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The cyclotron-resonance linewidth (CRLW) is calculated in GaAs/Ga& „Al As single-quantum-

well structures in the temperature range 1 K& T(300 K. Contributions to the CRLW due to
electron —acoustic-phonon and electron —short-range-impurity interactions are treated on equal

footing within the Green's-function formalism. Frequency-dependent self-energies of the above

couplings are determined self-consistently with the density of states of two-dimensional electrons
under strong magnetic field at low temperatures. The broadening due to the optical phonons is in-

troduced through an elastic-scattering approximation at high temperatures. Our results are com-

pared with available experiments in the low- and high-temperature regimes and good agreement is

found. From the real part of the self-energy, we have calculated the electron eA'ective mass as a
function of temperature and found that the acoustic-phonon correction is not negligible.

I. INTRODUCTION

Magnetotransport properties of a two-dimensional
(2D) electron gas confined in quantum-well semiconduc-
tor structures have attracted a lot of interest in recent
years and their study still remains an active field. With
the advent of high-quality (high-mobility) samples, it has
been possible to measure the prominent new features that
reAect the 2D or the quasi-2D character of electrons in
semiconductor heterojunctions and superlattices. The
cyclotron resonance technique in high magnetic fields ap-
plied in the direction normal to the 2D electron layer is a
very useful tool for investigating the quantities such as
effective mass, g factor, and various scattering mecha-
nisms in these systems.

A considerable amount of work has been done both ex-
perimentally and theoretically to study the effects of vari-
ous scattering mechanisms such as electron-phonon,
electron-impurity interactions on the cyclotron resonance
in 2D systems. There have been many experiments of cy-
clotron resonance in the 2D systems formed in
GaAs/Ga, Al„As heterojunctions. ' Most of them
were performed at low temperatures and measured the
linewidth and the magnetic field at which the cyclotron
resonance line shape was investigated by Schlesinger
et al. Seidenbusch performed cyclotron-resonance
transmission and emission experiments at T=4.2 K and
found that the polaron effect is reduced in comparison to
the bulk GaAs. Brummell et al. carried out cyclotron-
resonance and magnetophonon experiments over a wide
range of temperatures and indicated that the screening of
the electron-phonon interactions is important and the
dominant interaction is not with bulk GaAs optical pho-
nons but with the ones associated with the interface.
They have observed an anomalous increase with tempera-
ture in the cyclotron mass which was attributed to the
screening of the electron-optical-phonon interaction.
Hopkins et a/. ' measured the temperature dependence

of the cyclotron-resonance linewidth (CRLW) in
GaAs/Ga, Al, As up to room temperature. They
found that the low-temperature linewidths varied slowly
with electron concentration or inverse spacer thickness,
suggesting that scattering by either impurities in the
GaAs or alloy disorder in the GaAs/Ga& „Al As may
be the dominant mechanism.

On the theoretical side, there have been numerous cal-
culations of the Landau-level broadening, cyclotron- and
magnetophonon-resonance linewidths in various approxi-
mations. Singh" and collaborators' ' studied the
effects of phonons on the Landau-level broadening of 2D
quantum-well structures using Green's-function tech-
niques. The line shape of the cyclotron-resonance spec-
trum was investigated by several groups in the memory-
function formalism. ' ' The magnitude of the Landau-
level broadening due to different types of scattering
mechanisms, including their temperature and magnetic-
field dependence, was estimated by Prasad and Singh, '

Chaubey and Van Vliet, ' and Mori et a/. ' The effects
of screening in the CRLW were extensively studied by
Ando and co-workers, ' ' and other researchers. ' We
have recently reported on the phonon-assisted cyclo-
tron resonance in n-type 2D systems, where an additional
peak in the cyclotron resonance line shape due to longitu-
dinal optical-phonon absorption beside the usual CR
peak was predicted.

The effective mass of 2D electrons has also attracted
theoretical interest. Polaronic effects in
GaAs/Ga, „Al As heterojunctions were calculated by
Das Sarma and Mason using static screening. Lei has
calculated the effective-mass renormalization due to opti-
cal phonons including the dynamical screening. Other
calculations based on different methods have also been re-
ported.

The motivation of the present work derives from the
recent experiments of Hopkins et al. ' and Brummell
et al. on the CRLW in GaAs/Ga& Al„As heterojunc-
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tions. They have measured' the temperature depen-
dence of the CRLW over a wide range, and concluded
that for T (50 K, the dominant scattering mechanism at
high fields is the electron-impurity scattering. They have
emphasized the importance of calculating CRLW self-
consistently. ' Wu and Peeters' in their memory-
function calculation attempted to describe the observed
cyclotron-resonance linewidths by considering individual
scattering mechanisms. They obtained agreeable results
at high temperatures, but at low temperatures their
CRLW differed from the experimental data. Here we
concentrate on the low-temperature region where the
electron-impurity and electron —acoustic-phonon effects
are most important. Also measured in these experi-
ments was the reduction in the cyclotron mass as a func-
tion of temperature due to electron-phonon interactions.
As a by-product of our calculations we provide an order
of magnitude result for the effective mass due to the
electron —acoustic-phonon interaction.

Recently, we have studied the contribution of
electron-phonon scattering to the frequency-dependent
Landau-level broadening and the density of states of a 2D
electron gas in a strong magnetic field. We have found
that electron-phonon and electron-disorder interactions
inAuence each other at low temperatures through the
density of states, and it is necessary to treat their contri-
butions to the Landau-level broadening self-consistently.

Our goal in this paper is to present calculations of the
temperature dependence of the CRLW in the quasi-2D
system GaAs/Ga& „Al„As single quantum well. We do
not investigate the theory of cyclotron-resonance but re-
late the cyclotron-resonance linewidth to the Landau-
level broadening in a simple approximation to compare
with the experiments. Hopkins et al. ' have stressed the
necessity of calculating the CRLW self-consistently in-
cluding the density of states, and it is our aim here to at-
tempt a calculation towards this. We also calculate
the cyclotron mass renormalization due to
electron —acoustic-phonon interaction and discuss quali-
tatively the interpretation of the experimental data.

The organization of this paper is as follows. We
present the details of our calculation in Sec. II. Our re-
sults and comparison with experiment will be discussed in
Sec. III. We give a brief summary of our findings and
make concluding remarks in Sec. IV.

II. THEORY

A. Hamiltonian

in which A. stands for the Landau level n and subband
quantum number p. Here a &

' is the electron annihilation
(creation) operators in the nth Landau level and pth sub-
band, b&' is the acoustic-phonon annihilation (creation)
operators, and cQ' is the optical-phonon annihilation
(creation) operators with wave vector Q. The energy of
an electron in the quantum level k is denoted by
co&=(n + —,')co, +p Fo, where co, =eB/mbc is the cyclo-
tron frequency with mb the band mass and

Eo =A m /2mb L is the subband energy with L the
square-well width. The phonon energies are coQ and co&

for the acoustic and optical phonons, respectively. The
third and fifth terms in the Hamiltonian describe the cou-
pling of different types of phonons to the electrons and
their matrix elements can be expressed in the Landau
basis as

In Eq. (2), the electron-phonon interaction is given by

AD
Q for acoustic phonons,

2dv~
1/2

2m+

Q2 mb
for optical phonons,

Xe " x =Qual/v 2;

IF„(Q,)l'= f«P, (z)e *
P,*(z)

respectively, where P (z) is the electron wave function in
the z direction, with the subband quantum number p;
L„(x) is the associated Laguerre polynomial; and
l =(A'/mba, )' is the cyclotron radius.

The last term in Eq. (l) contains the electron-disorder
interaction and here we consider short-range impurities
and treat their effect in a phenomenological way within
the self-consistent Born approximation. We defer the
discussion of the model for the electron-impurity interac-
tion to the following sections.

in which D is the deformation potential constant, d the
mass density, v, the speed of sound in GaAs, and e is the
polar-optical-phonon coupling constant. The form fac-
tors for the motion of electrons perpendicular and paral-
lel to the applied magnetic field are

J (Q )=( —l)'" "'&n'tlnix'" "' L" "(x )

The Hamiltonian of the quasi-two-dimensional system
of electrons under a strong magnetic field in the
GaAs/Ga, Al As single-quantum-well structure we
consider is written as

H = g co~a ~a~+ g coo(hobo+ —,
'

)

Q

+ g gMP (Q)a~a~(b&+b &)+

geo&�(c&c&+

—,')
Q Q

+ g AM&( (Q)azar'(c&+c &)+M, d, (l)
Q kA,

'

B. Cyclotron resonance and Landau-level broadening

In the cyclotron resonance experiments, the magneto-
absorption spectrum is observed. The absorption
coefficient due to the cyclotron transition from the nth
Landau level to the n'th is given by

a(co )—
(co —co„+co„—6„„)+I „„

The cyclotron peaks will appear in the absorption spec-
trum when the energy difference between the two Landau
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levels is equal to the energy of the incoming electromag-
netic radiation. Here I „„and A„„describe the broaden-
ing and line shift, respectively, of the cyclotron resonance
during the transition, and they can be calculated in vari-
ous approximations. ' ' ' ' We use the following ex-
pression for the cyclotron-resonance linewidth:

r„=r„„,=,[r„(~„)+r„,(~„„)], (7)

where we have assumed that the Landau levels are decou-
pled. It was found' ' that the above expression for I CR
holds to a very good approximation at high magnetic
fields (quantum limit). We note the difference between
the approach taken here to calculate I CR and that of Wu
and Peeters. ' Our expression [Eq. (7)] involves the
broadenings due to two adjacent Landau levels and can

be obtained from the absorption spectrum under certain
approximations. In contrast, Wu and Peeters' take
I CR= —ImX(co, ) where X(co) is the memory function.
That both methods give similar results will be shown in
the subsequent sections.

Since the Wu and Peeters work has agreement with the
experiments of Hopkins et al. ' at high temperatures, but
shows some discrepancy at low temperatures, our aim is
to calculate the Landau-level broadening at low tempera-
tures due to electron-phonon and electron-disorder in-
teractions to obtain the cyclotron-resonance linewidth
~CR

The electron self-energy due to electron —acoustic-
phonon interaction in second-order perturbation theory
can be written as

d3 ns(co&)+nF(co') ns(coQ)+1 nF(co—')~:"(~)=g f, v" I'I~..(Qi)l'I+„(g. )l' fd~'p„(~') ', '
. +

(&)

In the above expression, nz and nF are the Bose and Fermi distribution functions, respectively, and p„(co) is the spectral
function [related to the density of states D(co)] of the nth Landau level. Since we are not necessarily concerned with the
high-temperature regime only, we especially keep the Fermi function nz. It was found' that the location of the Fermi
level EF within the Landau level brings about prominent features in the Landau-level broadening. The real and imagi-
nary parts of r'. 'p def ne the shift in energy 6 p and the Landau-leve} broadening r'-'p. The Landau-leve1 broadening
due to electron —acoustic-phonon interaction reads

X 'l P ( co + cl)Q )[nB ( coQ ) + n F '( co + coQ ) ]+P '( co coQ )[n B ( coQ ) + 1 —n F( & coQ ) ] ]

The shift in the energy 6'„'" is simply the real part of the
electron self-energy and for the acoustic-phonon interac-
tion it can be most easily evaluated by using the
Kramers-Kronig relation

I '„'"(co')
6'„'~(co)=—Pf den'

7T CO Q)

in which P denotes the principal part of the integral.
For the self-energy due to electron-impurity scattering

we use the self-consistent Born approximation (SCBA) in-
troduced by Ando et al.

2

X'„"(co)= G„(co),

co —co„—A„(co)ge-d(
4 [co—co„—6„(co)] +I „(co)

r„(co)re-d( )
Y

4 [~—~„—~„(~)]'+r'„(~) '

(13)

(14)

respectively, where the total Landau-level broadening
I „(co) and the energy shift h„(co) are

purities, and a erst-principles calculation of y is possi-
ble. Here we do not specify the exact nature or the
form of disorder, but use y as a parameter.

We write the real and imaginary parts of the electron
self-energy due to electron-disorder interaction as

where y is the phenomenological parameter describing
the effects of the impurity scattering and G„(co) is the full
Green's function

G„(ct~)= 1

co —co„—X'„'~(~ )
—&'„"(~ )

I „(co)= r'„'~(a) )+r'„"(co),

4„(co)=5'„'~(co)+b, '„"(co) .

Finally, the density of states p„ that enters the calcula-
tion of I'„'"is expressed as

in which the self-energies due to electron —acoustic-
phonon and electron-disorder interactions are included in
an additive form. Strictly speaking, the SCBA form for
the self-energy is more appropriate for short-range im-

1 I „(co)
p„(co)=—

~ [~—~„—a„(~)]'+r'„(~) '

where I „and b, „are given in Eqs. (15) and (16).

(17)
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Since the self-energies depend on the density of states,
and the density of states depends on the electron self-
energy, the above set of equations needs to be solved self-
consistently. Such a self-consistent treatment of the
Landau-level broadening and the density of states for a
quasi-two-dimensional system under magnetic field, to
our knowledge, has not been attempted previously. The
importance of the self-consistent determination of the
Landau-level broadening and the density of states for the
purpose of comparison with cyclotron-resonance experi-
ments was emphasized by Hopkins et al. ' We have
solved the system of equations that determine r'„-'p, r'„-",
and p„(co) as functions of frequency, iteratively until con-
sistent. The full-frequency-dependent properties of the
electron self-energy due to electron-phonon interactions
will be discussed elsewhere.

The contribution of the optical phonons to the CRLW
was not included in the self-consistent loop. Instead, at
high temperatures we take a simplified approach. The
Landau-level broadening I ' '~(co, /2) due to the
electron —optical-phonon interaction is evaluated in the
elastic scattering approximation" ' by solving

d3Ie-op pop 2g 2~ 2

10-'-

10'—

10 '

s i i i i i & I

I I I I I I I

j

10

t

tt
t

tt

t

I I I I I I I

100

X [2n~(col )+1]
'

1 /2

(18)

FIG. 1. Calculated cyclotron resonance linewidth I cR due to
electron —acoustic-phonon (solid line) and electron —optical-
phonon (dashed line) against temperature at B=6.2 T and
n =10"cm

where n is determined by the resonant condition
CO CO„+COL =0.

III. RESULTS AND DISCUSSIQN

In this study we chose P (z)=(2/L)' sin(2npz/1. ),
wave functions appropriate for an infinite square well,
with width L =100 A and concentrate on the lowest sub-
band p= 1. The two lowest Landau levels (n=0 and 1)
were considered for the evaluation of the cyclotron-
resonance linewidth I cR. We shall drop reference to the
indices n and p in the following discussion. We have only
partially investigated the effect of the square-well width L
on the CRLW. Our results remain insensitive to L in the
range 50 A & L (500 A to the degree of accuracy sought
here.

We used material parameters appropriate for the
GaAs/Ga, Al As single-quantum-well structures. The
electron —acoustic-phonon interaction was considered in
the deformation-potential model, and we took a=13.5
meV for the deformation potential, d=5.3 g/cm for the
mass density of the system, and U, =5.37X10 cm/s for
the speed of sound in GaAs. The optical phonons are
treated as dispersionless with the energy col =36.2 meV,
and the electron —optical-phonon coupling constant n
was taken to be 0.07. Throughout we used mb =0.067m,
for the band mass of electrons, where m, is the bare elec-
tron mass.

In Fig. 1, the temperature dependence of the CRLW
due to electron —acoustic-phonon and electron —optical-
phonon interactions is shown to indicate their relative
importance. The broadening due to electron —acoustic-

phonon interaction results from a self-consistent calcula-
tion, whereas the broadening due to electron —optical-
phonon interaction is calculated in the elastic-scattering
approximation using Eq. (18). We note that the contribu-
tion of electron —acoustic-phonon interaction (solid line)
to the CRLW is not negligible even at T-100 K. The
electron —optical-phonon interaction becomes appreciable
for T) 50 K, and is the dominant scattering mechanism
at high temperatures. The temperature dependence of the
CRLW due to electron —acoustic-phonon coupling is not
as strong as that due to electron —optical-phonon cou-
pling. Similar conclusions were reached by Wu and
Peeters. ' Our calculations indicate that the broadening
due to electron-disorder interaction I' " is essentially
temperature dependent, and decreases slightly as the
temperature is increased. The actual value of the
electron-disorder interaction parameter y we used is 0.5
meV. We have found that although the frequency-
dependent line shape of I ' "depends on the choice of y,
the magnitude of I ' ' is nearly independent of it.

To make realistic contact with experiments, we have
done our calculations at the electron density of n, = 10"
cm and magnetic field B=6.2 T. Defining the filling
factor v=2vrn, l, we deduce that for these parameters
the Fermi energy a+=3.6 meV, so that it lies below the
center of the first Landau level. Although at high tem-
peratures the exact location of c~ becomes immaterial for
the Landau-level broadening, we have shown that it gives
rise to noticeable effects at low temperatures (e.g. , when
k~ T- I )

We compare the results of our calculation of the
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cyclotron-resonance linewidth with the experiments of
Hopkins et al. ' We show in Fig. 2 the calculated
CRLW in the present approximation (solid line), the
treatment of Wu and Peeters' (dashed line), and the ex-
perimental data' (solid squares). The cyclotron-
resonance linewidth I &z in Fig. 2 is calculated by adding
contributions from electron —acoustic-phonon,
electron —optical-phonon, and electron-impurity cou-
plings. For the broadening due to electron-impurity
scattering we have taken I' "=0.05 T. Ando and Mu-
rayama ' give I ' "=0.01 T in their self-consistent cal-
culation of electron-impurity interactions including
screening, so the value we use here to fit our theoretical
curve to the experimental data is comparable to theirs.
The small value of I ' " used to fit our curve to the ex-
periment may indicate the high quality of the samples in
which the impurity effects are secondary to the
electron —acoustic-phonon scattering at low tempera-
tures. We have not included the piezoelectric-phonon
contribution to the CRLW since it is considered rather
small. '

The overall agreement we obtain with the data of Hop-
kins et a/. is reasonable, especially if the entire range of
temperature is regarded. The electron —optical-phonon
interactions contribute substantially to I cR for T) 50 K.
Since this contribution was not calculated self-
consistently, but using the elastic-scattering approxima-
tion, we obtain slightly larger values of I CR at high tem-
peratures. Strictly speaking the elastic-scattering approx-
imation will not be valid in the temperature region
T(300 K and the elastic nature of this scattering mecha-

nism will be important. However, we mainly focus our
attention to the low-temperature region where the
electron —acoustic-phonon and the electron-disorder
scatterings are dominant. Also not included in the calcu-
lation of I' '" were the nonparabolicity effects and the
higher subbands, which may become important at the
temperatures considered. Wu and Peeters' have also
calculated I cz, and compared their results with the data
of Hopkins et at'. ' They have calculated the CRLW due
to the individual scattering mechanisms through the
memory-function formalism, and introducing a broaden-
ing parameter to fit their calculation to the experiment,
they have obtained reasonable agreement. As can be seen
in Fig. 2 (dashed line), the calculations of Wu and
Peeters' display a discrepancy at low temperatures, and
this was attributed to the electron-impurity scattering
and self-consistent screening by them.

It is difficult to give an analytic expression for the tem-
perature dependence of the CRLW for the whole range of
temperatures considered. The temperature dependence
of the Landau-level broadening in our numerical calcula-
tions comes from two factors. First, the Bose and the
Fermi distribution functions determine the number of
phonons at a given temperature. Second, the density of
states or the spectral function p„(co) depends on tempera-
ture when evaluated self-consistently [see Eqs. (8)—(17)].
The p„(co) scales qualitatively with temperature such that
its peak value decreases as T is increased, and it acquires
more weight in the wings away from the peak position
keeping it normalized.

In Fig. 3, we show the magnetic field dependence of the
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FICx. 2. Comparison of our calculation with the experimental
data (solid squares, Ref. 10). The solid line represents our fit in-
cluding the electron-disorder contribution. The dashed line is
the calculation of Ref. 16.

FIG. 3. Magnetic field dependence of the cyclotron-
resonance linewidth I cR at T=90 K and n, =1.4X10" cm
Our calculation is indicated by the solid line, solid squares refer
to the experimental data of Ref. 10, and the dashed line is the
memory-function calculation of Ref. 16.
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CRLW at T=90 K. The experimental results of Hopkins
et al. ' is indicated by solid squares, and the dashed
curve is the calculation of Wu and Peeters. ' It is in-
teresting to note that the curve due to Ref. 16 gives a
roughly constant I cR as a function of magnetic field,
whereas the data (solid squares) seems to have oscilla-
tions. The discrepancy between Wu and Peeter's calcula-
tion and the data was attributed to possible screening
effects. Our calculation exhibits a slight magnetic-field
dependence of the CRLW so that I CR increases with in-
creasing B, in contrast to the findings of Wu and
Peeters. ' We do not see any anomalous peak or oscilla-
tion s.

The magnetic field dependence of the CRLW in our
model comes in part from the dependence of the form of
the electron-phonon scattering potential on the cyclotron
radius, i.e., the dependence of the form factor J„„,(Qi) on
the magnetic radius l. It also enters through the self-
consistent determination of the density of states p„(co),
rendering an explicit expression difficult. Qualitatively,
the peak height of the density of states p„(cu) increases,
making it a sharper function, and the weight in the wings
decreases as the magnetic field is increased. To obtain
our calculated I cR in Fig. 3 we took the electron density
n, =1.4X 10" cm fixed. As the magnetic field changes
from B=2 to 10 T the position of the Fermi level move,
within the Landau level. Since the temperature is high
enough (ks T-7.7 meV), this does not effect the value of
Landau-level broadening.

The cyclotron mass was calculated by various au-
thors ' in different approximations. Most of these
calculations were concerned with the enhancement of the
effective mass due to electron —optical-phonon coupling.
We define the mass renormalization (after Wu et al. )

due to the electron —acoustic-phonon interaction by

as'-"
m b BQ7 co /2

(19)

where 6' ' is the real part of the electron self-energy.
We plot the mass renormalization Am /mb against tem-
perature in Fig. 4. The real part of the electron self-
energy due to electron —acoustic-phonon interaction 5' '"
is obtained through the self-consistent calculation at
B=6.2 T and n, =1.4X10" cm . At the physical pa-
rameters used to calculate 6' '", the Fermi energy
c+=5.02 meV, which is close to cu, /2=5. 38 meV, i.e., c+
lies near the center of the Landau level. Therefore the
quasiparticle effective mass and the cyclotron mass evalu-
ated using Eq. (19) at co=co, /2=EF coincide. We have
not attempted to compare our result of Fig. 4 directly
with the experiments of Brummell et al. because of the
approximate nature of our calculation and the nonpara-
bolicity effects present in the data. Instead, without go-
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l
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FIG. 4. Effective-mass renormalization hm /m & in

GaAs/Ga& Al As due to the electron —acoustic-phonon in-

teraction as a function of temperature. The calculation for
hm/m& is done at B=6.2 T and n, =1.4X10"crn

ing into a much detailed analysis of the calculation of
effective mass, we mention here some of the qualitative
results. The calculation of Wu et ah. of the same quan-
tity b.m lmb, for polar optical phonons were somewhat
below the experimental data of Brummell et al. The
magnitude of Am 1mb in the temperature range
10 & T & 75 K in our calculation is close to that obtained
in Ref. 22. This suggests the possibility of the
electron —acoustic-phonon interaction being responsible
for part of the observed decrease in the cyclotron mass at
low temperatures. It was noted that the mass renormal-
ization due to electron-purity scattering will be small
compared to that due to electron-phonon scattering.
Indeed, in our self-consistent calculation we find the
quantity aa'-"ga~I„&z to be quite small.

C

In the present calculation, we assumed that the applied
magnetic fields are strong enough so that the Landau lev-
els are completely decoupled and can be evaluated in-
dependently. The CRLW was calculated using Eq. (7)
where only the transition from n=0 to 1 levels was con-
sidered. At a higher level of approximation, one may in-
clude the effects of coupling of Landau levels by calculat-
ing the broadening from the following expression of
CRLW.

Q A, ",+
+Q I vq I

'I.
I J. .( Qi ) I

' IF, , ( Q. ) I
'p~" ~( ~+~q ) +

I J.'. ( Q ) I

'I +„"(Q. )
I 'pi. ( —

~+~Q ) 1 (20)
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where pzz (co) is given by

(21)

In the above equations, A, denotes the Landau level n and
the subband quantum number p, N& =n~(co&)+ —,

'+—,',
and 6&&. is the real part of the self-energy which can be
obtained from I && using the Kramers-Kronig relation.
Clearly, the Landau-level broadening depends on the den-
sity of states p&&, which itself depends on I &&.. Hence
the set of equations has to be solved self-consistently,
which would be a very involved task.

The experiments of Hopkins et al. ' were performed
on heterostructures. The finite thickness of the electron
layer in the GaAs/Ga, „Al,As system was incorporated
by the use of the infinite-square-well wave function. Wu
and Peeters' in their memory-function approach have
used the Fang-Howard variational wave function in the
lowest subband. Both calculations give similar results for
the cyclotron-resonance linewidths, indicating that the
choice of the electronic wave function in the z direction is
not essential. In fact, in our investigation of the
electron-phonon contribution to the frequency-dependent
Landau-level broadening we have found that the square-
well and the Fang-Howard wave functions gave very
similar results provided the appropriate variational pa-
rameter is chosen.

IV. CONCLUSION

In conclusion, we have evaluated the cyclotron-
resonance linewidth I CR as a function of' temperature in
GaAs/Ga& Al„As single-quantum-well structures. At
temperatures up to —100 K, we have performed self-
consistent numerical calculations of the Landau-level
broadening due to electron —acoustic-phonon and
electron-disorder interactions. At higher temperatures
we have used the elastic-scattering approximation to ob-
tain the contribution of optical phonons to the CRLW.
The results in these two regimes were combined when
comparing with the experimental data, which cover tem-
peratures up to 300 K. A comparison of our results with
the relevant experiments and other theoretical accounts
gave good agreement. The main result of our calculation
is that the electron —acoustic-phonon interaction contrib-

utes significantly to the Landau-level broadening and
hence to the cyclotron-resonance linewidth, even at tem-
peratures where the electron —optical-phonon scattering
is the dominant mechanism. We have illustrated the im-
portance of calculating the Landau-level broadening self-
consistently.

In the present work, we have calculated the Landau-
level broadening including contributions to it from
electron —acoustic-phonon scattering and electron-
impurity scattering self-consistently. The effect of the
electron —optical-phonon scattering was not treated self-
consistently with the other scattering mechanisms. It
would be interesting to treat the electron —optical-phonon
interaction on equal footing with the others. Even
perhaps the inclusion of the screening effects through
electron-electron interaction would be worthwhile to ob-
tain better, parameter-free agreement with the experi-
mental data. Up to now, most of the calculations that in-
clude screening were limited to the frequency-
independent case using e(q). Our self-consistent method
of calculating the Landau-level broadening could be ex-

tended to include a frequency-dependent dielectric func-
tion e(q, co), opening the possibility of studying the effects
of dynamic screening. A full self-consistent theory of the
cyclotron-resonance linewidth to cover both the low- and
high-temperature regions is very much needed.

We have also calculated the correction to the cyclotron
mass due to the electron —acoustic-phonon interactions.
Our preliminary results indicate that the experimentally
observed anomalous mass increase with temperature may
partly be explained in terms of acoustic phonons.

The self-consistent method with which we calculate the
Landau-leve1 broadening in this paper is quite general.
We have applied it to calculate the cyclotron-resonance
linewidth in the GaAs/Ga, Al As single-quantum-well
structure, but the calculation could easily be extended to
multiple quantum wells, and even different kind of semi-
conductor materials.
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