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1, BB8.ll8HH8 

11CCJl8.llOBamuo H30TOnH•-IecKoro 3cp<peKTa ( 113) B HOBblX OKCH.llHblX CBep

xnpoBO.llHHKax TIOCBSIII{eHO 6oJiblllOe KOJIH'!eCTBO pa6oT ( CM, 063op [ 1]). 

.. ' 
3Ha'!eHHe 113 B Bb!COKOTeMnepaTypHblX cBepxnpOBO.llHHKaX (BTCn) CHJlbHO 

3aBHCHT OT KOHUeHTpaUHH npHMeceH nonHpyIDII{HX 3JieMeHTOB, B03pacTaSI 

il 
no Mepe ynaneHHSI OT HX onTHMaJibHhlX 3Ha'!eHHH, o6ecne'!HBaIDII{HX MaKCH-

MaJibHO BblCOKHe Tc. npH 3TOM <flaKTOp _113 MOJKeT B03pacTaTh .llO aJ!OMaJib

HO Bb!COKHX 3Ha'!eHHH, npeBbllllaIDII{HX O. 5, '!TO He06'bSICHHMO B paMKax Te

opHH EKIII, 

TaKoe aHoMaJibHOe noBe)leHHe H30TOnH'!eCKOro 3<P<PeKTa no KHCJIOpO.llY 

B BblCOKOTeMnepaTypHblX CBepxnpoBO.llHHKax npencTaBJISieT 3Ha'!HTeJihHhlH 

HHTepec .llJISI noHHMaHHSI MHKpocKonH'!ecKoro MeXaHH3Ma CBepxnpoBO.llHMOC-
. 11-, 

TH, T,K. no3BOJISieT rny6JKe noHS!Tb pOJib .llHHaMHKH perneTKH B 3TOM Me

xaHH3Me. npe)lJIOJKeHO HeCKOJibKO 06'bSICHeHHH aHOMaJibHOro noBe)leHHSI 113 

B paMKax pa3JIH'!HblX MexaHH3MOB BblCOKOTeMnepaTypHOH CBepxnpoBO.llHMOC-

TH [ 1], 

B paMKaX aHrapMOHH'!eCKOH MO)leJIH .llJISI BTCn, npe)lJIOJKeHHOH 

H. M. nnaKH.llOH C COTPY.llHHKaMH [ 2] , y )laeTCSI o6'bSICHHTb He TO Jib KO 

3Ha'!eHHSI ex>½, HO H pe3KHH CKa'!OK 113, Ha6JIID)laeMhlH B coe:ztHHeHHSIX 

Laa-xMxCu0
4 

(M=Ba, Sr) Ha rpaHHUe CTPYKTypHoro ,,<Pa3oBoro nepexona 

[ 3, 4] • 0)lHaKO · Bbl'!HCJieHHSI BOcnpHHM'!HBO~TH .llJISI . .llHHaMHKH 

perneTKH npoBO.llHJIHCb B 3THX pa6oTaX B npH6JIHJKeHHH cpenHero noJISI, 

'!TO He no3B0JISIJIO HCCJie)lOBa~b o6JiaCTb KpHTH~eCKHX <flJIYKTyaUHH B 

OKpeCTHOCTH TeMnepaTypbl CCl>Il. 

B 3TOH pa6oTe paccMaTpHBaeTC.A 3JieKTpOH-<flOHOHHa.A CHCTeMa C TO'!HO 

pernaeMOH perneTO'!HOH qacTbID, AcHMnTOTH'!eCKH- ,TO'!Ha.A pewaEJMOCTb 

MO)leJIH CCl>Il, H3y4eHHOH B [ 5 ,6], no3BOJI.AeT HCCJie.lloBaTb BJIHSIHHe CCl>Il 

Ha 113 B o6JiaCTH KpHTH'!eCKHX <flJIYKTyaUHH .llJI.A CCl>Il. OTMeTHM, '!TO TaKoe 



HccnenoaaHHe, rrpoaeneHHoe aBTOPOM ( COBMeCTHO C H. M. IlJiaKHnoH) B 

pa6oTe [ 7] , He COBCeM TO"¾HO Y"¾HTblBaeT BJIH.HHHe KpHTH"¾eCKHX 

¢JIYKTya~HH Ha H9. 

IlpH pac_"¾eTax Mbl C"¾HTaeM, "¾TO C<l>Il o6ycJIOBJieH aHrapMOHH"¾eCKHM 

HOH-HOHHHblM IIOTeHUHaJioM, H 1103TOMY Mb! rrpeHe6peraeM BJIH.HHHeM 3JieK

TpOHOB Ha nHHaMHKY perneTKH. IlpH 3THX YCJIOBH.HX B paMKax CTaHnapTHOH 

TeopHH 3JIHarn6epra rronyqaeTc.H o6mHH pe3yJibTaT: H9 npu coonaaettuu 
. . ., . ~ . 

xpumu'!ecxux meALnepamyp cmpyxmypttozo u coepxnpoooaswiezo nepexoaoo 

orrpeneJI.HeTC.H KpHTH"¾eCKHM HHneKCOM 7 ( :( -l ( q=q , w=O) ~1?, :( - CTaTH-
' ' 1 ' 

qecKa.H ¢0HOHHa.H BOCIIpHHM"¾HBOCTb, ql - BeKTOp BeKTOp o6paTHOH perne

T-T 
TKH nn.H ,M.Hr,KOH MOnbI KOJie6aHHH, -r=-r - rrpHaeneHHa.H. TeMrrepaTypa). 

0 

, alnT 
' 0 

EcJIH r<1, To ¢aKTop H3 a=c, rne c=-alnM - ¢aKTop H3 nn.H TeMrrepa-

TYPbl C<l>Il. B CJiyqae r>1 a=½ (eCJIH IIOCTO.HHHa.H KYJIOHOBCKoro B3aHMO-
,' ~ * ·, ' 

neHCTBH.H µ =O) • 

B pa3nene 2 rrpHBOnHTC.H raMHJ!bTOHHaH 3JieKTpOH-¢0HOHHOH CHCTeMbl H 

a1,1pall(eHHe nn.H TeMrrepaTypbI caepxrrpoaon.Hmero rrepexona a paMKax Teo

PHH 3JIHarn6epra, o6o6meHHOH Ha cnyqaH aHrapMOHH"¾eCKHX KOJie6aHHH pe-

iueTKH. 3necb ll(e paccMaTpHBaeTC.H BKJian M.Hr"KOH Monbl KOJI'e6aHHH B 'rroc

TO.HHHYJO· 3JleKTpOH-¢0HOHHOH CB.H3H A. Pa3neJI 3 IIOCB.HmeH HCCJienoaaHHJO 

CBOHCTB perneTKH rrpH CTpyKTYPHOM rrepexone H Bbl"¾HCJieHHJO ee BOCIIpHHM

"¾HBOCTH, Heo6xonHMOH nn.H pac"¾eTa IIOCTO.HHHOH 3JleK:POH-¢0HOHHOro 

B3aHMoneHCTBH.H. B qeTBepTOM pa3nene Bbl'IHCJisieTC.H H30TOIIH"¾eCKHH 3¢

¢eKT nn.H.HcxonHoH MonenH, a TaKll(e BJIH.HHHe c<1>n Ha H9 a o6nacTH KpH

TH"¾eCKHX ~JIYKTyaUHH .B 3aBHCHMOCTH OT 7. 

2. raMHJibTOHHaH MonenH. TeMnepaTypa caepxnpoaonsimero nepexona 

PaCCMOTpHM 3JieKTpC>H-¢0HOHHyIO CHCTeMy C JIHHeHHbIM 3JieKTpOH-

¢0HOHHhiM B3am.ioneflcTBHeM/ OIIHCbIBaeMyJO raMHJ!bTOHHllHOM' 

H = \ c a• a L p per per 

pCJ' 

+ \ v(q)a• a O + H L pCJ' p-qCJ' q I 

qpCJ' 

3necb c -3JieKTpOHHblH ,q,epMH-:llrn,W(OCTHbIH crreKTp, v( q) iqV( q) , rne 
p ' ~ 

" V( q)-MaTpH"¾HbIH 3JieMeHT 3KpaHHpOB/3.HHOro 3JieKTpOH-¢0HOHHOro B3aHMO-

neHCTBH.H, 0 -
q 

M-Macca HOHa, HOpMaJibHaSI ¢0HOHHa.H rrepeMeHHa.H, 

H
1
-:::iHeprH.H Kone6aHHH perneTKH, KoTopa.H 6yneT paccMoTpeHa a cnenyro-

meM pa3nene. 

IlpH OIIHCaHHH 3JieKTpOHHOH qacTH raMHJ!bTOHHaHa Mb! He paccMaTpHBa

eM rrp.HMOro KYJIOHOBCKoro B3aHMoneHCTBH.H Mell(ny 3JieKTpoHaMH, IIOJiara.H, 

"¾TO OHO MQll(eT 6b!Tb yqTeHO CTaHnapTHblMH MeTonaMH [ 8]. c _IIOMOillbJO ne-. 

peHOpMHP,OBKH IIOCTO.HHHOH
0

3JieKTpOH-¢0HOHHOro B3aHMoneHCTBH.H ;\. Ha ae-

* JIH'IHHY µ • 

B rrpH6JIHll(eHHH, MHrnana-3JIHarn6epra, 

11pOH3B0JlbHblX KOJie6aHHH perneTKH (CM. 

o6o6mennoM Ha cnyqafl 

[ 9]). nn.H IlOCTO.HHHOH 

3JieKTpOH-¢0HOHHoro B3aHMoneHCTBH.H ;\., orrpenen.HromeH TeMnepaTypy 

caepxrrpoaon.Hmero rrepexona a cHcTeMe, rronyqaeM o6bl"¾Hoe Bblpall(eHHe: 

+00 

;\,= Jdw a
2
~(w) (1) 

-00 

rne 

a2F(w)=Nto) Jd2p Jd2p, [-!.rm«O IO » '] l~(·p-p';·;2. 
U U 1 1[ q -q W+IC 

p p . 

sf sf' 

3necb N( O) - IIJIOTHOCTb 3JieKTpO~HHbIX . COCTO_.HHHH Ha noaepXHOCTH 

<l>epMH sf, 

<1>epMH sf, 

u =IV c I - rpynnoaa.H cKopocTb :::ineKTpOHOB Ha noaepxHOCTH 
p p p 

aaeneHa ¢YHKUH.H <<O IO >> .. =-:i: (w), 
· q -q W+IC · q · 

.HBJI.Hroma.Hc.H ¢ypbe-

o6pa30M apeMeHHOH 3a11a3nwaaromefl ¢YHKUH.H rpHHa [10] H C TQqHQCTbJO 

no 3HaKa coarranaroma.H, C KOMilJieKCHOH ¢0HOHHOH BOCilpHHM"¾HBOCTbJO. 
' - ' . ' 

BOCITOJ!b30BaBlliHCb nHcnepCHOHHblMH COOTHOllieHH.HMH nJI.H ¢YHKUHH rpHHa 

[10], nocne HHTerpHpoaaHH.H no qacToTe a (1) nonyqaeM. 

·2 3 

~ • ~ t- ,,., -~ ,, " 



I 
J 

r.ne q=p-p', 

WeTKl1. 

;\.=''1 ·Jd2p Jd2p' !V(q)qj\ (0) 
N{o) V V, M q 

p p 

(2) 

sf sf, 

~ (O)=-<<Q 10 >> -CTaT11qecKaR Bocnp1111Mq11BOCTb pe-
q q ~q O+ IC 

B CRyqae 1130TpOnHOH noBepxHOCTl1 <I>epM11 )(RR oueHKl1 noCTORHHOH (2) 

MOlKHO 11CnORb30BaTb np116R11JKeH11e MaK-Ml1RRaHa [ 11], corRacHo 

. KOTOpOMY 

,_N(O)J2 ! ' (O) 
1\---M-.- N l. ~q ' (3) 

q 

r.ne J 2
-ycpe.nHeHHhlH no nciaepxttocT11 <I>epM11 KBa.npaT a6coRIDTHoro 3Ha4e-

mm MaTp11qHoro ·::rneMeHTa ::rneKTp.oH-!pOHOHHOro B3al1MO.l(eHCTBl1R 

!V(q)qj
2

, a cyMMl1pOBaH11e no q npOH3B0.l(HTCR no 30He Ep11RRID3Ha. 

' Heo6XO.l(HMO O.TMeTHTb, O.l(HaKo, q-ro nepexo.n OT BbipalKeHl1R ( 2) K ( 3) 

np11B0.1(11T K H3MeHeHHID pa3MepHOCTH HHTerpHpOBaH11g: OT qeThlpexMepHoro 

B ··(2) K. TpexMepHOMY B (3). IlOCKORbKY Mb! HHTepecyeMCR .BKRa.l(OM MRr

KOH MO.l(hl KORe6aHHH B noCTORHHYID ;\.; Ha 3TOM Heo6XO.l(HMO OCTaHOBHTbCR 

60Ree no.npo6Ho. 

HaRHqHe MRrKHX onTHqecKl1X MO.I( KORe6aHHH c BORHOBbIM BeKTOpOM qt 

a !pOHOHHOM cneKTpe np11B0.1(11T a o6meM CRyqae K CRe.nyIDmeMy BH.l(Y CTa

THqecKOH aocnpHHMqHBOCTH B OKpeCTHOCTH qt (CM., HanpHMep, [12]): 

( O)- 1 
~ - 2 2 2 ' 

q Qo +c ( q-qt) 
(4) 

2 
r.ne Qo - 3aBHCRmaR OT TeMnepaTypbl meRb B !pOHOHHOM cneKTpe, KOTOpaR 

o6pamaeTCR B HYRb npH TeMnepaType C<I>II. 

~ B o6meM cRyqae npH q ,'Q MaTp11qHbIH 3ReMeHT IV( q ) q I io, no3TOMY 
t t 1 

)(RR BKRa.na MRrKOH MO.l(bl B A noRyqaeM 

l:,;\.~Jd2 d2 , .. 1 
p p 2 2 2 

; · Qo+c (p-p'-qt) 

r.ne HHTerpHpOBaH11e npoBO.l(HTCR B OKpeCTHOCTH q. . . •, t 

4 

. 
I 

Pa3MepHOCTb yqaCTKa 11HTerpHpOBaHHR qt=p-p', Boo6me·roBOpR, O.l(HO

MepHa, T. K. .l(ByMepHble noaepXHOCTH <I>epMH, C.l{BHHYTble Ha BeR11q11Hy ql, 

nepeceKaIDTCR B.l{ORb 0.l{HOMepHOH Kpl1BOH. IIepexo.nR K HOBhlM nepeMeHHhlM 

11HTerpHpoaamrn, B.l(ORb 3TOH Kp11BOH (pl) H nepneH.l{l1KYRRpHO K HeH 

(ptr), noRy4aeM. 

l::.;\.~Jdp d3p ___ 1 ____ _ 
1 tr Q2+c2(p-p'-q )2 

0 t 

~ Jdp d
3
p I tr 

1 

n2+c' 2p2 
0 tr 

J 3 2 2 
~ d ptr Q2+c' ptr 

0 • 

1 

TaKHM o_6pa30M, ycpe.nHeH11e no_ .TpexMepHOH 30He EpHRRID3Ha ( 3) np11-

BO.l(l1T, KaqecTBeHHO, K T.eM JKe pe3yRbTaTaM, 4TO 11 .l(BOHHOe ycpe.n11e1111e 

no noaepx11ocT11 <I>epM11 (2). 

ECRl1 C411TaTb BbipaJKeH11e )(RR BOcnp11HMqHBOCTH ( 4) Bep!lblM He _TORbKO 

B OKpeCTHOc;:TH ql' 110 H BO BCeH 30He Ep11RRID3Ha (.ne6aeBCKOe npH6R11_

JKe1111e), To. nocRe no.ncTaHOBKH era B (3) noRy4a~M 

( 

Q w 
. 0 0 

A = \ 1-.,arctg0 ) ; 
0 0 

(5) 

2 

r.ne A =3N(O)J - 3Ha4eHHe noCTORHHOH 3ReKTpOH-!pOHOHHOH CBR3H npH 
o Mw2 

0 

Q =O H w =cq - .ne6aeBCKHH pa.n11yc. 
0 0 0 

cymeCTBeHHO, 4TO. B~paJKeHHe )(RR A (5) AUNeilNO no Qo B nepBOM no-

pR.l(Ke no no. 3TOT 3cpcpeKT BKRa.l{a MRrKOH MO.l(hl B noCTORHHYID 3ReKTpOH

!pOHOIIIIOH CBR3H RBRReTCR CRe.l(CTBHeM·TpexMepHOCTl1 HHTerp11poaa1111R B 

BblpaJK'eHl111 '( 3) 11 11MeeT MeCTO B o6meM CRy4ae ;· He3aBl1Cl1MO OT BbI6opa 

KOHKpeTHOH MO.l(eR11 C<I>II. 

.l\RR Toro ·4T06bi npaBl1RbHO yqecTb, BKRa.l{ .MRrKOH MO.l(bl KORe6aHl1H B 

BbipaJKeH11e )(RR TeMnepaTypbI caepxnpoao.nRmero nepexo.na, aocnoRb3yeMCR 

CTpOr11Ml1 pe3YRbTaTaMl1. KaK MOlKHO noKa3aTb, T04HOe pemeH11e )(RR T 
C 

113 Rl1Helip1130BaHHbIX ypaBHeHl1H 3Rl1arn6epra 11MeeT B11.l{ [ 13]: 

5 



Tc=a.o((>.<w2>)½[1 + 
1 <w

4 > 
a. --- --- + 

1>.<w2> <w2> 

+ 
1 <w> <w> 

( 
6 [ 4 )

2 

]] a.--+a. -- + 
(>.<w2>)2 21<w2> 22 <w2> · 

(6) 

+00 

r)le <g(w)>=} dw g(w)a. ~(w) - cpe)lttee no pacnpeJleJieHHID a. ~(w), npH J 
2 ' 2 

-00 

3TOM BeJIH<rnHa, o6paTHa.H nocTomrnoft 3JieKTpOH-cflOHOHHOH CB.H3H ( 1), 

HrpaeT pOJib HOpMHpOBO'-iHOro MHOmHTeJI.H. 

Ko3cpcpHUHeHTbl a. 3aBHC.HT TOJlbKO OT 3cpcpeKTHBHOH nocTO.HHHOH 

KYJIOHOBCKOro B3aHMO)leHCTBH.H µ*, HO He OT cpopMbl cneKTpa a.
2
F(w); IlpH 

3TOM pa3JiomeHHe ( 6) CXOJlHTC.H no A npH >.?:A, r)le A - 'HeKOTopa.H 

nOCTO.HHHa.H, 3aBHC.Hllla.H OT cpopMbl cneKTpa H JlJI.H MeTaJIJIH'-ieCKHX 

caepxnpoBOJlHHKOB o6bI'-iHO. JiellCallla.H s npenenax 1 <A<3. KaK MOmHO CTporo 

noKa3aTb, 3TO BbipameHHe B npHHUHne MOmeT. 6bITb aHaJIHTH'-ieCKH 

npononmeHO B o6JiaCTb MaJiblX A, XOT.H Ha npaKTHKe 3TO JlOBOJibHO TPYJlHO 

ocymecTBHTb. 

nn.H H3y'-ieHH.H 113 (CM. HHme pa3)leJI 4) samHO Bbl.HCHHTb, KaKyID MHHH

MaJibHYID cTeneHb pa3nomeHH.H no n
0 

npH M~JibIX n
0 

conepmHT npasa.H 

'-iaCTb paaeHCTBa ( 6) • HeCMOTp.H Ha TO, '-ITO BbipameHHe .i;tJI.H >. ( 5) JIH

HeHHO no n
0

, pa3JIOmeHHe Tc no n
0 

KOaapamUttHO npH MaJiblX n0. 

,nefiCTBHTeJibHO, KaK nerKO BH)leTb, >. BXOJlHT s BbipameHHe (6). TOJib

KO B KOM6HHaUHH C MHOmHTeJieM <w
2
>, a B BblpameHHe JlJI.H OTHOIIJeHH.H MO-

<w2"> . . ,. . 
MeHTOB --2- noCTO.HHHa.H A soo6me He BXOJlHT. IlpH 3TOM_ ,,JlJI.H cpe)lHHX 

<w > 
3Ha'-iel!HH ( Kaic noKa3aHO BbIIIJe Ha npHMepe A) MOmeT 6bITb HCnOJib30BaHO 

npH6nH;eHHe MaK-MHJIJiaHa: 
+00 

<g(w)>=! dw g(w)a. F(w) 1 N(O)J ! __ q_ 

J 
2 2 I g(n ) 

>,. w >,. M N n2 
-00 q q 

6 

) 

r )le n q -nepettopMHpoaaHHblH cflOHOHHbIH cneKTp. 

H 

OTCID)la HaXO)lHM, HCnOJib3Y.H npH6JIHmeHHe ne6a.H: 

2 
>.<w2>=N(O)J , 

M 

"'o 
2n I 2 2) n-1 ~= ~ dw, (n

0 
+w • 

2 3 
<w > "' . 

0 0 

rrocnenttee BbipameHHe KBanpaTH'-iHO no n
0 

npH MaJiblX n0 npH n?:2, '-ITO · 

noKa3bIBaeT Hallie yTsepmneHHe. 

. IIOCKORbKY .HBHoro TO'-iHOro BbipameHH.H JlJI.H TeMnepaTypb! caepxnposo

Jl.Hlllero nepexona He cyme_cTayeT, MbI 6yneM HcnoJib3oBaTb npennomeHHOe 

P.KoM6ecKOTOM Ol{eHb yna'-IHOe annpoKCHMHpyromee Bb!pameHHe JlJI.H Tc, KO-

Topoe o6nanaeT OTMe'-ieHHOH Bblllle Ka'-ieCTBeHHOH oco6eHHOCTbID H naeT 

OTKJIOHe1fae' ·OT TO'-iHOro 3Ha'-ieHH.H B npenenax 1% TO'-IHOCTH npH µ*=o 

[ 14]: 
+00 

1= Jctw a.

2

~(w)ln[1 + (a;J

2

]. 
(7) 

0 

rne a=3.9. 

B npH6JIHme~HH MaK-MHJIJiaHa ypaBHeHHe Ha T , c'1'> npHHHMaeT BH)l: 
C 

1= ! N(O)J2 ! \ _1_ 1n[1 + (~)2]·· 
2 M. N L n2 aTc 

q q 

(8) 

Ta_KHM ~6pa30M, JlJI.H )laJibHeHIIJero HCCJie)lOBaHH.H Heo6XOJlHMO nony'-iHTb 

KOHKpeTHOe , BbipameHHe KBa3HcflOHOHHOrO cneKTpa_ ? q B paMKaX TO'-IHO pe

IIJaeMOH MO)leJIH c~rr. 

3, CTpyKTypHblH ~a30BblH nepexo~ ~ pemeTKe. 

PaCCMOTpHM MO)leJib c~rr. onHCblBaeMyID pellleTO'-iHbIM raMHJibTOHHaHOM 

[ 16]: 

HI= L ~Mp:+ U({Xl}), ( 9) 

7 



rne U({Xl}) - noTeHuHaRbHaH 3HeprHH HOHOB pemeTKH: 

\ 1 2 1 \ , 2 B 1 [. 2) 
2 

u({x1})= L-2Ax1 + 4 L <l>(l-1 )(X1-x1,> + 4 N x1 

1 11
1 

(10) 

3necb xi H Pl- COOTBeTCTBeHHO noKanbHble HOpManbHble KOopnHHaTa (JIHK) 

H HMnynbc nnH MHrKOH !pOHOHHOH MOnbI Kone6aHHH B 1-OH npHMHTHBHOH 

Hqe11Ke, A>O - napaMeTp, onpenenHIDmHH qacTOTY HeycToHqHBOH B rapMO-

. 2 A 
HHqecKOM npH6nH~eHHH MOnbl Kone6aHHH vo=-H· B - noCTOHHHaH, onpene-

RHIDmaH HHTeHCHBHOCTb aHrapMOHHqecKoro B3aHMoneHCTBHH, M -31fXPeKTHB

HaH Macca, nponopuHoHanbHaH Macce aToMa, <l>( 1-11 )-aTOMHaH: cHnoaaH 

MaTpHua BToporo nopHnKa. ,. 
Cpa3y OTMeTHM, •qTo B 3TOH MonenH MHrKaH Mona HaxonHTCH:B. ueHTpe 

3OHbl BpHRRID3Ha (q=O)' onHaKO C noMombID BbI6opa noCTOHHHblX ,rapMOHH

qecKoro B3aHMoneHCTBHH A H <l>(l-1') Mb( Bcerna MO~eM ,i:t06HTb~.SI Toro, 

qTo6bI MHrKaH Mona ne~ana Ha rpaHHUe 3OHbl BpHRRID3Ha ( qctO) . 

qecKH 3Ta npouenypa eCTb. npocTO cnBHr !pOHOHHbIX qacTOT 

<llaKTH-

➔ 
B q-

npocTpaHCTBe Ha BenHqHHY ql 

CTBa CHCTeMbl OHa He BRHHeT. 

H Ha paccMaTpHBaeMbie !pH3HqecKHe CBOH

IIO3TOMY Mb( 6yneM HCnORb3OBaTb 3TY MO-

nenb C<llII, nonpa3yMeBa.SI, qTo nonyqeHHbie pe3ynbTaTbI cnpaaennHBbI
1 

nnH 

MHrKOH Monbl, ne~ame11_ Ha rpaHHUe 3OHbl BpHRRID3Ha. 

.l(RH Bb(qHcneHHH cneKTpa KB33H!pOHOHHbIX, B036y~neHHH Q BOCnORb3y-
. q 

eMCH MeTonoM caMocornacoBaHHbIX !pOHOHOB [ 15]. B COOTBeTCTBHH C 3THM 

MeTonoM Bb(qHcnHeM cpenHee 3HaqeHHe noTeHUHaRbHOH 3HeprHH no annpo

KCHMHpyIDmeMy raMHRbTOHHany C nceanorapMOHHqecKHM B3aHMoneHCTBHeM, 

npencTaBRHH noKaRbHYID HOpManbHYID KOopnHHaTy B BHne 

X1=x 1+<X 1>=x1+c, ( 11) 

'• I ,, 

rne x 1 - onepaTop cMemeHHH JIHK H3 nono~eHHH paBHOBecHH,' a cpenHee 

3HaqeHHe JIHK <Xl>=c He 3aBHCHT OT 1, ecnH BORHOBOH BeKTOp nn.SI MHr

KOH MOnhl paBeH HYRID. 

8 

rroncTaBnHH onepaTop (11) B Bhlpa~eHHe (10) H npoaonH ycpenueHHe 

no nceanorapMOHHqecKoMy raMHRbTOHHaHy, nonyqaeM nnH cpenuero 3Ha

qeHHH noTeHUHanbHOH 3HeprHH pemeTKH: 

<U>=} L (<l>(O)-A+Bc
2
)<xlxl,>811' + L c-}<l>c1-1')+

8
~

2
)<xlxl,> + 

11
1 

11' 

B1 
+ 4N 

2 • 

[ 
2 ) B1 \ . 2 ( A 2 B 4) 

<xi> + 2N L <x1x1,> +N -~ +~ ' 

11
1 

(12) 

,'.) 

rne o6o3HaqeHo <l>(O)=<l>(q=O)=L<l>(l). IIpH Bb1qHcneHHH cpenHHX OT cnara-

eMbIX qeTBepTOH CT.eneHH Mb( BOCnORb3OBanHCb TeopeMOH BHKa. 

CHROBYID ·MaTpHUY nceanorapMOHHqecKoro B3aHMoneHCTBHH HaxonHM 

cTaHnapTHbIM cnoco6oM: 

~(1-1' )= 2 8<U> 

8<X X ,> 
I I 

(<l>(O)-A+B(c
2
+<x

2
>))8 , - <l>(l-1') + 

I · II 

+ 2--}(c
2
+<x1x 1,>). (13) 

YqHTbIBaH, qTo B CTaTHCTHqecKOM npenene 

cnaraeMoe acHMnTOTHqecKH paBHO HYRID, a 

. N ' 
N➔+oo H v=const nocnenHee 

<x:>=<x2 > He 3aBHCHT B 

CHny TpaHCRHUHOHHOH HHBapHaHTHOCTH OT HOMepa HqeHKH 1, nonyqaeM 

~(1-l')=(<l>(O)-A+B(c
2
+<x2>))8 , -<l>(l-1'). 

I II 

OTcIDna HaxonHM cneKTp KBa3HrapMOHHqecKHX B036y~neHHH: 

i = ~(q) =-!! + <l>(O)-<l>(q) + ~(c2+<x2;)<><Q2 + c2q2 
q M M M M o ,' 

rne <l>(q)=L<l>(l)e- 1 q1 H 

2 2 A B 2 2 
n0 = nq(q=O)=-H + H(c +<x >) 

- KBanpaT MHrKOH MOnhl Kone6aHHH. 

(14) 

(15) 

rrapaMeTp nopHnKa C "onpeneirneTCH H3 ycnOBHH MHHHMyMa CB06onHOH 

3HeprHH. rrpeHe6peraH acHMnTOTHqecKH ManbIMH qneHaMH, nonyqaeM 

9 



aFapp =a<U> -Ne (B(·c2+<x2> )-A) =O. 
ac ac 

2 app 

Hcnonh3YR ycnOBHe ycTOH'IHBOCTH ~ 
a 2 c 

c=O, npH <x2> > ~ 

A 2 2 A c=s -<x >, npH <x > < B 

a
2

<U> > o, HaxonHM 
a2 c 

(16) 

TaKHM o6pa30M, ycnoBHe <x2 >=~ onpenenReT TeMnepaTypy Cct>IT T
0

, 

HH~e KOTOpOH cpenHee 3Ha'lJeHHe RHK OTnH'IHO OT HynR. 

H3 ypaBHeHHH (15)'H (16) nonyqaeM caMocornacoBaHHOe ypaBHe

Hmt- nnR MRrKOH Mon1,1 B BblCOKOCHMMeTpH'IHOH ¢a3e ( c=O) , -Y'IHTbIBaR, 'ITO 

<x2>=-M1 '<Q Q > L. -q q 

q 

2 A 
11o+H 

Q 
~,!_\~th~ 
M2 NL 211

q 2T 
q 

,;, 

(17) 

ITpH TeMnepaType Cct>IT To MRrKaR Mona ( 15), , KOTopaR eCTb menb B 

<lJOHOHHOM cneKTpe Kone6aHHH pemeTKH, o6pamaeTcR B Hynb H B 

HH3KOCHMMeTpH'IHOH qia3e (c;tcO) IlpH Bcex T<T OCTaeTCR paBHOH 0 3a ,, 0 

C'IeT OTnH'IHOro OT HynR •. C?PenHerp 3Ha'lJeHHR CMemeHHR HOHOB, 'ITO 

RBnReTcR aHoManbHblM CBOHCTBOM paccMaTpHBaeMOH MonenH Cct>IT, 

B03HHKaIDmHM 3a c'IeT acHMilTOTH'IecKoH ManocTH nocnenHero cnaraeMoro 

B Bblpa~eH11H ( 13). 

CTaTH'IeCKaR BocnpHHM'IHBOCTb CBR3aHa co cneKTpOM nepeHOPM,HpOBaH

HhlX <lJOHOHHblX B036y~neHHH CTaHnapTHblM COOTHOllleHHeM 

~ (w=O)=-<<Q IQ >> = 
q q -q W=O 

1 
Q2 

q 

1 
"' 2 

112+c2q 
0 

rne nocnenHee paaeHCTBO cnpaBennttao B ne6aeBcKoM nptt6ntt~eHHH, 

KaK MO~HO IlOKa3aTb 6onee CTporo, nonyqeHHOe pemeHHe RBnReTCR 

aCHMilTOTH'Ie~_KH TO'.IHhlM n_nR paCCMaTpHBaeMOH: MonenH [ 5, 6]. 

ITOCKOnbKY ypaBHeHHe (17) He pemaeTCR aHanHTH'IeCKH BO, BCeH o6na-

10 

1 
/ 

:, 

.i 
IJ 

CTH TeMnepaTyp, pacCMOTpHM ero B BhlCOKOTeMnepaTypHOM H HH3KOTeMne

paTypHOM npenenax. 

B nepBOM cnyqae 
w 
~<1 T (3necb w =cq = ~ o o v T -'lJaCTOTa Jle6aR, 

qo-ne6aeBCKHH panHYC) ypaBHeHHe (17) 3anHChlBaeTCR B cnenyIDmeM 

BHne: 

2 T \ 
MQO+A=BN L 

q 

1 

MQ2 +i:>( O) ,-,:,( q) 
0 

H3 ( 18) nonyqaeM 3Ha'IeHHe KpHTH'IeCKOH TeMnepaTyp1,1 Cct>IT: 

'Aw 2 M 
0 

T = --
o 3B ,, 

(18) 

(19) 

H B HaH6onee HHTepeCHOM nnR Hae cnyqae HH3KHX TeMnepaTyp 

0 0 ' w ( w )' , , : ,, ' 
rexp -T «1 nonyqaeM B ne6aeBCKOM npH6nH~eHHH npH y'IeTe qneHOB 

nopRnKa He Bblllle n2
: 

0 

W 2 
1 0 2 It 2 2 

(g+2lnT)Qo+1tTl'lo-3(T -To)=O, (20) 

2M2 
2 rne g=~
0 

H KBanpaT TeMnepaTyp1,1 Cct>IT 

' 'W 

T2 =~(2~Mw -~). 
O,lt·, B o 2 _ 

(21) 

PemaR. KBanpaTHoe ypaBHeHHe (20), nonyqaeM RBHO,~ _ a1,1pa~emi:e nnR 

menH B <lJOHOHHOM cneKTpe: 
1 

n0 =;! [ (1+j(1-:;) P J 
2-1] (22) 

, 1 WO 
rne o603Ha'IeHo P=g+21n,y-. 

B OKpeCTHOCTH To nnR cTaTH'IeCKOH aocnpHHM'IHBOCTH pemeTKH HMeeM: 

3necb BBeneHa 

HHne~~ 7. 

i , , ,,, , , 
~- (q=O,w~O)=Q2 - T7 

0 T-T 
"6e3pa3MepHaR" 

, 0 -
TeMnepaTypa T=-T- H KpHTH'IeCKHH 

0 

}lnR paccMaTpHBaeMOH MonenH ,B o6nacTH KpHTH'IeCKHX tpnyKTyauHH 
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7=2, Karna 

w T2 -T2 

!(g+~ln~)---0 « 1. 
3 2 T T2 

4. BJIHaHHe KpHTHqecKHX tflJIYKTya~HH Ha H30TOnHqecKHH 3tfl~eKT 

06paTHMCSI K Bbl'iHCJJeHHIO TeMrrepaTypbl CBepxrrposonSIIllero rrepexona, 

BOCOOJJb30BaBIIIHCb llpH 9TOM ( 8) . 11CIIOJJb3YSI ne6aescKoe 1IpH6JJHlKeHHe 

nJJSI tflOHOHHOro CIIeKTpa, 3anHrneM (8) B BHne 

2 1 ;,.-., 
0 Iw:w ~ ln[1 

n2+w2 
0 0 

+n~+w

2

]· 
a2T2 

C 

(23) 

IlOCKOJJbKY 9TOT HHTerpaJJ TO'IHO He 6epeTCSI, orpaHH'iHMCSI B pacqe

TaX pa3JJOlKeHHeM rrpaBOii qac~H . no n~ • TaKHM o6pa'3oM HaxonHM 

rne o6o3HatieHo 

f(y)+ ( ::r g(y)=2(1+!
0
>. 

~o' 
Y=ar 

C 

f(y)=ln(1+y
2
)+~rctg(y), . y 

g(y)=y arctg(y)-ln(1+y
2
). 

(24) 

CooTHorneHHe ( 24) rrpencTaBJJSieT co6of1 ypaBHeHHe Ha TeMrrepaTypy 

Tc, KOTopaR sxonHT B 9TO ypaBHeHHe He TOJJbKO qepe3 BeJJH'iHHY y, HO 

H qepe3 3aBHCSIIllYIO OT TeMrrepaTypbl MSirKyIO Many no, 3°TO . ypasHeHHe 

ll03BOJJSieT 'iHCJJeHHO orrpeneJJHTb Tc rrpH 3anaHHbIX rrapMeTpax perneTKH. 

EyneM IIOJJaraTb, 'ITO CHJJOBaSI IIOCTOSIHHaSI A 3aBHCHT OT KOHneHTpanHH 

rrpHMeCHbIX aTOMOB x, KaK B cJJytiae coenHHeHHH norrHpOBaHHOHrO KyrrpaTa 

JJaHTaHa: A(x)=A (1-4x) (CM. o6cylKneHHe B [16]). IlpH HeKOTOpOM 
. 0 . .. 

3HatieHHH X TeMrrepaTypbl csepxrrposonS111lero H CTPYKTypHoro rrepexonos 

. cosrranaIOT. OKpeCTHOCTb TO'IKH rrepecetieHHSI T (x) H T (x) Ha tfla30BOH 
\,' ,- . 0 C 

T-x nHarpaMMe H 6yneT o6JJaCTbIO KpHTH'ieCKHX tflJJYKTyanHH, IIOCKOJJbKY 

B 9TOH TOtIKe n =O H T nocTHraeT csoero MaKCHMaJJbH□ro 3HatieHHSI 
0 C 

(CM. pHc.i). 3TO BHnHo HerrocpencTBeHHO ~aK H3 fpasHeHHSI (24) (nae-

12 

KOJJbKY g(y)>O, a f(y)~2 - B03pacTaIOil{aSI tflYHKnHSI), TaK H H3 tfJH3°Htiec

KHX coo6palKeHHH (TeMrrepaTypa csepxrrposonsimero rrepexona MaKCHMaJJb

Ha;' Karna perneTOtIHaSI socnpHHM'iHBOCTb MaKCHMaJJbHa). 

PaccMOTpHM H30TOIIHtieCKHH 9qxpeKT. XOTSI ypaBHeHHe (24) pernaeTCSI 

TOJJbKO ·'IHCJJeHHO, TeM He MeHee aHaJJHTH'ieCKOe BbipalKeHHe nJISI H3 MOlKeT 

6bITb •.IIOJJyqeHO c IIOMOil{bIO nHqxpepeHnHposaHHSI era IIO Macce. PaccMaTpH

sasi tfJOHOHHYIO meJJb KaK tflYHKnHIO no =no (Tc, To ( M) , M) , r ne 3aBHCHMOCTb 

OT MaccbI qepe3 TeMrrepaTypy cTpyKTypHoro rrepex·ona BblneJJeHa oco6o, 

IIOJJyqaeM nJJSI qiaKTopa H3: 

a= 

· .!. . k ( an
2 

2 - z M _o 
"'o aM 

an 2 

T _o c) 
0 aT 

2 - 1 

an
2 

1 - ~T --
0 

w 2 caT 
0 C 

0 
(25) 

rne k=g(y)[af 
Y ay -

alnTO 
c=---- -

: alnM 
ag no] H 
ay w2 

H3 nJJSI TeMrrepa Typbl C<l>Il. IlpH 

0 

9TOM y H Tc - perneHHe ypaBHeHHSI (24). 

PaCCMOTpHM H3 s o6JJaCTH KpHTH'ieCKHX tflJIYKTyanHH, rne MOlKHO IIOJJO
T 

lKHTb, n~~,:7, i:=T c -1 - llpHBeneHm3:si TeMrrepaTypa. 
0 

ECJJH 7<1, TO 1IpOH3BOnHbie KBanpaTa MSirKOH M□nb1 IIO TeMrrepaType 

HeorpaHHtieHHO B03pacTaIOT: 

an2 

o_ 7-1ai: 
--,: --
aT aT 

➔ oo H 
an 2 

o_ 7-1ai: 
--,: --
aT aT 

➔ 00 IIPH T➔O (IIpH 9TOM no ➔O), 

C C 0 0 

an
2 

a rrpOH3BOnHaSI IIO Macce --
0 ➔ O rrpH ·,:➔O. Ilo9TOMY IIpH T =T 

aM c o 

o:=-c (T ~) / (T ~) =c, 
0 aT caT 

0 C 

(26) 

T. e. 113 nJJsi TeMrrepaTypbI csepxrrposonsimero rrepexona cosrranaeT c H3 

nJJsi CTPYKTypHoro rrepexona. 3aMeTHM, 'ITO c<O. 

ECJJH 7>1, TO see qacTHbie 1IpOH3BOnHbie OT n 2 CTpeMSITCSI K HYJJIO IIpH 
0 
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Q ➔0, Il03TOMY IlOJIY'-IaeM npH T =T (HailOMHHM, l!TO Mb! IlOJIOlKHJIH µ*=o): 
0 C 0 

1 
a=- I 

2 
(27) 

H, TaKHM o6pa30M, B paccMaTpHaaeMOH TOl!Ke cpa30BOH .l(HarpaMMbl HHKa

KOroamrnHH.SI C<l>Il Ha 113 He oKa3b!BaeT, . 

IloJiyt.1eHHblH pe3yJibTaT .SIBJI.SleTC.SI o6IUHM H He: 3aBHCHT OT Bbl6paHHOH 

MO.l(eJIH )(JI.SI C<l>Il. nJI.SI paccMOTpeHHOH B pa3.l(eJie 3 MO.l(eJIH C KpHTHl!eCKHM 

HH.l(eKCOM r=2 Bb!paJKeHHe )(JI.SI 113 IlOJIY'-1HM, IlO.l(CTaBJI.SI.SI B ( 25) 3Ha'-1eHH.SI 

qacTHblX npOH3B0.l(HbJX OT KBa.l(paTa M.SlrKOH MO.l(bl, Yl!HTblBa.SI, l!TO npH BbJ-

6paHHbJX- IlapaMeTpax MO.l(eJIH (CM. HHJKe) peaJIH3yeTC.SI Ha1160Jiee HHTepec-

w ( w ) HblH cJiyt.1afl HH3KHX TeMnepaTyp ;exp -To «1, HaXO.l(HM 113 BblpaJKeHH.SI 

( 22): 

an2 3 
o 1 n 

M -=(-g}~ 
aM 2 D ' 

an 2 

T _o c =-!(_A __ 2) 2 no * 
oaT 2 A wo D' 

0 
er 

an 2 

0 
T 

caT 
C 

n 0 (4 2 2 2) =-0 -n T -2nn T +n . 
3 C " 0 C 0 

3.l(eCb o6o3Ha'-1eHO D=20 P+nT , H A =~ ~ - 3Hat.1eHHe rapMOHHl!eC-
0 c er 4 w

0 

KOH IlOCTO.SIHOH, KOr.l(a To=O. 

nJI.SI t.1HCJieHHhlX ouenoK np11MeM cJie.l(y10m11e 3Hat.1emrn napaMeTpoa MO.l(e

JIH, KOTOpb!e MOlKHO COilOCTaBHTb C 3KCnepHMeHTaJibHblMH ,l(aHHblMH )(JI.SI )(JI.SI 

KynpaTa JiaHTaHa La Sr cuo [ 16]: 
2-X X 4 

A2 
w

0
=120K, E

0
=48=0.1eV, M=16 a.e.M., N(O)J

2
=1eV/A

2
• 

* ECJIH Bb1palKeH11e )(JI.SI f <O ( npH A<A ) , TO Il0.l(pa3yMeaaeTC.SI, l!TO 
O er · 

an 2 

0 
T 

oaTo 

an 2 

c=--o 
aT2 

0 

2 aT
0 1 _ 

2 alnM 

3.l(eCb Eo - BbJCOTa noTeHUHaJibHoro 6apbepa .l(JIR .llBY.SIMHOro aHrapMOHH

qecKoro IlOTeHUHaJia B He.l(OilHpoaaHHOM KynpaTe JiaHTaHa. npe.l(IlOJiaraeT

C.SI, l!TO OT npHMeCH 3aBHCHT TOJlbKO CHJIOBa.SI IlOCTO.SIHHa.SI A(x). 3Haqe

HHe Ao=A(O} H 8 onpe.l(eJI.SIJOTC.SI H3 '1HCJieHHOro 3Hal!eHH.SI Eo H ypaaHe-

HH.SI (19) npH H3BeCTHOH H3 3KcnepHMeHTa TeMnepaType C<l>Il 

T
0 

( X70) =530K. 

rpa!pHKH 3aBHCHMOCTH Tc, To H tt OT KOHUeHTpaUHH npHMeCH X npHBe-

.l(eHbl Ha pHC. 1 H 2. BH.l(HO, l!TO T .l(OCTHraeT MaKCHMaJibHOrO caoero 
C 

3Hat.1eHH.SI, KOr.l(a Tc=To' a tt npH 3TOM, Hao6opoT, MHHHMaJibHO B 3TOH 

T0'-1Ke cpa30BOH .l(HarpaMMbl. 

40l 

~ 
Tc 

30 

" '.SL 

" f-20 

10 

0~225 0.230 0.235 0.240 0.245 0.250 
X 

PHC.1. <l>a30Ba.SI T-x .l(HarpaMMa )(JI.SI paccMaTpHBaeMOH MO.l(eJIH. BepXH.SI.SI 

KpHBa.SI - TeMnepaTypa CTpyKTypHoro nepexo.l(a~ · 
0

HHlKH.SI.SI - caepxnpOBO.l(.SI

IUero B 3aBHCHMOCTH OT KOHUeHTpaUHH npHMeCH'.X, 

o6cy.l(HM nonyt.1eHHble pe3yJibTaTbl. B paMKaX .l(aHHOH MO.l(eJIH C<l>Il KpH

TH'-1eCKHH HH.l(eKC r=2 H ~JIH.SIHHe KpHTH'-1eCKHX cpnyKTyaUHH He CTOJlb cy

mecTBeHHO, KaK a cnyqae MO.l(eJieH, r.lle r<1. 

OTMeTHM, '1TO B pa6oTax [ 3, 4] _Mbl HCil0Jlb30BaJIH npH pacqeTaX .l(HHa

MHKH peweTKH npH6JIHJKeHHe cpe.l(Hero IlOJI.SI, KOTopoe ,l(aeT KJiaCCH'-1eCKHH 

KpHTHl!eCKHH HH.l(eKC r=1. 3THM o6ycJIOBJieHO OTJIHl!He npHBe.l(eHHblX TaM 

14 15 



0.65~~,.....~~-r-~-r--,--c-r-,-.--r~~-r-~~ 

0.60 

()0.55 

0.501----~ 

0.45 
0.225 0.230 0.235 0.240 0.245 0.250. 

X 

PHC.2. 3aBHCHMOCTb H30TOrrHqecKoro ¢aKTOpa a OT KOHUeHTpaUHH rrpHMe

CH X. 

pe3yJJbTaTOB OT rroJJyqeHHhlX B 3TOH rJJaBe. KaK BHnHo H3 pHC.2, H30TO

rrHqecKHH ¢aKTOp a B03pacTaeT B BbICOKOTeMrrepaTypHOH ¢a3e, rrpeBbilllaSI 

3HaqeHHe ~- 3aMeTHM TaKxe, qTo rro Mepe ynaJJeHHSI OT TeMnepaTypw C0TI 
2 • 

3HaqeHHe MS!rKOH Monw no 6bICTpO pacTeT' H, KaK noKa3b!BaIOT qHcJJeHHbie 

pacqeTbl, CTaHOBHTCSI cpaBHHMblM c ne6aeBCKOH qacTOTOH WO yxe npH 

x2:0.239. 

H (24) 

TipH 3TOM H_apylllaeTCSI cneJJaHHOe npH Bb!Bone COOTHOllleHHH ( 20) 
n 

npennoJJoxeHHe ~<1, TaK qTo nJJSI ieoppeKTHbIX Bl,JqHcJJeHHH B 
w 

0 

3TOH o6JJaCTH KOHUeHTpaUHH_,(qTo He SIBJJSIJJOCb HallleH ueJJbIO) Heo6xonHMO 

HCilOJlb30BaTb npyrHe npH6JJHXeHHSI._ 113 ¢H3HqecKHX coo6paxeHHH CJJeny

eT, qTo no Mepe ynaJJeHHSI OT .. C0TI Ha T-x nHarpaMMe H30TOnHqecKHH ¢a

KTOp 6yneT MenJJeHHO CTpeMHTbCSI K ~ (CM. [3,4]). 
2 

B 3aKJJJOqeHHe OTMeTHM, qTo B 3KcnepHMeHTax HeB03MOXHO CKOJJb yro-

nHo MaJJoe H3MeHeHHe Maccw H30Tona, qTo ¢aKTHqecKH nonpa3yMeBaeTcsi 
.. . , alnTc 

npH pacqeTe H30TOnHqecKoro ¢aKTopa KaK a=-alnM. TipH 3TOM Ha npaK-
. . ' ' . - ·, .· 16 18 

THKe H30TOnHqecKHH ¢aKTOp npH 3aMeHe aTOMOB KHCJJ□pona O➔ 0 pac-

cqHTbIBaeTCSI KaK 

16 

a M 
T (100)-T (160) 

C C 

T (160) 
C 

tiM 

T (100)-T (160) 
_

8 
C C 

T (1 6 0) 
C 

B 3TOM cJJyqae, eCJJH npH H30TOnHqecKOH 3aMeHe rrpHpameHHe 

TeMnepaTyp1,1 cBepxnpoBonsimero nepexona npeBbllllaeT xapaKTepHbIH pa3Mep 
\ . -

o6JJaCTH KpHTHqecKHX ¢JJYKTaUHH, TO ~OOTHOllleHHSI (26) H (27) MoryT H 

He Bb!IlOJJHS!TbCSI. 

ABTop xoTeJJ 61,1 Bbipa3HTb 6JJaronapHoCTb npo¢eccopy ~- M: rrmi.imne 3a 

MHoroqHcJJeHH1,1e o6cyxneHHSI H nonnepxKy. 
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