepeHus 31eKTpou3nuecKux napaMeTpoB MPOBOJUINCH
OT KOMHaTHOM Temrieparypsl 10 600 K. DkcriepuMeHTanbHbIE pe3yIbTaThl HAIAX

MCCJIEIOBaHM MMOKa3aHbl Ha pucyHke 19.
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Pucynox 19. Temnepamypnuie 3a8ucumocmu 31eKmponpoooOHoCcHuU

AHMUMOHUOA UHOUSA J1IE2UPOBAHHO20 CEPedPOM

Pesynbrarhl rccienoBaHui MOKa3ald, YTO SJEKTPONPOBOIHOCTh 0Opa3IoB
aHTUMOHUJIa UHAMS, JerupoBaHHble cooTBeTcTBeHHO 0,1; 0,2; 0,3; 0,4; 0,5; macc.

% Ag B nuanaszone temmnepatyp 300—600 K ¢ nmoBeIieHuEM TeMIiepaTypbl UMEIOT
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JMHEHHYIO 3aBUCUMOCTbD, & C YBEJIMUEHUEM TIPOIIEHTHOTO COOTHOIICHUS cepedpa B
AaHTAMOHHUAC WHIUS HAOMIOJAeTCsl WM3MEHEHHWs] B CTOPOHY  ITOBBIIICHUS
JIEKTPONPOBOTHOCTH (pHrc.19).
[To HammeMy MHEHHIO, B JICKTPOTPOBOIUMOCTH aHTUMOHHUA UHIUS, KPOME
COOCTBEHHBIX HOCUTEIIEH 3apsijia, CyIIeCTBEHHYIO pPOJIb UTPAIOT U HOHBI cepedpa.
Jl51s Bcex 00pa3IioB HaOMI0AaeTCsl METAITMUECKH XapaKTep MPOBOIUMOCTH
[174]. Tlo moayd4eHHBIM pe3yibTaTaM 3JCKTPOIPOBOAHOCTH HaMH ObLIa

paccunTaHa MIUPHUHA 3aNPENEHHON 30HbI. IMU OKa3anuch:

AEJ = 0,047 3B InSb + 0,1 % Ag
AEZ = 0,044 B InSb + 0,2 % Ag
AEZ = 0,031 3B InSh + 0,3 % Ag
AEJ = 0,027 3B InSb + 0,4 % Ag
AEZ = 0,025 2B InSb + 0,5 % Ag

Kak BuaHO, mmpuHa 3anpélieHHOW 30HBI YMEHBIIAETCS C YBEITUYCHHUEM
COJep)KaHusl TpHUMecH cepedpa, YTO COOTBETCTBYET JIUTEPATYPHBIM JTaHHBIM
YUCTOIO AHTUMOHMJA HWHIUS. MOXKHO NPEINoSIOKUTh, YTO aTOMbl cepedpa
3aMeIlalT aTOMbl MHIUA, Npu 3TOM oTnaér 2+ 3apsnpa. JlobGaBku cepebpa B

AHTUMOHMIC HHIOUA HUI'PAIOT POJIb HpI/IMeceﬁ 3aMCIICHUA M 4YaCTHYHO HpI/IMeceﬁ

BHeApenus [163, 168, 169].

TepMo-a11Cc o - 10~°. B/K

-Q~__© & — 0.1%Ag
—— ® — 0.2%Ag

400 S © i O
— o, o
> —e E - 0.3%Ag
e o 0.4%Ag

- .\
= ®_ P o

300 i R - A 0,5%Ag
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Pucynok 20. Temnepamypnas 3a8ucumocms mepmo-30¢ AHMUMOHUOA UHOUAL,
J1e2UPOBAHHO20 PA3TUYHBIM KOJIUYUECMEOM cepedpa.
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C menpio pacmmpeHus: nHGopManud 00 3MEKTPOPHU3UIECKUX CBOWCTBAX
JICTUPOBAHHBIX 00pa3loB HM3MEPEHbl KOI(PPHUIIMEHTH TepMO-3AC U XoJUla.
Pe3ynbTarhl HaIIUX KMCCIeI0OBaHUM npeAcTaBieHbl Ha pucyHkax 20 u 21.

Kak BUIHO M3 ATHUX PHCYHKOB, TEMIIEpaTypHasl 3aBUCHMOCTb TEPMO-3]C U
KOHCTaHThl XOJUla Ka4eCTBEHHO COTJIacyloTcsi Mexay coboil. HM3mepenue
KO3 pUIMeHTa TEepMO-3C TIOKa3biBaeT, 4ro oOpa3iel INSh, erupoBaHHBIC
cepeOpoM, MMEIOT Ooyiee BBICOKHE 3HAYCHHS TepMO-3AC (&) TpH KOMHATHBIX

TeMIlepaTypax, T.€.

a, = 450 mxB/K InSb + 0,1 % Ag
a, = 390 mkB/K InSb + 0,2 % Ag
a; = 210 mxkB/K InSb + 0,3 % Ag
a, = 105 MxkB/K InSb + 0,4 % Ag
as = 87 MkB/K InSb + 0,5 % Ag

[Ipu nanpHeleM HarpeBe KOd(PQPHUIIMEHTH TEPMO-3/IC YMEHBIIIAIOTCS, BIUIOTH 10
temmnepatypsl 450 K. [anee nanubiii KO3QPUIHUEHT MOYTH OCTAETCS MOCTOSHHBIM.

Kak BumHO Ha pucynke 20, oOpasipsl coctaBa InSb+0,1 % Ag umeror Haubomee
JAYYIIyI0 TEPMO-3JIC, HEXenu Apyrue. Hamm pesynapTaThl IMOKAa3bIBAIOT, YTO
no6aska 0,1; 0,2; 0,3; 0,4; 0,5 % AgQ, npu KOMHaTHBIX TEMIEpATypax M BILIOTH J0
700 K He BnmseT Ha 3HAK HOCHUTEIICH 3apsi/la MOHOKPUCTAUTMYECKOTO aHTUMOHH/IA

uHaus. Yucnennsie 3HaueHnss & mpu ~350 K cocrasmsror 200-400 MIZB , A C

noBeIllieHUeM Temmepatypbl 10 450 K HaOmrogaeTcsi yMEHBIICHHE TEPMO—)/IC.
[Ipu 500 K xoaddumment tepmo—sac mmeer 3HadueHwe (4+6) mMxB/K u mpu
JabHEHIIEM HarpeBe HaOII0aeTcsl IMOCTOSHCTBO TepMmo-dac (puc. 19). B
aHTUMOHHMJIe UHIMs ¢ comepxkanuem 0,1; 0,2; 0,3; 0,4; 0,5 % AQ B nmamazoHe
temmnepatyp ot 300 mo 600 K unBepcusi 3Haka He Habmogaetrcsa. Kosaddunuent
TEPMO-3JIC HWMEeT OTpHIaTeNbHbIH 3HAaK. C yBEIWYCHHUEM IIPOIICHTHOTO
COOTHOIIICHHUSI cepedpa B  AaHTUMOHHUJE MHAWS  YUCJICHHBIE  3HAYCHUS
KodduUIMeHTa TEPMO—3IC yMeHbIatoTcsa. Kpome Toro, Xxoa TemmepaTypHOU

3aBHCUMOCTH KO3 (UIIMEHTa TEPMO-3]IC MTOKa3bIBAET, YTO C POCTOM TEMIIEpaTyphl
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cHadana 10 ~500 K ero 3HaueHus yMEHBIIAIOTCS, ¥ MIPH JAIBHEHIIIEM HarpeBe Jio
600 K ocraroTcsi mOYTH MOCTOSIHHBIMU. DTO CBHUAETEIHCTBYET 00 YCTOMYMBOCTH
TEPMO-3/IC HamuX 00pasmoB B TaHHOM HHTeBasIe Temmeparyp. Ciaeayer OTMETUTb,
yro o0pasubl INSb ¢ cogepxanuem 0,1 % AQ uMmeroT Oojiee BHICOKHE 3HAYCHUS
Kod(ddummeHTa TepMo—3C, KOTOPhIE MOTYT HTPaTh BAXKHYIO POJIb KaK aKTUBHBIN

9JICMCHT B U3IrOTOBJICHHU TCPMOAATIYUKOB.
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Pucynok 21. Temnepamypnasa 3agucumocms ko3gpuyuenma Xonna
AHMUMOHUOA UHOUA, 1€2UPOBAHHO20 PA3TUUHBIM KOJIUUECMEoM cepedpa.

Hamu usmepens! 3HaueHus kodduimenta Xoiia METOJIOM MEPEeMEHHOTO
TOKa M TEPEMEHHOI0 MAarHUTHOTO Mojs. Meroauka H3MEpeHus MoApoOHO
npuBoauTcs B padote [120].

PesynbraTel uamepenunit koaddunuenta Xomia (puc.21) mokas3pBaroT, 4TO B
obnactu 300450 K HaOmiomaercss ymeHblleHHME R, ¢ pocTomM Temmeparypsbl.
UYucnennoe 3Hauenue R, mpu 300 K cocrasmser mpumepno 2,2.102cm*/Kn. B
o0nacT OT KOMHaTHOW TemrepaTypbl 10 ~450 K konctanTta Xosuma mjis Bcex
COCTaBOB JIalOT MHHHMAaJIbHBIC 3HAYCHHWS WM B JaJbHEHIIIEM C IIOBBIIIICHUEM
TeMITepaTypbl HaOJF01a€TCs MOYTH UX TTOCTOSIHCTBO.

N3 skcnepumentanbibix AaHHbIX MO0 Ry(T), «(T) u o(T) paccuutansl

HCKOTOPBIC BaAXHBIC (1)I/I3I/I‘ICCKI/IC mapaMceTpbl, TaKHUC KaK KOHIOCHTpAIHA H

IHOABMIXXHOCTD HOCUTEJICH 3apsga/ja, OTHOHIICHHC HOI[BI/DKHOCTGI\/'I, OHCPIusiA aKTUBAINH

105



MPOBOJIMMOCTH, TEIJIONPOBOJAHOCTH, UCTOib3yss Monenu Katnepa M. u OOGyxoBa

C.A. [26,170].

Tabauuya 15.
Iapamempur INSb, nezuposannozo cepeopom npu 300 K.

- L LR
n/n | & c £ g = =

: = : = |2 | E g

'3 £ 2 S ° o)

5 : 2 2 = 38 | E

& = @ = = 3
1. InSb+0,1 % Ag 6,66(T=350K) |97(T=350K) |0,031|17,25| 0,047
2. InSb+0,2 % Ag 6,57 324 0,027 | 13,62 | 0,044
3. InSb+0,3 % Ag 6,43 972 0,025 | 10,05 | 0,031
4, InSb+0,4 % Ag 6,34 1032 0,023 | 7,25 |0,028
5. InSb+0,5 % Ag 6,27 1121 0,022 | 5,62 | 0,025

Takum o00pa3oM, MOXHO OTMETHTh, 4YTO JIETUPOBAHHBIC OOpA3IIbI
aHTUMOHMIA WHIUS ¢ no0aBiieHueM cepebpa mpu Temmeparypax 300 — 600 K
UMEIOT BBICOKOE 3HAYCHHE JJICKTPOIPOBOIHOCTH, HEKEIU YHCTOIO0 aHTHMOHHIA
unaus. B obpasmax ¢ comepxanuem 0,1 % AQ HaGmromaeTcsi BBICOKOE 3HAUYCHUE
koa(dummenTa repmo-3 ¢, Hexenn odpasisl ¢ coaepxkaauem 0,2; 0,3; 0,4; 0,5 %
Ag. Koapduuuentsl Tepmo-3ac u Xojia AOMOIHSAIOT APYT JApyra U IO 3HAKY
coBnajaroT. PaccumTaHHble HaMH HEKOTOpBIE TapaMeTphl TMPEJCTaBICHBI B
tabmnurte 15.

Taxkum oOpa3zoM, BIEpBbIE CHUHTE3UPOBAHBI 00pa3Ibl AHTUMOHUIA UHIMS C
pasIUYHBIM  COJACpXKAaHWEM cepebpa W  DKCIEPUMEHTAIBHO  HUCCJIEIOBaHA
TEeMITepaTypHass 3aBUCHMOCTb BaKHBIX S3JICKTPOPU3HUSCKHX IapaMeTpPOB, TAKUX
KaK DAJICKTPOIPOBOJHOCTh, TepMoO-37Cc u Kodbdumment Xomna. Ha ocHoBe
OKCIIEPUMCHTAIBHBIX JIAHHBIX PACCUYMTAHBl KOHIICHTPAIMS W  TOJBHKHOCTH

HOCHTEJIEeH 3aps/ia, SHEPTUs aKTUBAUHU, KOG (OUIIMEHT TEIJIONPOBOAHOCTH.
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OcHOBHBIE BBIBO/IbI 110 I'JIaB€

OKCIEpUMEHTAIBHOE HCCIIEIOBAHUE U TEOPETUYECKUE PACUETHI HA OCHOBAHUU
COBPEMCHHBIX  MOJCJICH  DJIEKTPOHHBIX  PACIUIaBOB  DAJICKTPOPUIUUYECKHUX,
TepMOAMHAMUYECKUX napamerpos coenunenus A'"BY u npomexyTouHbIX criaBoB
Ha X OCHOBE, JIETUPOBaHHBIE OOpa3Ibl aHTUMOHHUIA WHIUS MO3BOJSIOT CHENaTh
CJIEIYIOIIUE BBIBOBI.

BnepBbie TpoOBEIEHO KOMIUIEKCHOE MCCIEOBAaHUE SIIEKTPOPU3UUECKUX
CBOMCTB- 3(pdexra Xoita, TepMO-3/C U ANEKTPOIIPOBOJIHOCTHU B paciiaBax INSh, a
Takke 00pasiiax, JErMPOBaHHBIX CEepeOpOM.

[TonydeHHble PKCIEPUMEHTAIBHBIE JTAHHBIE HHTEPIPETUPOBAHBI HA OCHOBE
COBPEMEHHOW TEOPUU HEYNOPSJOUYCHHBIX CHCTEM C YYE€TOM Pa3IU4HBIX
MEXaHU3MOB MEKYAaCTHYHOTO B3aMMOJICHCTBHUS B PacIjiaBax 3TUX BELIECTB.

BriepBrie clenmaH KOJMMYECTBEHHBIA aAHAIM3 MCCICIOBAHHBIX CBOMCTB
BEIIECTB HAa OCHOBE pAa3JIMYHBIX MOJENEH, mpeanoxkeHHbix M. Katiepom wu
KJIACCUYECKOM  Teopuel  CBOOOJHBIX  DJEKTpOHOB.  OCHOBBIBasICb  Ha
OKCIEPUMEHTAIIbHBIX M PAcUYE€THBIX JAHHBIX, MOXHO KJIACCU(PUIIUPOBATH
coenunenns A"BY, B wacTHOCTM, aHTMMOHMIA WHIMS, U HX JIETUPOBAHHUS
cepeOpoM, B TBEPIOM COCTOSIHUU KaK MOJyMETaILI, a MIPU Mepexoie U3 TBEPIOTO B
KUJIKUE; TTOTyMETaJUI-MeTaJL.

Ha ocHOBaHMM 3KCIEPUMEHTAIBHBIX M PACUETHBIX JTAHHBIX JIETUPOBAHHBIX
o0pa3IloB aHTUMOHHMJA WHAUS MOXHO CJeJaTh BBIBOJ: DJIEKTPOIPOBOIHOCTH
JIETUPOBAHHBIX OOpPA3IOB AHTUMOHHJA WHIUS BBIIIE, YEM Y OTOTO YHUCTOTO

COCANMHCHUA 1 MOKHO €€ PCKOMCHIOBATL IJIs1 CO3AaHHA TCPMOAATYHNKOB.

3AK/TIOYEHUE

1. OcHOBHBIC HAYUYHBbIE Pe3YJIbTATHI JUCCEPTANNM:

I/ICXO)IH M3 BBIIICHU3JI0KCHHOTO, MOXHO CACIAaThb CICAYIOIINC OCHOBHLIC

BBIBOABI IO JUCCEPTALIUH.
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[Touck HOBBIX MaTepuagoB v BBICOKOA(P(hEeKTUBHBIMU
TEPMOAJICKTPUUECKUMHU TapaMeTpaMud B TBEPAOM U IKUIKOM dazax, H
COBEPIIICHCTBOBAHWE MYTEM JITHPOBAHUSA, a TakKe TEPMOOOpaOOTKOW u
COBMECTHOT'O CILJIAaBJICHHSI HMCXOJHBIX KOMIIOHEHTOB SIBIISCTCS OCHOBHOM
poOJIEeMO DJIEKTPOHHON TEXHUKH. [IpHMEHEHHE MOIyIPOBOIHUKOBBIX
COCMMHCHWA W TBEPABIX PACTBOPOB HA UX OCHOBE, JICTHPOBAHHE
COCIMHEHUN B Ka4eCTBE aKTHUBHBIX MATEPHAJIOB B COBPEMEHHON TEXHHKE
CHeNIaeT ATy 3a/1auy TMEePCIEeKTHBHOM.

[Touck HOBBIX MAaTEpHAIOB C  OOJBIIUMU  TEPMOIICKTPHUICCKUMHU
nmapaMeTpaMu B TBEPIOHM MW OKUIKOM (a3zax myTEM  JIeTHpOBaHWI,
TEpMOOOPAOOTKH, COBMECTHOTO CIUIABJICHUS] MCXOIHBIX KOMIIOHEHTOB
SBJISIETCS OCHOBHOM MpOOJIEeMOl B MpeBpallleHUH B 3JIEKTPOHHOM TEXHUKE.
[IpumMeHeHre MoMypPOBOAHUKOBEIX COCAMHCHUN W TBEPABIX PACTBOPOB Ha
WX OCHOBE, JICTUPOBAHHBIC MaTEPUANIBl B KAUSCTBE aKTUBHBIX MAaTEPHAIOB B
COBPEMEHHOM TEXHHUKE CACNAIOT ATy 3ajauy 0ojiee mepCreKTUBHOM.
HccnenoBana 31eKTpONPOBOAHOCTD U Ko duimenta Tepmo-37c 1 Xoiia B
MOJTYTIPOBOJHUKOBBIX MaTepuajiax NpH HHU3KOM TeMIleparype Ha OCHOBE
pa3pabOTaHHOTO JepKaTelii B IIUPOKOM HWHTEpBAje TEMIepaTtyp B
YCTaHOBKE TSI HCCIICOBAHUS DJICKTPODU3UICCKUX M TEPMOIIICKTPUUSCKHIX
CBOMCTBAX.

[Tokazana  cxema  W3MEPUTEIBHOM  AYEHMKH  JJISI  UCCIIEIOBAHUS
AIEKTPOIPOBOTHOCTH, KOA(D(PHUIIMEHTOB TEPMO-3JIC M XOJIa METAUIOB M
MOJIyITPOBOJTHUKOB B JKHJKOW (Da3e W TEXHOJOTUYECKUMA TTOAXO0/, OTeparius
Y TIPOIIECC CHHTE3a K TOJITOTOBKE 00Pa3IoB IS U3MEPCHHUS.

Pa3paboTaHo ycTaHOBKa W TPEJCTABISETCS METOJ CHUHTE3a, MOATOTOBKHU
CTPOTO TMPSMOYTOJIBLHOW T€OMETpHUYeCKON (OopMbI 00pa3loB aHTHUMOHHWIA
WH/IUS ¥ JISTHPOBAHHOTO CEpeOPOM K H3MEPECHHUIO.

BrepBeie cuHTE3MpOBaHBI 00pa3ilbl aHTUMOHHIA WHIUS C COJEpKaHUEM

cepeOpa U TOJIydeHa TeMIlepaTypHas 3aBHUCUMOCTb 3JEKTPONPOBOJIHOCTH,
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koa(dduimenToB Tepmo-3ac M Xosuia. Ha ocHOBe 3KCIEepUMEHTaIbHBIX
JTAHHBIX PACCUUTAHBI TIOJIBMXKHOCTh U KOHIIEHTpAIUsl HOCUTEIIEH 3apsia.

JlokazaHo, 4TO Jerupymoinee coenuHenue INSb ¢ comepkanumem 0,1% Ag
UMEEeT BBICOKOE 3HadeHHe KorhduiMeHTa TepMO — 3JC, KOTOPHIE MOTYT

HUI'paTb BaXHYIO POJIb AJI U3TOTOBJICHHA TCPMOAATUNKOB.
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a9 TIan 710

Pecny6nnka TamkukucTan (51) MIIK C30 Bl3/@;
€30 B13/16
IF'OCYJIAPCTBEHHOE ITATEHTHOE
BEJIOMCTBO
»OnucaHue n300pereHus
K MAJIOMY TTATEHTY
1 2

(21) 1400905

(22)25.12.2014

(46) Bron. 108, 2015

(71) Kapumos C.K.(TJ).

(72) Kapumos C.K.(TJ); Baporos H.U.(TJ).

(73) Kapumos C.K.(TJ).

(54) YHUBEPCAJIbHASI YCTAHOBKA LISl
OYUCTKU LUBETHBIX METAJLIOB, CHWH-
TE3A U INOJYYEHUE KPUCTAJUIOB I10-
JIVITPOBOIHUKOBBIX COEANHEHU

(56) 1. C.K. Kapumos - «Du3nka u XMMHs OUHApHBIX
10y NPOBOAHHKOBBIX  XaIbKOreHHIOB Taltus». [ly-
manbe.: «/lounn»,1998. 357ctp. Un. 99. Tabn. 18.
Bubnuorpad. Cnucok: 442 Ha3s.

2.[DK] Bo6enrop Ilep, [DK] Hunbcen Anna, [DK] Jlap-
cen Teuc Jler, [DK] Tlerepcen Sn DioBHHT,
[DK] Hencen Jlend). Crioco6 1 ycTpolicTso st mosyye-
Hus MoHokpucTaia. EA 017453 B1 20121228

3.[FR] MNemnerse J[laBun, [FR] Tapanne JXKau-
[Mone.ITeys 18 nNNaBNeHHS-3aTBEPAEBAHMA  C
H3MEHSIOUIMMCS TETUI00OMEHOM Hepe3 OOKOBbIE CTEHKH.
EA 019628B1 20140530.

4.[DK] BoGeurop Ilep, Hunbcen Amnna, Jlapceu
Teuc Jler, Ilerepcen SH DioBHHT, Wencen Jlend
Crioco® W YCTPOICTBO Ui MOMYHEHHA MOHOKpHCTasUIa.
EA200970941A1 20100430

5.[FR] TMemrerse [laBua, [FR] [apanne JKau-
Monb. Ileus ans  NiaBNeHHA-3aTBEPACBAHHA €
H3MEHSIOLIMMCS TETUIOOOMEHOM depe3 GOKOBbIE CTEHKH.
EA201170842A1 20111230.

6.Kapumos C.K. JIByx3ouHblif (mByXTemmneparyp-
HbI) meuyb  JUIA CHHTE3a W MOJIyHeHHs
MOHOKPHCTA/LTHYECKHX TOyNPOBOIHHKOBBIX COEAMHE-
HUIl  MeTooM  «XMMHYECKMX — ra30TPaHCrOpPTHBIX
peakummy. Mansiit natent TJ 668

(57) W3zobpetenne oOTHOCATCS K (pu3nueckoi
XHMHH, H HCTOJb3YeTCS U OYHUCTKH, CHHTE3a W Mo-
JyqeHne BbICOKOI(P(DEKTHBHBIX MOMYNPOBOAHHKOBBIX
MatepHasoB OMHApHBIX, TPOIHHBLIX H Gonee CIOMKHBIX
COEIMHEHNIA.

CymHocTs H300peTeHHe 3aKIioyaeTcs B ToM, 4TO
B Heil YCTAHOB/EHb rpaMTHIHPOBAHHAA H 3anasHHas
KBapueBas TpyOka, HaXOAAWMNCA BHYTPH KOJILLEBOTO
Harpesaress, no KOTOPOMY OHa MOKET MepeaABHIaThCs
¥ JIONOJIHUTENbHAA TIeYb, @ TAKKE IEKTPOABHTaTEb,
COEIMHEHHBIH ¢ MHOrO3y04aThiM PelyKTOPOM H Noj-
BIKHBIM BHHTOM, 0oOecreyHBalOmMii IBHKEHHE KBap-
LeBOM ammyjibl BMECTe C JIOJIOUKOH C BELIECTBOM B
neun. Kosblesoi Harpesaresib, JI0NOJHATENbHAS NeYb
W JEKTPOMOTOP MHUTAIOTCA OTIAENbHBIM HCTOYHHKOM
IHEPIruH .

[Ipe/iokKeHHas YCTAHOBKA JUISA OYMCTKH, CHHTE-
3a W NOJy4eHHs OJIHOPO/HbIX MOJNH- H MOHOKpHCTasI-
JIHYECKUX OOpa3LoB MOJyMETAIOB, MNOJYNPOBOAHH-
KOBBIX COEJMHEHHI W LBETHBIX METAWIOB anpobupo-
BaNach JUIS CO3/IaHMA M BHEIAPEHHA, KOTOpas MOKET
HaliTH NPUMEHEHHE B JJICKTPOHHOM TEXHHMKE Mpo-
MBILLTEHHOCTH H B HAPOJIHOM XO03iCTBe.
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H3o0perenre OTHOCHTCS K (PU3HYECKOH XMMHH,
M HMCMONB3YETCA I OUHCTKH, CHHTE3a M TOIyYeHHs
BBICOKOI((EKTHBHBIX MOTYNPOBOAHHKOBLIX MaTepHa-
N0B GUHApHBIX, TPOMHBIX U Gonee CIOKHBIX COeanHe-
HHIA.

HauGonee Gau3kum k npunaraemomy msoOpere-
HHIO SIBsSeTCA «30HHas NJIaBKa (30HHas nepekpucTa-
NM3aUMA)» U CHHTE3a M MOJyYeHUs MOoJyMeTalioB
¥ 110JTyNPOBOIHMKOBBIX MaTepHasios [1].

«30HHAA MIaBKa» COCTOMT M3 CIEAYIOLIMX 4ac-
Teil: rpaduTOBas N0AOYKA, FOPH3OHTAIbHAA TpyOa,
BAKYYMHas YCTAaHOBKA, Ne4H, HHIAYKUHOHHOH KaTyll-
KH.

Mpunuun pabotel «30HHAS TUIABKA » 3aKIIO-
qaeTcA: JOAOYKY TMOMEHIEH B TOPH3OHTAJIBHYIO
TpyOKY, Y KOTOpPOit OJIHH KOHEl MOXeT ObITh 3ana-
SH, WIM K€ 4epe3 Hero MoAaloT HHEPTHbII ras.
Ecnu on 3anasH, To apyroii koHel TpyObl Uis co3-
JIaHHs BAKYYMa COeIMHEH B BaKyyMHOIT yCTaHOBKe.
Omun koHen obpa3na pacruiaBisieTcs, 3aTeM pac-
IUIaBJIEHHAs 30HA HAYMHAeT [BHUIaThCA BJOINb
cinTka. JUtMHa pacrulaBleHHON 30HBI 3aBHCHT OT
JUIMHBI CTHTKA H COCTABJISET HECKONBKO CAHTHMET-
poB. BemecTBo muaBuTcs nHO0 MHIYKUMOHHBIMH
ToKamu, OO Terulonepenayei B MeYH CONpOTHB-
nenus. CKOpOCTh NBHXKEHHS COCTABISET, KaK npa-
BHJIO, OT HECKOJIBKHX MMJUIMMETPOB JI0 HECKOJb-
KHX CAHTHMETpPOB B uac, JIBHKeHHEe MOKET ocyIe-
CTBIATBCA JIMOO 3a CYET BHITATMBAHMA JIONOYKH
4yepe3 HeMoJABIKHYIO Meyb, JIHO0 CMEeIIeHHeM 30HbI
Harpesa. MHorja uis nossimenns 3¢hexTHBHOCTH
YBETHYMBAIOT YHCIO NMPOXOMAOB 30HBI HIM 4MCIA
30H. [IpuMmech, Ui KOTOpBIX Ko3gduumeHT pac-
npeziesieHus K <1, KOHLEHTPHpPYIOTCS B pacruiaB-
JICHHOH 30HE U BMECTE C Hell mepeMeImaoTcs K KOH-
1y cautka. C Apyroii CTopoHsl OT paciulaBIeHHOI
30HBI 00pa3yloTcs clIoM BewiecTsa, Gojee 4HCTOrO
OTHOCHTEJILHO mpuMmeceil, nns kotopeix k< 1. Te
NpUMECH, /U1 KOTOPBIX k > |, Ha060POT, KOHUEHTPH-
pyloTcs B Hawane ciuTka. Ecim ocymecTBUTE MHOTO-
KpaTHOE NpOXOXKAEHHWE PpACIUIABIEHHONH 30HbI, TO
npumecn ck < | cobepyrcs B KoHue caurTka. Jlns
npumecei ¢ x> 1 meron manodddexrusen. Cambie
YHCThIE YACTH CJIHTKA (CepeauHa) MCTONb3YIOTCS Uis
H3rOTOBNIEHHs NpHOOpoB. TakuM METOAOM MOXHO
OYMCTHTH repMaHuii, o0pa3loB ¢ yAeNbHBIM COMpO-
TuBneHueM nopaaka 70 OM:cM, B KOTOpBIX OCTaercs
npuMepHO onuH atom mpumecy Ha 10"’ atomos rep-
MaHHs.

Jlannas ycraHoBKa oOnazaeTr paioM CpPe3HbIX He-
JIOCTATKOB!

- HAIMYME B HEM TEXHOJIOTHYECKOro mpouecca,
CHHTE3a, NOJYYEHNA W HU30CTH CTENEeHH YUCTOThI;

- CIIOKHOCTb CHHTE3a M MOJy4YEHHE MMOMH- W
MOHOKPHCTa/UTHYECKHX OHOPOAHBIX 00pa3loB nosy-
METAILIOB M MOJIyNPOBOAHHKOBbIX COEAHHEHHUI;

-HEBO3MOMKHOCTh MaciuTaGUpoBaHHA, TaK Kak
CKOpOCTh MpOlEcca ONpesensieTcs CKOPOCThIO and-
(dy3un npUMecH.

[TooTOMy ycTaHOBKa NMPHMEHSAETCS UIA KOHeu-
HOM CTaZlMM OYMCTKH MPH MOJYYEHHH 0COBO0 YHMCTBIX
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BeuecTs. MakcumanbHble rabapuThl  JIOAOYKH —
mnHa 50 oM, TonmmMHA 2-3 €M, JUTHHA pacrulaBlieH-
HO# 30HBI 5 CM.

Llenbio Hactosimiero u300peTeHHs ABNAETCH,
CHHTE3, W MOJYyYEHHE OJHOPOAHBIX MOJH- H MOHOKPH-
CTAIHYECKHX 00pa3sLoB MNOJYMETAIOB H MOJTyNpo-
BOJIHUKOBBIX CO@IMHEHHIi, HMEIOIIHE BBICOKHI KO-
¢uument 3QPeKTHBHOCTH, KOTOPbIH MO3BONSET MOIY-
4aTh BbICOKOI((EKTHBHBIX MATEPHAIOB I MCTIONB=
30BaHUA B PAIMUHBIX 00JACTAX NEKTPOHHOIH TEXHH-
KW M B HAPOIHOM X03siiCTBe.

[MocTaBnennas uesib AOCTHIAeTCs B KOHCTPYHPO-
BaHUH YHHBEPCAIbHON YCTAHOBKH /U1 OYHCTKH LIBET-
HbIX METAWIOB, CHHTE3 M MOJYYeHHS KPHCTALIOB
NOJYNPOBOIHUKOBLIX coeannenuii. (Pur.l. A, B).
VcraHoBka COCTOMT M3: TpaHcdopmaTopos, amnep-
METPOB, BOJILTMETPOB,  3JIEKTPOABHIaTENs, MHOIO-
3yOuateiii peaykTop, KBapuesas TpyOKa, KONbUEBOI
HarpesaTeNb,  JIOTIOJIHUTENbHAA T€Yb, MOABHKHOM
BHMHT, rpadMTOBas JIOJ04Ka.

CymHocTs H300peTeHHe 3aKI04aeTcs B ToM, 4To
B Hell yCTaHOBJICHBI TpaUTH3MPOBAHHAA W 3amasHHasA
KBapuesas TpyOka (4), Haxoaswmiics BHYTPH KoJblie-
BOro Harpesartens (5) Mo KOTOpPOMY OHa MOXKeET nepe-
JIBHIaThCA M AOTNOJAHHTEbHAA neub (6), a Takke iek-
TpoaBuratesnb (2) COeAMHEHHBIH ¢ MHOro3yo4arTbiM
penykropom (3) W noaswkHBIM BHHTOM (7), obecne-
YHBAIOUIMI JBWKEHHE KBApLEBOH ammy/bl BMecTe C
J10/104KOii ¢ BewecTBoM (8) B neum.

KonblieBoii Harpesatenib, A0MNONHUTEIbHAS NEYb
U 2JIEKTPOMOTOP MHUTAIOTCA OTACNbHBIM HCTOYHHKOM
sHepruu (1).

IMpunumn paGoThl yHHBEpPCATLHON YCTaHOB-
KH, 3aKJIIOYaeTcs B TOM, YTO B BaKyyMHPOBAHHYIO
npumepro 10 1,3 * 107 Ia, npensapurensto rpadu-
TH3UPOBAHHYIO W 3anasHHYIO KBapueBylo TpyOKy,
HAXOIMTCA JIOZI0YKA C BELIECTBOM B BMJE NOPOLIKA
WIH MeIKOKpHCTauIMYeckoro Beuectsa. OaHoBpe-
MEHHO C HarpeToii neyblo, BKJIIOYAETCH ABHraTellb, H
KBapLeBas amIlyJia BMECTe JIOZIOUKOH C BELIeCTBOM B
neyd NpH MOMOLIM 3yGYaTOro BHHTA ABMKETCH MO
ocu. Hactosmas ycraHOBKa CKOHCTpYHpOBaHa ciie-
ayiouiem obpa3oM: ojHa neyb, U n- nepexon (dur 1.
A), n- neub, n oaux nepexoa (Pur 1. B) win n- neys,
n  n- nepexogom (Pur 1. B). Yem Gonbiue uucio
nepexojoB, TeM Oonblle  yBEIWYMBAETCA CTeneHb
YHCTOTHI, KOI(PuuMeHT 3(PEeKTHBHOCTH CHHTE3a.
DnekTpHyeckas cxema YCTAHOBKH MpHBeaeHO B Dwur.
2.

[lpennoxeHHas YCTAHOBKA LIS OYHCTKH, CHHTE-
3a M MOJIyMeHHs OIHOPOAHBIX MOJNH- U MOHOKPHUCTAI-
nHYeCKHX 00pa3LoB MOJIYMETALIOB, MOMYNPOBOAHH-
KOBbIX COEIMHEHMH M LIBETHbIX META/LIOB anpobupo-
Balach UIA CO3JaHWA W BHEAPEHHs, M, MOXKET HaiiTH
NPHMEHEHHE B ANEKTPOHHOIN TeXHHKE MPOMBILLIEHHO-
CTH M B HAPOJHOM XO03siiCTBE.

IMpenmyiiecTBo HacToAwero H300peTeHus co-
CTOMT B TOM, YTO HacTOAlIas ycTaHOBKa 0e3 cMbiBa-
HUA ¥ Oe3 0coboif TPyAHOCTH HCMONb3yeTcs s
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CHHTE3a M TMOJY4EHHS MOHOKPHCTAIOB LBETHBIX
MeTanIoB, GMHAPHBIX, TPOHHBIX H GoJsee CIOKHBIX
COEIMHEHHH, WHPOKO HCIIONb3YeTCs BEPTHKAIbHbII
meton BpumkMmeHa M mo HacTosweld yCTaHOBKe
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MOKHO nosjy4ath 06pasiibl, KOTOpPbIE HMEIOT BBICO-
KYIO YHCTOTY NPHMEPHO 110 99,9999%.

®opmy.Jia nu3o0peTeHust

1. VHuBepcanbHas YCTAHOBKA  JUI OYHMCTKH
LUBETHBIX METAIOB, CHHTE3a M MOJYYEHHSA KpH-
CTaJlJIOB TMOJYNPOBOAHUKOBBIX COEIHHEHHH, CO-
cTosmas U3 rpaduToBOM JIONOYKH, TOPH3OHTaAb-
HOM TpyOKHM, BaKyyMHO# YCTAaHOBKM M NeuH, OT-
JIHYAKOASICS TeM, 4TO B Hell YCTAHOBJIEHBI Ba-
KYYMHpOBaHHas rpaMTH3MpOBaHHAA W 3anasH-
Has KsapueBas TpyOKa, HaxXoAfllascs BHYTPH
KOJIbLIEBOIO HAarpesaresis, o KOTOPOMY OHa MO-
KeT MepeiABHraTbCs, M AOMNONHHUTE/IbHAS Nevb, a

TAaKKe JIeKTPO/IBHIaTe/lb, COEIHHEHHBIH C MHO-
ro3y0uaThiM peayKTOPOM M MOABHXKHBIM BHH-
TOM, oOecneuHBalOIIMii JBWKEHHE KBapLEBOI
ammyJibl BMECTE C JIOIOUKO# C BEIIECTBOM B Tie-
4H.

2.VcraHoBKa Mo MyHKTY |, oTauvalomascs TeM
4TO, KOJbLEBOH HarpeBaTellb, NONOIHHTEIbHASA
neyb W MEKTPOJABUIraTe b MHTAIOTCA OTACIbHBIM
HCTOYHHKOM HEPriH.

#
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YHuBepcaJlean YCTaHOBKA /IJisi OYHCTKH UBETHbLIX METAJIJIOB, CHHTE3a H
NOJYY4Y€HHE KPHCTAJLJIOB NOJIYNNIPOBOJAHHKOBBIX COoeAHHeHHH

Fasu nnwepm ba paciroxxomn gakyymm

®@ur. 1 (A). (I - neus u n- nepexon)

Fasu uHepm™ ba gacir oxxomn akyymm

lo 117777

@ur. 1 (B) (n - neus u 1 — nepexon)
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Fasi uHepm™ bapaciroxxom Bakyymu

®ur.2.
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Tacauk MexyHam:

Pextopu JloHMILTOXHM JaBIIATHH
Kyno6 6a Homu A6yabayninoxu
Pynaxii, /ioKTOpU MIMXOHU (pu3nka

Uctnponabapun JacTrox a3 OH yBOXM MeIuXajl, KM Jap XaKUKaT JaTCroXH
uxTupos Hamyzaau akagemuk Kapumos C. K. Ba myanmumu kanon Baporos
H. U., «/Jlactroxu yHHBepcaiid OapoW TO3a KapJaHM METAJUIXOW paHra,
(pyny3oT) cuHTE3 Ba XOCHI HaMyJaHM KpPHUCTAJIXOM MaWBaCTarMXOH
HUMHOKMIIF» Jap 0O3MOMILTOXXOM MIMHM YUCMXOH caxTy (axynretn Gpusmka,
MaTeMaTuKka Ba MHpopmatukau [oxmmroxu aasnatuu Kyno6 6a Homu A.
Pynaki maspuau uctudoaa kapop aopai. bo uctudona as gactroxu Maskyp
KOPXOH 3epHH MYPO Kap/a MEeLIaBaH/I:

I

2

Metamixou panra (¢yry3oT) a3 rFamxo (MpUMECX0)-U IYHOTYH TO Aapyau
TexHuK# 99,9999% To3a Kapaa mMelaBaH/.

Kucmxon  Tapkubuu (31EMEHTXOM  AJIOXWAaW) IaiBacTaruxou
HUMHOKWIXOM OMHApi (mydyaHda), cedaHza Ba MypakkaOum caMapaHOKH

111 gvI
HAMYIXOU A7Brl. AUBHICYT g AUBIICH! 1o napuam Texmnkii 99,9999%
TO3a Kap/a MeliaBaHI,

1 gvi
A7 Bm. cevannan namymu AUBHICY! pa

HuMHOKMIXOM OMHApUHY HAMYIH
AllpHicVI

Mypakkabu HaMyau nlm -M CcaMapaHOKpO CHHTe3 (ToJom)
ry3apoHuia, OyTypXou SKIYyXTH NMOJMKPHUCTAJIA Ba MOHOKPUCTAIA XOCHI
Kapza MelaBa/l.

Uctndonabapanaaron (aCHpaHTOH, MarMcTpxo, YHBOHYYEH Ba
JIOHMYJEH)-N JAaCTTOXM Ma3Kyp, MMKOH Nail0 HamynaaHi, Ku cudar Ba
caMapaHOKMM KOPXOW WIMHAIIOHPO TO 15-20 % Gamanx Gapapowra, map

MyXJIaTH KyTOX 0a aH4OM pacoHaHI.

@% Asumos C.
W Komuposa /1.

Hexanu paxynrer:
Mynupu kagenpau Gusnkan

& MAXCYC

< 6‘4{' 5
' Q
5 'or"Or.!“ Ly
t s wwe )
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