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NccnepoBaHn OTKAMK Ha HEOAHOPOAHbIA Pa30OrpeB CONCTOrO MPOBOAHUKA C KBAa3WABYMEPHbLIM 3JIEKTPOHHbLIM
SHEPreTUYECKMM CMEKTPOM C MHOrONMCTHON nosepxHocTbio Pepmu (MP), cocTosiweli ns cnaborodpuposat-
HbIX LWJIVHAPOB 1 NMPUMbIKAIOLWMX K HUM ABYX MJaHapHbIX AUCTOB. B pesynbtate BO3aelicTBMSI Ha MPOBOAHYK
faBneHus 1nbo AONMPOBaHUS NMPUMECHBIMU aTOMaMN MOXXHO HACTOJILKO YMEHbLINTbL PaccTosiHne A, Mexay
LUUAMHAPOM 1 naaHapHbeiMy auctamu MNP, 4TO 31eKTPOHbI MPOBOAMMOCTM HAYHYT BayXAaTh MO HUM, TYHHENN-
pys ¢ ogHoro nucta (nonoctu) MNP na gpyroii. Ecnu 3a Bpems cBobogHoro npobera aneKTPoOH NMPOBOANMOCTY
YCMEBAET HECKOJIbKO Pa3 nocetnTb Bce nucTbl MNP, To ero ABmkeHre B NIOCKOCTY, OPTOrOHAIbHOV MarHUTHOMY
nonto, craHoBuTcst puHuTHbIM. [pn 3TOM Bo3HukatoT ocumnnsiyuu LLlybHnkosa —pe Maasa, nepuog koTopbix
onpesensieTcst 3aMKHYTON MJOLAALIO0, OMNCHIBAEMOV 3/1IEKTPOHOM MPU CBOEM ABVXXEHMU MO MarHUTONpoboliHoi
TPaeKTopuy B UMMYJbCHOM MPOCTpaHCTBe. PaccumTaHa 3aBUCMMOCTb TEPMO3IEKTPUHECKOrO MOJISt OT BENYU-
Hbl 1 OPMEHTALMUN JOCTAaTOYHO CUJILHOMO KBAHTYIOLLEro MarHUTHOro nonsi. B marHntHom none, HopmansHOM K
cnosim, ceveHus uunuHapudeckoii yactu MN® pasHoypanerbl ot oboux nnaHaphbix auctos MP. OgHako paxe
npu HebGOMBbLIOM OTKJIOHEHNI MOt OT HOPMasU K CI0siM Ha yron 1) 3Ta paBHOYAANEHHOCTb HAapyLUAETCst, U npu
HEKOTOPbIX 3HaYeHUsiX yrna 1, BEepOsATHOCTb MarHUTHOro npobost Ha ofuH U3 niaHapHbix aucTos MNP moxer
ObITb HACTOJIBKO Masia, HTO 3/IEKTPOH HE MOXKET 3aMKHYTb MarHuTonpoboiiHyto TPAaeKTOPMIO, a Ero ABUXKEHME N0
APYroMy naaHapHOMYy JINCTY € nocelyenmem uunnHapudeckoii 4actu MNP cranosutcs undpmHutHeiM. Mpu 3Tom
MarHuTonpoboiiHble KBaHTOBbIE OCLUUIALAN HAMArHWYEHHOCTU U BCEX KMHETUYECKUX XapaKTePUCTUK NMPOBOA-
HMKA MCYE3AIOT, @ X NCHE3HOBEHME NEPVNOLMYECKIN MOBTOPSIETCH C MUSMEHEHNEM YIJ1a HAKJIOHA MAarHUTHOTO MOJst
K cnosim Kak cyHKumus tg .
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@epmu (TID) B pesysbraTe BHENTHETO BO3IEHCTBUS HA
HUX B BUJIE JABJICHUS JIMOO JTOTTMPOBAHUS TPUMECHBIMEI
aToMaMu, BCKOpe ObLI1 0OHAPY2KEeH BO MHOTHX METAJLIAX
U X CIIJIaBaX B HOPMAaJIbHOM U B CBEPXIIPOBOJISIIEM CO-
CTOSTHUSIX [:-2] B nocaennune 20 jer uHTEpEC K TOMOJIO-
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rudecKknM mepexosam JIudmmia cmectuics B 0071aCTh
HU3KOPa3MEPHBIX ITPOBOIHUKOB. B Takumx mpoBoiHUKAX
JlarKe IPU HEOOJIBIIOM JIABJICHUN MOYKET CYIIECTBEHHO
U3MEHUTHCS TOTOoJIoTu4Ieckas cTpykrypa I[IP, aro co-
[IPOBOXKTAETCH MTOsIBJIEHUEM aHOMAJINI B KHHETHIECKIX
U TEPMOMMAYIECKUX IJIEKTPOHHBIX XapaKTEPUCTUKAX.

OTH AHOMAJIMH OCOOEHHO YETKO IIPOSIBJISIIOTCS B
TEPMOIJIEKTPUIECKUX SIBJIEHUSIX W HECYT B cebe Bak-
Hyto nadoOpMaInio 06 3JEeKTpPOHaX MPOBOJIUMOCTHU Jia-
JKe B KJIACCUYECKN CUJIbHBIX MATHUTHBIX TOJIsIX B, KO-
IJla 9acToTa 0OpaIeHus HOCUTEel 3apsijia, We, MHOTO
GOJIbIIe YACTOTHI UX CTOJKHOBEHNIL, 1/7, a paccTosiHme
MEXK/1y KBAHTOBAHHBIMU YPOBHSIMU SHEPIUU AW, MHO-
'O MEHBIIE TEMIIEPATYPHOIO PA3MBITHs T’ PABHOBECHOI
depmueBckoit hyHKIMN UX pacipeseaeHus. TeopeTu-
YeCKM aHAJN3 TEPMOITIEKTPUICCKUX IPPDEKTOB B CJIO-
UCTBIX IPOBOIHUKAX ¢ MHOTOIUCTHOM [ID B 371001 0618~
CTH MAUHUTHBIX HOJIEH MPU PA3JIMIHBIX OPUEHTAIINSIX
rpaJiieHTa TeMIIepaTyphl 1 BeKTopa B EB,", 'fl:] OTKPBIBa-
€T BO3MOXKHOCTD JIETAJIBLHOTO MCCJIETOBAHNS JJIEKTPOH-
HOT'O SHEPreTUIECKOrO CIIEKTPA TAKUX ITPOBOJHIKOB, B
YACTHOCTH TIO3BOJISIET OIPEJICIUTH TOHKHE JIETAJN OT-
JlesibHbIX nostocrei (mucros) II® n ux B3anMHOe pac-
[TOJIOZKEHIE B UMITYJILCHOM ITPOCTPAHCTBE, & UCCIIEI0BA~
HIE 3aBUCUMOCTH TEPMOIIEKTPUIECKUX KOIDPUITHEH-
TOB OT TEMIIEPATYPhl — U3YIUTh PA3IUIHBIE MEXAHI3-
Mbl peJjlaKcalluy HOCUTe e 3apdaaa.

B 6osee cuabHBIX MArHUTHDLIX MOJAX TPU hw. >
> 272T cymecTBeH ydeT KBaHTOBAHHSA SHEPIUH HO-
cuTeseil 3apsijia, COBEpPHIAIOINX (PUHUTHOE JIBUKEHUE
B IUIOCKOCTH, OPTOTOHAJIBHOW MAarHUTHOMY IIOJIIO, YTO
[PUBOJIAT K TIOSBJICHUIO OCIMJIISIITMOHHON 3aBUCHMOC-
TH TEPMOJIEKTPUIECKOIO TI0JIsI OT OOPATHON BeJINIHu-
HBI MArHUTHOTO 110Jis1. OCIUILIAIMOHHAST 3aBUCHMOCTD
MATHUTHON BOCHPUUMYHBOCTHA METAJIJIOB OT OOPATHOI
BEJIMYUHBI KBAHTYIOIEr0 MArHUTHOTO TI0JIs ObLIa Ipe/I-
ckazana Jlanmay rs_ﬂ] u B ToM ke 1930 r. obHapykeHa B
Jleitmenckoit tabopaTopun B JIOCTATOTHO COBEPIIIEHHBIX
MOHOKPHCTAJJIAX BUCMYTa [IPU TeMIepaType YKUIKOTO
reJsTust ['6]7 a 3aTeM U B MAIHUTOCOIPDOTHBIICHUN TEX JKe
06pasnos BucmyTa |if]. Teopernmaeckuii pacuer Jlammay
OCIIMJLISITIAN MATHUTHOM BOCHPUMMYUBOCTU METAJIIIOB
B KBAHTYIOIIEM MarHuTHOM II0JI€ B CJIyYae NU30TPOITHOM
3aBHCHMOCTH HEPrHM HocHuTeseil 3apsjia £(p) oT ux
UMITY/TbCa P OBLT OIyOTUKOBaH mmo31Hee B [Ipumorkennn
K cratee IenGepra [§]. Hamarmuaennocts MeTasion
[IPU CAMBIX OOIIUX IIPEJIIOIOKEHNAX O BUJIE UX JIEK-
TPOHHOT'O YHEPreTUYIECKOrO CIIEKTpa ObLIa TeopeTwde-
cku uccresosana Jludummenm u Kocesuaenm [l u crara
HMCTOKOM HOBOI'O HAIPABJIEHUSI B 3JIEKTPOHHON du3nKe
MEeTAJIOB, HA3BAHHOTO T03/Hee (hbepMuosorueit, — pe-
menunst 06paTHOH 3a7a19n BoccTanoBaeHUsT (hopmbl 11D
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€ TOMOTIHIO U3MEPEHNUsI OCIUJUIATUOHHON 3aBUCUMOCTH
HAMATrHUYE€HHOCTHU U KWHETHIECKUX KOIDDUITMEHTOB OT
00paTHOl BEJIMYMHBI CUJIBHOTO MATHUTHOTO ITOJIst

B mammoit paboTte MbI pacCMOTPUM OTKJIMK Ha HEO/T-
HOPOJIHBIN PA30IPeB JIEKTPOHHONW CHCTEMbI CJIOUCTHIX
[IPOBOJIHUKOB C KBA3UIBYMEPHBIM 3JIEKTPOHHBIM JHED-
PEeTUIECKUM CIIEKTPOM TTPOU3BOJBHOTO BIJIA BOJIM3U TO-
TTOJIOTHIECKOT0 Ttepexoia JIudimuria n nccreryemM 3aBu-
CUMOCTB TEPMOJIEKTPUIECKOTO TIOJIst

T a0 or
3¢ " au dz;’

(1)

=
HOPOXKJIEHHOrO I'PaueHToM Temieparypoel 071 /0r, or
BEJMYUHBI U OPUCHTAIMU KBAHTYIOMIEIO MAIHUTHOTO
noss. 31ech pi; — TEH30D COIPOTUBJIEHU, 0OPATHDII
TEH30DY 3JIEKTPONPOBOIHOCTH 075 (f1), a o7;(f1) cobma-
JIaeT ¢ TEH30POM 075 ({t), €CIIH B HEM BPEMs PEIAKCALIIN
T HOCHUTEJIEH 3apsijia 110 HAIIPABJIEHNIO UX UMITYJIbCA 3a-
MEHHUTH BPEMEHEM PEJIAKCAINU T. 110 UX SHEPTUSIM, a €
U [ — 3apsij U XUMUYECKUH HOTEHIUAJ 3JIEKTPOHOB
POBOJUMOCTH.

2. TEPMO3JIEKTPTYECKUE 9®®EKTDI B
MATHWUTHOM IIOJIE, OPTOT'OHAJIBHOM
CJIOAM

B 6ompmmuncTBe cioncThix mnposoaHnkos 11D muO-
POJINCTHA W COCTOUT W3 TOIMOJIOTUYECKH DPa3IMIHBIX
9JIEMEHTOB B BUJI€ IWJINHIPOB U ILIOCKOCTEH, c1abo
ropUPOBAHHBIX BIOJIb OCU P, = P-N, TJe N — HOPMAJIb
K ciosm. Tak ke kak u B pabore [3], Gysem nomarats,
qro [ID cocrouT m3 nuIMHAPa B KaxKJI0# 3jeMeHTap-
HOH sidelfike MMITYJIbCHOTO ITPOCTPAHCTBA U JBYX IPU-
MBIKAIOIUX K HEMY KBAa3UILIAHAPHBIX TIOBEPXHOCTEN, a
HOpMaJlh K KBasurutockuM juctam 1D nazosem ocbio
P (pucynox). Takosa ronoJiorudeckas crpykrypa [1D
GOJIBITIONO CEeMelCTBa OPraHUYeCKUX IPOBOJHUKOB HAa
ocHoBe Terparuadyiabpajena. Ciaabo ropupoBaHHbIN
IUJIAHID PABHOY/IAJIEH OT KBA3UILIOCKUX JUCTOB 11D,
U BCe €ro cedeHus IUIOCKOCThIO pp = p - B/B = const
CUMMETPUIHBI B MATHUTHOM I10JI€, OPTOTOHAJIBHOM CJI0-
SIM.

B memocpejicTBeHHON O6IM30CTH K TOMOJIOTTIECKO-
My nepexoiy Jludmmia o meficTBreM BHEITHETO BO3-
MYIIEHHs MHUHHMAJbLHOE pacCTodHume A, MeXIy OT-
JesibHbIME Jinctamu (nostoctsvu) I1P okazbiBaeTcs Ha-
CTOJIBKO MAJIBIM, ITO JIEKTPOH ITPOBOMMOCTH MOYKET
rnepexouTh ¢ ojHoro jucta 1P na apyroit B pe3yiib-
TaTe MArHUTHOTO TIPOOOs ¢ BEPOSITHOCTHIO

w(pp) = exp(—2¢S,/eBh), (2)
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(B uBete onnaiin) TpaekTopuu snekTpoHos Ha [P cnoucto-
ro MpoOBOAHMKA, COCTOSILLEN M3 LMIUHAPOB B KaXKAON siyeli-
K& NMMYNbCHOrO MPOCTPAHCTBA U ABYX MPUMbIKAIOLWNX K HAM
KBa3UMaaHapHbIX JINCTOB, C1aborodpmpoBaHHbIX BAOIL OCKU
p. = p-n (n — HopManb K CAOSIM): @) MarHuTonpoboiiHbie
(kpacHbie) n obbiuHble (3e/eHble) TPAEKTOPUN SJIEKTPOHOB B
MarHUTHOM MoJie, HOPMaJIbHOM K CI0siM; 6) MarHuTonpoboii-
Has TpaekTopusi (KpacHast) B HaKJIOHHOM K CJIOSIM MarHUTHOM
nose

~
~

riae Sy
9JIEKTPOHY HEOOXOJIIMO IIPEOJI0JIETH IIPH TyHHEIHPOBa-

AZ — HajbapbepHas IJIONA/b, KOTOPYIO

auw ¢ ogmoro qmera IO ma gpyroii [10].

Cpe/in  XaoTHIecKOro OJIyKJIaHUs 3JIEKTPOHA 10
pazmuanabiM mtostocTsaM 11D Hanbosiee BEpOATHBIM OKa-
3bIBAETCS CTPOTO IEPUOJINIECKOE JIBUKEHUE 3apsijia,
KOTJIa TIPU KayKJI0W BO3MOYKHOCTH MArHUTHOTO MTPOOOsT
JEKTPOH 00SI3aTETHLHO TIEPEXOJIUT Ha COCEJIHION I10-
snocthb I1D, ecim 3a BpeMsi CBOErO CBOOOIHOTO Tpobe-
ra OH yCIIeBaeT MHOI'O Pa3 MOCETUTh BCE yIACTKHU CBO-
elf MarHuTOMpPOOOITHONM TpaekTopuu. MaTteMaTudIeckoe
OXKWJIAHUE TAKOr0 (PUHUTHOTO JBUZKEHUS JIEKTPOHA,
O6JIM3KO K eIUHUIE, €CJIU BBIIIOJIHEHO yCJIOBUE [:_1-]_:

wipp) >y =1/w,T.

KpanToBanHnble ypOBHM 3HEPrUM 3JIEKTPOHOB JIETKO
HaiTH C MOMOINBIO mMpaBmaa bBopa—3ommepdennbna
KBAHTOBAHUSA IJIOMAIA B MUMILYJIbCHOM IIPOCTPAHCTEE,
S(e,pp), ONMUCHIBAEMOIT 3JIEKTPOHOM TIPH CBOEM JTBHKE-
HUY 110 3aMKHYTOI OpOUTE ¢ COXPAHEHUEM €r0 SHEPIHh
£(p) ¥ HpOEKIMU UMIYJIbCA Pp HA HAIPABJICHUE Mar-
HUTHOTO TIOJIS:

B 1
S(E,pB)ZQﬂ'h% <n+§>, n=0,1,2,3,..., (4)

IJie ¢ — CKOPOCTbH CBeTa.
B KBAHTYIOIEM MarHUTHOM II0JI€ IMOABJIAIOTCA OCO-
OGEHHOCTH B IJIOTHOCTU COCTOSIHUN HOCHTEJEH 3apsiia,

2dpp0S|(e,
u(s):/p(gT(;agm, (5)
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npM TexX 3HAYEHHMAX MArHHTHOrO moiasa B,, Korja

0S(e,pp)/Opp obpamaerca B Hysib. B aroMm Jierko ybe-

JIUTBCS, PA3JIOXKUB JIEBYIO YacTh ypasHenus (4) B cre-

[IEHHOM psij| 110 Opp = pPB — p% BOJITM3H 3JIEKTPOHHOM

OPOUTEI ¢ BKCTPEMATBHOMN TIOMAIbI0 Sepr = (g, ph):
9*S(e,p%) opi;

e 2 (3): ©

JIerko 3amMeTnTh, YTO KOPHEBBIE 0OCOOEHHOCTU (DYHKITII
v(€), CBA3aHHBIE ¢ IKCTPEMYMOM ILIOIAIA 3aMKHYTOMH
OpOUTHI B UMITYJIbCHOM IIPOCTPAHCTBE, S¢yt, DOPMUPY-

eB

S(E,p%) + = 271'77/7

eT HeDOJIBIIOE YNCIIO JIEKTPOHOB IPOBOJIUMOCTH 6pp <

< \/2mwheB/cn nim ux OTHOCUTENBHASI JTOJIST

) hw
alB < [ 1, (7)
h 1%
rjie a — PacCTOAHHME MEXKJy CJIodAMH, 1) =

= 0%S(¢,p%)/(0p%)? — napamerp KBasmIByMepHOCTH
3JEKTPOHHOI'O JHEPreTUIeCKOr'o0 CIIEKTPa, KOTOPBII
C TOYHOCTBIO JO HYHCJIEHHOIO MHOXKHUTEJIS IIOPAIKa
€VHUIIBI COBIIQJAeT C OTHOIICHUEM MAaKCHMAaJIbHONI
CKOpOCTHU U, jpeficdha HOCHTENEl 3apsiia BIOIbL HOpMa-
JIX N K CJ0SIM K XapaKTepHOH (pepMUEBCKON CKOPOCTH
Up JIBUKEHUS 3JIEKTPOHOB BJOJb CJIOEB. IDTH OCO-
OGEHHOCTH II€PUO/INIECKN MOBTOPSAIOTCA C U3MEHEHHEM
00paTHO#l BeJMYUHBI MAUHUTHOIO TIOJIsi  COTJIACHO

coornorrenmio (4) ¢ mepuogom

*(5)

9TO U IPUBO/UT K TEPUOINICCKOMY U3MEHECHUIO B 3aBU-
CHUMOCTH OT l/B TEPMOJMHAMUYICCKUX 1 KHHETUYICCKUX

1

B

_ 2mhe
B CSewt,

(8)

XapaKTEPUCTUK BBIPOYKJIEHHDBIX ITPOBO/IHUKOB.

Eciin He TOMBKO MArHUTHOE TOJIe, HO U I'PAJIUEHT
TEMITEPATYPbl OPTOIOHAJIEH CJIOSIM, TO DJIEKTPUYECKOEe
nosie F, B OCHOBHOM TPUOJMKEHUN TI0 MAJIOMYy Tapa-
MeTpy KBa3UIBYMEDPHOCTH IIPOBOJHUKA 1) <K 1,

B 7T 9o..(p) a_T
* 3eo..(n) ou 0z’

9)

ACUMIITOTUYECKHN 3aBUCUT JIUIIb OT KOMIIOHEHTBHI TEH-
30pa IEKTPOIPOBOIHOCTIL
2dpp

_ - dfole) —\2
rem= 3 [e5 2 [ elen

9S(e,pB) exp (ich(apB)) (0)

Oe heB
Bnecy fo = {1 + exp(e — u)/T}~' — pasuosecnas
depmueBckas QYHKINA PACIPEICTCHUsT SJIEKTPOHOB

X T
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npoBoinMocTu. Bocmosb3oBasmuchk ¢dopmysoit [lyac-

cona [L3]

/ dn p(n) exp(2wikn),

[eS)
> e =
n=0 k=—o0 0

MBI ITPU CYMMUPOBAaHUU 10 BCEM COCTOAHUAM JIEKTPO-
HOB, 33JIaHHBIM NIEPEMCHHBIMU PR U N, 3aMEHUJIN CyM-
MHPOBaHUE II0 7 MHTETrPUpPOBaHUEM IIO N, & 3aTeM C
IIOMOIIBIO COOTHOIIIECHUA

c
2mheB

85(6,])3)

dn = Oe

de

(11)

— WHTEerpupoBaHueM 1o €. Bpems ¢cBobomHOTO 1mpobera
aekTponHa 7 = T(1 + Vpse) COAEPKUT OCHUJIIAPYIO-
IIyIO ¢ Mar'HUTHBIM IIOJIEM ﬂO6aBKy

VOSC:Z§q/d 0fo(e) /ade y
qg=1

S(e, ph
x cos 1226 PB) ( pB),

eBh (12)

CBABAHHYIO C KBAHTOBBIMHU OCIHMJUISIITUAMUA AMILIATY-
JIbI PaCCesTHus 3JCKTPOHOB [:14:] HuceHHbIe MHOXKUTE-
Jm nopsjka eaununpsl ; B dopmymre (:12) 3aBHUCAT OT
KOHKPETHOT'O BUJIa AMILIATY/IBI PACCESTHIS HOCUTEJIEH
3apsja U UX 3aKOHa JUclepcuu. B ciaydae m30Tpor-
HOT'O 3JIEKTPOHHOI'O SHEPIeTUYIECKOrO CIIEKTPA OHH BbI-
YUCJISIACH BO MHOTHX paboTax ¢ UCIOIb30BaAHIEM Pa3-
JIMIHBIX METOJIOB [:_1-5'—:_1-5] OjHako 3HAHWE TUX MHO-
JKUTeJIel He CYIIeCTBEHHO JIJIsl PEIleHnst 00paTHON 3a-
JIa9r BOCCTAHOBJIEHUSI SHEPIEeTHIECKOIO CIIEKTPA JIEK-
TPOHOB IIPOBOUMOCTH TI0 JIAHHBIM SKCIIEPUMEHTAHLHO-
IO UCCJIEJIOBAHUST JIEKTPOHHBIX SIBJICHUI B KBAHTYIO-
meM MarHuTHOM 1oJie. /locTaTovHo 3HATH JIUIIL IKCT-
peMaJibHbIe 3aMKHYTHIe TITocKue cevdenns [1D.

OcrmuIsAnmonHasi 3aBUCHMOCTb KOMIIOHEHT TEH30-
pa 3JIEKTPOIPOBOIHOCTH KBA3UBYMEPHBIX TPOBOJIHHU-
KOB OT OOpaTHOlW BEJIMYUHBLI KBAHTYIONETO MAIHUT-
HOTO TIOJIsT TOPA3/I0 MEHbIIE IIJIABHO MEHSIOIIEHcs X
gactu upn fuw./p < n < 1 (upumepuo B +/un/hw.
pa3s). Huddepennuposanue 110 g GbICTPO OCHUILIUDY-
fomeil skcnonenThl explikeS(u, pp)/heB] B dopmyie
(10) IPHBOZHUT K YMHOKEHUIO STOi SKCIOHEHTHI Ha, J10-
CTATOYHO OOJIBIIYIO BEJTUIHHY

ke 95
heB Op

2mik
hwe '

a ciraraemoe ¢ k = 0 mpuobperaer 3HAYUTETHHO MEHb-
muit MHOXKHUTeIb Hopsiika 1/p. B pesynabrare xBan-
TOBbIC OCHUJIIAIIMN TE€PMOIJIEKTPUIECKOT'O II0JIA HOCAT
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TUTAHTCKUI XapaKTep, OCIUUITUPYIONAsICS YaCTh Tep-
MO3JIEKTPUIecKOoro noJist E,q.(B) Muoro 6oJblire Heoc-
muupyomieit gactu E™O"(B), KoTopas COBIAIAeT ¢
TEPMOIJIEKTPUIECKUM TToJ1eM Tipn hw,. << T

Hasimuame nByx octpbix ¢dyHKuii B hopMyiax (:_1-(_1)
u (:_1-2) [T03BOJISIET JIETKO BBIIOJHUTH B HUX WHTEIPUPO-
Banue 10 ¢, plp U pp U noayunts npu 2727 < hw, n
hwe / @ <K n < 1 KoMIIaKTHOe aCUMIITOTHYEeCKOe Bblpa-
JKEHUE JIJTsT TePMOIJIEKTPUIECKOTO TIOJIS:

E, = Emon [1 +E, / sin (CSQ“ + %)] . (13)
e s = sign[0?S(e,pp)/0p%], & — OGespasmepnbiit

MHOXKUTEJTb TOPSIIKA €IMHATILI, 3aBUCAIINN OT 3aKOHa,
JIMCIIEpCUN HOCUTeJel 3aps/ia, a IJIAaBHO MEHSIONIAsICS
JaCTh TEPMOIJIEKTPUIECKOTO II0JIsI B CJIOUCTHIX ITPOBOJI-
HUKaX UMeeT BUJI

2

3e

T 0 7 2
Eglon — a hl/de UZ(:u pB):| T (14)
U 110 NOPsAJKY BesmauHbl paBHa 1'/ep. 3ech upusese-
HBI JIUIIB [I€PBbIE TAPMOHUKY OBICTPO OCIUJLIPY IOIIUX
byurmmit ¢ s = £1, T. e. OCHOBHBIE BKJIaJIbl B KBAHTO-
Bble OCIMJLIAIIAN JIEKTPOHOB M3 OKPECTHOCTEN C MaK-
CUMaJIbHBIM U MUHUMAJIbHBIM cevderusmu 11D mockoc-
TbIO pp = const.

Bynem mosrarars, 9ro MakcuMmasbHOE CEUEHUE ITH-
nuaapudeckoii wactu [1® ropazmo 6/mxKe K KBa3UILIOC-
kM Jjirctam [1P, Kak 9T0 MOKa3aHO HA PUCYHKE @, €M
ee MUHUMAaJIbHOE cedeHne. B 9ToM ciryuae 3JIeKTPOHBI
BOJIM3H MUHUMAJIBLHOTO cedenus 11D, ST we nokua-
0T MUIHHAPUIEecKyo JacTh 1P u dopMupyior oObItd-
meie ocrmranuu [lyormkosa— qe [aaza ¢ wgacToToit
v = ¢S™" /eh, nponoprmonabHoit ST (na pucyHKe
OTMEYEHA 3€JICHBIM IIBETOM), & 3JIEKTPOHBbI HA [UJIAH-
saputeckoit qactu [P BOmM3M MakCUMaILHOM TLIOIATT
ero cevdenns S yqacTBYIOT BMECTE C HOCUTEISIMI 3a-
psija Ha KBasuiutaHapHbIX Juctax 11D B dpopmuposa-
HAU MArHUTOIPOOOWHBIX OCIMJIISIUN TEPMO3JIEKTPU-
qeckoro moJist. [liomnanb MaranTonpoboitHOl TPaeKTo-
pUH 3JIEKTPOHA (OTMEYeHa KPACHBIM I[BETOM Ha PUCYH-
Ke) COCTOUT M3 UEeTHIPEX KYCKOB MEXKJIy MAIHUTOIIPO-
GoitabiMu  KouTakTamu (£D/2,0,0) u (£D/2, P»,0),
e D — auamerp MaKCUMAaJbHOTO CeYeHUs] IUJINHIPU-
ueckoii yacru 1D Buosb ocu p,, P» = 2wh/as — nepu-
0/1 JIEMEHTAPHON AYEeHKN MMILYJIbCHOT'O IIPOCTPAHCTBA
BJIOJTb OCH Dy, & G2 — TE€PHOJ, KPUCTAJTA B OOBITHOM
[IPOCTPAHCTBE BJOJIb OCH Y.

Hawano oTcuera B IIOCKOCTH pyp, MBI TOMECTH-
JIM B OJINH W3 MATHUTOIMPOOONHBIX KOHTAKTOB. Y POB-
HU SHEPIUU JIEKTPOHOB IIPOBOMMOCTH, JIBUKYIIUXCS
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10 3aMKHYTBIM MarHUTOIPOGORHBIM OPOUTAM, CJlejlyer
HAlITH ¢ [OMOIIBIO ypaBHeHus (4), HOICTABUB B HEro
CYMMAPHYIO TLIONIATH, KOTOPYIO OMUCHIBAET JIEKTPOH,
JIBUKYIIUICS 110 JABYM COCEJHUM IMJIMHIPAM U 0OOUM
KBasuIIanapabiM jguctam [1D:

Simp = S + Sy, (15)
riue
D/2
Suest) = [ doa [~V (10
—D/2

— TUIOIA/Ib MEXKJLy OOOMMHU KBA3UILIAHAPHBIMHA JINCTA-
mu [1®P, oTHeceHHAS K OTHOM 9JIEMEHTAPHOM S Ieiike M-
IyJIbCHOTO TIPOCTPAHCTEA.

IIpu HEOHOPOHOM pa3orpese odpasia BI0JIb CIO-
€B  HEOCIUJUIMPYIOMAs YaCTh TEPMOIJIEKTPUYIECKOTO
o, B, (B), MHeHo pacTeT ¢ MArHUTHBIM HOJIeM,
KOIJIa IPAJMEHT TEeMIIEpaTyphl HAIIPABJICH BOJIb OCH T
(em. dopmyiy (55) B pabore [4]). Bo Beex ocTasbibix
caydaax noje Hepraera — drrunexaysena, KAk 1 TEPMO-
3JEKTPUIECKOE TOJIE€ BJOJb I'PAJUEHTa TEMIIEPATYPhbI,
OCIIUJLTUPYET Ha (pOHE HEDOJIBIIIOIO MOCTOSHHOTO MOJIst
nopsiaka 1'/e .

3. TEPMOY3JIEKTPIYECKUE 9®®EKTDI B
HAKJIOHHOM K CJIOAM MATHUTHOM
ITOJIE

B marnuraoM nosie B = (B sind cos p, B sin 9 sin p,
B cos1), OTKJIOHEHHOM OT HOPMAJIU K CJIOSM, Cede-
nust Se(e, pp) unnmuapudeckoii nonocru 11O Borrsny-
ThI BJIOJIb OCU P,. Bpemst mpoJiera 3JIeKTPOHA MEKJLY
kBasnmiasapabivu uctamu [P, T4 (9) = T1(0)/ cos 9,
pacTer ¢ yBeJUYEHNEM yTJIa HAKJIOHA K CJIOSM MATHHUT-
HOTO TIOJIsI, & TOYKH TIOBOPOTA JJIEKTPOHA Ha 3aMKHYTO
opouTe BIOJb OCH P, HAXOJATCS HA PATUIHOM PACCTO-
AHUN OT 1I0CKuX JincToB [ID. s moctaToano Maibix
YTJIOB ¥ 9TO HE CTOJIb CYIIECTBEHHO, OJTHAKO C yBeJIde-
HUeM yriia 1 9Ta PasHOCTb PACTET U MOYKET CDABHUTH-
¢Sl C BEJUIUHON TOMPUPOBKY TUJIUHIPUIECKON YacTu
II® nh/a. Ecim npu stom exp(—chn?/a’eB) okaxer-
€51 MEHBIIIE 7Y, TO JIEKTPOH, JIBUKYIIUNACI B MATHUTHOM
oJ1e, PACIOIOKEHHOM B ILIOCKOCTH TZ, HE CMOXKET 3a-
MKHYTH MArHUTOIPOOOWHYIO OPOUTY U €ro JIBUZKEHWEe
10 TIJIOCKUM JIucTaM OysieT WHPUHUTHBIM. B 9TOM city-
4Jae 9JIEKTPOH JIBUYKETCS B OCHOBHOM 110 OTKPBITON Tpa-
€KTOPUH JIUINb B OJIHOM HAIPABJIEHUU, COBEPINAs MHO-
IJIa MOJIHBIH 000POT 1O 3aMKHYTOMY CEYEHUIO ITAJINH-
npudeckoit yactu [1D, 1 KBaHTOBBIE MATHUTOIPOOOii-
HbIE OCIWJLISIIIUN KUHETUIECKUX KO3 MUIHEHTOB OT-
CYTCTBYIOT.
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B sTom ciyuae KBaHTOBbBIE OCIUJIJISIIINN KIHETUIE-
CcKUX KO(PDUIHEHTOB (DOPMUPYIOTCS JIMIID JIEKTPO-
Hamu Ha muaunHApuYeckoit vactu [1®. Ipu tgd > 1 k
HUAM IIPHUCOEIUHSIIOTCH KJIACCHYECKUEe yTJIOBBIE OCIUJI-
JISIIAU, OJIHAKO WX aMILIATYAa TOpa3/i0 MEHbIe aM-
IUIATY/IbI KBAHTOBBIX OCIUJLISIIIUN, KOTOPBIE ITOIABJIs-
0T KJIACCUYECKHE OCIUJIISIINN TEPMOIIEKTPUIECKOTO
rosist. Bee yke mmeeTcst cueTHOE MHOYKECTBO OPHEHTAIN I
MAarHUTHOTO I0Jisl, KOTJ[a BHOBb IOSIBJISIFOTCS MATrHUTO-
11poboiiHbIe KBAHTOBBIE OCIUJIJISIIINE TAKOI yKe MHTEH-
CUBHOCTH, KAK U B MACHUTHOM IIOJI€, OPTOTOHAJIHLHOM
CJIOSIM. DTO BO3MOZKHO, KOT/Ia YeThIpe MAarHUTOIPOOOii-
HBIX KOHTAKTa OY/yT HAXOAUTHCS HA OJHOI ILIOCKOCTH.

st aTOTO HEOOXOIMMO, ITOOBI IJIEKTPOH, ITepeMe-
CTUBIINCH ¢ NUJInHpudeckoit qactu 11D na kBasuiia-
wapublit et [1D u gBurasich Mo HEMY, BCTPETUT TOTHO
TakKoif ke, Kak u npu ¥ = 0, MAarHuTONpPOOONHBII KOH-
TakT Ha coceaneM rmmHApe 1D mimm xoTa Ob1 vepes
onuH. Ilepeiins HA 3TOT cOCeTHUI TTUITUHJIP, SJIEKTPOH
JIOJIZKEH CMECTUTHCS 110 HeMY Ha IIeJIoe YUCJIO IIepu-
010B P53 B0 OCH p, W HPOTYHHEJNPOBATH HA JIPY-
roit kpazuranapubiil auct 11D, a 3aTeM BepHyTHCA HA
npexxuuit muauaap [1O u 3aMKHYTH MArHUTOIPOOOIi-
Hyo Tpaexkropuio. IIpu srom B cmiy mnepumojmydeckoit
3aBUCUMOCTH HEPIUU IJIEKTPOHA OT €r0 KBA3UUMILYJIhb-
ca BEPOSITHOCTH MATHUTHOIO 1TPO00st OKA3BIBAETCS OJIU-
HAKOBOU U B TOYHOCTH TAKO! K€, K&K U B MarHUTHOM
10J1e, OPTOTOHAJIBHOM CJIOSIM.

DJIEKTPOH [IPOBOINMOCTHU, HAYAB CBOM Iy Th, HAIIPH-
Mep, B KoHTakTe p1 = (D,/2,0,0) nBmxercd 1o oT-
KPBITOIl opbuTe K KOHTAaKTY po = (Dp/2,mPs,nPs),
CMECTHBIIHICH HA [EJI0€ YUCJIO IEPUOIOB JIEMEHTAPHO
SIeHKU UMITYJIBCHOTO TIpocTpancTBa P m P, 3aTem
MOTHUMAETC 110 uTuHIprdeckoit gactu 1D BBepx 1o
ocu p, Ha 1eoe gucio N 1epuoyioB Ps u niepemerniaer-
¢ Ha TPOTUBONOJIOKHBIN JiucT 11D K KOHTaKTy p3 =
(=D, /2,mPs, (n+ N)Ps). CMeCTHBIINCH 110 OTKPbI-
TOU TPaeKTOPUHM BHU3 HA 7 MEPUONOB Pz, 3JIeKTPOH
npubImKaeTcs K KOHTAkTy pa = (—D,/2,0,NPs), a

3aTeM 3aMblkaeT opbury B Kourakre p1 = (D,/2,0,0).
OpueHTanuss MarHUTHOTO II0JIsf, OPTOTOHAJBEHOTO
TaKOW 3aMKHYTON OpOHUTE, OIPEeJsieTCsl YCIOBUSIMU
OPTOrOHAJIBHOCTH BEKTOPa MACHHTHOIO 10Jsd B Bek-
TOpaM, CoeaMHsIOmuM KoHTakT p1 = (D,/2,0,0) c
OCTaJIbHBIMU HA3BAHHBIMH BBIIIIE MAIHUTOIPOOONHBIME
KOHTaKTaMu. V13 ycJoBus 9TOif OPTOrOHAJIBHOCTH CJle-

JIyeT, 9To
2rhN

cosptgd = D
p

nas

sinptgy = —. (17)
ma

DTU COOTHOIIEHUsI YI0OHO Mpeodpa30BaTh K BUILY



MITP, Tom 156, Boi. 2 (8), 2019

Ocumnnnsunn LLlybHukosa — e Maa3a TepM0o31eKTPNYECKOro noss. . .

27hN \ 2
g0 = (W_> b (R
aD ma (18)
¢ _ nas D
89 = 9rhNm’

IIpu opwuenrtarun MarHUTHOTO IIOJIsI, YIAOBJIETBOPSIO-
el ycaoBuio (:_1-8:)7 aMILIATY I8 MAarHUTOIIPODOITHBIX OC-
MUUTSATANR KHHETHIeCKUX K0P DUITUEHTOB 110 TOPSIIKY
BEJIMIMHBI OKA3bIBAETCS TAKOW Ke, KAaK U B HOPMaJIb-
HOM K CJIOSIM MArHUTHOM TI0JI€, TOCKOJIBKY BEPOSITHOCTD
TOTO, ITO JIEKTPOH MT€PEMECTUTCs Ha, ipyroit auct 11D
B pe3y/jbrare MArHUTHOIO TPODOsi, B ODOUX CJIydasix
HOPMAJILHOTO U HAKJIOHHOT'O K CJIOSIM MATHUTHOTO TIOJIS
OIIpe/IeJISIeTCsl JIAIIb BeJIMIUHON 3a30pa Ay, MEXK/Iy Jiu-
cramu [1®. TTpu HEOOIBITOM HAPYIIIEHUN YCIOBUS (:_l-g)
AMILINTY/Ia MATHATOIPOOOWHBIX OCIIHILISIIIAI HATNHAET
yracarb ¥ B 6eCCTOJIKHOBUTEJIBLHOM Ipejese (T = 00)
[IPUHUMAET MHUHMMAJIbHOE 3HAYEHHE IPH yIJie HAKJIO-
Ha Y. MArHUTHOTO HOJISI K CJIOSIM, Y/OBJIETBOPSIONIEM
YCIIOBHIO (:_l-g)7 ecjau B HeM 3aMeHUTH N IIOJIYIEeIbIM
qucsiom N + 1/2, 6o n 3amennTs Ha 1+ 1/2.

MaruuTornpo0oiiHble KBAHTOBBIE OCITHJLISIITUN CO-
[IPOTHUBJICHUS] ~ OPraHUYECKUX  ITPOBOJIHUKOB  BIIEp-
Bble ObLTM OOHADY?KEHBI B OPraHUYIECKOM KOMILJIEKCE
k— (BEDT-TTF);Cu(NCS),, a 3arem u B APyTUX CJI0O-
ax TeTparnadyabBIeHa B Pa3INIHBIX JTaO0OPATOPUIX
['._1-972-(_5] ConpoTuBIeHIsT ITOTO CeMeficTBa OpraHudec-
KHUX IPOBOJIHUKOB IIOIIEPEK U BJIOJIb CJIOEB PA3/IMYaIOT-
csl B THICATY pa3. B Takux KOMILIEKCAX OPTaHUYecKOro
[TPOBOJTHUKA JIErKO MOYKHO OOHAPYKUTH TUTAHTCKIE OC-
HUJIISIIAA TEPMOJICKTPUIECKOI0 OJIsI ¢ U3MEHEHHEM
00paTHO# BeJIMYMHBI KBAHTYIOIIET0 MATHUTHOTO ITOJIst
nopsizika 20-30 Tt u ux nepuouyecKre NCYE3IHOBEHUS
Kak pyHKIun tg .

VcioBre CUIBHOTO MATHUTHOTO TIOJIST OTIPE/IETISIeTCS
9UCIOM 0D0POTOB FJEKTPOHA 110 3aMKHYTOI OpouTE 3a
BpeMsi ero cBOOOIHOTO TTpobera, KOTOpoe 0OPaTHO POo-
[TOPIIMOHAJIBHO IIOMAN JIEKTPOHHOI opouThl. BoJstee
HaJIeyKHasT THMOPMAIHS COJEPYKUTCS B JIAHHBIX M3Me-
penwuit B caydae HEOOJIBITNX OPOUT C MAJIBIMU 3HAYUCHU-
avu N u n, sgaiodag N = 0 qmubo n = 0. Ilpu n = 0,
T. €. IPU BPAIEHUN MATHUTHOTO IOJIs B IJIOCKOCTH X7,
BOBHHMKAIOT OCTPbIEe MarHUTONPOOOITHBIE KU TEPMO-
JIEKTPUYECKOTO T10JI C YaCTOTON

L c(SI® + Spyp)
ehcosdyn
[IpU yIJIe HAKJIOHA MArHUTHOIO IIOJIf, YAOBJIETBOPSIO-
eM yCJIOBHUIO

tg¥n = 2nhN/aD, N =1,2,3, (19)

U C 9aCTOTOM

11 2KST®, e 2 (8)

(S +mSy)

VUm =
ehcost,,

npu N = 0, n = 1, Korjia MarauTHOE TIOJIE PACIIOJIO-
7KEeHO B IIJIOCKOCTHU Yz, a YroJl €ro HaKJ/IOHa K CJIOAM
YJIOBJIETBOPSIET YCIOBUIO

tg m = as/ma. (20)

DKCIEePUMEHTAJILHOE UCCICTOBAHUE STUX OCUJLIS-
MMOHHBIX 3P(MEKTOB MO3BOJUT ONPEICTUTh TLIONIAThH
MaKCUMaJLHOTO cevdeHns MuInHapudeckoii gactu 11D
u ero guamerp D Bioab ocu p,. CpaBHUBAs 9acTOTy
ocrmwuranuit vo ipu N = 0, n = 1, m = 2 ¢ Marum-
TOPOOOITHOM OPOUTON, N300PaAKEHHOI HAa PUCYHKE 0, C
9aCcTOTOW MATHUTOIPOOONHBIX OCIUIIANII B MATHUAT-
HOM I10JI€, OPTOTOHAJIBHOM K CJIOSIM,

_e(STr 4 Sy)
o eh ’

Vo

T.e. ipu N = 0, n = (0, MOXKHO OIPEJIEUTD TJIOMA b
Spi Mexx1y KBasumiaHapHeiMu Jjuctamu 11D, ornecen-
HYIO K OJIHOH 3JIeMEHTAPHON A4eliKe NUMILYJIbCHOT'O IIPO-
CTPAHCTBA:

eh
Spi = —(v2 cos Vg — 1p). (21)
c
IIpn HEOAHOPOJHOM PA30IPEBE NPOBOJHUKA BIOJIb

cjioeB  MaruuTonpoboitubie ocrusiun - [ITyormko-
Ba—Jie ['aaza T€pMO3IEKTPUYECKOTO HOJIs,

B 2T Ooap(p) 8_T
27 T3¢ Pza o (9’/’57 (22)
7T2T 8053(#) oT
a= gpaéw g’ (a, 8,0) = (2,9),

IPOUCXOJIAT Ha (DOHE, KOTOPHIE MOHOTOHHO PACTeT C
yBEJIMYeHUEM MarHUTHOTO IOJIs, TaK YKe KaK U B CJIy-
qae HOPMAJIBLHOTO K CJIOSIM MAarHUTHOTO 1oJjisi. O 1HaKo
JI7IS periennsi obpaTHo# 3ajaum BoccTtaHoBsenns: 11D
JIOCTATOYHO 3HATDH JIMINb IEPUObI KBAHTOBBIX U YIJIO-
BBIX OCHUJLISIIIAN T€PMOIJIEKTPUIECKOTO MTOJIS.

4. SAKJIFOYEHUE

T'uramTckmit xapakTep KBaHTOBBIX OCITUJLIATIAI
TEPMO3JIEKTPUIECKOT'O I10JI5 11I03BOJISAET C BBICOKOH cTe-
IEHBIO TOYHOCTHU ONPEJIeJINTh KOHKPETHBIE XapaKTepu-
CTHUKH 3JIEKTPOHHOI'O IHEPI'eTUYECKOI'0 CIEKTPa CJIOU-
CTBIX IIPOBOJIHUKOB, B YaCTHOCTU U3MEPEHHe IJI0I1a,1eil
U AuaMeTpoB 3j1eKTPOHHBIX opouT Ha 1D npu pazaind-
HBIX OPUEHTAIUAX CHJIBHOI'O MarHUTHOI'O IIOJId B IIPO-
[IeCCe M€JJIEHHOTO NPUOJINYKEHNS K TOIOJOTMIEeCKOMY
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[IEPEXO/LY C IIOMOIIBIO HEIIPEPHIBHOI'O U BIIOJIHE KOHTPO-
JINpyeMOro u3MeHeHus japjerus. C MOBBIIIEHUEM TeM-
[epaTyphbl, IIPU Iepexojie B 00JIaCTb TEMIIEPATYD KU/
KOT'0 BOJIOPO/Ia, KBAHTOBBIE OCIIMJLIAIINNA KHHETUIECKUX
K03 PUIMEHTOB HAYNHAIOT SKCIIOHEHIINAIBHO yracarhb
U HE MOLYT IPENsiTCTBOBATH HAOJIIOEHUIO KJIACCAYIE-
CKUX YTJIOBBIX OCITUJIJISIINIL, TaK»Ke Hecylux B cebe
BaXKHYTI0 HHMOPMAIIATIO 00 SHEPTEeTHICCKOM CIIEKTPE HO-
cureJseil 3apgaua.

B pesynbrare KOMIIJIEKCHOT'O MCCJIEIOBAHISA TEPMO-
JIEKTPUYECKUX {ABJIEHUI MPU PA3JINYHBIX TeMIIepaTy-
pax, 3HAYUTEILHO MEHBINX TeMmieparypbl lebast, oka-
3bIBAETCSI BIIOJIHE BO3MOYKHBIM DEIIUTH OOPATHYIO 3a-
Jla9y BOCCTAHOBJIEHUS 110 SKCIIEPUMEHTAJbHBIM JIaH-
oeiM 11D, KoTOpas aBIsgeTCI OCHOBHON XapaKTEePUCTHU-
KO 9JIEKTPOHHOT'O 9HEPIeTUIECKOTO CIIEKTPA CJIOUCTHIX
[IPOBO/IHUKOB, M Y3HATH O PEJIaKCAIMOHHBIX CBOMCTBAX
3JIEKTPOHOB ITPOBO/IMMOCTH.
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