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1. BBE/1EHHE 

Ue.nbiO HaCTOfiLL\e£1 pa6oTbl RB.nAeTCA Bbi'-H1CileHJ.~~e peHopM~rtpoaaHHo

ro, 3a C~eT B3814MO,Q€~CTBlriA C $OHOHSMlrlt OAH04aCT~4HOrO 3Il€KT

pOHHOrO cneKTpa MOTTOBCKOrO H30IlATOpa Hillrl no.nynpoBOAHHKa.CJ.~~c

TeMa on\IICbiBaeTcA MOA€llbHbiM raMlriilbTOHio1aHoM Xa66ap,Qa /1-3/: 

H= l t 
ija ij 

a+ a +.!!..2 n n 
10 ja 2 ia ia i-a 

/1/ 

3AeCb a"ta' aia - ¢epM(;I-onepaTopbl pO)I(,Q€HIIIR 14 YHI-14TO>t<€HHA 311€Kl

poHa co cn~r~HOM a a cocTOAHlriH BaHbe, 4€HTPlriPOBaHHOM Ha ya.ne Ri; 

U - ~rtHTerpa.n KyilOHOBCKOrO OTTa!lKHBSHlriA 3Il€KTPOHOB B O,QHOM 
u .. ,-t ~ [ ~ ~ ~ 1 

yane. r~HTerpan nepecKoKa t ij = 1'1 * ( k exp -ik(R i-R . ) , r,Qe 

E" k - 30HHSA 3HeprHFI 3Jl€KTPOHOB • k J 

raMHilbTOHlriSH Xa66ap,Qa /1/ 3SBJ4CHT OT ABYX napaMeTpoe: s¢

$eKHIBHo11 WI-1Pl.-1Hbl 30Hbl 'fJ = 2t. z I t - HHTerpan nepecKoKa 

MemAY 6n~t~maHw~MH coceA~MH; z - 4Hcno 6nHmaHwHx coceAeH/ ~ 3Hep

rHH BHYTPHSTOMHOrO KYnOHOBCKOrO OTTSJlK~BSHH~ 3JleKTPOHOB U. 

KorAa OTHOWeHHe U/W >1, raMHilbTOHHSH /1/ onHC~eaeT MOTTOB

CKHH ~t~aon~Top HnH nonynpoeOAHHK 121• B L.leilOM P~Ae coeAHHeH~t~H 
nepeXOAHblX MeTSJ1110B, a HMeHHO B OKHCnax H cynb¢IHASX, pean~t~sy

~TC~ COCTO~HH~, COOTBeTCTBY~~~~~e C11Y4SBM MOTTOBCKOrO H30nBTOpa 

lt!IlH nonynpOBOAHHKa. 

J111B Om1CSHHB $S308biX nepeXOAOB MeTSJ1!1 - H3011BTOp Ill MeTSilil -

nonynpOBOAHHK 8 COeAHHeHHHX nepeXOAH~X MeTaJ1!108 He06XOAHMO 

Y41-1TbiBSTb 3J1eKTpoH-$0HOHHOe 83Sio1MOA€HCTBI-1e. 3a C4€T 83SHMQ

AeHCTBHR C KOI1e6aHI-1RMH peweTKH npH onpeAeneHHOH TeMnepaType 

MO~eT I-1C4€3STb ~€11b 8 3J1eKTPOHHOM cneKTpe, TO eCTb CHCTeMa 

nepeHAeT B MeTaJ1J11o14eCKOe COCTOAHHe. 

8 HSCTOAmeH pa6oTe AilA OnHCaHHA B3SHMOAeHcTBHR CHJlbHO CBR-

3SHHblX d-3neKTPOHOB C KO!le6aHI-1RMH peweTKI-1 BOCnOJ1b3Y€MCA ra

MHJlbTOHHaHOM, no.ny4eHHbiM 6apHCH4eM, Jla66e J.1 $pHAeileM 141 , 3TOT 

raMHilbTOHHSH npeACTSBJ1A€T co6oH ecTeCTB€HHOe o6o6~eHHe raMHilb

TOHHSHS Xa66apAa /1/ A11A KOile6Jl~~eHcA peweTKI-1. PacCMSTPHBSeT

CR C11Y4aH 04€Hb CHilbHOH KY110HOBCKOH KOPP€11AL.1HH, KOrAa AilA 

OnHCSHHA 3JleKTpOHHOH nOACHCTeM~ MOmHO orpaHH4HTbCR npH6J1H~e

HV!eM 11 Xa66apA-1 1
'. Hcnonb30BaHHe MeToAa ypaeHeHHH ABHmeH~t~A AilA 

¢IYHKL.1HH rpHHa H ABOHriOrO A1-1¢1¢lepeHU,HpOBSHHR no nepBOMY H BTOpo

MY BpeMeHH n03BOilA€T OTHOCHT€IlbHO npocTO Hai:1TH peHOpt-.U.1POBaHHb'n~ 

cneKTP 3JleKTPOHOB, KOTOPbl~ Bblpa}l(aeTC~ 1...1epe3 He60J1bWOe '-lHCJlO 

xapaKTepHbiX napaMeTpoe cHCTeMbl. 

I 



2. IAM~nbTOH~AH MOnEn~ 

8 nepeXOAHbiX M€TSI1JlSX J.1 HX CO€AIIIH€HHAX AOM"'HYIPYIOW.YIO po.nb 
HrpataT CJ.1JlbHO CBR3aHHble d -3neKTPOHbl. Cor nacHo 6apHCHI.ly-na66e
Cl>pJ.1A€1110 /41 npJ.1 AB"1>K€H"H1 J.10HOB BOJlHOBbl€ ¢YHKLtJ.11-1 CJ.1JlbHO CBfl3aH
HbiX d -3Jl€KTPOHOB MSJ10 A€¢0PMI-1PYIOTC.R. 3TO no3BOJ1fl€T ~t~CnOilb30-
BSTb raMH!lbTOHJ.1aH Xa66apAa /1/ All.R on1-1CSHJ.1R 3JleKTpoHoe e Ae
¢opMHpoeaHHoH peweTKe. 

CnegyR pa6oTe 141, no!lHbiH raMJ.1flbTOHt.1aH 3Il€KTPOH-J.10HHOi1 MOA€Ill-1 
npegCTSBHM B B~A€ CYMMbl: 

H=He+Hi+He-i' /2/ 

H ~ :i: :i: t(a )a. a .• e . 8 a JO J +u ,a J,a a ,a a 
+ ..!!. In. n. 

2 ja JO J-O 
/31 

- raMHilbTOHHaH Xa66apga /1/; 

- onepaTop 3Jl€KTpOH-¢lOHOHHOro B3SJ.1MOAei1cTBVIA. 3gecb t(;a ) -
1-lHTerpan nepeCKOKS M€>KAY 6m1>KaiiJWYIM'-'I COC€AAMJ.1; ii a (a= X,y, z) ' -+ .... ;t. ( ~ €AHHYI4Hble BeKTOPbl peweTKI-1; as:: ""R .. s:: -K ; 0 = ± 1) ; e .... q v - aeK-ua J+<'a J a 
TOp nonApl-13SU,HH KOJle6SHHtf peweTKH; q 0 - cnetrTepoBCKHtf K03$$ill
U,HeHT, xapSKTepH3YIOil.\Htf 3KCnOHeHU,illSJ1bHOe y6biBSHille d -Q:>yHKU,Htf. 

HOHHY~ noACHCTeMy 6yAeM onHc~saTb onepaToPOM 

H ~.!..;£(p_;p~ +w2(qv)~Q. ) • 
2Qv qv qv 0 qv qv /51 

W q (Qv) - 4SCTOTbl SKYCTI-14eCKI-1X $OHOHOB 6e3 y4eTa d -3neKTpOH08 • 
noAC1-1CTeMa '"S -3J1eKTpOHOB 8 RBHOM 81-1Ae He pacCMSTpi-18SeTCR. 
KocaeHHO BJ1HRHI-1e s -3neKTPOHOB Y4TeHo. C4!-1TaeTcR, 4TO see TPI-1 
BeTSill KOJle6SHI-1~1 WQ {<[v) (v = 1,2,3) COOTBeTCTBYIOT SKYCTH4eCKillM 
4SCTOTSM lSI ill, KpOMe TOrO, BeJ1J.14HHS KYJ10HOBCKOro OTTSJ1Kl-1BSHJ.1R U 
nepeHOpMI-1pOBSHa aa C4eT 3KpaHI-1pOBSHJ.1R ·s-3neKTPOHSMI-1. 

raMHJ1bTOHI-1SH 311eKTpoH-$OHOHHOro B3SHMOAetfCTBJ.1R 5apillCI-14a
Jla66e-~pi-1Ae11R /4/ onJ.1cblsaeT Ha1-16onee cyll.leCTBeHHble acneKTbl no
BeAeHI-1R CBR3SHHblX 3JleKTpOHHO~ 1-1 l-10HHO~ nOACHCTeM 8 nepeXOAH~X 
MeTSJlJ1SX 1-1 l-1X COeAI-1HeHHRX. npH6J1HmeH!-1e CHJ1bHOtf C8R3H, B KOTQ
POM nony4eH 3TOT raMI-111bTOHI-1aH, 6onee cnpaseAJ1H80 A11R yaKoaoH
HbiX Bell.leCTB H CTSHOBI-1TCR T04HbiM pSC4eTOM 8 npeAeJle HyJleBotr 
WI-1Pl-1Hbl 30Hbl. Mbl paccMoTpi-1M BbJ41-1CJ1eH!-1e cneKTpa 3JleKTPOHOB 8 aTOM 
npeAene 8 cneAYIOil.\l-1X paaAenax" 
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3. 3nEKTPOHHbiE <!>YHKL.l~~ rP~HA 

BBeAeM. ABYXBpeMeHHble ¢lYHK~VII-1 rpVIHa AilFI aneKTPOHHbiX VI ¢oHOH

HbiX onepaTopoe: 

'G. (t-t')~«a. (t),a+ (t')»~-i8(t-t'l<la. (t),a+ (t')] :>, 

1e 10 f!P 10 ea 

D~ (t-t')~«Q., (t),Q"';(t'l»~-i8(t-t')<[Q. (t),Q~ (t')] >. 
qv qv qv qt' qv 

/6/ 

+L L v~a (a, )«0~ a., \a+» 
-+ ~::- qv ua qv 1+ua,a eo (t) 

qv aua 

171 

1 a(w)~«a n \a+ » 
ie ia 1-a ea 6J 

...... -j>-1> -+-+ 

q 0 aa iqR,· iqR,-+Da 
a-+ -+a-+! l 

V ~ (a, )~ -- t (a ) (-- · e ~ ) e - e . 
qv ua -- a a qv 

yNM a 

!81 

AnR ¢lyHKI,\VIVI fp111 Ha t"'_G VIMeeM ypaeHeHitle 
>e 

wi' 0 (w)~o <n >+t f' 0 (w)+Ui'a(,o) + 
ie ie i-o 0 ie ie 

+ 2. t. << n. a I a+ >> + 
1 . In 1-a no eO w 

nr' 

+ 2. t. l <<a: a a• ·a\ a~>> 
n~iln I-On- 1 ""'w 

-<<a+ a 
n-a 1-a 

/9/ 
a+,. a \ a >> l + 

e·U w 

+ L L v'; (i:
0 

)\«0~ n a_ 
0

, \a+ » + 

Civ aOa qv qv i-a 1+ a•a eO w 

+<<G ...... (a+ a .. ~:- a,.a-a!++t- a a. )\a+>> l 
qv i-o L+U ,a u ,a i-a 10 eo w 

rAe t = N-l I (-+ • 

0 k k 
3neKTPOHHYIO noAcHcTeMy e ypaeHeHIIIRX /7 I 111 /9/ ont.Kbl·aaeM 

B npV16I1Y1>!<eHVII-1 
11 Xa66ap~-1

11 , 3TOMY npi-16Jli-1>KeH1.110 COOTBeTCTBYIOT 

cneAYIO~He pacuenneHVIFI 11 : 
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«n a Ia+» ~<n >'G (.,), i-o na ea w 1-u ne 

<<a+ a a I a+ >> "" <a+ a > 'G (w) , i-a n-u ia ea w i-a n-a ie 

/10/ 

noACTa8nRR /10/ 8 /7/ " /9/, nony""M np"5n"~eHHOe ypa8HeH"e ABH>KeHHfl ,QilR $ypbe-o6pa3a ¢YHK~J.1H fpHHS '0 ie (w) B Bl1,Q€ 

Un_a .,·a (.,)~ {1 + I lo. + ~ t. G (w)l + ie w-to-U 1e n 10 ne 

Un-a 
+11 + ---"-:.,-1 ~ 

w-t 0 -U -i{v 
a ~ 

~ v~ <•a ) «Q~ a, • O qv a qv 1+v a a 
I a+ » . ,a ea cu 

/11 I 

AnR B~4HcneHHR cMewaHHO~ ABYX~acTH4HoH ¢YHK4HH fpHHa, CTOR~eH B npaBO~ 4SCTH /11/, npO,QH$¢epeH4HPY€M ee no BTOpOMy speM€HH t '. 8 pesynbTaTe nony4HM 

w<<Q-+a. 8 Ia+>> = -qv 1+ a•a ea w 

Un-a 
~{1+-----l~t «G~a. Ia » + w-t - U m me qv I+Oa,a ma w 0 

Un_
0 + !1+ I ~ 

<V-t
0 

-U q'v' 

npVI BbiBO,Qe ypasHeHHR /12/ Mbl VICnOJ1b30BSIIV1 ,Q!lfl 3IleKTpOHHO~ no,QC~CT€M~ pac4enneH~e /10/. 
anR peweH"R C"CTeM~ ypa8HeH"H /11/" /12/ 88eAeM ~YPbe-npeo6pa30BSHHe ¢YHK4HH fpHHa: 
, -1> -1 ik<Ri-Re) G (k,<U)=N ~e G. (w). u -+ 1e 

k 
Hcnonb3YR /13/, 8 /11/" /12/ nony""M 

Ga(k,.,) ~·c~(k, <U) +G~(k,.,)Pa (k,.,)'G~(k,.,). 
3,Q€Cb BB€,Q€Hbl o603Hal.leHHR: 

...., a -1 'G ~ (k, '") ~{ F 0 (.,) - (< k - t 0) I 

4 

/13/ 

/14/ 

/15/ 



- peweH~e raM~IlbTOH~aHa Xa66apAa Ill AI1R ~eCTKoH peweTKH s 

np•6nMlK8HMM "Xa66apA-1" /10/o BenM4MHa F~(<u) pasHa '111 

OnepaTop pacceRH~R 

n-<T -1 
+ --,.-"-~u,....l 0 

w-t 0 

x<<Q-+ a \Q_,., ,a+~ >> 
qv i+Ba,a q v e-uf3,a cu 

/16/ 

MacCOBbnlt onepaTop Ma(k,w) onpeAeilHM KaK co6cTeeHHYIO 4aCTb -+I He 

coAep>Ka~qyiO 4aCTellt, coeAHHeHHbiX JlHHHe~ Go I onepaTopa P a ( k, w ), 
~ 4 p 4 

TO ecTb M
0 

(k, '")~I P a (k, <u)l o B peaynbTaTe nony4MM M3 /1 I ypas-

HeHI-1€ 

/18/ 

KoTopoe npeACTasnReT co6ol1 ypasHeHHe AalltcoHa AI1R oAH03neKTpoH

Hollt ¢YHK~HH rpHHa 'G~,w). PeweHHe ypaBH€HHR 1181 HMeeT BHA 

'G (k,wl~!F 0°(<u)-(< 4 -t 0 )-M (k,<u)l-1
0 

a k a 
/19/ 

Tenepb Heo6xOAHMo Bbi4HCJ1HTh Maccosbtllt onepaTop 

4 o nPH5nHlKEHHOE Bbi4HCnEHHE MACCOBOrO OnEPATOPA 

B HaCTOR~qeM pa3Aene Mbl nonyl.IHM npH6.mnKeHHoe nPeACTasneHHe 

AI1R Maccosoro onepaTopa, npeAnonaraR,no aHanorMH c Teop1o1e~ 

MHrA8J1a lSI, LITO MO~HO npeHe6pe4b nepeHOpMHPOBKO~ BepWHHbl B 

3J16KTPOH-$OHOHHOM B38HMOA€i1CTBHH. nepeXOAR K npeACTaBJ1eHHIO 

!..lepe3 KoppenRU,HOHHbte ¢YHKU,HH e npasoH 4acTH 117 I, ABYX'-~aCTH4HYIO 

KoppeilRU,HOHHyiO ¢yHKU,HIO 3anHW6M B BHA€ 

<0~. ,(t) a+ o (t) Q4 a. o > 
q v e-uf3,a qv 1+ua,a 

~ <Q4o ,It) Q iiV ><a+ a (t) a a > 0 
q v q e- (:3'a 1+ a, a 

/20/ 
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no,QcTaBil.R.A CIO,Qa BbiPa>KeHYI.A A.fl.A $OHOHHOi:i Yl 3neKTpOHHO~ O,QHO'-lac
TYI'-lHbiX KOppe!"J.RU,YIOHHbiX $YHKU,Yii:\, Bbl'-lHCneHHbiX Ha OCHOBe COOTBeT
CTBYIOIQHX $yHKU,H~ rpYIHa 161, A.fl.A Maccoeoro onepaTopa M (7 (t 6)) 
nony'-lHM cneAYIO~Qee Bbrpa>KeHV!e: 

~ ~ ~ 

~ 

LV': (a
0 

)Vf} (ao )eik(Re-RiJ 
{38 fl qv ua -qv u {3 

X 

/21/ 
Re-8{3 

dw 1 dw 
2 

X If 2 
71 w -(rJ 1 -6)2 

l+N(w
2
)-n(w

1 ) 
ImD .... (w 2 +idlm<<a. !::' I a: s:: >> . q v 1 +oa ,a- e-u {Jo- 6J 

BenH'-lHHbl N(w) "' n(w) - $YHKL4HH pacnpe.QeneHHA 6oae H $epMH 
COOTBeTCTBeHHO. YpasHeHH.R 1181 H 121/ npe,QCTSBil.RIOT. co6o~ CaMO
COril~COBaHH;YIO CHCTeMy ypasHeHJ.1i:\ Ail.A ¢YHKLI,HH rPHHa .3IleKTp0H08 
'Ga (k, w ), a MaccoBbl~ on epa Top 121 I ABn.ReTc.A caMocor nacosaH
HbiM Bblpa>KeHJ.1eM, Bbl'-lHCileHHe KOTOPOro He CB.A3aHO C KOHKPeTHbiM 
Ha4anbHbiM npH6IlH>KeHHeM • .Qn.R npH6nH>KeHHoro caMocor nacosaHHoro 
Bb14HCileHH.A $YHKU.HJ.1 r PH Ha G a(l1, w) socnonb ayeMc.A noniOCHbiMH 
npH6I1H>KeHJ.1AMVI Ail.A cneKTPailbHbiX HHTeHCJ.18HOCTei:i 8 BH,Qe 

ImD~(w +i<),; qv 2 -::--""'--1 O(w -w-+ ) -O(w +W-+ ) J, 2w ..... 2 qv 2 qv qv 

Im<<a I a+ >> 
i+Oa,d e-0 11,a (1)

1 
+i~ 

~-"15 1 ." o 1(1-n )<l(c, -t )+n o(w -t
0 -U)I. -H'a•e-o {3 -a 1 0 -a 1 

/22/ 

/23/ 

Bbrpa>KeHHe 1231 cooTBeTCTsyeT aTOMHOMY peweHVIIO MOAeilH Xa66ap,Qa 
11 I, KOr,Qa t .. = 0, TO ecTb Kor,Qa WJ.1PHHa aoH o6pall(aeTc.A a HYilb •J • J.1 cneKTp CJ.1CTeMbl COCTOHT H3 ABYX ypOBHeH. 

no,QCTaBilA.A 1221, 1231 8 Bblpa>KeHHe ,Qil.A MaCCOBQrO onepaTOpa 
/21/, nony4"M 

6 

2 
..... q 0 2 M (k ,w)~ --t 

0 NM 
L L le'! 12 A(q,k) x 

C{v aO qv 2 w -+ a qv 

{ ( l+N(w~)-n(t 0 ) 
x (1-n ) q + 

-a w-t -w ..... 
0 qv 

+n~[ I+ N(wqv)- n(t0 + 

w-w ..... - t - U qv 0 

U) 

N(w ij) + n(t 0 

w-t 0 +w qv 

+ N(wijvl+n(t 0 +U)]J· 
w +w .... -t -U qv 0 

/24/ 



..,.... -+-+ -+ .......... 

...... -+ iqaa ll -iqaQ i(k+q)aQ 
A(q,k)=ll-e a e a-lle a 

~~ 

qaa ..... ..... -.)o 

=-4 sin Texp[i(k+q) a8 a 

/25/ 

MaccoBbl~ oneparop /24/ onpeAem=ier peHopM~pOBKY cneKrpa 3neKr

poHoa aa C4eT B3aiiiMOAe~CTB~fl C $0HOHBM!rl B CJlyl.lae CHJlb·HoVI KOp

pemH,tV1lll, HcnonbayeMbiVI MeToA caMocornacoaaHHoro pac'-!era o4eHb 

YA06eH, nocKOilbKY OH noaeo.nReT onpeAe.n~t~Tb MaccoebiVI oneparop 

/24/ Ha OCHOBe nOACTaHOBK~ B /21/ aTOMHOro peweH~R /23/. 

B npHHL-'IIIne BMecro /23/ MO)I{HO npa.tMeHHTb APyroe npvt6m1>KeHHoe 

peweHHe, Hanp~r~Mep, ABYxnon~cHoe, nony4aeMoe c noMO~b~ MeroAa 

MOMeHTOB I? ,SI Hilltl MeTOAB POT 191 , . 

Maccoa~VI oneparop /24/ aas~r~c~r~r or reMneparyp~, a peaynbrare 

Llero np111 onpeAeneHHbiX 3HB4eHHRX napaMerpoa Cl-1CTeMbl MO}I(eT ~r~c~..~e

aaTb W,eJ1b 8 CneKTpe KBB3H4aCT\.14HbiX B036Y>KAeH\.1VI j nplrl 3TOM CHc

T€Ma nepe~AeT s Merann~~ecKoe cocroRH~e. ~ccneAosaH~e aroro 

eonpoca npeAnonaraercR npoeecT~ e OTAenbHO~ pa6ore. 

5. 06CYlKJlEHHE 

8 HaCTOR~eH pa6ore ADR MOAeflH 6apHc~~a-Da66e-~p~A6DR HaM 

YAaDOCb OTHOC~TenbHO npoCTO Ha~T~ peHOpM~pOBaHH~H, 3a C~eT 

eaa~MOAeHcrs~R c ¢oHoHaMH, cneKTp aneKTPOHOB H3onRropa Morra

Xa56apAa. Paaa~raR reop~R RBnRercR caMocornacosaHHoH, noasonR~

w.eH CTpO~Tb npH6flH}I(6HHbl6 peweHHR AflR OAH03fl6KTPOHHOH ¢YHK4HH 

rpHHa 'G ie (w), He OnJ.IIpaRCb Ha KOHKP6THOe Hynesoe npH6nt.•t>KeHJ.IIe. 

B peaynbrare aaaHMOAeHcTBHR c ¢>oHOHaMH aneKTpOHHbl~ cneKTp nepe

HOPMHPYercR; ao3HHKa~r CABHr 3HeprH~ H aaryxaHHe, onpeAenReM~e 

AelilcrsHTenbHO~ ~ MH~MoH ~acTbiO Maccosoro oneparopa M a(k,.w+id= 

= ~k(w)-irk(w). npH 3TOM, B OTflJ.II~He OT MOA6DJ.II $pen~xa, B MO

A6flJ.II 6D$ y~~r~saercR aHH3orpon~R ~ Henapa6onH~ecKHH xapaKTep 

AHCnepCJ.IIJ.II.CHflbHO CBR3aHHbiX 3fl6KTP0HOB, ~TO npeAcTasnReT OC06b1H 

HHTepec npH paCCMOTpeH~~ 3fl6KTPH~eCKHX H MarHI-1THbiX CBO~CTB 

peaflbHbiX COeA~H6HHH nepeXOAHbiX MeTannoB. 
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