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Interaction Coupled Cyclotron Transitions of Two-Dimensional Electron Systems in GaAs at
High Temperatures
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We report here the first observation of the cyclotron resonance Landau splitting for low density
electron inversion layers in Al Ga& As-GaAs heterojunctions. Even at temperatures close to 100 K
electron-electron interactions couple the electrical dipole transitions from the ground and first excited
Landau levels, with a coupling strength comparable to the one found at liquid helium temperatures.
The experiment can be explained only in a single-particle approximation at sufficiently low densities
and/or magnetic field strengths where the resonant polaron effect is important.

PACS numbers: 73.20.Dx, 78.20.Ls

Cyclotron resonance (CR) in a translational invariant
system is a center-of-mass motion and independent of the
electron-electron interaction. This famous result, known
as Kohn's theorem [1], has been an important guideline
for the interpretation of cyclotron resonance experiments.
A reintroduction of electron-electron influences can be ex-
pected if the translational symmetry is broken, e.g. , due
to the energy dependence of the effective mass and/or
the presence of disorder. First evidence for influences of
electron-electron interactions were reported in cyclotron
excitation of degenerate quasi-two-dimensional (2D) elec-
tron inversion layers in Si [2]. This subject has attracted
considerable theoretical interest [2—4]. Today there is no
doubt that also various CR anomalies observed for electron
inversion layers in GaAs [5—8] and InAs [9,10] can be at-
tributed to influences of electron-electron interactions.

There are two long-standing mysteries that concern the
interpretation of CR for high-mobility electron inversion
layers in Al Ga& As-GaAs heterojunctions. As is well
known from experiments on nondegenerate electrons in
the bulk [11], electrical dipole transitions N ~ N + 1

from different Landau levels N have different frequencies
due to the energy dependence of the electron effective
mass. In addition to this Landau splitting, at sufficiently
high magnetic field strengths the spin splitting of the
0 ~ 1 transition was also observed. However, no clear
evidence for either Landau or spin splitting was found for
samples with surface electron densities N, of the order
of 10" cm [5—8]. The spin splitting of the 0 ~ 1

transition was observed only recently at liquid helium
temperatures on low density samples, providing evidence
that the single-particle approximation fails to explain
resonance positions and oscillator strengths [12,13]. The
unexpected striking variation of the frequencies and
intensities was explained by Cooper and Chalker [14]who
demonstrated that electron-electron interactions couple the
electrical dipole transitions with different spin orientation,
and the interaction strength was predicted to follow a

3/2
¹ relation for ideally 2D electron systems [14]. We
recently performed a detailed study of the influences that
rule the interaction coupling of the spin transitions for
inversion layer electrons in GaAs heterojunctions and
found a strong dependence on the details of the electron
distribution in space [15]. Whereas the problem of the
spin splitting has been resolved successfully for electron
inversion layers in GaAs at liquid helium temperatures,
we still lack an understanding of the Landau splitting.
It is also not clear yet what consequences result for the
interaction coupling if we go to high temperatures.

We report here the first observation of the Landau-level
transitions 0 ~ 1 and 1 ~ 2 in electron inversion layers
that differ in position due to band coupling phenomena
and the resonant polaron effect. The experiment was
performed with far-infrared spectroscopy on a gated
Al Ga~ As-GaAs single heterostructure at densities on
the order of 10' cm . The magnetic field strength B
was kept sufficiently low such that the influence of the
electron spin could be neglected. However, the magnetic
fields employed were still higher than that required for
establishing the magnetic quantum limit at liquid helium
temperatures. By raising the temperature up to 100 K
we achieved the necessary population of the N = 1

Landau level. The experiment can be explained in the
single-particle approximation only at extremely low N,
or when the resonant polaron effect strongly enhances
the single-particle resonance splitting. Electron-electron
interactions couple the two Landau transitions also at
these high temperatures with a strength comparable to
the one observed for the 0 ~ 1 spin transitions at liquid
helium temperatures.

Electron cyclotron resonances were studied in the
Faraday geometry in transmission with unpolarized
far-infrared radiation at temperatures and magnetic field
strengths up to 100 K and 12 T, respectively. Details of
the experimental setup are presented elsewhere [16]. Our
sample. is a modulation doped Alo 3Gao 7As-GaAs single
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heterostructure with a layer sequence 1 p, m buffer,
60 nm spacer, 80 nm A103Ga07As layer doped with Si to
1 X 10'~ cm, and 20 nm GaAs cap. A semitransparent
NiCr top gate with conductivity mrs = 10 3 A ' allows
us to vary the density via the field effect. At 4.2 K and
zero gate voltage Vg the sample has an average mobility
of 3.5 X 10 cm/Vs at N, =8 X 10' cm . In
the corresponding figures CR is shown by plotting the
normalized transmission T(Ug)/T(V&h) for fixed B, where
a threshold voltage of V&h

= —5 V has been applied
to ensure complete depletion of the electron inversion
channel.

In Fig. 1 the gate voltage dependence of the normalized
transmission for the temperature of T = 90 K and mag-
netic fields between 8 and 10 T are shown. At B = 10 T
we observe two well-resolved resonances which are sepa-
rated by —10 cm ' in frequency space. We attribute
these resonances to the 0 ~ 1 and 1 ~ 2 Landau tran-
sitions, which differ in energy due to influences of the
nonparabolicity of the GaAs conduction band and the po-
laron effect. In Figs. 1(b) and 1(c) the intensities of the
0 ~ 1 and 1 ~ 2 transitions at B = 9 and 10 T are in
good agreement with the predictions of a single-particle
approximation, i.e., the thermal populations of the N =
0 and N = 1 Landau levels. Since the cyclotron reso-
nance amplitudes are only of the order of a few percent,
one can calculate the intensities in the small signal ap-
proximation [16], T(Vg)/T(V, h) = 1 —Reer+(cu)/([1 +
(e)'~ ] aoc + o.g), where a is the dielectric constant of
GaAs. The normalized transmission is related to the real
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FIG. 1. Gate voltage dependence of the electron CR in
Al Ga& As-GaAs single heterojunctions at a temperature of
T = 90 K and magnetic fields of (a) 8 = g T, (b) 9 T, and
(c) 10 T.

part of the high frequency conductivity cT+(cu) for the cy-
clotron active mode for circular polarization, which in the
single-particle approximation [11]can be expressed as

(n,A
—n,~+~) (N + 1) cu,~

1 + l(cd crJcN) r
where n,~, co,~, and r are the Landau-level populations,
the N ~ N + 1 transition frequencies, and a phenomeno-
logical relaxation time, respectively.

The 0 ~ 1 transition in Figs. 1(b) and 1(c) has a
larger strength compared to the 1 ~ 2 transition, since
the ground Landau level is more heavily populated.
In order to estimate their relative strengths the use of
Boltzmann statistics is justifiable at these low densities
and high temperatures. Assuming equal broad peaks
the transition amplitudes A~ for N ~ N + 1 are pro-
portional to n~ = (n,~ —n,~+~) (N + 1). This results
in At/Ao = 2exp( A, cu, /—kT)/[I —exp( —A, cu, /kT)].
Since band coupling and polaron effects are small for
the N = 0 and N = 1 Landau levels at these mag-
netic field strengths, one can replace the cyclotron
mass in cu, = eB/m, by the conduction band edge
mass m0 = 0.0663m, of the bulk, including the non-
resonant polaron correction. This estimate results in

At/Ao = 0.2 and 0.3 for B = 10 and 9 T, respectively,
which is in reasonable agreement with a numerical
calculation of the normalized transmission which takes
Fermi-Dirac statistics into account. For the gate voltages
from —0.29 to —0.20 V we get electron densities varying
from —2 X 10' —6.5 X 10'

For the measurement shown in Fig. 1(a) the situation
is not this simple. Here the resonance positions depend
on Ug, i.e. , N, This is in con. trast to Figs. 1(b) and
1(c) where all positions are nearly independent of electron
density. The dependence of the line shape on N, cannot
be explained in the single-particle approximation. This
is even more apparent for a measurement at T = 80 K,
shown in Fig. 2(a). At Vg = —0.29 V two resonances
are observed where the resonance with the higher strength
is located on the high energy side of the asymmetric
line, as can qualitatively be expected in the single-particle
approximation. With increasing Vg, i.e., increasing N„
both resonances form a single line at Vg = —0.25 V.
Upon further increasing N„a shoulder develops on the
high energy side, and at even higher N, we again find a
single line, which, however, exhibits an asymmetric shape
with a high energy tail. The position at Vg = —0.20 V
is roughly midway between the two resonance positions
observed at Vg = —0.29 V.

Since qualitatively similar variations of the positions
and intensities were observed for the spin transitions from
the ground Landau level at liquid helium temperatures
[12—15], we attempt an explanation in the framework of
interaction coupled cyclotron transitions. We analytically
derive the high-frequency conductivity for inversion layer
electrons, describing the interaction coupling of the dipole
transitions between different Landau levels. We start
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intensities by solving the 2 X 2 eigenvalue problem
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FIG. 2. Gate voltage dependence of the CR Landau splitting
for 2D electron systems in GaAs observed at T = 80 K
and 8 = 8 T. (b) The best fit to (a) in the single-particle
approximation. (c) The prediction of the interaction model.
Parameters X, and ~ for (b) and (c) are given in brackets. C
is the configuratio constant determined from the fit.

from the Hamiltonian of a strictly 2D electron gas
np nl

H = P fico,p(a; a; + 2) + 6 cu, i(a;,+,a„„+, + z)-
l=1 j=1

( g)2 ' ' ( ;
—a, ) ( ;

—a, )
8vreep, .

i
.

i IR; —R)Is
lWJ

where we defined operators a; = (p; —ip; )/~28 and

a, = (p,' + i,p; )/~21, which relate to the orbital coor-
dinates p of the electrons, whereas the R = r —p are
their guiding center coordinates. Equation (1) describes
two one-dimensional oscillators with frequencies cu, 0 and
co, & that are coupled by a harmonic electron-electron in-
teraction potential [14,15]. This approximation of the
Coulomb potential can be justified for a sufficiently di-
lute electron gas for which the mean interparticle dis-
tance rp = (7rN, ) ) is large compared to the size of
the Landau orbit 8 = (fi./eB)' and the extent of the in-
version layer in the growth direction. To describe the
relative strengths of the different Landau-level transitions
correctly, the upper limit for the summation of the uncou-
pled oscillators is n~ = n~L, where L is the sample
area, whereas the interaction depends on the total number
of electrons N, = N, L In Eq. (1) we have neg. lected the
contributions from higher Landau-level transitions, since
the populations of their initial levels are small and these
transitions were not observed here.

By transforming the Hamiltonian Eq. (1) to harmonic
coordinates, i.e., H = g ken;(n; 0., + z) such thatt
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(2)
where pp = n,—p/N, and p~ = n, ~/N, Th. e Coulomb
interaction governs Eq. (2) via the interaction en-
ergy fi, col = C(AN, ) (eZ) /8vreep, which depends
on a dimensionless configuration constant C, re-
jecting the electron distribution in space. Solving
Eq. (2) for the eigenfrequencies and projecting the

(l) (l)eigenvectors fl'l = (fi, f2 ) (i = 1, 2) onto the per-
turbation Hamiltonian for right circular polarized light,
we get for the high-frequency conductivity of in-
teracting electrons o.+(cu) = (N, er/B)(F)m)/[I +
i (cu —mi)r] + F2cu2/[I + i(cu —A@2)r]). With the
0 = ([1 —(po + pi)4]z + 4pirri])')2 abbreviation
and the ratio 4 = col/Ace of the interaction energy and
the single-particle resonance splitting b, cu = cu, p

—~,1,
one gets for the transition energies co~ and intensities F~
(a = 1, 2)

(po + pi) C' —I —(—I)"o'
~u = ~cO+

2

[(po + pi) @ —I + (—I)"0]'
po (3)2o'(o' —(—I)'[I —(po + pi)C])

For a quantitative analysis of the experiment it is
essential to know A~. A complete description would
require the inclusion of the conduction band nonparaboli-
city due to band coupling phenomena and the polaron
effect. In particular, the inclusion of the resonant polaron
effect is cumbersome. For the sake of simplicity we
shall treat here only the band coupling which can be
done analytically in the two band approximation. In the
framework of the ansatz of Ref. [17] we obtain the tran-
sition energies for sufficiently small 8 and N according
to co ~ = o) [1 —2Ep/3Eg —26cu (N + 1)/Eg ] Eo.
is the confinement energy of the ground 2D subband and
E* is an effective gap between the conduction and va-

lence bands. Thus, we obtain Ear = 2'(eB) /(mp Eg )
proportional to the square of the magnetic field strength.
Although m0, E0, and E depend in principle on tempera-
ture, in the regime up to 100 K, their variation can be ex-
pected to be small, and it is justified to employ the values
determined at liquid helium temperature [11]. We have
calculated E0 self-consistently and find energies ranging
from 18 to 21.5 meV in the density regime from 2 X 10'
to 6.5 X 10'p cm 2 [2]. From other samples grown un-
der similar conditions, we have roughly estimated a
background doping of N~ = 3 X 10' cm which
corresponds to a depletion charge of 8 && 10' cm
The effective gap is treated as a parameter which is fixed
by the experimental resonance position cu, 0 at 8 = 10 T,
where the single-particle approximation is valid. From
this procedure we obtained a value of 1 eV, which is
close to the effective gap obtained in the bulk [11].
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