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1 . BBEilEHHE 

B nocneAHllle rOAbl 6onbwo~ lllHTepec Bbl3biBaeT ~;~ccneAOBSHllle 

ceepxnpoeoARW.I-1X cso~cTa nepexOAHbiX MeTannoe, 1-1x cnnaeoe VI coe

A1-1HeHllltli /1/. 8 0TJ1\IIl.IH€ OT npoCTbiX M€TSIIJ10B, B nepeXOAHbiX, nOMliiMO 

WI-1POKOtli S -aOHbl, I-1M€€TC.R '-ISCTI-14HO 38nOJ1H€HH8FI OTHOCI-1T€JlbHO 

yaKaR d -aoHa. B PRAe pa6oT 12~5:/ 6brl1o noKa3aHo, 4TO Cllll1bHOCBR

aaHHbre d -3Jl€KTpOHb1 B 3HSI..IliiT€J1bHOill CTeneHlll OTB€TCTB€HHbl 38 

ceepxnpoeo,QA~llle ceoi71cTea nepeXOAHblX MeTannoe • .lla)l{e a cny4ae 

ClllllbHOtli KOppel1R4llllll KyJlOHOBCKOe B38liiMOAelllcTBllle Mem,Qy CliiJ1bHOCBR-

3SHHbiMlt1 3Jl€KTPOHSMlll MO>«eT npvtBO,QVITb K B03Hlr!KHOB€HHIO Kynepoe

CKVIX nap B nonynpOBOAHliiKe MoTTa-Xa66apAa 161 

• npocTetliwell! MOA€Ilbl0, Om'ICbiBSIOW.etli KOppeJlfl41-110 CliiJlbHOCBR3SHHbiX 

3J1€K7POH0B 8 nepeXOAHbiX M€TaJ1IlaX H HX CO€.QHH€HJ.1RX, RBJlReTCR 

MOA€Ilb Xa66ap,qa
171, C noMOll.lbiO KOTOpOali y,qaeTCfl 06'b.RCHY!Tb·' 4€Jlblill 

P.R.Q 3Jl€KTpHI.l€CKir!X Ill MarHiriTHbiX CBO~CTB nepeXO.QHbiX MeTaJlJlOB, IIIX 

cnnasos 111 coe,qii!,HeH~r~ilt IS,B/
0 

Heo6xo,qHMO 0TMeTHTb, l.lTO raMII!IlbTOHHaH 

Xa66apAa npeACTasnReT co6oH CIIIIlbHO ynpoll.leHH~ilt eapll!aHT nonRpHo~ 

MO.Q€!1111 MeTaJlJla Wy611!Ha-60HCOBCKOro-6oroni060Ba/10~ Ill B 3TOM CMbiC

Jl€ ABJlfi€TCR Hal.laJlbHbiM warOM K nocTp0€HVIIO nOC11€AOBaT€1lbHQ\.1 

MII1KpOCKOnllll.l€CKOilt T€0PII1111 nepeXOAHbiX M€Ta11110B Ill VIX CO€A111H€HII1~ o 

B HaCTO.Rll.leilt pa6oTe BbiBO.QIIITCR c~r~cTeMa ypaeHeHIIIilt ceepxnpoeo

AIIIMOCTIII All.R CII1JlbHOCBR3aHHbiX 3Jl€KTPOHOB nep€XOAHOrO MeTaJl!la, 

eaaHMOAe~cTBYIOll.IIIIX c ¢oHoHaMII!. YpaeH€HIIIR ceepxnpoeo,qiiiMOCTIII aanll!

caHbl e 6aa111ce noKanlllaoeaHHbiX BOJlHOBbiX ¢YHK4111ill BaH be o TaKoe 

npeACTasneHII!e no,ql.l€PKII1BaeT CII1JlbHOCB.R38HHblilt xapaKTep d -3I1€KTpo

HOB 111, KpOM€ TOrO, OHO H€06XOA111MO nplll Onii1C8HHII1 CBepxnpoBOA.Rll.IIIIX 

• 11 11-B/ 
CBOIIICTB HeynOP.RAOI.l€HHbiX cnnaBOB nepeXOAHbiX MeTaJlJlOB o 

H 8MOP$Hb1X CBepxnpOBOAHHKOB 
114

• 151 
o 

Op1-1 BbiBOAe ypasHeHJ.1ill csepxnposoAI-1MOCTH ll!cnonbayeTcR M€TOA 

ypasH€HIII~ .QBH>+<€HJ.1.R AJlR .ABYXBp€M€HHbiX ¢lyHK4J.1~ fpHHa 
1161 

B KQ

TOPOM nP04€AYPa p2C4enneHHR npOBOAHTCfl TOJlbKO AI1R npH6JlH>+<€HHQ

ro B~4J.1C!leHJ.1fl Maccoeoro onepaTopa MaTpi-14HOill 3JleKTpOHHOilt ¢yHK-

4HH fpHH8o npH 3TOM 38MKHYTa.R CHCTeMa ypaBH€HHilt nOJly4a€TC.R 

B npeHe6pemeHHH nepeHOPMHPOBKOilt sepWHHbl B 3Jl€KTPOH-HOHHOM 

B3aHMO.Qeilt·cTBHH, KaK H B pa6oTax 117•lS/ o HailtA€HHafl CH·CTeMa ypas-

H€H111ilt CBepxnpOBOAHMOCTH Afl.R CHJlbHOCBR3aHHbiX 3Jl€KTpOHOB B I10Ka

J1H30BaHHOM 6aaHce aHanorH4Ha ypasHeHHRM 3nHaw6epra118/ AJl.R 6no

xoscKI-1X 3I1€KTPOHOB H· no3B0Jl.R€T 1-13y4aTb csepxnpOBOAflll.IH€ CBOiiiCT

sa nepexo,qHbiX MeTannoB "' HX cnnasos s paMKax e.QHHOH CHCTeMbl 

ypaeHeHHlii 0 

. I 



2. rAMHnbTOHHAH 3nEKTPOH-l10HHO~ MO.QEnH Y3K030HHOrO METAnnA 
no11Hbli1 ra,..11-t11bTOHJ.1aH 311eKTpOH-HOHHOil! CI-1CTeMbl npeACTSBI-1M B BI-1-

A€ CYMMbl 

H = He + Hi + He-i /1/ 
rAe He - aneKTPOHHa.R 4SCTb raM~IlbTOHHaHa, npeAcTaanAID~a.R co6o~ 
onepaTop Xa66apAa /7/ 

/2/ 

OnepaTOPbl a~a 1-1 aia - ¢ePMio1-onepaTOPbl POH<AeHJ..1.R 11 YHI14TO>KeHI-1-.R 
311eKTpOHOB B Y311e i ; U - 3Hepri1R KY110HOBCKOro OTTSJlKHBSHH.A 
311eKTpOHOS C npOTHBOOOJlOH<H~MH CnHHSMH Ha O~HOM yane, tij = 
= N-1I. £ -~oexp[ik{li.-R )] - 1-1HTerpan nepecKoKa, E k - aoHHaA 3Hep-k k 1 J 
nuL 

MoHHa.R noACYICTeMa onHc~eaeTCA onepaTopoM 
p2 

H. =.!.L --•- +.!. L<l>afluauf3 
1 2 n 2M 2 nm nm n m' n 

/3/ 
~ 

~ rAe P n- onepaTop 11MnYRbCa, M n - Macca 1o10Ha, u n - CMell.leHHe 
aToMa H3 paaHoaecHoro nono>KeHH.R a yane peweTKio1 Rn. 

OnepaTop ane-KTpoH-140HHoro eaaHMoAei1cTB14R HMeeT BHA 

14! 

/51 

YAo6Ho nepen~caTb oneparop~ /2/ ~ /4/ c noM~b~ oneparopoa 
HaM6y .. ·MaTp>1(1 naynH: 

He ~ t,i!U>s!Ui + ~ SC!Utra!U; H!U;rs!U; ), !6! 

He-i = L V .. !U+r3 !U. u n, 
n,i:ij lJn 1 J 171 

!U + = (a+ 
1 it , a i+ ~) .!8! 

3aMeTI4M, 4TO B paCCMaTpHBaeMOJ4 3AeCb MOAenVl MeTaJlJ1d S -3JleKT
pOH~· RBHO He Y41<1Tb1Ba.JOTCR. BMecro ABYX aoH ·s- w d -3neKTPOHOB, 

2 



KSK 1-1 B MOAeJ11-1 Xa66ap,Qa, paCCMSTpVIBSeTCfl OAHS 113¢l$eKTVIBHS.A 11 

30Ha 3J1eKTPOHOB, B3SVIMOAeHCTBy~~VIX C CIJOHOHSMI-1. 0AHSKO KOCBeH

HO BJ1HRHHe s-3neKTPOHOB Y4TeHo. C4V~TaeTCR, 4TO see TPH Hop

MSilbHbiX 4SCTOTbl ¢OHOH08 6e3 y4eTa d -3J1eKTPOHOS W 
0 (qv) COQT

BeTCTBY~T aKyCTH4eCKHM 4SCTOTaM, a BeJ1V14VIHa KyJ10HOBCKOrO oT

TaJ1KVIBSHVIR U nepeHOPMVIPOBaHa aa C4eT 3KpaHHPOBKVI s-3neKTpo
HaMio1 /3,19/ . 

3. YPABHEH~R lllm 31lEKTPOHHbiX <t>YHKUH~ IPHHA 

PacCMOTPVIM ypaeHeHVIR ABI-1meHVIR A11R ¢yHK~~~ rplt1Ha 3J1eKTPOHOB, 

KOTOPble npeACTaBI-1M B BV~Ae MaTpVI~bl 

[

«a. Ia+ » 
11' J 1' (.<) 

Gij (w) ~ 

<<a: \a:,» 
l.J. J (.<) 

«a Ia » l it j .j. (.<) 

~ «.P . I.P +» 
1 J w 

<<a:-,\a.>> 
1... 4 w 

. /9/ 

AH¢¢epeHl.II-1POBSHitle G ij (t-t') no nepBOMY epeMeHio1 ,qaeT A!lR ¢ypbe

KOMnoHeHT cneAY~~ee ypaeHeHHe ABHmeHV~R 

~(w, 0 8 .. -t .. ,
3

)«<f.l<f+, » ~8 .. -r 0 
+ 

j lJ lJ J l (.<) 11 

+ ~ Vijn<<unr31/rj \¢i~ >>w +U<<(I,{I;r3¢i )r3¢i \ifJ~, >>w" 
nJ 

/10/ 

TaK ~e, KaK VI e 1 17<oT,qenHM nepeHopMHPOBKY 3HeprHVI 3neKTPOHOB 

s npV16nV~meHHio1 cpeAHero nonR XapTpH-~oKa-5oron~6oea120/ /c y4eTOM 

SHOMa!lbHbiX cpe,qHio1X/ OT nepeHOpMHpOBKYI B BbiCWHX nOp.R,qKSX, o6yc

J10BJ1eHHOH HeynpyrV~M pacce.RHHeM. AnR 3Toro eseAeM ,qanee HenpH

BOAHMble (it) 4aCTVI Q:lyHKl.ll-11:1 rpVIHa cornaCHO c.neAYIO~eMy onpe,qene

HHIO IAnR nPHMepa eo3bMeM ,qee ~r H3 4eTblpexl: 

+ + ir I + <<a.,a.,a. \a.,,>> =<<(a.,n.J a.,,» + 
1 t ... l.io 1 (.<) 1 1... 1 w 

/11 I 

+ < n. , ><<a. 1 I a~.,. >> -<a . .,. a . I ><<a: \ a:-, 
1 
» 

1... l 1 w 1 1... l+ 1 w 

<<a a+ a Ia, >> =<<(a n )1r \a , >> + 
i1' i.1. i.J. i ~ w if P· i + w 

/12/ 

+ < n. I > <<a., I a ,
1 

>> -<a 1 a . > << a.1+ \a·' I>> 
1"'" 1 i CQ i 1+ • ) ... w 

6bl6op HellpHBOAVIMbiX 4acTeH ~YHKLIHH fpHHa e I 11 I H 1121 aaAaeT

cR cneAY~HMH ycnOBH.RMH: 
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< [(a i t n i J. ) ir ' 1/.t t] + > = 0 • /13/ 

CooTHOWeH~e /13/ noaaonReT OAH03Ha4Ho esecnt Henp~BOAHMble 4acn1 
~ o6paTJ-1ib B HYllb HeOAHOPOAHbJe "411eHbl B ypasHe.H~RX AJ'!fl H~X. C y4e
TOM /11/ ~ /12/ ypaBHeH~e /10/ np~MeT B~A 

l: (w,0o .. - t,
1 ' 3 -l:1;o,1) «<# 

1 I.;, i· » 
j l.J 

/14/ 

p ij = UP i O ij + ; V ijn u n (l - O ij ) ' 

/15/ 

Bem14HHa I ~0 npeACTaBm:jeT co6m1 MaccoBbl~ onepaTop a npH6JlH}I(e
HHH cpeAHero nonR 

/16/ 

B npeAcTaaneHHH onepaTopoa HaM6y 

MaCCOBbli1 onepaTOp /16/ MO}f(HO 3anHCaTb 8 BHAe 

.... c <" + "-·a=-Ur
3 

.. cf;. f. >r3 1 1, -<J 1, -<J /17/ 

An.R Bb1"4HCJleHHR HenpHBOAHMO~ MaTPH4HO~ ¢yHKU,HH rpHHa B /14/ 
aanHWeM AllR Hee ypaBHeHHe tJB.H>KeHH.A no OTHOWeHHIO KO BTOpOMY 
epeMeHH t' /eM., Hanp., 11 I. Am=! ¢ypbe-t<oMnoHeHTbl ¢yHKLJ.11H 
rpHHa nony4aeM ypaeHeHHe 
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"" .I v .... , 
mj, J 1 m 

ir 
«(pki 's .Pi) + 

U ( , ) ir I ( + + ) 
+ 2 << p kj T 3 VI j 1./J i .. T 3 pi .. +pi .. 1./J i .. T 3 >>(c) 

/18/ 

npol.\e,qypy BbtAeJleH~R Henp~BOA~Moi:f !..!aCT~ OTHO-cloo1T6J1bHO onepaTOPOB 

B npaaoi1 !..!aCT~ ¢YHKL\~~ fp~Ha B /17/ MOmHO npoBeCT~ aHa.nor~4HO 

TOMy, KaK 3TO 6~110 npoAeJlaHo B /14/. 8 P63YJ1bTaTe no.ny4~M 

ir + 
L << (p kj r 

3 
rf; . ) I rf;., »(w r 

0 
8 . , . , - t J ... , r 

3 j' J J 1 J 1 

=~«(p , of )ir 
. .. kj 3 j 
J 

+ ir 
I<.P.-' p,,,,) » . 

J 3 J 1 

/19/ 

,llnR TOro, I..IT06bl pew~Tb C~CTeMy ypaBH6HI-111i /14/, /19/, 8B6AeM 

Hynesy~ ¢YHK~H~ fp~Ha: 

~ (wr 0 8 ij - tij r 3 -.I~Oij) cj~ (w) = oii .. 
J 

Hcnonb30B8HHe /20/ B /14/ H /18/ OPHBOAHT K ypaaHeHH~ 

G ,(w)=G~.,(w)+ ~ G0k(w)Tkk'(w)G 0k,,,(w). 
11 11 kk, 1 1 

/20/ 

/21/ 

MaTPHL\a pacceRHHR onpeAeJ1ReTCR Henp~BOA~O~ 4aCTb~ MHOrO"''ac

TH"HO~ ~YHK4HH rpHH8 B /19/: 

ir + ir 
T , (w) = ~ « (p . r of ) I (,P . , r p . , , ) 

kk jj , kj 3 J J 3 J k 
» 

w 
/22/ 

Ec.nH aaecn1 MaCCOBbl!li onepaTop Mkk .. ~ KOTOPbl~ .ABI1R6TCR CBR3aHHOIIi 

l..laCTb~ MaTp~~~ pacce.AHHR 

/23/ 

TO ypaBHeHHe /21/ MOmHO npeACTaB~Tb B B~A6 ypaBH6HHR ~a~COHa 

G.,(wl'=G~.,(w)+ ~ G~ (w)M Jw)G ,,,(o>). /24/ 
ll ll kk, lk kk k 1 

MaCCOBbl~ onepaTOp M kk .. ""JT kk ,}P He CO,qep>t<YIT l..lacTe~, KOTOpble MO>t<

HO pa3pe3aTb no IlHHHYI G 0 , '-ITO yx:a3blaaeTcR HH,qeKcoM "p" I co6-

CTBeHHaR '-18CTb/ 

( ) ir r ( + ) ir p 
Mkk'= ~ « pk. r3f · 1 f,, '3 p ·'k' » • /25/ 

jj' J J J .I w 

TaK~.t~M o6pa3oM, Halr16onee o6w,ee BbtpameHV!e AilR 3neKTPOHHoi1 ¢YHK

~~-'~~ fp~Ha B J10KaJ1YI30BaHHOM 6a3HC6 C y!.leTOM 3J1eKTPOH-$OHOHHOrO 
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B3a~MOAe~CTB~~ B B~Ae /4/ MOmHO 3an~caTb 8 CJ1€AY~~eM MaTp~4HOM 
B~Ae: 

(j-1 = a -1 - M . !26! 0 

Bbi41-1CJ1eH~t~e nOJlHO~ Cl>YHK~I-11.1 rp1.1Ha G CBeAeHO K HaXO>KAeHI-110 'Go 
1-1 M. 

4. nPH6nH>KEHHbl~ PAC4ET MACCOBOrO OnEPATOPA 

HaHoe a~pa>KeHI-1e An~ Maccoaoro onepaTopa a /26/ 1.1MeeT BillA 

M .. ,(w)= ~ J dw'' (ell"'~!) { ..!!!..e-iw't x 
n jj '-oo w - w ....,., 2rr 

[ 

<pj'it(t)aj~'t(t)ajtpijt>p,ir -<aj'.~. (t)pi'j'p)ajtpijt >p,irl 

+ t p,ir () + p,ir -<p.,., ,(t) a., 1 (t) p .. a . > <a., (t) p. ,_, t p .. , a. , > J 1 J Jl J. H J J. l J J. Jh J.. • 

/27/ 
lho6bl nony4~t~Tb aa~KHYTYIO caMocornacoaaHHYIO c~t~cTeMy ypaaHeH~~ 
A11A Maccoeoro onepaTopa /27 I, Heo6XOA~t~MO ~t~cnonb30BaTb T·o 1.111111 
Ill HOe np~6Jl~t~)f(€Hlll€ C T€M, 4T06bl Bblpa3HTb ero l..lepe3 $yHK~HIO rplti
Ha /9/. MacCoBbiH onepaTop /27 I on~t~CbiBaeT Heynpyroe pacce.AHY!e 
311eKTPOHOB /ynpyraA 4aCTb COA€P)f(HTCA a I~ /16/ I Ha $11yKTya-la . ~~AX nnOTHOCTVI nOJlHOrO 311€KTpOH-HOHHOrO 3ap.AAa B peweTKe. no 
aHanorY~va c pa6oToH/ 171 /eM. TaK)f(e/ 19•21 / I Ha~AeM aHa11HTVI'-IecKoe 
BblpameHvae A11A Maccoaoro onepaTopa a np~6nH>KeHHY1 ''Aayx aaaHMo
Aei1cTBYIOIJ.IHX MOA11 • 3TO npV16J11.1)f(€HHe COCTOHT B npeHe6pe>KeHHH 
nepeHopMHPOBKOY! B€PWI-1Hbl, T. e. KOppe11A~1-1eH B pacnpoc.TpaHeHitlltl 
BbiAeneHHoro 311eKTPOHa I AbiPKI-1/ H pacnpocTpaHeHI-1VI ¢11YKTya~HH 
nJlOTHOCTI-1 3aP.RAa. 3TOMy npi-16J1VI)f(€HVIIO OTBe4aeT C11eAYIO.ll.l€€ npeA
CTaBJleHHe 8 /27/ Bb1CWI-1X KOppe11.A~HOHHbiX $YHK~~~ 4epe3 H~3W~e: 

p,ir + 
> =<p.,.,.(t)p .. ><a., (t)a.,>. J 1 • lJ 't t J 

/28/ 

3aM€TVIM, '-ITO OAHOBP€M€HHble CP€AHHe y>Ke y4T€Hb1 B MaCCOBOM one
paTOpe ~~a /16/. 

3anHCbiBa.R Aanee cneKTpanbHble npeACTaaneHI-1A Ail.A wp.penA~HOH
HbiX ¢yHK~HH a /28/, MaccoabiH onepaTop /27 I npeACTaaHM, c yl..le
TOM onpeAe11eH~A /15/, 8 BHA€ CyMMbl 

/29/ 
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1 
Mii, 

. ~ dw1dw2 1 f3w1 f3w2 
= l: Y V .. V., , ff -..,.(_;__:.-, -(th- + cth-) x 

mn' jj' t}n J 1 n """""w- w 1+~ ) 2 2 2 

x [- .l.rm«u iu , » +. l r 3 Im«if' .\if'J+, » . r 3. 
/30/ 

1T n n w 2 1t J w 
1 

+It 

Maccosbllll ·anepaTop /30/ 14MeeT Bl-1A, xapaKTepHbl\4 AI1R B3SHMOAeillcT

eyiO~eilt 3IleKTpoH-$OHOHHolfi CI-1CTeMbl 11
8 • 19 •21~ BKnaA M:., 14MeeT 

fionee CJ10)f(HYIO CTPYKTypy: 
11 

[ 

1 1 + 1 
f--Im<<n .. , \n., » H:--Im<<a.t\a.,t»,_, 

77 1• 1 .1. w2 
rr 1 1 '"'1 

1 1 + + 
[-lm<<n \n., » ) [--Im<<a. ,\a 1.,» 1 

;7 14 1 t wz rr 1• wl 

1 1 1 
l-Im<<n ·\n,, » ][- -Im<<a1,\a.,,>>w 

tr l.~ 11' w2 rr I 1 

/31/ 

~3 COOTHOWeHI4~ /30/ 14 /31/ B14AHO, 4TO, 8 OTJ114414e OT 3JleKT

poH-140HHOi:1 MOAeilH npocToro MeT anna, y414TbiB810LI.\eVi npRMOe KYno

HOBCKoe B3aHMOAeViCTBitle 3IleKTpOH08/1?/t 3¢l$eKH18HOe 3IleKTpOH-

3JleKTPOHHOe B3a14MOAeViCTBI4e, onpeAeilReMoe 8 /31/ ¢IYHK~HeVi rp14-

Ha ¢IlYKTYSl.l14ill nl10THOCTI4 3ap.AAa, He MO}I(eT 6btT'b Bbtpa}l(eHO B npoc

TblX npH6m·n:<eHio1RX 4epe3 nonHYIO ,qlo131leKTP!A'4eCKYIO npoHio1U,aeM0cTb 

3JleKTPOH-Io10HHO~ CHCTeMbl AilR -MOA€!111-1 Xa66ap,qa. :"hQ rtBm~eTCR OT

pa}l(eHHeM oAHOro H3 HeAoCTaTKOB Mo,qenH Xa66apAa - npeHe6pe}l(e

HHeM o6MeHHbtM s3aHMOAe~cTsl-1eM Ha Pa3HbtX Y3nax. AH3Jl'eKTPH4eCKYJO 

~YHK~I-110 AnR MOAen~ Xa66apAa MO}I(HO ~opMaJlbHO 3anHcaTb Anrt' k , 

w~O 4epe3 nPOAOJlbHYIO AHHaMH4eCKyJO npoBOAHMOCTb/ 221 .0AHaKO npH 

k lit W40, nony4aeMoe TaKiitM o6pa30M eblpa}l(eH~~te AflR AI-13JleKTpH4e

cKo~ npoHHu,aeMOCTiit He onpeAeneHo. B nonRPHO~ MOAenH MeTanna
1101 

3neKTpOHHaR cHcTeMa onHCbtsaeTCR 6onee nocneAOBaTenbHbtM o6pa3oM. 

no3TOMY Bb!BOA ypasHeHH~ caepxnpOBOAI-1MOCTH AilR nOilRPHOi::t MOAeJlH 

MeTanna /c Y4eTOM 31leKTpOH-~OHOHHOro B3aHMOAe~CTBiit
R/ npeACTas

JlReT oco6btH ~~tHTepec. 

C 3TiitM o6CTOfHe1lbCTBOM CBR3aHbl H3BeCTHbte TPYAHOCTH Bbi4HC1le

Hii\R 4aCTOTHO~ 3aBHCI<'IMOCTiit KOppenRU,HOHHOi:i ¢YHKU,I-11-1 < n ia (t) n ja ,> 

AilR MOAeJlH Xa66apAa.·rro cy~eCTBY TPYAHOCTI-1 3Tiit aHanorlit4H~ TeM, 

KOTOpbre B03HHKaiOT np~~t Bbl41itCJleHHiit KOppeJlRU,HOH.HO~ ¢yHKI.J,)1H 

< S ~ (t)S ~ > B H30TpOnKOM reH3eH6eprOBCKOM ¢eppOMarHeTii\Ke /_23,24( 

npr..l Bbl4~CneHVU1 <I>YHKI.J,Iitl-1 rpHHa << s: Is:->> 803HHKaeT ¢YHKU.HR rp~~tHa 
' J 
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/a,qecb OS z="' gz -<S z > I. 06bJ4HO npY'! pac-
'-'enneHI-H1 <OS ~(t)OS ~><<S+jS->> ,QllR KOPP€11R'-'Y10HHOiii ¢YHK41111 <0 8 '?8 8 2i > 11lnonbiyeTC.A CT aTH4€CKOe npH611H)I{€HI-1€ I 24 • 25~ np\.16lll-1-}f{€H~blt1 ~eTO,Q paC4€Ta KOppeJl.A41-10HHOI1 ¢YHK41-1J.1 <n i~ p" > 8 CTaTH4€CI<OM npe,qene o6Cy)I{,QaeTC.A, Hanp., B /2G~,QallbH€~WHi1 aHallY13 nOJ1Y4€HHOt1 CJ.1CT€Mbl ypaSH€HH~ /26/ J.1 /29/ .Qll.A CJ.1JlbHOCB.A3aHHbiX 3Jl€KTpOHOB 8 nepeXO,QHOM MeTa!lll€ MO)I{€T 6b1Tb npoBe.QeH J.138€CTHblMJ.1 M€TO,QaMJ.1 /eM., Hanp., /27,28'/, 

8 aaK11104eHHe 3aMeTHM, 4TO All.A CHllbHOCB.R3aHHbiX aneKTpOHoe nepeXO.QHOrO MeTSlllla onepaTop 311€KTpOH-$OHOHHOrO 83SJ.1MO,Q€i1CTB~.R M0)1{€T 6b1Tb Bblpa)l{eH 4€P€3 He60JlbWO€ 4J.1Cll0 xapaKTepHbJX napaMeTpoe nepexo,qHoro MeT anna 13,19,211: 

at<Ri -Rj) Ri -Rj 
a(Ii.-ii.J=qot'i 1ii-R'1' I J 1 J 

/32/ 
a,qecb q 0 - cneiiiTepoecKHt1 Ko3¢¢H4Y1€HT, xapaKT€PH3YIO~H~ 3KcnoHeH'-'HallbHOe y6biBaHJ.1e. d -Q>yHKLtHi1 131• YIHTerpan nepecKoKa tij ,qnA 6J1H}I{ai1wHx coce,qei1 z Bblpa)l{aeTc.R 4epea WHPI1HY 30Hbl W=2tz. Ta-KVIM o6paaoM nony4eHHaR a HaCTOR~eiii pa6oTe caMocornacosaHHaR CI1CT€MS ypaBH€HHi1 CeepxnpOBO,QHMOCTH /26/ 11 /29/ B npe,qcTaBneHI-1H BaHb€ no38011R€T C €.QV1HOiii T04Kio1 3P€HHR HCCil€,QOBaTb peanbHbl€ nepeXO,QHble M€Ta!lllbl, J.1X CnllSBbl H C0€,QHH€HHR. 
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