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Hccneayercs SIBneHue napaMeTpH'!eCKOI'O e036y>KileHHSI noeepXHOCTHbiX 

1.\onR e nonyol'panu'!eHHoli nnaaMe reepaol'o rena c Henapa6onu'!eCKHM aaKo

HOM llHCnepCHH 3Hepl'HH flC9BilOpenSITHB>!CTCKOI'O TUna (K9liHOBCKaSI M01l9flb) 

B l'HilPOilHHaMH'!eCKOM npu6nH>KeHHH. Hcnonb3YIDTCSI o6wue ypaeHeRHSI (e npe

ae6pe>KeHHK TennOBbiM llBKlK9HH9M '!aCTKU) l'KilpOilHHaMKKH XOnOilHOH nna3Mbl 

u cucTeMa ypaeReRHli MaKceenna. Oony'!eHhl aaanuTK'leCKHe Bbipa>KeHKll ans 
BHKp9M9HTOB H9yCTOH'!HBOCTH llnSI cnyqag KOHTaKTOB - nonynpOBOilHHK-Ba

KyyM, nonynpOBOilHHK-nOnynpOBOilHHK, nonynpOBOilHHK-MeTann. 
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Parametrical Excitation of Surface Waves in Kane 
Semiconductors 

Parametrical excitation of surface waves in a semiconfined 
plasma of solid matter with a non-parabolic dispersion law of 
pseudorelativistic type (Kane's model) is investigated with the aid 
of the hydrodynamics approximation. The general equations of 
hydrodymanics (ne~lecting thermal motion of particles) and the 
system of Maxwell equations are used. Analytical expressions for 
increments of instability in semiconductor-vacuum, semiconductor
semiconductor- and semiconductor-meta 1 contacts are obtained. 

'I'he investigation has been performed at the Laboratory 

of 'I'heoretica 1 Physics, JINR. 
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1. BBE,[fEHHE 

TeopHR napaMeTpuqecKoro 
nna3Mono~o6uwx cpe~ax 3a 

pe3oHauca B nna3Me B 
nocne~uue ro~w ~ocTurna 

3HaquTenbHWX ycnexoa,pR~ TeopeTuqecKHX npe~cTasneuui 
6wn llO~TBep~eH 3KCnepHMeHTallbHWMH pe3yllbTaTaMB 
/eM., uanp./1 /. 

B uacToRmee speMR uccne~oBaHHR B 3Toii o6nacTB 
~YT, c o~oii cTopouw, B uanpasneHBB pacwupeHBR Knacca 
CBCTeM; llO~BepraiOU(BXCR B03~eiiCTBHIO MOU(BOrO 3lleKTpo
MarHBTHOrO B3nyqeHBR, C ~pyroii - B HanpasneHBB llOHCKOB 
HOBWX cllB3BqecKBX npuqHH, o6ecnequBaiOU(BX B03HBKHOBeHBe 
pe3oHaucuoro MexaHB3Ma nepe~aqu 3HeprBB nonR uaKaqKu 
cpe~e. KaK B3BecTHO I 1/ , TaKoii MexaHB3M B03HBKaeT, 
KOr~a flO~ B03~eHCTBBeM BHTeHCBBHOrO llOllR B3nyqeHBR 
onpe~eneuuwe napaMeTpw cucTeMw uaquuaiOT ocuunnupo
BaTb C qacTOTOH BHeWHero llOllR CO CKOpOCTbiO, cpaBHBMOH 
HnB npeswwa10meii cKopocTb Tennosoro ~BIDKeHBR qacTBU 
CBCTeMW. B 3lleKTpOHHO-BOHHOH nna3Me, KOTOpaR RBllReTCR 
06'beKTOM MHOrBX BCClle~oBaHBH B 3TOH o6naCTB, TaKBM 
OCIJ;BllllBPYIOU(BM napaMeTpOM RBllReTCR OTHOCBTellbHaR CKO· 
pocTb qacTBU pa3HWX 3HaKoB 3apR~a B Mace. B o~uo

KOMnoHeHTHoii penRTBBBCTCKOH nna3Me npBqBHOH, BW3WBa
IOIIJ;eii napaMeTpuqecKoe B036y)K,n;euue pa3HWX /noTeuu;uanb
HWX B HenoTeHu;BallbHWX/ KOne6aHBH MO)KeT CllY)KBTb OC
IJ;BllllRIJ;BR MaCCW qacTBIJ; B penRTBBBCTCKOM npu6niDKeHBB. 
TaKoii MexaHB3M ueycToiiqusocTB paccMoTpeu ~nR ueorpa
uuqeuuoii 3neKTpouuoii nna3MW B pR~e pa6oT/2-4fB/s/ 6hlno 
noKa3aHo, qTo auanoruquwii MexaHH3M napaMeTpHqecKoii 
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Heycroii4HBOCTH B03MO:>KeH B nonynpoBO.IJ.HHKax c Y3KOB 

3anpemeHHOB 30HOB Ia n - InSb , HanpHMepl, r,IJ.e 3aKOH 

,IJ.HCnepCHH 3HeprHH 3neKTpOHOB If. (p) HMeeT nceB,IJ.OpenJI

THBHCTCKHB BH.D. I sl; 
-> 22 2 2 

&(p) = \!(me* ) + c* p 111 

3,IJ.eCb Ill H p - 34xl>eKTHBHaJ1 MaCCa H HMnynhC 3neKTpOHa, 
lh I COOTBeuTCTBeHHO, C 1cc(Eg /2m) - E g eCTb WHpHHa 3anpe-

weHHOH 30Hbll H HrpaeT pOnh CKOpOCTH CBeTa B penJITH" 

BHCTCKOB cpe,D.e. 
Ilpe,D.cTaBnJleT HHTepec paccMorpeTb npouecc napaMeT-

pH4eCKOrO B036y:>K,IJ.eHHJI Kone6aHHB B nonyorpaHH4eHHOB 

nna3Me nonynpOBO,IJ.HHKOB C 3aKOHOM ,IJ.HCllepCHH 3HeprHH 

qacTHU I 11, 4TO u JIBnJleTCJI uenLJO HacroJiweii pa6oThl. 

KaK H3BeCTHO, s6nH3H rpaHHUbl pa3,IJ.ena cpe.D. MoryT 

B03HHKaTb llOBepXHOCTHble BOnHhl, 4TO MO:>KeT llpHBeCTH B 

onpe,D.eneHHbiX ycnOBHJIX K ,IJ.OllOnHHTenbHOB B03MO:>KHOCTH 

napaMerpuqeci<oro pe3oHaHca. Tai<oH: cnyqaii ,IJ.nJI nony

orpaHH4eHHOB nna3Mbl C napa6onH4eCKHM 3aKOHOM ,IJ.HCnep

CHH 3HeprHH 4aCTHU 6bln uccne,IJ.oBaH B pR.D.e pa6oT I cM/
6

· 
7 /1. 

2. OEll(HE YPABHEHH.fl. IIAPAMETPHlJECKOE 
B03EY)f(,4EHHE llOBEPXHOCTHbiX 
llJIA3MOHOB 

PaccMoTpHM B o6weM cny4ae o6hi4noe HeorpaHH4enHoe 

npocTpaHcTBO, pa3,IJ.enennoe na ,IJ.Be 4aCTH UJIOCKOCTLJO 

(xy) .IlycTh nonynpocTpancTBa no o6e cTopoHbl nosepxHOCTH 

pa3.uena JanonHeHbl "nces.uopemiTHBHCTCI<oii" nna3MOB c 

pa3nH4HbiMH <l!H3H4eCKHMH napaMeTpaMH IE, , c' H T..IJ..I. 

Bb16epeM och z nepneH.IJ.HI<ynHpHoii nnoci<~CTH pa3,IJ.ena 

u o6o3na4HM uu<bpoii "1" cpe,D.y c z •· 0 H "2" - cpe,D.y 

c z :· 0. Hoene HaKa4I<H npe,D.cTaBHM B ,IJ.HnonLHOM npu6nu

:>KeHHH B BH,IJ.e OCUHJlnHpyiOwero 3nei<TpH4eCKOrO nonJI, 

HanpaBneHHoro napannenLHO nnoci<oCTH pa3,IJ.ena, 

-> 

E
0 

(t) 
-> 

E
0 

sin u>0 t. 121 

4 

Cne,IJ.yJI pa6ore /
2
/ H npeHe6peraJI TennoBbiM .D.BH:>KeHHeM 

4aCTHU, 6y,IJ.eM HCXO,IJ.HTh H3 OCHOBHbiX ypaBHeHHB rH,D.po

,IJ.HHaMHKH XOnO,IJ.HOB nna3Mhl H CHCTeMbl ypaBHeHHB MaKe

senna: 

-> -> a _, _, v e _, 1 aA 1 _, _, 
[- + (v y)] ---=-IV¢+----[ v xrotA]I, l3al 

at 2m cat c 
v v'1--
c*2 

an -> 
- + divnv = 0, 1361 
at 

_, 
1'1A 1 

c2 

2-> 
a A 1 

at 2 c 

1'1¢ = 4rre (n - n Oi ) , 

-> 
divA = 0. 

--> 

av¢ + ~'::._n;, 
iit c 

l4al 

/461 

I4BI 

3,IJ.eCb A H c;l> - Bei<TOpHbiB H CKanJlpHbiB llOTeHUHanLI 

llOnJI B03MyweHHB, COOTBeTCTBeHHO, C - CI<OpOCTb CBeTa 
-> 

B cpe,D.e, V H e - CKOpOCTb H 3apJI,IJ. 3nei<TpOHa, COOTBeT-

CTBeHHO, Il - nnOTHOCTb 3neKTpOHOB, n Oi - paBHOBeCHaJI 

nnOTHOCTb llOnO:>KHTenbHbiX HOHOB, o6ecne4HBaJOmaJI HeBT· 

panbHOCTb nna3Mbl B paBHOBeCHOM COCTOJIHHH. 

B paBHOBeCHOM COCTOJIHHH nna3Ma HeBTpanbHa H xa

pai<TepH3yeTCJI CI<OpOCTbiO OCUHnnJIUHH 

-> 
v (t) 

0 

f3 == 2 
c* 

--> 

VECOSw 
0

t 

2 2 v' 1 + f3 cos w 0 t 

151 
--> 

--> 
v 

eE 0 --
mwo 
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JiuueapH3YB cucTeMy 131- I 41 no OTKJIOHeHHBM BeJIH'IHH 

OT 3TOrO paBHOBeCHOrO COCTOJIHHJI, noJiyqaeM CHCTeMy 

ypaBHeHHH, KOTOpag n03BOJIBeT aHaJIH3HpOBaTb noBe~eHHe 

pa3JIH'IHblX B03My~eHHH no~ B03~eHCTBHeM CHJibHOrO nOJIJI 

H3Jiy'leHHJI. 

HHTepecyJICb nepuo~uqecKHMH B03Myll{eHHBMH Tuna no

BepxHoCTHblX BOJIH, 6y~eM C'IHTaTb HepaBHOBeCHble BeJIH'IH

Hbl nponopu:uoHaJibHblMH exp(i.kp- q. !zll, r~e k'"lk .k .0! 
->I 0 1 '12 J X .v H p = p ,p , I, J= ,' H yKa3blBaeT Ha 3Ha'leHHJI q B 

X y 
pa3HblX cpe~ax. 

B cnyqae -k IJE
0

, BLinoJIHBB BblweyKa3aHHYIO npou:e~ypy 
JIHHeapu3au:uu, nocne HecnmKHbiX npeo6pa3oBaHHH nonyqaeM 

~g npo~OJILHbiX BOJIH I 3ciMPeKTOM 3ana3~blBaHHB noKa npe

He6peraeMI CJie~yiO~YIO CHCTeMy ypaBHeHHH, CBJI3b1BaiO~YIO 
pa3Hble rapMOHHKH H cnpaBe~JIHByiO no o6e CTOpOHbl rpaHHU:bl 

pa3,!\ena: 

r,IJ;e 

-> -> 1 ' 
div!:2(p,Z,w+sw

0
) = -w2 k2 {32x. 

4 p 

J (A) J (A) J p (A) 
n +s [ n + e -2 n + - 2 l rl. (p-> z w + e w ), xi +------ '~-' '' 0 

n,f(w-nw
0

) w-(n +2)w
0 

w-(n-2)w
0 16

1 

~~ ~ --+ 2-+ 
!:2 (p, z, w + sw ) ""\7 ¢ (p, z,w + SW ) -w y- l 2: 

0 0 p n.r 
J (A) 

n+ s 

uJ -nw 0 

J o (A) 
[ n+L 

X--

J (A) _.!_(ic n+f+2 + 
J (A) 

n + f- 2 )j X 

W-llWQ 8 w -(n+2)w 
0 

w -(n-2)w 
0 

X 

· x ¢ <'P , z . w + e w 
0 

) 1 • /71 

6 

3.ll,eCL .1 11 1,\J - ljlyHKU,Hn hecceJHI nepnoro po.ll,a .ll,ciicnm-

TCJILHoio apryMeHTa A 
(' d,:l) }~) 

., 
" IlllrJ (j 

-b!lV ;~ 
(I '• -

p II! 
- KBa.ll,p~1 

llJia3MCHHOH YaCTOTbl. IlpH UOJIYYCHHH /61 Mbl }''IJIH 101 

ljlaJ<1, 'IT 0 B ycJIOBHH HaWCH 3a~a YH ,\ 1 If (5 1 . 
HeTpy;mo BH.ll,CTL, •no rpaHHYHoe ycnonnc .ll,JI» Ill/ 

HMCC1 Bll.ll,: 

., 
.(2 (f!·· z. '" ' s,do J: 7 -j n 

/. 
. )' C·) ( . ,, , , • S•' ' _ () , !' . ,, • . z IB! 

}13 JIHHeapH30BaHHLIX ypaBHCHHH .ll,BH)f(eHHR, ypaBIICHHH Hl'

npepb1BHOC1ll n ypanueHHfl Ilyaccoua MO)f{JJO noKa3aTL, •n o 

H B IIpHC)'TC1BHH BHCIUHCrO UOJIH ll3Jl)' 1H.'IIHH M())KHO C'IH1aJL 
•J • .+. 

q 1 {j;> C IOlfHOCTblO ~O'IJICJIOB -)!',J101 qoaK1 ll03DOII1il:'l 

3Ha'!HTCJILHO ynpoc1 HTL rpaHH'IHoc ycnom1e IBI. Hcnonh3Y n 
TaK)f{C YCIIODHC HCllpCpbiBHOCTH laHJ'CHUHaJILHOJ'O KOMUO

HCH1a 3JICKT})HLJCCKOI'O non» Ha rpaHHUC pa3~Cna, H3 KO'Jo· 

poro CJIC.ll,YCT 

7 

(, ( fl • z . (•} ) ! <.) (I' ' z. (0} i 
1 7'--0 2 z•-'0 

/91 

H C'!HTaJI rpaHllll.Y pa3,nena CpCJ( ll)\CaJILHO pC3KOH, 1 .l. 

47711 e 2 
!! 1 z -: 0. ('.' --------

~ 
pl fli 1 

') 

I)~ ( Z) 
/101 p ,, 

() 2 
4i7 n~ e-

0, ----
' 

z 
p2 

tl!2 

llOJIY'IHM CJic,IJ;yiOmyro CHCTCMY ypaBHCHHH OTHOCHl CJibHO 

rapMOHHK cKan»pHoro noTeHu:nana ua nnocKOCTll pa3.ll,ena 

nonynpono~HHK - BBKYYM IMhi nono)f{HIIH ~n» npocTol hi 

n
2
cOI: 

r:h(k,«i"S(d )oc_!_(u 2 1 
. 0 2 ~'n.f 

.T (A) 
n-t s 

(')- ll<d 0 
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T C\ l .J ., C\ l -• .J oC\) 1 2 · n 1 f' 1 _g_ ___ , __ n + P --"'---Jk,(k,(,,+fw
0

). I ___!!_-±:__r -- - -{> I ---- r •> 

~,.,_n£oo 8 ,,,-(u+:!),,O (u-(n--)'"o /11/ 

B orcyrcraue nonJI uaKa'iKH, E 0 = 0 , /11/ ~aeT ~ucnepcuou
uoe ypaBHCHHC ~JIJI llOBCpXHOCTHbiX llJia3MOHOB, 

'J 

1+£((,)~·0, ,((,,\ 1 - __::~£____ 
,., ;.! 

KaK H ~OIDKHO 6LITb. 

B o6meM cny'iae, paccMarpuaaH pe3ouaucuyw curya

U.HJO, KOr~a 'iaCTOTa BHCUJHero llOJIJI IlpH6JIH)I(aCTCJI K 'ia-

(rl p 
CTOTC IIOBCpXHOCTHLIX llJia3MOHOB, T.C. !o -• ,., c ---, H3 

0 p~ -:;-
\ ~ 

auaJIH3a CHCTCMLI /11/ IIOJiy'iaCM HHKpCMCHT Heyc fO~'iHBO-
Cl H 1 ~JIJI llOBCpXHOC fHLIX llJia3MOHOB B BH~C 

1 2 __ ,, f! • 
16 ps /12/ 

AuanorH'iHO ~JIJI nooepxuocruwx nna:~MOHOB ua rpauuu.e 

pa3~CJia nonynpOBO~HHK- llOJIYIIPOBO~HHK IIOJiy'iaCM II pH pe
-----;J-----;;-·--

30HaHCHOM YCJIOBHH ,., \ ,., ~ . t ,., ~ 

,. 
; 

1 

16 

·o psl · po.:~ 

2 2 '2 2 f-! (U \- {'! {O 

__ 1 ~-~.....1~~-

2 2 
\' !1! I (•J 

psl ps2 

/13/ 

/HH~CKCLI 1,2 yKa3biBaWT Ha 3Ha'iCHHH BCJIH'iHH B cpe~aX 
1,2 COOTBCTCTBCHHO/. 

HaKoueu., ~nJI noaepxuocTHLIX nna3Mouoa ua nnocKocru 

pa3)J.ena MeTann-nonynpoao~HHK /MeTann 3anoJIHJieT cpe~y 

"1" H paCCMaTpHBaCTCJI B O~H030HHO~ MO~CJIH/ y HMCCT 

BH~ 

) 

8 

1 2 uJ 2 
-f3 -~---
16 2 vw 2 + w 2 

psl ps2 

/14/ 

J 
I 

' I 

B cny'iae h. _i_ 1: 0 •A-(Jl auanorH'iHaJI npoue;~ypa npuao

~HT K CJIC~YWIIJ.C~ CHCTCMC ypaBHCHH~ OTHOCHICJILHO rap

MOHHK CKaJIRpuoro noreuu.uana ua nnocKo~ I pe 3Ko~/ rpauu

l(C pa3~ena ~BYX IIOJIYIIPOBO~HHKOB: 

1 
) - --<!>(k,(•Jt&!o 16 

(! 2 w 2 + {3 2 (u 2 
__ _!___P_l __ ~_--E.!L__ 

2 2 ,., -((o+Sr.;
0

) 
ps 

"~~~(k, !•! t-(S-2)(u 0 )t</>(k.<u '(st-2),,
0

)!, /15/ 

r~e renepL 

ps 

1 ,, 
~-(,.,~ 

2 pl 

., 
t (tJ ..... ) • 

p2 /16/ 
2 

"' 

B pe3ouaucuwx ycnoouHx, Kor~a (,
0

_, '" • auanu3 /15/ 
v p:. 

IIOKa3LIBaCT, 'iTO HHKpCMCHT HCYCTOH'iHBOC fH ~JIJI IIOBepX-

HOCTHLIX IIJia3MOHOB HC OT JIH'iaCTCJI OT CJiy'iaJI k I l E H HMC

CT BH~ /13/. 
B uenRx unniOcTpau.uu MLI npoaenu 'iHCJieuuwe ou.eHKH 

noporoaoro noJIJI E011 ~JIJI ycuneuu~ noaepxuocTHLIX IIJia3-

MOHOB Ha rpaHHU.C pa3~eJia n- lnSb - BaKyyM .. ,AaHHLIC 

~JIJI lnSb 6LIJIH B3Hfbl, KaK H B /3/ , H3 Hi : 11
0 

= 

= 4 ·10 17 CM-:~, e' "" 10 H CM/C., (up= 2,7· 10 14 C-l ., Ill = 

= 0,016 m e• 34KIJCKTHBHaJI 'iaCTOTa CTOJIKHOBCHH~ 3JICKTpo

HOB l''~¢¢= 0,6·10
12 c- 1; npu T =77 K/. Ycnooue y>z··ul4 

~aeT 

Eon -= 3,9·10
4 v 

CM /17/ 

0TMCTHM, 'iTO ~nJI 6onee TO'iHOii: ou.euKH ueo6xo~HMO Y'iH

TLIBaTL CTOJIKHOBCHHJI HOCHTCJICH C llJIOCKOCTbW rpaHHU.LI 

npu onpe~CJICHHH v ')(p<!J , ~TO /MO)I(JIO ~enaTL C llOMOIIJ.LIO 

KHHCTH'ICCKOH TcOpHH /CM. 1 B,? /. 
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3. IIAPAAil:.'"JPlilJ.ECKOL B03J;Y)f(AEHHE 
JIOBEPXJJOCTHblX 3JIEJ...1POMArlfl11'HMX 
BOJJH 

llpHHHMaff BO BHHMaHHC 3$<Pt:K'I 33 IIa 3,JJ,biBaHHH, Mbl )l0J1)1{-

HLl paceM OJ pe'I t. nonnyw CHC"ICMY ypamreuuil MaKCBCJJJHJ . 

.n 6 - '' ' .nP. onpe)l.eneHHO<.-TH Y.D.eM uccJIC;l.OB<n h cnyYaH J,.; E 0 . 

J10JJIIaH CHCTCMa JlHHeapH30BaHHhiX ypaBHCHHH IIOJUI, ypan· 

HCHifff )l.BH)J{CHIUl H ypaBHCHHe HCIIpepbiBHOCl H JlJin 3 Mbl 

IlpHBOJViT K CHCI CMC B3 YCThlflCX ypaBl!CHHH 01 HOCHTCJlhl!O 

rapMOHHl<" I\OMI10l!CHT I10TCHlU!aJJOH 1\ H <1•. 113 K01 OJ)Oll CJJC

.Il.YC 1, 'ITo 'IH cr o none pe '-Ilia 1l I ')Jle ¥1 IH>Ma 1 HHI H1U< / nonHa 

C :JJH.'klpH'ICCKI!M ~H?K10pOM /CO<>IBC1C1B)'!OlliHM 1~;.,/, l!Cp

UCHJIHl<)"JI.!IpHLJM J: 0 , pacnpoc1paiH!CICH IICJaBHCHMhlM o(i

pa30M, a KOM!lcJWH1LJ /;:: H 0 I A J1C)J{HJ H nnocKOC1H 

(k;·.) I onHCblBBIO"IC11 CBH3~'HHLIMH ypanHeHHHMH n cooTnc1-

C1IJYW1 BOllHC CO "CMCJllaHJIOH" IIOJIJ!pH:JaUHCH. 

llpOBC.Il.C M 3JlC c L 110.11.P06BLIH a!JaJ!H:l C l!C'l CMbl ypaBHCHHH 

JlJlfl flOIICpeYHOH HOJIHbl, l<OTOpaH HMCC1 IHIJl IHH.D.CKC .l. I1pH 

KUMHOI!CHTC /\ ..:._ Oll)"ll\CH/: 

r.uc 

10 

I) 

dr... - k::.:: ---1 1-~---
2 rlz 

•) 

{(:) ~ Slr) 0 )~ _ .,.. 
---~--{. (?. <·HS<" )iA([J.Z "'+ ;;,, ) ~ c !2 . (! ' • 0 

-./)(z.E 0l 2: .J (li)!.T f (Al •• J f C\)]A(r;',z,<u+fri) ). 
j· 

0 
n+ s n t t 2 n t -- 2 0 

Jl ~ r 

2 
( ( z' (; J ) ~ 1 - :_p ( z) ----

o(z,E
0

) 
1 
8 

2 
(t) 

,}' (z) 2 
__ P_f5 

2 c 

l18al 

/1861 

)J.JIJI pe 3Koii rpaHHI.(bl pa3.u.ena .u.syx cpe.u. rpaHHqHoe ycnosHe 

)l.JIJI ypaBHCHHJI l18al H YCJIOBHe HenpepbiBHOCTH TaHreH

l(HaJILHOrO KOMDOHCHTa 3JICKTpHqecKOrO DOJIJI Ha rpaHHI.(C 

npHBO.U.JIT K cne.u.yroll(eMy ycnoBHIO: 

q1 

q2 

( 

1 

(2 
1191 

KOTOpoe BMeCTe C 1181 npHBO)l.HT K ypaBHeHHIO )l.JIJI rap-
--> 

MOHHK KOMDOHCHTa A(k,w) Ha rpaHHI.(e pa3)l.eJia: 

2 

2 
(w +SW 

0
) E (w +S (u 

0
)E (w+&u O) -> 

[ k - 1 2 ] A (k, w + s w 0 ) 
c 2 < 

1 
(co+SW 

0 
)H 

2 
(w+sw

0
) 

l 1 (co+ sw 0 )o
2 

(E0 ) -<: (uH sw 0)o 
1 

(E
0

) 
------------------ X 

E2 (uJ + sw )-< 2 (w+ SW ) 
1 0 2 0 

-> 

X 2 .T (,\)[ .T II 2(,\)+.T 0 (,\)JA(k ,w+ ewo). 
n .f n + s n+t + n + l - 2 

1201 

llpH OTCYTCTBHH DOJIJI HaKaqKH 1201 )l.aeT )l.HCDepCHOHHOe 

ypaBHCHHe )l.JIJI 3JieKTpOMarHHTHbiX BOJIH Ha rpaHHI.(C pa3)l.eJia 

.U.BYX DOJiyDpOBO)l.HHKOB: 

<
1 

(w)E
2

(w) 
------
( (w)+E (w) 

1 2 

k2c 2 

w2 l21al 

H3 KOTOporo CJICAYIOT Bblpa*eHHJI )l.JIX KBa)l.p&TOB qaCTOT 

B BH)l.e: 

w 2 (k) = ~k2 + _!_(w 2 +w 2 ) ± 
1,2 2 p1 p2 

~k2 (w2 -w2 )2 
v' 1 + P 1 p2 

4(c2k2T 

12161 
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AuanuJ acoMnroruqecxoro noBe)leHHJI pemeuuii 12161 c 

yqe-r OM I 19 I noKa3biBaeT, 'ITO nouepxnocTHhiM BOJIHaM 

COOl BCTCl Bye·I HH)I(HJIJI BCTBh, llOKphiBaJO~aJI OllpC)lCJICHHYIO 

o6nacrh qac-ro1, 

2 2 1 2 2 w -: (d (k) < -(w + w 
p2 2 2 pl p2 1221 

IAJIJI onpe)leneuuocTH Mbl noJIO)I(HJIH c,> ~ 1 > <'> ~ 2 /. B 3THX 

YCJIOBHJIX CHCTCMY /20/ MO)I(HO nepcllHCaTh B BH)le: 

2 2 
[((,J+Sc,!) -cd (k))A(k,w+Sw) 

0 2 0 

=a(k,E ,c,J+Su> ) L J (,\)[J f (A)+J f (,\))A(k,w+fw ), 
0 0 n,f n+s n+ +2 n+ -2 0 

/23a/ 
r)le 

1 (w2 -w 2 )2w2 f32-(w2-w2 )2w2 [32 
a(k,E , u! )~ - __ __£.!._ P2 2 ~-...JU:_J_ 

0 8 
(w 2 -w 2 )[ w 2- w 2 (k)) 

Pl p2 1 

/236/ 

3aMeTHM, 'ITO a (w) =a (-w ). HuTepecy.llch noBe)leHHCM no

BepxuocTuoii 3JICKTpOMarHHTHOH MO)lbl uJ 2 (k), Mbl npOBCJIH 

auaJIH3 /231 npu BblllOJIHeHHH peJouaucuoro ycJIOBHJI 

CI!O -+ w 2 (k) H llOJIY'iHJIB BHKPCMCHT HCYCTOH'IBBOCTB )laH

HOB MO)lbl KaK <ilYHKD;BIO k B EO B BB,D,e: 

r)le 

12 

y(k,E 0) = \a (k,E 0 'w2 (k)) \ 

2lv (k) 
2 

\a (k, E 0 , w 
2 

(k)) \ -

/24/ 

\[l.(w2 -w2)+c2k20(k)] 2 8 (E )-[!...{w 2 -w 2 )-c2k 2 0(k)] 28 (E)\ 
2 pl p2 2 0 2 pl p2 1 0 1 

16k2 
w2 - w 2 2 1f2 

p 1 p2 ) ] 2 2 
(w -w )[ 1 + ( 

pl p2 
2c2 k 2 

H 

cu2 - w 2 2 If: 
() (k) '.= [ 1 + ( p 1 p2 ) ] 2 - 1 . 

2c 2 k 2 

Tax xax npu k->0 Mhl HMCCM !, 2
1 

(k) -• (u 
2 , (1!

2 (k) -> (t! 2 H 
pl 2 p2 

:a (c, (\)) \-> _!_(•J 2 p 2 • TO 
2 8 p2 2 

1 2 
y(k-> 0) '= -(J) {3 

16 p2 2 
1251 

Huaqe rouop.11, B npe)leJie k .. 0 qacTora nouepxnocrnoii 

3JICKTpOMarHHTHOH MO)lhl Ha rpaHHD;C pa3)lCJia )lBYX cpe)l 

CTpcMHTCJI K llJia3MCIIIIOH 'iaCTOTC cpc)lbl "2" C (t! p 2 < c"p 1 , 

H HHKpcMCHT HCYCTOH'IHBOCTH onpe)lCJI.IlCTC.Il B OCHOBHOM 

<ilH3H'iCCKHMH napaMeTpaMH 3TOH cpC)lhl. 
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