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Cyclotron resonance of an interacting polaron gas in a quantum well:
Magnetoplasmon-phonon mixing

S. N. Klimin* and J. T. Devreese†
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Cyclotron-resonance~CR! spectra of a gas of interacting polarons confined in a GaAs/AlAs quantum well
are theoretically investigated taking into account the magnetoplasmon-phonon mixing and band nonparabolic-
ity. Contributions of different magnetoplasmon-phonon modes to the total magnetopolaron coupling strength
are investigated as a function of the electron density. It is confirmed theoretically, that the resonant magneto-
polaron coupling in a high-density GaAs/AlAs quantum well occurs near the GaAs TO-phonon frequency
rather than near the GaAs LO-phonon frequency. Calculated CR spectra are in agreement with recent experi-
mental data.

DOI: 10.1103/PhysRevB.68.245303 PACS number~s!: 78.67.De, 71.38.2k, 78.30.Fs
n
n

tic
tro
n

n

r
w
e

g
t

de
t i
re
O

ne
ng
-

or

te
n
o-
in

ra

o
a

ry
in

ith

we
atic
n,
-
um

cal
d.

om-
um

-

he

of
s

I. INTRODUCTION

The electron-LO-phonon interaction plays an importa
role in the optical properties of polar semiconductors a
ionic crystals~see, for review, Refs. 1–5!. The application of
an external magnetic field adds new features to the op
absorption spectra of these materials. When the cyclo
frequencyvc is close to the LO-phonon frequency, resona
magnetopolaron coupling~i.e., anticrossing of zero-phono
and, e.g., one-phonon states of the polaron system! occurs.6

Experiments on the cyclotron resonance~CR! in bulk7 and
quasi-two-dimensional~2D! ~Refs. 8–10! systems give clea
evidence of this resonant magnetopolaron coupling. Ho
ever, CR measurements on semiconductor quantum w
with high electron density11,12 reveal that the anticrossin
occurs near the TO-phonon frequency rather than near
LO-phonon frequency. In Ref. 12, on the basis of a mo
dielectric function for a 3D medium, it was suggested tha
a GaAs/AlAs quantum well with high electron density, the
may exist longitudinal modes, with energies close to the T
phonon frequency, which are active in CR.

Another consequence of high electron densities combi
with the nonparabolicity of the conduction band is a splitti
of the CR lines.13–17 It was shown in Ref. 16, that the one
particle approximation fails to interpret the oscillat
strengths of the split CR lines.

Many-polaron CR in a 2D polaron gas was investiga
theoretically in Ref. 18 using the memory-functio
technique.19 In Ref. 10, this technique was applied to a p
laron gas in a quantum well. The CR spectra of polarons
quantum well were calculated in Refs. 20–22 and applied
Refs. 23, 24 taking into account the electron-phonon inte
tion for both bulklike and interface phonon modes.25–28 To
quantitatively explain the CR data for a high-density polar
gas, as observed in Ref. 12, it is necessary to take into
count many-body effects.

In the present paper, the CR spectra of an arbitra
density polaron gas in a quantum well are calculated us
the many-body memory-function technique.19 The approach
developed in Refs. 18, 21 is extended here to a system
electrons confined in a quantum well and interacting w
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magnetoplasmon-phonon modes. Within this method,
take into account the electron-electron interaction, the st
and dynamic screening of the electron-phonon interactio18

the magnetoplasmon-phonon mixing,29 the band nonparabo
licity, and the optical-phonon spectra specific for a quant
well.

The paper is organized as follows. In Sec. II, the opti
conductivity for a polaron gas in a quantum well is derive
In Sec. III, we discuss the calculated CR spectra and c
pare them with experimental data for a GaAs/AlAs quant
well. Section IV contains the conclusions.

II. THEORETICAL APPROACH

A. Hamiltonian

We consider a finite-barrier quantum well of widthd. The
quantum well ~medium 1! with high-frequency dielectric
constant«1 is placed into a matrix~medium 2! with high-
frequency dielectric constant«2 . Both these media are sup
posed to be polar. An external magnetic fieldB is applied
parallel to thez axis. The symmetric gauge is chosen for t
vector potential of the magnetic field

A~r !5 1
2 @r3B#. ~1!

The Hamiltonian describing the system, which consists
electrons interacting with phonons and with each other, i

H5 (
nlms

Enlsanlms
1 anlms1(

l,q
\vl,qbl,q

1 bl,q

1
1

AS
(
l,q

(
n,k

~gl,q!nkrnk~q!~bl,q1bl,2q
1 !

1
1

2S(
q

(
n1k1n2k2

VC~k1 ,n1 ;n2 ,k2uq!

3N@rk1n1

1 ~q!rn2k2
~q!#, ~2!

whereanlms
1 (anlms) is a creation~annihilation! operator for

an electron in the one-particle state with energyEnls and
with the wave function
©2003 The American Physical Society03-1
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Cnlm~r,w,z!5cn~z!f lm~r,w!,

f lm~r,w!5
1

A2p
eimwF lm~r!. ~3!

Here, the functioncn(z) corresponds to thenth size-
quantized subband for motion along thez axis, while f lm
~r,w! characterizes the ‘‘in-plane’’ motion of an electron wi
a definitez projectionm of its angular momentum,l is the
Landau level quantum number.

The phonon frequenciesvl,q and the amplitudes of the
electron-phonon interactiongl,q are explicitly derived in
Refs. 21, 28. The indexl refers to the phonon branches,q is
the phonon two-dimensional wave vector,bl,q

1 (bl,q) is a
phonon creation~annihilation! operator.rnk(q) is the elec-
tron density operator

rnk~q!5 (
lml8m8s

~eiq•r i! lm,l 8m8ânlms
1 âkl8m8s ~4!
m

lo

s

e

ta

24530
with the matrix element

~eiq•r i! lm,l 8m85E
0

`

rdrE
0

2p

dweiq•r if lm* ~r,w!f l 8m8~r,w!.

~5!

In the Hamiltonian~2!, VC(k1 ,n1 ;n2 ,k2uq) is the matrix el-
ement of the electron-electron interaction potential

VC~k1 ,n1 ;n2 ,k2uq!5E
2`

`

dzE
2`

`

dz8

3ṼC~q;z,z8!ck1
* ~z!

3cn1
~z!cn2

* ~z8!ck2
~z8!, ~6!

S is the area of the quantum well in thexy plane,N@¯# is a
normal product of operators. The two-dimensional Four
amplitudeṼC(q;z,z8) of the electron-electron interaction po
tential, specific for a quantum well,
ṼC~q;z,z8!5
2pe2

«1q
e2quz2z8u1

2pe2~«12«2!

«1q

~«11«2!cosh@q~z1z8!#1~«12«2!e2qd cosh@q~z2z8!#

@«1
21«2

212«1«2 coth~qd!#sinh~qd!
, ~7!
f

be

ks
differs from the corresponding expression for the Coulo
potential in bulk@(2pe2/«q)e2quz2z8u# owing to the pres-
ence of the electrostatic image forces, which appear as
as«1Þ«2 ~see, e.g., Refs. 30–32!. The potential~7! is ana-
lytically exact within the dielectric-continuum approach.

Within the local parabolic band approximation,33,34 non-
parabolicity is considered as a small perturbation. Con
quently, the wave functionF lm(r) ~3! for an electron in a
magnetic field takes the form

F lm~r!5A 2K!

~ umu1K !! S mbvc

2\ D ~ umu11!/2

r umu

3expS 2
mbvc

4\
r2DLK

~ umu!S mbvc

2\
r2D ,

K5 l 2
m1umu

2
, m52`,...,l ~8!

with the Laguerre polynomialLK
(a)(z). Here, the cyclotron

frequencyvc5eB/(mbc) corresponds to the massmb given
by21

mb5
mb1mb2

Pwmb21Pbmb1
, ~9!

wherePw(Pb) is the probability to find the electron insid
~outside! the quantum well, andmbi ( i 51,2) is the electron
band mass at the bottom of the conduction band in thei th
medium. The energies of the spin-dependent electron s
are
b

ng

e-

tes

Enls5Enl1gmBBs, ~10!

whereg is the Lande´ factor, mB is the Bohr magneton, and
s561/2 is the spin projection. The energy levelsEnl corre-
sponding to the wave functionsCnlm(r,w,ż) in ~3! are cal-
culated using the five-bandk•p model.35

B. Optical conductivity

Within the memory-function formalism, the real part o
the frequency-dependent conductivity~in the Faraday con-
figuration! in the local parabolic band approximation, can
written as18,34

Res~v!52
nSe2

mb
Im

1

v2vc2x~v,vc!/v1 id
~d→10!,

~11!

wherenS is the 2D electron density andx~v! is the memory
function.18 To take into account the splitting of the CR pea
due to thenonparabolicityof the conduction band, Eq.~11!
is generalized as follows:

Res~v!5 (
n,l ,s

¸nls Resnls~v!. ~12!

where each contribution Resnls(v), corresponding to the
transitions (l→ l 11),
3-2
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Resnls~v!52
nSe2

mb
Im

1

v2vc
~nls!2x~v,vc

~nls!!/v1 id

~d→10! ~13!

is calculated with the local parabolic band approximatio
The transition frequency

vc
~nls![

En,l 11,s2Enls

\
~14!

is used in Eq.~13! as distinct from the cyclotron frequenc
vc in Eq. ~11!. The weighţ nls is proportional to the numbe
of open channels for the transitions (l→ l 11). The normal-
ized weightş nls are

¸nls5
f nls~12 f n,l 11,s!

(n8,l 8,s8 f n8 l 8s8~12 f n8,l 811,s8!
, ~15!

where f nls is the Fermi occupation number. The memo
function x(v,vc) takes the form~see Refs. 18, 21!

x~v,vc!52(
n,k

(
l
E d2q

~2p!2

u~gl,q!nku2q2

nS\mbe2~q!

3E
0

`

dte2dt~eivt21!Im@Dl~q,t !Gnk~q,t !#

~d→10!, ~16!

where e(q) is the static screening factor.18 Dl(q,t) is the
phonon Green’s function

Dl~q,t ![2 iQ~ t !@^bl,q~ t !bl,q
1 ~0!&1^bl,2q

1 ~ t !bl,2q~0!&#
~17!

andGnk(q,t) is the electron density-density Green’s functi

Gnk~q,t !52 iQ~ t !
1

S
^rnk~q,t !rnk

1 ~q,0!& ~18!

with the Heaviside step functionQ(t). The averaging in Eqs
~17! and ~18! is performed on the equilibrium statistical op
erator of the electron-phonon system.

In the present paper, we apply the method presen
above to the case of a GaAs/AlAs quantum well, where
weak-coupling regime is realized. To obtainx(v,vc) to sec-
ond order in perturbation theory, the electron density-den
Green’s functionGnk(q,t) can be calculated neglecting th
electron-phonon interaction. The electron-electron inter
tion is taken into account in the random-phase approxima
~RPA! following Ref. 36, where plasmon modes are deriv
for electrons in a layer. As a result, we arrive at the followi
set of equations in the Fourier representation:

(
n1k1

@dnn1
dkk1

2Pnk~q,v!VC~k,n;k1 ,n1uq!#G
n1k1 ,ñk̃

R
~q,v!

5dn,ñdkk̃\Pnk~q,v!. ~19!

Here, the auxiliary retarded Green’s functionG
nk,ñk̃

R
(q,v) is

determined as
24530
.
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G
nk,ñk̃

R
~q,v![2

i

SE0

`

^@rnk~q,t !,r
ñk̃

1
~q,0!#&eivt2dtdt

~d→10!. ~20!

The RPA structure factorPnk(q,v) is proportional to the
retarded density-density Green’s function of noninteract
electrons in the quantum well in the presence of a magn
field. It is calculated explicitly, using the second-quantizati
representation of the density operators~4!, and takes the
form

Pnk~q,v!52 i
mbvc

2p\2 E
0

`

dt exp@ i ~v2vkn!t2dt#

3(
ls

Ll
~0!S \q2

mbvc
~12cosvct ! D

3S f nls expF2
\q2

2mbvc
~12e2 ivct!G

2 f kls expF2
\q2

2mbvc
~12eivct!G D ~d→10!,

~21!

wherevkn is the transition frequency between thekth and
nth size-quantized subbands.

The set of equations~19! is valid for arbitrary electron
density. The Green’s functionGnk(q,v) is obtained from
Gnk

R (q,v) using the Kramers-Kronig dispersion relations a
the relation, which follows from the analytical properties
Green’s functions

Im Gnk
R ~q,v!5~12e2bv!Im Gnk~q,v!, ~22!

where b[1/(kBT). Further on, we consider the case of
sufficiently narrow quantum well, when only the lowest siz
quantization subband (n51) is filled, and the transition fre-
quencyv21@vLi , wherevLi is the LO-phonon frequency in
the i th medium (i 51,2). Under these conditions, transition
of an electron to other subbands can be neglected. This
sults in the explicit solution

G11
R ~q,v!5

\P11~q,v!

12VC~q!P11~q,v!
~23!

with VC(q)[VC(1,1;1,1uq).
The phonon retarded Green’s function is calculated wit

the random-phase approximation taking into account
magnetoplasmon-phonon mixing~see Ref. 29!. In the present
case of a narrow quantum well, we take into account
mixing of phonons with intrasubband magnetoplasmo
only. In this approximation, disentangling a set of coupl
Dyson equations leads to
3-3
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Dl
R~q,v!5

2S vl,q1
u~gl,q!11u2

\2 G11
R ~q,v! D

~v1 id!22vl,q
2 22vl,q

u~gl,q!11u2

\2 G11
R ~q,v!

~d→10!. ~24!

The poles of this Green’s function are the roots of the eq
tion

v22vl,q
2 22vl,q

u~gl,q!11u2

\2 ReG11
R ~q,v!50 ~25!

and they determine the spectrum of mixed magne
plasmon-phonon excitations in the quantum well. L
Vl, j (q) denote the positive roots of Eq.~25!. Using
G11

R (q,v) given by Eq.~23!, with the structure factor~21!,
we find that the retarded Green’s function~24! can be ex-
panded as a series

Dl
R~q,v!5(

j
Al, j~q!S 1

v2Vl, j~q!1 id

2
1

v1Vl, j~q!1 id D , d→10, ~26!

whereAl, j (q) is the residue ofDl
R(q,v) at v5Vl, j (q). The

Green’s functionDl(q,v) is obtained fromDl
R(q,v) using

relations between ImDl
R(q,v) and ImDl(q,v) similar to

Eq. ~22!, and the Kramers-Kronig dispersion relations. As
result, the Green’s functionDl(q,v) can be written down
explicitly,

Dl~q,v!5(
j

Al, j~q!

12e2bVl, j ~q! S 1

v2Vl, j~q!1 id

1
e2bVl, j ~q!

v1Vl, j~q!1 id D , d→10. ~27!

It is seen from Eqs.~16! and ~27!, that the parameter

wl, j~q![u~gl,q!11u2Al, j~q! ~28!

determines the strength of the coupling between an elec
and the (l, j )-th magneto-plasmon-phonon mode charac
ized by the wave vectorq.

III. RESULTS AND DISCUSSION

Using the method developed in the previous section,
magnetoplasmon-phonon frequencies and the magnet
sorption spectra of a GaAs/AlAs quantum well are now c
culated numerically. Within this approach, the CR peaks
proportional tod functions because of the discrete ener
spectrum of an electron in a quantum well in the presenc
a magnetic field~see, e.g., Ref. 21!. In what follows, we
introduce in Eq.~16! a finite broadeningg of the Landau
levels instead of the infinitesimal parameterd→10. Here,
we choose the valueg50.01vL1 , which corresponds to the
linewidth of the CR peaks in the experiment of Ref. 12. T
material parameters used for the present calculation are l
24530
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in Table I. The value 0.915 eV~Ref. 21! is used for the
AlAs/GaAs potential barrier. In the numerical calculatio
we use a formula for the energy levels in a nonparabo
conduction band taken from Refs. 34, 35

Enl5
E0*

2 SA114
Enl

0

E0*
21D . ~29!

with the effective energy gapE0* 50.98 eV ~Ref. 35! and
with Enl

0 5\vc( l 11/2)1«n , where «n is a size-quantized
energy level characterizing the motion along thez axis.

According to Ref. 21, the following phonon branches gi
contributions to the CR spectra in a quantum well:~i! bulk-
like phonons with frequencyvL1 and ~ii ! symmetric inter-
face phonons with frequenciesvS,6(q) given by Eq.~7! of
Ref. 21. In a similar way the magnetoplasmon-phon
modes in a quantum well can be classified into bulklike a
interface modes. The frequencies of these modes depen
the electron density and on the modulusq of the 2D wave
vectorq. As follows from our calculations, the modes, who
wave vectors lie in the region withq;2qp , where qp
[(mbvL1 /\)1/2, give the dominant contribution to th
magneto-optical absorption. In Fig. 1, frequencies of
mixed magneto-plasmon-phonon modes, which contrib
significantly to the cyclotron-resonance spectrum, are plo
as a function of the electron density forvc50.8vL1 and for
q52qp . In the low-density limit, as seen from Fig. 1, th
phonon modes do not mix with the magnetoplasmons.
nS→0, the frequencies of the bulklike and of two symmet
interface magnetoplasmon-phonon modes tend tovL1 and
vS,6(q), respectively~see Ref. 21!. With increasing density
nS , the magnetoplasmon branch splits into three mo
~shown by heavy curves!. When the density rises furthe
anticrossing of phonon and magnetoplasmon frequencie
to be expected between 1011 cm22&nS&1012 cm22. This
anticrossing allows us to distinguish between the low
frequency modes~heavy curves! and the higher-frequency
modes~thin curves!. Finally, for nS*1012 cm22, the three
higher frequencies tend to the magnetoplasmon freque
which behaves as;nS

1/2, and the three lower frequencies a
close tovT1 and to vS,6(q), respectively. The latter two
magnetoplasmon-phonon frequencies are actually slightly
duced with respect tovS,6(q). The appearance of the branc

TABLE I. Material parameters used for the calculation of t
magnetoabsorption spectra of a GaAs/AlAs quantum well.

Parameter GaAs AlAs

LO-phonon energy, meV 36.3~Ref. 12! 50.09~Ref. 37!
TO-phonon energy, meV 33.6~Ref. 12! 44.88~Ref. 37!
Electron band mass, in units
of the electron mass
in the vacuum

0.0653~Ref. 35! 0.15 ~Ref. 37!

High-frequency dielectric
constant

10.89~Ref. 37! 8.16 ~Ref. 37!

Electron-phonon coupling
constant

0.068~Ref. 3! 0.148~Ref. 37!
3-4
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with frequency close tovT1 instead ofvL1 is due to the
screening of the electron-phonon interaction by the plas
vibrations.

In Fig. 2, the relative contributions of differen
magnetoplasmon-phonon modes to the total magnetopol
coupling strength

w̃l, j~q![
wl, j~q!

(l, jwl, j~q!
~30!

FIG. 1. Frequencies of magnetoplasmon-phonon modes
10-nm GaAs/AlAs quantum well as a function of the electron d
sity. The valuevc50.8vL1 is taken for the cyclotron frequency
Solid, dashed and dash-dotted curves correspond to bulklike, i
face ~GaAs!, and interface~AlAs! modes, respectively.

FIG. 2. Relative contributions of six magnetoplasmon-phon
modes to the total magnetopolaron coupling strengthw(q)
[Sl, jwl, j (q) in a 10-nm GaAs/AlAs quantum well as a functio
of the electron density. The other modes are neglected, bec
their relative contribution is only about 1024 of w(q). The nota-
tions are the same as those of Fig. 1.
24530
a

on

are plotted as a function ofnS for q52qp . In the low-
density limit, the plasma vibrations give a vanishing cont
bution to w̃l, j (q). In this case, the electrons interact on
with phonons. For increasing electron density, the strengt
the interaction of an electron with the lower-frequen
magnetoplasmon-phonon modes rises, while that for
higher-frequency modes decreases. For a 10-nm GaAs/A
quantum well, the contribution of the interfac
magnetoplasmon-phonon modes into the CR spectra
smaller than that of the bulklike modes. Nevertheless,
interaction of an electron with the interface modes is n
negligible.

It was noted in Refs. 38, 39, that the participation of
magnetoplasmon atqÞ0 in CR for a purely electronic sys
tem in a quantum well, without impurities, is not allowed b
momentum conservation. However, for a polaron gas i
quantum well, the interaction of the electrons with t
magnetoplasmon-phonon modes characterized in Fig.
reflected in the CR spectrum. It is remarkable that in
high-density limit, the largest coupling strength occurs
the mixed magnetoplasmon-phonon mode withv'vT1 .
This fact provides a quantitative basis for the understand
of the resonant magnetopolaron coupling observed in R
12. A related effect appears also for the magneto-pho
resonance: as shown in Ref. 40, the magnetoplasmon-ph
mixing leads to a shift of the resonant frequency of the m
netophonon resonance in quantum wells fromv'vL1 to v
'vT1 .

In Ref. 12, CR spectra are measured for the abso
transmissionT(v), which is related to the optical absorptio
coefficient by

T~v![12G~v!. ~31!

FIG. 3. Experimental and theoretical transmission spectra
different magnetic fields, for a 10-nm GaAs/AlAs quantum w
with electron densitynS51.2831012 cm22. The solid curves rep-
resent the experimental data of Ref. 12. The dashed curves c
spond to the present theory.
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-

r-

n
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FIG. 4. ~Color! Color map of the cyclotron resonance spectra for a 10-nm GaAs/AlAs quantum well. Symbols indicate the peak p
of the experimental spectra~which are taken from Fig. 3 of Ref. 12!. The dashed lines show LO- and TO-phonon frequencies in GaA
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The optical absorption coefficient is proportional to Res(v),

G~v!5
4p

cn~v!
Res~v!, ~32!

wheren(v) is the refractive index. In Fig. 3, we compare th
experimental12 transmission spectra with the transmissi
spectra calculated in the present work for a polaron gas w
electron densitynS51.2831012 cm22 in a 10-nm GaAs/
AlAs quantum well. Reliable comparison of our theoretic
results with the experimental data of Ref. 12 can be p
formed only outside a frequency band nearvT1 ~shown in
Fig. 3 by the cross-hatched area!, because the experiment
spectra in this frequency region are obtained after the el
nation of a strong absorption peak due to direct TO-pho
absorption in the substrate. It is not straightforward to extr
information on the CR spectra in this frequency region. I
seen from Fig. 3, that outside the cross-hatched area the
oretical peak positions of the magnetotransmission spe
calculated in the present work reasonably compare with
experimental data of Ref. 12. If one tunes the magnetic fi
within the error bar, the agreement between theory and
periment can be improved. The remaining difference
tween theoretical and experimental peak positions can be
plained by possible deviation of the values of the ba
parameters~the electron band mass and the effective ene
gap! in a GaAs/AlAs quantum well from those in bulk.

The effect of the magnetoplasmon-phonon mixing
clearly manifested in the CR spectra, as seen, e.g., from
24530
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plot corresponding to a magnetic fieldB522.25 T, for which
vc'vT1'33.6 meV. For this value ofB, the intensities of
the peaks belowvT1 and abovevT1 are comparable both in
the experiment12 and in the present theory. Such a behavio
typical for resonant magnetopolaron coupling nearvT1

rather than nearvL1 .
The splitting of the CR peaks manifested in Fig. 3 refle

the nonparabolicity of the conduction band. In the expe
mental CR spectra,12 the higher-frequency and lower
frequency components of the split peaks are denoted aA,
respectively,B components. The higher-frequency comp
nent of each split peak corresponds to the transitions betw
the Landau levels (0→1), while the lower-frequency com
ponent corresponds to the transitions (1→2). With increas-
ing magnetic field strength, the distance between Landau
els rises, so that the upper filled level (l 51) becomes less
populated. As a result, the relative intensity of the low
frequency peak diminishes. It is shown in Ref. 16, that
observed relative oscillator strengths of the split CR pe
are not consistent with the one-particle theoretical pictu
The one-particle theories~e.g., Refs. 41, 42! overestimate the
lower-frequency peak intensity as compared to experim
In particular, for a filling factorn53, the one-particle ap-
proximation predictsI (1→2) /I (0→1)'2, which contradicts
the experimental CR data for high electron densities,16 where
this ratio is close to 1. It is noteworthy, that forn53, the
coefficientş nls given by Eq.~15! for l 50 and forl 51 are
equal to each other, while the contributions Resnls(v) only
3-6
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slightly depend on the Landau level quantum number. The
fore, for n53, our theory givesI (1→2) /I (0→1)'1, in agree-
ment with Ref. 16.

In Fig. 4, we plot a set of our theoretical magnetoabso
tion spectra for a GaAs/AlAs quantum well as a color ma
This map shows the magnetoabsorption intensity as a fu
tion of both the magnetic field and the frequency. For co
parison, the experimental peak position taken from Fig. 3
Ref. 12 are shown in the same graph. For the peaks witB
!17.2 T ~indicated by crosses! the splitting due to the band
nonparabolicity is not resolved experimentally. It is se
from Fig. 4 that, for the high-density electron gas, anticro
ing of the CR spectra occurs nearvT1 both for the experi-
mental and for the calculated CR spectra. Starting from la
B, a set of peaks withv.vT1 are pinned towardsvT1 from
above, while starting fromB;0, another set of peaks ar
pinned from below to a frequency slightly larger thanvT1 .

For a low-density polaron gas in a GaAs/AlAs quantu
well, it was found21 that the resonance frequencies, calc
lated taking into account the interaction of electrons w
both bulklike and interface phonons, appreciably devi
from those found for the interaction with bulk LO phono
only. In particular, due to interface phonons, a resona
frequency appears betweenvL1 andvT1 ~see Fig. 7 of Ref.
21!. In the present work, we take into account, in addition
the effects due to the interaction of electrons with bulkli
and interface phonons, the many-body effects, which en
the shift of the resonance frequency towardsvT1 , when the
electron density is high enough.

The splitting of the magnetoabsorption peaks due to
band nonparabolicity, observed in the experiment forv
,vT1 , continues in the theoretically calculated spectra a
in the regionv.vT1 . However, the intensity of theB com-
ponent forv.vT1 is quite small.
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IV. CONCLUSIONS

We have theoretically investigated cyclotron-resonan
spectra for a polaron gas in a GaAs/AlAs quantum well w
high electron density, taking into account~i! the electron-
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evant phonon modes specific for the quantum well un
consideration. As a result of the mixing, differe
magnetoplasmon-phonon modes appear in the quantum
and contribute to the CR spectra. In the 10-nm GaAs/Al
quantum well~investigated experimentally in Ref. 12!, the
interaction of an electron with the bulklike modes is dom
nant. It is shown in the present work that, in the high-dens
polaron gas, the resonant magnetopolaron coupling, m
fested in the CR spectra, takes place at a frequency clos
the TO-phonon frequency in GaAs. This effect is in contr
with the cyclotron resonance of a low-density polaron gas
a quantum well, where anticrossing occurs near the L
phonon frequency. Due to the band nonparabolicity, the
spectrum of a high-density polaron gas in a quantum we
split into two components. The calculated CR spectra are
agreement with experiment, in particular, with the results
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