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Polaron cyclotron-resonance mass in a single GaAs quantum well
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The cyclotron-resonance mass of a quasi-two-dimensional electron gas in a single GaAs quantum

well is investigated as a function of the magnetic field strength, the electron density, and the
quantum-well width. The screening of the electron-phonon interaction is taken into account within

the static random-phase approximation. The theoretical results are compared with available experi-
mental data.

During the past few years, the cyclotron resonance of a
quasi-two-dimensional (Q2D) electron gas interacting
with longitudinal-optical (LO) phonons (e.g. , polarons)
has been extensively studied, both experimentally' and
theoretically. ' ' In this paper we present a theoretical
study of the cyclotron-resonance mass of a quasi-2D po-
laron gas confined in a single quantum well. This work,
which is a generalization of our previous study' of pola-
ron cyclotron resonance in semiconductor heterostruc-
tures, is motivated by two recent cyclotron-resonance. ex-
periments performed on quantum weHs. ' In Ref. 8,
Zeismann et al. performed a cyclotron-resonance experi-
ment on an InAs quantum well (n, =8.8X10" cm )

where no apparent polaron effects were found for the
magnetic fields investigated (B (10 T). This result can
be understood in light of existing experimental data from
GaAs heterostructures where it was found that polaron
effects for large electron densities are considerably re-
duced in comparison with those in 3D systems. ' ' In
Refs. 16 and 17 it was shown that most of the earlier
theoretical papers, where the nonzero width of the 2D
electron layer and many-particle effects were neglected,
have to be modified in order to correctly describe the ex-
perimental findings.

More recently, Singleton et al. extended their work
on GaAs heterostructures to the case of a single GaAs
quantum well. The polaron effects were found to be al-
most negligibly enhanced over the predicted 3D values.
In the present paper, we will discuss these experimental
results in detail.

In Ref. 16 the present authors developed a theory to
calculate the magnetoabsorption spectrum from which
the polaron correction to the cyclotron-resonance mass
can be deduced. In this theory the nonzero width of the
2D electron layer and many-particle effects are taken into
account for the case of GaAs-Al Ga, „As heterostruc-
tures. We found' that by including these effects together
with the band nonparabolicity our theory agrees very
well with the experimental results for different electron

densities. In the present paper we extend the calculation
of Ref. 16 to the case of a single quantum mell. A de-
tailed account of the dependence of the polaron
cyclotron-resonance mass on the magnetic field, the elec-
tron density, and the quantum-well width will be given.
Also, a comparison with available experiments will be
made.

There are three recent theoretical papers concerning
the cyclotron resonance of a 2D electron gas in quantum
wells where the interaction with phonons' was taken
into account. However, (1) the screening of the electron-
phonon interaction was not included in these papers, (2)
in Refs. 18 and 19, severe approximations were made in
order to obtain a closed form for their results, and
(3) only the cyclotron-resonance linewidth due to
electron —acoustic-phonon interaction was calculated in
Ref. 19.

Before we present the theoretical results, a brief outline
of the theoretical approach will be given. For simplicity,
the electron energy band will be taken as parabolic. Non-
parabolicity can be included within a local parabolic
band approximation as shown in Ref. 16. This approxi-
mation was justified for GaAs as shown by Larsen.
Within the local parabolic band approximation, the elec-
tron energy band nonparabolicity is first calculated and
the resulting effective mass is then used as an input for
the calculation of polaron effects. The electrons are as-
sumed to occupy only the lowest electric subband, which
is a good approximation as long as the electron density is
not too high. The experiments are typically performed at
liquid-helium temperature, which implies that it is a good
approximation to take the temperature equal to zero in
our calculation. The electrons are assumed to interact
with bulk LO phonons and the interaction is described by
the standard Frohlich coupling. The electron —LO-
phonon interaction will be treated within perturbation
theory since the Frohlich coupling constant for GaAs is
a =0.068 « 1. The screening of the electron —LO-
phonon interaction will be considered within a static
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random-phase-approximation (RPA) screening approxi-
mation. The validity of this latter approximation is well
established, since, as long as the broadening of the Lan-
dau levels is neglected (the same approximation will also
be used in the present paper), a dynamical screening
theory will give almost the same numerical results as the
static screening theory in the resonant polaron region,
which is the region of most interest to us. This was
shown by the present authors in Ref. 22.

Following Ref. 16, the dynamical conductivity of the
system can be written as

o(co)=

and the real part of the memory function can be written
as

l12qe /%lb
1

co —co~ X(co )
where co is the frequency, co, =eH/cmb the unperturbed
cyclotron frequency, mb the electron band mass, and
X(co) the so-called memory function. Within the above
approximation the polaron cyclotron-resonance frequen-
cy is given by the solution ( co =co,*=eH /cm *

) of
co —co, —ReX(co)=0, (2)
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where II=D/fi is the polarization function of the 2D
electron gas, ~o is the LO-phonon frequency,
n(x)=1/(e~ —1), and k~~

=k +k . For a quantum
well with infinitely high barriers, the summation over k,
in Eq. (3) introduces a form factor

resonance frequency approaches the LO-phonon frequen-
cy. The effect of the finite width of the quantum well is
to reduce the polaron correction from that of an ideal 2D
system. From Fig. 1, it is clear that with increasing

2f (u)= —1—
Q
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(1—e "),
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where u =ak~i with a the quantum-well width. The ideal
2D limit is obtained by taking a =0. To recover a 3D re-
sult, all subbands have to be included. The form factor
given by Eq. (4) is different from that used for GaAs-
Al Ga, As heterostructures in Ref. 16, where the elec-
tron confinement is described by the variational Fang-
Howard wave function. In the numerical calculation, all
physical parameters are taken for a GaAs quantum well.
The theory can also be applied to quantum wells made
out of other materials.

First, let us study the magnetic field dependence of the
cyclotron-resonance mass. In Fig. 1 the polaron correc-
tion to the cyclotron-resonance mass is plotted as a func-
tion of the magnetic field for diC'erent values of the
quantum-well width: a =50, 100, 200, and 400 A. For a
quantum-well width of a =50 A we also show the one-
polaron result, i.e., without Fermi-Dirac statistics (occu-
pation effect) and screening (dashed-dotted curve), and
for a =50 and 100 A the results are also plotted when
only the Fermi-Dirac exclusion principle is included
(dashed curve).

Similar to the case for heterostructures, ' the polaron
correction to the cyclotron-resonance mass shows a reso-
nant enhancement when the unperturbed cyclotron-
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FIG. 1. Polaron correction to the cyclotron mass as a func-
tion of the magnetic field for different values of the quantum-
well width: a =50, 100, 200, and 400 A. Different approxima-
tions are considered: (i) the one-polaron results are given by the
dashed-dotted curve, {ii) the dashed curve represents the case
where only the occupation effect is taken into account, and (iii)
screening of the electron-phonon interaction is included for the
full curves.
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quantum-weH width the polaron correction to the
cyclotron-resonance mass decreases. In Fig. 1, the elec-
tron density is chosen as 4X10" crn . One may con-
clude that the static screening further reduces the pola-
ron corrections. Similar conclusions were reached in the
study of the polaron cyclotron-resonance mass in GaAs
heterostructures. ' Note that at low magnetic fields the
polaron correction to the cyclotron-resonance mass is al-
most independent of the magnetic field, which is similar
to the results found for heterostructures, and which is
due to the occupation effect.

Next, the electron-density dependence of the polaron
correction to the cyclotron-resonance mass will be stud-
ied. In Fig. 2 the polaron correction to the cyclotron-
resonance mass is plotted as a function of the electron
density for different values of the quantum-well width.
The result with inclusion of the occupation effect is corn-
pared with the results with inclusion of static screening of
the electron-phonon interaction. The polaron corrections
decrease as the electron density increases. The magnetic
field is chosen in such a way that we are close to the reso-
nant polaron region. The reduction of the polaron
correction at high electron density is consistent with the
generaHy accepted physical picture that for larger elec-
tron densities the screening of the electron-phonon in-
teraction is larger, and consequently, the effective cou-
pling strength is smaller. Note also that screening fur-
ther reduces the polaron corrections. It is clear from Fig.
2 that with increasing quantum-well width the polaron
correction decreases considerably over the whole range of
the electron densities under study here.

The polaron correction to the cyclotron-resonance
mass as function of the quantum-well width is most clear-
ly seen in Fig. 3, where the polaron correction is plotted
as a function of the quantum-well width for a fixed value
of the electron density and of the magnetic field strength.
Again, the static screening further reduces the polaron
effects. In the a ~0 limit the polaron correction reduces
to the results for a 2D EG with zero width.
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FIG. 2. Same as Fig. 1, but now as a function of the electron
density for a fixed magnetic field.
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FIG. 3. Same as Fig. 1, but now as a function of the
quantum-well width for fixed electron density and fixed magnet-
ic field.

Now let us turn to the experimental results of Ref. 9.
The experiment in Ref. 9 was performed on a GaAs
quantum well with barriers consisting of Al, Ga, „As
with x =0.36. The electron density was almost 4 orders
of magnitude lower (i.e., n, =10 cm ) than that usually
studied in a GaAs-Al Ga& As heterostructure. This
low density implies that a one-polaron theory should be
applicable. The measured cyclotron-resonance mass in-
creases as the magnetic field strength increases, as in the
case of GaAs heterostructures, and its magnetic field
dependence is obviously nonlinear, which is clear evi-
dence of the presence of polaron effects. ' ' But note
that the mass is rather large compared with the data of
GaAs heterostructures. ' At a magnetic field of about 10
T (at this magnetic field the electrons are in the lowest
Landau level), the measured cyclotron-resonance mass in
Ref. 9 is 0.0865m„while in Refs. 4 and 5, for GaAs het-
erostructures, it ranges from 0.069m, to 0.070m, depend-
ing on the experimental electron density.

It is known that the increase of the cyclotron-
resonance mass, as a function of the magnetic field or the
laser frequency, is due to two effects: (1) the electron en-
ergy band nonparabolicity, which is practically linear in
the magnitude field, and (2) the polaron mass renormal-
ization, ' which is linear in B for small magnetic fields
but has a resonant behavior for m, =coI & that results in a
strong nonlinear component. Let us first study the elec-
tron band nonparabolicity. Within a two-band or three-
band k p theory" the Landau-level energy is

0 1/2

E„=— + 1+4-
2 2 Eg

with ~0=(yg + —,'}pro, +E„where E, is calculated for a
potentia1 well with height Vo =260 rneV and width a =22
A, and a 3D band mass of 0.066m, for the electron (the
electron band mass is obtained from the analysis of
cyclotron-resonance experimental data of Refs. 4 and 5).



POLARON CYCLOTRON-RESONANCE MASS IN A SINGLE. . . 4093

We found that the nonparabolicity alone will give a
cyclotron-resonance mass of 0.081m, at 10 T, which is
well below the measured value of 0.0865m, . This leaves
us with a 6.8% correction to the cyclotron-resonance
mass that must be accounted for solely by the polaron
effect.

In Refs. 9 and 20 another form for the band nonpara-
bolicity was used,

T

E =E
n n

Eo
1 —5

This expression can also be viewed as the series expansion
in E„/Eg of the expression of (5) with 5=1. Using 5 as
an adjustable parameter, we found that the experimental
results can approximately be described for 5=0.95 (see
Fig. 4). At higher magnetic fields, i.e., B) 15 T, the cy-
clotron mass is underestimated, and in this region pola-
ron corrections are clearly needed. Because 6(1, one
may conclude that band nonparabolicity effects are weak-
er in the 2D than in the corresponding 3D system.

When we include both the band nonparabolicity and
polaron effects in the calculation of the cyclotron mass
we find the best fit for 5=0.857 as shown in Fig. 4. In
our calculation, the finite height of the potential is incor-
porated in the calculation of the form factor. It is ap-
parent that the slope of the theoretical curve is larger
than inferred from experiment. Because of the relative
small quantum-well width, polaron effects are large.
Theoretically, we expect the result close to the pure 2D,
because the width a =22 A of the quantum well is a
factor of 2 smaller than the polaron radius
rLo =(iri/2m "coLo)' =40 A. Thus, in this narrow quan-
tum well, much larger polaron. efFects are expected than
in typical heterostructures where the width of the 2D
electron gas layer is typically of the order 50—100 A.
Note that the polaron interaction induces a strong non-
linear component (see, e.g. , Fig. 1) that is not observed
experimentally. Surprisingly, we found that the experi-
mental results can well be fitted with 5=0.905, and an
effective quantum-well width of a =200 A for the pola-
ron effects. This suggests that polaron effects are serious-
ly diminished. In heterostructures, this was also shown
to be the case, but it was a combined effect of the nonzero
width of the 2D electron gas and the screening of the
electron-phonon interaction due to the relative large elec-
tron density. In the system under study, the electron
density is so small that screening is unimportant. Anoth-
er effect has to be present.

The experimental result tells us that coupling to the
LO phonons of GaAs is severely weakened. This may be
a consequence of the small width of the quantum well.
Only four layers of GaAs are present. It may be possible
that the system is so narrow that the LO phonon of GaAs
is not well developed. In the present study, we assumed
that the electron —LO-phonon interaction is described by
the standard Frohlich model with the interaction matrix
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being the same as for the bulk material. This approxima-
tion is commonly adopted in the literature. For a
quantum-well structure, the phonon spectrum and the
polarization field induced by the phonons is different
from that of bulk material. However, a calculation of the
electron mobility in the 2D plane, in which the effect of a
realistic quantum-well structure on the phonon spectrum
and on the electron-phonon interaction matrix is taken
into account, gives almost the same result as if the stan-
dard Frohlich model is employed. This puzzle has not
been solved yet.

In conclusion, we have investigated the magnetic field,
the density, and the quantum-well width dependence of
the polaron cyclotron-resonance renormalization in a sin-
gle quantum well. A comparison with a recent experi-
ment on a very low electron density and narrow single
quantum well of GaAs suggests that the polaron effects
are considerably weakened by an as yet unknown mecha-
nism that is different from the well-established finite-
width effect of the 2D layer and screening of the
electron-phonon interaction. Unfortunately, because of
the large scatter in the experimental data, no definite con-
clusion can be reached. More experiments are needed on
narrow single quantum wells with different widths and
different heights.
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FIG. 4. Comparison between the experimental results of
Singleton et al. (Ref. 9) and our theoretical results with (solid
curve) and without (dashed curve) polaron e8ects. Note that for
both curves the band nonparabolicity is diff'erent.
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