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From a single-electron theory it is well established that the polaron effective mass in purely two-

dimensional systems is larger than that in the corresponding three-dimensional case. On the other
hand, recent cyclotron-resonance experiments have shown that the polaronic mass in two-

dimensional GaAs heterostructures is a factor of 3 smaller than the three-dimensional results. In
order to understand the discrepancy between the experiments and this simple theory we have im-

proved the model by taking into account the electron interaction with both interface and longitudi-

nal bulk phonons. We have also included in the calculation the effects of the electron screening

within the random-phase-approximation formalism and the electron subband wave function. In
contrast to previous works we have shown that the interface phonons give a significant contribution

to the polaronic energy and effective mass and obviously cannot be neglected. The results of our

calculations for the polaron mass correction are in excellent agreement with the experiment mea-

surements.

Since the recent experimental observations of the mag-
netophonon resonance in quasi-two-dimensional systems
there has been an increasing interest in the subject of sur-
face polarons. ' Most of the work is on weakly polar
semiconductor materials of reduced dimensionality such
as metal-oxide-semiconductor systems and semiconductor
heterostructures and superlattices. By now it is well
known that the polaronic effective mass in a purely two-
dimensional system is larger than the corresponding
three-dimensional one. Although this enhancement ~ould
be expected to occur because of the loss of a selection rule
for the momentum perpendicular to the interface,
cyclotron-resonance experiments on GaAs-Ga~ „Al„As
heterojunctions have revealed a polaronic correction much
smaller than the three-dimensiona1 bulk GaAs result.

In order to understand the discrepancy between experi-
ment and theory, Das Sarma improved the model calcula-
tion by including the effects of screening of the
electron —optical-phonon interaction by the quasi-two-
dimensional electrons and the form of the electron sub-
band wave function. It is shown that these effects reduce
the effective interaction between electrons and the LO
bulk phonons appreciably, indicating that the calculations
are in the right direction. Although his result is some-
what in agreement with experimental observations, the in-
teraction of electrons with the interface phonons which is
quite important ' and cannot be negligible was not taken
into account in his model.

As a result of the interest produced recently by the
cyclotron-resonance studies of polarons in quasi-two-
dimensional systems, we reexamine here some aspects
which we understand can help to clarify the interface-
polaron problem. In our work the electron not only cou-
ples to the bulk LO phonons but also interacts with inter-
face optical phonons. We then show that the polaronic-
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The electron position and momentum operators are
r=(R, z) and p=(P,p, ), respectively. a creates the jth
phonon eigenmode of the interface of wave vector Q and
frequency coj. bq creates the longitudinal phonon modes
of GaAs with wave vector q and frequency coL &. The in-
terface eigenfrequencies coj are determined by
e~(col) = —e2(coj. ) and the LO phonons of medium 1, coL &,

by e~(coL ~) =0, where E&(co) and ez(co) are the frequency-
dependent lattice dielectric functions of the two materials
1 and 2, respectively. I J(Q) and D(q) are the Fourier
coefficients for the interaction of the electron with the in-

mass-correction result is in excellent agreement with the
experimental observations.

Let us consider the z =0 plane to be the interface be-
tween two semi-infinite media, GaAs (medium 1) and
Ga& „Al„As (medium 2) with the electrons occupying the
z & 0 GaAs half-space. In this case the electrons coupling
to the interface phonons as well as to the bulk longitudi-
nal optical phonons of GaAs can be described by the
Frohlich Hamiltonian for the polaron problem as

H =Hp+HI +Hg
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terface phonon modes and with the bulk phonon mode of
the GaAs. ' '" The potential V(z) confining the electrons
within the inversion layer is taken in the Hartree approxi-
mation,

V(z) = f dz' f dz"N(z")+ Ndz,
&oi &or

(2)

where eo& is the static dielectric constant of GaAs, N(z) is
the electron density distribution and Nd is the concentra-
tion of fixed charged in the depletion layer.

Using the Lee, Low, and Pines' variational procedure,
we choose for the ground state of this coupled electron-
phonon system a wave function

l g) that is the product
of an electron wave function and a coherent phonon state.
As a consequence, this polaron state is not an eigenstate of
the total parallel momentum operator PT,

PT ——P+g giriQag ag +giriQbqbq . (3)
Q q

Then, the minimization of the energy should be per-
formed by constraining the total parallel momentum PT
by
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b =48~Ne /eoiR

N =Nd+( —„)N,. For a GaAs heterostructure in the usu-

al experimental situation, N =- 10" cm, we get
b =2.5X10 cm

Minimization of the energy with respect to f~ and gq
and up to second order in the velocity p, we obtain for the
polaronic energy shift EEL
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where p, the Lagrange multiplier, is introduced in order
to keep the expected value of the total momentum a con-
stant.

The method of calculation' ' consists of subjecting the
Hamiltonian H'=H —p PT to a canonical transforma-
tion S which removes the electron coordinates R,

S= exp i g Q— Q Ra~a~ exp i +Q—.Rbqbq
Q q

where AEf and bE~ are the contributions to the energy
from the jth mode of the interface phonon and bulk pho-
non, respectively. The parameters Pi and y are given by

pi b(A/2moii)' ——and y=b(fi/2mcoL~)' . eqD(x) is the
dielectric function of the quasi-two-dimensional electron
gas. a and cz are the electron —interface-phonon andJ

9electron —bulk-phonon coupling constants,
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Next, the expectation value of the resulting Hamiltonian
is evaluated by taking the wave function of the system to
be

q) =e'~ "y(z)U lo),
where

l
0) represents the state with no phonons, i.e., the

vacuum state and U is the second canonical transforma-
tion,

with
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with f~ and gq to be determined variationally. For the
electron perpendicular wave function P(z) we use a varia-
tional approximation first proposed by Fang and Ho-
ward' for Si inversion layers. The trial wave function for
the first subband of this system is then

(b /2)'~ z exp( bz!2), z &0—
0, z&0,

where b is the variational parameter given by

2 2
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eo„and e „are the static and optical dielectric constants,
coL„and coT„are the longitudinal and transverse optical
phonon frequencies, and co&„ is the ion plasma frequency
of the material n (n =1,2).

For the polaronic mass correction of the electron in the
heterojunction we obtain,
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It is interesting to note that we recover here the purely
two-dimensional unscreened results for the energy and
mass corrections if we take pj, yahoo and EzD(x) =1 in
Eqs. (9) and (11). In these limits we get

AEz ————gajfico~ and b, m~ =—m pa~. .

In order to obtain the polaronic energy and mass
correction as a function of the electron density we have
numerically evaluated the integrals in Eqs. (9) and (11).
In these calculations the screening effects have been taken
into account through the random-phase-approximation
(RPA) formalism. ' The relevant physical parameters
used in the calculations for the GaAs-Ga~ „Al„As het-
erostructure were for GaAs, AcoL

&

——36.2 meV,
Acoz-

&
——33.3 meV, e „&——10.9, Ep& = 12.9; for AlAs,

AcoL 2
——49.8 meV, ~z-2 ——45. 1 meV, e 2

——12.0,
E'p2= 14.6. The frequencies of the two interface modes are
given by fuu =34.4 meV and %co+ ——47.8 meV. The
mode co is a mixture of the L1 and T1 phonon modes of
the GaAs and the mode co+ is a mixture of L2 and T2
phonon modes of A1As.

The results we have obtained for the polaron binding
energy and mass correction are plotted in Figs. 1 and 2,
respectively, as a function of the electron density. In
these figures we show separately the contributions of the
two interface phonon modes and the bulk longitudinal
phonon mode. We also show for comparison, recent
theoretical results' where the quasi-two-dimensional na-
ture of the electron gas is taken into account but the lat-
tice properties is assumed to be the same as in the GaAs
bulk case.

The results for Figs. 1 and 2 allow interesting con-
clusions. Firstly, the screening and the subband-wave-
function effects play a decisive role in reducing appreci-
ably the effective polaronic correction in GaAs hetero-
structure. These two effects are competitive. By increas-
ing the electron density, the screening increases and the
spatial extension of the wave function becomes shorter.
In one sense the polaronic effect decreases and in the oth-
er it increases. For instance the inclusion of the wave-
function width corresponding to the experimental situa-
tion (X =4)& 10" cm ), reduces the polaronic-effective-
mass correction from 0.046m as it is for the purely un-
screened two-dimensional case, to 0.0069m. By including
further the screening effects the correction becomes
indeed smaller given Am& ——0.0048m which is in excellent
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FIG. 1. Polaron binding energy in the GaAs-Gal „Al„As
heterostructure as a function of the electron density. The
dashed and dashed-dot lines correspond to the contributions of
the co+ and cu interface phonon modes, respectively. The dot-
ted line is the contribution of the L-bulk longitudinal phonon.
The thick solid line is the present result corresponding to the
contributions of the three phonon modes. For comparison we
show the results obtained with the lattice properties assumed to
be the same as in the GaAs bulk case (thin solid line) (Ref. 17).

agreement with the experimental observations. As we can
see from Fig. 2 for carrier density smaller than 10' cm
the electron couples mainly to the bulk longitudinal pho-
non mode. However the contribution of the interface
phonon modes to the polaronic mass correction is of the
order of 25/o and obviously cannot be negligible. We also
observe from Fig. 2 that the interface-phonon contribu-
tions become more important than the bulk-phonon con-
tribution with the increasing of the electronic density of
the GaAs heterostructure.

In conclusion, we have investigated the nature of the
electron-phonon interaction in quasi-two-dimensional
electron gas in GaAs-Ga& „Al As heterostructures and
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FIG. 2. Polaronic mass correction in the GaAs-GaAlAs het-
erostructure vs the electron density. The curves are described as
in the Fig. 1.
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its effects on the polaronic energy and mass corrections.
The influence of electron subband wave function and
screening were incorporated in the calculations as suggest-
ed by experimental investigations in this system. In con-
trast to previous works in the literature where the phonon
modes were assumed to be the same as the bulk GaAs
case, we found that the interface phonon modes give sig-

nificant contribution to the polaronic energy and
effective-mass corrections. The result we have obtained
for the polaronic mass correction when the effects of elec-
tronic wave function width, screening, electron-interface,
and electron-bulk phonons interaction are taken into ac-
count is in excellent agreement with the experimental ob-
servations.
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