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Teopl!H aKyCTHqecKoro cnHHOBoro pe3oHaaca Ha 311eKTpoaax 

npoBOAIIMOCTII. III. MexaHII3Mbi B3a!IMOnellcTBIIH 311eKTpOHHbiX 

Clll!HOB CO 3BYKOM 

00CTpOeH raMIIIlbTOHIIaH B3a!IMOnefiCTBIIH 3BYKOB0ll BOIIHbl CO Clll!HaMH 

311eKTpOHOB npOBOAIIMOCTH B nonynpOBOAHIIKe 11 MeTanne. OpoBeneaa Knacc!I

IjlaKaUIIH BKilanOB pa3111IqHbiX MeXaHH3MOB 3TOPO B3al!MOnefiCTBIIH llO !!X 

BeKTopao-onepaTopaoll crpyKType 11 cnenaaa oueaKa nopSinKa HX BemiqHHbi, 

Pa6oTa Bbmonaeaa B fla6opaTOpllll TeopeTHqecKoll ¢1f3HKII OvHH1. 

Coo6meHHe 06beAHHeHHoro KHCTHTyTa HAepHbiX HCCJJeAoBaHH~ 
,ll,y6Ha 1975 

Vlahov J.P., Kalashnikov V.P. P4 - 8924 

Theory of Acoustic Spin Resonance on Conduction 
Electrons. III. Mechanisms of Interaction between 
the Electron Spins and the Sound Wave 

A Hamiltonian describing the interaction between the 
sound wave and the conduction electron spins in semi
conductors and metals is constructed. A classification of 
the contributions from the different interaction mecha
nisms according to their vector-operator structures and 1· 

an estimation of their orders of magnitude are carried out. 

The investigation has been performed at the Laborato- I 
ry of Theoretical Physics, JINR. 
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Dubna 1975 

B nepBoi 'I&CTB sacTOJI~ei pa6oT:w /t/ M:W nocTpoiiJDI 

o6~ee B:WpaJKeBBe AJIJI MO~OCTB, norJIO~eHBOi 3JleiCTpOBa

MB DpB pacnpOCTpaBeBBB 3ByiCa B npOBOAJI~eM ICpBCTaJIJie, 

B B:W'IBCJliiJDI BICJl&A:W B 3TO B:Wp8.lKeBBe OT B3&BMOAeiCTBBi, 

npBBOAJI~X IC nepeBopoTy cnBBa. Ceiqac M:W paccMOTPBM 

AeTaJihBO 3TH B3&BMOAeiCTBBJI, o~eBBM DOPJIAOIC BX BeJIB

'IBB:W B npoBeAeM ICJl&CCBc)BIC&JUIIO DO BeiCTOpBo-onepaTop

BOi CTPYICType, YIC&3&B Te B3 BBX, ICOTOp:We MOryT A&Th 

BICJl&A B sa6moAaeM:we Y3KBe JIBBBB ACP. 

1. Ilepe"'eH~J aaauMooeuc•auu 

raMBJlhTOBBaB npOBOAJI~ero ICpBCTaJIJla B OTCYTCTBBe 

3BYKOBOi BOJlB:W 3&DBIUeM B BBAe 

J{ = H k ( P) + H k s ( p ) + H s. + H ef + H f /1/ 

rAe H k(P)a H
8 

- cooTBeTcTBeBBO onepaTop:w ICBBeTB'IeciCoi 

B 3eeMaBoBciCoi 3BeprBB 3JieiCTposoB, He B Hee- raMBJih

TOBBaB pemeTICB B raMBJlhTOBB&B B3&aYOAeiCTBBJI 3JleiCT

pOBOB c sei, Hk8( P) - raMBJlhTOBB&B B3&BMOAeicTBBJI 

ICBBeTB'IeCICBX B CDBBOB:WX CTenesei CB060AW, ICOTOpoe 
... ... 

B03BBIC&eT B pa3JIB'IB:WX DOPJIAIC&X k. p - TeopBB B03M~e-
BBJI, a ero ICOBICpeTBaJI CTPYICTypa onpeAeJIJieTCJI CBMMeT

pBei ICpBCTaJIJl& /2/, 

PacnpocTpaBeBBe 3BYKOBOi BOJIB:W B KpBCTaJIJie conpo

Bo)I(,QaeTcJI, B006~e rOBOpJI, B036y)I(,QeBBeM 3JleKTpOMar-
-> ...... 

BBTBOrO DOJlJI C DOTeB~B&Jl&MB ¢(X, t) B A(x,t)B BanpJDKeB-

BOCTJIMB 3JleiCTPB'IeCKoro B MarBBTBoro nonei E( x, t) = 
.,. ~~_. .;1-+ =-+-+ 4-+ 

=-V¢ (x,t)- -cl\(x,t), u(x, t) = V xA(x, t).raMBJlhTOBB&B k. p 
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TeOpBB B03M~eBBB AJIJl ICpBCTaJJJJa B DOne 3BYJCOBOA BOnB:W 

MO:lKBO 3aDBcan. B cneJlYIO~eM BBJle /cM.,B&DpBMep, 13 • 4 I/: 

J<( t) = Hk ( 11) + Hks ( rr) + H8 + He£ + H £ + 

/2/ 

-+ J1 J1 y d d p p 
+fe¢(xi,t)-gllo~ SJH (xJ,t)+H81+Hu+H8 r+Hu+H8r. 

3JleCL Hk (rr) B ~8 (rr) ecTL onepaTop:w Hk (P) B Hks (P), 
B JCOTop:wx onepaTopw JCBBeTB'Iecxoro BMnyn~oca B nocTOAB-

BOM MarHBTHOM none p ~ 3aMeBeHW Ba 77~ = p ~- ~If (x j' t~ 
a WeCTOB B Ce)lLMOR 'lneB:W OnBCWBaffiT B3aBMO)le:iiCTBBe 

3neKTpOBOB CO CJCanJipHWM noTeHl{BanOM B nepeMeHB:WM 

uarHBTB:WM noneM conpoBo~affi~eB 3nexTpouarBBTHoi Bon

HW. 

BOCLMOB 'lneH 

u:, = I 
illajq 

cY(iuaeE i(q) eiwt IS~P.a eiq•xj} 
r J J ' ' 

y . c = ( g-go) _h__ 2f g+~ 
m of g n/ - ... \' 

/3/ 

r)le fill a - CBMBon JleBB-llBBBTa, m 0 B g 0 - uacca B 

g -cllaJCTOp CB060JlBOrO 3neJCTpOBa COOTBeTCTBeHBO, f g -

WBPJIHa 3aDpe~eHBOB 30HW, a ~ - BenB'IBHa CDBH-op6B

TanLHOro pac~enneBBJI BaneHTBOii 30HW -ODBCWBaeT CnBH

op6BTanLHOe B3aBMO)leBCTBBe 3neKTpOHOB C 3neJCTpB'IeC

ICBM noneM E, conpoBo~affi~M 3BYJCOBYIO BOnBY /uexa

BB3M JiclleTa/3/ /. 

)J;eBJITW:ii 'lneB 

->-+ 
d . k i i wt I iq • Xj l 

Hkf = I 1 q u ( q) e A.k ( P. ) , e , 
ikqj 1 J 

/4/ 

r.11e A ik - TeH3op JlecllopMaUBOHBoro noTeHUBana, xoTop:wii 

MW 6y)leM C'IBTaTL CBMMeTpB'IB:WM, OnBCWBaeT 06W'IBOe, 

He 3aBBCJI~ee OT CnBHa JlecllopMal{BOHHOe B3aBMO)leiiCTBBe 

3neJCTpOBOB C noneM CMe~eHB:ii/5/, 
)J;ecJITwii 11neH 

4 

Hd 
sf 

~ d . .., C ( ) 1 iwt · -> -> 
i/laiq i.p.a q u (q) e tetPa 

1
q•x.l j j 'e J , /5/ 

d 
r)le BenB'IBBa Cii-LJ. q) onpe)lenJieTCJI TBnOM ICpBCTanna, 

OnBCWBaeT 3aBBCJI~ee OT CnBBa )lewopMal{BOBBOe B3aBMO

)leBCTBBe. ITo O:QeBJCaM JiclleTa / 3 ~ IC03cllcllB:QBeBTW C d ( q} no 

nopJIJliCY BenB'IBBW paBBW: 
d h 2 

)lnJI ICpBCTannoB C :QeBTpOM BBBepCBB C ( q)- A(g-g J--q , 
moc<g 

d h 0 
)lnJI ICpBCTannOB 6e3 :QeBTpa BBBepCBH C (q)-A(g-g0 )--fo~ moe< g llo 
r.11e £

0 
- 6e3pa3MepHaJI BenB'IBHa, onpe)lenJiffi~aJicJI OTHo

CBTenLHOB BenB'IBHOB COCTaBnJiffi~eB peweTO'IHOrO noTeH

l{Bana, He'leTHOB npB HHBepCHH ICOOpJlHHaT, a a 0 - KOHCTaHTa 

nopJI)lKa nOCTOJIHHOB peweTKB. 

CnaraeMwe H ~ r H H :r onHcwBaffiT aHanorB'IHwe I 4/ 
H /5/ B3aHMO)leBCTBHJI, o6ycnoBneHHWe nLe303neKTpH'IeC

KHM MeXaHH3MOM. ,lJ;nJI cny'laJI KBaHTOBaHHWX 3BYKOBWX 

BOnH, clloHOHOB, OHH paCCMaTpHBanBCL B pa6oTaX /6/ H /3/ 

Cy~ecTByeT e~e OJlHa rpynna MexaHH3MOB cuHHOBWX 

B3aBMO)leBCTBHB, B03HHKaffi~X npB MO,IJ;ynJI:QBB B3aHMO)leB

CTBHJI KHHeTH'IeCKBX H CnHHOBWX CTeneHeB CB060JlW 3BYKO

BOB BOnHOB HnH conpOBO~affi~eB 3neKTpOMarHHTHOB Bon

HOB. 3TH B3aHMO)leBCTBHJI MO)I(JIO nony'IHTL, COBepWaJI 

KaHOHH'IeCKOC npeo6pa30BaHHC raMBnLTOHBaHa/2/, YCTpa

HJiffi~ee B3aHMOJleBCTBHe Hks ( rr) .AHanorH'IHoe npeo6pa3oBa

HHe )lenaeTCJI B TeopHB KOM6BHHPOBaHHoro pe3oHaHca12 • 
4 I. 

Ha'IHCM c raMHnLTOHHaHa /1/. CoBepwaJI KaHOHH'IecKoe 

npeo6pa3oBaHHe 

H = eTJ(e-T = J( + [T, J(] +---, /6/ 

r)le onepaTop T -- Hks onpe,llenJieTcJI H3 ycnoBHJI 

H ks ( P) + [ T, H k. ( P) + H s] = 0 , /7/ 

6y)leM BMeTL s nBBeBHOM npH6nH:>KeHHH no T : 

H = I\ ( p) + Hs + Hee +He ' H ee = H ef + [ T, 8 ee ] ' /8/ 
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itu0 itu0 

T = fim 
f->+0 

i fo n -h- --h- ( 
- dte e f\

8
(P)e .,H 0=Hk P)+H

8
• 

h -oo 

/9/ 

Hosw:ii: raMHJIJ.TOHHaH co,D;ep)I(HT aBTOHOMHwe no.D;cHcTeMw 

ICHHeTH'IeCICHX H CUHHOBWX CTeneHe:ii: CB060,D;W 3JieiCTpOHOB. 

B npHcyTCTBHH 3Byxoso:ii: BOJIHW - raMHJIJ.TOHHaH /2/ -
onepaTop xaHoHH'Iecxoro npeo6pa3oBaHHJI T( t) = ~ Tj ( t) 
3aBHCHT OT BpeMeHH H BMeCTO /7/ onpe,D;eJIJieTCJI YbaBHe· 

HHeM 

Hk8 (11) +[T(t),Hk(") +H 8 ] =0, 

a npeo6pa30BaHHWB raMHJIJ.TOHHaH HMeeT BH,D; 

H(t) = eT(t) J<(t) e-T(t)+ihj drerT(t) a aT(t)e-rT(t) 
0 t 

B JIHHe:ii:HOM npH6JIJDICeHHH no T - Hks nony'laew: 

H( t) = H + Her ( t) , Her ( t) = 1\r ( t) + H
8
r ( t) , 

-+ ci p 
f\r( t) = Hk ( 11) -f\ ( P) + ~ e ¢( x j, t) + Hkf + Hkf , 

J 

fl fl-+ y 
H8 r ( t) =- gp. 0 ~ S . H ( x . , t) + H r + 

JP. J J s 

/10/ 

/11/ 

/12/ 

/13/ 

.... a TJ (t) d d 
+~{[Tj,e¢(xj,t)]+ih .H I+Hsr+H:r+ [T,Hur+ S:,l. 

J 

/14/ 
3.D;ecJ. MW OT6pocHJIH wanwe cnaraewwe raMHJIJ.TOHHaHa 

Hsr(t), CO,D;ep>Ka~e npOH3Be,D;eHHJI CUHHOBWX B3aHMO,D;eB· 

CTBH:ii:. Kpowe Toro, onepaTop T( t) 3aMeHeH Ha onepaTop 

T /9/ npH npeo6pa3oBaHHH 'IJieHoB, nponop~OHaJ!.hHWX aw

nJIHTy,D;e 3Byxa /HJIH HanpJDICeHHOCTJIM none:ii: E ( x , t ) , 
-+ -+ 
H(x,t)/. 

TaiCHM o6pa30M, MW UOJIY'IaeM pJI,D; HOBWX cnaraeMWX 

B CUHHOBOB 'laCTH B3aHMO,D;eBCTBHJI. Cpe,~V~ 3THX HOBWX 

'IJieHOB B3aHMO,D;e:ii:CTBHe C UOTeH~aJiaMH 3JieiCTpOMarHHT· 

6 

Horo no.iJJI, nepesopa'IHBaiO~ee cnHH - TpeTH:ii: 'IJieH B /14/ 
XOpOWO H3BeCTHO B TeopHH ICOM6HHHPOBaHHOrO pe3oHaH· 

ca I 4 , 7 I H _p .IVIB~JIJ.HOM npH6JIJDICeHHH, xor.D;a HanpJDICeH

HOCTH noneii E H H He 3aBHCJIT oT xoop,D;HHaT, npHBO.IVIT 

1C pe30HaHCHWM nepeXO,D;aM Ha 'laCTOTaX n w O + m W O , 
(n,m) =0, 1,2, ..•. 

Pa3JIII'IHe Me)I(,D;Y CUHHOBWMH B3aHMO,D;eBCTBHJIMH H:r , 
p •• dT a pT p 

Hsf H H8 r = [ T, Huf] , Hsf = [ T, Hurl B cnyqae ACP 

HOCHT TaiCOB >Ke xapaKTep, KaiC pa3JIH'IHe Me)I(,D;y B3aHMO· 

.u;eiicTBZJIMH H!r H H:r = [ T, e¢]+ih¥t B TeopHH xow6H

HHpoBaHHoro pe3oHaHca. EcJIH onepaTopw H !r , H ~r , 
H:r B03HHICaiOT 3a c'leT MO.D;YJIJIX.HH 3Byxow/HJIH 3JieiCTpo

warHHTHoii BOJIHO:ii:/ CUHH·op6HTaJIJ.HWX 'laCTe:ii: COOTBeT· 

CTBYIO~X B3aHMo.D;e:ii:cTBH:ii: I 3JieiCTP ocT a TH'I ec xoro, .D;e

c)opM~HOHHOrO, UJ.e303JieKTPH'IeCICOrO/, BW'IHCJieHHWX B 

UpH6JIH>KeHHH 3cWleKTHBHOB MaCCW H UOCTOJIHHOrO g • c}>a.ICTO-

H e HdT HPT pa, TO onepaTopw sf , sf , sf onpe.D;eJIJIIOTCJI 

H3MeHeHHeM cneiCTpa 3JieiCTpOHOB 3a C'leT B3aHMO,D;eBCTBHJI 

ICHHeTH'IeCKHX H CUHHOBWX CTeneHe:ii: CB060,D;W. 3TH 'IJieHW 

CTpOJITC.K C UOMO~J.IO ,IJ;BYX pa3JIH'IHWX TeOpH:ii: B03M~eHHB 
c pa3HWMH MaJIWMH napaweTpawH. B nepsow cny'lae 3TO 

.... _, hkP 
napaMeTp k. p. • TeOpHH B03M~eHHJI ---; BO BTOpOM, 

( g 

xax BH,D;Ho H3 BWpa>KeHHJI /9/ ,D;JIJI onepaTopa T, poJIJ. wano

<li~It 12> 
ro napaweTpa HrpaeT BeJIH'IHHa s , r.D;e /1,2/ -

( 1- ( 2 

ICBaHTOBWe ypOBHH O,IJ;H030HHOrO raMHJIJ.TOHHaHa 3cWleiCTHB-

HOB MaCCW, COOTBeTCTByiD~e 3HeprHJIM f 1 
< liHks 12> - MaTpH'IHW:ii: 3JieMeHT onepaTopa 

3THMH YPOBHJIMH. 

H 

1\s 

2. Onepa•opw KaHOHU'IecKozo npeo6pa3oeaHUJi 

( 2 , a 
Me >KAY 

,I(JIJI BW'IHCJieHHJI CJiaraeMWX, BXO,D;JI~X BO B3aHMO,D;e:ii:

CTBHe Hs r ( t), HaM noHa.D;o6HTCJI JIBHOe swpa>KeHHe ,D;JIJI one

paTopa xaHOHH'Iecxoro npeo6pa3oBaHHJI T /9/. HHTerpan 

B ~opwyne /9/ ,D;JIJI ICOHICpeTHWx 3Ha'leHH:ii: onepaTopa Ht.s 
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B pa3JIB'IHWX DPOBO,IJ;JIII{RX KpRCTaJIJiaX nerKO BW'IHCJIBTb. 

Caua CTPYKTypa Hks• KaK }')Ke 6wno OT:t.(e'leao, onpe.u;en•

eTcJI c:aoiCTBaMR CRMMeTpRR KPRCTanna/cu., aanpauep;2; I. 
B KpRCTaJIJiax 6e3 :o;eHTpa RHBepcRR rnasawe 'IJleaw raMRJib· 

TOHRaHa Hks B03HRKaiOT 6naro,u;apJI CDRH·op6RTaJibHOMY 

paCXO)K,IJ;eHRIO 30H B TO'IKe, B OKpeCTHOCTH KOTOpoi CTpOHT· 

CJI raMRnbTOHRaH. BTopaJI DpR'IRHa B3aRMO,D;eBCTBRJI KRHe· 

TR'IeCKRX R CDRHOBWX CTeneHei CB060,D;W • 3TO 3aBRCRMOCTb 

g -4!aKTopa oT aunynbca, KOTopaJI onpe.u;enJieT CTPYKTYPY 

f\
8 

B KpRCTaJIJiaX C :o;eHTpOM HHBepCRR. B BWpalKeHRJIX 

MJI onepaTopa Hks 6y.u;eu orpaHR'IRBaTbCJI HaRHR3IURMR 

DO RMDynbCY 'IJleHaMR. IlpR OD;eHKe DOpJI,D;Ka BeJIB'IRHW 'lneHOB 

6y.u;eu C'IRTaTb, 'ITO uarHRTHoe none H- P2, TaK KaK KBaH

Toswi pa,u;RyC B RM,lnbCHOM DpOCTpaHCTBe JIBnJieTCJI Be· 

JIB'IRHoi nopJI.u;Ka H 1 . 

B KPRCTaJIJie Cds/S/ cnaa-op6RTanbHoe pacxo)K,IJ;e-

HRe 30H npoJIBnJieTcJI B nepsou nopJI,u;Ke no P. EcJIB Ha

npaBRTb ocb Z R nocTOJIHHoe uarHRTHoe none H s.u;onb 

reKcaroHanbHOi ocR KpRcTaJIJia, onepaTop Hks npRHRMaeT 

BR,IJ; 

. I + - - + 
Hks = I a j ( S j Pi - S j Pi ) , /15/ 

r.u;e a= {-a B o6o3Ha'leHBJIX /S/ - KOHCTaHTa, onpe.u;enJIIO· 

ID;aJI COBB· op6BTaJlbBOe paCXO)K,IJ;eHBe 30H, a ( S ± , SO ) , 
(P± ,PO)- KpyrOBWe KOMDOHeHTW onepaTOpOB CnBHa B BM· 

nynbCa, BBe,D;eHHWe B pa6oTe / 1/. 

B KPBCTaJIJie Si 191 MOlKHO orpaHR'IRTbCJI qneaaua, 

~ey6B'IeCKBMB no P. Ecna opaeHTBposaTb ocb Z B uar

HBTHOM none H B aanpasneHBR < 100>, onepaTop Hks MOlKeT 

6WTb 3anBCaH B BB,D;e 

+ - - + 
Hk = b I ( S. P. + S. P. ) , 

s j J J J J 

/16/ 

1 1 1 l/2 
b=V21LoH(!U_-g0 )1 (---)1 , 

(~ ~ ml mo 
1 5 

r,u;e f 4_ 1~!$ - paCCTOJIHBe Me)I(,IJ;y ,IJ;HOM 30HW npOBO,IJ;RMOCTR 

R 30HOR ~ 5 , a gJ. R m J. • COOTBeTCTBeHHO nonepe'IHWe 

8 

KounoHeHTw TeH3opo' I g ·4laKTopa R 3414le1CTRBHOi :waccw. 

B KpRCTaJIJie Ge 9 
see 'IJleHw, xy6R'IeciCRe no P , 

o6paiD;aiOTCJI TO)K,IJ;eCTBeHHO B Hynb, R D03TOMY Ha,D;O y'leCTb 

'IJleHw nopJI.u;Ka P4 
. OpaeHT.:IPYJI Z R H B HanpasneHRR 

<lll>,aueeu: 

+ - - + 0 
Hks = cT ( Si pi + S li) PJ , 

/17/ 

c = ~ILoH(g+-go) _1 -(_1 ___ L), 
(L L, m I mo 

1 3 + 

r,u;e f L
1 
Lj • paCCTOJIHRe Me)K,IJ;y ,IJ;HOM 30HW DpOBO,IJ;RMOCTR 

R 30HOi L:J. 
B KpRcTaJlJle In Sb / 1o/ HYlKHO Y'IRTWBaTb KaK B3aRuo

.u;eicTBRe, CBJI3aHHOe C HHBepCROHHOB aCRMMeTpRei pemeT • 

KH /TpeTbero nopJI,u;Ka no P /, TaK R B3aauo.u;eicTBRe, 

CBJI3aHHOe C 3aBRCHMOCTbiO g ·4!aKTOpa OT RMDynbca /'leT· 

sepToro nopJI,u;Ka no P /. EcJIB B Ka'leCTBe Koop,D;HHaTHWX 

BW6paTb Ky6B'IeCICRe OCR R HanpaBRTb fJ B,IJ;Onb OCR Z, TO 

Ilks 6y,u;eT BMeTb BB,IJ; 

Hks= dT ( SjPj + SjPj) P1 + fi IS~Pi0 (PtPt- PjP j) + 

+1 ++ --- + 001 
+ S i [ ;r ( Pj P i - P i P j ) P j - P j ( P j P i + 2 m h w0) ] + 

+ s-:-[..lP:-(P-:-P -:--P.+P ~) - P:-(P~P~ + 
2
1 mhw 0 ) ]l, /18/ 

J2JJJJJ J Jl 

1L gH 2 
r,u;e d = O , a f = -- o0 , B 0603Ha'leHBJIX / 10 ~- KOHCTaH· 

IDfg h 3 

Ta, CBJI3aHHaJI CO CllBH·op6HTanbHWM paCXO)I(,IJ;eHHeM 30H. 

Tenepb, swnoJIHJIJI HHTerpaposaHBe B cllopuyne /9/, 
nonyqaeu JIBHWe swpalKeHBJI ,D;JIJI onepaTopos T: 

CdS: T = 
ia -- I ( s+ -h( w

0
-w-} j j pj + s-:-p ~) s J l ' /19/ 

9 



lnSb: 

Si: T = b l: ( s+.J P.-- S-:- PJ;') , 
h((tj 0 -~)i J J • 

Ge: 
c + - - :+- 0 

T = _ __:__ ~ ( S Jp J - SiP i ) Pi , 
h( (tj 0-(tj s) J 

d ~r<t--cr-+ 0 T= k(;:,_.P.-_,,p. )P.+ 
h((tj -(tj )i J J J J J 

0 s 

f 1.--.00-- ++ + -l: 1--:;, p. ( p. p.- p. p.) + 
h i 2(tj0 J J J J J J 

+ p; ( :F.'P. o+ mh(tj o) 
+S[l JJ 

j 2( (tjo+(tjs) 

- 0 0 _ Pj ( 2Pj P j+mh(tjo) 
+ s. [ ----,.----,--

J 2( (tjo+(tjs) 

+ + -pjpj p j 

2( (tjo+ (tjs) 

+ - -
pi pip i 

2( (tjo +(tj J 

/20/ 

/21/ 

/22/ 

pj-p j-p; ]-

2( 3uJo -(tj s) 

p~p"!- p"!-
J J J ] l. 

2( &uo- (tjs) 

3. B3auMoc)euc•eue 3/leK•poMazHu•Hozo •una 

llpHCTYDHM K BWqHCHeHHID nonpaBOK B CDHHOBOB qacTH 

B3aHMO.IleicTBHJI l:\.r ( t) /14/. HaqHeM c ::meKTpoMarHHT

Horo qneHa U:r . ITonaraJI: 

---> ---> iq• i'+i(L)t ---> ---> ---> icl-i'+i(tjt 
¢(x,t) =l:¢(q)e , A(x,t)=l:A(q)e , 

q q 
nonyqHM: 

f1 a1 a 2 . a f1 a1 a 2 [ ( S. rr . rr . ) , e ¢] + 1h-( S. rr. rr . ) = 
J J J --- at 1 1 1 ---

= ihl: (-iqae¢(q) -i(tj~Aa ( q)) x 
q c 

~~-+ .-+-+ 
f1 Iq•xj a 2 Jl a 1 Iq·x. 

x(8aa S.e P
1
. +8aa..SjP. e 1 

1 ' --- -~ J 
+ ---) ei(tjt 

iq·i'· a a fq.;. 
= ihl: eEa( q)(8aa S11 e J P 2 +8 ffp 

1 
e J 

q 1 --- ~ 

10 

i(tjt 
+---)e 

., 
1 

I 

' 

3TO COOTHOWeHHe ,llaeT B03MO)I(JIOCTb BWpa3HTb TpeTHB 

qneH B I 14/ qepe 3 cllypJ.e- KOMnoHeHTY HanpJI)KeHHOCTH 3neKT

pHqecKoro nonJI Ea(q} H onepaTopw T 0
{ q) /eM. pa6o

TY I 1 I I. BwqacnHM no 3TOMY npasH"'?' on epa Top u:r MJI 

paCCMOTpeHHWX BWWe THDOB B3aHMO,IleHCTBHB KHHeTHqecKHX 

H CDHHOBWX CTeneHei CB060,IlW 3HeKTPOHOB. llonyqaeM 

COOTBeTCTBeHHO: 

CdS: u:r= -a l:leE~(q)S+(q)+eE+(q)S-(q)lei(tjt, 
(tjo - (tj s q /23/ 

Si: u:r = 
i b l: leE- (q} S + ( q) - eE + ( q) S- ( q) le i(tjt , 

(tj 0 - (tjs q /24/ 

e ic - ---> +0 ---> + ---> -0 ---> 
Gc: Hsr = l:leE (q) T (q) -eE (q) T (q) + 

(tjo- (tjs q 

+ eE 0(q) [T+-(q}- T-\q} llei(tjt 

e 
InSb: ~f = 

id - :\ +0 ~ + ---> -0 ---> --l: I eE ( q, T ( IJ - eE ( q} T ( q) + 
(tj -(tj q 

0 s 

/25/ 

+ eE 0 (q} [ T+-( q} - T-+(q) ]l ei(tjt +if~ leE-( {j) [ 3 T+-(Q}t 
2(~0-(tjs) 

+ 1 (-T+++(q)+T-+-(q}+T-~q}-2T-00(q))+ 
2((tjo+(tjs) 

+ _1_ Too-(V ]+ eE +(q) [ 2(3u>3 ' T -++(V + 
(tjo o- (tjs 

+ -1 -(T--(v-T+-+(V -T ++-(q) -2T+00 (q)}-
2( (tjo-(tj s> 

1 0 0 + ---> 0 ---> 2 ~ + ---> -0 - ---> 
--T (q)] + eE (q) [ (T (q)-T (q}) + 

(tjo (tjo+ (tjs 

II 



+ _1_(TO--{q)-TO++(q)) leic:ut + 
2c:uo 

2 ( -) 2 ( + )2 
+ifh I{[( q + q ) eE-(q)-

T q 3c:uo- ws wo + ws 

_ 2 ( qo) 
2 

eE+ (q) ]S+ (q) -
c:uo + ws 

+) 2 ( -)2 ( 0) 2 . 
-[( (q + q )eE+(q)-2 q eE-(q~S-(q)leic:ut. 

3c:uo-C:Us W o+Ws W 0 +(US /26/ 

3JieKTpOMarHRTHWe MeXaHR3Mhl B3aRMO,D;eHCTBR.Il CUR

HOB CO 3BYKOM -giL O t stH~ +H~+Hsf ,D;aiOT Bhlpa.>KeHR.Il ,D;JI.Il 

onepaTopa Hsf ( t), JIRHeuuwe no aMnJIRTy,D;aM non.11 E( ij) , 
~ 

H ( q) . HanpJDKeHHOCTR none:H: JIR:Heiiuo CBJJ.3aHw c aMnJIR-

Ty,D;OH 3BYKOBOH BOJIHW. 3Ty CB.Il3:b MO:>KHO HaHTH C flOMOUlhiO 

ypaaueuu:H: MaKcaeJIJia c yqeToM BKJia,D;a pemeTKR a MaKpo

cKonuqecKHe TOKR. TaKaJJ. 3a,D;aqa pemanac1. B pJJ.,D;e pa6oT 

uanpRMep, a /11-13/. 

4. B3aUMOOeiicaeue oet,PopMOIIUOHHOZO •una 

BwqucJIRM Tenep:b nonpaaKR K cnuuoao:H: qacTR ,D;e«l>opMa

nROHHOrO R nhe303JieKTpRqeCKOrO B3aRMO,D;eHCTBRH ~r R 

~l , flOJI:b3YJJ.C:b JJ.BHWMR BWpa:>KeHH.IIMR )J;JI.Il onepaTOpOB 

T /19/-/22/ R .PopMynaMR ,D;JIJJ. 6eccnuuoawx qacTeii 3TRX 

B3aRMO,D;eHCTBRH. YquTWBa.ll COOTHOWeHHJJ.: 
~-to __, ~ 

[ P a iq•xj] _ h a iq•xj 
J ,e - q e 

~ ~ ·~ ~ 

a 1 a 2 iq•xj a 1 a 2 a 2 a 1 iq•xj 
[ P J P j , e ] = h {q P j + q P j , e l, 

.... ~ 
a 1 a 2 a 3 iq·xj a1 a2 a3 a2 a1 a3 

[ P j P j P J , e ] = h {q Pj P j + q P j P j + 

12 

1 

a3 a1 a 2 if:· ;j h3 at a2 a3 if:·-; j 
+ q F j P j , e l - -

2
-q q q e 

uaxo,D;RM: 

CdS: HdT_ sf-
-a -i .... -11. - + + - .... ic:ut 
--.IJ\ku{q)q {qS{q)+qS{q)le 

c:uo -c:us ikq 

Si: dT i b -i .... -11. - + + - .... ic:ut 

/27/ 

Hsr = .I Aik u {q) q {q S {q) - q S (q) l e 
c:uo- c:us Ikq /28/ 

dT ic -i q) -11. - +0 q) - -0 rv 
Hsr= .I Aiku (q q {q T (q -q T {q + 

WO-WS Ikq 
Ge: 

+qo[T+-(q) -T-+{q)lleiwt ' /29/ 

• .dT id -i ,... -k { - +0 ::\ - ~ -> 
InSb: H~r = ~ A ik u (q) q q T (q1 -q T {q) + 

w0-ws 1kq 

+ qo [ T+- (q) - T-+ (q)] l eiwt + 

+if;I Am u4 (q)q-11. {q-[-
2

( 3 ) T+-- (q) + 
ikq 3c:u0-ws 

1 .... .... .... 0 .... 
+ (-T+++ (q)+T-+- (q)+T--+ (q)-2T-0 ( q)) + 

2(wo---Ws) 

+ _l_Too-(q)] +II+[ 3 T -++ (q) + 
w 0 2(3w 11 ws) 

1 ----> +-+-> ++--> +00-> 
+ 

2
( )(T (q)-T (q)-T {q)+2T (q)) _ 
wo-ws 

13 



__ l_TOO+(q)]+qo[ 2 (T+O+(q) _ T -0-(q)) + 
UJO UJo-UJs 

+ _l_(TO-\q) -TO++ (q))] leiUJt + 
2UJ 0 . 

h2 ( - 3 + 2 
+if-;r.!. Aik u-i(q)q~l[ q) (q) q--2(q0)2 q+ -> 

Ikq 3UJ -UJ + ]S+(q)-
0 s (Uo + (Us 

[(q+)3 + (q-)2q+ -2(q0)2 q- ]S-(q)leiUJt 

3 (U 0- (Us (U o + (Us 
130! 

AHanorH'IHO 3anHcwsaeTCJI nonpasxa K cnHHosoii: 'laCTH 

Dhe303JieKTpH'IeCKOro B3aHMO~eHCTBHJI. 

PJI~ ~onoJIHHTeJihHWX cnaraeMwx B raMHJihTOHHaHe f\f 
COOTBeTCTByeT MO~YJIJIUHH 3BYKOM 3JieKTpOHHhiX CDHHOBWX 

B3aHMO~eii:CTBHB - 3JieKTpoH-3JieKTpOHHOrO, 3JieKTpOH

npHMeCHOrO, 3JieKTpoH·JI~epHoro. HanpHMep, MO~YJIJIUHH 

3JieKTpOH·JI~epHOrO B3aHMO~eii:CTBHJI 

--) -~ a a 
HSII :0 .I J(xJ.-Xn) si.ID 

Jna · 

COOTBeTCTByeT BKJia~ B on epa TOp Hsf 1 HMeiOUUIB BH~ 

H" sf I 
jn ary 

a ... ... 
--:;-a J ( X. - X ) u a ( X . t) s71 I 71 
uxj J n J'. j 0 . 

1311 

1321 

KaK noKa3aHo B TeopHH cnHH-4loHoHHOii: penaKcanHH 3JieKTpo

HOB DpOBO~HMOCTH/3 ' 14/ , BCe 3TH BKJia~hl MaJihl DO cpas

HeHBIO C BKJia~aMB OT MO~YJIJIUHB CDBH- op6BTaJihHhiX B3aBMO

~eii:CTBBB C peweTKOB, COOTBeTCTBYIOUUIX ~eq,opMaUBOHHOMY 
BJIH Dhe303JieKTpB'IeCKOMy MeXaHH3MaM. 

Bee paccMaTpasaeMwe HaMB B3aHMo~eii:cTBHJI MO:>KHO 

3anHcaTh B cne~yroiUeM o6~QeM BH~e. y~o6HOM ~JIJI aHaJIH3a 

KHHeTHKH ACP: 

H sf ( t) = . I ¢ ~t ( CV u i (q) T n (q) e iwt 
IDQ 

1331 

14 

1 
I 

5. B3auMoOeiicaeu.R, npueoO.RfiiUe K y3KUM .IIUHUJIM ACP 

HaM ocTaeTc.& oT~eJIHTh rpynny :wexaaB3MOB ACP, 

B KOTopwx onepaTop Hsf ( t) He co~ep)I(BT JCo:wnoHeHT one

paTopa HMDYJibCa. TOJihJCO 3TH B3aH:WO~eiCTBB.&, KaJC DOJCa• 

3aHO B nepBOH 'laCTH HaCTO.&IQei pa60Thl / 1/, npBBO~JIT 
K ~ocTaTO'IHO y3KHM JIBHHJIM pe3oHaaca. B 3THX cnyqaJix 

ACP HMeeT o~y JIBHHIO Ha 'laCTOTe (Us c DIBPHHOi r . 
Haii~eHHOH B pa6oTe /

1
/. 

Bo scex cny'laJix MarHHTO~DOJihHoe B3aBMo~eii-

CTBBe - gp. O ~gil; H 11 ( ij, t ) OTHOCHTCJI K 3TOMY KJiaCCY 

MeXHH3MOB. J d.JIJI KpHCTaJIJIOB C peweTKOH CdS K 3TOMY 

THDY B3aHMO~eHCTBHH OTHOCJITCJI MO~yJIHpOBaHHhle ~e~p
MaUHOHHhle H Dhe303JieKTPB'IeCKBe B3aHMo~eii:cTBHJI H f , 

pT e S 
H sf H 3JieKTpoMarHHTHwe Hsf B cnyqae KPHCTaJIJIOB 

Si HJIH Bi ACP Ha qacToTe (U co~ep)I(BT BKJia~W 

MeXaHH3MOB H:f , H:r , H:; , fi:f. )J;JIJI KpHCTaJIJIOB 

C pemeTKOH lnSb, KaK CJie~yeT H3 q,opMyJI 1261 H 1301, 
BKJia~ B ACP Ha qacToTe (Us BHOCJIT B3aHMo~eiicTBHJI n:r . H~r H u:f. lbiTepecHaJI oco6eHHOCTh 3TOro Cny'laJI 

COCTOHT B TOM, 'ITO yKa3aHHhle raMHJihTOHHaHW CO~ep~aT 

~sa THna onepaTopos T 0 
( (j) : ... -• 

n ... ± + - - + 0 0 iq • xj 
T ( q) = !. IS . ( P. P . + P . P . - a> . P . ) . e l 

j JJJ JJ JJ 

H -> -> 
n -> + -> + iq • x · 

T ( q) = s- ( q) = !. IS J , e J l , 
j 

npeneccHp;yJOUUIX Ha qacToTe UJ
8 

, npH'IeM nepswii: H3 HHX 

3aBHCHT OT 3JieKTpOHHhiX HMDYJihCOB Is ~aroHaJihHOH 
KOM6HHaUHHI. B COOTBeTCTBHB C pe3yJihTaTaMH pa60Thl / 1 / 

3TO 03Ha'laeT, 'ITO JIBHHJI ACP Ha qacToTe (Us 6y~eT npe~
cTaBJIJITh co6oii Hano~eHHe DIBpoKoii JIHHHH I c DIBpHaoii: 

nopJI~Ka qacToTw penaKcanHH HMnynhca 3JieKTPOHa v m 1 
H y3KOH JIHHHH lc DIBPHHOH JIHHHH Heo~Hopo~Horo napa

MarHHTHoro pe3oHaHcal. OTHoweHHe HHTeHCHBHOCTH y3-

Koro neHTpaJihHOrO DHKa K HHTeHCHBHOCTH DIBPOKOH JIHHHH 
hq 2 

no DOpJI~KY BeJIH'IHHhl paBHO ( p) « 1. Il03TOMY TaKaJI 

cTpyxTypa JIBHHH ACP B InSb Mo~eT 6wTh o6Hapy~eHa 
TOJihKO ~JI ~OCTaTO'IHO KOpOTKOBOJIHOBOrO 3ByKa DpH Ma

JlhiX cpe~HHX 3HeprBJIX 3JieKTpOHOB IHH3KHe TeMnepaTypw 
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e I Y Hsr Hsr 
dT d 

Jlsr /Hsr 

CdS 2,9·10- 7 (wP)- 1 1,5"10-19 P-1 ! 

Si 1,2·10-20 p-1 1,3·10- 1 

Ge 2,2·10-2 2,0·10-2 

In Sb 1,2·101 3,6·10-13 w 
j 

1-

AJIJI HeBbiPOlK.neHHbiX 3HeKTpOHHbiX pacnpe,AeneHHH H MaJible 

KOHileHTpa:u;HH B cnyqae BblpOlK.neHHbiX/. 

OTHomeuu.a nopJI.AKOB senu'IHH 3neKTpoMarHHTHwx H 

.Aecl»opMaD;HOHHbiX B3aHMO,AeHCTBHH AJIJI paCCMOTpeHHbiX THUOB 

KpHCTannos npHBO.AJITCJI B Ta6nu:u;e. Ecnu npHHJITb (o 8 ~ _ 9 -1 - -22 I 
==W "' 10 C , p "' 10 Z.CM C, TO, HanpHMep, ,AHJI 

KpHCTanna CdS OTHOWeHHe 3HeKTpOMarHHTHbiX CUHHOBbiX 

B3aHMO.AeiicTBHii H8r H H ~~ oKa3wsaeTc.a nopJI.AKa 10 
6

, 

a COOTBeTCTB)'IOUlee OTHOWeHHe AJIJI MeXaHH3MOB .Aecl»opMa

llHOHHOrO THIJa "' 10
3.B 060HX Cny'laJIX MeXaHH3Mbl B3aHMo

,AeHCTBHJI, Ha:ii,AeHHble B n.3 H 4 /MO.AYHJIIlHJI 3BYKOM B3aH· 

MO,AeHCTBHJI KHHeTH'IeCKHX H CUHHOBbiX CTeneue:ii CB060.AW/, 

OKa3biBaiOTCJI rnaBHbiMH UO OTHOWeHHIO K ,ApyrHM pac

CMOTpeuuwM MexauH3MaM. B cnyqae InSb JlBA THna 3neKT

poMarHHTuwx B3aHMO.AeiicTBHii ,H:r H H :r, OTnH'IaiOTCJI ua 

O,AHH UOpJI,AOK BenH'IHHbl, a ,Aecl»opMaD;HOHHO- CUHHOBOe B3aH • 

MO,AeHCTBHe Ha HeCKOHbKO UOpJI,AKOB npeswmaeT B3aHMO

.AeiicTBHe H~~ , KOTopoe, B cso10 oqepe.Ab, o6ycnosneuo 

rnaBHbiM o6pa30M 3aBHCHMOCTbiO g ·cl»aKTOpa 3HeKTpOHa OT 

HMnynbca. 
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