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BBEAEHI-1E 

3Kcnep~MeHTa11bHOe ~3y4eH~e ceepxnpoeOAH~KOB c Ha~6onee 
Bb!COKoi1 T c noKa3bJeaeT, 4TO noM~Mo cne1.1~<fl~ 4ecK~x 31leKTPOHHbiX 

3T~ COeA~HeH~.A o6naAa~T PRAOM aHOMailbHbiX peweT04HbiX CBOHCTB: 

MHOr~e ~3 H~X ~Me~T CTPYKTypHble <fja30Bble nepeXOAbl /cOeA~HeH~e 

nma A-15/, a cnnaebJ xapaKrep~3YIOTC.A cocyl!leCTBOBaH~eM ABYX 

~~n~ 6onee <fja3 {Nb 3 AlxGe 1_x, NaxW0 3 , KxW0 3) 11 ' 41 . B3a~Mo­
CB.A3 b CTPYKTYPHOi1 HeyCTOH4~ BOCTI-'1 ~ BbiCOKOH TeMnepaTypbl T c 
Teoper~4ecK~ HeAOCTaT04HO Bbi.ACHeHa 12,31, ~ npo6neMa onpeAene­

H~R xapaKTep~CT~K Bell\eCTBa, Bil~.AIOU\~X Ha nOBb!WeH~e T c , OCTaeT­

CA aKryanbHOi1. 0AHO?i ~3 np~4~H noebiWeH~A T c s ceepxnpoeOAH~­

Kax co CTPYKTYPHOH HeycTOH4~BOCTbiO, KaK 6wno noKa3aHo e pa6o­
re /&/, MOryT 6b!Tb 110Ka1lbHble CTPYKTYPHbiC B036YlKAeH~fl /IlCB/. 0H~ 
on~CbiBaiOT nepeXOA HeyCTOH4~BOH np~ CTpyKTYPHOM npeepall\eH~~ 

rpynnbl aTOMOB MelKAY 3HepreT~4eCK~ 3KB~BaneHTHbiM~ n0110lKeH~.AM~ 

pa BHOBeCL1fl, pa3AeneHHbiM~ He6on bW~M noTeHI.I~an b HbiM 6ap bepoM. 

3Kcnep~MeHTa1lbHO nCB MOryT Ha6niOAaTbC.A KaK C~IlbHO aHrapMOH~-

4eCK~e H~3K011elKal!l~e ao36YlKAeH~fl c 4aCTOTOH fl << w 0 - xapaK­
TepHOH 4aCTOTbl <fjoHOHOB, o6yC110811~ BaR H~3 KOTeMnepaTypHble a Ho­

Man~~ TepMOA~HaM~4CCK~X Be11~4~H /TennoeMKOCTH ~ Ap./. 
B pa6oTe 151~ccneAoean~cb rnaBHbiM o6pa30M ceoi1cTea peweTK~ 

np~ Han~4~~ JlCB ~ Ka4eCTBCHHO 06CYlKAanacb B3a~MOCB.A3b CTPYK­

TYPHOH HeycTOH4~BOCT~ ~ csepxnpoeOA~MOCT~. 
HacTO.AU\dfl pa6ora nocBRU\eHa nocneAOBaTenbHOMy paccMorpeH~IO 

B11L1.AH~fl B3a~MOACHCfB~.A JlCB C 311CKTPOHaM~ Hd TeMnepaTypy ceepx­

npoBOA.AI.llero nepeXOAa. npeAnOlKCH HOBb!H Bb!BOA ypaBHCHI-1H T~na 

ypaeHeH~i1 3n~aw6epra A11R ceepxnpoeOAH~Ka c y4eTOM KBa3~no­

KanbH~x B036YlKAeH~H T~na IlCB. noKa3aHO, 4TO B3a~MOACHCTB~e 

IlCB C 3.neKTpOHaM~ np~ onpeAeneHHbiX YC110B~.AX 3Ha4~TC1lbHO yee­

.n~4~BaeT KOHCTaHTY CB.A3~, 4TO np~BOA~T K Cyl.lleCTBCHHOMy noe~­
weH~IO T c /3TOT peaynbTaT 6wn ony6n~KOBaH paHee e Hawei1 pa6o­

Te /6/ I. np~ AOCTaT04HO C~IlbHOM B3a~MOACHCTB~I~ MClKAY IlCB 
8 C~CTCMe B03H~KaeT CTPYKTypHbiH nepeXOA, KOTOp~A np~BOAI-1T 

K ocna6neH~IIO 3Toro 3¢<lleKTa. B np~6n~lKeH~~~ cna6oi1 ~ npoMelKyT04HOi1 

Ca.A3~ BblnonHeHb! paC4eTbl 3dB~Cio1MOCTI-1 T c OT napaMeTpOB MOACill-1. 

PeaynbraTw 3T~x pac4eToe, np~BeAeHHble e pa3Aene 5, noKa3biBaiOT 

ponb pa3n~4Hb!X xapaKrep~-tcntK MOAC111-1 e noBbJWeH~~~ Tc. 
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2. IAMHnbTOHHAH MOAEnH 

PaccMOTp~M MOge!lb CBepxnpOBOAH~Ka, B KOTOpOM CTpyKTypHaR 

HeycTOA4~socTb onpegenReTcR noKanbH~M~ sos6ymgeH~HM~ peweTK~. 
B npocTeAweM np~6n~meHI-1~ 3T~ sos6ymgeH~R on~CbiBaiOTCR c no­

MO~biO gsyxypOBHesoA CIIICTeMbl/5/, raM~JlbTOH~aH KOTOpoA B ncesgo­

cnHHOBOM (8=1/2) npegcTaBneH~H HMeeT BillA MOAe!lH H3V1Hra B none­
pe4HOM none: 

1 'C' X X 
-2...,J .. SIS. 

ij IJ J ' 
H =-O~S~-

s i 1 /1/ 

rAe 0 = E a - E 
8 

> 0 - pa3HOCTb 3HeprHi1 AY6neTa, COCTOflHHfl 
KOTOpOrO OllV1CbiBaiOTCH Ci-1MMeTpi-14HOA, r/J 

8 
, Ill aHTHCV1MMeTpH4HOA, ~~a, 

BO!lHOB~MV1 ~YHK~I-lRM~, Jij - 3$¢eKTV1BHOe B3aHMOAei1CTBHe nCB, 

KOTOpOe B 06U~eM CJlyLiae onpegenHeTCR l<aK npJlMbiM B3aHMOAei1CTBH­

eM, TaK Ill KOCBeHHbiM - 4epe~ 06MeH ~OHOHaMH / 7 /. ~aCCMOTpeH11e 
s3aHMOAei1CTBHH B036ymAeHHA THna /1/ C peweTKOA XOpOWO i-13BeCT­

HO /eM., Hanpw:~ep, 171 I 1-1 6bmo nposeAeHo o pa6oTe 151 .flo3TOMY 

B AaJ;JbHeAweM Mbl 6yAeM nonaraTb, 4TO OHO Y4TeHO C nOMO~biO 3~­
.c!JeKT~BHOro B3aHMOAei1CTBHR Jij • 

B CTpyKTYPHO-HeycTOA4~soA peweTKe AilH onHcaHHR HCKameHHH 

3Jl~MeHrapHOi1 R4eAKH np~ !lOKa!lbHbiX B036ymAeHI1JlX 'YAP6Ho ,BBeCTI-1 

IlOKa!lbHYIO KOOPAHHaTy X. lSI. flOTeH~Han B3aHMOAei1CTBHfl ::meKTpo-
1' 1 ... -+ ' :\ 

HaC, KOOPAHHaToA r C peweTKOA npe{1CTaBHM B Bl-lAe ~U(e 1 +x 1 +f), 

rAe. ,f 1 - ysen peweT':iH. PasnomeHHe 3Toro noTeH~Hana 1 ~ y4eTpM 

TO!lbKO Jl~Hei1HbiX no Xi 4JleHOB npHBOAHT K B3aHMOAei1CTBHIO 3JlCKT­
pOHOB C nCB .B BH,(Ie, 

•+ X 
~ V (p,p')IP r

3
1P ,S , 

p-p '=q s p p q 
H e-s /2/ 

rAe HCil0Jlb30BaHo nceBAOCil!'!HQBOe npeACTaBneHHe /1/, B KOTOpOM 
MaTpV14H~i1 3JleMeHT 

-> 
-> .. , 1 iq e i a ... .. , a v (p ' p ) = -= ~ e < p I v r u s ( e I+ r) I p > 2x sa ' 8 ~ Ia 

131 

a · a + 
rAe X sa =<t/1 8 !; 1 I t/1 a>. B /2/ onepai'opbl pomAeHioiH, a pa, 1-1 YHH4TO-

meHHH, a pa, 311CKTPOHQB sanHcaHbl c noMo~biO onepaTopos HaM6y: 

Ill ( 
apt 

), + ( + = a+ Ill P = .aPt , a -p + ) , p 
-p' 

/4/ 

H MaTpH~ flaynH: 

1 0 0 1 
r a= ( ·~ ~~) • T 0 = ( 0 1 ), T 1 = ( 1 0 ), /51 

2 

"' 

3neKTpOHHafl 4aCTb, raMI1JlbTOHHaHa 11Me'eT CTaf'!Aapl'Hbli1 BHA: 

+ 1 + + 
H = ~ < Ill r 3

1P +- ~ v(q)(IP T
3

1P )(Ill + r
3
•'l'·, ), /6/ 

e p P P P 2 pp 'q · p-q P P q P 

rAe V( q) = 4rre 2 /q2 V - KY!lOHOBCKOe B3a~MOAei1CTBI1e, V - o6beM 

KpV1CT811Jla. 

TaK~~ o6p~soM,. nonH~A raMH!lbTOHHaH MOAenH HMeeT BI1A 
1 ,,11 

H=H +H h +H. ,..h+ H + H e p e-y s s-e 171 

rAe H ph - ¢oHa'HHbli1 raMHn bTOH!IIaH B rapMO\'llo14eCKOM- np1-16n1o1meHHI1, 

He"'ph OlliiiCbiBaeT o6b!4HOe 3JleKTpoH-'¢OHOHHOe ssa!IIMOAei1cTBI1e: 

H h = I v ,\ (p • p ') Ill + T 3 Ill , Q ,\ ' 
e-p p-p'=q,,\ P P q 

)8/ 

rAe Q q,\- HOpMa!lbHaH KOOPAIIIHaTa rapMOHIII4eCKOro ¢0HOHa nonRpl-1-

sa~~~~ ,\, 

3aMeTHM, 4TO B3aV1MOAei1cTB~e 3!leKTPOHOB C nCB T!llna /3/ 6~no 
06Ha~ymeHO 3KCnepiiiMeHTa!lbHO B aMop¢HbiX 'MeTa,Jlillll4eCK~X cnna­

BaX 5 •91 • 

3. CAMOCOrnACOBAHHOE BW4HCflEHHE 

3nEKTPOHHO~ ¢YHKUHH IPHHA 

PaccMOTPIIIM AByxa·peMeHHble 3!leKTPOHHble ¢yHK~1111 lpiiiHa /¢1 I, 
KOTOp~e npeACTaBI1M B MaTpi114HOM 1 Bio1Ae /5/: 

aP(t-t')=«IPp(t); w;ct')», 191 

HcnonbsyH o6bi4Hble o6osHa4eH~R 1 1° 1• Mccne{1oBaHI1e ~neK-r,poH-IIIOHHOA 
MOAe!lH MeTanna /nepBble Tpl1 4JleHa B raMI1JlbTOHIIIaHe /7// C npOI-13-

BOJlbHbiM 3JleKTpOH-$OHOHHbiM B3ai1M0{1ei1CTBI1eM He-ph llOKa3biBaeT /11/, 

4TO Ky!lOHOBCKOe B3ai-1MOAei1CTBV1e /6/ npi1B0{1111T K 3KpaHio1POBKe 

311eKTpOH-110HHOrO B3aHMOAei1CTBI1R, KOTOpoe MOmHO Y4eCTb C nOMO~biO 

Al-13neKTpl-14ecKoA npOHH~aeMOCTIII 3JleKTpOHHoro rasa. AnR ynpo~eHIIIH 

Ill 6e3 TOrO rpOM03Ai11-1X AailbHeAWIIIX pac4eTOB Mbl Ky!lOHOBCKOe 

B3ai-1MOAei1cTBHe B /6/ Y411TbiBaTb He 6yAeM 1 a nepeHOPMI-1pOBKY napa­

MeTpOB VB , v ,\ /72/,./8/ I Y4~eM B cob~B~TcTB¥,1014eM Mec-Te, IIIC­

Il0Jlb3YR pesynbTaTbl/11/. 

3. 1. YpasHeHIIIe AaAcoHa AJlfl ¢1 

A1-1¢¢epeH~~PYR /9/ no spet-1eHI1 

AJlH ¢ypbe- KOMilOHeHT ¢1 llOJ1y4ae"1 

c y4eTOM raM~1nbTOHHaHa /7 I, 
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(wro-• 1 )G (w)=To+ 2: VA (p,p-q)r «'¥ oQ ,\l'l'+» + 
p 3 p A,p-p'~q 3 p-q q p (JJ 

/10/ 
+ 2: V(p,p-q)r«'¥ oSxj'P+». 

p- p '= q s 3 p-q q p {1) 

B ypaBHeHI111 I 10/ BBe,QeHbi onepaTOPbl $niOKTyaul1~: oQ A=Q A -<Q ~> 
"Sa a a q q xW' 

1-1 uc q =8 q - <S q >, r~e cpeAH11e 3HaLIBHI-1fl <Q A> 1-1 < S > 
~10ryT 6b1Tb 0Tnk:14Hbl OT Hym'l np11 CTpyKTYPHO~I nepex&,qe. BoaHRr<aiO­
Il.\BB np~-1 3TOM H3MeHeH!-1e sneKTpOHHor·o cneKTpa ~roN:eT 6b1Tb Y4TeHo 
COOTBBTCTBYIOtllet\ nepeHOPMI-1POBKO~ < p B /6/. 

Aanee socnonbayeMcA MeTO.QOM cocTasneHMfl ypasHeHM~ .QBMmeHMA 
no BTopoMy speMeHM t' 1121• AM$(j)epeHU11PYfl $r B npaso~ 4aCTM /101 
no t ~ nony1..1aet-1 f.J,.n.R HMX ypaaHeHMR, nOACTasnflR KOTOPbre s I 101 
1-1 BBOAR HynesyiO $r 

. -1 
G~((JJ)=[(JJr 0 --!Pr 3 ] , 1111 

nony4aeM ypasHeHI1e Ailfl <Pr 0 P ((JJ) s E:11Ae 

G P((JJ) = G~(cv) + G~((JJ)T P((JJ)G 0P((JJ). 1121 

TP ((JJ) - MaTPMlla pacceRHM.fl - onpe,qen.ReTCR BbrpaNCCH!-1eM 

T ((JJ)= 2: r «ap(p,p-q)IJI l'l'+ ,ap(p,p-q')»r 
p qq, 3 p-q p-q 3 113/ 

r.Qe 

op (p • p -- q) = 2: v , (p. p- q) a Q , + v c P • p - q ) as x . 
,\ 1\. Ql\ s q ll3al 

YpasHeHMe 112/ MOmHo nepenMcaTb s D11Ae ypaeHeHI1fl AaAcoHa: 

G ;1 ((JJ) = G ~-1 ((JJ) - };P ((JJ) ' 1141 

r,qe I'P ((JJ) - Macco3bl~ onepaTop, KOTOPt:.H:; CB.R3aH c MaTPI-11.le~ pac­
ceRHI1fl ypaBHBHI16M 

T P ((JJ)= l:P ((JJ) + l:P ((JJ)G~ (w)T P ((JJ). 1151 

KaK cne,qyeT 1-13 3Toro ypasHeHM.R, MaccOBblrA. onepaTop P.BJlReTcR 
CBf13aHHO~ 4aCT blO 1-laTp"'l.\bl pacce.RH"'P., KOTOpaR He MONCCT 6biT b 
npeACTasneHa B Bl1ge .qayx 4acTei1, coeA"'HeHHbiX OTAellbHOti Hyneaoti 
cJ>r ao. 

p 

4 

"' 

3.2. B~4~cneHI1e Maccosoro onepaTopa 

,ll,nfl nony4eH"'.R aaMKHyTo!A. caMocornacosaHHoi1 c~cTeMbl ypasHe­
H"'i1 AllR Maccoaoro onepaTopa l:P((JJ). Heo6xo.Q!.1MO Hai1T"' np~6n~­
meHHOe ero a~pameH~e 1..1epes $r 191. B~n11weM cneKTpanbHoe 
npeACTasneHI1e ItO! AllR Maccoaoro onepaTopa· 

L ( ) - Joo d(JJ' (1 -{3(JJ, ) Joo dt j(JJ, t 
P (JJ- --,- +e --e x 

-oo (1) -w -oo 217 1161 

x 2: r
3

<ap(p,p-q;t)'l' (t)i'l'+ ,ap(p,p-q')>(c)r
3

, 
qq, p-q p-q 

rAe ~HABKC (C) 03Ha4aCT CB.R3aHHY~ 4aCTb. 
Maccosbri1 onepaTop 2: P ((JJ) on~e1 CbrsaeT Heynpy roe pacce.RHI1e 

3I1Cf<TPOHOB Ha ¢0HOHax "' ncB. B npOCTe~weM np~16nl1mBH"'"' MOmHO 
npeHe6pe4b KOppei1Rl.\11Bi1 B pacnpO~TpaHCH"'I1 3T~X B036ymAeH~~ 
"' 3nCKTpOHOB, 4TO COOTBBTCTByeT CJlBAY~~eMy pac~enneH~~ KOppe­
IlRI.l~OHH~X ¢yHK~MR B 1161: 

T <Bp(p,p-q; t) 'l' (t) I'P , ap(p,p-q')>(c) r 3 
3 ~q p-q 

1171 

~<op(p,p-q;t)op(p,p-q')>; <'P (t)'P+ ,>r 
3 p-q p-q 3 

KoppenRLI"'OHH~e ¢YHK1.1"111 <opjop> s 1171 B~4Hcn.R~TCR no raMI1nb-
TOHI1aHaM Hph H H

8 
B 171, np~ STOM <8Qq>._8Sx>=0. 

I I ' . q ' ¥1cnonb3YR 17 11 cneK:rpanbHble npeACTaBJlBHI1f1 AJl.R KOppenR-
~~OHHbiX \!JYHKL\"'R, nony4aeM CilBAY~~ee BblpameH"'e AJlR Maccosoro 
onepaTopa: 

lat 1 oo d(JJl dw2 f3(JJ f3o>2 
l ((a)= 2: (w) = -- JJ ------ (th--1+ cth --) x 

p p 217 2 -oo (JJ-(JJl-(<)2 2 . 2 

x 1 ! I v,\ (p,p·-q)V,,(p-q',p)Im«aQ A.iaQ ',\'» . 
q q , At.. , ' ' f' ' q -;-q ()) 2 ;!- If 

+ 1181 
, ~. .,, 

+V (p,p-q)V (p-q',p)Im«oSxlaSx,» ·, lx 
B B q -q (JJ 2 +~f 

.\. 
+ .. 

xr
3
. lm«'P I 'P , »' ·r 

p-q p -q ' (JJ + i f 3 
1 

1 
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HaccOBbiYo onepaTop I 181 OTJl~t~4aeTcn OT o6bi4HO ~t~cnonbsyeMoro 12•31 

HaJlltl4ltleM nceBAOCnl'iHOBOH $1, KOTOpaR OnHCbiBaeT pacnpOCTpaHeH~t~e 

JlCB 111. 
Y4eT KYJlOHOBCKoro ssa~t~MOAe~cTBitiR 161 ¢opMallbHO He MeHReT 

BHAa ypaaHeH~t~R I 181. 0AHaKo a 3TOM cny4ae aaa~t~MOAeikTB~t~R V 8 (q) 
11 V>.. (q) cTaHOBRTCFl 3Kpa~:~~t~posaHHb!MI1: 

Vs,A(q, w)= -'-- 1191 

rAe E(~ w)- A113JleKTPM4ecKaR npoH~t~~aeMoCTb 3JleKTPOHHoro ra­
sa1111. HMeHHO B 3TOM CMbiCJle f~bl 11 6yAeM KCnOflb30BaTb BblpalKeH~t~e 
I 181. noJ1Hbli1 r~accoablj;j onepaT.op KpoMe I 181 COAeplKIH el!le en a-: 
raeMoe, onpe.~:~enReMoe ~KpaH~t~poaaHH~M KYllOHOBCKitiM saaKMOAei1cTBM­

eM 1111 · 

"" dw 1 :£ c (w) =- :£ a , f -
P , qq 2rr qq -oo 

v(q) ----x 
dq, (i)-(i) 1) 

{3(<) 1 + 
x th - r

3 
Im « 111 I 'P , » ,_, + 1, 2 p-q p-q ~ 1 < T 3' 

1-1 1.1MeeT BVIA 

lat. c 
IP (w) => l P (w) +I P(w). 

1201 

/211 

TaKHM o6paaoM, Mbl nony4Mm-1 caMocor.nacoaaHHYIO c~t~cTeMy ypas­

HeH~t~i1 1141, 1211, 1181, 1201 AJ1R OAH04aCTI-14HOj;j 3.neKTpOHHO~ ¢1. 

4. OCHOBHWE YPABHEHH~ AJlA CBEPXnPOBOAHHKA 

BblpameH~t~e AJ1R Maccoeoro onepaTopa 121 I noaeo.nReT aanMcaTb 

ypaeHeH~t~R 3.n~t~aw6epra AJ1R l!le.neao~ ¢yHK~I'iM .Mw). 11cnonb3YR I 181, 
1201 CTaHAapTHbiM o6pa30M /8/, nony4aeM 

•.., (i) 1 
[1-Z(w)]w=- fdw 1K(w 1 ,c.J)Re ====:=-signw 1 , 

-oo yw2-fl..2((1) ) 
1 1 

122/ 

6 ;"\ 

00 f\..((1) 1) 
Z((l))fl..(w) = f dw 1K(w1 ,(1))Re =====signr.u 1-

Y (1) ~ - tJ_2 (<u 1 ) 
1231 

(1) fl..(w 1) 
F (1)1R -

- N(O) V c J d wt th 2T e b. 2 ((1) 1 ) 
0 

<l>yHI<I.I~t~R Z(<.u) oni-!CbiBaeT nepeHOPMMPOBKY 3JleKTPOHHoro cneKTpa 
B peay.nbTaTe B3a~1MOAeHCTBV1R 3JleKTpOHOB lnllOTHOCTb COCTORHHH 
KOTOPI>IX a6.n~t~31-1 ypoBHR <!>ep~IH w F- N (0) I c ¢oHOHa~lltl 11 JlCB. 
B 1231 V 

0
- nceBAOnoTeHI.IItlan KyJlOHOBCKoro B3a~t~MOAe~cTBitiFl. 

RAPO ~t~HTerpanbH~X ypaaHeH~t~A 1221, 1231 onpeAe.nReTCR e~pa­
>KeH~t~eM 

111 (i)1 
oo 1 th 2T + cth-2T 

K((l)l'w) = fd(1) 2 S(w2) -1 -
0 2 (L) l+W 2-(i) - t.?J 

(1) (1)2 1241 
th~ -cth--

;::;J. 2T 
I' 

(1)1-(L)2-(1) -i3 

rAe cnei<TpaflbHafl nfiOTHOCTb S((l) 2 ) COCTOY!T 113 ABYX cnaraeMbiX: 

¢QHOHHOC1 cnei<TpaflbHOH nllOHIOCTI-1 1 

"2 2 , 

Sph((l) ) =a 2h(w)F h(w)=f .2...L f ~:£VA. CiLp')V,:~_ cP'+-;,p)x 
P P s vp s vp fi.r 

F F 125/ 
1 _.J> d2 p 

x[--Im«oQ '>..lb"!ol '-p >.. » >0]/ f-v--· 
1T p-p ' p ' (i)2 s p 

F 

11 cneKTpaJlbHOA n.nOTHOCTitl JlCB, 

2 d 2p d2 p, -> -> ... .... 
S ,((1) )=a (w)F ((1)) = J -- f --· :£ V (p',p)V 8 (p'+r,p) X 

8 2 S B V V, T B 
SF p p 

./261 

1 d2
p 

x [- - Im « 8 S x , I 88 x, » > 0 I f -- · 
rr p-p p -p (1)2 S v 

• F p 

B ypaaHeHMS1X 1251, 1261 y4TeHa B03MOmHOCTb npo4eccoa nepe6po-
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ca, T.e. p =p'+?. npH aanHcH ypaaHeHHFl /26/ Mbl npeHe6pernH 
nepeMeWI-1 BaHJ.1eM $OHOH HbiX Mo,q, T. e. nonomHnl-1 A =A'. 

BaaHMO,qe~CTBHe 3neKTPOHOB c nca /2/ npHBOAHT K 3(j)(j)eKTHB­

HOMy B3aHMO,qe~CTBH~ M8li<AY 3J18KTpOHaMH, xapaKTep KOTOporo onpe­
,qenFJeTCFl cneKTpanbHO~ nnoTHOCTb~ /26/. Cne,qyFJ cTaH,qapTHWM . 
MeTOAaM, BBe,qeM 3(j)~eKTHBHY~ KOHCTaHTY CBF13H A

8
: 

A= f~ S (w)=--1-J~f~IV (p,p')J 2 !1<Sz' ,/27/ 
s w s N(O) v v s E 2 

p p q 

r,qe E~- non~c cTaTH4eCKO~ eocnpHHM4HBOCTH 

Re«oSxJoSx>> 
0 

=-
q -q W= 

!1<S z > 
~· q 

.QanbHe~wee Bbi4HcneHJ.1e As aaBHCJ.1T OT ,qHcnepcHH B3aHMO,qe~cT­
BHFl V 8 (~ H 3HeprHH KBa3MilOKailbHWX B036ym,qeHH~. npe,qnonaraFJ, 

4To Eq HMeeT cna6y10 ,qHcnepcHIO, eocnonbayeMcR noKanbHbiM npH-
6m1ll<eHHeM I cp. c peaynbTaTaMM 1 21 , rn ,II, ,qnR o6bJ4HbiX (j)oHoHoe/. 

B TaKOM CJ1y4ae 1 BBOAFl ycpe,qHeHHbl~ MaTpM4Hbl~ 3JleMeHT B3aMMO­
,qe~CTBMFl, 

2 1 1 d 2 p d~, -+-+ 2 
<J >=--·--f--J. IV (p,p')/ ' 

s (2x ) 2 N (0) v v , s 
sa P P 

/28/ 

M ycpe,qHeHHyiO 4aCTOTy' KBa3J.1IlOKaJlbHblX B036ym,qeHH~ 
1 

1 1 1 1 
--=<-> "'-2:--, 
w2 E 2 N q E 2 

s q q 
/29/ 

nony4aeM o~eHKy ,qnFJ A
8 

e BH,qe 

A•8 = N(O) <J 
8
S (2x sa) 2 · 

!1<Sz> 

w2 /30/ 
s 

CornacHo pa6oTe 121/rn. IV I KOHcTaHTa 3neKTPOH-$oHoHHO~ CBR-
3M MMeeT O~eHKy 

A ph = N(O) < J ~h > < 
1 > . 

Mw2 
q 

Y4MTbJBaR onpe,qeneHMe /3/, ,qnFJ 

HfleTCFl npM6J1Hli<8HHOe paBeHCTBO 

A ph 

8 

w~· 
8 

wn. . 

~ 

/31/ 

O~eHOK MOli<HO C4HTaTb, 4TO BWilOJl­

<J: > "' < J ;h > . Beo,qFJ ynpyryJO 

(2x ) 2 /<-
1
- >, nonyLJaeM, 4TO 

sa Mw 2 
q 

./32/ 

:.J. 
•' II 

,, 

l 

~· 
!' 
I 

1~1 

;~ 
·~ 
q. 

A.8 I A ph aaBMCHT OT ciTHOWeHMFl 

K cpe,qHe~ 4aCTOTe (j}OHOHOB, no-

TaKHM o6pa30M, OTHOWeHMe 

4aCTOTW IlOKanbHWX KOne6aHH~ 

CKOJibKy 06bi4HO 151 w
8 

< WD, 

HO npeBbJWaTb Aph . 
TO BHAHO, 4TO A 

8 
MOmeT 3Ha4MTen b-

5. TEMnEPATYPA CBEPXnPOBO~HmErO nEPEXOAA 

PaccMoTpHM, KaK Bili-1FliOT Ha ceepxnpoeo,qR~I-1~ ¢aaoew~ nepexo,q 
nCB J.1 B03MOlKHafl Bcne,qCTBMe B3aJ.1MO,qe~CTBVIFl Mem,qy HMMVJ CTpyK­
TypHaR H8YCT0~4VJBOCTb peweTKVJ. 

YpaeHeHVJe ,qnR TeMnepaTypbl nepexo,qa T c nony4aeM VJ3 ypaeHe­

HI-1~ /22/, /23/ llpVJ YCilOBVJVJ CTpeMneHVJR K HYiliO 3HepreTVJ4eCKO~ 
~enVJ (6. (w 1 ) -+ 0) : 

[1- Z((v)](v =- J dw
1 

K(w 
1
,w), 

1331 -= 
1'-. (uJ 1 ) 

Z((v)t.((JJ)= J dw
1

K(w
1
,w)Re---.:;;-

w1 

wF wl l'-.(w1) 
f dw th -- Re ----=-

/34/ 
- N (0) V 

c 
0 

1 2Tc wl 

PaccMoTpVJM npVJ6nMmeHH~e.peweHJ.1fl 3TVJX ypae~eHVJ~. 
Ha1-16onee npocTo~ annpoKCMMa~J.1e~ ,qnR FJ,qpa 3neKTPoH-(j)OHOHHoro 

B3aVJMO,qe~CTBVJFl RBJlfleTCR cne,qy10~afl annpOKCMMa~VJR, 06bl4HO VJC­
IlOJlb3yeMaR B TeOpMRX cna6o~ CBR3VJ: 

A ph w 1 
K h (w ,w)= --th-B(wD-Iw

1
!)B(wD-JwJ). /35/ 

P 1 2 2T 

TaKyJO me annpoKCVJMa~VJIO B03bMeM VI Ailfl R,qpa B3aMMo,qe~CTBJ.1R ncB 
C 3J18KTPOHaMVJ: 

A w 
K (w ,w)=-8 th-1 O(w -Jw

1
J)B(w -/wJ). /36/ 

B 1 2 2T s s 

B npVJ6nVJmeHMM /35/, 1361 VJ3 ypaBHeHVJR /.33/ cne,qyeT, 4TO 

Z(w) =1, /37/ 

a ypaeHeHVJe /34/ npVJHVJMaeT BMA 
I (U 

. Dctwl w1 
1'-.(w) =A h B(w D -/wi) J --1'-.(w )th-- + 

P w 0 wl ' 
1 2T c w 138! 

8 dw w Fctw w 
+A B(w -/wJ). f - 1-1'-.(w )th-1 -N(O)V f--1t..(w )th~ 

s s w 1 2T c 1 2T 
0 1 c o w11· c 

•g· 



PeweHMe ypasHeHMR /38/ 6yAeM wcKaTb a swge 

/). . 
s 

f). (w )= f). ph' 

juJ I < w • B . 

w s < jw I< wD 

/).c' wD<jwj<wF 

/39/ 

Y dx 
Baogn o6oaHa4eHwil: A =N(O)V w K(y) = J-thx ,Ma /38/ c yYe-

c c O X 

TOM /39/ nony4aeM CMCTeMy ypaBHeHwi1: 

(<) (<) (<) 

[1-(A h+A -f. )K(-6-))/1,. -1).. h-,\ )ln..::.Jl/1,. +A ln--E../1,. =0, 
p s c 2T s p c w ph c w c 

c s D 
(<) (<) (<) 

A K(-
8
-· )/1,. 8 +A ln-0-!J. + (1 +A ln.......F....)t. = 0, 

c 2T c (1) ph c w c 
c s D 

/40/ 

(<) (<) (<) 

-(A. h -A )K(--L)/1,. +[1-(,\ -A. )ln ..::..0.]/1,. +A ln-:....E/1,. =0. 
P c 2T B ph o w ph c w c 

c B D 

VfcnOJlb3y.A COOTH0WeH~1e K(y) = ln(i!.y), 
rr 

nony4aeM ¢opMyny Aflfl T
0

: 

I ~ * T =1,14w e-1 A, A=A + ph -p. 
c s B (<) D • 

1- (f.. - f1. *) 1 n-
ph (<) B 

rge 3KpaHMPOBaHHOe KYJlOHOBCKOe OTTaJlKMBaHwe 113/ 
(<) ~' 

p. * = N(O) V I [ 1 + N(O) V ln -- ] . 

141/ 

c c w D 
JJ,.nR onpegeneHMfl npasoi1 Yacrw ypaaHeHwR I 41 I Heo6.xog~IMO Haihw 
W /29/. 31lepn1!0 KB83MJ10K8JlbHbiX B036ymgeHMC1 11/ Bbi411Cm1M 
B ':,plt16m1X<eHM~1 xaOTH4eCKI-IX <jla3 AJll1 CrlMHODOC1 <tJr B /26/: ... ... 

2 iq(R.-R.) 
E = :£¢ e 1 J 

q . ij 
rge J 

2 2 X 2 Z 
¢ 1J =a 1Jcn +J0 <S > ) -O<S >J 1j(1-o 1J). 

B noKaJlbHOM npH6nMmeHMM 

w2=02+h2 
S X 

10.· 

"" 

h = J < S X> 
X 0 

j1J2/ 

\. 
I 

.J 
t·l 

\I 
f:.• 
i 
~ 1,. 
I 

CwcTeMa ypasHeHMA 141/, /42/, /32/ cTaHOBMTCH aaMKHYTOI1 
nocne onpeAeJJeHMf! cpeAHMX 3Ha4eHt.-~~ <S X> H <8 z.>. 13 COOTBeTCT-
BHH c npH6nt.-~»<eHMeM Bbi4MCJleH11R cneKTpa Eq <S x > 11 <S z> o~pe·· 
Aenn~Tcn ypaaHeHMRMM a npH6JlMW.eHI1H cpeAHero nonn: 

h (<) 
<S x> = __ x_th-s-, 

2w
8 

2T 

z (! (iJ s 
<S > = --th---. 

2w 
8 

2T 
/43/ 

TaKHM o6paaoM, Mbl nony41111H caMocornacoaaHHYIO c11creMy ypaa­
HeHMi1 AI1R TeMnepaTypbl nepexoga T c . napaMeTpaMM MOAeJlt.-~ RBJl.AIOTCfl: 
3KpaHHpOBaHHOe KyrlOHOBCKOe OTTanKHBaHHe ~*, KOHCTaHTa 3neKT­

poH-¢JOHOHHOM CBf!311 A ph , OTHOlUeHt1e y = w ol 0 H OHiOWeHHe 
X=Jol0. napaMeTp fL* Bbl6epeM 1141 a BHge p.* =0,11. napaMeTp X 
onpeAem~eT TepMOAHHaMH4eCI<Oe COCTQRHt.-~e CI1CTeMbl /1/. npM X< 2 
nceBAOCnHHOBaH noACI1CTeMa RBJlReTCR pa3ynOPRA04eHHOM (<Sx>;O) 
game npH Hyneaoi:i TeMnepaType. flpt.-~ x > 2 np~1 onpegeneHHoi1 

TeMnepaType T ~ npof.<1CXOAHT CTPYI<TYPHbiM <f!a30Bbli:1 nepeXOA B yno­
PHA04et-IHOe COCTORHV!e: <S x > f, 0. Ha PI1C. 1 npegCTaBJleHa 3aBI1CH­
MOCTb OTHOlUeHMfl T c K 'I'~ /TeMnepaType CBepxnpOBOARlJ.!ero nepe-

xoga np11 f.. 
8 

= 0 I or x npw HeKOTOPblX 3Ha4eHMHX y 
npH A. 1 =0,3. 3Hal.leHt.-~R sem14MH, onpeAenHIOll!t.-~X noee,QeHI1e ct.-~cTeMbl pI ' 
ypaBHeHHi1 /41/, 142/, /32/, /43/ B egi1Ht-1L\aX W , npi1BeAeHbl 

B l'a6Jl. 1. 3aBHCI1MOCTb T ITO OT OTHOtueHHR V np11 D A h = 0,3, X=O 
c c • p 

npwseAeHa Ha pHc.2. AHanorH4Hwe pacYeTw 6wn11 npoBeAeHbl npM 
paanH4HbiX 3Ha~x napaMerpa A h *. 

A!l.A cpaBHeHI1R B ra6m1L\e npt.-~efegeHbl pe3yJlbTaTbl Bbl4t.-~cneHI1i1 
HB OCHOBe npH6Jli1W.eHHOH <flopMyJlbl Anfl T , nony4eHHoi:1/15/6e3 

t.-~CnOJlb30BaHI1R annpOKCHMal\11H T11na /35! H cnpaBeAJlHBOi:i COrJlaCHO 
pac4eTaM 1151 annoTb AO A"' 2 H 4acror w "'T c. JJ,.nH MOAenbHoi1 
cnet<TpBJlbHO~ <lJYHKL\1111 /15/ 

f.. w 
S(w) = P~ D o(w-w D)+ 

f.. w 
~ 
2 

3TB <lJOpMyJla t.-~MeeT BHA 

1+/.. ], 
T •1,14wexp[- A-~*(1+{3) c 

o(w -w 
s /44/ 

/45/ 

* C y"eenl14eHI1eM Aph max{'r /T 0) yMeHbWaeTCH a a c4eT yaem14e-
HI1R To . c c 

c 

11 



Tc. /Tc.0 

u.; D 

16 ..rL -= 3 16 

i'2 1'""'- l 

_i-0.Q "= 6 
.n.. 

12 

g 

4 

<.' 2. 4 

g 

'Jo 4 
~ 'uu 

6 8 tO 

P1-1c. 1. 3as!-1CI-1MOCTb T /T ~I T 0 
--- 'cc c 
TeMnepaTypa csepxnpoBOJ.IR~ero ne-. 
peXOJ.Ia 6~3 B3ai-1MOJ.Ie~~TBI-1A 3neKT­

pOHOB C nCB/ OT OTHOWeH~R X=J 0/D 
np1-1 A ph,= 0,3, y = w

0
/D = 3 1-1 6. 

rAe 

0 

Y¥\M (T<-fT ~) 

2. it 6 8 ·to 

P1-1c.2. 3as!-1ci-1MocTb 

max(T /T.o) 
c c 

WD 
OT Y = ""Q 

np1-1 A 
1 

= 0,3. 
pI 

,\ = >.. 
·s +.A ph' 

w = c./' ph /A 
D 

w 
A

8
/A e-A • 

,\ 
{3 ""--A, 

1 + ,\ s 

1 ,\ .,\ w2 +w2 ru 
A = :__ _ ph s [1 + D s ln _s_J . 

2 2,\2 w2-w2 w 
D s 0 

Berf.M41-1Hbl A6 , w s onpef.lenRIOTCR ypasHeHI-1RMI-1 /32/, /42/, /43/. 

W,n 
Ut. 

CpasHeHI-1e pac4eTos no ¢opMynaM /4.1 I 1-1 /45/ noKa~btBaeT, 4.To 
a6coniOTHbte 3Ha4eHHR T ~ 1-1 T c , Bbt41-1cneHHbte no ¢opMyne· I 41 I, · 

OKa3biBaiOTCR npi-1MepHO Ha nopHJ.IOK BbiWe, 4eM Bbi4HCneHHble no <!JopMyne 
/45/. 0J.IHaKO OTHOWeHHe T /TO B nepBOM cny4ae npHMepHO B 3 pa-

3a. t;~eHbWe npH ,\ :S 1, 4e
0

M A~e·T (ll6.pMy.ria flf5/. ·rid"' y~eHbweHHH A 
3Ta pa3HOCTb Cy~eCTBeHHO yMeHSWaeTCR 1-1 npH ,\ :S 0,4 MOlKeT fibiTb 
oTHeceHa Ha c4eT paaHoro cnoco6a Bbi4HcneHI-1.R cneKTpanbHO~ <!JYHK-
'-11-11-1. npi-1 3TOM ycnoBHe T << w BbtnOnHReTCR np!-1 ,\ < 1 B o6oHX 

c s 4 -cny4aRx. TaK!-1M o6pa3oM, XOT.R ¢opMyna I l/ nony4eHa s npH6nH-
lKeHI-1H Cnafio~ CBR3H, ee MOlKHO HCnOnb30BaTb J.ln.R Ka4eCTBeHHOrO 
o6CylKJ.1eH!-1R B o6naCTH npoMelKyT04HO~ CBR31-1 ,),. ~ ·1., .... 

I lfl ~..-"''1,. ,.;"'"!..' f} , .. ::·~..... f [": \/. '1 'I 
"~ ~' ..... ' .... ·' '" .• 1 

l 'l~ ~ ,H 

12 
"' ·-

\. 

( 

d ,, 
fl.· 

I 

( > 

Jo ;n 

2,01 

2,5 

Ta6nH~ 

3Ha4eHJ.1.R Tet•mepaTypbt ¢aaosoro nepexo.Qa B eAvtH1-11..1ax cu , 
Bbi4HcneHHbte no ¢opMynaM /41/ /oepxHHR CTpor-;:a/ 11 /45/ 
h11-1lHHRR c·rpoKa/ npi-1 \h = 0,3 ' IL * = 0,1 ' wol n = 3 

Tc /c.>o T~/w 0 T /T 0 
c c Tos/cuD ,\ 

s 

1/ 8,6. 10 2 5,9 .1 o-s 14,6 
0,06 0, 4Lt 

2/ 2 '0. 10-2 4,7.10-1 42,6 

1/ 5. 3. 10 "'2 5 ,9. 10-3 9,0 
0' 15 0,23 

2/ 9, 4.1 o-s lt,7.10- 4 
10 '0 

- ------------
3' 3. 10-2 5,9 .10-3 5,6 1/ 

3,0 0,.21 0,13 

2/ lf' 5. 10 -:3 4,7.10-4 9,6 

6. BbiBOt\bl 

Kat< noKa3artO B HaCTO.flll(ei1 pa6oTe Ha OCHOBe 1--IO.QeJIYl /7/, 
B CBepxnpOBOJ.IHI-1 KaX, CO.Qepl!:a!l\HX nm:an bHO- HCYCTOi14!11 Bble C1 pyK­

TYPHble IWH<!JI~rypa'-11-11-1, IJ.OlKCT B03HI1KaTb 3$$eKTJ.1BHOe AOnOJ1HJ.1Tenb­
HOe npHTP.lHCHHe ,_,te)!(,Qy 3neKTPOHaNV., np!IIBOJ.IP.Il\CC tC rt013biWeHVIIO '1'

0
• 

npH ADCTaT04HO CHIIbHOM B3aHMO.QeACTBHH Mem,Qy fiOKaiibH~MM CTpyK­

TypHbiHVI B036ymJ.1eH~1P.MH /J O > 20 B /1/ /B 01CTeMe npOI1CXO.QI-1T 
~ CTPYKTYPHW~ nepeXOA npH HeKOTOpO~ TeMnepaType T~. npH 3TOM, 

CCml 'l't>'I'
0

,TO CTPYKTYPHbiJII nepeXOA rlOAaB!lfleT OTt-te4eHHOe BbiWe 
nOBbiWeH:--le T 0 /cH. pHc_:l/. HanpV1Mep, np111 w

0
=200 K ~~ ll=wn/3, 

..\ph"'0,3 nonyLtaeM T 0 ~ 3,3 K 1-1 T
0
/T

0
°=2,8,ecm1 '1' 0=67 K, a AJ1R 

T 3 = 11 K 1-1 'l' 
0 

=17 I{ nonyL!aeM T /'l'co=-=14,5. Ha1-16onee cv.nbHOe 
nOBbiWeHV.e '1' 0 npOI-1 CXOA!.1T rtpl-1 OnpeAeiiCHtiOM COOTHOWeHJ.111 4aCTOTbl 
KBa3V1nOKanbHbiX B035YlKAeHvtA CtJ s K xapaKTepHOi1 $OHOHHOI-1 4aCTOTbl 

w 0 /eM. pHc.2/. Ta~:HM o5pa3oM, nposeAeHHble B HaCTOFII.l\ei1 pa6oTe 
paclleTbl noKa3biBaiOT, liTo Hav.5onee 6naronpJ.1P.THble ycnoBVlfl nosblwe-
Hiii.R T peani-13YIOTCR B CBepxnpOBO.QHV1 KaX, o6naAaiOU(V1X noKan bHO-

c~ 
HeycTm1llt-1BbiMl-1 CTPYKTypHbiMVI KOH<!JI-1 rypa~~1HM'1, npl-1 YC!lOBI-11-1, 4TO 

CTPYKTYPHbli1 nepexo,q B peweTKC He npa>1CXOJ.II-1T J.IO B03Hl1KHOBeH!-1R 
CBepxnpoBOAV1MOCTV1, 3Tt.1 pe3)'IIbTaTbl HaXOAHTCP. B cornaCI-111 C Ka-
4eCTBeHHbiMV1 O~eHKaMH, npJ.1BBJ.1eHHWMH ~ pa60TB /5/ 
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