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1. BBEAEHI1E 

B noclleAHI1e roAbl 6ollbWOH 11HTepec Bbl3biBaeT npo611eMa on11caH11fl 
311eKTPI14eCKI1X, TenllOBbiX 11 CBepxnpOBOAfi~I1X CBOHCTB nepeXOAHbiX 
MeTallllOB, 11X CnllaBOB 11 COeA11HeHI1H. np11 3TOM ea~HY~ POilb 11MeeT 
nOCileAOBaTellbHOe caMOCOrllaCOBaHHOe Oni1CaHI1e 311eKTpOH-~OHOHHOrO 
B3ai1MOAeHCTBI1fl/l~/ .• 0co6ble CBOHCTBa nepeXOAHbiX MeTallllOB, 11X 
CnllaBOB 11 COeAI1HeHI1H B 3Ha411TellbHOH Mepe onpeAellfi~TCfl AOMI1HI1py~
~e.:\ pOilb~ d-311eKTpOHOB. Ailfl npOCTbiX MeTallllOB, rAe cnpaBeA1111BO 
np1161111~eH11e n04TI1 CBOfiOAHbiX 311eKTpOHOB, pa3pa6oTaHbl 3<!XIleKTI1BHble 
MeTOAbl y4eTa 311eKTpOH-~OHOHHOrO B3ai1MOAeHCTBI1fl, B KOTOpbiX 11C
n011b3~eTCfl KOH~en~l1fl nceBAOnoTeH~I1alla14,6/ .• B c11y4ae nepeXOAHbiX 
MeTallllOB 3TI1 MeTOAbl He npi1MeH11Mbl, T. K. BOll HOBble ~YHK~1111 d -
311eKTpOHOB Cl111bHO 110Ka111130BaHbl 11, KaK npaBI1110, AOil~Hbl Oni1Cb1BaTb
Cfl B np1161111~eH1111 Cl111bHOH CBfl311. 

B pa6oTe 6api1C114a-fla66e-~PI1Aellfl /1/ 6blll npeAilO~eH raMI111bTOHI1aH 
311eKTpoH-~OHOHHOro B3ai1MOAeHCTBI1fl Allfl nepeXOAHOro MeTa1111a, KO
TOpbiH npeACTaBilfleT co6o.:i npRMOe o6o6~eHI1e xopowo 113BeCTHoro ra
MI111bTOHI1aHa Xa66apAa/8/ npl1 y4eTe KOS1e6aHI1H peweTKI1. raMI111bTOHI1-
aH 6fl~/l/ Oni1Cb1BaeT B3ai1MOAeHCTBI1e Cl111bHOCBfl3aHHbiX d -311eKTpo
HOB C KOS1e6aHI1fiMI1 peweTKI1 nepeXOA~OrO MeTa1111a Ha OCHOBe npeAn0110-
IKeHI1fl 0 TOM, 4TO BOll HOBble q>yHK41111 Q -31leKTpOHOB : ~IKeC TKO:: ClleAYIOT 
aa ABI1~Y~I1MI1Cfl 110HaMI1, T.e. e np1161111~eH1111 "~ecTKI1X 110HOB 11

• B oT-
1111411e oT APYrl1x pa6oT /eM. 12 •31 I raMI111bTOHI1aH 6n~ coAeP~I1T e 
fiBHOM BI1Ae xapaKTepHble napaMeTpbl nepeXOAHOro MeTa1111a. B pa6o-
Tax /1,7·10/ paCC411Tb1Ba11Cfl KBaApaT MaTpi14HOrO 311eMeHTa 311eKT-
pOH-~OHOHHOrO B3ai1MOAeHCTBI1fl B np11611111KeHI1I1 Cl111bHOH CBfl311 11 ~11311-
4eCK11e Be1111411Hbl, C HI1M CBfl3aHHble: 3Heprl1fl CBfl311 /1,8,10/ 11 ~aK
TOp MaK-M111111aHa, onpeAellfii0~11H TeMnepaTypy ceepxnpoeOAfl~ero nepe-
XOAa 11 •8 •8•101 B pa6oTe 191 TaKIKe Bb1411CileHa napaMarHI1THafl 
BOCnpi111M411BOCTb, a B 1111 - OC06eHHOCTI1 ~OHOHHOrO cneKTpa KBa3110A
HOMepHbiX CI1CTeM. 

B HaCTOfl~e.:i pa6oTe MOAellb 5fl~ 11CnOilb3yeTcfl Allfl caMocorllaco
BaHHoro Bbi411CileHI1fl nepeHOpMI1pOBKI1 cneKTpOB 311eKTpOHOB 11 ~OHOHOB 
B nepeXOAHbiX MeTallllaX 11 11X COeA11HeHI1fiX. HaHAeHbl OAH04aCTI14Hble 
n110THOCTI1 311eKTpOHOB 11 ~OHOHOB, 3aTyXaHI1e ~OHOHOB B nepeXOAHbiX 
MeTa1111ax 11 MOA11~11411POBaHHbiH KPI1Tepl1.:1 MarHeTI13Ma CToHepa. B Clly-
4ae Cl111bHOH KYilOHOBCKOH K0ppellfl41111 o6cy~AaeTCfl B03MO~HOe B1111fiHI1e 
311eKTpOH-~OHOHHOrO B3ai1MOAeHCTBI1fl Ha Kpi1Tep11H nepeXOAa MeTa1111-
113011fiTOp B 113011fiTOpe-noS1ynponOAHI1Ke MOTTa-Xa66apAa. nolly4eHa 
CI1CTeMa ypaeHeHI1H ceepxnpoeOAI1MOCTI1 31111aw6epra Allfl MOAe1111 
6fl~, n03B011fl~afl 11CC11eAOBaTb ceepxnpOBOAfl~l1e CBOHCTBa nepeXOA
HbiX MeTallllOB 11 11X COeAI1HeHI1!1.~. eAJ-1HOi4..-1'04K-H ·&pemllf~ 

1 
,lly6Ha, 1982 · 



2. fAMHnbTOHHAH MOAEnH 

CneAyH pa6oTe 11~paccMOTP~M e OAH030HHOM np~6n~meH~~ c~cTeMy 
C~nbHOCBH3aHHbiX 

Xa66apAa 161: 
d-3neKTpOHOB, on~C~BaeMy~ raM~nbTOH~aHOM 

He .. I t 11 a{a aja + ..!!. I n1ant-a + I t 11 a~aa·a, ~a 2 ta ta 1 

i 1' j 
+ 

111 

rAe a 1a-' a ta - onepaTOpbl pOmAeH~H ~ YH~I.ITOmeH~H 3neKTpOHOB Ha 
yane R 1, U - 3Hepr~H KynOHOBCKOrO OTTanK~BaH~H 3neKTpOHOB Ha 
OAHOM yane. HHTerpan nepecKoKa t 11 paBeH 

3 -+ -+ p2 -+ ... -+ ... 
t 11 ={d rcjl*(r-R 1)[-2 

+I V(r-R
9
)]cjl(r-R 1). m e 

121 
-+ ... 

rAe I c/l (r - R 1 )I - nonHbl~ opTOH~PM~poeaHHbl~ Ha6op eonHOBbiX 
¢YHK1..1~H BaHbe. npeAnonaraH, I.ITO v g(r) - KOpOTKOAeHCTBY~III~H 
caMocornacoeaHHbiH noTeHLI~an, nepen~weM 121 B cneAY~IIIelll ¢opMe 111: 

... -+ 

t IJ .. T !j + J iJ + J J! = t 0 (R 1 - R j ) = t lj (i I= j ) , 131 

3 -+ p2 -+ -+ 
t .... (d r cjl *(r) [- + V (r)l cjl(r) = t 0 ·· 

u 2m s 141 

3AeCb 

3 -+ -+ -+ p2 • -+ 
T,. = (d r ch*(r -R, + R,) -_-cjl(r), 

., ' • ~m 

3 ... _,. .... .... :'\ 
J !J "' ( d r cP * (r - R J + R 1 ) V 8 (r) cP (f) • 

151 

PaccMOTP~M Tenepb en~H~~e Manblx Kone6aH~H ~OHOB Ut OTHOC~Tenb
HO paeHoeecH~x nonomeH~III R1. np~ 3TOM 6yAeM ~cnonbaoeaTb np~6-
n~meH~e "mecTK~x ~oHoe 11 121. B cooTeeTCTB~~ c pa6oTolll 111 6yAeM 
CI.I~TaTb, I.ITO BOnHOBble ¢YHKLI~~ d -3neKTpOHOB Mano ~3MeHH~TCH np~ 
CMellleH~~ ~OHOB ~, cneAOBaTenbHO, AnH Ae¢OpM~poBaHHOH peweTK~ 
OCTa~TCH cnpaBeAn~BbiM~ COOTHOWeH~H KBa3~0pTOrOHanbHOCT~ /1/ : 

..... ..... _,. ..... ..... ..... 
< c/l (r - R J - u J ) I c/l (r - R 1 - u 1 ) > .. 8 IJ • 161 

Ha 161 cneAyeT, I.ITO MOmHO esecT~ onepaTOpbl pomAeH~H ~ YH~I.ITOme

H~H 3neKTPOHOB a7a• al AnH Ae¢opM~poeaHHOH peweTK~, c nOMOIIIb~ 
KOTOpbiX raM~nbTOH~aH t11 MOmHO npeACTaB~Tb B ¢opMe 

2 

... .... .... .... + 
=I t. 1 n 1a+ I t

11
(R

1 
+UJ -R. -u 1 )a1 a

1 
+ 

i a 1 i I= j ,a 1 a a 
H 

e 

+ .!I_ I nla n t-a 
2 ta 

171 

-+ 
AnH ManbiX CMellleH~H u 1 ~MeeM 

-+ 
... ... at(R) 

t !J = t 0 (R 1 - R j ) + ~ 
ail 

I 
-+ ... ... ... ( R=RJ-i u1 -u 1 )+ ••• 181 

111 B pa6oTe on<ll AnH c~nbHOCBH3aHHbiX 3neKTPOHOB 6blno ~cnonb30ea-
HO·CneAY~IIIee none3HOe COOTHOWeH~e: ... 

at(R) 

ar 1
-+ -+ 
R ""R j-! 

... ... 
(R J- R t) 0 

a-qo ...... t!j 
IR 1-R 1 1 

191 

3AeCb q0 -cneJI!TepOBCK~H K03¢<1l~l..l~eHT, xapaKTep~3Y~III~H 3KCnOHeH
LI~anbHOe y6bleaH~e paA~anbHOH 1.1acT~ d -<!lyHKLI~~~~ ell (I ;I) 
- <11 0 exp(-q 0 1rl) I q 0 o6bi4HO nopHAKa 1A0

-
1 
/. 

B pe3ynbTaTe 171 MOmHO npeACTaB~Tb B B~Ae 

H e "' H ~ + H e _ 1 , 

rAe 

H 0 
"' I t n + I t 0 a+ a +.!I. I n n , 

e 1 a 1! ! a 1 1= J a !j ! a j a 2 !a ! -a 
1101 

-+ ... 

H - q 0 I t!oj e-1- t.fja 
(R 1-Rt) (u 

... -+ 1 
I R j-Ri\ 

1111 
... + 

- u J) a!aaja 

OnepaTop He-! 1111 on~cbleaeT eaa~MOAelllcTB~e c~nbHOCBH3aHHbiX 3ne
KTpOHOB c Kone6aH~HM~ peweTK~ e noKan~aoeaHHOM 6aa~ce BaHbe. 
faM~nbTOH~aH ~OHHOH nOAC~CTeMbl 3an~WeM B 06b14HOM B~Ae: 

Pf 1 f3 f3a a 
H 1 "' l - + - l I u 1 cll 11 u J • I 121 

1 2M 2 IJ af3 

nonHbiH raM~nbTOH~aH c~cTeMbl npeAcTaenHeT co6olll cyMMY onepaTopoe 
1101, 1111 ~ 1121. HcnonbaoeaHHaH aan~cb e noKan~aoeaHHOM 6a-
3~ce nOAI.IepK~BaeT C~nbHOCBH3aHHbiH xapaKTep d-3neKTpOHOB, ~, 
KpOMe TOro, OHa HeOfiXOA~Ma np~ on~caHHH pa3ynOPHA04eHHbiX cnna
BOB nepeXOAHbiX MeTannos ~ aMOp¢HbiX COeAHHeH~H 112"141• AnH Kp~CTan-
na YA06Ho seecTH HOpManbHble KOOPA~HaTbl Q-+ ~ P... • qv qv 

... 
ui "' 

1 
v'MN lv QQV eqv e IQRj 

H aanHcaTb 1111, 1121 e BHAe 

H.-1 •...l: I I Aqv(i,j)Qqva~a a ja 
qv a !"J 

H 1 .. 
2
1 I (P!P ... +w~(qv))Q_:-Q ... 

qv qv qv qv qv 

1131 

1141 

/151 
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2. rAMHnbTOHHAH MOAEnH 

CneAYA pa6oTe 11~paccMoTp~M e OAH030HHOM np~6n~meH~~ c~cTeMy 
C~nbHOCBA3aHHbiX 

Xa66apAa 18/: 
d-3neKTpOHOB, On~C~BaeMy~ raM~nbTOH~aHOM 

H :£ + u ~ ~ + 
e = 1ja t1j aia aja + 2 1~ niant-a + i~ til a taata' 

1~ j 
111 

+ rAe aia~ a ia - onepaTOPbl pOmAeH~A ~ YH~4TOmeH~A 3neKTpOHOB Ha 
yane Rt, U - 3Hepr~A KynOHOBCKOro OTTanK~BaH~A 3neKTpOHOB Ha 
OAHOM yane. HHTerpan nepecKoKa tij paeeH 

3 -+ -+ p2 -+ ... .. .. 
t 1. = J d r c/>*(r- RJ )[- + :£ V(r- R 8 )]cf> (r- R 1), J 2m e 

121 

rAe I cf> (? - R 1 )I - nonH~H opTOH~PM~poeaHH~H Ha6op eonHOB~x 
¢yHK~~H BaH be. npeAnonaraR' 4TO v s (r) - KOpOTKOAeHCTBY~~~H 
caMocornacoeaHHbiH noTeH~~an, nepen~weM 121 e cneAY~~eH ¢opMe 111 

.. -+ 

t 1J .. T 1J + J ij + J Jt = t o (R 1 - R J ) = t lj (i .f. j ) , 131 

3 .. p2 -+ .. 
t 11 .. fd rc/>*(r)[-+V (r)]cf>(r) =to. 

2m 8 141 

3 ... ... .. p2 ... 
T., = (d r cb*(r -R, + R,) -_-cb(r), 

·• • • ;::m 

3 ..... ..... .... .... :\ 
J 1j = ( d r c/> * (r - R J + R 1 ) V 8 (r) ¢ (r J • 

151 

.. 
PaccMOTP~M Tenepb Bn~A~~e ManbiX KOne6aH~H ~OHOB Ui OTHOC~Tenb-

HO paeHoeeCHbiX nonomeH~A R1. np~ 3TOM 6yAeM ~cnonbaoeaTb np~6-
n~meH~e "mecTK~X ~OHOB 11 /2/, 8 COOTBeTCTB~~ C pa60TOH 111 6yAeM 
C4~TaTb, 4TO BOnHOBble ¢YHK~~~ d-3neKTpOHOB Mano ~3MeHA~TCR np~ 
CMe~eH~~ ~OHOB ~, cneAOBaTenbHO, AnA Ae¢OpM~pOBaHHOH peweTK~ 
OCTa~TCA cnpaBeAn~BbiM~ COOTHOWeH~A KBa3~0pTOrOHanbHOCT~ /1/ : 

-t> ... .... ....,.. .... .... 

< cf> (r - R j - u j ) \ ¢ (r - R 1 - u 1 ) > .. 5 ij • 161 

Ha 161 cneAyeT, 4TO MOmHo BBeCT~ onepaTop~ pOmAeH~A ~ YH~4TOme
H~A 3neKTPOHOB a7a• a AnA Ae¢opM~poeaHHOH peweTK~, c noM~b~ 
KOTOp~X raM~nbTOH~aH J~l MOmHO npeACTaB~Tb B ¢0pMe 

2 

:£ t 11 n ta + l t (R + ;; - R - ~ )a+ a + 
1 a 1 .;. j ,a 1j J j i 1 1 a ja 

H 
e 

u 
+ -2 l n1a n i-a 

1a 

171 

-+ 
AnA Man~x cMe~eH~H u 1 ~MeeM 

-+ 

t to (R R ) at(R) 
1J - 1- J + ait 

-+ -+ 

li=iJ-1 (uj -u1 )+ 181 

B pa6oTe 6n¢
111 

AnA c~nbHOCBA3aHH~X 3neKTpOHOB 6~no ~cnonbaoea
HO·cneAY~~ee none3HOe COOTHOWeH~e: 

-+ 
at(R) 

ait 191 

3AeCb q0 -cneHTepOBCK~H K03¢¢~~~eHT, xapaKTep~3Y~~~H 3KCnOHeH
~~anbHOe y6biBaH~e paA~anbHOH 4aCT~ d -¢yHK~~A <I> (I ;I) 
- <l>o exp(-qolrl) I q0 o6~4Ho nopRAKa 1A0

-
1 /. 

8 peaynbTaTe 171 MOmHO npeACTaB~Tb B B~Ae 

H e = H ~ + H e -1 , 

1101 

1111 

OnepaTop H8_1 1111 on~c~eaeT eaa~MOAeHCTB~e c~nbHOCBA3aHH~x 3ne
KTpOHOB c Kone6aH~AM~ peweTK~ e noKan~aoaaHHOM 6aa~ce BaHbe. 
raM~nbTOH~aH ~OHHOH nOAC~CTeM~ 3an~WeM B 06~4HOM B~Ae: 

P{· 1 {3 f3a a 
H 1 = l - + - :£ l u <I> IJ u I 121 

1 2M 2 1j a{3 

nonH~H raM~nbTOH~aH C~CTeM~ npeACTaBnAeT co60H CYMMY onepaTOpOB 
1101, 1111 ~ 1121. HcnonbaoeaHHaA aan~cb a noKan~aoaaHHOM 6a
a~ce nOA4epK~BaeT C~nbHOCBA3aHH~H xapaKTep d-3neKTp0HOB, ~, 
KpOMe Toro, oHa Heo6xoA~Ma np~ on~caH~~ paaynopAA04eHHbiX cnna
aoe nepeXOAH~X MeTannOB ~ aMop¢H~X COeA~HeH~H 112"141 AnA Kp~CTan
na YA06Ho aaecT~ HOpManbH~e KOOPA~HaTbl Q.. ~ P.. , qv qv 

1131 

~ aan~caTb 1111, 1121 e B~Ae 

1141 

1151 

3 



q 0 0 

A qii\1 (i,j) = -='tJ yMN 
It J-1 

I ilJ_1 \ 

-+-+ 
-+ iq R 1 
e .. (e 

qll 
) /16/ 

MaTp~4H~~ 3neMeHT 3neKTpOH-$0HOHHOrO B3a~MOAe~CTB~R, 3an~caH-
H~~ 'iepea napaMeTp~ nepe'xoAHOro MeT anna q 0 , t

0
1J , M. Ben~4~H~ 

W O (q11) -4aCTOT~ $QHOHOB 6e3 y4eTa B3a~MOAe~CTB~R d -3neKT
pOHOB C $OHOHaM~ /S/ . 

4T06~ CBR3aTb ~HTerpan nepeCKOKa tt C Ha6n~AaeMO~ $~3~4eCKO~ 
aen~4~HO~ - W~p~HO~ 30H~ W ~ 2zt 0 (R K), BBeAeM np~6n~lKeH~e 
6n~>Ka~w~x coceAe~. AnR onpeAeneHHOCT~ 6yAeM paccMaTp~aaTb pe
weTK~- 6paae c ~eHTPOM ~Haepc~~. 06oaHa4~M 4epea RK paccToRH~e 
AO 6n~>Ka~wero coceAa no OTHOWeH~~ K yany a Ha4ane KOOPA~HaT: 

-+ 3 -+ 
RK= I Kaaa, 

a=l 
-+ -+ -+ 
R1+K=R1+RK 

K = (K 1 , K 2 , K 3 ) , 

3 
k (i a + K a ) a a • 

a-= 1 

/17/ 

/18/ 

U ~ ~ ~ A fl l, _.\{"\ n+ n /1 a I 
··e-1 · -+ a 1K •• q11''' • · -qy-1a -i+K,a ' 

qll 
-+ -+-+ 

q 0 -+ R K -+ iq R iq R 
A(i,i+K)=--t 0 (R )--e-+ e 1 (1-e K ), /20/ 

yNM K \RK\ qll 

3aMeT~M, 4TO B MOAen~ 11lKeCTK~X ~OHOB 11 6Jl$ Ill, KaK ~ B MOAen~ Xa6-
6apAa16/, s- 3neKTPOH~ RBHO He Y4~T~Ba~TCR. 0AHaKO KOCBeHHO 
~x an~RH~e np~HRTO eo BH~MaH~e. C4~TaeTcR, 4TO ace TP~ aeTBH 
KOnefiaH~~ WO (qy) COOTBeTCTBY~T aKyCTH4eCK~M 4aCTOTaM /G,SI, a 
aenH4HHa KynOHOBCKOro OTTanK~BaHHR U nepeHOpMHpOBaHa 3a C4eT 3K

paH~pOBK~ s-3neKTPOHaMH. 

3. 3JlEKTPOHHbiE $YHKI..lHH rPHHA 

npoBeAeM CHa4ana B~4HCneHHR B cny4ae nepeXOAHOrO MeTanna, 
T.e. a 30HHOM npeAene AnR raMHnbTOHHaHa Xa66apAa /1/, KOrAa 
U/W < 1 /3aMeTHM, 4TO AnR HHKenR, lKene3a H K06anbTa u;w .. o,14+ 
+0,16/. YAo6Ho nepenHcaTb nonH~~ raM~nbTOHHaH B HMnynbCHOM npeA-

CTaaneHH~: 

/21/ 

-+ -+ 
rAe ~Mnynbcbl k 1 , k2 , q new.aT a aoHe 6p~nny3Ha. 

3oHHaR 3Hepr~R tk P~!Ha 
-+ 1k RK 

t =t
0
+!.t 0 (R)e • 

k K K -+ -+ 

AnR peWeTOK c ~eHTpOM ~HBepc~~ t 0 (R) = t
0 

(-R) 
a~TenbHaR aen~4~Ha/ ~ 

-+ -+-+ 

( k = t 0 + !. t 0 (R K ) cos (k R K ) • 
K 

3aMeT~M TaKlKe t 4TO t 0 .f. t
0

(0) • 
.... ... ... + 

He-1= J. !. VII (k ,k+q)Qqllak+qa aka' 
q11 ka 

/22/ 

/23/ 

/24/ 

B~pa>KeH~R /21/ ~ /24/ aan~caH~ a np~ae~eHHO~ 30HHO~ cxeMe. np~ 
a~BOAe /24/ 6blno y4TeHo cooTHOWeH~e t(R -K) = t(- R K) = t(R K) • 
B 3TOM pa3Aene t

0 
MOlKHO AnR coKpa~eH~R aan~c~ onycT~Tb. 

BBeAeM ABYXBpeMeHHble $yHK~~~ rp~Ha AnR 3neKTPOHHbiX ~ $OHOH

H~X onepaTOPOB /16/ : 

a .. (t-t') =«a (t),a+ (t')»=-i8(t-t')<[a (t), a+ (t'}] >' 
pa pa pa pd' pu + 

/25/ 
o,..__ (t-t') = «Q .. (t), ~ (t')» =-iB(t-t')<[Q .. (t),Q!11(t')] >. 

qv q11 q11 q11 q 

R ... uiArnP .. IAP /?C./ nnnRPnPM r. nnMnUibiO MeTona voaeHeH!.1~ nB!.1lKeH!.1R anR 
$r /UH7/. B peay~bTa~e nony4~M cneAY~II.Iee ypaaHeH~e AnR $ypbe-

o6paaa 3neKTpOHHO~ $r: 
... ... -+ ..... + 

(w-t 0 (pa))a .. (w)= 1+ IV (P-q,p)«a Q \a » , /26/ pa -+ 11 p-qa q11 pa w 
qll 

rAe 
-+ u 

t 0 (pa) = t-+ +-!. <nk > /27/ 
P N k ,..q 

AnR npOCTOT~ B HaCTORII.\e~ pa6oTe y4~Tb1BaeM TOnbKO ynpyr~e npo~ec-
Cbl 3neKTPOH-3neKTpOHHOrO pacceRHHR: 

<<a a k+ a .. 1 a~ » .. 8 0 < n k ~ > a""" (w > . p+q,a +q,..q .,..q r- q, .~ r-

Y4eT HeynpyrHX r?o~eccoa MOlKHO npoaecT~ c noMOII.\b~ MeTOAa HenpH
BOAHM~X $r 118 •~ , AnR B~4HCneHHR $yHK~HH rp~Ha, CTORII.\e~ B npaBO~ 
4aCTH /26/, npOAH$$epeH~HpyeM ee no BTOpOMY apeMeHH t', nocne 
Hecno>KH~X npeo6paaoaaHH~ nony4HM 

1161
: 

a-+ (w) "' a~ (w) + a~- (w) p <P. w) a.ja (w) • /28/ 
pa pa ~ a v 

HyneaaR cl>r 0° H onepaTOp pacceRHHR p HMe~T BHA: 

/29/ 

5 



-+ ... ... ... ) .... .... ..., + + 
Pu(P,w) • } J;, Vv(p-q,p Vv,(P,p-q )«ap-quQqv1Qq'v'~q',u»w· 

qv "v 
CneAYA pa6oTaM /18,17/, BBeAeM MaccOBbiH onepaTop Mu (i, w) KaK co6-
CTBeHHY~ 4aCTb onepaTOpa p /He COAep~a~y~ 4aCTeH, COeAHHeHHbiX 

. ,;: I .. I P OAHOH J1HHHeH0°/, T.e. MuU'• w) • Pu(p, w) . TorAa H3 
/28/, /29/ nony4HM ypaaHeHHe AaHCOHa 

-1 -1 
Op+u(w) • [(O~u(w)) - M u(p• w)] . /30/ 

AnA caMocornacoaaHHoro Bbi4HcneHHA Maccoaoro onepaTopa ~r a npa
BOH 4aCTH /29/ aanHWeM B BHAe 

«a P -~qv I Q; 'v, a; -q, u » w 

.. dc.J' 
- r , 

- (1)-(1) 

/31/ 

npeAnonaraR, 4TO nepeHOPMHPOBKOH BepWHHbl B 3JleKTpOH-¢OHOHHOM 
B38HMOAeHCTBHH MO~HO npeHe6pe4b /cp. C pa60TOH MHrAana 1181 /, 
3anHWeM ABYX4aCTH4HY~ KOppenA~HOHHY~ ¢YHK~H~ B /31/ CJleAY~HM 
o6pasoM: 

<Q+,,(t)a+ ,(t)a Q >-<Q+,,(t)Q ><a+ 'u(t)a ,>. /321 q v p-q u p-q u qv q v qv p-q p -,... 
noACTaBJlAA C~Aa Bblpa~eHHR AJlA ¢QHOHHOH H 3JleKTpOHHOH OAH04aCTH4-
HbiX KOppeJlA~HOHHbiX ¢YHK~HH 4epe3 COOTBeTCTBY~He ¢f, AJ1R Mac
COBOrO onepaTopa Mu(p'' w) nOJ1Y4HM Bblpa~eHHe 

... -. -. -. 2 dc.J1 dc.J2 1 - n (w 1) + N(w2) 
Mu(p,w) • ~ IVv (p,p-q)j ff . x 

qv IT 2 (A) - (w 1 + 6Je ) 
/33/ 

x ImOp-q,u(w 1 +it) ImDctv<w 2+ it). 

3AeCb N (w) H D (w) - ¢YHK~HH pacnpeAeJleHHA Eio3e H ~epMH COOT BeT-
CTBeHHO. 

4. ¢0HOHH~E ¢YHKUHH fPHHA 

PaccMOTPHM Tenepb ¢QHOHHY~ ¢YHK~HIO fpHHa Dkv(w). YpaaHeHHe 
ABH~eHHA B 3TOM CJ1y4ae MO~HO npeACT8BHTb B BHAe 

(w2-w2
0

(Pv))D ... (w)•1+ IV (Q.q-p)«a+ a IQ+ » pv ~ v q-pu qu pv w • /34/ 

KaK H a npeAbiAY~eM pa3Aene, AH~epeH~HpoaaHHe no aTopoMy apeMeHH 
BbiCWeH ~f B npaBOH 48CTH /34/ npHBOAHT K ypaBHeHH~ 

/35/ 

6 

rAe 

D!l (w) =(w 2 -w
0
2 (pv))-1 , 

pv 

..... .. + I+ 
Tpv(w)- I I Vv(q,q-p)Vv(q',q'+p)«aq-puaqu aq+pu' 

qu q~' 

OnpeAeJlRA MaCCOBbiH onepaTOP n;v(w) KaK co6cTBeHHYIO 4aCTb 
TOpa pacceRHHA T-pv (w) ' T. e. n pv (w) ·" T pv (w) I p ' nony4HM 
HeHHe AaHcoHa AJ1A OAHo¢OHOHHOH ~r: 

D pv(w) • O.Sv (w) + Dtft, (w) llpJw) D pv(w) . 

/36/ 

onepa
ypae-

/37/ 

KaK H paHee, npeAnonaraeM, 4TO npH Bbi4HCJleHHH Maccoaoro onepaTo
pa fikv(w) MO~HO npeHe6pe4b nepeHOPMHPOBKOH B~pWHHbl, 4TO COO~
BeTCTByeT CJleAy~eMy pac~enneHHIO ABYX4aCTH4HOH KOppeJlA~HOHHOH 

¢yHK~HH: 

<a+, (t)a, ,(t)a+ a u>•<a+'+pu(t)aqu><aq'u(t)aq-+pu>. /38/ q +pu q q q -pu q q 
Hcnonb3YA /38/, e /36/ nony4HM A11A Maccoaoro onepaTopa ¢oHOHHOH 
¢YHK~HH fpHHa CJleAYIO~ee Bblpa~eHHe: 

n(w 1) -n(w 2) 
X 

(A)+ (A) 1- (A) 2 

5. nEPEHOPHHPOBKA CnEKTPA 3nEKTPOHOB H ~OHOHOB 

/39/ 

nonHaA caMocornacoeaHHaA CHCTeMa ypaBHeHHH AJ1A 3neKTpOHHOH 
H ¢OHOHHOH ~f HMeeT BHA: 

.. ... -1 
0-. (w) = I w - t 0 (pu) - M (p, w >I , pu q 

_. ... ... 2 dw1 dc.J2 
n ... (w) = I I vv (q -k, q)l ff --=---=-

kv q "2 

xI Im0q-ku(w 1 ) lmG~ (w 2 ) 
q 

/40/ 
1- n(w 1)+N(ww 

----=-----==-X 
6.1 -(6.1 rt"W2) 
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B HacTOR~e~ pa6oTe AnR npH6nHmeHHoro caMocornacoaaHHoro a~4Hc
neHHR ~YHK~H~ rpHHa G H D aocnonb3YeMCR non~cH~M npH6nHmeHHeM 
AnR cneKTpanbH~X HHTeHCHBHOCTe~ B M H ll /nepaoe HTepa~HOHHOe 
npH6nHmeHHe/: 

ImG_.(w 1 +it)=-rrll(wi -t(pu)), /41/ · 1 
pu 

ImDq+11 (w 2 +it) .. -rr ~ ... {ll(w 2 -wq+v )-8(w 2 +w-q11 )l 
~ /42/ 

noACTaBHB /41/ H /42/ B /40/, nony4HM: 

... IVv (p- q, P,12 1 +N(w qv)-n(t(p-~,u)) 
Mu(p,w) = I I + ... 

2w-+ w-w-+ -t(p-q,u) qv 
/43/ qv qv 

N (w qv) - n (t (§- q: u)) 
I , + 

w+w-qv -tW-Q,u) 

n kv(w) = } IVv(q- k, q)\2 
n(t (q-k, u))- n(t (Q, u)) 

/44/ 
w-t(q,u)+t(Q-k, u) qu 

rAe t (ku) H W qV - nepeHOpMHpOBaHH~e 3HeprHH 3neKTpOHOB H ~o
HOHOB, KOTOp~e onpeAenR~TCR H3 ypaeHeHH~/16/ 

-+ -+ -+ .... 
~ (~ ~) , o r~r ~' _ ~ ~~ •• ~~ ~)) _ n 

w... - w 0 (qv) - n ... (w ... ) = 0. 
qv qv qv 

/45/ 

TaKHM 06pa30M, M~ npHWnH K CaMOCOrnaCOBaHHO~ CHCTeMe HenHHe~H~X 
ypasHeHH~, KOTOp~e OnHC~Ba~T nepeHOpMHpOBKy 3neKTpOHHOrO H ~o
HOHHOrO cneKTpOB. Ha OCHOBe ypasHeHH~ /45/ B~4HCnReTCR CABHr 
H 3aTyXaHHe 3neKTPOHOB H ~OHOHOB/16~6 nocneAHee BpeMR 6onbWO~ 
HHTepec B~3~saeT TeopeTH4eCKOe B~4HCneHHe WHPHH~ ~OHOHHO~ nHHHH 
a nepeXOAH~x MeTannax, KaK Pd H N~ H cpaaHeHHe 3THX pac4eTOB 
C pe3ynbTaTaMH Heynpyroro pacCeRHHR MeAneHHbiX He~TpOHOB /19·23/, 

CneAyR 1161, nony4HM H3 /45/ BblpameHHe AnR 3aTyxaHHR ~OHOHOB 
r ... (w) = Imll ... (w + it) B BHAe qv qv 

r-+qv =r-+v(w-+qv)[l- ( dllqv) w=w-+ ]-1. /46/ 
q dw qv 

B OTnH4He OT pa6oT 121 •22I, rAe npH B~4HcneHHH 3aTyXaHHR ~OHOHOB 
MaTpH4H~~ 3neMeHT 3neKTPOH-~OHOHHOrO B3aHMOAe~CTBHR B~4HCnRnCR 
c noMO~b~ RMTA 124~ a HaCTOR~e~ pa6oTe Hcnonb3oeaHHe MOAenH 
on~ n03BOnReT 3anHCaTb MaTpH4H~~ 3ne~eHT 4epe3 XapaKTepHble na
paMeTp~ nepexOAHOro MeT anna M, q

0
, t 0 (RK); nocneAHHe ABa, KaK 

H BenH4HHa KynOHOBCKOrO B3aHMOAe~CTBHR U, RBnR~TCR nOArOH04H~MH 

8 

napaMeTpaMH. B OTnH4He OT MOAenH ~penHXa MOAenb on~ no3BOnReT 
TaKme y4HT~BaTb aHH30TpOnH~ H HHTerpHpOBaHHe no C~epH4eC~O~ 
noaepXHOCTH ~epMH He npHMeHHMo. B~pameHHR AnR cneKTpoe t~u) H 
Wqv MOryT 6b1Tb Ha~AeH~ 4HCneHH~M o6pa30M. 

O~eHHM TeMnepaTypHy~ 3aBHCHMOCTb Maccoaoro onepaTopa MacPw) 
/43/ npH HH3KHX TeMnepaTypax. npocT~e pac4eT~ AnR /43/ Aa~T 

4q~ 

NM 
/47/ 

... 
... q 2 2 

X (R K -) q I 
I iii v 

leavl2 _....:.;.__p ( 1 ) 1 _ T 4 , 

2v v q w- £ (p-q,u) e/3 vvq -1 

6. PEHOPMHPOBAHHblt:l CnEKTP H30Hf!TOPA MOTTA-XAooAPAA 

B HaCTOR~eM pa3Aene e~4HCnHM peHOPMHpoaaHH~~ 3neKTpOHH~~ 
cneKTP MOTTOBCKOrO H30nRTOpa HnH nonynpOBOAHHKa. AnR 3TOrO 3a
nHWeM raMHnbTOHHaH CHCTeM~ B BHAe CYMM~ onepaTOPOB /1/, /14/ 
H /15/ a npeACTaneHHH BaHbe. PaccMOTPHM cny4a~, KOrAa U/W >1. 
TaKaR CHTya~HR peanH3yeTcR a ~enoM PRAe coeAHHeHH~ nepexoAH~x 
MeTannos, a HMeHHO, a OKHcnax H cynb~HAax 126~3anHweM ypaeHeHHe "-' .&.-- ~~\ ~--- /6-\n 1•1\..._, • 
ABHmeHHR AnR OAHOaneKTpUHHU"' 'Ill '"'JJ'a \•J - ........... Ju'"''"J'u ,. '// 

/48/ 
+ I A qv (j, j + K ) <II qv, j + K ; j u 

qvK 

rJJ 'u (w) = « a n I a :+-, » , ju J-o JU w 

HMeeM ypaaHeHHe 

+UrJJ'a(w)+ I lA (j,j")«Q nJ aJ, la+Ju >>w+ qvj" qv qv -a a 

/49/ 
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+ A9"'(j,j")<<Q 9"'a;_uaj"-a a1a!at·u »w-
/50/ 

-A (j",j)«Q a+
1

, a. a. !a
1
+, » I. qv qv -a J-0' JO' u w 

3neKTPOHHY~ nOACHCTeMy B ypaBHeHH~X /48/ H /50/ OnHC~BaeM B npH-
6nHIKeHHH 1 'Xa66apA-1". 3TOMY npH6nHIKeHH~ COOTBeTCTBy~T cneAy~
~He pac~enneHH~: 

«Qqv nj-aa na \ a;,a » .. < nj-a> 4> qv, n; j'u 

+ + + 
«QqvaJ-u an-aaju\aj•a» .. <aJ-aan-a > cl>qv,J;Ju• 

« Qqv a~a ajaaj-a\a~·u»=· <a !-a aj-u > 4> qv, J,j'u 

c y4eTOM /51 I nony4HM An~ <I>YPbe-o6pa3a a Jj (r (w) 

Un_a 
waJju(w) • (1- w-t -UIIB jj'+; tJ,J+K aJ+K, j'a (w)l + 

0 

Un-<T 
+ 11 + I :I. A 9"' (j ,j ~ K) 4> 9v, j+K;Ju (w). 

w-t 0 -U qvK 

/51/ 

/52/ 

An~ nony4eHH~ ypaeHeHH~ AaHcOHa npoAH<I><!>epeH~Hp~eM <l>r e npaeoH 
4aCTH /52/ no BTOpOMy BpeMeHH t:nocne HeCnOIKH~X B~4HCneHHH 
nony4HM: 

~ ~ ~ ~ ~ 

au (k, w) = G~ (k, w) +a~ (k, w) Pa(k,w)a~(k, w). /53/ 

3AeCb BBeAeM 0603Ha4eHHR ...... 
_. -1 lk(RrRJ') a a (k, w) • N ; e C JJ'a (w) , 

k 

/54/ 

.. I u , , -1 
a~ (k, w ) .. F 0 (w) - (E k - t 0 l• ' /55/ 

• 
a 1-n n 

F 
0 

(w) .. I -a + -a I . 
w-t 0 -U w- 'o 

/56/ 

OnepaTop pacce~HH~ p HMeeT BHA ....... 
-+ l tk(RrRJ•) 

P (kl&l) .. N - :I. :I. :I. A (j ,j
2 

)A , , (j '2, j)e x 
u qvj2 q'v'Je JJ' qv qv /57/ 
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'J 
{ 

} 

I + + 
x « Q qv a J 2 a I Q q v , aJ 2 u » w • 

.. ... p 
Maccoe~H onepaTop Ma(k,w)=dPu(kw)l noaeon~eT aanHcaTb pewe-
HHe 3aAa4H B BHAe 

.. .. 1 
Ga(kw)=IFg(w)-(tk-t 0)-Mu(k,w)l-. !58! 

npHfinHIKeHHOe CaMOCOrnaCOBaHHOe B~paJKeHHe AnR MaCCOBOrO OnepaTOpa 
HaHAeM, KaK H B pa3Aene 3, npeHe6peraR nepeHOpMHpOBKOH eepWHH~: 

M a(k,w) = ! \ A-.)k) \2 ff dwl dw2 
~ q ,2 

1 + N(w2)-n(w 1) 
----=:--~ X 

w-w1 -w 2 /59/ 

x ImD ... (w 2 +h)Im0-. (w 1+ it), 
qv ka 

rAe 
2 ... ... ... ....... ... ....... 

-. 2 Qo t 0 (RK)R Keqv lkRK l(k+q)RK 2 
\A qv(k) I • - I I .. (e - e )\ • /60/ 

NM K I R Kl 
An~ npH6nHJKeHHoro caMocornacoeaHHoro B~4HcneHH~ Maccoaoro one
paTopa aocnonbayeMcR non~cH~MH npH6nHJKeHHRMH AnR cneKTpanbH~x 
HHTeHCHBHOCTeH /nepaoe HTepa~HOHHOe npHfinHIKeHHe/: 

, 
lmD-. (w2 +it) "'- -

2
-lc5(w 2 - w ... ) - c5(w2 + w-+.,) I, qv W-o qv qv /61/ 

qJ.I 

... 
Ima ... (w + it) .. N-. I e 

...... 
''"''n. a., ... J n -' •• J I lmG J J u (w + it ) , /62/ 

ta JJ' 

ImGjju(w 1 +it) .. -rr~j'l(1-n-a)c5(w 1 -t 0 )+n-ac5(w 1 -t 0 -U)I 

PeweHHe /§2/ cooTaeTcTayeT aTOMHOMY peweHH~ MOAenH Xa66apAa, 
KOrAa t 0 (R K) •0, T. e. KOrAa WHPHHa 30H o6pa~aeTC~ B Hynb H cneKTp 
CHCTeM~ COCTOHT H3 ABYX B~pOIKAeHH~X YPOBHeH. 

noAcTaBnRR /61/ H /62/ B /59/, nony4HM 

... ... 2 l+N(w )-n(t0 ) N(w J- n(t 0 ) 
M (k, w)"' I \A -+v(k)\ 1(1-n-a )[ qv + 9 ] + 

a qv q w - t 0 -w qv w - t 0 + w v 

l+N(w v>- n(t0 + U) N(w v> - n (t 0 + U) ,63/ 
+n-a[ q + q ]1. 

w-w -t 0 -U w+w -t 0 -U qv qv 

MOIKHO yny4WHTb npH6nHIKeHHe /62/, ecnH B3RTb B Ka4eCTBe Ha4anb
HOrO npHfinHIKeHHe /8/ 

lmGka(w 1 +if)- -rrl (1- n -a )c5(w 1 - t 0 - (t k -t 0)(1- n -a)) + /64/ 

+ n-a B(w 1 - t 0 - U- (t i - t 0 )n -a ) • 

ll 



+ 
N(w v)- n(E1 (k)) 

q ] + 
(Ll- E 1 (li') +W qv 

rAe 

E 1 (k) = t 0 + (f k- t 0)(1- n-a), 

-+ 

E 2 (k) = t 0 + u + (f.k -t0) n-a. 

N (w qv) - n (E 2 (k)) 
-+ l I 

w + w qv - E 2 (k) 

/65/ 

Maccoe~H onepaTop /63/ ~ /65/ onpeAenReT nepeHopM~poeKy cneKTpa 
3neKTpOHOB 3a C4eT B3a~MOAeHCTB~R C ~OHOHaM~, KOrAa eCTb pac~en

neH~e Ha ABe noA30H~. YpaBHeH~e AnR cneKTpa e 3TOM cny4ae ~MeeT 
BI1A 

F~(E)+ t 0 -fk-MlY(k,E) = 0. · /66/ 

0603Ha4~M 4epe3 El. < E2 peweH~e raM~nbTOHI1aHa Xa66apAa e np~6nw 
>KeHI-1~ ''Xa66apA 1'' /8T. I ,/lnR ynpo~eH~R 3an~c~ paccMaTp~eaeM 
11Xa66apA I II' a He 11Xa66aPAIII II. I nonpaeK~ K 3T~M peweH~RM 3a C4eT 
3neKTPOH-~OHOHHOro B3a~MOAeHCTB~R HaHAeM ~3 /66/ B B~Ae 

- - -
E1,2'"' El.,2 + L\E1,2 • L\E1,2/El,2 < 1 · /67/ 

~CXOAR ~3 /67/ MOlKHO 3an~CaTb 06~ee B~pa>KeH~e AnR Kp~Tep~R ne
peXOAa MeTann-~3onRTop: 

min E 2 (k) - max E 1 (k) = 0 • 
lkl lkl 

/68/ 

~n~, 3an~C~BaR /68/ B RBHOM B~Ae, 

- -
E ~ (0) + E ~ (k 0 ) 

..'!....(F
0
a(w)+M (O,w)) 

dw a 
w = i~ <O> 

/69/ 
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epe ko- 3Ha4eH~e BOnHOBOrO BeKTOpa, np~ KOTOpOM H~lKHee peweHI1e 
E'l np~H~MaeT MaKC~ManbHOe 3Ha4eH~e. np~ T=O nonpaeK~ L\El ~ 
L\E 2 < 0. np~ T j&O ~ccneAOBaH11e ~~3~4eCK~X peweH~H ypaeHeH~R 
/69/ He06XOA~MO npOBOA~Tb 4~cneHH~M o6pa30M. 3aMeTI1M, 4TO yc
noe~e /68/ e 3TOM cny4ae Heo6xoA~Mo 3an~caTb AnR peweH~R 11 Xa6-
6apAIII11 np~ U/W-1. 

7. CBEPXnPOBOA~MOCTb nEPEXOAH~X METAnnoB 

B pa6oTe 1 14/6~n~ nony4eH~ ypaeHeH~R ceepxnpoBOA~MOCT~ AnR 
nepexoAHOro MeTanna e npeACTaeneH~~ BaHbe AnR 3neKTpoH-~OHOHHoro 
e3a~MOAeHCTB~R o6~ero B~Aa: 

H ~ Ta a + 
a-1 ,. "" lj u lj a I a . , 

ljaa a Ja 
a a a 

/70/ 

rAe u ij .. u 1 - u J • 
none3HO 3an~caTb 3T~ ypaeHeH~R AnR paCCMOTpeHHOH B AaHHOH 

pa60Te MOAen~ on~, KOrAa 
Ra 

Ta .. o_ to ~ 
tJ -u ij I iiJt I 

OnycKaR npoMe>KyT04H~e BbiKnaAK~, AnR MaTp~4HOH ~r G ij (w) • 

_ [ «artla~t »w «attlaj+ »wl 
G lj (w) = 

«a i • I a~ t » w «a;. I a i • » w 

3an~weM ypaeHeH~e AaHcoHa /eM. pa6oTy /14/ /: 

rAe 
- - a-ph - a-e 
Mtf=Mtf +Mtf 

MaCCOB~H onepaTOp. 
CaMocornacoeaHHOe e~pa>KeH~e AnR 

nepeHOPM~pOBKOH eepW~H~ ~MeeT B~A 

- a-ph 1 ""r 1 + N (wt}-n(w 2) 
Mit = (- -) f. dw1 dw2 x 

77 2 -oo w-w1 -w2 

x l l T a Im « u a I u {3 » w 1 r 3 Im G ~ , (w2 ) r 3 T ~ 't 
ml' a/3 lm lm t 't IIIL ' 

/71/ 

/72/ 

/73/ 

/74/ 

/75/ 

C y4eTOM /70/ nony4~M ~3 /75/ e~pa>KeH~e AnR M :fPh (w) B npeA
CTaeneH~~ BaHbe. nepeXOAR B ~MnynbCHOe npOCTpaHCTBO, 3an~weM 

/73/ B cneAy~eM B~Ae: 

- - - - -
Ok(w) = G~ (w) + O't(w)Mk(w)Gk(w), /76/ 
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+ 
N(w ) - n(E

1
(k)) 

qv ] + 
w-E 1 (k') +W qv 

1 + N(wqv)- n(E 2 (k)) 
+ n-a [ + 

w-w - E (k) qv 2 

-+ 
E 1 (k) = t 0 + (E "k- t 0X1- n-a>, 

-+ 
E 2 (k) = t 0 + u + (E.k -t0 ) n-a. 

N (w qv) - n (E 2 (k)) 
.. l I 

w + w qv - E 2 (k) 

1651 

Maccoe~~ onepaTop 1631 1-1 1651 onpeAenReT nepeHopMHpOBKy cneKTpa 
3neKTPOHOB 3a C4eT B3aHMOAe~CTBHR C ~OHOHaMH, KOrAa ecTb pac~en
neHHe Ha ABe nDA3DH~. YpaeHeHHe AnR cneKTpa e 3TOM cny4ae HMeeT 
BHA 

F~(E)+t 0 -Ek-Ma(k,E) =0. · 1661 

06o3Ha4HM 4epe3 E 1 < E 2 peweHHe raMHnbTOHHaHa Xa66apAa e npH6nH
lKeHHH 11 Xa66apA 111 ;er. I AnR ynpo~eHHR 3anHCH paccMaTpHeaeM 
11Xa66apA I 11

, a He 11 Xa66apAIIl 11
• I nonpaeKH K 3THM peweHHRM 3a c4eT 

3neKTPOH-~OHOHHOro B3aHMOAe~CTBHR Ha~AeM 1-13 1661 B BHAe - - -
E1,2 • El,2 + i\E1,2 • i\E1,2/El,2 < 1. 1671 

~CXOAR 1-13 1671 MOlKHO 3anHCaTb o6~ee B~palKeHHe AnR KpHTepHR ne
peXOAa MeTann-H30nRTOp: 

min E 2 (k) - max E1 (k) = 0 • 
lkl lkl 

1681 

~nH, 3anHC~BaR 1681 B RBHOM BHAe, 

- -
E; (0) + E ~ (k 0 ) = 

_c!_(F
0
a(w)+M (O,w)) 

dw a 
W= E~ (0) 

1691 

12 

r:.p.e ko - 3Ha4eHHe BOnHOBOrO BeKTOpa, npH KOTOpOM HHlKHee peweHHe 
E'{ npHHHMaeT MaKCHManbHOe 3Ha4eHHe. npH T=O nonpaBKH i\Ell-1 
i\E 2 < 0. npH T #0 HccneADBaHHe ~H3H4eCKHX peweHH~ ypaeHeHI-1R 
1691 He06XOAI-1MO npOBOAHTb 4HCneHH~M o6pa30M. 3aMeTHM, 4TO yc
nOBI-1e 1681 B 3TOM cny4ae He06XOAI-1MO 3anHCaTb AnR peweHHR "Xa6-
6apAJII11 np~-1 U/W-1. 

7. CBEPXnPOBOA~MOCTb nEPEXOAH~X METAnnOB 

B pa6oTe 1 14/6~nH nony4eH~ ypaBHeHHR ceepxnpoBoAHMOCTH AnR 
nepeXDAHOro MeTanna e npeAcTaeneHHH BaHbe AnR 3neKTpoH-~OHOHHoro 
B3a!-1MDAe~CTBHR o6~ero BHAa: 

H.-1 = IJ~ T~ u~J a:, aja , /701 
a a a rAe u li "' u 1 - u J • 

none3HO 3anHcaTb 3TH ypaeHeHHR AnR paccMoTpeHHO~ e AaHHO~ 
pa6oTe MOAenH on~, KOrAa 

Ra 
T laJ = <lo t~ ..:':1!_ /71 I 

lJ I RJI I 
OnycKaR npoMelKyT04H~e BbiKnaAKH' AnR MaTpH4HO~ ~r a lj (w) • 

- [ <<at, I at, »w «al, lap »w l 
G lj (w) = /721 

«a j • I a it» w <<a~. I a i • » w 

3an1-1weM ypaeHeHHe Aa~coHa /eM. pa6oTy /14/1: 

rAe 
- - e-ph - e-e 
M If "' M 1f + M 1f 

Maccoe~~ onepaTop. 
CaMocornacoeaHHOe e~palKeHHe AnR 

nepeHOpMHPOBKO~ BepWI-1H~ HMeeT BHA 

f3 - f3 x I. I. T a 1m« u a I u »w 1 r 3 Im G ~, (w2 ) r 3 T t•• 
ml' af3 1m lm t't 1111- L 

/731 

/74/ 

1751 

C y4eTOM /70/ nony4HM H3 /751 BblpalKeHHe AnR M dph (w) e npeA-
cTaeneHHI-1 BaHbe. nepexoAR e I-1MnynbcHoe npocTpaHCTBO, 3an1-1weM 
1731 e cneAy~eM BI-1Ae: 

- - - - -
Ot(w) =a: (w) + G~(w)Mk(w)Gk(w), /76/ 
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[

«a I a+ » 
k t k t w 

+ + «a Ia·» 
-k+ k t w 

«a Ia » l kt -k J. w 

«a+ Ia » 
-k J. -kJ. w 

-~ph q8 a at k at 
M k (w) = -2-- I. [e .. , (.....---- k-q )] 2 x 

a MN i{.\a q" aka a(k-q)a 

1 /3wl f3w 2 
1 .. 2 (th -- + cth -- ) 

x- (f dw
1

dw
2 

2 2 
"2- w- w 1 - w2 

xr8 Im0k-q(w
1 

+it)r
8

ImD-q.\(w
2 

+id. 

np~ B~BOAe /79/ 6~no Y4TeHO, 4TO 

<<u a I u a > 
I t' w 

X 

1771 

1781 

/79/ 

Ben~4~Ha a- nOCTOHHHaH peweTK~. AnH KynOHOBCKOro 4neHa orpaH~-
4~MCH np~6n~~eH~eM XapTp~-~oKa· /nonHoe a~pa~e~~e eM. 8 114/f: 

~ u 
[ 

<n k J. > 

-<a+ a+ 
kt -kJ. 

> 

oodw 
~ u r -

2 
'a 1mok (w)r8 th_!!.. 

-oo " 2T 

/80/ 

nony4eHH~e CaMOCOrnacoBaHH~e B~pa~eH~H Anfl aneKTpOH-~OHOHHOH 
~ KynOHOBCKOH 4aCT~ Maccoaoro onepaTopa /79/ ~ /80/ on~c~aa~T 
CBepxnpOBOAH~~e CBOHCTBa nepeXOAHOrO MeTanna B paMKaX MOAen~ 
611~ 111• 3T~ ypasHeHHH aHanorH4H~ ypasHeH~HM 3n~aw6epra /8/ AnH 
npocT~x MeTannos ~ nossonR~T ~ccneAOBaTb csepxnposoAR~~e csoH
cTsa nepeXOAH~x MeTannos ~ cnnasoa a paMKax eA~HOH c~cTeM~ 
ypasHeH~H. OH~ san~caH~ 4epes He6onbwoe 4~cno xapaKTepH~x napa
MeTpos nepeXOAHOro MeT anna: q 0 , a , M, U; t 0 

• y4 ~T~BaH, 4To 
KynOHOBCK~H HHTerpan U HBnHeTCH nOArOH04H~M napaMeTpOM, MO~HO 
B~BeCT~ CTaHAaPTH~e ypasHeHHH 3n~aw6epra 181: .. 

[ z' 
1-Z(w)]w =- Jdz'~h(z',w)Re. signz', /81/ 

-oo y'z'2-~2(z') 

14 

!821 
we 

- UN(O) I dz'th E... Re Mz') 
o 2T v' z, 2- ~2 Gz,) 

Kph (z',w)- jdw'a2 (w') F(w').!.. I 
0 2 

z, , 
th- - cth!!!-

2T 2T I . 

. z, . (cJ, 

th-+ cth-
2T 2T 

Z'+w'-w+it 
/83/ 

z'-w'-w + it 

BenH4HHa a 2 (w) F (w) - aneKTpoH-~OHOHHaR cneKTpanbHaR ~YHK'-'HH 12 •81 

q~ 
a 2 (w)F(w)-

a2MN 

YpaaHeHHR /81/ ~ /82/ c&OARTCR K n~Heap~soaaHH~M ypaaHeH~RM 
3n~aw6epra 181, KoTop~e ~ onpeAenR~T TeMnepaTypy caepxnpoaOAR~ero 
nepeXOAa• 

8. 06CYIAEHHE 

B HaCTOR~eH pa6oTe pasa~Ta caMocornacoaaHHaR TeopHR aneKTpoH
~OHOHHoro BSa~MOAeHCTB~R B MOAenH 6~/1/ KaK AnR cny4aR MeTanna, 
KOrAa U/W < 1 , TaK ~ AnR ~3011RTOpa HoTra-Xa66apAa, KOrAa 
U/W >1. HaHAeHH~e a~pa~eHHR /43/ H /44/ onpeAenR~T peHOPMHpoaaH
Hwe OAH04aCTH4H~e nnOTHOCT~ COCTORHHH 311eKTpOHOB H $QHOHOB 

N 1 (w) •- -
1
- I. ImGtu(w +h), 

"N ku 

ph 1 .N (w) •- --I. ImDkv(w+it). 
· 3wN kv 

/85/ 

C y4eTOM /84/ napaMeTp 311eKTpoH-$QHOHHOrO &SaHMOAeHCTBHR, on
peAellR~HH peHOPMHpOBKY 3neKTpDHHOrO cneKTpa, MO*HO npeACTaBHTb 
B BHAe 12•81 

.\e-pb • 2 f 6)-1 a 2 (6)) F(w)&,. /86/ 

C noMO~b~ /86/ a~pa~eHHe AnR N 1 (w)san~weM KaK 
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N e (E r ) ~ N0 (E r ) (1 + >. e-ph). /87/ 

B peayJlbTaTe KPHTepHi1 MarHeTH3Ma CTOHepa UN e (E r) > 1 
npHMeT BHA 

UN 0 (Er)(1+Ae-pJJ>'1, /88/ 

Ha /88/ CJleAyeT, 4TO 3JleKTpoH-$OHOHHOe eaaHMOAei1cTBHe npH HH3-
KHX TeMnepaTypaX 06Jler4aeT B03HHKHOBeHHe MarHHTOynop~A04eHHOrO 
COCTO~HH~ 3a C4eT OAeBaHH~ 3JleKTpOHa 06JlaKOM $OHOHOB. 

CeepxnpOBOA~~He CBOHCTBa MOAeJlH onHC~Ba~TC~ Ha OCHOBe ypae
HeHHH /81/, /82/, n03BOJl~~HX H3y4aTb CBepxnpOBOAHMOCTb nepeXOA
H~X MeTaJlJlOB, HX CnJlaBOB H COeAHHeHHH B paMKaX eAHHOH CHCTeM~ 
ypaBHeHHi1 13•141 • MOAeJlb 611$ OKa3aJlaCb TaKlKe nOJle3HOH Ail~ nocT
poeHH~ TeOpHH 3JleKTponpOBOAHOCTH B OAH030HHOM CJ1y4ae C y4eTOM 
CABHra noeepxHOCTH $epMH H ee Ae$opMa~HH 128~npH 3TOM noJly4eHo 
Cy~eCTBeHHO HOBOe B~palKeHHe Ail~ TeMnepaTypHOH 3aBHCHMOCTH 
3JleKTpOCOnpOTHBJleHH~ npH HH3KHX TeMnepaTypax, KOTOpOe COrJlacyeT
C~ C pe3yJlbTaTaMH pa60T~ 1241.C Y4eTOM 3JleKTpOH-$OHOHHOrO B3aHMO
AeHCTBH~ B BHAe /24/ 6~110 Hai1AeHO 3aTyXaHHe MarHOHOB B o6o6~eH
HOH MOAeJlH PKKH. noJly4eHO B~palKeHHe Ail~ HH3KOTeMnepaTYPHOH aaeH
CHMOCTH 3aTyXaHH~ B T~lKeJl~X peAK03eMeJlbH~X MeTaJlJlaX THna raAOJlH
HH~/27~ B pa6oTe 1121 6~JlO AaHo o6o6~eHHe raMHJlbTOHHaHa 3JleKTpoH
$OHOHHoro B3aHMOAeHCTBH~ Ail~ paaynop~A04eHHOrO 6HHapHOrO CnJlaBa 
nepeXOAH~x MeTaJlJlOB AxB 1-x. HcnOJlb30BaHHe noAXOAa /12,14/ noa
BOJl~eT B~BeCTH ypaBHeHH~ CBepxnpOBOAHMOCTH, nOA06H~e /79/ H /80/, 

CJleAYeT OTMeTHTb, 4TO MOAeilb 611$ He CB060AHa OT HeAOCTaTKOB 
H COAeplKHT ~eJl~H P~A ~onl.~eHHH. 0AHaKO npOBeAeHH~H B nOCileAHHe 
rOA~ aHaJll-13 noKa3aJ1 I •3• •10•28•301 , 4TO BO MHOrHX $H3H-
4eCKH HHTepeCH~X CJ1y4a~X 3TH AOny~eHH~ onpaBAaH~ H BeAyT K pa-
3YMH~M CJleACTBH~M. 

PeayJlbTaT~ HaCTO~~eH pa6oT~ 1-1 pa6oT 112,14,2&,271 TaKlKe 

noKaa~ea~T, 4TO MOAeilb 611$ 3~eKTHBHa Ail~ onHCaHH~ pa311H4H~x 
CBOHCTB nepeXOAH~X MeTaJlJlOB H HX COeAHHeHHH. 

B 3aKJ1~4eHHe B~palKaeM 6JlaroAaPHOCTb $.KpHCTO$y, r.M.ByH4H4y, 
K.3JlbKy 1-1 K.H.BHCOKHHbCKOMy aa noJle3H~e o6cylKAeHH~ 1-1 aaMe4aHH~. 
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Ky3eMCKHH A.n., Xonac A., nnaKHAa H.M. B3aHMOAeHCTBHe 
CHnbHOCBR3aHHWX 3neKTpOHOB C ¢oHOHaMH B nepeXOAHWX MeTannaX H HX 
COeAHHeHHRX 

Pl]-82-493 

Bw4HcneHw nepeHOPMHpoaaHHWe cneKTpw cHnbHOCBn3aHHWX 3neKTPOHOB H ¢oHOHOB 
B MOAenH 6apHCH4a-fla66e-~pHAenR /6fl~/, OnHCWBa~eH 3neKTpOH-~OHOHHOe B3aHMO 
AeHCTBHe B nepeXOAH~X MeTannax H HX COeAHHeHHRX, C noM~b~ MeTOAa ABYXBpe
MeHH~X ~YHK~HH fpHHa nony4eHa CaMOCOrnacoaaHHaR CHCTeMa ypaBHeHHH AnA 
3neKTPOH-~OHOHHOH MOAenH. PaccMOTpeHW 30HHWH H aTOMHWH npeAenw AnA MOAenH 
Xa66apAa. HaHAeH MOAH~H~HpoaaHHWH KPHTepHH MarHeTH3Ma CTOHepa. 06cy~AaeTCR 
BnHRHHe a3aHMOAeHCTBHR c ¢oHoHaMH Ha nepexoA MeTann-H30nATOp. BwaeAeHw 
ypaBHeHHR caepxnpOBOAHMOCTH 3nHaw6epra AnA MOAenH 6fl~. 

Pa6oTa awnonHeHa a fla6opaTOpHH TeopeTH4eCKOH ~H3HKH OHRH. 

C~eHHe 06~eAHHeHHOrO HH CTHTyTa RAePHWX HCCneAOBa HHH, ny6Ha 1982 

Kuzemsky A. L. , Holas A. , Plakida N. M. Interaction of Tight- Pl]-82-493 
binding Electrons with Phonons in Transition Metals and Their Compounds 

The renormalized electronic and phonon spectra of the Barisic-Labbe
Friedel model of transition metals and their compounds are calculated. By 
the method of double-time thermal Green funct ions the selfconsistent sys
tem of equations for electron-phonon model is obtained. In the band and 
the atomic 1 imits for the Hubbard model the explicit solutions for the 
electronic and phonon spectra are obta ined. The modified Stoner criterion 
and condition of the metal-insulator transition are discussed. The El iash
berg-type ·equations of superconductivity is obtained. 

The Investigation has been performed at the Laboratory of Theoretical 
Physics, JlNR. 
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