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1. BBEAEHHE 

nplt1 HCCJ1€,QOBSHJ.1VI 3Il€KTPOCOnpOTVIBil€Hlo'lfl nepeXO,QHbiX M€TSI1IlOB 

Itt l-1X CO€,QI-1H€HVIJ71 06Hapy}KHBS€TCfl \..I€Ilbl~ PfiA OC06eHHOCTe~, KOTO

pbl€ HSXO,QfiTCA B T€CHO~ CBfi3Lo1 CO CJlQ}I{HbiM 81-!,QOM 3SKOHOB ,QVIC:nep

Cit11t1 KeaaH~aCTVI\..1, y4aCTBY~~HX e npo1..1eccax nepeHoca, H c oco6oH 

poilbiO d-aneKTPOHOB ·/1~12(feMnepaTypHoe noee,QeH~t~e 3I1eKTpoconpo

THBileHI-1fl np111 HI-13KI-1X TeMnepaTypax 1-lMeeT 6onee cnmKHbiH xapaKTep, 

"-l€M 3SKOH 5JlOXa-rp10HaH3eHa • .[ln.R H€KOTOpbiX nepeXO,QHbiX M€TSJ1J108, 

e l..laCTHOCHt ,Qllfl ¢leppoMarHHTHbiX, He ecer,Qa YAS€TCR O,QH03HS'-IHO 

yCTSHOBHTb M€XSHit13M paCC€fiHHfl, nplt1BO,Qfi~HH K TOH lt1J11t1 lt1HOH TeM

nepaTypHOII! 3SBYICI-1MOCTI-1 /l~ 5 ,12/. 0T4SCH'I 3TO CBfi3SHO C TeM, 4TO 

8 TeOplt11t1 XapaKTep TeMnepaTypHOH 3SBHCHMOCTH onpe,Qe11A€TCA np~

HATOH MOA€11biD MeTanna ~ T€M~ npH611HmeH~AM~, KOTOp~e Ael1a~TCA 

np~ pacLieTe aneKTpoconpoT~eneHHA f 1 2~ Hanp~Mep, Al1A He$eppm<~ar

HIIITHbiX nepeXOAHbiX MeTaJ1J10B 3aB~CI'IMOCTb 1 2 
06btLIHO CBA3btBaeTCA 

C 6eiif6epOBCKHM paCC€AHio1€M nOLITH CS060,QHblX 3J1€KTPOHOB / 1 -fd . .QnA 

¢leppoMarHio1THblX nepeXOAHbiX MeTaJ1J108 aae~C~MOCTb 1 2 MQ)f{€T 8Q-

3HHKaTb BC11€ACTB~e 3J1€KTPOH-MarHOHHOro 'paCC€AHHA /1,4, 12/. 

BamHbtM MexaH~3MOM pacceAH~A R811fi€TCA 3I1€KTpoH-$oHOHHOe 

B3a~MOA€HCTBHe. no3TOMY 8 nocneAHI-1€ roA~ 60J1b.WOC1 ~HTepec Bbt-

3biBaeT ~CC11€AOBaH~€ KHH€THI..I€CKHX CBOC1CT8 nepeXOAHbiX MeTaJ1J108 

Ill IIIX CO€,QHH€HHC1 Ha OCHOB€ MOA€11111 Xa66ap,Qa 11 31c yLieTOM 3J1€KTPoH

$OHOHHOro B3aHMO,Q€C1CTBHR 114-17 : HeCMOTpA Ha H38€CTHbtiir CXeMaT~3M, 

MOAellb Xa66ap,Qa/13~oasonReT y1..1eCTb OCH08HYID 1..1aCTb 311€KTpoH

aneKTPOHHoro B3aHMOAeC1CT8111A ~ OnHCaTb U.€11btC1 PAA MarHJ.IITHbiX, 

311€KTPJ.IILI€CKJ.IIX H onTJ.III..I€CK~X CBOHCTB nepeXOAHbiX MeTallllOB ~ HX 

COeAHH€HHa::i. 

06bii..IHO ,QllR yLieTa 3J1€KTPOH-$OHOHHOro 83aHMOAeC1CTBY1A 8 MO

A€11~ Xa66ap,Qa HcnonbayeTCA raMHllbTOHHaH ¢lpen111xa /eM.; HanpH

Mep,_ /17/ I. TaKoH noAxOA HMeeT PAA TPYAHOCTeHI 181;e l..laCTHOCTH 

AllA nepeXO,QHbiX M€TaJ1J10B HenerKO O~eHHBaTb MaTpYILIHbtC1 311€M€HT 

311€KTpoH-¢OHOHHOrO B3ai'IMOA€HCTBHR /12/. 

B HacToA~eH pa6oTe A11A ou.eHKH BKJlaAa aneKTpoH-3JleKTPOHHoro 

Ill 3J1€KTpOH-¢OH0HHOrO B3aHMOA€iifCTBHiif B HI'I3KOTeMnepaTYPHOe noee

A€HH€ 311€KTponpOBOAHOCTH Mbl BOCnOJ1b3Y€MCA O,QH030HHOH MO,Q€11bl0 

nepeXOAHOrO M€TaJ1Jla, npeAflO>K€HHOiif 6apHCHLI€M_- na66e-¢1pHA€IIeM1191• 

3Ta MO,Q€11b /6n¢l/ np€,QCTaBJlA€T co6oC1 npAMO€ o6o6~€HHe raMHJlb

TOHHaHa Xa66apAa ,QnA CJlY'-18R KOJle6n~~eiifCA peweTKH. AnA Bbii..IIIIC~ 

II€ HillA 311€KTponpOBOAHOCTI'I_ J.1Cn011b3yeTCA noCJ1€,QOB,8"'f€IIbHbliir M€TOA, 
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pa3BHTbU::i 8 120~ noAXOA 1201 HCXOAHT H3 nep8biX npHHU,HnOB H C8R3aH 
C HCnOflb308aHH€M MeTOAa Hepa8H08€CHOro CTaTHCTH4€CKOro onepa
TOpa /2l,23<npH 3TOM Bbi80ARTCR 06061J\eHHble KHH€Tio14€CKH€ ypaaHe
HHR, COAep~al!\1-1€ 06061!\eHHble lo1HTerpaDbl CTODKH08€HHi1, 3anHCaHHbl€ 
4epea KoppenRU,HOHHble ~yHKU.HH. B 30HHOM npeAene gnR MOAenH 5n~ 
Ha OCHOBe nony4eHHbiX o6o6~eHHbiX KHH€TH4eCKHX ypaSHeHHH YAaeT
CR aanHcaTb 3neKTpoconpoTH8neHI-1e 4epea xapaKTepHble napaMeTpbl 
31l€KTpOH-3JleKTPOHHOrO H 3D€KTPOH-~OHOHHOrO B3aHMOAei1CT8HR ADR 
nepeXOAHOro MeTanna. npH HH3KHX TeMnepaTypax HaHAeHa 3a8HCH
MOCTb 3D€KTpOConpOTH8DeHHR OT TeMnepaTypbl npH y4eTe CA8Hra 
U,€HTpa TR~eCTH K Ae$opMaU,HH n08epXHOCTH $epMH, 

2. 0606mEHH~E KHHETH4ECKHE YPABHEHHR 
MeTOA 8b14HCneHHR aneKTpoconpoTHBneHHR K8aHT080MexaHH4eCKoH 

CHCT€Mbl MHOrHX Ten, KOTOpaR OnHCbl8aeTCR Hepa8HOBeCHbiM CTaTHC
TH4€CKHe oneparopoM /HCO/ p 

8
, COCTOHT 8 C11€AYIOIJ\€M 120•211• 9nepa

TOp p
8 

YAOBner8opReT ypa8H€HHIO A8HmeHHR 

ap. 
-- + i[H

5
, p 

8
] ~-~(p, -p q ), /1/ at 

rAe H
5
=H+HE- n011Hb1H raMHilbTOHltlaH CHCT€Mbl, 8K1lK>4aiOutHH-4o~epa-

• TOp B3aHMOAei1t:TBHR C BHeWHHM 3J1€KTPH4€CKHM noneM HE=- eE~rt, 

' a Pq - KBa3HpaBHOBeCHbli1 CTaTHCTH4eCKHH onepaTop. ~3 /1/ cne-
AY€T, 4TO AI1R Tore, 4T06bl nocTPOHTb HCO, paccMaTpHaaiOTCR 6ec
KOHe4HO Mallbl€ B03MY14€HHR /HilH HCT04HHKH/, Hapywa~He CHMM€TPHIO 
ypaaHeHH~ flHYBHnn~ OTHOCHT€1lbHO o6pa~eHHR BpeM€HH. 3TH HCT04-
HHKH yCTpeMnRIOTCR K HyJliO nocne T€pMOAHHaMH4eCKOrO npeA€1lbHOro 
nepexoAa npH Bb14HC1leHHH cpeAHHX 120•21/. 

KoHKperHoe HaXOH<AeHJ.1e HCO CBR3aHo c H3BeCTHOH KOH~.ten-u,Hei1 
H.H.6oronl06oaa122/ 1-1epapXHH speMeH penaKcau,HH, cornacHo KoTopoH 
npeAnonaraeTCR, 4TO a .npo.u,ecce speMeHHoH aaon10LV1H Hepa·aHosec
Horo -npou,ecca npOJ.1CXO.AHT COKpatqeHHe B o.ntt~CaHHH. TaKHM o6pa30M, 
eCilH gDR OnHCaHHR HepaBHOBeCHOrO COCTORHH~ CHCTeM~ ~OCTaTO~HO 
COKpa~eHHOrO Ha6opa cpeAHHX 3Ha4eHHH HeKOTOP~X onepaTOpoa pm 
-HJU1 ConpR)I(€HHbiX »M napaMeTpoa Fm (t). TO MO>KHO :Ha&1no:t TaKoe 4aCT
HOe peweHMe ypaaHeHHfl nwyBHnn~, KOTOpOe 3aBHCHT OT apeMeHH 
m1.Wb \.lepe3 F {t). npH 3TOM KBa3HpasHOBeCHbiH CTaTHCTio14eCKHH one-m 
paTop 

p ~ exp(-4>{t)- fl(H + I P F (t)) I, q m m m 

rAe 
~(t) ~ LnSpexp(-fl(H +I Fm (t) Pm({)))l m 

- ~YHKU.HOHan Macbe-nnaHKa. 

2 
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PeweH~e ypaBH€HHR n~yBHI1JlA c 

0 
.. d 7Jt iH 8 t [ H 

P,-p-ijtee s•Pq 
q -

\e ··illst /4/ 

Bem14vtHa 11 .... o+- nocne TepMO.Qlt1Haf'.H11.1ecKoro npe,qenbHoro r:epexo,qa 

np~-1 Bbi414CJleHV11-1 cpe,QHHX. TaKvtM o6pa30M, ,qnR KOHKpeTHoro BH.Qa 

raMtt1IlbTOHY!aHa H s Blt1.Q HCO 3a,qaeTCR Bbl6opoM p q • 

He1-13BeCTHbl€ napaMeTpbl Fm Haxo.QRTCA lt13 ycnosVI~ paseHcTsa 

cpe,qHI-1X 3HSI.I€HHL1 onepaTopos Pm no KBa3~t~paeHosecHOMY pacnpe

,qeneHvt~ Pq VIX cpe,QHVIM 3HS4€HVIAM no Hepa8HOB€CHOMY pacnpe,Qene

HI-110 iJ s, T. €. 

<P' cSp\p PI "Sp!p P J,<P >. /5/ 
mq qm sm m 

Ycnoe1-1e /5/ 3KevtsaneHTHO ycnos1o110 cTau,HoHapHocT~t~ ,qnR cpe.QHlt1X 

3Ha4eHvt~ onepaTopos 

!6! 

Pa3JlOH0.1M Tenepb onepaTOpbl o. · VI p B /5/ B PRA no CTeneHRM SHew-
. - ~s q 

Hero 3I1€KTPI.14€CKoro nom~ ·E 111 napaMeTpaM F m·OrpaHitlt.tHM_C.A np~-1 3TOM 

TOJlbKO nepBbiM nOPFIAKOM /m1He~Hbl~ oTK!li-IK/. B peay!lbTaTe nony41-1M 

~3 /6/ CJleAYID~Y~ C~CTeMy ypaBHeHW~ 

Pm"i[H 5 ,PmL 

0 -7l t 
<A; B>~ ( dte·• 

{3 
{ dA Sp {pA(t- i.\) Bl 

0 

A(t) ,, exp(iHt)Aexp(-iHt); p~ z-1 exp(-{:lH) 

. 
Ben~4~Ha Pee /7/ ecTb nonHbiH ~Mnynbc 311eKTPdHOB. 

171 

!8! 

/9/ 

YpaeHeHJIIfl /7 I RBnRIOTCfl o6o6ll\eHHbiMY1 Klo1HeT¥~4ecK~M~~~ ypaeHeH~fi

MIII, COAep>Kaii.IIIIMH o60611.1eHHble HHTerpahbl CTOJlKHOBeHHI::t 8 Blo1Ae _Kop

penfll.IHOHHbiX ¢YHKUIIIH. Mo>K.HO iloKaaaTb, 4TO yp___psHeHJIIFI /7 I COAep

maT ¢opMyny Ky6o KaK 4aCTHbiH cny4aail, ecnw P e Bblpa)!(aeTcR e BWAe 
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pe ""I ;ipi /eM. npH.no>KeHHe/. PeweHHe Klt!HeTltl4eCKHX ypasHeHHi1 
i 

/71 H onpeAe.neHHe napaMeTpos FmMO>KeT 6~Tb npoBeAeHo Ha OCHose BSpHSltHOHHOrO npHHt.tHna/23~25/, 
n.noTHOCTb 3.neKTpltl4eCKOro TOKa onpeAe.nHM 8 BHAe 

:-'" e _, e _, /1 0/ l = rr!l Splp 5 P 0 l = m!lSplp 0 P 0 l, 

rAe Q- no.nH~~ 06DeM CHCTeMbl. 8 /10/ HCnOflb30BSHO yc.nOBHe /5/. 
nocne nHHeapltl3a4HH /10/ no napaMeTpaM F ,no.ny4HM m 

...,. e {3 _.. 1 4 i = -L F f rL\SplpP (-iA)P l ~-E. /11/ 3rrnmmo m e R 
3AeCb npHHRTO 80 BHH~SHHe TO, 4TO Fm nponop41-1bHa.nbH~ BHeWHeMy 
3.net<TpH4eCKOMY no111o E . 

B HSCTOR~eH pa6ore npH s~4Hc.neHHH 3.neKTpoconpoTHsneHHR R 
6yAeM paccMaTpHBSTb MOAeJ1b nepeXOAHOrO MeTa.n.na C OAHOi1 HeC~e
PH4eCKOi1 nosepxHocrb~ $epMH, noA Ae~CTBHeM aneKTPH4ecKoro no.n.A 
npOHCXOAHT CABHr t.teHTpa T.AmeCTH H Ae<f>opMSLJ;J.ii.A B k -npocTpaHCTBe. 
B peay.nb!.a~e ypaeHeHHe A!lR nosepxHocrH $epMitl E (k) = £ r npeo6pa-
3yeTcR: E (k) = ',.rAe 

- -+ -+ __,. aE n -+ 1 __,. aE 
E(k) = E (k) + mv 1 --:;- + m :l: v1 ¢ (k) ---:; + ... I 1 2/ ak 1=2 ak 

BenH4ltiH~ vl onHC~saeT OAHOPOAH~~ CABHr scex 3!1eKTPOH08 Kat< Lte
.noro 8 k -npocrpaHcrae, a noc.neAHitli1 4.neH s /12/ on~t~c~saer Ae
¢opMS4H~ nosepxHocTH ¢ePMH nOA Ae~CT8HeM aneKTPH4eCKoro no.nR. 
no.niiiHOMbl CIJ i (k) Bbl6HPSIOTC.A 8 COOTBeTCTBHH C CHMMeTpHeH KpHCTa.n
Ifa /ZB~30/. B paccMarpHsaeMoH 8 ASHHOH pa6oTe OAH030HHm1 MOAem-t 
nepexOAHOro Mera.n.na 8blnOJ1H.AeTC.A YC!lOBHe nepHOAH4HOCTH C seKTO
poM o6paTHO~ peweTKH C 

EO<'+ C)= E(k). 
no3TOMY no.nHHOMM ¢i(k) TaK>Ke YA0BJ1eTBOpR~T c.neAYIO~eMY yC!10BHIO 
nepHOAH4-HOCTH: 

/13/ 

BoabMeM, c yl.feTOM /l2/, a Ka4ecrse Ha6opa oneparopos Pm one
paTOPbt ~t~Mnynbca: 

~ ~ 

p .= p 1 

(i=' 2, .. .,n). 
/14/ 

4 



npr.1 3TOM napaMeTpbl F m COOTB€TCTBYIOT o6o6~eHHbiM CKOpOCTfiM ne

peHOCa 311€KTpOHOB V_,.l H V
4

i .Oneparopbl a~ r.1 ak RBI1fiiOTC.R one

paropaMr.1 pomAeHr.1R r.1 yHr.14TomeHHR 311€KTPOHOB a gnoxoecKOM co
CTOAHr.-11-1 (ka). C Y4€TOM /14/ KBa3HpSBHOB€CHbl~ CTaT\.IICTH4€CKH~ 
oneparop /2/ aanHwercR a Br.1Ae 

1 4 aE + n ....,. i ....,. aE + ' 
p = -[-fl(H+mv

1
I ----,.a~ a~+ I mv I<t (k)-,-a~ ak~)l./15/ 

q zq ka ak ka ka 1=2 1 ka ak ka a 

TaKHM o6paaoM, B03HHKSIO~ee eo BHewHeM 311€KTPr.14€CKOM none He
paeHosecHoe pacnpeAeneHHe 311€KTPOHOB /15/ Her.13orponHo r.1 HMeer 
cne~H¢H4€CKH€ 3HepreTH4€CKYIO H yrl10BYIO 3SBHCr.1MOCTr.1. 

3aM€Tr.1M, 4TO npr.1 nony4€Hr.1H KBS3HPSBH08€CHOro pacnpeA€11€HHR 
8 BJ..1A€ /15/ He Y414TbiBSJlJ.1Cb. npOI..\€CCbl yeeJH14€HI-1.R ¢oHOHOB BC11€A

1
-

CTBH€ 83SHMOA€~CT8r.1R $OHOHOB C ABH~Y~HMHCR 311€KTPOHaM~. npe,q
nonaraeTCR, YTO $QHOHHaR CHCTeMa ycnesaeT npH~TH B paBHOBeCHe 
3a CYeT $OHQH-¢OHOHHMX CTOnKHOBeHH~ C nepe6pOCOM HnH 3a CYeT 
B3aHMOAe~CTBH~ C ,qpyrHMH KBa3HYaCTH~aMH. ~nR yYeTa npo~eCCOB 
ysne4eHHR $OHOHOB 8 onepaTOpe /15/ He06XO,QHMO y4eCTb YileH B~

A} V ph· P Ph , rAe V--+ ph - cpeAHRR ,qpe~¢OBaR CKOPOCTb $OHOHOB ~ 
P ph- nOJlHbl~ ~Mnynbc $OHOHOB. B HaCTOR~e~ pa6oTe nonpaeK~, 
CBR3aHH~e C HepaBHOBeCHOCTb~ ¢OHOHHO~ C~CTeMM, He Y4HT~Ba~TCR. 
PaccMaTpHsaeMbl~ MeTOA nocTpoeHHR o6o6ll\eHHblx KHHeTH4eCKHX ypae

HeHH~ ,qonycKaeT TaKme Henocpe,qcTeeHHoe o6o6ll\eHHe AnR MHoroaoH

HbiX MeTaililOB. 

3. rAMHilb TOHHAH t10AEilH nEPEXOAHOrO METAilllA 

HbiX 
PaCCMOTpHM B O,QH030HHOM npH6IlH>Ke·H~~ CHCTeMy CHilbHO CBR3aH

d -3neKTPOHOB, onHcblsaeMyiO raMHilbTOHHaHoM Xa66ap,qa 1131 : 

H ~~ + +.!!.~n 
= ija ij a iua ju 2 ~ iu ni-u' 

r,qe a;O', aiu- onepaTOPbl PO>tC:,QeHHR H YHH4TO>tC:eHHR 3JleKTpOHOB B 

COCTOR~Id BaH be, ~eHTPHPOBaHHOM Ha yane i , nia""a~a iO' 
U - 3Hepr~~ kynDHOBCKOrO OTTailKHBaHHR 3IleKTPOHOB C npOTHBOno
IlOlKHbiM~ en~ HaM~ Ha OAHOM yane ~ t !J = N-1 I E (kl exp[ik(R~1 -R J )] -

--+ ... -+-+k 
~HTerpan nepecKoKa; E(k) = 2 I t(aa) cos(k·•a) - aaKOH A~cnepc~~ 

a 
CHJlbHO CBR3aHHbiX 3IleKTPOHOB. 

PaccMOTPHM Tenepb, cne,qyR 119,31/, BllHfiHHe Manblx Kone6aHHH 
HOHOB OTHOCHTeilbHO paBHOBeCHbiX nonomeHH~ Ha 3JleKTpOHHYIO no,q
CHCTeMy MeTanna c raMHilbTOH~aHoM /13/. B aoHHOM npe,qcTasneHHH 

nonyYHM: 

H = H~ + H ee + H ep /16/ 
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rAe 

H ~ ~ 
ee N 

/18/ 

1 ¥2 v 
g!'._, = (--- _..,. 1..,. .... 

kkl 2NJII.wo(klv) kkl 
/19/ 

aa.evckl) --->..,. -+ _..,. 
1::..,. =2iq}: t(ia) --(sink a- sink 1Jla), kk 1 0 a a a a a 

/20/ 

r,Qe N- 4J.1CJ10 aTOMOB 8 peweTKe, 1\1 - Macca IIIOHa, evck) - eeK
TOPbl nollRPV13SLJ.VIH QJOHOHOB ( 11 =1,2,3), w 0 (kv) - l4aCTOTbl $OHQ
HOB 6e3 y4eTa d -aneKTPOHOB. 8e11H4HHa t(a-:z) - HHTerpaJl nepe
CKOKS Me>K,QY 6JlVOKa~WHMio1 COCe,QRMH, Jle>Ka[41-1MVI Ha OCH a a ; Q O
cne~TepOBCKHH K03¢¢HU.HeHT, xapaKTepH3Y~L4H~ 3KCnOHeHU.HaJlbHOe 
y6biBaHI-1e pa,QHaJlbHO~ 4aCn1 BOJlHOBO?I $YHKLJ.IoH1 CI-1JlbHO CBR3aHHOfO 
3JleKTPOHa/19~¢0HOHHY~ no,QCHCTeMy OnHC~BaeM onepaTOpOM rapMOHH-
4eCKHX ¢OHOHOB 

~ + 1 
H ~ :£ w 0 (Qv)(b .• b • + 2). p qV qvqv /21/ 

nol1Hbli1 raMl .. 1nbTOHHaH 3JleKTPOH-HOHHOi1 MO,QeiH1 nepeXO,QHOrO MeTanna 
En~ /16/ RBnReTcR CYMMOH onepaTopos /17/, /18/" /21/. 06cym
,QeHJ.IIe np~t~MeHHMOCTH raMI-'!JlbTOHVIaHa 6n4> COA6P)f(J.1TCR e pa6oTax1 19 ,Sl( 
TaKVIM o6paaoM, a MOA6111-1 nepexoAHoro MeTanna 6n4> s-3neKTpoHbl 
RBHO He Y41-1TbiBaiOTCR. BMecTo ABYX aoH s(p)- VI d-3neKTPOHOB pac-
cMaTp~t~aaeTcR OAHa 11

3$$eKTVIBHaR 11 
30H8 3JleKTPOHOB, B38V1MOAe~cT-

ByiO~VIX C $OHOH8MVI. 0AH8KO KOCBeHHO BJlVIfiHVIe s-3JleKTpOHOB y4Te-
HO. C41-1TaeTCR, 4TO BCe TPVI BeTBVI KOJle6aHVti:1 w 0 (kv) COOTBeTCT
ByiOT 8KYCTVI4eCKV1M 48CTOT8M/18<a BeJlVt4VIHa KYJlOHOBCKOrO OTTan
KH88HI-1R U nepeHopMI-'!POBaHa 38 C4eT 3KpaHVtpOBKI-1 S-3JleKTPOHaMH. 

4. Bbi4~CnEH~E 3nEKTPOCOOPOT~BnEH~R B M0!1En~ sn~ 

0pi-'!M6HI-1M Tenepb 06~1-1~ MeTO,Q 8~4J.1CJleHI-1R 3JleKTPOCOnPOTI-1BJl6HI-1R, 
onHcaHHbl~ a paa,Qene 2, .QilR MOAelll-1 5n4> /16/. Y4~t~TbiBaR RBHbli1 BHA 
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onepaTopoe H ee 1-1 H , npe.QcTaBI-1M onepaTOPbl npOH3BO.QHbiX Pn. 
ep• 

T. e. 0606LL\€HHbiX Cl-1!1 Pn B CJ1e.QYIOLL\€M BH.Qe: 

/22/ 

nogcTaBHM (22/, /23/ H /24/ B ypaBHeHHe /7/. KoppenR~HOHHble 

~YHKL(Hl-1 '- p'.; p'i ' 8b1LlVICJ1J.IIM 8 npe.Qe.ne c.na6oro B3aJ.IIMOAe~CTBI-Hl 

3.neKTPOHOB ~eH<.QY co6o~ Y1 c $oHOHaMV1. BpeMeHHYIO 3BOJliOU,\I!IO 6y.QeM 

onJ.~~CbiBaTb B HyJleBoM npV16J1V1}!(€HV1V1 Att) · A 0 (t) exp(i(ll 0
c.,.. Hp)t\Ax 

X exp{-i(fJf" , Hp) tl. rJpHMeHAA TeopeMy 81t1Ka, Ha\:l,QeM, LITO 
e ' ' 

KOppe~RU,It1~HHaA ~YHKL(l-1A .; p j; pi.> paB.Ha 

p : P'. > . '· p pe : P·.ee> , < p _ep; p',ell;, /ZS/ 
. j I j I J I 

2 0 

• ~ U m "(Jrr ,. , ' - • • ' • • • 
'p '":P "> ---·----- ,. A. (k,,k2,k'l'k 4JA .(k ,.k,,,k3.k4) X 

1 1 •> , _. .r "' __,. J • 1 .., 
N'"' k 1k 2 k 3kll 

·• • ·• '* ·~ • 
E(k,)) 8 (k 1-k2 ,k 3-k4eC), 

/26/ 

/28/ 

7 



~ -1 
f (E (k)) ~ f k = [ exp fl (E (k) - 'r ) + 1] 

...,. -) -) -1 N(., 0 (qv))=N(qv)=[exp{l<>J 0 (qv) -1] 
/29/ 

3aMeTJ.1M, 4TO B J.1CnOJ1b30B6HHOM npH6m·UKeHI'IJ.1 K0ppei1RlV10HHbl€ $YHK-

4HH < P1; pi > HC4€3610T. 

06o6~eHH~e CP€AHHe 4HCJ1a 311€KTpOHOB B /7/ 36A610TCR CJle.QyiO
LqHM BbiP6>K€HHeM: 

1 ... ...,. 1 ...,. aE 
1301 N 1 =mSp{pP 1 (iA)P 1 i=rtfl~~ (k) aJi'fk(1-fk) 

TaKHM o6paaoM, ace Heo6xOAHMbte AllR Bb14HCJ1eHHR 3neKTpoconpoTVta
neHHR aeJH14J.1Hbl aan1o1caHbJ 4epea napaMeTpbl raMHilbTOHVIaHa Ein4>. 
YpaaHeHHe /7/ onpeAenReT napaMeTpbl Vt J.1 vj.4TO, 8 CBOIO 04ePeAb, 
onpe.QeilAeT nJlOTHOCTb TOK6 J.1 31l€KTpOCOnPOTHBJ1€HHe /11/. 

5. TEMnEPATYPHA~ 3ABHCHMOCTb 3nEKTPOCOnPOTHBnEHHR 
Ha OCHOBe Ofil.qHX Bblpa>KeHHH /26/ J.1 /27/ HaHAeM BK116A B TeMne

P6TYPHYIO 36BHCHMOCTb 3neKTpoconpoTHB11eHHR npH HH3KHX TeMnepa
Typax OT 311€KTPOH-311€KTp0HHOrO J.1 3Jl€KTPOH-HOHHOrO B3a~MOAeHCT
B~R. Ben~4~Hbl N i np~ T-~" 0 npar<T~4ecr<~ He aasv.cRT OT TeMnepa
Typbl, nOCI<O!lbi<Y {j f k(l - f k) -~" 0 (E (k) -f. t ) ·• no3TOMY A!lR OTbiCr<aH~R 
TeMnepaTypHoH aaev.c~MocT~ 3!ler<TpoconpoT~sneH~R Heo6xoA~Mo ~c
cneAOBaTb TeMnepaTypHoe noBeAeH~e I<Oppe!lR~~OHHbiX ¢YHI<~~H /26/ 
~ /27/ np~ HH3r<~x TeMnepaTypax. 

PaCCMOTPVIM CHa4a!la Br<!laA OT 3!ler<TpoH-3!lei<TpOHHOro B3a~Mo
AeHcTB~R 
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BBOAR HOBble nepeMeHHble 

nepen~weM /30/ B •~Ae 

fl<Ema'X' tl 
~ •• ~ ""> _2 If 1 1 1 1 

<Pj ;P1 ~fl ·J dxdydz--·----·--· .__:c~,.-x 
ex+ 1 e Y+l ez+l l+e x+y z 

/33/ 

) - (3 -2A ee 
- jl . 

nocKOnbKY C4~TaeM noaepXHOCTb ¢epM~ 38MKHYTO~, TO np~ ~lt~ ~ 

ee.nH4~Ha tJCEmax- £r) ~ oc.. HcnonbaoeaHHe 3Toro o6cTOATenbCTBa 

B /33/ AaeT, 4To 

< p ee . p ee). A ee 'I 2 
j • I ~ jl 

HTaK, HHTerpan CTOnKHOBeHHH 38 C4eT 3neKTPOH-3neKTPOHHOro 

B38HMOAeHcTBHA npHBOAHT K TeMnepaTypHOH 38BHCHMOCT~ 'I2 /SHe 

aast-tcHMOCTH oT KOHKpeTHoro BHAa ¢YHKL-'t-tH ¢ 
1 (k) I. 

PaCCMOTP~M Aanee BKnaA OT 3neKTpoH-¢OHOHHOro B38HMOAe~kT.

BHR. 3AeCb TeMnepaTypHaA 38BHCHMOCTb OnpeAenAeTCA 6o3eBCKO~ 

¢yHKL-'HeH pacnpeAeneHHA N(qv). Y4HTMaaeTcA TonbKO pacceAHHe Ha 

An~HHOBOnHOB~X ¢OHOHax. 3neKTpOH-¢OHOHHOe pacCeAHHe C nepe-

6pOCOM ¢QHOHOB 3aTPYAHeHO, nOCKOnbKY 3aKOH COXpaHeHHA q 
~ ~ ~ 

= k 2 -k 1 - C BblnonHReTCA TOnbKO AnR ~OnHOBbiX BeKTOpOB Q=Qmin' 

rAe Qmin - MHHHM8nbHOe pacCTORHHe B k -npOCTpaHCTBe AnA 3aMK

HYTb1X nosepXHOCTel-1 4>epMH B pacwHpeHHOH 30HHOH CXeMe •. 3aMOpa

~HB8HHe BKnaAa npol-'eCCOB C nepe6pOCOM ¢OHOHOB nponOpl-'HOHanbHO 

[exp(flw(Q 1 )-1]-1 • HanpoT~B, An~ HOpMallbHbiX npo~eccoe aaKoH 
mn ~ ~ _, 

coxpaHeHHA KsaaHHMnynbca k 2 - k 1- q = 0 BblnonHReTCA AflR mo6blx, 

CKOnb yrOAHO ManbiX q,3TO cnpaseAnHBO H AflR 3neKTPOH-¢0HOHHbiX 

npo~eccoa c nepe6pocoM s MeTannax c oTKpbiTOH nosepXHOCTb~ 4>ep-

M~. 

HaHAeM BKnaA HopManbHbiX npol-'eccos H npo4eccos c nepe6pocoM 

npH HH3K~x TeMnepaTypax. ~nA 3Toro paanomHM nOAbiHTerpanbHOe Bbl

pa)f(eHHe a <PjP; P fP> /27/ no ManbiM q, ~nA Ae6aescKoro npH6nH-

)f(eHJ.IIA Co.l 0 (Q'v) =V~ ~q"""/q) /CKOpOCTb V~MO)f(eT 38BHCeTb OT yrnoB 

8 q J.1 ¢q I paano>Ke:He no ManbiM q AaeT 

v q a v 
g~~ ~ ~~ Q·(- -)g~-..1~- ~ /34/ 

k,k+q+a q ak" kk k =k 

~ 

~_,_,_, q 
B 1 (k , k + q + C) = q. (

q 
/35/ 
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1 q' aE 
""'- 0(- ----=+ + 

q q ak /36/ 
~ ~ ~ npH Bb!BOAe /34/-/36/ Y"TeHO 

noACTaBHM /34/-/36/ B /27/, 
ycnos~e nepHOAH4HOCTH 
nony414M 

E(k+C) =E(k). 

qmax 

{ q 5dq. fsin8qd8q {d¢q x 
0 

x(expflv~q -1)- 1 Fi~ (eq,¢q), 

1371 

2 -· ii a v , 2 [ c <i a l -· •,l ·1 F. (8 .<f )~(dk[(- -,:;-)g •. ,J~, ·• . --Bjlk.k i->, ~ X Jl q q q ak, k • k = • q ak'' k =k 
q~ a .... ,.. < q .... aE v x[(--.-. )B. (k,k')l., _,]f.,(1-f4)8 --,.-+v 0 ). /38/ q Bk' I k =k k k q dk 

3aMeTHM, 4TO npe,qen~ HHTerpHposaHHR a HHTerpane no k /38/ paaJ11-14Hbr AilR HOpManbHbtX npo~eccos H npo~eccoa c nepe6pocoM. Opo-
I-13BO.Q.R aaMeHy nepeMeHHbiX x""' B v ~q, nony'-IHM 

• · 2 {Jv~qmax 5 ( p•:p; p'~p > ""{3 -5 _n.:_g_ ::i 1 { dX __ X __ X 
J J (2")9 1• (vv)S 0 e x_1 

0 /39/ 

TaKHM o6pa30M, HHTerpan CTOJ1KH08€HHH 3a C4€T 3Jl€KTPOH-$OH0HHOro saaHMo,qe~cTBH.R npHBOAHT K TeMnepaTYPHO~ a~BHCHMOCTH T5 /sHe 
aasHCHMOCTH oT KOHKpeTHoro BY~,qa nom1HOMOB 1: 1 (k). Heo6xo,qH
MO OTM€TI-fTb, 4TO A!l.R OTKpbtTbiX nosepxHOCT€~ cJ>epMVI nOC11€AH€€ yTsepm,qeHHe cnpaaeAn~ao KaK AflA HOpManbH~X npo~eccoa, TaK ~ AflA 
npo~eCCOB C nepe6pocOM. nnR 3aMKHYT~X noBepXHOCTeH ~epM~ npo-4eCCbt C nepe6pOCOM BbiMOPa>K~BdiOTC.A, ~ OCHOBHOJ::t BKnaA B TeMnepaTypHOe noaeAeHHe 3neKTpoconpoT~aneH~A npH HH3KWX TeMnepaTypax BHOC.AT HOpManbHble np04eCCbl 3neKTpOH-$0HOHHOf0 pacce.AHHA. 

noACTaB"M Tenepb /33/ H /39/ B /7/. 06061JlOHHbte KHHeTH4eCKHe 
ypaBHeH~.A npHMYT BHA: 

n ·• I v (A 'e T 2 + A epT 5 ) ~ e E N i i = 1 J Jl Jl /40/ 

B AanbHeHweM, AnR npocTOTbl, paccMOTp~M cny4aH, KOrAa MO>KHO 
OrpaHH4WTbCA TOflbKO ABYMA napaMeTpaMH v 1 ~ v2 .3TO 03Ha4aeT, 4TO paCCMaTpHBaeTCR TOflbKO CABHr 4eHTpa TA>KeCTH H OAHOPOAH8A Ae$opM84HA nosepXHOCTH $epMH. Y4eT 6onbwero 4~cna napaMeTpoa 

lO 



He BHOCI-!T Ka~w~ecTBeHHbtx vt3MeHeHI-!ilt. TorAa 1-13 /11/ c y~w~eToM /40/ 

nony~w~aeM AI1A 3neKTpoconpOTI-!sneHvtA 

Q (A~~ '!' 2
+A ~~'!'~(A~~ T 

2
+ Ai:,T ~-(A~~ T 2 +A~~ T 5 

)
2 

' 

R , 3e2. N 2(A""T 2. f,ei>1"5)+N2(Aee1i~A ep15-j·:=-2N r.;·-(A;~·T2~A ~-;;·T 5) /41 I 
1 22 'T" 22 2 11 11 1 2 12 12 • 

8 CJ1y4ae npe06J18A8HVIA OAHOfO 1-13 M€X8HH3MOB pacC€AHVIA T€Mnepa

TYPHO€ noseAeHV~e R(T) /41/ 6yAeT onpeAenATbCA-OAHoill H3 sasV~CVI

MOCTe~ T 2 VIIlH 'I 5. HanpHMep, ecnV~ A jeie '<; 0, TO H3 /40/ cneAyeT, 

YTO 

R /42/ 

C APYfO~ CTOPOHbl, €CJ1VI npeHe6pel..lb Ae¢opMau,l-1ells, T. e. nO!lOJt<I-!Tb 

• v 2 ~ 0, TO "3 /41/ ""eeM 

R" _ _11 __ (A ee T 2 + A ep T 5 ) . 

382r-; 2 11 11 
1 

/43/ 

6. 05CYmAEHHE 

8 H8CTOA~eilt pa6oTe 3Il€KTpOCOnPOTVIBil€HVI€ nepeXOAHOfO MeTan

J18 Bbi"''VICJleHo Vl3 nepsbtX npHHLJ,VInos Ha ocHose MeToAa HCO. V1cnonb

sosaHvte raMvt!lbTOHVIaHa oAH030HHoill MOA€J1VI &n~11 9~oasonvtno sanH

caTb ctlYHKI..IYIYI A jf vt A jf l.lepea He6onbwoe YY!C.no xapaKTepHbiX 

napaMeTpos nepeXOAHOfO MeT anna: u I qo I t ' M. np\.1 y~o.~eTe CABY!

ra HeCctJepHY€CKm1 nosepxHOCTYI ¢lepMI-! VI -ee Ae¢OPM81..11-!V1 nOA A€iiJCT

Bvt€M BH€WH€f0 3J1€KTpvt4€CK0fO nOilA, nOJ1y4€H8 CY~€CTB€HHO HOB8A 

¢opMyna AilA 3neKTpoconpoTvtsneHvtA /41/. TaKVIM o6paaoM, passvtTaA 

TeOpVIA n03BOJ1AeT noCil€AOB8T€IlbHO y"''€CTb BKJ18A 3J1€KTPOH-3J1€KT

p0H1'10f0 VI 3Jl€KTpOH-¢lOHOHH0fO B38HMOA€\4CT8vtilt B TeMnepaTypHyiO 

aaeV~CI-!MocTb 3IleKTpoconpoTHBil€HI-!A AilA peani-!CTI-IYecKo\4 MOAenvt ne

pexoAHOro MeTanna. 

B CBA31-1 c nony~w~eHHbiM BbtpaJt<eHHeM I 41 I Heo6xoAY1MO TaKH<e OTMe

TvtTb Cil€AYIO~ee. 06bt4HO Y13MepReMoe H8 OnbtTe HVI3KOTeMnepaTypHOe 

3Il€KTpoconpoTVIBileHHe nbtTaJOTCA onvtcaTb Ha ocHoee cneAyiO~ero Bbl

pa}l{eHVIA: 

2 3 5 
R(T) - A + BT + CT + CT . /44/ 

qasvt:.wMoCTb /44/ cooTBeTcTey-cT npaevtny MaTTt.-1CeHa. Paanvt"''Hbte 

8Xf13.CV;>I B /44/ COOTBeT..::TBYIOT p33I11-14HbiM MeXaHJ..13M8M paCC€RHvtA 

::'f\eKTPOHOB. ;~aK y:-'<e y:10MVIHSJ10Cb BbiWC, AJlA MHOrt.-1X npOCTbiX MeTan

IlOB VI AnR nepexoAHbiX Merannos npaevtno MaTTt.-1CeHa He BbtnonHReT-

ll 

" 



CR. B o4eHb AeTanbHOM HccneAoBaHHH 3TO~ npo6neMbl 1121 OTMellaeT
CR, llTO HCnOJ1b30BBHHe npOCTbiX M0Ae11e~ J.1 CTeneHHOrO 3BKOHB 144/, 
He MOmeT 06bRCHHTb Ha6niOABeMyiO Ha OnbtTe TeMnepBTYPHYIO 3BBJ.1CH
MOCTb 3JleKTPOCOnpOTJ.18JleHHR. 8 pa6oTe 1121 aneKTpoconpOTH811eHHe Nb "' Pd 8bll4HCnRnocb Ha ocHo8e 8apHa~HOHHoro npHH~Hna AI1R 
ypa8HeHJ.1R 50J1b~MaHa. MaTpHllHbte 3J1eMeHTbl Bbll4HCilRJlJ.1Cb Ha OCHOBe 
paclleTa 3HepreTH'-4€CKOill 30HHOill CTpyKTypbt 3TJ.1X M€TBJ1J108. 5bt110 
noKa3aHo, l4TO HH3KOTeMnepaTypHoe nose.qeHHe Pd T0'-4Ho onHCbt8aeT
CR 3BKOHOM 'I ~no YT8€PH<A€HHIO B8TOp08 pa6oTbl/l2 1,noRBJleHHe l.!Jle
Ha T 3, ABHHOe 8 pa6oTe /5/ AI1R Nb, He MomeT CLIVITBTbCR TB€pAO yc
TBHOBJleHHbiM. 

TaKHM o6paaoM, vtccneAoBaHHe aneKTpoconpoTvtBneH\.1R nepexoAHbtx 
MeTannoe 8 pa6oTe 1 12/, npoee.qeHHOe a paMKax HHoro, '-!eM Haw, no.q
xo.qa, COrJlaCyeTCR C BbiBOABMVI HSCTOR~ei/i pa60TbJ 0 TOM, '-ITO rnas
H~i/i 8KJ1BA 8 HJ.13KOT€MnepaTypHOe noBeAeHvte 3JleKTpoconpOTV18JleHJ.1R 
8HOCRT 3BBV!CVIMOCTJ.1 (BT 2 +DT 5 ) nocKOJlbKY VIX BKilBA 8 3J1eKTpo-
conpOTHBI1eHHe aa.qaeTCR a BH.qe AP06H /411, 3To noasonReT nony
L.taTb 3BBHCHMOCH1, OTJ1H4Hble OT npOCTOrO CTeneHHOrO 3BKOHB 144/. 
i-1HTepecHO OTMeTHTb, '-ITO nOA06Hbte. no CTPYKType BblpameHH.A AJ1R 
aneKTpoconpOTHBJleHHR /a BHAe OTHoweHHR $yHK4HIIi Bl.1Aa (a+ bT) I 
no!1yl4BIOTCR A11R MeTB!1!10B C CHJlbHbJM pacceRHitleM, TSKHX, KaK, Ha
npHMep, coe.qvtHeHHe co CTPYKTypolli A15 Nb3 Sn 1321

• 
PaaaHTaR TeOPHR aneKTponpoao.qHoCTH MOH<eT 6b1Tb ycoeepweHcT

aoaaHa, ecnH y'-lecTb MemaoHHOe pacceRHHe IHanp., ~d pacceRHvte/ 
H yaneL.teHI-1e $oHoHOB. 06o6~eHvte paasl.1Toro no.qxoAa A11R Bbt4Hcne
Hl-1R aneKTpoconpoTHBneHHR HeynopR.qolleHHbtx cnnasoe nepexoAHbiX 
M€TBJ1!10B TSK}f{e COCTSBI1R€T 8eCbMS HHTepeCHYIO 3BAa4y. 

nP~1Jl0JI(EHHE 

3KBHBSJ1eHTHOCTb o6o6~eHHbiX KHHeTH'-IeCKHX ypaSHeHHIIi 
H. <1JopMynbl Kyl'io 

noKa>KeM' l4TO o6o6~eHHbte KHHeTH'-IeCKHe ypaeHeHHR 17 I COAep
maT $OpMy11y Ky60 KBK llSCTHbllli C11Y4aH. 3anHWeM 17/ 8 BH.qe 

~ F t-lsp(p[P ,P ]) +<P ; P >I nni nm nm 
/A.l/ eE ~ ~ · I ~ ffi{Sp(pP

0
(-iA)Pm)+<P

0
; Pm , 

r.qe P - n011HbtH 11MnyJ1bC 3Jl€KTpOHOB. npeAn0110>KI1M, 4TO Cy~ecT-e ~ • ByeT Ha6op K03$$H4HeHTOB a 1 TBKOH, 4TO MOffl~O nOCTPOHTb onepa-
TOp HMnYilbCa Pe H onepaTOp nllOTHOCTI-1 TOKB ~ CileAYIO~HM o6pa30M: 

~ 

j = 

12 

e ~ 

-Pe mn /A.2/ 



HHTerp~ttpyfl KOppeJ1fll..llt!OHHble ctJyHKI..lltli-1 B /A. 1/ no 4aCTfiM, noJ1y41t!M 

{:J 
1 F I f d\Sp(pP (-ii.)P ) - ~<P ; P >l ~ 
n n 0 n m n m /A. 3/ 

""eE<P ; Pro>· 
'" e 

npeAnonaraeTCfl, 4TO npltl npeAeJ1bHOM nepexoAe f1-+ Q KOppeJ1fltJ,HOH

Ha.A ¢yHKI..lHfl <P0 ; Pm> OCTaeTCfl KOHe4HOH. 3TO Tpe6oBaH~tte ecTb 

B HeKOTOPOM CMbiCJle rpaHH4HOe YCI10BJ..1e Klt!HeTI-14eCKOrO ypaBHeHI-1fl 

Ailfl Koppen.RI..li-10HH~x $YHKI..l1-1H /A.l/. B pe3ynbTaTe npeAe!lbHOro 

nepexoAa ~ 4 0 H3 /A.3/ c y4eTOM /A.2/ nony4aeM 

f3 eE -+ -+ 

1 a F fdi-Sp!pPn(-iA)Pml~-<P 0 ;P 0
>. /A.4/ 

nm m n 0 m 

Ha /A.4/ cneAyeT, 4TO 

f3 _, eE 44 

1 Fn f d\Sp{pPn (-iA)P
0

l ~ -m<P 0 ; P 0 > /A.5/ 
n 0 

Y4HT~ea~ onpeAeneHHe /10/, nony4HM H3 /A.5/ 

e2E .... 4 

i~ ·<P;P> .. 
3m 20 e e 

/A.6/ 

B~pa>KeHHe /A.6/ coenaAaeT c 4J<>pMyno'1 Ky6oJ20~TaKHM o6paaoM 

3KBI-1BaneHTHOCTb 06o6~eHH~X KHHeTH4eCKHX ypaaHeHHH /7/ H ctJop

MY Jlbl Ky6o AOKa3aH_bt. 
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