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Cyclotron-resonance transmission and emission experiments were performed in the two-
dimensional electron system of an Al,Ga;_xAs-GaAs heterojunction using a nonresonant three-level
excitation technique. It is found that in comparison to bulk GaAs, the polaron effect is reduced in
the investigated energy range. The reduction of the polaron effect in the two-dimensional electron
gas can be explained by occupation number effects. In addition, we determined the polaron effect in
a hot-electron situation. At low electric fields the mass increase with energy is caused mainly by
nonparabolicity. At electron temperatures above 100 K the polaron contribution to the effective mass

reaches values observed in high-purity bulk GaAs.

I. INTRODUCTION

In bulk GaAs Lindemann et al.! determined from
cyclotron-resonance (CR) spectra the contribution of the
polaron effect of the effective mass and separated it from
the band nonparabolicity. The interaction of the electrons
with the LO phonons—the polaron effect—has been
treated theoretically>~’ and detected experimentally®—!2
in several quasi-two-dimensional (2D) systems. Das Sar-
ma® has predicted an enhancement of the polaron effect
for the 2D electron gas (2DEG) as compared to the
three-dimensional (3D) case. Horst et al.® studied the
electron-phonon interaction in an InSb space-charge layer
and found an increased polaron interaction in the
reststrahlen region. In contrast, Seidenbusch et al.B3
found in Al,Ga;_,As-GaAs heterostructures a strong
reduction of the polaron effect in a nonresonant situation.
This reduction was explained qualitatively by occupation
and screening effects. Also, Sigg et al.!! found a strong
suppression of polaron effects at low magnetic fields far
off resonance. This paper presents a detailed study of the
‘“polaron problem” by varying occupation and screening
effects, on the one hand, by increasing the electron con-
centration, or, on the other hand, by heating up the elec-
trons.

The details of samples and measurement technique are
summarized in Sec. II. The calculation of the effective
band-edge mass m§(2D) including band nonparabolicity
(five-level k-p theory), polaron effects (perturbation
theory), and occupation number effects is presented in
Sec. III.

In Sec. IV we analyze quantitatively the CR spectra
and we show that in the hot-electron regime the reduction
of the polaron effect due to Landau-level filling is lifted by
redistributing the carriers.

II. EXPERIMENTAL DETAILS

CR experiments were performed at far-infrared (FIR)
frequencies in emission and absorption. A nonresonant
three-level excitation technique is used where transitions
between higher Landau levels (LL’s) are induced by in-
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creasing the electron concentration or by carrier heating
through an electric field. This technique has the advan-
tage that the transmission can be measured even in the
reststrahlen region, since the used radiation energy is
essentially smaller than the phonon energy. A detailed
description of the experimental technique can be found in
Ref. 1. The transmission CR experiment can be per-
formed in two different ways: The energy of the radiation
can be tuned using a fixed magnetic field or the magnetic
field can be varied at a constant radiation energy. The
first way corresponds to an experiment with a Fourier
transform spectrometer, the second with a FIR laser sys-
tem. From the energy difference at a fixed magnetic field
or from the magnetic field shift at a given energy of
different LL transitions the amount of nonparabolicity
and the polaron contribution to the effective electron mass
are determined. CR transmission spectra were taken with
the help of a FIR molecular laser which was pumped op-
tically by a CO, laser. The FIR wavelengths were in the
range of 50-200 um. The samples were mounted in
Faraday geometry and immersed in liquid helium in the
bore of a magnet system. The FIR laser radiation was
guided into the cryostat by an oversized light pipe and
coupled to the sample with a cone. Depending on the
wavelength range, a Ga-doped Ge detector or an extrinsic
GaAs detector were used. The observed transition energy
as a function of the magnetic field deduced from Fourier
spectrometer and laser experiments is shown for sample 1
in Fig. 1. The zero-order transition energy #w?
=#eB/m{, which corresponds to the parabolic band
structure (with m§=0.065m), is represented by the
dashed straight line. Since the deviation of the data
points from the straight line is not increasing linearly with
the magnetic field, this departure is due to nonparabolic
effects like band nonparabolicity and polaron effect. The
GaAs-Al,Ga,_,As heterostructures were grown by
molecular-beam epitaxy (MBE). The mobilities and den-
sities at 4.2 K are listed in the Table I.

CR emission experiments'* were performed with the
same samples. The emitted signal is measured with a
narrow-band GaAs detector for a given frequency as a
function of magnetic field. Since the linewidth of the
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TABLE 1. Properties of the investigated samples. The mobility and concentration were measured

without illumination at 4.2 K.

Al Spacer
concentration thickness Mobility Carrier density
(%) A) (cm?/V's) (cm~?)
1 35 370 4.00x 10° 1.2 10"
3 35 360 1.00x 10° 2.0 10"
4 40 220 6.10x 10° 2.3x 10"
5 33 240 6.00x< 10° 2.4x 10"
6 33 100 2.20%x10° 2.5x 10"
7 32 60 3.10x10° 4.1x 10"
8 37 50 1.64 < 10° 2.9 10"
9 28 120 4.36 10° 2.9 10"
10 36 190 7.50% 10° 3.3 10"

GaAs detector is very narrow (0.25 cm™!), this experi-
ment is equivalent to a laser transmission experiment.

In the 2DEG the number of states per LL is given by
the magnetic field. Therefore the Fermi level shows an
oscillatory behavior for a given concentration with varying
field. The position of the Fermi level is characterized by a
dimensionless parameter, the filling factor v, which is
defined as the number of electrons divided by the number
of states within one LL. Neglecting the spin, the filling
factor can be expressed by /2mng with [ the cyclotron ra-
dius and n; the 2D density.

If v is smaller than 1 only CR transitions 0-1 are possi-
ble, for v close to 2 only transitions 1-2. The observable
transitions are therefore unambiguously determined by
the value of the filling factor. By illumination of the het-
erostructure with pulses from a light-emitting diode
(LED) the 2D electron concentration and thus the filling
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FIG. 1. Observed CR transition energy as a function of mag-
netic field in 2D AlGaAs-GaAs heterojunctions. The zero-order
transition energy #w?=7(eB/m¢ ) is represented by the straight
line.

factor is increased and different LL transitions are in-
duced. The carrier concentration can be varied in
different steps according to the pulse length of the band-
gap radiation up to a factor of approximately 2 and is
determined by Shubnikov—de Haas (SdH) oscillations.

The change of the carrier concentration by LED il-
lumination causes a change in the band structure. This
“light effect” is described in a previous paper'? and has to
be taken into account. The second way for inducing tran-
sitions between higher LL’s in the transmission experi-
ment is to heat up the samples by electric fields. We have
used samples with Hall geometry as well as with Corbino
geometry. It turned out that the laser transmission re-
sults were more consistent with the Corbino disc samples;
in the emission experiments the geometry was not that
critical.

III. THEORETICAL CONSIDERATIONS

In 3D-polaron experiments it has been demonstrated’
that nonparapolicity is usually as strong as polaron
effects. Therefore any polaron analysis must be based on
a reliable k-p theory, which yields the bare energy levels.
A simple analytical two-level approximation for polarons
in the nonresonant regime has recently been derived by
Das Sarma and Mason.” For a quantitative analysis it is
necessary to insert the correct nonparabolic energy levels
EX(NP) in the polaron calculation. For heterostructures
Lassnig developed a self-consistent k-p theory,'> a five-
level scheme, which includes the penetration into the bar-
rier material and many-body effects.

A. Nonparabolicity: k-p theory for 2D systems

The electronic wave function (k) is expanded in the
vicinity of kK =0 in terms of the symmetric Bloch func-
tions u;(0):

Wk = £i(k)u,(0) ,
!
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where the symmetric functions u,(0) oscillate rapidly,
whereas the f)(k) are slowly varying envelope functions
and describe the band mixing away from the band edge.

Diagonalizing the k-p matrix for the 2D system, the en-
velope function can be taken to be of the same form as in
the three dimensions,

f=e™ 1| n )by n—1),ds|n+1),87|n—1),
¢2|n+1>,¢4|n+2>,¢6|n>»¢8\n>} .

The plane wave ¢"** and the constants ¢, are replaced in
two dimensions by z-dependent envelope functions ¢;(z).
The following Schrodinger equation is obtained:

(n + 1o,

+alez) fiw, )?
ule,z)

Uc(2)+

N 1
P————
* 2moule,z)

ﬁzi—}zig*(e,z)—-e #(2)=0 .
This equation describes the motion of two-dimensional
electrons, which are quantized by the conduction-band
potential U,.(z). In the kinetic term as well as in the
spin-splitting term the z-dependent quantities u(e,z) and
g*(e,z) appear, whose z dependence is caused by the local
variation of the band edges. #iw. is the cyclotron-
resonances energy of the free electron. For the hetero-
structure the potentials U (z) have to be specified.

Figure 2 shows the local band structure for a GaAs-
Al,Ga;_,As heterostructure. The band discontinuities
are denoted as &, §,, etc. and the resulting band-edge po-
tentials for the effective Schrodinger equation are

U (z2)=V(z)+6.(—2),
U,(2)=V(z)—E¢—6,h(—2z2) ,
Ua(z)=V(z)—Eo—Ag—8ph(—2),
Ul(2)=V(z)+E +6:h(—2),
where
Ur(2)=V(Z)+E |+ A +8)h(—2) .

h(z) is a continuous function which is necessary for the
description of the ‘“mixed” Bloch functions in the unit
cells at the interface of the heterostructure.

V(z) denotes the slowly varying space-charge potential
which is the sum of the depletion and the Hartree poten-
tial

4me’Nyz
Viz)=———

Ks

—+—47T€2Nel

z—fz dz'p(z')(z—2") ]/KS .

K represents the static dielectric constant, N; and N the
depletion and inversion charge densities, p(z) the normal-
ized local carrier density.

The potentials have to be introduced into the effective
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FIG. 2. Band-edge potentials for a GaAs-AlGaAs hetero-
structure, indicating the five-level approximation.

Schrodinger equation in order to get the electronic energy
levels. Through the electronic charge density in the Har-
tree potential the problem has to be solved self-
consistently.

For the analysis and interpretation of our experimental
data it is very important to know the contribution of non-
parabolicity as exact as possible. Therefore the bare band
structure, which can be calculated by the k-p theory self-
consistently including the effects of exchange and correla-
tion, must be known very precisely. A similar calculation
by Stern and Das Sarma'® is improved by using the
correct expression in the kinetic energy according to the
effective Schrodinger equation.

The depletion charge and the inversion charge are the
main parameters of the calculation for the 2D system.
Table II shows the relevant band-edge parameters which
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FIG. 3. Effective 2D band-edge mass m¢(2D) for a GaAs-
Alo.3Gag.7As heterostructure as a function of the electron con-
centration for two depletion concentrations.
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TABLE II. Band-edge parameters Ey, E;, Ao, A; (all in eV), effective mass m{§ (in units of m,), and
effective g factor g& for GaAs and Alo 3Gag 7As.
Ey E, Ao Al m?)' g(’)“

GaAs 1.519 3.140 0.341 —0.171 0.065 —0.44

Alo.3Gao.7As 1.900 2.842 0.310 —0.171 0.086 0.45
are used. For the band offset 6, =0.7(Eoai_Ga,_, As- efw; 1 1

<G Verlg)= —— |Fg)

EjGaas)- 4q €, €

Now the 2D band structure can be expressed in terms
of an effective 2D mass m §(2D) and an effective 2D band
gap E(2D). Neglecting spin splitting, we can write

E, 1—E,=fw./m3(n),
m%(n)=m$ (2D)+2n#w, /E%(2D) .

m3(2D) and E;(2D) depend on N,; and N, whereas
m§(22D) is influenced mainly of the kinetic energy in the z
direction, and E;(2D) includes the influence of motion
parallel to the interface. Figure 3 shows the dependency
of m§(2D) on the inversion charge N and the depletion
charge density N;. The increase of the “effective” band-
edge mass is about 1% in the given density range. The
effective gap E,, (2D) is changed only weakly by the two
dimensionality, giving a value of 1.405 eV.

B. Magneto-polarons in the 2DEG

The Frohlich interaction in the 2DEG is considerably
stronger than in three dimensions due to the concentra-
tion of the wave function in the 2DEG.>~° In a real 2D
system, where the wave function is spread out over several
100 A, the effective interaction is reduced and can be ex-
pressed by means of a form factor F(q),

----- Ideal 2D /

/
------ Real 2D //

m* /m,* (0-1)

FIG. 4. Comparison of the polaron mass shift for the 0-1
transition for the indicated systems.

F(q) includes the influence of the z-dependent part of the
electron wave function and is equal to 1 for the ideal case
(6 function in the z direction). For the Stern-Howard
wave function, F(q) is given by®

1+4
/[+4
When we start the perturbation series from the bare ener-

gy levels E?, the polaron shift in the single-particle ap-
proximation is given by

8E, =3 M?2,(q)Verlq)/(EY —8E, —Ep —#iw; —8E) .

m,q

3

9 3g?
29 39~

F(q)= TR

14

M,,.(q) denote the matrix elements between Landau lev-
els (n,m). Figure 4 shows a quantitative comparison of
the strength of the polaron effect for a parabolic band.

C. Occupation number effects

Due do the Pauli’s exclusion principle, which does not
allow the interaction with an occupied state, the effective
polaron interaction with a partially occupied Landua level
(with a filling factor v) has to be reduced by a factor 1 —wv.
This means that in a lowest-order many-body approxima-
tion this reduction has to be taken into account.

The presented theoretical considerations are valid in the
regime of the resonant polaron interaction, which is
demonstrated by Lassnig,!” who describes well the experi-
mental data taken in the magnetic field from 10 to 22 T.
In the range of lower magnetic fields or higher filling fac-
tor values the nonresonant contribution of the polaron in-
teraction gets more important. In this case the dynamic
screening, which is not included in this theory, cannot be
neglected anymore. It will be shown that an extrapola-
tion of the theoretical curve can be accepted down to ap-
proximately 8 T.

IV. RESULTS

Figure 5 shows typical transmission spectra as a func-
tion of the magnetic field for the laser wavelength of 96
um. Before the illumination the electron concentration is
2.4%107" cm~2 (v=0.66). With increasing filling factor
(> 1) a shift of the resonance position to higher magnetic
fields is observed. This shift is the result of the superposi-
tion of different transitions (0-1, 1-2).

If the filling factor is smaller than 1 only the transition
between the LL 0-1 can be observed. Calculating the
probabilities for different transitions, it turns out that in
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FIG. 5. CR transmission spectra at a wavelength of 96 um
for different values of filling factor: 1, v=0.66, B;s=7.57 T,
linewidth equals 1.9 cm™', transition 0-1; 2, v=1.30, Bes=7.63
T, linewidth equals 2.49 cm™!, transition O-1 and 1-2; 3,
v=1.62, Bs=7.73 T, linewidth equals 2.77 cm™!, transition 1-
2.

the range of the filling factor from 1 to 1.6 a superposition
of the two transitions 0-1 and 1-2 must be observable,
whereas in the range from 1.6 to 2 only the 1-2 LL transi-
tion occurs. This can be well demonstrated by observing
the measured CR mass as a function of the filling factor
for sample 6 in Fig. 6. This means that it is important to
take the value of the shift in the range of the filling factor
where no superposition of two transitions exists.

Figure 7 shows a comparison of a bulk CR spectrum
(obtained for high-purity GaAs) with a spectrum obtained
for a heterostructure. Two CR transitions are seen (0-1,
1-2). In the bulk case the higher transition is induced by
the given electric field. In the 2D case the population of

M:Xpt.z‘ﬁLB Np = 0.5x10 ' en ™2
3 m3 = 0.0661 m,
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¥ = 0.0671 my
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FILLING FACTOR

FIG. 6. Dependence of the cyclotron mass on the filling fac-
tor. The continuous increase between 1 and 1.6 is due to the su-
perposition of the transitions 0-1 and 1-2. Dashed curve:
theoretical curve using the nonparabolicity model. Solid curve:
in addition the changed band structure is included.
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FIG. 7. CR transmission spectra for (a) a bulk GaAs sample
and (b) heterostructure. Two lines are observed in the bulk case
due to electric field heating. In the 2D case single lines for
different v (different electron concentration) are shown.

n=1 is achieved by light illumination. It is obvious that
the splitting between the lines is considerably smaller for
the 2D case. Figure 8 shows the dependency of the line
splitting on the CR energy for the bulk case and the
2DEG. The splitting for the 2D case is considerably
smaller in the whole range. The curves represent theoreti-
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FIG. 8. Observed Landau transition energy difference (corre-
sponding to the splitting of the lines in Fig. 7) plotted as a func-
tion of laser energy. The solid curve is a theoretical fit including
nonparabolicity and polaron effects. The dashed curve includes
only nonparabolicity.
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cal calculations of the splitting! in the 3D case including
polaron effects and nonparabolicity (solid curve) and only
nonparabolity (dashed curve) for the 2D case. It is evi-
dent that in the 2DEG the splitting is caused mainly by
the nonparabolicity.

Lassnig demonstrated!” that a consistent polaron
analysis including wave-function effects, nonparabolicity,
and nonresonant contributions can well describe experi-
mental data within lowest-order many-body approxima-
tion. Traditional screening calculations, especially static
screening, are not useful because they lead to unphysical
results. This means that the experimental data can be ex-
plained only with occupation number effects in the high
magnetic field region.

A comparison of the experimental CR masses for the
0-1 and 1-2 transitions for the 3D and the 2D cases is
shown in Fig. 9. For the bulk material the experimental
data agree very well with the theoretical calculations in-
cluding k-p theory for the nonparabolicity and an im-
proved Wigner-Brillouin perturbation theory for the pola-
ron effect taking a band-edge value of 0.065 for the
effective mass and 0.083 for the Frohlich parameter.

3D
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FIG. 9. Comparison of the dependence of the effective mass
of the 3D and 2D systems for the 0-1 and 1-2 transitions. The
solid curves are the result of calculations including nonparaboli-
city (NP) respectively nonparabolicity and the polaron effect
(NP + PE). The dashed curves are for guiding the eye.
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If we now concentrate the discussion to the 2D case we
see that the band-edge value of the mass at zero field is
higher but the increasing of the CR mass is weaker. The
band-edge mass is changed due to the fact that a higher
carrier concentration and higher depletion potential create
a higher nonparabolicity (see Fig. 3). Since the slope of
the nonparabolicity contribution is slightly smaller than
the slope of the experimental data, a small contribution of
a resonant polaron effect can be deduced. Especially the
different increasing behavior of the 3D and 2D curves for
the 1-2 transition is a sign for the strong reduction of the
polaron effect in the 2D case. It is evident from the plot
that the presented theory is applicable down to 8 T. For
the lower magnetic field range there is no theory available,
which should take into account dynamic screening effects.

A. Temperature-dependent screening
of polaron interactions

1. CR emission

The CR emission signal is measured with a narrow-
band GaAs detector for a given frequency as a function of
magnetic field for different applied electric fields. Since
the linewidth of the detector is 0.25 cm !, this experiment
is equivalent to a laser transmission experiment. A com-
parison of the CR emission spectra for a bulk GaAs sam-
ple and a heterostructure sample for two electric fields
and a CR energy of 9.25 meV is shown in Fig. 10. The
spectra consist of two lines due to 1-0 and 2-1 transitions.
It can be seen clearly that the splitting between the lines is
small for the heterostructure at the lower field, but it gets
comparable to the bulk value for the higher electric field.

4
s BULK GaAs
< E=25V/cm
)
% N
=
Q
w
—
Ll
a
1
& 200V/cm
2D GaAs
20V/em

45 50 55 60 65
MAGNETIC FIELD (T)
FIG. 10. CR emission spectra as detected with a narrow-band

detector at 9.25 meV as a function of emission magnetic field for
different electric fields.
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2. CR transmission

From the analysis of CR transmission spectra for
several laser frequencies as a function of electric field, in-
formation about carrier heating and screening of polaron
interactions can be obtained. In previous experiments'®
using samples with carrier concentrations larger than
3.0 10" cm™? only a broadening of the transition line
but no line splitting due to different transitions was ob-
servable.

In more recent experiments we have investigated sam-
ples with carrier concentrations below 2X10'' cm™2.
With these samples clear evidence for higher Landau tran-
sitions is found. At low electric fields the spectrum con-
sists of one single line which starts splitting with increas-
ing electric field until a double line structure is clearly
resolved at the higher field value. Figure 11 shows the
splitting as a function of electric field. The splitting be-
tween the observed transitions which corresponds to the
energy differences between the two lowest Landau transi-
tions starts at a given value and increases for fields higher
than 20 V/cm and reaches a saturation value at the
highest field. Also, data from emission experiments for
two different emission energies selected by a narrow-band
GaAs detector are shown. Both experiments yield a good
agreement showing an electric-field-dependent mass
change for different LL transitions. Analyzing the data
theoretically, it turns out that for low electric fields the
splitting corresponds to the bare nonparabolicity, and that
it increases at the highest field to the value observed in the
bulk. Through the electron heating an additional contri-
bution to the mass change with energy is found. Since the
nonparabolicity is not electric field dependent in the used
field range, this contribution can only result from an in-
creased contribution due to the electron-polar-optical-
phonon interaction. This is the first direct confirmation of
an electron temperature and thus population-dependent
polaron effect.

In addition, by analyzing the spectra with respect to the
peak intensities, one gets the value of the electron temper-
ature!?

fiwo
kg

(n +1)In —1,n
nIn,n +1

Tn,n —-1= In

when n denotes the number of the LL’s and I the absorp-
tion intensities. The electron temperature rises slowly for
electric fields up to 50 V/cm and reaches saturation
values in the range of 100 K. In a very recent paper'® it
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FIG. 11. Electric field dependence of the line splitting. The
circles represent transmission data; the squares emission data.
The transition energies are indicated.

is shown that the mass which is associated with the transi-
tion between the lowest Landau levels increases with tem-
perature for values up to 100 K. This is further evidence
that at higher temperatures the screening and occupation
number effects are reduced.

V. SUMMARY

We present CR data of the 2DEG system of
Al,Ga;_,As-GaAs heterojunctions. For analyzing the
Landau-level transitions a model is used that includes
nonparabolicity of the conduction band and that evaluates
polaron effects from an improved perturbation theory. In
comparison to the splitting values of the bulk GaAs the
values in the 2DEG are essentially smaller and can be de-
scribed by the nonparabolicity and a reduced polaron con-
tribution. This reduction is due to occupation number
effects. In the hot-electron situation the polaron effect is
restored due to the creation of empty places in the lowest
Landau level with temperature. In addition, dynamic
screening effects are reduced.
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