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We use infrared cyclotron-resonance measurements to study the dynamical conductivity of a gated
GaAs two-dimensional electron gas in a perpendicular magnetic field in the regime of low carrier density
and temperature where electron correlation and exchange effects are most important. For T =0.4 K the
resonance narrows and shifts dramatically as the density is reduced below the point at which the lowest

spin-split Landau level is filled. This observation provides the first demonstration of a strong influence

of electron-electron interactions on the cyclotron-resonance line shape.

PACS numbers: 73.40.Lq

Two-dimensional electron structures provide excellent
model systems in which to test our understanding of the
behavior of interacting electrons at low temperature,
particularly when the areal carrier density can be
varied. ' Phenomena ranging from classical Wigner crys-
tallization' and fractional Landau-level quantization to
Anderson localization ' have been studied. I n the
GaAs/(GaA1) As two-dimensional electron gas (2DEG),
high electron mobilities are obtained at degenerate densi-
ties; thus there is a strong electron-electron interaction
and only a modest amount of disorder. The electronic
behavior of this system should be quite interesting at low
temperature, particularly in the presence of a large per-
pendicular magnetic field which overwhelms the Fermi
degeneracy. '

Cyclotron resonance is a probe of fundamental signifi-
cance because it can be used to measure directly the
dynamical (i.e. , finite frequency) conductivity of the
2DEG in a perpendicular magnetic field. ' In the Si
MOSFET (metal-oxide-semiconductor field-effect tran-
sistor) 2DEG a narrowing and shift of the conductivity
resonance has been observed at low carrier density and
temperature; its explanation in terms of charge-density-
wave pinning remains controversial. ' The modulation-
doped 2DEG in GaAs provides a much less disordered
system in which to study the behavior of a(to). Previous
cyclotron-resonance measurements in this system at
moderate and high 2D electron density n, however, have
produced a confusing array of apparently contradictory
or sample-dependent results. Englert et al. observed
linewidth maxima at certain even-integer filling factors,
while line splittings and maxima occurring at noninteger
filling factor were subsequently reported. In these ex-
periments changing n has meant changing the sample;

hence systematic study of density dependence of the
most interesting phenomena has not been possible. In
this Letter we concentrate on the low-density regime, in

which the relationship between cyclotron resonance and
dynamical conductivity is most immediate, and use a
backgate to vary n by an order of magnitude controllably
and reproducibly. For T=0.4 K the conductivity reso-
nance narrows and shifts dramatically as the density is

reduced below the point at which the lowest spin-split
Landau level is filled. We argue that this behavior
demonstrates the importance of electron-electron in-
teractions in the determination of the cyclotron-reso-
nance line shapes in our samples.

The samples used in these experiments are grown by
molecular-beam epitaxy on the 8 face of (311)-oriented
GaAs substrates. ' The 2DEG forms at the interface of
undoped GaAs and (GaA1)As. The setback distance to
the Si-doped (GaA1)As region is more than 500 A for
each of our samples. With use of diamond laps, the sam-
ple is thinned to about 50-150 pm and placed on a
wedged ( —2 ) sapphire substrate with a transparent
Nichrome gate (Ro~5 kQ). This backgated 2DEG is

then mounted in a top-loading He immersion cryostat
with axial infrared access where it can be studied from
0.3 to ~ 70 K in perpendicular magnetic fields up to 14
T. Radiation from either a laser or a broadband inter-
ferometer source is transmitted through the sample at
normal incidence and detected by a bolometer below the
strong-field region. dc magnetotransport measurements
show the usual minima in a„„at appropriate integer and
fractional filling factors at low temperature, and are
used together with the integrated areas from the infrared
conductivity resonance measurements to establish the 2D
carrier density at different gate voltages.
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rr(rp;8 ) = crp /[ I +i (rp —cp, ) r],

in which case one obtains from Eq. (1)

o'—Tp+/T+ —
1

(2)

The relationship between the transmission and the
dynamical conductivity, rr(rp;8), is given by

I Yt+ Y2+ cr(cp;8)
t

I V, + V~I '
in the absence of multiple reflections, where T+ and To+

are the circularly polarized transmission and reference
spectra, and Y~ =

377 A and Y2 =
377 0 are the respec-

tive admittances of free space and GaAs. In the absence
of a magnetic field the conductivity resonance of a me-
tallic system is peaked at zero frequency. A perpendicu-
lar magnetic field shifts the 2DEG conductivity reso-
nance to the finite frequency cp, =eB/m*c. In a Drude-
type model,

1.5
2.0

We have studied cyclotron resonance in our gated
samples in fields up to 14 T at 0.4 K and although we
observe deep minima in our dc o. „at v = —, and —, we[ 2

do not find any change in either the cyclotron frequen-
cy" or linewidth ' correlated with these fractional fil-
lings. However, sudden changes do occur near v=1 as
we describe in the following.

In Fig. 1 v e show broadband interferometer measure-
ments of n. as a function of frequency at T=0.4 K. We
observe that upon our reducing n or increasing 8 the res-
onance narrows abruptly at a filling factor just below
v= 1 (i.e. , where the lowest spin-split Landau level is
full). It also appears that the integrated area of the con-
ductivity resonance drops by roughly 10% below v= l.

In Figs. 2(a) and 2(b) we show swept-field measure-
ments of 8 at 0.4 K at fixed laser frequency [25.4 cm

2 1+ ~o
Re o(ru;8 ).Y(+ V2 2(V)+ Vg)

1.0
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1 =0.7 1.0

Linewidths obtained from data plotted in this way will
thus tend to be undistorted by systematic dependence on
n and will accurately reflect the width of the conductivi-
ty resonance. All linewidths mentioned here are the full
width at half maximum of cr (i.e. , —2/r).
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FIG. 1. The reduced dynamical conductivity, cr, at 0.4 K is
plotted as a function of frequency for perpendicular magnetic
fields as indicated. From top to bottom, the areal carrier den-
sities are estimated to be (0.8, 0.65, 0.5, 0.35) x 10'' cm
with an accuracy of about 0.05+ 10%. The cyclotron frequen-
cy at which v =1 is indicated by the arrow for each density.

FIG. 2. Swept-field cyclotron-resonance data at T =0.4 K
are shown in terms of cr for laser frequencies of (a) 25.4 cm
and (b) 58.6 cm '. The unlabeled dashed curves in (a) are at
v=1.7 and 1.3, and in (b) at v=0.3. The cr curves in (c) are
based on the theory outlined in the text with the disorder
scattering due to ionized impurities set back back between 25
and 35 nm from the 2DEG. The narrowing which occurs be-
tween v=1 (n =1 X10" cm ) and v= —', (n = —, X10''
cm ) is despite a dc mobility lower by a factor of 2 at the
lower density. In each case the undressed resonance occurs at
B =4.19 T.
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in 2(a) and 58.6 cm ' in 2(b)] for several values of the
2D carrier density, n . IAt v=0 8 [Fig. 2(b)] the
linewidth (0.012 T=0.17 cm ') is about eight times
more narrow than the corresponding conductivity reso-
nance width at 8 =0 as deduced from the dc mobility,
@=1.8 x IOs cm2/V s. For a system, such as the GaAs
2DEG, dominated by long-range scattering, there is no
simple relationship between the dc mobility and the cy-
clotron (i.e. , finite-frequency conductivity) resonance
linewidth. ' j Figure 2(c) shows the behavior expected
for 8 near v=1 on the basis of a theory which we de-
scribe below. It is apparent in Figs. 2(a) and 2(b) that
the linewidth narrowing for v & 1 is accompanied by a
substantial downward (upward) shift of the resonant
field (frequency). At the lower laser frequency the nar-
rowing is less dramatic, and the shift is larger.

In Fig. 3, we show the temperature dependence of the
resonance field and linewidth [full width at half max-
imum of 8; see Eq. (3)]. The gradual increase of B, for
T & 10 K persists to rather high temperature (T & 60
K), which may suggest a phonon- or band-structure-re-
lated mechanism for this behavior. In this Letter we
focus our attention on the lower temperature regime, in
which 8, increases abruptly for v=1 but not for v=0.7,
and the linewidth broadens for v=1 while narrowing for
v =0.7.

In a previous study of cyclotron resonance in the GaAs
2DEG Englert el al. have observed linewidth maxima at
v=2 and v=4. Linewidth oscillations with maxima at
even integral values of v' ' seem to be well described
by theories which reflect the absence of a contribution to
screening from intra-Landau-level excitations whenever
a Landau level is full. ' ' When the exchange enhance-
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FIG. 3. The temperature dependence of the resonant field
and linewidth at the laser frequency 25.4 cm ' are shown for
v =0.7 and 1.0. The resonance at v = 1.0 shifts upward
abruptly and broadens at low temperature.

ment of the g factor is sufficiently large, or the Landau-
level broadening sufficiently weak for the Landau level
to be spin split, the same effect should produce linewidth
maxima at odd integral values of v. In our observations
the linewidth increases dramatically as v approaches uni-

ty from below; however, the linewidths are smaller than
would be expected from the above theories and the
broadening is systematically associated with an upward
shift of the resonant field. Such an association is present
in the theory of Kallin and Halperin (KH) and we be-
lieve that our data provide the first convincing evidence
for the profound influence of electron-electron interac-
tions on cyclotron resonance which they predicted for
systems with sufficiently weak disorder.

The KH theory applies only for integral values of v

and is based on the observation that, without disorder,
the states with excitation energies near 6 ro„~ yf ~) (the
magnetoplasmons), are shifted upward by Coulomb in-
teractions ' by an amount which goes to zero as
~k~ 0. With disorder these modes are coupled and
the cyclotron resonance signal is the projection of their
density of states onto

~ yf&0). Because of level repulsion
the Coulomb interaction, which appears in the magneto-
plasmon dispersion, causes the cyclotron resonance posi-
tion to shift to lower frequencies and, by lifting the de-
generacy of the magnetoplasmon modes, reduces the
broadening. For v~1, the magnetoplasmon modes are
not exact eigenstates of the disorder-free Hamiltonian
but are expected to be well-defined collective modes.
Their dispersion relation has been evaluated' and the
matrix elements of the disorder potential can be ex-
pressed in terms of ground-state correlation functions.
In the regime where the fractional quantum Hall effect
occurs, the intra-Landau-level contribution to static
screening can be accurately approximated. ' In the
KH theory, the screening which appears for v & 1

reduces the coupling of magnetoplasmon modes so that
the downward shift of the cyclotron frequency and the
linewidth are reduced together, as in our data. The re-
sults illustrated in Fig. 2(c) are based on the generaliza-
tion of the KH theory to v & 1 outlined above. The de-
gree of linewidth narrowing is, on a quantitative level,
sensitive to the model used for the disorder potential, but
the qualitative aspects emphasized above are a generic
property of the theory.

Although the calculation is only for T =0 one can
qualitatively understand the temperature dependence ex-
hibited in Fig. 3 as follows. At v=1, the 2DEG loses its
ability to screen at very low temperature, because a large
gap opens up at the Fermi surface as a result of the
exchange-enhanced spin splitting of the Landau level.
The consequence of this is that the interaction between
the cyclotron mode (at ro, ) and the finite-wavelength
magnetoplasmons (at co & co, ) becomes dramatically
stronger since the impurity potential which mediates the
interaction is no longer effectively screened. The level
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repulsion then broadens the resonance and depresses the '

resonance frequency, thus producing the upward shift of
8, and the increase in width observed in Fig. 3 for v=1
at low T. For v & 1, on the other hand, screening simply
becomes more effective at low temperature which leads
to the linewidth narrowing shown in Fig. 3.

This temperature dependence is actually quite dif-
ferent from the expected signature of charge-density-
wave (CDW) pinning, which has been suggested as the
mechanism responsible for similar behavior observed in
the Si MOSFET 2DEG. In that picture one expects
that for v & 1 8, should decrease as the 2DEG is cooled
below a transition temperature, whereas at v =1 nothing
much should happen because the CDW ground state is
supressed. In contrast, we observe primarily an increase
in 8, for v=1 at low T, while for v& 1 8, does not
depart dramatically from its higher-temperature behav-
ior. This temperature dependence thus provides an ex-
perimental basis upon which to distinguish the between
the pinned-CDW model and the magnetoplasmon in-
teraction model presented here. The inability of simpler
one-electron models to account for the data has been
dealt with effectively in Ref. 23.

In conclusion, over a wide range of 2D carrier density
we observe a narrowing and shift of the dynamical con-
ductivity resonance which occurs as the filling factor is
reduced below 1. We show that this behavior is expected
in the regime in which the electron-electron interaction is
stronger than the disorder potential. It is due to a com-
bination of the upward shift from 6 co, of the
finite- wave-vector magnetoplasmons due to electron-
electron interactions, and the filling-factor dependence of
the screening from intra-Landau-level excitations.
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