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Temperature dependence of the polaron mass in a GaAs-Al, Ga,_, As heterostructure
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The temperature dependence of the electron-phonon interaction correction to the electron
effective mass in a GaAs-Al, Ga,_, As heterostructure is investigated in the case of zero magnetic
field. The electron screening with full frequency, wave vector, and temperature dependence is tak-
en into account. It is found that the polaron mass increases with temperature up to about 100 K
and starts to decrease for higher temperatures. This temperature behavior agrees qualitatively
with experiment but quantitatively the theoretical polaron-mass renormalization at 100 K is al-
most a factor of 2 smaller than observed experimentally.

In a recent paper Brummell et al! reported a
cyclotron-resonance measurement on GaAs-
Al,Ga;_, As heterostructures. They found that at a
magnetic field of about 6 T the measured cyclotron-
resonance mass increases with increasing temperature
for T <100 K. For higher temperatures, 7 > 100 K, the
cyclotron mass seems to start to decrease. For a GaAs-
Al,Ga,;_, As heterostructure the resonant magnetopola-
ron effects are observed in a cyclotron-resonance experi-
ment at a magnetic field of about 21 T and thus the ex-
periment of Ref. 1 is far below the resonant condition.

Both the electron—-LO-phonon coupling and the non-
parabolicity of the electron energy band are known to
contribute to a modification of the electron cyclotron
mass.” From the measured cyclotron-resonance mass
one could subtract the contribution from the electron
energy band nonparabolicity and obtain the mass renor-
malization as due to the electron-phonon interaction in
the system: the so-called polaron-mass renormalization.
This is done in Fig. 1, where the polaron-mass renormal-
ization is plotted as a function of the temperature as de-
duced from the experimental result of Brummell et al.!
(upper part of the figure). The increase of the polaron
mass at low temperature (7 < 100 K) was interpreted in
Ref. 1 as being caused by the temperature dependence of
the screening of the electron-phonon interaction: the
electron-phonon interaction would be screened out at
very low temperature, but with increasing temperature
the screening becomes less effective and the polaron-
mass renormalization will reappear. The aim of the
present paper is to investigate the validity of this inter-
pretation by an explicit calculation of the polaron mass
for arbitrary temperature with inclusion of full dynami-
cal screening.

In deducing the polaron-mass renormalization we
have assumed that the contribution from the polaron
effect and the band nonparabolicity can be treated within
a local parabolic band approximation?
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with Am,, (Am ) the mass correction due to the band
nonparabolicity (polaron effect), and m, the electron
mass. In principle, Am, would also contain contribu-
tions from other effects like impurity and acoustical-
phonon scattering. But it is found that the impurity and
acoustical-phonon scattering give very small contribu-
tions. Therefore Am,, may be attributed purely to the
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FIG. 1. In the upper part of the figure, the electron-phonon
interaction correction to the electron effective mass is plotted
as a function of the temperature. The solid circles are deduced
from the experimental data of Ref. 1, where the contribution
from the band nonparabolicity is subtracted. The sample elec-
tron density is 910 cm™2 In the lower part of the figure
the measured cyclotron-resonance mass m:;pt (squares) is plot-
ted together with the calculated mass m,’,’p (solid circles) as due
to the band nonparabolicity only.
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electron—LO-phonon interaction. The band mass is ob-
tained by fitting a zero-temperature cyclotron-resonance
theory developed by the present authors>* to the experi-
mental result at 5 K. We found the band mass
m, =0.066m,. In the lower part of Fig. 1 the measured
cyclotron-resonance mass m g, (squares) is plotted to-
gether with the calculated mass my, (solid circles) with
inclusion of the band nonparabolicity only. m,",‘p is cal-
culated at experimentally determined magnetic field
values in a way® similar to the calculation of m ¥ in Ref.
1.

There exists a considerable number of theoretical stud-
ies on the electron-phonon interaction in 2D electron
systems. Most of the theoretical studies on the tempera-
ture dependence of the electron-phonon interaction, with
or without screening, deal with the electron mobility.6
Only a few investigations are devoted to the problem of
the polaron correction to the electron effective mass. In
Ref. 7 Lei studied the polaron correction to the electron
effective mass and found that for a GaAs-Al ,Ga,_, As
heterostructure the polaron-mass correction is very small
(Am /m, <0.002) and is almost independent of the tem-
perature for the considered temperature range (i.e.,
T <60 K). His approach is based on a calculation of the
self-energy of the electron at zero magnetic field where
electron screening is considered dynamically.

To the best of our knowledge there exists no theory on
the temperature dependence of the polaron cyclotron-
resonance mass in the presence of a strong magnetic field
in which the electron screening is treated in a dynamical
way. The reason for the absence of such a theory may
be rooted in the fact that the density of states of a 2D
electron gas in the presence of a strong magnetic field is
highly singular. One has to treat the problem in a self-
consistent way, i.e., the broadening of the Landau levels
and the screening affect each other (for instance, see Ref.
8 and references therein). Such a task, even in the case
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of zero temperature,’ is very involved.

In the present study we will limit ourselves to the tem-
perature dependence of the electron-phonon interaction
in the case of zero magnetic field; the screening will be
treated with full frequency, wave vector, and tempera-
ture dependence. The experiment of Ref. 1 was per-
formed for a magnetic field such that w,./w;o=0.34,
which means considerably below the magnetopolaron
resonance. Therefore one may expect that the zero mag-
netic field approximation will be sufficient to make a
qualitative comparison with the experimental data and to
gain insight into the temperature dependence of the
electron-phonon interaction and more specific insight
into the role played by the screening.

In this paper we will use an approach which is
different from Ref. 7. Instead of calculating the
electron-self-energy, the dynamical conductivity of the
2D electron gas o(w) (i.e., the actually measured quanti-
ty) will be calculated within a memory-function ap-
proach (see Ref. 10 and references therein):

in,e*/my
(@)= o—2(w) ’ @
where n, is the electron density, m, the band mass, and
3(w) the so-called memory function. By writing Eq. (1)
into the Drude form the polaron-mass renormalization is
given by!°
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This mass renormalization is identical to the polaron
cyclotron-resonance mass in the limit of zero magnetic
field, and therefore the definition of the polaron-mass re-
normalization given by Eq. (3) is consistent with what is
observed experimentally. The real part of the memory
function is given by (for an analogous calculation see
Refs. 3 and 10)
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where €(k,w) is the dielectric function of the 2D elec-
tron gas and n (x)=(e?™_1)"'. e(k,w) will be calculat-
ed within the random-phase approximation.!! ¥, de-
scribes the interaction between electrons and LO pho-
nons.>~* wv(k) represents the interaction between the
electrons.

In Fig. 2 the electron-phonon interaction correction to
the electron effective mass is plotted as a function of the
temperature for two values of the electron density. The
calculation is performed for an ideal 2D system, i.e., the
2D electron layer has a zero width. The result corre-
sponding with the zero electron density is the 2D ana-
logue of the Feynman-Hellwarth-Iddings-Platzman
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(FHIP) theory for 3D polarons.!? All physical parame-
ters are taken corresponding to a GaAs-Al,Ga,_ As
heterostructure. The polaron-mass correction is found
to increase first with increasing temperature (7 <80 K)
and to reach a maximum around 90 K. For still higher
temperature it starts to decrease. Apparently, the exper-
imentally observed polaron-mass renormalization is
smaller than that predicted by the ideal 2D calculation
(see also Fig. 1). Dynamical screening reduces the
polaron-mass renormalization over the whole tempera-
ture region as expected. However, it is found that the
absolute reduction of the polaron-mass correction due to
the electron screening is larger at 100 K than at zero
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temperature. This is opposite to the intuitive argument
of Ref. 1. Note that the general temperature behavior of
the polaron-mass renormalization is not due to many-
particle effects but already shows up in the one-polaron
behavior. The increase of the mass correction at low
temperature is due to the nonparabolicity induced by the
electron-phonon interaction as was explained earlier (see
Ref. 13 and references therein) in the case of 3D pola-
rons.

In Fig. 3 the polaron-mass renormalization is plotted
as a function of the temperature for different values of
the electron density. But now the calculation is per-
formed for a quasi-2D electron system which corre-
sponds more closely to the experimental system. Only
the lowest subband is taken into account, using a Stern-
Fang-Howard variational wave function.® The inset
shows the mass correction as a function of the electron
density in the zero-temperature limit. Again it is found
that the reduction of the polaron-mass correction due to
the screening is larger around 100 K than at zero tem-
perature. The position of the maximum of the polaron-
mass renormalization shifts to lower temperature as the
electron density increases. The temperature dependence
of the polaron mass found in the present study is quite
different from the result of Lei,” where the mass renor-
malization is found to be almost independent of the tem-
perature below 60 K (in Ref. 7 no data were given for
T >60 K). The reason for this contradiction with the
present theoretical result may be attributed to the
difference in definition of the polaron mass.

In the zero-temperature limit for electron density 10'!
cm™? the polaron-mass correction is Am /m,=0.007,
while experimentally it is about Am /m,=0.01. This
difference is due to the fact that the cyclotron-resonance
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FIG. 2. The electron-phonon interaction correction to the
electron effective mass is plotted as a function of the tempera-
ture for two values of the electron density. The calculation is
performed for an ideal 2D system. All physical parameters are
taken corresponding to a GaAs-Al, Ga,_, As heterostructure.
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experiment is performed at a nonzero magnetic field. If
the magnetic field is taken equal to the experimental
value, the experimental value could be reobtained.* For
the same electron density (10'! cm~2?) the maximum
value of the polaron-mass renormalization is only about
Am /m; =0.014 (at temperature around 100 K) which is
almost a factor of 2 smaller than the experimentally
measured value of Am /m,=0.026. This quantitative
discrepancy cannot be explained as due to the effect of a
nonzero magnetic field.

Next, possible explanations for the discrepancy be-
tween the present theoretical results and the experimen-
tal data will be briefly discussed. In a cyclotron-
resonance experiment, besides electron—-LO-phonon cou-
pling there are also electron-impurity and
electron—acoustic-phonon interactions. The interaction
between electrons and impurities will shift the
cyclotron-resonance frequency, which may be interpret-
ed as a mass renormalization.® However, this correction
will be mixed with band nonparabolicity and is difficult
to assess experimentally, at least at low temperature. A
zero magnetic field calculation!* for a Si-inversion layer
suggests that the mass renormalization due to the
electron-impurity interaction decreases with increasing
temperature. Furthermore, for the GaAs-Al,Ga,_,As
heterostructures used in Ref. 1, the mass renormaliza-
tion due to impurity scattering will be very small,' i.e.,
much smaller than the mass renormalization due to the
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FIG. 3. The polaron-mass renormalization due to the

electron-phonon coupling is plotted as a function of the tem-
perature for different values of the electron density. The inset
shows the mass correction as a function of the electron density
at zero temperature. The calculation is performed for a quasi-
2D electron system where only the lowest subband is taken
into account. Other parameters are taken corresponding to
GaAs-Al,Ga,_, As heterostructures.
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electron-LO-phonon coupling. Therefore the electron-
impurity interaction could be ruled out. For GaAs-
Al Ga,_,As heterostructures, coupling between elec-
trons and acoustic phonons (deformation potential) was
found to be important for limiting the electron mobility
at T <50 K. However, because the coupling constant'®
between the electrons and acoustic phonons is of the or-
der of about 10~%, the mass renormalization will be very
small. We have verified this numerically by performing
a one-particle calculation and found |Am/m, |
<0.0002 over the whole temperature region under study
here.

In the present study only the lowest subband has been
taken into account. This is a good approximation at low
temperature for low electron density samples. For the
sample with electron density 9 10'° cm~2 used in Ref.
1 the difference in energy between the first two subbands
is 13.3 meV,!” which corresponds to a temperature of
about 150 K. Since the total contribution to the mass
renormalization is an average over contributions from all
subbands one does not expect large increases of the mass
correction for the temperature concerned here
(T <150 K). To verify this assertion a numerical calcu-
lation is performed, taking into account the first two
subbands, but within a single-particle picture, i.e.,
without screening (in doing so an upper bound for the
correction is found). It is found that the total polaron-
mass renormalization increases by about 0.0015m, over
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the whole temperature region; this is still too small to
explain the experimental results of Ref. 1. Higher sub-
bands will give even smaller corrections to the polaron
mass.

In conclusion, we have presented a calculation of the
temperature dependence of the polaron mass at zero
magnetic field which agrees qualitatively with the experi-
mental results. On the basis of the present calculation
we are able to rule out the earlier interpretation of Ref.
1, that the temperature behavior of the polaron mass as
observed in the cyclotron-resonance experiment is a
consequence of the temperature dependence of the
screening of the electron-phonon interaction. The
present theoretical results rather seem to suggest it is a
one-polaron effect. Quantitatively it is found that the
mass renormalization at 7=100 K as due to the
electron-phonon interaction is a factor of 2 smaller than
observed experimentally.
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