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B H8CTORll.lei:1 pa6ore Bbt'-4111CllRercR peHOPMIIIpoeaHHbtH, 3a C4eT 
B38J.1MO,Qei1cTBt.1.Fl C $OHOH8MI-l, cneKTp 311€KTPOH08 ,QJl.A MO,Q€11J.1 ne
peXO,QHOrO MeT anna 6aplt!Ct.14a-na66e-¢lpHAen.A /6!1¢>/ 111• B pa6oTe Ill 
6bt1l 38nii!C8H raMYl!lbTOHHBH 3!1€KTpoH-$OHOHHOrO B38J.1MO,Qei:1cTEiYifl 
,qnr~ nepexo,qHoro Mera.nna, Koropbti:1 npe,qcraem~eT co6oM npRMoe 
o6o6~eHY!e xopowo t.13BeCTHoro raMHilbTOHIIIBHa Xa66ap,qa 121 AllR 
cny'-4aA Kone6n~~e~c.Fl peweTKIII. nocne,qoearenbHoe caMoco,naco
eaHHoe Onii!CBHII!e B38HMO,Q€i:1CTBY~ll.IIIIX 311€KTPOHHOi:1 t.1 $OHOHHOi1 no,Q
Ct-!CT€M 8 peBllbHbiX M€T811118X VI 14X CO€,Q14H€HJ.1RX - O,QHa 143 ~eHT
pa.nbHbiX npo6neM e ¢~t~3~t~Ke Teep,qoro rena 13•41• ,l\.nR npocTbtx Me
Tannoe, rAe cnpaee,qnt.1eo npJ.16.n~t~meH~t~e no4TI4 ceo6o,qH~x aneKrpo
Hoe, pa3pa6oTaHbl 3¢$eKTIIIBHble MeTOAbt peweH~t~R sroC1 n~o6neMbt, 
8 KOTOPbiX 14CnOJ1b3Y€TCR KOHI..Ien~II!R ncee,qonoTeH~Io18J1B 4 •

51
, 

Oco6ble ceoi:1cTea nepexo,QHbtX MeTan.noe 11 111x coe,Q~t~HeHI4i1 e 3Ha-
4~-tTe!lbHoi:1 Mepe onpe,qe!lRIOTCR ,QOMHHHPYIOUI€171 POI1bl0 d -sneKTpo
HOB l6!. 60J1HOBbte $yHK~Ht.1 d -311€KTPOHOB CHJlbHO J10K811J.13088Hbl 
vt, KBK npaBJ.1110, ,QOJl>t<Hbl OnHCbi88TbCA S npH61lll!meHHH CHJlbHOI':! C8A-
3!11. raMHllbTOHHaH 6JJCI> 111 Onii!Cbi8B€T 83aJ.1MO,Qel':!cT81o1€ CHJlbHO CB.A-
3aHHbiX d -sneKTPOHOB C KOJle6aHHRMH peW€TKH nepexO,QHOrO M€Tan-
11B Ha OCHOB€ npe,QnOJ10)1{€HHR 0 TOM, 4TO BOJlHOBbte ¢IYHK~VU1 d -
sneKTPOHoe 

11
)1{ecrKo1' c.ne,qyiOT aa ABYt->t<Yil.I""'M""'cR ~t~oHaMI-1. B orm14He 

oT APYrt.1x pa6oT /eM., HanpHMep, 17 1 I raMHJlbTOHHaH 6~ co,qep
)f{HT B RBHOM BJ.1Ae xapBKT€pH~e napaMeTp~ nepeXOAHOrO M€T81lna. 
HAeR o )l{eCTKO~ C8R3H CHDbHo noKan~~~:aosaHH~x sneKTPOHOB c ABH
*YLI.It.1MIIICR HOHaMI-1 I-1CnODb30BanaCb AJ1R B~4HCD€Hio1R MaTp~4H~X sne
MeHTOB 3neKTPOH-¢OH0HHOro B38HMOAeHCTBHR 8 OAHOM€PH~X CHCTe
MaX 18 •91 • B o611.1eM cny1.1ae 3TOT noAXO.Q 6bJn pa3BI-1T H o6ocHoeaH 
B pa6oTaX /1,lO·l 51 • PacC4HTbfB.a.ni-1Cb KBBAPaT MaTpH4HOrO 3.ne
MeHTa 3J1eKTPOH-¢OHOHHOro 838HMO,Qe~CTBHR B npi-16J1H>t<€HHI-1 CI-1DbHO~ 
CBR31-1 H $H31o14eCKH€ BeJ11.141o1Hbl, KOTOpble 4epe3 Hero Bblpa>KaiOTCR, -
3Heprlo1A C8A3H /1,11,14/ H napaMeTp MaK-MHnnaHa, onpeAenRIOil.IH~ 
TeMneparypy ceepxnpoeoARil.lero nepexoAa 111 -141 . B pa6oTe 1121 

T8K>Ke Bb14HCJleHa napaMarHHTHBfl BOCnpHHM4H80CTb, a B /1t, 151 
-

OC06eHHOCTH ¢OHOHHOrO cneKTpa KB83HO,QHOM€PHbiX CHCTeM. 
8 ABHHOH pa6ore Ha~A€H peHOpMI-1POBSHHbli1 cneKTp CHJlbHO CBR-

3aHHbiX 3fl€KTPOH08 8 MO,QenH 6~ 111 
B npH6!1H)I{€HHH X80T~4€CKHX 

¢a3, TO e-cTb B 30HHOM n-peAene AJlfl MOAe11H Xa66apAal16,17/, C no
MOil.lbiO MeTo.Qa YPBBHeHHH ABH)I{eHHR AflR .QBYXBpeMeHHbiX ¢YHKLIH~ 
rpHHa 118,19/ /Hcnoi1b3YeTCR npHeM AJ.14$eP€HLIHP08aHHR <I>YHKI..I-HH 
rpJ.1Ha no nepsoMy "" eropoMy 8PeMeHH 117•20·22/ I nony4eHa 
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CaMOCOrnacosaHHaR C~CTeMa ypasHeH~~ AnR 3Il€KTPOH-¢0HOHHOH 

C~CTeMbl. np~6n~>K€HHOe peweH~e 3TOt:1 C~CT€Mbl no3BOI1R€T nony4~Tb 

RBHbl€ aHSil~T~4€CK~e BblpS>K€H~fl Ailfl peHOPM~POBSHHOrO 3Il€KTPOH

HOrO ~ $OHOHHOrO cneKTpOB. 

1. rAMHnbTOHHAH 3nEKTPOH-HOHHO~ MOAEnH 
nEPEXOAHOrO METAnnA 

CneAYfl pa6oTe 
111 ,_ paccMOTP~M s OAH030HHOM np~6m1>1<eH~~ c~c

TeMy C~nbHO CBf13aHH~X d-3Il€KTPOHOB, on~c~saeMy~ raM~IlbTOH~a

HOM Xa66ap11a 12 1 : 

/1/ 

rAe a ~a , aio - one~aTOpbl PO>KA€H~fl ~ YH~4TO>KeH~fl 3Il€KTPOHOB 

Ha Y3Il€ i ; U - 3Hepr~fl KYilOHOBCKOrO OTT8IlK~B8H~fl 3Il€KTPOHOB 

C npoT~BOnOilO>KHbiM~ cn~HaM~ Ha OAHOM Y3Ile ~ t .. ,N""i ~ o:...,exp(ik(ll-R_)] 
lJ .... k 1 J 

- ~HTerpan nepecKoKa. k 

PaccMOTPHM Tenepb BilHflHHe Man~x Kone6aH~H HOHOB U. OTHOcH-
~ 1 

TenbHO p8BHOB€CHbiX nonO>K€HHt:1 R i Ha 3Il€KTPOHHY~ nO,QCHCTeMy Me-

Ta!l!la C raMHnbTOHHSHOM /1/. npe,QnOilO>KHM, 8 COOTB€TCTBHH C npH-

6nH>KeHH€M CHilbHO~ CBR3H, 4TO BOnHOB~e ¢yHK~HH d-3neKTPOHOB 

MallO H3M€Hfl~TCR npH CMe~eHHH HOHOB 1-1, Cil€,QOBaT€IlbHO, AJlfl Ae

$OPMHpOBaHHOt:1 peweTKH OCTa~TCR cnpase,QilHB~MH COOTHOWeH~fl 

KB83HOpTOrOH8nbHOCTH: 

/2/ 

~3 /2/ C:Tle,QyeT, 4TO MQ}I(HO BB€CTH onepaTOpbl PO>KA€HHfl J.1 YHW-1-

TO>K€HHfl 3JleKTPOHOB a~0 1-1 aja ,QnR Ae¢opMHPOB8HHO~ peweTKH, c no

MO~b~ KOTOPbiX raMHnbTOHHaH /1 I MO>KHO 3anHcaTb a cne.QY~ll.leM BHAe: 

H= ~ t. 0 a+a. 0 jaO aJ'ua JO J+ a'a 
a 

u 
+- ~ n,.0 n,._~ 

2 ja v 
/3/ 

,lJ,.nR onpe,QeneHHOCTH _6y,QeM paCCM8TPI-1BSTb CJ1y4·at:1 npOCTOi1 Ky61-1-

4€CKOi1 peweTKH 5pase Ill. Y4HTbiBaTb B3aHMOAei1CTBHe TOilbKO M€>KAY 

6n~tt>KaHW1-1MYI COC€A.AMH. TorAa B€Ili-14~Ha 

.... -+ -~ 3 ........ ' ..... .... ~ :'\ ::'\ 
t. o =t(ao +U. 0 -u. )=fd r¢(r+ao +U .. o -u,)V 9 (rJ¢('1 
J,ua ua J+ a J ua J+Ua 

/4/ 

npeACT8BJ1R€T co6oi1 I-1HTerpan nepeCKOKa M€>K,Qy y3nOM j 1-1 OAHIIIM 

1-13 ABYX coce,QHI-1X Y3J.lOB' a a·(= ± 1), Il€>K8lJ.IHX Ha peweT04HOti ·QCJ.1 

ita, r,Qe it (a=X,y,z) - €AI-1HI-14Hbl€ B€KTOpbl peweTKI-1 1-1 itO :::::ji_+.fJ -R .. 
a a J a J 
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OnepaTop V 8 (~ - caMocornacoeaHHbliii OAHOY3enbHbliii noTeH~!Ifa!1 
B H€Ae¢opMr.1POB8HHOi1 peW€TK€ /1/ • 

.QnR MS!1biX CM€~€Hr.1iii U j r.1M€€M 

~ ., at (R) 
t. ~ ~ t(a )+ ----..--!,._~ 

J•Va a aR K-aa 
a 

-U ) + ..... 
j 

,Qanee npi4M€M 80 BHlr1M8HI-1€, 4TO AI1R Cr.1J1bHO CBR38HHbiX d -
311€KTPOH08 

~ 

•o 
~ a 

~-q t(a )--o a a 
a 

151 

161 

3AeCb q 0 - C!1€MT€POBCKIIfiii K03¢$H~lr1€HT, 
H€H4H811bHO:e y6biB8HHe P8AI-1a!1bHOiii l..faCTI-1 
nop"AKa 1 A - 1 I, 

xapaKT€Pl-13YI011.1r.1t1 

d -<t>yHK~~~ I q 0 
3Kcno

o6bi4HO 

Y41-1TbiBaA /5/, /6/ r.1 nepexOAR e k -npocTpaHcTeo, nepenHweM 
onepaTop 131 e cneAY~~eM •~Ae: 

H ~ ~ 
e ka 171 

c~ = 2!.t(aa)cos(k-1a) 
k a 191 

- saKOH Alr1Cnepc~oH1 cvtnbHO ce.A3aHHblX d -3!1€KTpOHoe; N - \.tHC.no 
aTOMOB B peweTKe; M - Macca HOHa; e 11 ( q)- B€KTOpbl no.n.APH3a
~r.11-1 (v=1,2,3); Q qv - HOPMSI1bHaR K00PA1-1H8T8 ABI-'I»<y~erOC.A 1-iOHa. 

HoHHYIO noACI-'ICTeMy nepexoAHOro MeTanna onHCblBaeM onepaTOPOM 

1 + 2-+ + H.~-~ (P~ P~ +<u
0

(qv)Q.. Q..) , 
1 2q

11 
qvqv qvqv . 1101 

r,Qe 03 ((iv) - 48CTOTbl !POHOHOB 6€3 y4eTa d -3I1€KTP,OHOB. 
3aMeTHM, 4TO B MO,Q€!1H nepeXOAHOrO MeTa.nna 6~/tl, K8K K B 

raMVI.nbTOHHaHe Xa66apAa /1/, s - 3neKTPOHbl RBHO He y41-1TbleaiOTC.A. 
0,QH8KO KOCB€HHO 1-iX BI1HRHI-1€ npHHRTO 80 BHHM8HI-1€, C4HTS€TCR,4TO 
BC€ TPYI B€TBJ.of Ko.ne6aH~-tt1 ifo (qv} COOTB€TCTBYIOT aKyCTJ.14eCKHM 

a 



48CTOT8M /4/ ,a BeiU14HH8 KYilOHOBCKOrO OTT811KHB8HH.R U nepeHOPMH

poBaHa 38 C4eT 3Kp8HHPOBKJ.1 S -3.neKTPOH8MH • 

no11Hbll7! raMJ.11lbTOHJ.18H 3JleKTPOH-J.10HH0171 MO,Qelll-1 nepexO,QHOro Me

TaJ1J1a 611<1> RBJ1ReTcR cyMMo" onepaTOpos 17 I ,181, I 101. Ha"6onee 
cepbe3Hble ,QOnyuteHJ.1.R, KOTOPble ,Qe.natoTC.R 8 3TO~ MO,Qem1, Cile,Qyto

utHe: 1/ npeHe6peraeTCR HeOpTOrOH81lbHOCTbiO d -coCTO.RHI-1~ H8 

pa3Hblx yanax; 2/ C411iTaeTC.A, 4TO O,QHoyaenbHbl~ noTeH~J.1a.n a VI,Qeanb-

HoH (i) peweTKe Vi (r) paseH O,QHoyaenbHOMY noTeH~Hany 8 ,Qe¢lop-
s - d 

MHp088HHO~ (d) peweTKe V s (r) J.1 3/ npeHe6peraeTC.A J.136biT04HO~ 

38p.R,QOBOi1 n.nOTHOCTbiO, 803HJ.1K810utei1 8 3JleMeHT8PHOi1 R4ei1Ke 38 

C4eT ,Qe¢lopMa~\lll-1 peweTKI-1, TO ecTb npe,Qno.naraeTC.R, '-ITO <n. ',
1 = 

=<n. >d""Q. JO 

p ' AHam1a, npoae,QeHHbrH a pa6oTax·11·14,23,24 1 , noKaaan o6ocHo-

saHHOCTb 3TI-1X npi-1611H>KeHY1i1. nonpaBK\.1, CBR38HHble C HeOpTOrOH8Ilb

HOCTbiO, M8Ilbl, 11 HX MO>KHO y4eCTb nO TeOpHI-1 803MytqeHHi1 
114

•23 •
24 1 

B pa6oTe114 /6biilO noKaaaHo, 4TO Bbii.!HcneHJ.1e MBTP1-14Hbrx 3JleMeHTOB 

3JleKTpQH-¢IOHOHHOrO B38J.1MO,Qei1CTBJ.1R MO>KHO nposeCTI-1 8 HeOpToro

H81lbHOM 683HCe. npl-1 y4eTe nonpaBOK, CB.R38HHbiX C HeOpTOrOH81lb

HOCTbiO, B rapMOHI-14eCKOM npH611H>K6HI-11-1 nO,QXO,Qbl 6Jl<Jl / 1 ,' 1-1 pa6o

Tbl/l4/npi-1BO,Q.RT K 3KBI-1B81leHTHbiM peayJ1bT8T8M ,QJ1R M8Tpi-14HbiX 3J1e

MeHTOB 3JleKTpoH-¢IOHOHHoro saaHMO,QeHcTBVI.R / 23 •241 . PeaynbTaTbl pa-

6oT 11 1·14, 23 ,24/ nOK83biB810T, '-4TO MO,Qellb 6JI4> Ill y,QOBJ1eTBOPI-1TeJ1b-

H.O onHcbr8aeT Ha~t~6onee cyuteCTBeHHble acneKTbl nose,QeHH.A cs.RaaH

Hbrx 3JleKTPOHHOi1 1-1 I-10HHOi1 nO,QCHCTeM 8 nepeXO,QHbiX MeTSJ1J18X 1-1 HX 

coe,QHHeHH.RX. CyutecTseHHo, 4TO onepaTop 3.neKTPOH-¢oHOHHoro 

B381-1MO,Qei1CTBI-1.R /8/ B .RBHOM BH,Qe CO,Qep>KHT XapaKTepHble napaMeTpbl 

nepexo,QHoro MeT anna: t , q 
0 

, M. 

2. Bbi4HCilEHHE 31lEKTPOHHOIO CnEKTPA 

Bse,QeM ,QsyxspeMeHHbre IPYHK~I-11-1 fpY1Ha 
118

•
191 

AJl.A 3J1eKTPOHHblx 

1-1 $OHOHHbiX onepaTopos: 

G~ (t-t')=«a. (t), ._:; (t')»=-i®(t...t')<[a. (t), ._:; (t')J >, 
pa pa pa per pa + 111 I 

D~ (t-t')=«G. (t) ,Q..i (t')»=-i®(t-t')<[Qct (t) ,Q_; (t')] > 
qv qv qv y_v qv -

Hcno.nb3YR 'ypasHeHI.'f.A ABH>KeHH.A AJl.A 31leKTPOHHbrx onepaTopoe 11 pac

~enn.A.A 31leKTPOHHbre IPYHK~HI4 rpV1Ha a np~t~6.n~t~>KeHHVI cpe,QHero nonr~ 

(<<a .......... a-;. ..... a..... I a ..... :>->"" 0.. 
0

<n..... >G ..... ), norry4HM c.neAYtoutee 
k+p,o p+q,-a q,-a ko p, q,-a ko 

ypaaHeHHe A11R $ypbe-o6paaa 3JleKTPOHHOi1 ¢YHK~I-11-1 rpHHa: 

(w-<(pa))G~ (u;)=l+ L v': (p-ii,iil«a. ~ Q~ Ia: » 
po i{va qv p-q,o qv pa w 

1121 



a ..... 4 4 2iqo 4 a 4 ..... ..... ..... ..... ..... 

V~ (p-q,p)=-=t(a )e (q)lsina (p-q)-sina ·iJl, 
qv y'NM a v a a 

/13/ 
-> u 

!(pu)=(._.+-l<n._. >. 
P N k k, -<T 

AflA B~4HCneHHA ABYX4aCTH4HOH $YHK~HH rpHHa, CTOA~eH B npaso~ 
4aCTH /12/, npO,QH¢$epeH4HpyeM ee no BTOPOMy BPeMeHH t': 

(w-<(pa)) «~ ~ Q~ I~+» = 
p-qu qv pu w 

~ a' 4 ..._. -+;) I + "" v ....... (p,p+q <<<i-+ ..... Q._. Q._., a-+ 4, >> Q'a .. fL Q fL p-qu qv q fL p+q a w 

CHcTeMy ypasHeHHH /12/, /14/ nepenHweM a cne,qy~~eM sH
Ae /16,17,20-22/: 

/14/ 

/15/ 

HynesaA ¢YHK~HR rpHHa 
HMeiOT BHA 

G~ (w) 
pa 

H on epa Top pacceAHHA P ( p, w) 
" 

~ -1 
·G'I (w) = (w - '(pa )) 

pa /16/ 

CneAYA pa6oTaM 116•17•20· 221, eBeAeM MaccoBbiH onepaToP Mu <P. w) 
KaK co6cTseHHYIO 4aCTb onepaTopa P /He COAep~a~y~ 4acTeH, coe
AHHeHH~x OAHOH IIHHio1eH G0

/, T.e. Mu(j),<.u)={PuCP.w)JP. Tor,Qa 
H3 /15/ nony4HM ypasHeHHe AaHcoHa: 

G~ (w) = G~ (w) + 'G'I (w) M (p, w)'~ (w) , 
pa pa pa u pu 

AJlR 0,QH03II€KTpOHHOi:1 $yHK1.1HH .rpHHa 'G._. (w). 
e npasoH 4acTH /17/ aanHweM a BHAe pa 

+ <<a._. ..... ~ .\ Q..,. .. a ........ >> = 
p-qa qv q p. p+qa w 

dw' w"/8 
00

dt -iw't + =f --(e +1) f -e <Q4 , (t) ~ 4, (t) a4 4 Q4 >. 
--oo<il-w" --oo&r QfL p+qo p-qaqv 

/18/ 

/19/ 
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npeAnOnaraR, ~TO nepeHopM~POBKO~ B€PW~Hbl B 3Jl€KTpoH-¢OHOHHOM 
B3a~MOAe~cTB~~ MOmHo npeHe6pe4b lcp. c pa6oTo~ M~rAana 12&

11, 
3an~W€M ABYX48CT~4HY~ KOPP€I1R4~0HHY~ ~YHK4~~ B 1191 CI1€AY~~~M 
o6pa3oM: 

<Q~. (t)..; ~, (t)a~ ~ ~ > ~ 
q p. p+q a p-qa q1/ 

/20/ 

noACT8BJ1RR CIOA8 BblpameH~R Anf'l $OHOHHO~ ~ 3J1€KTPOHHO~ OAHO~ac

T~4HbiX KOppeJ1R4~0HHbiX ¢yHK4~~ 4epe3 COOTB€TCTBYIO~~e CIJYHK4~~ 
rp~Ha 1111' AJlR Maccoeoro onepaTopa Ma(p', u)) nony4~M Bblpa}l(e-

""e 
4 4<Ii5t 2 

4 4 4 4-+ 2 u 4 2 
M (p,c.,)~ --- ~ [sin a ·p-sina (p-q)J I e., (q)l x 

a NM Qu 1' a a ' 

du\ d(:J 2 
x rr----.. 7T 2 

/21/ 

3AeCb N(ctJ) ~ n(w) - ¢yHK4Y1~ pacnpeAeneH~.R 5o3e ~ ¢epMY1 cooTeeT-
CTB€HHO. YpaeHeHY1.R 1181 Y1 1211 npeACTaen.R~T co6o~ caMocornaco
eaHHYIO C~CTeMy ypaeHeH~~ AJ1.R 0AHO~acT~4HO~ ¢YHKU,~Y1 rp~Ha G pa((J)). 

MaccoBbiH on epa Top 121 I .RBJl.ReTc.R caMocornacoeaHHbiM Bbrpa}l{eH~eM, 
Bbi4Y1CJ1€HY1€ KOTOpOrO H€ on~paeTC.R Ha KaKoe-n¥160 KOHKP€THO€ Ha
~anbHO€ npY16JlY1}1{€HY1e. 

B HacTo.R~e~ pa6oTe A11R np~6Jl~)l(eHHoro caMocornacoeaHHoro Bbr
~~cneHY1.R ¢YHKL.J,Y11-1 rp~Ha I 1 1 I eocnonb3yeMc.R nomocHbrM npY16Jl~}l(e
H~eM AJ1.R cneKTpanbHbiX ~HT€HCY1BHOCTe~ ¢yHKU,~~ rpi-1Ha • .lln.R 3TOro 
3an~W€M 3J1€KTpOHHY~ Y1 ¢OHOHHYIO cneKTpallbHbl€ ~HT€HCHBHOCT~ 
8 MaCCOBOM onepaTope 1211 B B~A€ 0 -~yHKL.J,I-1~: 

ImG (w +id ~-rr8(,,, +dp-q,a)), 
p- qa 1 1 /22/ 

ImD (w2 +id~-rr-1-18(w 2 -w )-8(u>
2

+u> )1, 
· qv 2uJ qv qv 

qv 

/23/ 

r~e € 6~, a) V1 cv qv - nepeHOPM~P088HHbl€ 3Hepr~~ 3J1€KTPOHOB 1-1 ~OHO
HOB.' 

6 

noACTaBJ1~~ /22/" /23/ B npasy10 4aCTb /21/, nOJ1Y4"M 

4q2t2 
M (p,w) ~ --.r.0.,-- ~ [sin a . p a NM 4 a qav 

~ ~ ~ 2 le~(q)i 2 

- sin a (p-q)] 
a 2w 

X 

J. 
/24/ 



Boo6~e rosopR, KaK noKaaan 6ap~CH4 111 <saaHMOAeillcTBHR 3D€KTpo

HOB C npOAOilbHOi-1 H nonepe4Hb1MH MOABMH MoryT 6b1Tb OAVIHaKOBO Ba>K

Hbl. ,(l;-JR CllY4BR 83aHMOA€illCT8HR 3Jl€KTPOH08 TOJlbKO C npOAOilbHOi'i 

MOAOill MaCCOBblill onepaTOp /24/ MO>KHO np€ACTaBHTb B 811A€ 

{ 

f3w q f3' (p-q,a) 
4q2 t 2 ( ~ -v cth~ + th -----,:2--

Me (p,«>)~ ---::::':0:- 2 ~-
a NM Q 2wq w-wq -djj-q,-cr) 

,, v 

f'u>qv f3<(p- q,a) 
cth---- th ------

2 2 ---
(JJ +<iJq -Ecp-<i,a) ,, 

a 2 
~ 2 (-q-) 

a q 

... 4 ... .... -) 2 
l sinaa ·P- sinaa(p-q)] . 

/25/ 

np" Manblx q <t>aKTOP aH~3oTpon"" s /25/ g(p,p-q)-a2q 2 , rAe a
nocToAHHaA peweTKH. CTpyKTypa Maccoeoro onepaTopa /24/, /25/ 
\IIMeeT BHA, xapaKT€PHblill ADR 3Jl€KTpoH-$OHOHHOi1 CHCT€Mbl / 25 , 26 -"; 

O"FJlHLIH€ COCTOHT 8 TOM, 4TO ABHO Y4HTbl8a€TCA CHJlbHO C8A3aHHblill 

xapaKTep d-3neKTPOHOB, AHH30TponHaA aaeHCHMOCTb cy~eCTBeHHa, 
H n03TOMy HHTerpHpOB8HH€ no c¢epH4€CKOill noeepXHOCTH ¢epMH 

3AeCb HenpHMeHHMO. BblpameHHA /24/ "' /27/ AOJl}I{Hbl HCCileAOBaTbCR 

LIHCil€HHbiM o6pa30M, 

(neKTp KBa3H4aCTHL!HbiX B036y}I{A€HHi1 3Jl€KTPOHHOi1 CHCT€Mbl onpe

A€JlA€TCA non~caMH ¢YHK~HH rpHHa: 

... .... .... u -+ -1 
G~ (w)=IOJ-22t(a )cos(p-a )--2<n~ >-M (p,,.,)l . /26/ 

p a a a a N k k ,-v a 

BBOAA A€i1CTBHT€IlbHY~ J.1 MHHMY~ 4BCTH MaCCOBOrO onepaTopa 

M a (p, w + iE) = ;\ 
0

(w+ i E)+ ir' a (w + id, KBB3H'·iacT~4Hbli.1 cneKTP Epa 
onpeAen~t~M corRacHo ypae~eHH~ 

E..,. =dPo) +~4 (E-) ), 
pa · pa pa /27/ 

nonyl..leHHbli-1 peHOPMHpoea~Hbli-1 cneKTP 3!1€KTPOHOB /2 7 I 3anHCaH 4epe3 

napaMeTpbl t , q 0 , M "' l..l~t~cna 3anonHeHHR 3!1eKTPOHOB "' ¢IOHOHOB. 

B oi-nH'-IHe oT npocTbiX MeTannoe 1251 3A€Cb cy[4eCTBeHHbl aHH30TponHA 

B38HMOAei1CTBHA H Henapa60!lH4€CKHi1. 3aKOH AHCnepCHH 3Il€'<;TPOHOB. 

3. Bbi4~C11EH~E PEHOPM~POBAHHOrO <t>OHOHHOrO CnEKTPA 

PaccMOTPHM Tenepc $OHOHHY~ cf)yHK~H~ rp\IIHa Dk v (<U). YpaBHeHa.-te 

ABH>K€HHA B 3TOM Cily4ae MO>KHO npeACTBBJ.I!Tb B BHA€ 



4 a -)o ...,. -+ + + 
(0 2-w~(kv))O.. (w)~l+ :£ V ~ (q,q-k) «a~ k a~qo- I Qkv»w . /28/ kv Qaa -kv q- u 

KaK H s npeA~AY~eM paaAene, npOAH¢¢epeH4HpyeM ABYX4aCTH4HY~ 
$YHK~H~ rpHHa B npaso~ 4aCTH /28/ no BTOPOMy BpeMeHH t': 

(ru 2-w
0
2 (kv))«a:'; _, a., I Q:'; » ~ 

q-Ka qu kv w 

/29/ 
~ a -+, -+ -+ ") + I + ~ .... V.,.., (q ,k+Q <<a-:t 4 a.. a..,.-+,. a-4, , >> 

qaa~ ·kv 4-ka qa k+q a' q a 

PewaR cosMeCTHO ypasHeHHR /28/ H /29/, nony4HM 

D~ (<v} ~ D_;' (ru) + D:; (w) T, (w) m' (w) 
kV kV kV kV k.ll 

/30/ 

r,qe 

/31/ 

x<<a~ .... a 4 1a.:-+ a4 >> 
q-ka qa k+q'o-1 q'a' w 

Onpe,QellRR 
onepaTopa 
ypasHeHI-1e 

MaCCOBblH onepaTOP 11-+ (cu) KaK C06CTBeHHY!O 4aCTb 
pacceRHHFI Tkv((c)), To~~ nkv(w)=l Tkv(w)lP' nony4HM 
~aHcoHa AllR O,QHO$OHOHHOH ¢YHK4HH rpHHa: 

D~ (ru) ~ lJ.'l (ru) + D'l (w) n~ (w) D ~ (w). 
K v kv kv kv kv /32/ 

PeHOPM"!posaHHbiH ¢oHOHHblt1 cneKTP c y4eToM d-3neKTPOHOB onpeAe
nReTCR non!OcaMH 0AHO$OHOHHOH ¢YHK~HH rpHHa: 

2 2 .... -+ ' -1 D~ (w)~ !w -w0 (kv)-2<v0 (kv)!I~ (w)l • 
kv kv /33/ 

Kat< 11 a npe,QbiAYI!.IeM pa3Ae.Jle, npeAnonaraeM, 4To npH Bbi4HcneHHH 
MaCCOBOrO onepaTopa ll4 (~) MOmHO npeHe6pe4b nepeHOPMHpOB
KOJ-1 BepWJ.1Hb1 /cp. C 1251~~ 4TO COOTBeTCTByeT C!leAYIOII\eMy pac'4en
neHJ.110 ABYX4acT~4HOJ.1 KoppenR~HOHHOJ-1 $YHK~HH! 

<a+ , (t) a , (t) a+ a >~<a+ , (t) a ><a, (t) a+ k >. 134/ k+q a q a q-ka qa k+qa qa qa q- a 
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HcnonbayR /34/, nony4~M AnR Maccosoro onepaTopa $OHOHHO~ $yHK
LI~~ rp~Ha cne,QYIOUiee Bblpa>KeH~tte: 

II (w) ~ 
kv 

4q5t2 

NM 
[ 

-+4 -+-+::\2a"""2 l sina .q- sina (q-k!l le (k)l x 
""" a a v qao 

dw 1 dw2 x ff --'-;;--" ImG-+ _.,. ((u +iE)ImG-... (c.<J 2 +id 
rr2 q-ka 1 qa 

n(w1 )-n(w 2 ) 

/35/ 

YpaeHeHHR /32/ H /35/ - caMocornacoeaHHaR c~ttcTeMa ypaeHeHH~ 
AnR onpeAeneHHR OAHO$OHOHH0~ $yHK1.1HH rp~Ha Dqv(w). AnR 8~4Hc
neHHR /35/, aHanor~tt4HO /22/, socnonbsyeMcR noniOCHbiM np~tt5n~tt
>KeHHeM ,QnR 3neKTpOHHO~ cneKTpanbHO~ HHT€HCHBHOCTH: 

Im Gq
0

(w
2 

+ i d =-rrO (w 2 -!(Ci, a)). 

B pe3ynbTaTe nony""M "3 /35/ 

II~ (w) ~ 
kv 

4q~t 2 

NM 
__. ..... __._.,._.,.2a ..... 2 

l [sin a ·P- sin a (p-k) 1 le (k) I x 
Paa a a v 

X 
n(<(p-k,o))-n(dp, a)) 

w -E(Pa) -dP-k,a) 

/36/ 

/371 

Maccosbttll onepaTop /37/ noseonReT a RBHOi:1 aHam-nH4ecKoi:1 ¢lopMe 
OnpeAeilHTb nonpaBKH K cneKTpy ¢JOHOHOB 3a C4€T d-3neKTPOHOB. 
B o6UieM cnyqae, AnR nonHocTbiO caMocornacosaHHoro pac4eTa, He-
o6xo,QHMO paccMaTp~ttsaTb ABe noACHCTeMbf s - H d-3neKTPOHOB, 
B3aHMO,Qeti!CTBYIOU\HX C KOne5aHHRMH peweTKH. 

4. 05CY!{j1EH~E 

Hati!AeHHbttll peHopM~ttpoeaHHbltll 311eKTPOHHbl~ /27/ 1-1 ¢OHOHHbli:1 /37/ 
cneKTpbl nepexoAHoro MeTanna ,QIJR Mo.Qen~tt 5114> 111 Bblpa)l(aiOTCR 4e
pea He6onbwoe 4t-1cno xapaKTePHbiX napaMeTpos t , q

0 
H M, KOTOPble 

onpe,QellRIOTCR Heaast-1Ct-1MbiM o5paaoM. CneKTP coAeP>KHT CABHr 3Hep
rt-1t-1 H 3aTyXaHt-1e, 4TO npHBOAHT K H3MeHeHHIO OAH04aCTH4HO~ nnoT-
HOCTH COCTORHHJ71 CHCTeMbl p~(!f) Ha ypoBHe ~epMH. nocKOJlbKy 
Kplt1Tep~ttt/l CTOHepa 803HHKHOBeHHR MafHHTOynopRA04eHHOf0 COCTORHHR 

1381 

AJlR paccMoTpeHHotll HaMH MO,Qent-1 5114> no ¢opMe cosna,QaeT c o6b14-
Hb1M KPHTeplt1eM CToHepa A11R MOAe!lH Xa55apAa 121 , H3MeHeHHe nnoT-

9 



HOCT~ COCTO.AHI-1!1 p
0 

(E f) MO}f{€T ,(.\IlR Cily4afl H~3K~X TeMnepaTyp 
npi-1BO,Q~Tb K YB€JH·14eHI.110 T€H,Q€HL.J,I-1~ 01CT€Mbl K o6pa30B8HI-110 MarH~TO
ynOpFI,QOYeHHOrO COCTORHJ.1R 38 C4€T 11 0,Q€88HY1R 11 3Il€KTPOHa 06J18KOM 
cPoHoHos. Mbl orpaHY141-1J11.1Cb e AaHHO~ pa6oTe aoHHbiM npeAenoM, 
KOr,Qa OTHOWeHHe U/W < 1 IA.nfl HI-1KenR, meneaa ~ Ko6anbTa U/W ~ 
~0,14-0,16/. MoAenb 5n$ AOnycKaeT paccMoTpeH~t~e 3Toro cnyYafl, 
XOTR caMa CXeMa C\tiJ1bHOi1 CBfl31-1 6onee np~MeH~Ma B STOMHOM npe
,qene, CTSHOB.fiCb TOYHOi1, KOr,qa WI-1PI-1H8 d-aOHbl pasHa HYiliO. npe,Q
CTaBJ1R€TCFI HHTepeCHbiM Bb14HCJ1€HI-1€ peHOPM~pOBSHHOrO 3J1€KTPOHHOrO 
cneKTpa A11R MOAen~ 5n~ B aTOMHOM npe,Qeneo 

B aaKiliOl!eH~e 6naro,qap~t~M B.n.AKceHosa aa noneaHble aaMe4aHI-1R. 
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