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Effect of dynamical screening on the polaron cyclotron-resonance mass
of a two-dimensional electron gas in GaAs-Al„Ga& As heterostructures
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The cyclotron-resonance mass of a two-dimensional electron gas interacting with bulk LO pho-
nons is investigated as a function of the magnetic field strength and of the electron density. A
theory is presented and worked out numerically, for the first time, which includes a full dynamical
screening of the electron-phonon interaction for arbitrary magnetic field strength. It is found that
near the magnetophonon resonance a dynamical screening theory and a static screening theory
give, within 1%, the same contribution to the polaron cyclotron-resonance mass renormalization
in the region of experimentally relevant electron densities for a GaAs-Al Ga& „As heterostruc-
ture.

The cyclotron-resonance of a two-dimensional (2D)
electron gas interacting with bulk LO phonons has re-
cently been the subject of a number of studies, both
theoretical' and experimental. '" It is found experi-
mentally that the polaron effects in the 2D electron sys-
tems in GaAs-Al Ga, As heterostructures are smaller
than in the three-dimensional GaAs system. Earlier
theoretical calculations, however, which were based on a
one-polaron approximation, predict an enhancement of
the polaron effects in those 2D systems in comparison
with bulk systems. This puzzle has now been partly
solved. It has been realized ' that (1) the nonzero ex-
tent of the 2D electron gas in the direction perpendicu-
lar to the 2D electron layer reduces the polaron effect
considerably, and (2) the many-particle effects, i.e.,
Fermi-Dirac statistics and screening of the electron-
phonon interaction, also reduce the polaron renormaliza-
tion of the electron effective mass.

In this paper we will investigate the effect of screening
of the electron-phonon interaction on the cyclotron-
resonance mass of the electron. The screening of the
electron-phonon interaction has already been studied in
the zero magnetic field case. ' ' When a strong magnet-
ic field is applied perpendicular to the 2D electron gas
the density of states of the electrons splits up into a
series of 5 functions. This singular nature of the energy
spectrum will manifest itself in a screening of the
electron-electron interaction and the electron-phon on
coupling which will be different from the zero magnetic
field case. In Ref. 3 Larsen addressed the importance of
Fermi-Dirac statistics (i.e., the occupation effect) in
describing the electron-phonon interaction in 2D elec-
tron systems. In Ref. 6 Lassnig studied the mixing of
the magnetoplasmon and phonon modes and the occupa-
tion effect. Neither in Ref. 3 nor in Ref. 6 was a full
dynamical screening theory for the electron-phonon in-

teraction in a strong magnetic field presented.
We are interested here in a full dynamical screening

theory of the polaron cyclotron-resonance mass. The
screening which arises from the interaction between the
electrons will modify the interaction between the elec-
trons, between electrons and impurities, and between
electrons and phonons. The screening of the electron-
impurity interaction has been well studied' while the
role played by the screening in the electron-phonon in-
teraction has been neglected in most of the studies when
a strong magnetic field is present.

In a recent paper we studied the effect of Fermi-
Dirac statistics and the effect of static screening on the
cyclotron-resonance mass of polarons. It was found that
most of the reduction of the polaron effect is due to the
nonzero width of the 2D electron gas and due to the oc-
cupation effect. Static screening also reduces the pola-
ron effects, but the latter reduction is small compared to
the effects of nonzero layer width and Fermi-Dirac
statistics. A comparison between the theoretical results
and the experimental data ' does not allow us to assess
the effect of screening quantitatively because some pa-
rameters (e.g., the depletion charge density and the band
mass of the electron) have to be fitted. From an earlier
work on the screening of the electron-phonon interaction
in the case of zero magnetic field, ' it was found that a
static screening approach overestimates the effect of
screening in the region of relevant electron densities
(n, —10"~ 10' cm ) for GaAs-Al Ga, „As hetero-
structures. It is necessary to go beyond the static
screening approach and to include the full dynamical as-
pects of screening in the calculation.

The cyclotron-resonance mass of an electron interact-
ing with LO phonons can be obtained from the
magneto-optical absorption spectrum. In the present
study the broadening of the Landau levels will be
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neglected for simplicity. The cyclotron-resonance fre-
quency is given by the solution of the nonlinear equation

cp —cu, —ReX(cu) =0,
where co, =eH /m& c is the unperturbed cyclotron-

resonance frequency with mb the electron band mass and
X(co) the memory function. The electron —LO phonon
interaction is treated as a perturbation, which is valid
for the system under study (i.e., the electron-phonon
coupling constant for GaAs is a=0.068&~1). The real
part of the memory function can be written as

+- [1+n (x)]1m&
ReX(cu) =g dx

n mba U (k~~ 1T [(x +cuLo) cp ](x +piLo)

+"(cpLo)g 2[Ree (kI cu+cpLo)+Res '(kl ni piLo) —2Ree '(k~~ &LO)]n, mba U (k~~ )
(2)

with L„(x) the Laguerre polynomial of index n and
lp=(A'/2mbco, )' the magnetic length. The magneto-
plasmon frequencies and the corresponding oscillator
strengths are shown in Fig. 1 as a function of the wave
vector for n =1,2, 3,4 at a magnetic field ~, /~LO ——0.8
and a filling factor v=0. 5, which corresponds to an elec-
tron density of n, =4 & 10" cm in the case of a
GaAs-Al Ga& As heterostructure. Note that for k =0
and k ~ pp, co„(k)= n cu, . Furthermore, the oscillator
strength is A„(k)=0 when k =0 or k ~ cc, and A„(k)
decreases with increasing n. After substituting Eq. (3)
into Eq. (2) the real part of the memory function be-
comes

where e(k, cp) is the dielectric function of the 2D elec-
tron gas and n (x)=(e~ —1) '. Vk describes the in-
teraction between electrons and LO phonons. v (k)
represents the interaction between the electrons.

The collective e6'ects of the 2D electron gas enter the
memory function via the dielectric function e(k, cp ),
which has been studied extensively within the random-
phase approximation (RPA). ' In the zero-temperature
limit the RPA gives

1 U (k) mb~c[1+n (co)]1m = ~z —
2 f„(1 f„)-—

&(k, pi e'(k)

x C„„(k)&(cp)
3.3—

1 t I

h)t- / &Lp = Q e

V-O5

I I I I I I—0.3
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where co„(k) (n =1,2, . . . ) are the magnetoplasmon fre-
quencies (also called Bernstein modes) which are deter-
mined by the equation Re@(k,cg)=0. These magneto-
plasmon modes have oscillator strengths

A„(k)=ir Res(k, cp)
co= co (k)n

(n =1,2, . . . ) .

C„„(k)=exp(—k lp)[L„(k lp)]

np ——[v] is the integer part of the filling factor v and
f„=v np is th—e electron occupation of Landau level
n p. The filling factor is defined as v =(n, /2)(2~8'/
mba, ), and
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FIG. 1. The dispersion of the magnetoplasmon modes and
its corresponding oscillator strength for the lowest four
branches. The electron density is 4)& 10" cm and the mag-
netic field is such that cp, /coLp ——0.8 [lp=(fi/2mbco, )' is the
magnetic length].
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k& ~y ~& coC„„(k
ReX(co) = —g " f„(1 f )

vmgfÃlj p (k~~ ) (@go(~Lo—~ )

A„(kii )

& [co„(k~~ )+coLolI~m~ kli +~Lo~ 2 2 (4)

In our numerical calculation we find that it is sufficient
to include the contributions from the lowest 40 branches
of the magnetoplasmon mode. The higher branches give
a negligible contribution to ReX(co) when v & 2.

In Fig. 2 the electron-phonon interaction correction to
the cyclotron-resonance mass of an electron is plotted as
a function of the magnetic field strength. All physi-
cal parameters are chosen as corresponding to the
GaAs-Al„Ga, As heterostructures. The electron den-
sity is 4 & 10" cm . In Fig. 2 the calculation is per-
formed for an ideal 2D system (i.e., the 2D electron lay-
er has zero width) where one can clearly see the
difference between the different approximations. Includ-
ing the dynamical screening„ the polaron cyclotron mass
correction is reduced as compared to a calculation where
only the occupation effect is considered. The reduction
of the polaron cyclotron mass correction is about
0.02m', at ~, /ceto=0. 6 (this corresponds to a magnetic
field of about 12.5 T). This reduction increases to

0.035m& at co, /coLo ——0.9 (19 T). Note that the reduc-
tion in Am * as a consequence of the occupation effect as
compared to the zero electron density limit (not shown
in this figure) is 0.03m& and 0.05m&, respectively, for
the above magnetic field values.

Most surprisingly we find that the static screening ap-
proach gives almost the same results as the dynamical
screening treatment. The difference is very small for
large magnetic fields (co, /cu„o & 0.5). Only for small
magnetic fields does the difference become noticeable on
the scale of our plot. This can be understood by looking
at the first term on the right-hand side of Eq. (4), which
gives the dominant contribution in the resonant region
co coLQ This contribution, which contains the static
screening factor e(k), turns out to be equal to the dom-
inant contribution in the memory function as calculated
within the static screening approximation. Therefore we
may conclude that when the broadening of the Landau
levels is neglected the static screening approach gives
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FIG. 2. The polaron correction to the cyclotron-resonance
mass is plotted as a function of the magnetic field strength.
The many-particle effects are treated within different approxi-
mations (occupation effect, static screening, and dynamical
screening). The electron density is 4& 10" cm and all other
parameters are taken corresponding to a GaAs-Al Ga& As
heterostructure.
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FIG. 3. The same as Fig. 2 but now for a quasi-two-
dimensional system. The nonzero width of the 2D electron gas
is considered by taking into account the lowest electric sub-
band which is of the Stern-Fang-Howard type.
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FIG. 4. The polaron cyclotron-resonance mass renormaliza-
tion (ct) =0.8MLp) is plotted as a function of the electron densi-
ty. The electron density is in units of k„o/2~, which is 10'
cm for a GaAs-Al„Ga& „As heterostructure.

fairly good results for the polaron cyclotron-resonance
mass renormalization in the relevant magnetic field re-
gion, i.e., co, /a)LO &0.5.

In Fig. 3 the polaron correction to the cyclotron-
resonance mass is plotted as a function of the magnetic
field strength for a quasi-2D system. The nonzero width
of the 2D electron gas is considered by taking into ac-
count only the lowest subband which is described by the
Stern-Fang-Howard variational wave function. The elec-
tron density is 4&10" cm . Again, the static screen-
ing result and the dynamical screening result are very
close. The reduction of the polaron effect due to screen-
ing is obvious. At co, /cuLo ——0.6 the polaron cyclotron-
resonance mass correction for a 2D electron gas with a
nonzero layer thickness is reduced by about 0.025mb.
The reduction of the mass correction due to the dynami-
cal screening effect is about 0.005mb.

Up to now we have limited ourselves to one particular
electron density. Both occupation effect and screening
depend on electron density. Furthermore, the width of

the 2D electron gas also depends on the electron density,
i.e., it decreases with increasing electron density. In Fig.
4 the cyclotron-resonance mass renormalization (at
co 0 ScoLQ) is plotted as a function of the electron den-
sity. The electron density is in units of k Lz /2m

[kLo (——2mbcuLo/A')'~ ], which is 10' cm for a
GaAs-Al Ga, „heterostructure. co, =0.Sco„& is chosen
since we are mainly interested in the region where the
polaron effects are dominant, i.e., in the region where co,
is near to coLo. As expected, the polaron eff'ects (hence
the cyclotron-resonance mass correction) decrease as the
electron density increases. Note also that the dynamical
screening approximation gives almost the same result as
the static screening treatment over the whole region of
the electron densities under study here.

In summary, the effect of screening of the electron-
phonon interaction on the cyclotron-resonance mass of
polarons was studied. It was found that the static
screening and the dynamical screening approaches give
almost the same results over a wide range of electron
densities and magnetic field strengths, especially in the
polaron resonant region where m, —cuLo. From our
study we may conclude that, as far as the polaron
correction to the cyclotron-resonance mass is concerned,
in practice no full dynamical screening calculation which
is very involved numerically is necessary and a static
screening approach will be sufhcient. In the small mag-
netic field region dynamical screening gives slightly
different results from the static screening approach, but
then the polaron effect is small and experimentally
difficult to assess. For higher magnetic fields (i.e.,
co, /coLo~0. 5, or H ~ 10.5 T for GaAs) where polaron
effects are important and observable experimentally, the
dynamical screening will give almost the same results as
a static screening approach. The latter approach is
much simpler and easier to handle numerically.
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