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Panrenon CI.M. P17 - 12103 
BnHSlUH:c 3lleKrpou-qJOuouuoro B3<'.HI\IO!leiicrBIIH Ha :;;HeJH'eTJI'-IcCKiti'! 

CIICKTP 31IeKI'pOIIOB llpOBOill!f,IOCTI! 

Hccne.QoaaHo B111fHHue ueynpyrux KOrepenrut rx npoueccon pacccHIIIIH 

Me>KJIY KOlfefiaHUHMH pemeTKH If KOllnCKT11BH3HpOI3CJ!illhi\1H BUJICHTHhl\111 :l.1CK

I'p0118MH (KB3) Ha ABI!):<emw nocnewwx B \leranne, Oyre\1 •tncne!Ill<>ro OII

peneneHnH unrcrpana ;\\urnanH nony 1IeHo H3\leHCHHe 3HcprcrtttJccKoro cncK

rpa KB3, o6ycnoHneunoe aneKrpoH-< OIIOHHhr\t B3aH,.tO.loiicrnffc\l ( ~'l<Pll/. llp11 
OiliiOBpe"'reHHO~I y'lei'e 3Kp8HifpOBKif KOIICH!HI'bl 3¢8 If CIIOKTpa qJO!IOHOn 3C!J£3 
ycranonnena CBH3h Me>Kay 3HepreruYeCKH.\HI cncKrpa.\.JH "roniJix" u "oncrHx" 

KB3 (" aHaHHT!I'IeCKOM Bf!AC ). n OKa3aHO, 'I I'D I'OflbKO c 110\lOU!l.!O ITOfl!IOro 

Y'WTB 3Kp8H1fp0BKII 'IO>KHO ITOI!y'llfi'b npaBI!IlbHyJO CBH3b 'Ie:>Kil)' CllCt;I'pB\11! ''' q 

H O>~ (wq ~w~ /y~, 00K838!10 I'BK:>Ke, 'II'O 3KpatmpOBK8 KOIICI'ai!I'bl 3¢8 
CHllbHO yMeHbWaer H3MeHeHne 3HeprorHyecKoro cncKrpa KB3 np11 3<PB. 
Opeanonaraercsr, 'li'O yyer 30HHoi1 crpyKrypLI <jloHOHHoro crreKrpa ycrpa11ur 

HCOAH0311B'IHOCTb B 3HeprerHYeCKOM crreKrpe KB::J. Toraa nn11mme 3<PB na 

31IeprerH'leCKHH crreKrp KB3 MD>KHO 6yner y'leCI'b rryre"t 113~IeHeHI!H nx 3cjl

qJeKI'HBH011 MBCCbi, Oony'leHa CBSI3b Me:>KilY 3¢;qJOKI'UBHbiMH M8CCa~tll "rOilhiX 

H "oaerbiX" KB3. 

Pa6ora Bl>IIIOniieHa B na6opa I'Optll! reoperuyeCKOII cpH3HKII Oil HI!. 

Coo6wenue 06bellHHeHHoro HHCI'Hryra SIAepHbtX uccneaoaaHUI1, Lly6na 1979 

Rangelov J.M, Pl7 - 12103 
Influence of the Electron-Phonon Interaction Upon the 
Energy Spectrum of the Condition Electrons 

The influence of coherent inelastic scattering processes bet
ween the collectivized valence electrons (eVE) and the lattice oscil
lations on its moving in a metal is studied. The change ·of the CVE 
energy spectrum ovving to electron-phonon interaction (EPI) is ob
tained by numerical calculations of the Migdal integral. The connec
tion between the energy spectra of the "bare" and "dressed" CVE 
in analytical form is obtained by the simultaneous account of screen
ing of the EPI constant and the phonon spectrum. It is shown that 
the correct connection between the spectra "'q and w~ I wq ~ 
~ w~ /VCT:QJI can be obtained only by means of the full consideration 
of the screening by the EPI. It is shown that the screening of the 
EPI constant powerfully decreases the change of the CVE energy 
spectrum owing to EPI, It is supposed that multivalue of the CVE 
energy spectrum can be pushed away by the consideration of the 
zone structure of the phonon spectrum, Then the influence of the EPI 
over the CVE energy spectrum can be taken into account by the 
change of its effective masse, The connection between the effective 
masses of the "bare" and "dressed" CVE is obtained. 
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B uacTOJIIQeB: pa6oTe ycTaHOBJieuo, 'ITO cuJILHoe 3JiexTpou-

41onouuoe B3aBMO,neBCTBHe /3ci>B/ MO)I(eT npBBeCTB K ueyCTOB

'IBBOCTB 3HepreTH'IeCKOrO cneKTpa 3JieKTpOHOB npOBO,nBMOCTB/311/ 

OTHOCHTeJibHO DOJIBJieHHJI HOBOB 3HepreTB'IeCKOB BeTBB. 0TMe'leHO, 

'ITO 3Ta ueycTOB'IBBOCTL nonyqaeTcJI 6e3 yqeTa ,nunaMH'Iecxoro 

3JieKTpOH-3JleKTpOHHOrO B3aBMO,neBCTBBJI,06ycJIOBJieHHOr006MeHOM 

BHpTyaJILHbiMB 41onouaMu u o6ecne'IHBaJOIQero 3HepreTB'IecxyJO Bbl

ro,nuocTL caepxnpoBo,nJIIQero cocTOJIHBJI. 
BuuMaTeJILnoe uccne,noBanue 3KcnepuMeHTaJILHO onpe,neneHHbiX 

41epMB-ITOBepXHOCTeB /4>11/ KOJIJieKTHBB3HpOBaHHbiX BaJieHTHbiX 

3JieKTPOHOB /KB3/ /1-4/ noKa3b1BaeT, 'ITO BCe OHB MOryT 6b1Tb 
I 5 6 I 

nonyqeubl nyTeM cna6oB: .ne41opMauuu 41epMu-c41epbl · . 3To no.n-

TBep)l(,naeT npe,niTOJIO)I(eHBe 0 cyiQeCTBOBaHHB B MeTaJIJie "CB06o,n

Hb1X" 3JleKTpOHOB npOBO,nBMOCTH /311/, ,nBH)I(yiQHXCJI B CJia60M 

noTenuuane xpucTaJIJIB'Iecxoii: peweTKB /11KP/. l1o3TOMY B npu-

6JIB)I(euuu "cao6o,nublx" 3JieKTpOHOB /11C3/ u npu y'leTe B3aHMo

,neB:cTBHJI KB3 c nepuo_nuqecxuM 11KP u ,npyr c ,npyroM, a TaK)I(e 

B3aBMO,neBCTBHJI 311 C KOJie6aHHJIMB BOHHbiX OCTOBOB /HO/ peweT

KH MO)I(HO ITOCTPOHTb ITOCJie,noBaTeJILHYIO TeOpBIO MeTaJIJIB'IeCKOrO 

COCTOJIHHJI. 
A.nua6a TH'Iecxoe npu6JIH)I(euue 6opua-Oneuxaii:Mepa171 JIBJIJI.eT

CJI OCHOBHbiM npB6JIH)I(eHHeM TeOpHH MeTaJIJIOB, B KOTOpOM 6Jiaro,na

pJI 6oJILWOii: pa3HOCTB Me)l(,ny MaccaMB HO H KB3 (M >-10
5 

m) 

H CJia6oii CBJI3H Me)l(_ny HBMB, ,nBB)I(eHBe KB3 MO)I(HO OT,neJIBTb 

OT ,nBB)I(eHBJI HO. 06bi'IHO npe,nnonaraeTCJI, 'ITO ,nBH)I(euue KB3 

a,nua6aTB'Iecxu cne,nyeT 3a _nBH)I(euueM HO. l1o3TOMY BJIHJIHBe 

KB3 ua _nBH)I(euue HO Y'IBTbiBaeTcJI c noMOIQLIO caMocornacoBan

uoii 3KpauupoBKH KB3 xynonoBcxoro B3aB¥o.neii:cTBBJI Me)l(_ny 6nu

)l(aiiwuMB HQ. )J,JIJI 3TOrO BBO,nHTCJI KOHCTaHTa ,nu3JieKTpB'IeCKOB 

npouuuaeMOCTB c ( q ). Hao6opoT, BJIHJIHHe xone6auu8 HO ua 
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3HepreTH'IecKHH cneKTp KB3 MO)KHO yqecn., ecnu paccMoTpen, 

B OT~enLHOCTH ~Ba HBneHHH: aj ynpyroe KOrepeHTHOe pacceRHHe 

KB3 Ha KOne6aHHHX 110, llpH KOTOPOM H3MeHeHHe KBa3HHMITynLca 

KB3 nepe~aeTcH KpHCTannuqecKoil: peweTKe KaK uenoii, 6e3 

HCITYCKaHHH HnH nornoweHHH ~OHOHOB; 6/ Heynpyroe KorepeHTHOe 

pacceHHHe KB3 Ha Kone6aHHHX 110, npu KOTopoM H3MeHeHue 

KBa3HHMnynLca KB3 npoucxo~HT c o~HoBpeMeHHLIM po)K~eHHeM 

unu nornoweHueM ~OHOHa. 

Ynpyroe pacceHHHe KB3 Ha Kone6aHHRx 110 peweTKH npHBO~HT 

K llOHBneHHIO ~aKTOpa )l.e6aHI8/ -Bannepa•~/ BMaTpH'IHOM 3neMeH

Te nepexo~a, 'ITO paBHOCHnLHO 3aMeHe KynOHOBCKOrO ITOTeHQHana 

o -o6pa3Ho pacnpe~eneHHoro 3apH~a Heno~BH)I{Horo H~pa KynoHoB

CKHM llOTeHQHanOM pa3MLITOrO B llpOCTpaHCTBe 3apH~a KOne6n10we

roCH H~pa. 3Ta 3aMeHa llpHBO~HT K CHnLHOMY orpaHH'ieHHIO H crna

)KHBaHHIO llKP B TO'IKe paBHOBeCHOro nono)KeHHH 110. 

.linaro~apH B3aHMO~eHCTBHIO Me)K~y 3ll H ~OHOHaMH MO)KeT 

HaCTyllHTL H3MeHeHHe KaK 3HepreTH'ieCKOrO CITeKTpa ~OHOHOB 

/HCKa)KeHHe peweTKH/, TaK H H3MeHeHHe 3HepreTH'ieCKOrO ClleKTpa 

3ll. Ha~o cKa3aTL, 'ITO o6a 3~~eKTa uccne~oBanucL paHee 10-15 

Mo)KeT 6LITL, caMLIM rnaBHLIM pe3ynLTaToM 3THX Hccne~oBaHHH 

RBnHeTCR 06'bRCHeHHe ITPH'IHHLI CBepXllpOBO~HMOCTH 'l 6 - 20 llpH 

HH3KHX TeMnepaTypaX, KOr~a 'IHCnO ~OHOHOB CHnLHO yMeHLWaeTCH, 

cne~ ITOnRpH3yeMOCTH KpHCTannH'ieCKOH peWeTKH BOKpyr ~BH)Ky

werOCH 3ll COXpaHHeTCJI HaCTOnLKO, 'ITO C HeH MO)KeT 3<P<lJeKTHBHO 

B3aHMO~eil:cTBOBaTL ~pyroil: 3ll. KoHe'IHO, MaKcHManLHLIH 3<P<lJeKT 

3TOrO B3aHMO~eHCTBHJI 6y~eT, KOr~a BTOpOH 3ll rrpoif:~eT B~OnL 

Bcero cne~a nonHPHJyeMoCTH nepBoro 3ll, T.e. npH BCTpe'IHOM 

~BH)KeHHH ~Byx 3ll. A ~nH Toro 'IT06LI pa3MHHKa 6Lma B03MO)I{Ha, 

He06XO~HMO, 'IT06LI o6a 3fl HMenH llpOTHBOITOnO)KHLie CllHHLI. 3TO 

~HHaMH'ieCKOe B3aHMO~eHCTBHe Me)K~y 3ll MO)KHO OllHCaTL C rro

MOWLIO 06MeHa BHpTyanLHLIMH ~OHOHaMH B MO~enH ~penHXOBCKOro 

raMHnLTOHHaHa/211: 

H =H0 + H1q>B /1/ 
r~e 

+ + 
Ho =~ 'kakaaka+ ~ tlw~bqbq /2a/ 

H 

H'i1>H =~a~a;+qaa k0(bq+b~q ). /26/ 

4 

+ 
B /2/ alw'aka , bq H bq HBnHIOTCJI onepaTopaMH nopo)K-

~eHHH H YHH'ITO)KeHHH KB3 H ~OHOHOB COOTBeTCTBeHHO, a a~ 

3neKTPOH-~OHOHHOrO B3aHMO~eHCTBHJI /3<1>B/, KOTOpaH KOHCTaHTOH 

------~-

0 A rr 2 l'l~o o 
HMeeT BH~ a -~ v ~---:.g__, ecnu w = c 

0
q 

q 2p Fm q 
npH ManLIX q 

'laCTOTa ~HOHOB H C - HenepeHOpMHpOBaHHaJI CKOPOCTL 3BYKa 

/ c0 -1/v M. r~e M- Macca 110/ . .6e3pa3MepHLIH ~penuxoBcKHH 
122 1 

napaMeTp Ao xapaKTepH3yeT cuny 3<1>B · ·. 

B pa6oTe Mur~anH 1141 uccne~oBanocL BnHHHHe 3<1>B Ha 3Hep

reTH'ieCKHH cneKTP 3ll 6e3 y'ieTa aHOManLHO CHnLHOrO~HHaMH'ieC-

KOrO B3aHMO~eHCTBHH Me)K~y 3ll C paBHMH, HO llpOTHBOITOnO)KHO 

HanpaBneHHLIMH KBa3HHMnynLCaMH H CllHHaMH. ll03TOMY BITOnHe 

ecTeCTBeHHo, 'ITO nony'ieHHaH cna6aH 6naro~apH 3<1>B nepeHopMH

poBKa J<P<lJeKTHBHOH MaCCLI 3ll He MOrna BLI3BaTL ll0~03peHHe. 

TaK KaK He yqTeHo ~HHaMH'iecKoe B3aHMO~eiicTBHe Me)K~Y 3ll, 

TO He ~On)I{Ha nonyqaTLCH H KynepOBCKaH nepeCTpOHKa 3Hepre

TH'ieCKOrO ClleKTpa 3fl 
1161

, nepeBO~HwaH MeTann H3 HOpManLHOrO 

B CBepxnpOBO~RWee COCTOHHHe. QenL HaCTOHWeH pa60TLI - llOKa-

3aTL, 'ITO H 6e3 y'ieTa aHoManLHoro KynepoBcKoro cnapHBaHHH 

CHnLHOe 3CI>B MO)KeT llPHBeCTH K Heyc~OH'IHBOCTH 3HepreTH'ieCKOrO 

ClleKTpa 3ll OTHOCHTenLHO ITOHBneHHH HOBOH 3HepreTH'ieCKOH BeT-
'14. 

BH. XoTH HaM noHa~o6HTCH TOnLKO peJynLTaT pa6oTLI MHr~anH 
1 

', 

pa~H ITOnHOTLI H3nO)I(eHHR H KpHTH'ieCKOrO OTHOWeHHJI K ee BLIBO

~aM MLI llOBTOpHM OCHOBHLie MOMeHTLI nony'leHHR KOHe'IHOrO ypaB

HeHHH. 

B pa6oTe -'141 BBO~HTCH ~YHKUHH pacnpocTpaHeHHH KB3 H~oHo-
HOB 

@ = i · T tH 1) .;, + (2) > . 
" 

/3/ 

D= i < T ~)(l)<i> (2)', /4/ 

r~e ycpe~HeHHe llpOH3BO~HTCH ITO OCHOBHOMY COCTOHHHIO CHCTeMLI'': 

¢ = e i Ht ~ 

q< qm 

( b + b + 
q -q 

,lj ~ eiHt ~ a ikr ·-iHt 
k e e 

'3~ecL H ~anee TJ =1. 

) a o e i qr e- iH t 
q 

/5/ 

/6/ 
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Tor~a 3HeprH.Il 3<1>B B /26/ MO)I(eT 6biTb 3aiiHCaHa B BH~e 

II, = ~ t/J + t/J ¢ ' /7 I 
~<PH k + q k q 

r~e t/Jk H ¢ q- IIpOCTpaHCTBeHHble KOMIIOHeHTbl <!>ypbe OT orrepa

TOpOB, BXO~.Illl{HX B <lJyHKUHH rpHHa. B HMIIYJibCHOM rrpe~CTaBJieHHH 

ypaBHeHH.Il ,lJ;aHCOHa HMeiOT BH~ 

\'j(p)= ~o(P)+ ~o(p)L(p)~ (p), /8/ 

~ . q 4 
~ (p) =- i J ~ ( p- q) D ( q )I' ( p- "2 ,q) d q , /9/ 

D(q) =D
0
(q) +D 0 (q)n(q)D(q), /10/ 

II ( q) = - i J § ( p + -~ ) I" ( p , q) ~ ( p - ~ ) d 4 p , /11/ 

r~e d 4p = ~ f d p 
(2rr )4 -

4 drudq , 
d q = ----- , a ~ H ll - HeiipHBO~HMbie 

(2rr) 
4 

qacru co6crBeaaoii 3Hepruu KB3 H 4Joaoua. fci0 H D
0

- lbYHKUHH 

rpuaa KB3 H 4JoHOHa rrpH OTCYTCTBHH 3<1>B: 

r~e 

~o(P) = { ,o _,- i l\(p) ~-1. 
. p 

. 2 -1 -1 
D (q)=(a) {(u> 0 -w-i8) t(w 0 +w-i8) l. 

0 q q q 

i\(p)·~ 
+ 0 

-0 

p > PF 

p < PF 

MHr~aJIOM IIOKa3aHO, qro 

r 2 . , M 
1 - Ao'uo PF- "'o v 

a . + o. 

/12/ 

/13/ 

/14/ 

HaMHOrO MeHbWe 1, II03TOMy B pa6oTe :14·' llpHHHMaJIOCb r r O =1. 

Tor~a ~JI.Il rron.llpH3aUHOHHoro oneparopa H3 /11/ nocne HHTerpu

poBaHH.Il no c H p nonyqaerc.11 

6 

pFm I ' 
ll(q,w)=--2 ! g(_!L) +tTi~-~-1. 

7 2 k F 2 qp 
F 

/15/ 

1 1-x2 1+x 
g(x) = -! 1 +--lnl--1!. 

2 2 X 1- X 
/16/ 

/14' 
B ' rpHHOBCKa.ll lilYHKUH.Il rrepeaopMHpoBaHHblX lboaoaoB HMeeT 

BH~ 

(ao )2cqj w -1 w -1! 
D(q,w)=-~{ (wq -u>-i8 1M) +(wq +w-io 

1
M) • /17/ 

r~e IIepeHOpMHPOBaHHa.ll qacTOTa 4JoHOHOB OIIpe~eJI.IleTC.Il paBeHCT
BOM 

c,J 2 -(w 0
)

2
l1-A

0 
g(q/2k )]. 

q q F /18/ 

TaKHM o6pa30M, 4JyHKUH.Il rpuaa 4JoHOHa D, rronyqeHHa.ll c 

yqeTOM 3<!>B, OTJIHqaeTC.Il OT D
0 

3aMeHOH qacTOTbl r,> ~ Ha 

qaCTOTY ul q - i 0 1 H IIO.IIBJieHHeM rrepeHOpMHpOBOqHoro MHO-

0 

)I(HTeJI.Il -~ B KOHCTaHTe 3<1>B. 06 H3MeHeHHH KOHCTaHTbl 3<!>B 
Wq 

a 
0 

HHqero He rOBOpHJIOCb. 

q 3a~aqa HaXO)I(~eHH.Il IIOJIHOH lilYHKUHH rpuaa KB3 ~ CBO~HJiaCb 
K peweHHIO unrerpanbHoro ypaBHeHH.Il /9/. Ilocne BBe~eHH.Il o6o3aa
qeaHii 

(,~-f.L0 )1w 0=~. (cp-f.L)/w 0 =11· 

L (,;, 11 ) = L (0, 0) + "-b f( ~ . 11 ) , /19/ 

r~e 

11 = 11 0 - L (0.0), (J) 0 =wq lq=2kF• /20/ 

IIOJIHYIO <llYHKUHIO rpuaa KB3 ~ MO)I(HO 6blJIO 3anucaTb B BH~e 
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~ ( (. TJ) : w ~ 1 [ (- TJ- f ( (. TJ ) - i.;\ (p) ]~ 1. 
/21/ 

113 cxa3aHHoro Bhlwe cne~yeT, 'iTo npe~cTaBrrJIIOT HHTepec JHa

'ieHHJI ( H TJ- 1. llocne ~onrHx Bbl'iHcrreHHii ~nJI peanLHoii t'
0

(ry) H 

MHHMOB f 1 (TJ) 'laCTH IPYHKIJ;HH f((, TJ) norry'larrocb: 

fo ( TJ) ~ Ao 
xl 

J 
(wo )2 TJwo + wq , 
--~- ln 1-------1 x dx, 
WOWq TJWO-Wq 

/22/ 

y (wo)2 
f 1 (TJ) =rrA 0 f --.9---xdx. 

0 wo wq 
/23/ 

3~ecb x 1~q1 /2kp,r~e q 1 ecTb MeHLwee H3 'iHcen q mH 2kF: y g 2kF, 

r,D;e g onpe~eJIJieTcJI ycnoBHeM wg~w 0TJ npH ITJi<1 Hy~x 1 npH iTJ! ·1 . 

llocrre BBe~eHHJI nepeMeHHOB to•wq .. w O , KOTOpaJI C nOMOIIJ;biO 
/18/ CBJI3hlBaeT t C X COOTHOWeHHeM 

t
2

(1-,.\ / 2)= X 2(1-,.\ ~~X 2 ), 
0 0 2 /24/ 

MJI f 0 (TJ) nonyqanocb 

1 
r 0 c TJ > = r ln !.!.±.a.. 1 (1- _!___Jctt. 

o t -TJ v a2+ t 2 
/25/ 

r,D;e 

a2 =(1-,.\o)2/(..\o(2-,.\o)J. 

XOTJI rOBOpHrrOCb, 'ITO HHTepec npe~cTaBrrJIIOT 3Ha'ieHHJI ~ H 

TJ - 1 , B pa6oTe 
114

/ Hccne~oaaHo peweHHe HHTerpana /25/ ~nJI 
TJ<< 1 , xor~a npeHe6peraJI 'irreHaMH TpeTLero nopJI~Ka no 

71 
, ~rrJI 

f 
0

(71 ) nonyqaeM 

1-,.\!t.' 2 
f (T/)""2ryln( )=t\ry. 
0 1-,.\ 0 

/26/ 

Tax KaK cornacHo /21/ 3HepreTH'ieCKHii cnexTp "o~eTbiX" KB3 
~oll)l(eH onpe~errJITbCJI ypaaHeHHeM 

TJ -+fo(TJ>=e. /27/ 

8 

To nony'IHnocb, 'ITO ~nJI TJ << 1 3«1> B npHBO~HT TOrrbKO K yaenH'IeHHIO 

3cjMpeKTHBHoii Macchi 3ll a6nH3H «<lll KB3 (m *= ( 1+ ,.\ )m) , 'ITO 3KBHBa

ITeHTHO yMeHbWeHHIO I!JepMH-CKOpOCTH 3ll (V ~v 0 /(1+,.\)) . 
'l F F 

Y'iHThlBaJI, 'iTO c~enaHHoe a· 4/ npH6rrH)I(eHHe npH Bhl'iHcneHHH 

/25/ ~nJI TJ << 1 O'ieHb rpy6o ~nH 6onbWHX TJ , aaTop nhnancJI HaiiTH 

ny'iwe e pa3rrO)I(eHHe. KoHe'IHo, MO)I(HO pa3rrO)I(HTb BeJIH'iHHy no~ Kop-
2 

HeM no OTHOWeHHIO pa3HOCTH (t2-TJ2_j K CYMMe (a +TJ2), 'iT06bl yMeHb-

WHTb BITHJIHHe norapHiiJMH'IeCKOB pacxo~HMOCTH. Ho He y~anOCb no

ny'iHTb KopoTKoro H y~o6Horo Bblpa)l(eHHJI MJI HarnJI~Horo nonyqe

HHJI 3HepreTH'iecKoro cneKTpa KB3. llo3TOMY aaTopy npHwnocb 

HCnOrrb30BaTb 3BM ~ITJI 'iHCrreHHOro Bbl'iHCrreHHJI HHTerpana /22/. 
C O~HOB CTOpOHhl, 3TO Hey~06HO, TaK KaK Herrb3JI npe~CTaBHTb H3-

MeHeHHe 3HepreTH'iecKoro cneKTpa KB3 a aHarrHTH'iecKoM BH~e. Ho, 

C ~pyroii CTOpOHbl, 'IHCrreHHOe peweHHe ~arro B03MO)I(H0CTb npoae

pHTb 3aBHCHMOCTb H3MeHeHHJI 3HepreTH'iecKoro cneKTpa KB3 npH 

3ci>B OT 3HepreTH'ieCKOro cneKTpa I!JoHOHOB. llo3TOMY 6blrrH C~enaHbl 
Bhl'iHCrreHHJI HHTerpana /22/ ~ITJI ~BYX cneKTpOB: w~ =w~ Sin(x) H 

w~ ~w~ x . Ha puc. 1 npe~cTaaneHa 3aBHCHMOCTb 3HepreTH'iec

Koro cneKTpa "o~eTbix" KB3 , k oT ( 0 k' T.e. OT 3HepreTH'iecKoro 

cneKTpa "ronbiX" KB3, ~nJI pa3rrH'IHhlX 3Ha'ieHHii KOHCTaHTbi 3«1>B, 

KOr~a 3HepreTH'ieCKHB cneKTp I!JoHOHOB onHCbiBaeTCJI I!JopMyrroii 

<<Jo ~w'
1 

x, a Ha puc. 2 - 3Ta )l(e 3aBHCHMOCTb npH w 0 oo w0

0
s;n(x) 

q 0 q 
113 060HX PHCYHKOB BH~HO, 'iTO HMeeTCJI pa3HOCTb TOITbKO B BerrH'iHHe 

KpHTH'ieCKOro 3Ha'leHHJI KOHCTaHTbl 3ci>B, npH KOTOpOB nOJIBITJieTCJI 

HeO~H03Ha'iHOCTb. Heo~H03Ha'iHaJI CBJ13b Me)l(~y f k H £ 0k yKa3biBa

eT Ha nOJIBrreHHe HOBOB 3HepreTH'IeCKOB BeTBH B 3HepreTH'ieCKOM 
cneKTpe KB3. 

qT06bl He CBJ13biBaTb nOJIBrreHHe HeyCTOB'iHBOCTH 3HepreTH'ieC

KOrO cnexTpa KB3 c 3KpaHHpoaxoii B3aHMO.D;eiicTBHJI Me)I(~Y 110, 

MO)I(HO pewHTb HHTerpan /22/, nonaraJI w q ., u) o , KaK 3TO c~erraHo 

a/
23< 3Ta npoaepxa norre3Ha TeM 6onee, 'iTO B ~nyqae w q ·w0 -w 0 x 

q 0 
HHTerpan /22/ nepexo~HT B 

fo( T/ ) - '\ ( t2 ln I ~ I dt , 
0 t-ry /28/ 

KOTOpbiB HHTerpHpyeTCJI rrerKO. llorryqaeM, 'iTO 

f 0 ( TJ) = ~ l 17 + ( 1- 71 3 ) ln I ..1.±.u._ 1 + 2 71 
3 ln ( ~ ) !. 

3 1-ry T/ 
/29/ 

9 



2L 

If// f 
i = c,-)1 

w, 

W 0 (X)= W0 X /~// (_. 
X= 9/zx, 

I l ///1 ( ( ( ( \"' ..... ~ 

5=J~· 
w~ 

~ 
I 2 

Puc.l. 3Hepzemu'iecKuil cneKmp "ooembiX" KB3 npu a o u cv = 
=w 0 x(1-\ g(x)). q q 

)J.nH r(/1 Bblpa)l(eHHe 1291 MO)I(HO pa3DO)I(HTb H C TO'IHOCTbiO ~0 
71 3 nony'IHTb: 

3_ 

fo(TJ), Ao(., • ; .,3ln!-J..,e !). 1301 

llyTeM no.QcTaHOBKH 1291 B 127 I nonyqaeM ypaBHeHHe .Qna 

ry(f) : 

Ao ! I 1 ,_ 3 1 + TJ t 71 • -- 71 1 ( 1- 71 3 ) ln ----.1.llt 2 71 ln ( --) 1 -- f, 
3 1-ry ., 

a_no~cTaHOBKH 1301 B 127 I - ypaBHeHHe 

3,-
2 3 V e 71 t A ( ., + - ., ln I ~ I ) " f . 

0 3 ., -

10 

1311 

1321 

' 2 r i 
: ? = t"- )1 
' w. 

W0 (X)<W0 Sin(x) 

x = ~lzxF 

f -

5 = c: -_,u. 
Wo 

~ +---- ___ _L 

Puc.2. 3Hepzemu'iecKuil cneKmp "ooembiX" KB3 npu a0 u w 

= wqsin(x)(1-\ g(x)). q q 

PeJyDbTaTbl Bbl'IHcneHHH H3MeHeHHH 3HepreTH'Iecxoro cneKTpa 

KB3 Bcne~cTBHe 3CI>B c noMOIQbiO $opMynbl 1311 npe~cTaBneHhl Ha 

puc. 3. CpaBHeHHe puc. J H puc. 3 DOKa3biBaeT, KaKOBO BDHHHHe 

HenpaBHDbHoro IHenonHorol y'leTa 3KpaHHPOBKH KB3 Ha BJaHMO

~eB:cTBHe Me)l(~y MO. 

)J.eHCTBHTeDbHO, B pa6oTe
1141 MHr~aDOM DOKa3aHO, 'ITO MO)I(HO 

npeHe6pe'lb BDHHHHeM 3KpaHHpOBKH 3CI>B Ha KOHCTaHTY 3CI>B. Ho 

ecnH DOCMOTpHM Ha ypaBHeHHHI10Iullli,TOYBH.QHM, 'ITO BDHHHHe 

3KpaHHpOBKH H3- 3a 3CI> B Ha lPOHOHHbiH cneKTp wq, KOTOpbiH onpe.QeDH

eTcH nonHoB: rpHHOBcxoB: lPYHKQHeB: D (q, w) , Y'IHThiBaeTcx npoHJBe

,QeHHeM 

D
0
(q)ll(q)= -iD

0
(q) ( §

0
(p+ ~ )~ 0(p- ~ )d 4p, 1331 

11 



2 

~.~ 
"'· 

w.cx>·w. x 

X=qf2J(F 

Puc.3. 3uepzemu-.ecKuu cneKmp "ooembiX" KB3 npu 
=w~ =<LOX. 

~·~ . w. 

2 

a 0 u GJ q q 

eCJIH IIPHHJITb, 'ITO BepWHHHaJI \faCTb f'(p,q) COBIIa.LiaeT C r
0

(p,q)"' 1· 
A .li.JIJI IIOIIpaBKHr1 (P,Q)K BepWHHHOH 'faCTH r

0
(p,q) HCIIOJlbJyeTCJI Bbl" 

pa)l(eHue 

r (p,q) = i r o (P- P > § (P f ..9_ > ~ (P _ .JI. > ct 4p • 
1 0 1'012'01 2 1 1341 

llocne y'feTa cBoiicTB tPYHKllHH rpuHa ljloHoHoB D
0
(p-p 

1
) H rrocne 

ee BblHeCeHHJI H3"IIO.LI 3HaKa HHTerpana .li.JIJI Ol{eHKH r
1 

(p,q)noJiy'faeM 

wo 
f+-

12 

r 1 (p,q) = iD
0 

(q,O) f 
2 

f--St 
2 

df (il q w ) 
_..:J f ~ (p +- ,f

1 
+- X 

2" I I o 1 2 2 p·p 1 <qm 

(il q w dp1 
X ~ (p --, f --) --

0 1 2 1 2 (2 7T )3 

1351 
I 
I 

I 

CpaBHeHue 1331 c 1351 noxaJBaeT, 'ITO BJIHJIHHe 3<1>BHa ljloHoH

HblH CIIeKTp Wq H KOHCTaHTy 3ci>B O.lJ.HHaKOBO . .LJ:eHCTBHTeJIJ,HO, eCJIH 

\faCTOTa KOJie6aHHH 110 6e 3 y'feTa 3KpaHHpOBKH OIIpeJJ.eJIJIJiaCb IIOTeH

UHaJJOM Vi (q) , TO 'faCTOTa wq KOJie6aHHH 110 IIPH Y'feTe 3KpaHHpOBKH 

3ci>B OIIpe.LieJJJieTCJI IIOTeHUHaJJOM Vi (q)/f ( q), r.1:1e f(q) - .li.HJJJeKTpH\feC

KaJI IIpOHHUaeMOCTb, OIIHCblBaJOIUaJI 3KpaHHpOBKy BJaHMO.LieHCTBHJI 
Me)I(.LIY 11.0 Ja C'feT 3ci>B: 

f(q)~1, A
0
g(q/2kF ). 

1361 

CrreuuanbHblH BHLI 1361 LIHJJieKTPH'fecxoB: rrpoHHllaeMoCTH f (q) 

He LIOJJ)I(eH Hac rryraTb. Y\feT KYJJOHOBCKoro B3aHMOJJ.eHCTBHJI Me)I(.LIY 

HeiiO.LIBH)I(HbJMH 11.0 H KB3 rrpHBO.LIHT x IIOJIBJieHHJO LIHJnexTpH'fecxoB: 
IIpOHHUaeMOCTH 

2 
f'(q)-1+ em g(x). 

77k F X 2 1371 

3To - cTaTH'fecxaJI LIHJnexTpH'fecxaJI rrpoHHI{aeMoCTb. A ecnu y'feCTb 

eme o6MeHHoe H xoppeJJJillHOHHoe BJaHMO.LieHcTBHJI Me)I(LIY KB3, To 

BMeCTO 1371 MO)I(HO IIOJlbJOBaTbCJI Jq,ljleKTHBHOH LIHJJieKTpH\feCKOH 

rrpoHuuaeMOCThJ0/24 •251 

4 2 mk 
f*(q)= 1t-(-20l-+Xq)--F-g(q/2kF)' 

q 2 7T 2 1381 

r.~:~e 125/ 

6" e 2 X=-----. 
q 3q 2 +4k2 1391 

F 

11MeHHO TaKHM o6pa30M MO)I(HO paCCMaTpHBaTb H COBMeCTHOe 

BJIHJIHHe KYJIOHoBcxoro BJaHMOJJ.eiicTBHJI Me)I(JJ.Y 110 H KB3 H 3ci>B 

Ha BJaHMO.LieHCTBHe Me)I(.LIY 110, KOr.Lia BMeCTO 1381 MOrJIH 6bl HaiTH-
CaTb • 

2 
e m )g(x) 

7T k X 2 
-;*(q) = 1 + CAo + 1401 

F 

B LIYXe CKa3aHHOrO BblWe MO)I(HO YTBep)I(JJ.aTb, 'ITO BJIHJIHHe 1361 
H 137 I, 'ITO B JIHHeiiHoM rrpu6nH)I(eHHH, 6e3 y'feTa ux BJaHMHoro 

BJIHJIHHJI, Bblpa)l(aeTCJI BJIHJIHHeM 1401, MO)I(HO y'feCTb O.li.HHM TOJibKO 

137 I, ecnu JaMeHHTb Macey "ronoro" KB3 m Ha Macey "o.D.eToro" 

KB3 m*= m (1 +A). 

13 



Heo6XO,D.HMO OTMeTHTL, 'ITO .D.HCDepCH.H B cnexTpe XOJie6aHHB 11.0 

o6ecne'IHBaeTC.H DyTeM y'feTa CB.H3H MeJK,D.y XOJie6aHH.HMH COCe,D.HHX 

11.0
1261

. 3xpaHHpOBXa B3aHMO,D.eBCTBH.H MeJK,D.y 11.0 npHBO.D.HT X 3a

MeHe 'faCTOTLI w 0 
Ha 'faCTOTy w =w 0 f\/ f (q), a XOHCTaHTLI 3ci>B 

q q q 
a 

0
(q) - Ha XOHCTaHTy a (q) =a"(q)/f (q).I1.MeHHO DyTeM O,D.HOBpeMeHHOro 

Y'feTa BJIH.HHH.H 3ci>B MOJKHO DOJIY'IHTL npaBHJILHY10 cPOPMYJIY, ODHCLI

Baro~yro .D.HcnepcHJO cPOHOHHoro cnexTpa. 

,l),eifcTBHTeJILHO, 3HepreTH'feCXHB ClleXTp w (q) XOJie6aHHB 11.0 

npu Y'feTe 3ci>B .D.OJIJKeH onpe,D.eJI.HTLC.H ypaaHeHHeM 

(u
2 

-w
02 

+2a 2w 0 TI(q,w)=O. q q q q /41/ 

Ecnu y'feCTL, 'ITO 

2 a o A 0 7T 2 wo 
a = = --- --- _--.:JL_ 

q f 2( q) d q) mpF 2£(q) /42/ 

TO /41/ MOJKHO nepeDHCaTL B CJie,D.yJO~eM BH,D.e: 

w
2 

-w 02 +Ag(x)w 02/f(Q)=0, 
q q q /43/ 

r.D.e A =A 0 / f ( q). 

nyqaeM 
llOCJie DO.D.CTaHOBXH f(Q)=1+Ag(x) B /43/ no-

w2 =w 0 o/[1+Ag(x)J. 
q q /44/ 

llpHBe,D.eHHOe BLIWe ,D.OXa3aTeJILCTBO YCTpaH.HeT MHHMY10 Heyc

TOB'IHBOCTL cPOHOHHOrO CDeXTpa, KOTOpa.H 6e3 y'feTa aHH30TpODHH 

cl>ll KB3 .HBJI.HJiacL TOJILXo cne,D.CTBHeM cHJILHoro 3ct>B1 10,13/ . 

B pa6oTe MHr,D.ana
114

/ ucnoJIL3yeTc.H cne,D.yro~ee npH6JIHJKeHHe: 

w2 "'w02[1--' g(x)l. q q .. 0 /45/ 

Kax BH.D.HO H3 I 45/, a 3TOM npu6nHJKeHHH .D.JI.H A0 , npu xoTopLix 

BLIDOJIH.HeTCJI HepaaeHCTBO A0 g(x) > 1, 'laCTOTa cPOHOHOB CTaHOBHTC.H 

MHHMOB, 'ITO yXa3LIBaeT Ha HeCTa6HJILHOCTL XpHCTaJIJIH'feCXOB pe

WeTXH. 

Tax XaX MLI HHTepecyeMC.H TOJILXO BJIH.HHHeM ",D.H3JieXTPH'feCXOB" 

npOHHI{aeMOCTH /36/, TO B ,D.aJILHeBWHX BLI'IHCJieHH.HX 6y,D.eM y'IHTLI

BaTL TOJILXO ee. Tor,!{a ,D.JIJI BLI'IHCJieHHJI f
0

(7J) BMeCTO /22/ Heo6xo

.D.HMO llOJIL30BaTLC.H CJie,D.yJO~eii: cPOPMYJIOB: 

14 

• 

t 

1 

\\ 

- 1 d w w + 7J wo 
f ( 7J) = Ao f _!{__!_ __ g_ ln I __q___ __ l. /46/ 

0 O f(X) w 0 W -TJWO 
q 

w 
llOCJie llO,D.CTaHOBXH _.::..Jl_ =t B /46/ H C DOMO~L10 CB.H3H 

wo 
2 2 2 2 2 2 

t =X 
1
(1+y(1-x )] HJIH X= (1 +y)t /(1 +Y t ) /47/ 

cPOPMYJIY /46/ MOJKHO nepenHCaTL B 6onee Y.D.06HOM BH,D.e 

- 1 t 2dt t + 7J 
f 0 ( 7J) = 2 y f ---- ln i -- I , 

0 1+yt2 t-7J /48/ 

r.D.e y =A 0/[ 2 tA 0l. TaxHM o6pa3oM, nony'IHnacL cllopMyna, aHanoruq

Ha.H cPOPMYJie /28/ ,D.JI.H f (}TJ) B CJiy'fae, XOr,D.a w q = Wq0 • Pa3JIH'IHe 

JaxnroqaeTc.H TOJILxo a TOM, 'ITO a I 48/ BMecTo X0 nepe.D. HHTerpa-

2A 0 v A. 
JIOM CTOHT -·---- H B 3HaMeHaTeJie llO,D.LIHTerpaJILHOH 'i'YHXI{HH 

2+A 0 

llOJIBHJIC.H MHOJKHTeJIL (1+yt 2
J.Y'IHTL1Ba.H, 'ITO y:;1/3«1 H t 2 :; 1 

MO)KHO pa3JIOJKHTL 3HaMeHa TeJIL (1 +y t 2] C )).OCT a TO~HOB TO'IHOCTL10 

H llOCJie HeCJIOJKHLIX npeo6pa30BaHHH DOJIY'IHTL ,D.JIJI f 
0

(7J) 

- 2 Ao 1 2 t + 
f o(7J) ~ --------- f t ln 1..:2:!1- I dt 

2 t-Ao +Ao7J2 o t-77 

,. 1 
2 A a 2 2 2 t 17J 

- -------- ( t (t -77 )ln 1--- I dt 
(2 +Ao tA 071 2) 2 0 t-77 

/49/ 

Tax XaX BTOPOB HHTerpaJI CO.D.epJKHT MHOJKHTeJIL (t 2 -TJ 2), XOTOpLIB 

MeH.HeT 3HaX DO,D.LIHTerpaJILHOH cPYHXI{HH H YCTpaH.HeT JIOrapHcPMH'feC

xyro pacxo,D.HMOCTL MHOJKHTeJI.H ln 1 ~l'L 1, 3Ha'feHHe 3Toro HHTerpa-
t-7J 

Jia MaJIO. ll03TOMy BTOpLIM 'IJieHO'M MOJKHO npeHe6pe'IL. Tor.D.a 

C DOMO~L10 pe3yJILTaTa /29/ HHTerpHpOBaHHJI /28/ ( CJiy'fa.H /22/ 
llpH Wq=w~ =woX) H3 /49/ C .D.OCTaTO'IHOH TO'IHOCTL10 llOJiy'faeM 

- 2 
f 0 (7J) = ----- r (7J). 

2 +A +A 7J 2 ° 0 0 
/50/ 

B 3TOM npH6JIHJKeHHH 3HepreTH'fecxuii cnexTp " "o,D.eTLIX" KB3 

,lJ.OJ])KeH onpe,D.eJI.HTLCJI He /31/, a CJie.D.yJO~eii: cPOPMYJIOH: 

2Ao 3 1+7J 3 1+7J ;s 
1 7J + -------! 7J+ (1-7J )ln 1---1 t 27J ln(--) 1=(. 1 

3(2t-A
0

+A
0

r1 2) 1-7J 7J 
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AaanH3 c}JopMynhi /51/ noKa3hiBaeT, 'ITO yqeT BnHJIHHJI 3KpaHH

poBKH 3CI>B Ha KOHCTaHTY 3CI>B ..\0 .D;eHCTBHTenhHO fiPHBO.D;HT K 3Kpa

HHPOBKe KOHCTaHThi 3CI>B, T.e. K fiOJ!BneHHIO MHO)I(HTenJI 2/(2+AotA
0
rj2). 

KOTOphiH OlfeHh CHnhHO yMeHhWaeT JcjJc}JeKTHBHYIO KOHCTaHTy 3CI>B: 

A 1 = 2A0 /[2 +\1 + A0TJ2]. /52/ 

Kax BB.D;Ho B3 ma6.1fUIIbl, r.D;e npe.D;cTasneHa 3aBHCHMOCTh /52/ 
3cjJc}JeKTHBHOH KOHCTaHThi 3CI>B A 1 OT He3KpaHHpoBaHHOH KOHCTaHThl 

3CI>B A 0 B OT KBa3HlfaCTH'IHoii: 3HeprBH c k KB3, npH TJ 2= 1 BMecTo 

A 0 =1 HMeeMA 1 =0,5 .3To CHnhHOe yMeHhWeHHe 3cjJc}JeKTHBHOH KOH

CTaHThi 3ei>B A XOTJI H He npHBO.D;HT K CTa6HnH3al(HH 3HepreTH'Iec-

Ta6.1fuija 1. 3aaucuMOCIIIb :JKpaHupoaaHHoii KOHCIIIQHIIIbJ 34>B A 
1
om 

Ao u Ti • 

16 

----r--------------------------------------------------------------------~~ o.r 0.2 o.3 0.4 o.5 o.6 o.7 o.8 o.~ r.o 
--------------------------------------------------------------------

0.0 0.095 O.IP2 0.26! 0.333 0.4CO 0.462 0.5T" i.J.5?;2 0.62I 0.607 

o.r o.o~5 o.r22 0.26I o.333 o.309 o.460 o.5T7 o.570 o.or~ c.€64 

0.2 0.0~5 O.I8I 0.200 0.332 0.3:'8 0.457 0.514 0.565 0.614 O.L58 

0.3 0.095 O.I8C 0.258 0.329 0.394 0.453 0.507 0.557 0.604 O.L47 

0.4 0.094 0.179 0.256 0.325 0.388 0.446 0.499 0.546 0.59I 0.633 

0.5 0.094 0.178 0.253 0.320 0.382 0.437 0.488 0.533 0.576 C.6I5 

0.6 0.093 O.I76 0.24~ 0.314 0.374 0.427 0.475 0.519 0.55o C.595 

0.7 0.0~3 0.!74 0.245 0.306 0.365 0.415 0.460 0.503 0.538 C.573 

0.8 0.092 0.!72 0.239 0.298 0.355 0.402 0.444 0.483 0.5!8 0.550 

0.9 0.09I 0.169 0.235 0.292 0.344 0.388 0.428 0.463 0.497 0.524 

1.0 0.09! 0.167 0.231 0.286 O.JJ3 O.J74 0.4I2 0.444 0.474 0.500 

!.1 0.090 O.I65 0.226 0.278 0.32I 0.36! 0.396 0.426 0.452 0.475 

1.2 0.088 0.162 0.220 0.270 0.310 0.346 0.378 0.406 0.429 0.450 

1.3 0.087 0.!60 0.2I4 0.260 0.300 0.332 0.361 0.386 0.407 0.426 

!.4 0.086 0.156 0.208 0.250 U.290 0.318 0.344 0.367 0.387 0.403 

!.5 0.085 0.152 0.202 0.240 0.280 0.304 0.328 0.348 0.366 0.381 

1.6 0.084 0.148 0.196 0.232 0.268 0.291 0.3!3 0.330 0.346 0.360 

!.7 0.083 0.144 0.!90 0.224 0.256 0.279 0.299 0.313 0.327 0.340 

!.6 0.082 O.I40 0.184 0.216 0.245 0.266 0.202 0.297 0.309 0.32I 

!.9 0.081. 0.136 0.!78 0.208 0.234 0.253 0.264 0.281 0.293 0.302 

2.0 0.080 0.133 0.172 0.200 0.222 0.240 0.252 0.264 0.275 0.286 

xoro cnexTpa KB3, see TaKH CHnhHo yMeHhwaeT H3MeHeHHe HX 3cjJ

c}JexTHBHoB: MaCChi. 1-13 IIIQ6.1fUijbl BH.D;HO, 'ITO 3KpaHHpOBKa 3CI>B orpa

HH'IHBaeT ysenH'IeHHe 3cjJc}JeKTHBHOH MaCchi KB3 .D;O 2/3 rn • Ha 

puc. 4 npeJJ;cTasneao H3MeHeHHe 3HepreTH'Iecxoro cnexTpa KB3 

Bcne.D;CTBHe 3CI>B llpH yqeTe BnHJIHHJI 3CI>B Ha KOHCTaHTy 3CI>B. 

2 
~ = E.-Ji 

w, 
W 11 (JC}•W,X 

X= 'I IZK 

~.:~ 
Wo 

Puc.4. 3Hepzemu<~ecKuii cneKmp "ooembJX" KB3 npu a u w 
q q = w 0x I (1 +A g ( x )) . 

Pa.D;H nonHOThl HJno)l(eHHJI H noHHMaHHJI nonyqeaHoro peJynhTa

Ta Heo6XO.D;HMO OTMeTHTh, 'ITO HCXO.D;JI H3 061l(HX npHHI.(HfiOB To.D;a 

ell(e s
1271 

nonyqHn, 'ITO HJMeHeHHhlii JHepreTB'IeCKHii: cneKTp KB3 

scne.D;CTBBe 3CI>B BMeeT BH.D;, noxaJaHHhlii: Ha puc. 5. Taxoe )l(e 

H3MeHeHBe fiOBTOpJ!eTCJI H B pa6oTe XeB:He 1281• PaJnB'Uie COCTOBT 

TOnhKO B npe.D;nono)l(eHHH To.D;a 0 TOM, 'ITO Bbi'IHCneHHOe HM H3Me

HeHHe 3HepreTH'Iecxoro cneKTpa KB3 
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Puc.S. 3HepzemuttecKuu cneKmp "ooembiX" KB3 e MooeAu Tooa u 
XeuHe. 

{ 

I ( 0 )2 A 2 -v 'k-11 fl\k 

(k-l1= 2((~ -11)-v(,~-~11) 2+,\2~, ecnH 

, eCJIH l k < 11 /53a/ 

(ok>l1 /536/ 

/HJIH 6onee HarJIH~HO f k = ( ok -Ai I [ v' ( ( k ~)~A~-+ I ( k -111 1 I 
OllHCbiBaeT nepexo~ MeTaJIJia H3 HOpMaJibHOrO B CBepxnpOBO~Jlll.lee 

cocToHHHe. B pa6oTe Xeii:He rosopHTCH, 'ITO 3HepreTH'ieCKHii: cneKTP 

KB3 /53/ (HJIH Ha puc. S), JIBJIJieTcJI cne~CTBHeM 3JieKTpoH- JJiex

TPOHHoro B3aHMO~eii:CTBHJI qepe3 BHpTyaJibHble 4>oHOHbl B6JIH3H \ 

0 K, T.e. CJie~CTBHeM 3CIIB. Ho TaK KaK ~aJibWe rOBOpHTCJI 0 UHK

JIOTpOHHOH MaCCe KB3, TO JICHO 'ITO HMeeTCJI B BH~y HOpMaJibHOe 

COCTOJIHHe MeTaJIJia. 

KoHe'iHO, TaK KaK To~a, KaK H Mbl, He BBO~HJI aHOMaJibHbiX Kop

peJIJIUHH Me)l(~y KB3 xynepOBCKOH napbl, TO OH He ~OJI)I(eH 6b1JI no

JIY'iHTb HJMeHeHHe 3HepreTH'iecxoro cnexTpa KB3 npH nepexo~e 

MeTaJIJia H3 HOpMaJibHOrO B CBep:x;npOBO~JIIl.lee COCTOJIHHe. 0~HaKo, 

ecJIH npHHHTb, 'ITO KB3 B csepxnposo~HHKe HMeiOT 3HepreTH'ieCKHii: 

cneKTp /53/, HX llOJIHaJI KBa3H'iaCTH'iHaJI 3HeprHJI ~OJI)I(Ha OllHCbi

Ba TbCJI Bblpa)l(eHHeM 
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E =- L (1 
s 

l' t- ____ k ___ _ 

\18~/\2 
k k 

-2-2" - vk 
)f kv ~-k t-Ak + ~ (1- --===--==-) x 

v ,.2 t-".2 
k . k 

X (1 - f • ) (2 l I - \ l' 2 t- i\ 2 
) 

k k k k ' 
/54/ 

r ~ e 1 ,k - ' ~ - 11 , 1 - f ~ = f k H f k = I e xp ( -/i y 1 • ~ ~~) + 1 1 -
1 

/55a,6,s/ 

Ilocne nepeMHO)f(eHHH H neperpynnupoBKH /54/ MO)I(HO nepenH

carb B BH~e 

E s ~- :E ( ,.k ,, \2 '>' 3 3 .· 2 A 2 
r \ I' k ~ ' k )f k ~ ~ ( l 'k - \ I' k T k 

2 t\ 2 
+- - k 

. 2- 2::)(1-f*) 
v~·k•r\k k · 

/56/ 

Tor~a npH T .. c 0 K paJHOCTb Me)l(~y noJIHbiMH KBaJH'iaCTH'fHbiMH 

3HeprHHMH KB3 B csepxnposo~HHKe H HOpMaJibHOM Mer anne ~OJI)I(Ha 

onpe~eJIHTbCH 4>opMynoD: 

E~-E,~) =2N(v)[('"o)2_ ('"o)v(,,D)2, /\2], /57/ 

r~e N( 1l)-nnoTHOCTb cocroHHHH KB3 c onpe~eJieHHbiM cnHHOM Ha 

HX CIIII. 1-13 /57 I BH~Ho, 'iTO B Mo~eJIH To~a nepexo~ Mer anna HJ 

HOpMaJibHOrO B CBepxnpOBO~JIIl.lee COCTOliHHe 3HepreTH'ieCKH BblrO

~eH. KpoMe roro, 6naro~apH HepaseHCTBY w -··1'1 paJHOCTb 
0 

E 0 -E 0 B /57/ MO)I(HO JanHcaTb xax s n 

E 0
- E 0 ~~ -N(u)L\ 2 , s n r /58/ 

CllopMyna /58/ noxaJbiBaeT, 'ITO B Mo~eJIH To~a 3HepreTH'fecxaH 

BblrO~HOCTb CBepxnpOBO~JIIl.lero COCTOliHHll paBHa y~BOeHHOMY Bbi

HrpbiWy 3HeprHH B TeopHH liKIII 1 17/ H B 3KCllepHMeHTe. KpoMe TOro, 

HeJib3H paccMaTpHBaTb cneKTp /53/ xax cneKTp KB3 BHOpMaJihHOM 

MeTaJIJie. 

lfTaK, npHBe~eHHOe BbiWe OTKJIOHeHHe llOKa3aJIO, 'iTO llOJiylfeHHbiH 

HaMH pe JYJibTa T onHcblsaeT TOJibKO HJMeHeHHe 3HeprHH KB3 B Hop

MaJibHOM MeTanJie npH T' 0 K 6naro~apa 3CIIB. HeycTOH'iHBOCTb 

3HepreTH'iecxoro cneKTpa KB3 MO)I(HO OTHeCTH Ja c'ieT npeHe6pe

)f(eHHH BJIHHHHeM 30Hbl Ha 3HepreTH'ieCKHH ClleKTp 4l0HOHOB. )J.eHCTBH-
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TeJibHO, B HaWeD MO~eJIH DpH 60JibWHX q-q , r~e w -,u
0

, DJIOTHOCTb 
m q 

COCTOJIHHH 4JoHOHOB pOCJia HeorpaHH'IeHHO. B ~eHCTBHTeJibHOCTH)I(e, 
6Jiaro~apJI yqeTy rpaHHUbl 30Hbl lipHJIJil03Ha ~JIJI 4JoHOHOB, HX DJIOT

HOCTb COCTOJIHHH YMeHbWaeTCJI npH q ~ q m • ll03TOMy MO)I(HO Ha~e

HTbCH, 'ITO y'leT JOHHo:H CTPYKTYPbl B 4>oHoHHOM cneKTpe npHBe~eT 

K yMeHLWeHHIO BJIHHHHH 3cl>B Ha cneKTp KB3 B o6nacTH q-·qm 

/HJIH w q -uJ 0 I H ycTpaHHT Heo~H03Ha'IHOCTb Me)l(~y JHepreTH'IeCKH

MH cneKTpaMH "roJibiX" H "o~eTbiX" KB3. Tor~a MO)I(HO 6biJIO 6bi 

YTBep)l(~a Tb, 'ITO BJIHHHHe 3cl> B Ha cneKTp KB 3 MO)I(HO yqecTb nyTeM 

H3MeHeHHJI HX 34>4JeKTHBHOH MaCChi. KaK BH~HO H3 puc. 4, 34>4JeKTHB

HaJI Macca "o~eTbiX" KB3 DO'ITH DOCTOJIHHaJI B 60JibWOM HHTepBaJie 

JHeprHH I I 'k -v I::; <do I. lloJToMy ee MO)I(Ho 6biJio 6bi nony'IHTb 

C DOMOIUblO paBeHCTBa 

* 2Ao (1-q 3) 11q 1u 
m ( ry) = m {1 1 -------------- [ 1 t ---- ln 1 --- [ ~ 2 ., 2 ln t --L) ll , 

3 (2 t ,\ 1 ,\ n 2) TJ 1 - ry Tt 0 0 ., 

KOTOpoe DpH T/ , 0 ~aeT 
/59/ 

2,\ 
m " ~· lim m ~- ( r1 ) - m ( 1 t __ Q__ ) 

1J•O 2tAo /60/ 

liJ /60/ BH~HO, 'ITO DpH Ao· · 1 DOJiy'leHHbiH HaMH OTBeT COBDa

~aeT c OTBeTOM MHr~aJIJI ( m*~m(1t A
0

) • 

llpoBe~eHHble BbiWe HCCJie~OBaHHJI DOKa3biBalOT, 'ITO yqeT 3K

paHHpOBaHHJI KOHCTaHTbl 3cl>B CaMHM 3cl>B CHJibHO yMeHbWaeT H3Me

HeHHe JHepreTH'IecKoro cneKTpa KB3 6naro~apH 3cl>B, xoTH H He 

ycTpaHJieT Heo~HOJHa'IHOCTH B HX cneKTpe. KpoMe Toro, y'leT JKpa

HHpOBKH KOHCTaHTbl 3cl>B CaMHM 3cl>B YCTpaHJieT HCKyCCTBeHHYIO 

OC06eHHOCTb B 3HepreTH'IeCKOM CDeKTpe 4JOHOHOB /HeyCTOH'IHBOCTh 

peWeTKH/. fiOJiy'leHHaJI HaMH OC06eHHOCTh B 3HepreTH'IeCKOM CDeK

Tpe 4JoHOHOB DOKaJbiBaeT, HaCKOJihKO He06XO~HM npaBHJihHhlH y'leT 

BJIHJIHHJI 30Hbl Ha DJIOTHOCTh COCTOJIHHH 4JoHOHOB. YBeJIH'IeHHe 34J4JeK

THBHo:H Maccbl KB3 /60/ yBeJIH'IHBaeT Hx nJIOTHOCTh cocTOHHHH Ha 

cl>TI /N*(/l*)=(1+A)N0L) /, CHH)I(aeT HX 4JepMH-ypoBeHh /v*=v'(1+A)/ 
H yMeHhWaeT HX DOJIHYIO 3HeprHIO. 
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