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Cyclotron Resonance of Interface Polarons in 
Sernicomductor Heterostructures 

Correct,ioiis t,o tlic cyclot.roii resonance ciiergy mtl elcctroii effect,ive inass due to  e l e~ t~ ron-  
iiit,erfacc LO-plionon iiiodes int,eract,iori iil semicoiicluctor heterostructures: are calculated as 
a. funct,ioii of t,hc iilagiiet,ic field 11crpciidicula.r t,o the surfa.ce through tlie second order of the 
Improved FYigiicr-Iirilloi~iii I'crt,url~atiori Tlieory (IITBPS). The FrohIich model descrihing 
t.Iiis syst,em is einployecl t.liroughoi11,. Nunierica.1 resiiltrs for Cia.As-GaSb and GaAs-AIAS 
heterojunct,ioiis nrc obt,a.ined aiitl s1ion.n i i i lp~r t~ai i t  cont,ributioii duc to  tlie interface modes 
o11 neai. thc resoriaiice rcgioii. 111 t.hc case ~ r h e r e  t,hc interface mode is dose to the bulk 
rnode a t,hree t~rariclies splitt,ing ctppew in tlie cj,cIotron energy a.ncl effect,ive mass. We 
also Iiave fonntl tliat t,he resomiice fiecluencics a.re shift.ed frorn it,s original positions due 
to tlie preseiice of other inotles. Foi GaXs-A1As heterostructures i11 the region below the 
resonaricc wlicic tlle cxperin1ent.s are us~inlg ca.rried out tlie electron int,era.ction witli the 
iiiterface plioiioiis caii \>c iieglect~cxl. ' ihe iiiclusioii of tlie bulk plioiions of GaAs only give 
good enoiigli rcsu1t.s. It. is suggcst,cd t,liat experiments slioulcl be carry out to confirm our 
results. 

Iii t,he last, few yea.rs lias I~een Itighly iiicrcasecl tlie 

intcrest iii Lhe polaronic elfects 011 tlie propcrties of 

cluasi-t,\ro-cliirierisioilal clcctrons spst cms confiiied iii po- 

1a.r seniicoiidiictor IietcrostSr.tict.urc~. Tlic iliajorit,y of 

the tlieorctical ivorks about, tliis i;iil),ject consider oiily 

t . 1 ~  iiitesactioii of tlie elcct,roii \vit . l i  t.lic longiluclinal op- 

tical (LO) pliorions or t,lic: iiixlcrial biillr, not tnltiiig int-o 

accorint. t,lie inkraclion rnit.11 llic int.ciface opt,ical (10) 

plionoiis. I3ut as i t was slio~vn 113' some aiitliors[' >"."I in 

some sit,uat,ioii tlie electroii-int.eiface plionoii coiipliiig 

is very iinport.a.nt. a.nd not cai1 11c ncglect,ed. 

As suggestecl[" one of sucl-i a sit,uat3ion cnii be founcl 

iii Cyclot.ron Resonancc (CR) expcriii-ients! wliere tlie 

clect,roii-ploioi resona.iit. coupliiig givc iise t,o a clis- 

coiitinuity in t,he effect,ive niass. However in CR ex- 

periinent,~ redized, the most for tlie GaAs-AlGaAs het- 

erostruct.ures, tlie effect of trile elect,ron-I0 phonon in- 

t,eract,ion \Tas iiot observed. But the interfacial inodes 

n w e  observed in superllatices of GaAs-AlGaAs 11y 

Soocl~ et in hackscattering Raman spect.ra, by La.m- 

bin et al[" in Iiigli-resolut,ioil elect,ron-energy loss spec- 

t,ia., m d  by hleynadier ct  a . ~ [ ~ ]  in Ramnn scattering 

of Iiigli-oider a.t ttkie res0nanc.e witli the Iowest op t i cd  

t.ransit,ion. 

Rcceiitly some t,lieoretical ~vorlís[";"~~] on CR of po- 

larons in lietlerostructures that  consider the electron 

1 4 -  and 10-phonon interactions: Iiave been appeared. 

However iii t,liese works the treatment given to  the in- 

t,crfa.cia.l tiiodes is incomplete and not satisfactory. For 

a. po1a.r scmiconcluctor heterojunction, discont,inuit,ies in 
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t,he cyclotroi: inass occur i11 I 0  ;ind L0 plioiioii ficqueri- 

cies. \\'lieii tlie iriterfacid iiiodc Src:cliiciicy is isola.ted OS 

t.hc ot.lier frcyuencies t,lic resoiiarit sl)lit,t,iiig OS t.lie cy- 

clot.roil rriass occurs is i11 two Ijrniiches. If t.lic frequeiicy 

of two nlode: are close! tlie resoiianl split,ting cai1 occur 

in t,liree \->r a.r ches[" . 

'I'lic purpose of t,lie preseiit \rorli is t.o study t,lie ef- 

fects of clect,ron 10- aiid LO-plionoii itit,eractioiis oii tjlie 

' o I111 C- elcict,roii cyclot,roii mass in a s (~i i~iconcl~~ctor  h c t ~ r  j 
. . 

tion of polar rnat.eria.ls. g i ~ ~ i i i g  a correct t,rea.tnleilt[ll] 

to t,lic iiiterfarial modes. Il'e use t,lie iiiiprovcd \\'igner- 

Brillouiii pert urba.t.ion t,heoi.y (I\\'BPT) t,o calciil;i.te t.lie 

p o h o n i c  cor:.ect.ion t.o t,lie Laiiclaii Icvels. not includiiig 

in t,hc calculatioii tlie screening of t,lie elecl~roii-phoiioi1i01~011 

iiiteract,ioii a.iid t . 1 ~  nonparaI>olicit,y of thc condiiction 

I~and .  Siicli c.Tect,s a.re very inipor~.a.iit. t.o pracisc dcter- 

i~iiiiat~ion of cyclot,ron i~lass.  I ~ u t  siiicc tlie csperiiiien- 

t,al result,s a.rt iiot availahle iint,il iiow it were igiiorccl. 

Its iiiclusion 1ot cliaiige tlie positions of t,li(? resonant 

poiiit.s. 

11. Polaronic correctioii to tl1c Laiidau lcvels 

Let tis consitler a heterojunction composed of 

two sciiii-iniiiiite po1a.r semiconductors, wit,h interface 

placetl nt. -. = O. Slie inatxrial 1 occupying the re- 

gion z > O a.nd the  material 2 tlie region z < O .  Each 

mediuni is characterized by the  dielectric function, 

nrhere w ~ , %  (wTl,) is t,he L 0  (TO)  phonon frequeiicy of 

iiia.teria.1 11 (ri= 1,2) wit,h optical dielectric constant E ~ ,  

a.nd st,a.tic clielectric constant co,. To this system a uni- 

form inagnetic field l? iii tlie z direction, perpendicular 

to  intxrface, is a.pllied. 

The  1-Iandtonia.ii of one electron in the conduction 

Lxiid of ma.teria1 1, interacting with the L 0  and I 0  

plioiions cai1 l ~ e  written as ,  

wliere H" is tlie Haiiiiltonian of oiie electron under tlie 

action of a uniform magnetic field plus the Hamiltonian 

of a free-plioiion system, 

where V(?) is t,lie coiifiiiing pot,ciitia.l of t h  electron 
4 

\vit,li n-~oineiit,iiii~ operat,or P. coorcliiiat.es i' = (/I: z )  

antl Ixmcl inass mb. T l i ~  cincrgy antl tlie wave vcc- 

t,or of I~ulli L 0  plionoii iii tii;i.t.c~ial 1 :  are h j , l  antl 
-+ 

C) = (,1.q,) rt:spcct,ively, a.nd a?(a -) is tlie cieation 
Q (2 

(aniiihilat,ion) operator. u j j  is tlie interface optica.1 

plionon freqiielcy tliat satisfies t.11~ dispersioii relat,ion 

F ~ ( G ~ ~ )  + c2(ulj) = 0. mhere t . 1 ~  indices j = L and 

j = 2 denote s : r l  = w- aiid Z J ~  = .ù+. t,lie t ~ o  iiiocles 

of I 0  plioiions, n'itli creat.ion (niiniliilation) opcrator 
.+ 

bt ( b  - ). A is t,he ii1agnc1.i~ w:ct,or pot,entid assiiiiiccl 
Q I  Q J  

I 

in t,lie Laiidau gauge. 

Tlie electroii-L0 ancl-I0 plionon interact,ions are 

giveii by I r l .  

Hi = H e - ~ o  + H+-Io (4) 

mhere, 
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The Fourier coefficient,~ for tlie iiitera.ct,ion describecl respectively, wliere 1; is tlie volume and S the area of 

in the  above equations me! syst,ei~i. rl,] = ( h / 2 ~ 1 p l ; ) ~ / ~ i s  the interface polaron ra- 

112 clius aiid al the electron-I0 phonon coupling constant, 
4ae2 

(7 )  defined as. 

itiiIj ( y ) l I 7  r 
Q - - C Y j  I',,] 

fi 

Tlie ioil plasma frequency, upn : a.iicl 

O, (w) are giveii by 

the fuiictioii the cyclotron resona.nce frequency. The value of en- 

crgy shift Ax,  in t,he IWBPT,  is given by, A,v = 

AEs - AE,! wliere AE, is calculated by the Rayleigh- 
(10) 

Sclirodinger perturbation theory (RSPT),  and 

TIie electron-optical ( L 0  aiid 10)-phonon int>crac- 

tion shifted tlie energy of tlie Tmidau levels by a quan- 

titit,y AE,v, 

ivliich in t,he weak coupling regime, cai1 be ca lc~ la t~ed  

hy the second-order perturbation t,lieory. The  correct 

oile to thc polaron prol,leni. is tlic improved \I:igner- 

Brillouin perturbation theory. I\IrBPT, whicli gives tlie 

correct pinning beliavior. 111 sucli a way ive liave, 

C1- 

~ E . Y  = - C C C 1 < BX ky - qYIHl Igi~ ky > l 2  
li&] - (.I' - ,\r')h+ - 

Q .I ,,-'=O 

(14) 

ivliere tlie suln over j iiwolvc a11 tlie thiee phonons 

modes wif,h frequencies hwj .  a.nd w, = (cB/nzb) is 

is the ivave funct,ion of tlie non perturbed Hamiltonian, 

H". li\' >= u,\f(z - kyZ2) is the harmonic oscilator 

wave function witli a. displaced center, 1" h/eB be- 

ing the  radius of the classical cyclotron orbit. 10 >,, 
a.nd 10 >,, denote the vacuum of L 0  and 10 phonons, 

)ky >= ei"yfl is tlie electron wave function in the  y di- 

rection and J(z) is the  Fmg-Howard variational wave 

fuiiction for tlie motion perpendicular t o  the interface, 

whicli is [ ( z )  = (b3/2)1/2ze-b"2 for z >_ 0, and <(z) = O 

for s < O .  The  para.inet,er b is obtained by rninimizing 

tlie eilcrgy of tlie systeiii, and is given as 

wliere !\rd and Ar, are tlie depletion and electron den- 

sity respectively. By introclucing in the  equation (14) 

the Hamiltonian Iíi, tl-ie wave function, converting the 

suiii over the phonons wave vector into integrais and 

realizing the integral over the z-component, we oht.1: 



where a11 t,he lengtlis and encrgy are t,alreii in units of polaron radius rp = (h./2m,buLl)1/%nd energy ( f i w ~ l ) .  We are 

usiilg t,lie following diii~ensioiiless pa.rainetcrs: A' = i i ~ ~ ~ / h ~ ~ ~ ~ ~  A; = h ~ ~ , / i i w ~ ~ :  zL = qrp and I L ~  = qr,j. The matrix 

elci-lient of tliv electroii-phonon interaction operator. If:.,\.(q). can be written as, 

wliere 122 = 1~i177(~Y, .y l ) .  r11 = ~ n a z ( . Y .  ,TI) and ~ i ( z )  is tlie associated Laguerre polynominal. 

Frf(q) is dt+ii ed as, 

is tlie quasi-t vo-dimensional (Q2D)  form factor, aiid 

FI(q ) .  is t-he iiiterface form factor 

I1 is iiit,crtsting to note tliat we recover here the  

cl~~asi-t,~vo-dini~:i~sional case, wlierc t.lie elccl.roii inter- 

act,s with thc bulk L 0  plionons oiily. via thc usual 

Frohlicli hamiltonian, by taking FI = 0. i11 t l ~ c  above 

equations. 

The polaron cyclotron mass is deteri-liined through 

the cyclotron resonance frequency wC = (eB/m*) ,  tliat 

is defincd as the  diferente between tlie two first per- 

turbed Landau levels A' = O and S = 1,  h: = E:-I-.':, 

where Aí31 and 4Eo are obtained of the numerically 

evaluation of t- le eqiiation (17 ) .  

(18 )  

The form factor 

Our numerical results are for heterojunctions of 

GaAs-GaSb and Ga,As-iilils. A11 o f t h e  calculations 

assume t1ia.t tlie electrons are placed in the GaAs, ma- 

teria.1 l .  The electronic density considered is N, = 

l ~ l l c r n - ~ ,  which is an  usual density in the  experimen- 

tal situation and N d  = O. The physical parameters of 

the inaterials used here are listed in the  Table I. The  

electroii-10 phonon coupling constants and I 0  phonon 

frequeilcies a.re:wri = 23S.OScm-l, a l  = 0.034; w12 = 

2 8 1 . 1 3 ~ 7 2 - ~  ând a:! = 0.019 t o  GiSb-GaAs hetero- 

junctioii; ancl wl1 = 2 8 3 . 2 4 ~ ~ ~ - l ; a l  = 0 . 0 2 9 ; ~ ~ ~  = 

382.33ci-r-I aiid a2 = 0.053 for AIAS - GaAs hetero- 

junction. The GaAs electron-L0 phonon coupling con- 

st,a.nt. is assumed to  be a = 0.068. 

Table I: The characteristics parameters of the  materia.1~ 
used in tlie numerical calculations. 



For G'nS'Ò-Gails Iiet.erojiiii(:tion 1,lie iiiterfa.ce inoclc 

ficquency is mucli sma.ller t.11~11 t . 1 1 ~  ot.l-ier t.mo i i iodc~ 

wr2 aiicl S i m l  iii t.he rc:soiiniice, w,: = w~1, t,lie 

coiitribiition to 4 E i ( d Y '  = O )  froiu lliese modes cai1 I x  

iieglected a.nd the splitting of t.lic cyclot,roii ii-iass occiirs 

i11 tmo hraiiclies as it is sliowii iii Fig. 1 :  wherc t.lie iimss 

is plottlecl as a. frinct.ion of iii;igriel.ic fieltl  t.liroiigli 1 . 1 1 ~  

para,iiiet,er X2 = i i u , / t i ~ ~ ~ .  TIIC d;.isliecl curve denotes 

the case wliere t,lie clectron-TO 1)I-ioiioii iiit~?ractioii is 

not ta.líen ii1t.o accoiii-it.. Tlie first. split, i n  tliis Figure 

appears a.t XZ O.83 iiisl,e;t.tl of 0.805 as (:spect,ccl for 

w,  = Tlie saiilt: shift. hiit siiiallci. also occurs i11 tlic 

iicxt split arouiid w ,  = "12 S W I , ~  at A% U.06. 111 íhis 

case 110th mocles coiit.ribiit,e to AI?, m t l  t.he split. of tlie 

ii-iass occurs iii tliree branclies. A bctrter ca.lciilation t.o 

t.liis t,ri-split region slioiild 1 , ~  macle in a iiiotc rigorous 

ivay sucli as d o m  by ~n.rs(:ii['~I i n  t l i ~  cnsc of coiiiiiietl 

polaroiis. IIere we are restrict,cd t>o a.n appioxima.tioii 

of Eq.(17) with i\" = O .  As we see f~oi i i  Fig. 2 ciii ex- 

tra bi.aiicli ap1xa.i.s betweeii t.lie well kiiomii otlicr t,wo 

I~ianclies. 

Figure 1: C:yclot,roii mass as a funct,ion of externa1 tnagnetic 
fielcl tlirougli the ctirnensioiiIess paraniet,er h" u w , / w ~ i  

for G d s  - GaSb Iieterojunct,ioii witli electronic density 
,\-s = 1 0 ' I c r n - ~  and = (i. The solid curves are tlie 
resiilts bg i~icliiding the iiiterface plionons in t.he calcula- 
t.ion. SIie daslied curves are t , l i ~  resiilts witli t.lie presence 
of tlic biilk L 0  plionons oiilg. 

TA.aziliau Joumal of Pliysics: vol. 24, no. 1 March, 1.994 

Figure 2: The tri-split resonance brailclies of 
cyclot.roii iriass presriit,s in t.lie Gn.4.s - GciSb 
t,ioii. 

GaAs- A IAS 

1 .1  

the  polaron 
hekrojunc- 

Figure 3: Tlic saine as Figure 1 for GuAs - AlAs lietero- 
juitctioii. 

111 Fig. 3 we shown the cyclotron rriass for GaAs - 

-41-4s heterojuilction. The overall behavior 1s similar to  

t hnt of the previous system. The  difference is that  liere 

thí: interface frquency w'12 is much larger than the other 
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two inodes :;r1 and 2 ~ 1 .  Then for large ma.giietic field 

w, > w r , ~  tliere is a mass cliscontiiiuity a t  )r2 E 1.2 due 

to t.he elect,ioii-iiilerface plionon iiiteract,ioil inst-eacl of 

X2 = 1.293 3s expect,ecl for tlie 2 1 2  frequency. 111 this 

case t.lie resoiiance is shiftecl t,o left iii  cont,ra.st t,o t~he 

GnSb systeni. 5%" a.lso note tliat, t,lie contribution of tl-ie 

interface phonon is quitc ii-iiport.a.iit for large values of 

tlie ma.gnet,i~: field. 

111 concl~.sion, from our result,s t,he presence of iil- 

terface pl~onoils play a. fundainent,al role i11 t,lie under- 

standing of the polar011 cyclotron mass ina.inly iii t,lie 

region near t lie resonance. 111 t,he case of GaAs - Alils, 

for low magiietic field! wl-iere tlie experiments a.re ca.r- 

ried oii it is enough to consider t81ie presence of bulk 

L 0  phonon c ~ n l y :  iii t,he calculations. But to  precisely 

det,erinine tl e resona.nces it. is necessa.ry to talte int,o 

accoiint tlie Jreseilce of int.erface phonons. 

The sliiftj: o11 t,lie resonance frequeticies are due t1o 

the contribui.ion of otlier modes a.iid to the best of our 

knowledgemtint were not esperimeiit,a.lly observccl yet. 
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