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The cyclotron-resonance linewidth was studied in GaAs/GaAlAs heterostructures as a function
of filling factor, magnetic field, and frequency. Maxima in the cyclotron-resonance linewidth are

found for integer and for fractional Landau-level fillings of

5 4

3 3, and %, giving evidence for a re-

duced screening due to density-of-states gaps. For partly filled levels a strong reduction of the
linewidth due to resonant screening is found. The oscillations in the linewidth are highest for

high-mobility and low-density samples.

Transport studies of two-dimensional (2D) electrons in
GaAs/GaAlAs heterostructures have led to the
discovery of the quantum Hall and fractional quantum
Hall effects.!"? In a transport measurement the observed
physical quantity is averaged over the total sample; local
effects cannot be distinguished from global ones. A
complementary method is cyclotron resonance (CR),
which samples locally the high-frequency conductivity in
a magnetic field.

In a previous investigation of the CR linewidth,
Stérmer et al.’> and Voisin et al.* found a V'B depen-
dence in samples with rather low mobility, in agreement
with theoretical predictions.>® A quite complicated be-
havior of the linewidth was observed by Narita et al.’
and Muro et al.;® it was explained by the presence of a
pinned charge-density wave. Schlesinger et al.® observed
a splitting and broadening of the linewidth which was
not keyed to Landau-level (LL) filling (the LL filling fac-
tor v=2n,7l? with n, the 2D density and [ the cyclotron
radius). The observed behavior was explained by a
softening of the two-dimensional magnetoplasma mode.
Pronounced maxima in the observed linewidth were
found by Englert et al.'° at filling factors of 2 and 4, and
minima in between. This behavior was found only in
low-density samples (n, < 1.5X 10'' cm~2) and was ab-
sent for higher densities (n, >2.5x 10" cm~2). Weak
oscillations in the linewidth were also found by Gornik
et al.,'! while rather large oscillations were observed by
Rikken er al.,'*'* who reported anomalous structure in
the CR linewidth at or near the filling factors, where the
fractional quantum Hall effect in these samples occurs
(v=4%,%,7). In a recent paper Heitmann et al.'* have
shown large oscillations of the linewidth with the filling
factor up to v=>5 for 2D electrons in InAs.

A detailed calculation of the LL width and CR
linewidth was performed by Lassnig and Gornik'® and
Ando and Murayama'® and suggested a filling-factor-
dependent oscillation of the linewidth. The LL width
has maxima for filled and minima for half-filled LL’s,
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due to an oscillation of the static screening strength.
The situation that only low-density samples show the
theoretically predicted oscillation is still not explained in
a satisfactory way in the literature.

It is the aim of this paper to present a detailed study
of the cyclotron-resonance linewidth and to explain our
observed data in a consistent way. It will be shown that
linewidth maxima appear for filled levels and that the ex-
pected results are strongly influenced by saturation
effects. In addition, we have observed evidence for an
influence of the fractional quantum Hall effect on the
CR linewidth.

Far-infrared (FIR) laser transmission spectra were
measured as a function of magnetic field using several
laser lines between 90 and 240 pum from an optically
pumped FIR laser at temperatures between 1.6 and 2 K.
The filling factor was varied by illuminating the sample
with a light-emitting diode. Transmission spectra were
also taken with a Fourier transform spectrometer for the
same samples. The samples used were of Corbino
geometry. The carrier density was determined by
Shubnikov-de Haas (SdH) oscillations. The quality of
sample 1 is demonstrated by a set of SA4H measurements
in Fig. 1.

Cyclotron-resonance spectra for sample 1 taken with
the laser and the Fourier spectrometer are shown in Fig.
2. It is evident that the linewidth changes with filling
factor for both experimental techniques. The spectra
show clear evidence for a strong reduction in transmis-
sion of close to 50% at the resonance.

The measured spectra are analyzed by evaluating the
full width at half maximum. Experimentally determined
linewidths are plotted as a function of filling factor for
several samples in Fig. 3. For comparison we have in-
cluded the published data by Englert et al.'® The prop-
erties of the samples are listed in Table I. The linewidth
shows a clear maximum at v=2 for all samples. This
value corresponds to a LL gap. For different laser wave-
lengths we always obtained the same linewidth for the
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FIG. 1. One set of Shubnikov—-de Haas oscillations for sam-
ple 1 for two different concentrations (before and after il-
lumination). Curve a, carrier concentration n;=1.47x10"!
cm~2; curve b, n, =1.94x 10" cm~2. The values of the filling
factor (v) are indicated.

same v. There is a systematic decrease in linewidth with
decreasing v to extremely low values. The decrease for
v> 2 is smaller. No significant structure in the linewidth
is observed for v=1 and 3. These values correspond to
the spin gaps, which are much smaller than the LL gaps
(for even v values).

It is quite remarkable that the sample with the lowest
mobility [1(4.2 K)~10° cm?/Vs] shows a considerably
larger linewidth change between v=2 and v=1 than the
sample with the highest mobility [u(4.2 K)~10°
cm?/Vs]. Some additional structure is found around the
filling factors 4+ and 2 for samples with mobilities larger
than2 4x10° cm?/Vs and densities below 2.5x10'!
cm™?,

A very detailed study of the linewidth was performed
for sample 1, which shows the most pronounced struc-
tures. In Fig. 4 the laser data for this sample are shown
together with results from Fourier spectrometer mea-
surements. The Fourier data extend to lower filling fac-
tors and also show a small linewidth maximum at Z.
However, due to the limited resolution of the Fourier in-
strument and to problems with the determination of ab-
solute transmission values, the Fourier data are not as
accurate as the laser data. The accuracy of the analysis
is shown by the error bars. Therefore the main con-

TABLE I. Properties of the investigated samples.

in the dark at 4.2 K.
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FIG. 2. Transmission spectra for sample 1, taken with the
laser at the given wavelength (A) (top) and with the Fourier
spectrometer at the given magnetic field (B) (bottom) for
different filling factors.

clusion will be drawn from the laser measurements. The
Fourier data were taken to prove the consistency of the
data. Since the reduction in transmission at the reso-
nance is between 40% and 50%, an analysis of the spec-
tra has to be performed before an interpretation can be
made.

A Drude model was used to evaluate the transmission
data.!” We assume a single broadening parameter
I'=7""1in the expression for the conductivity,

oilw)=(ner/m*)[1+ilotw, )r] " .

The ratio of the transmittance in a magnetic field T(B)
to the transmittance T (0) without B for linear polarized
light is calculated for the given electron densities, using
7 as the only fitting parameter. For the transmitted in-
tensity we use the expressions

) T +T_
2T(0)

T(0)

with

The mobility and concentration were measured

Spacer

Sample thickness Mobility Carrier density
number (A) (cm?/V's) (cm~?)

1 370 4.0 x10° 1.2x 10"

2 (Sample of Ref. 10) 1.2 x10° 1.2 10"

3 360 1.0 x10° 2.0x 10"

4 220 6.1 x10° 2.3x 10"

5 240 6.0 x10° 2.4x 10"
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FIG. 3. Experimentally determined linewidth as a function
of the filling factor for several samples: Sample 1 (00), sample 2
(0), sample 3 (+), and sample 4 (A).
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T(0)=T4 (w,=0), and w,=eB/m*. ¢, is the dielectric
constant of the semiconductor and I'; =pqcne?/m*[1
+(e)'"?].

In this model an analytical expression can be given for
the half-width I':
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1—(1+TI,7)?
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In the limit 7— o, which is equivalent to u— o, the
half-width approaches a constant-—saturated —value of
I';;=2I';. Thus the lowest observable value of the
linewidth is a function of n;. As a consequence the eval-
uation becomes difficult for spectra approaching the lim-
iting linewidth 2I';. This is the case in our data for
filling factors around 1 and below.

The obtained 1/7 values are plotted in Fig. 4 as a
function of the filling factor for sample 1. It is clearly
seen that the oscillations in linewidth are strongly
amplified by the analysis. The v=2 maximum becomes
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FIG. 4. CR linewidth vs filling factor for sample 1. The cir-
cles correspond to laser measurements, the asterisks to Fourier
spectrometer data. The 1/7 data, obtained by fitting the exper-
imental curves (see text), are characterized by squares. The
dashed curve is for guiding the eye. 2T indicates the satura-
tion limited linewidth.
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quite pronounced, and the change in 1/7 between the
lowest and highest value is as large as 15. A maximum
at v=1 also becomes apparent, which is considerably
smaller than the structure at v=2. The maxima at frac-
tions of 3 and 4 become clearly distinguishable and the
maximum at v=2 less pronounced. The error bars indi-
cate the difficulty of the analysis for the narrowest lines.
Our data are not obscured by subband resonances, since
we have observed the linewidth maxima for fractional
fillings for different laser frequencies. In addition, we do
not see any discontinuities in the cyclotron mass between
v=1 and v=2. The dependence of the CR mass deter-
mined from the position of the resonance peak and nor-
malized with respect to the effective-mass value of
m§ =0.065m, is shown as a function of the filling factor
in Fig. 5. The laser data for two different lines show a
similar behavior, which has been found in earlier work.!8
By illuminating the sample first, the depletion charge is
compensated and the effective mass is decreased. If the
carrier concentration increases further, the mass in-
creases due to nonparabolicity; at v=2 especially a step
increase is observed. In addition, the mass dependence
of the Fourier data is shown in Fig. 5. The behavior is
very different because of the different experimental situa-
tion. In this case the carrier density is constant and the
filling factor is changed by the magnetic field. It can be
clearly seen that at high magnetic fields and lower values
of the filling factor the nonparabolicity plays an impor-
tant role and therefore the CR mass is increasing.'®
Similar results have been found by Thiele et al.?°
First we want to discuss the linewidth for integer
filling: The linewidth values for v=2 (Landau gaps) are
of special interest because only inter-LL (nonresonant)
screening arises.'>!® A plot of the experimentally ob-
served linewidth and of the evaluated fitting parameter
1/7 as a function of the zero-field mobility is shown in
Fig. 6. Both plots clearly show a dependence on u~!/2.
Several samples with different mobilities and densities
varying only between 1.2x10'' and 2.4x10' cm~2
were used. The most conclusive results are from sam-
ples with the same density and considerably different
mobilities. The interpretation of the data is straightfor-
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FIG. 5. The normalized CR mass (m§ =0.065m,) as a func-
tion of the filling factor. The circles represent the data of the
laser line with wavelength 118.8 um, the asterisks correspond
to the 170.6-um line, and the crosses are the Fourier data.
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ward. The zero-field mobility and thus the scattering
time 7Tpc is inversely proportional to the number of
scatterers.?’?> That means that a plot as a function of
mobility is equivalent to a plot versus the reciprocal of
the number of impurities N;. On the other hand, the
main process which determines the LL broadening and
thus the CR linewidth is the virtual double scattering at
the impurities. Thus in the above situation 7y is propor-
tional to (N;)!”?, as demonstrated in Fig. 6. The same
behavior has been found in bulk GaAs previously.?* The
level width predicted by the theory for short-range
scatterers (point scatterers),®

Dsr=[(2/m)(#2e*B /m**u)]'?

is also plotted over u in Fig. 6 for a magnetic field of 5
T. The obtained values lie systematically a factor of 2
above the experimental values. This reflects the long-
range nature of the impurity potentials, which are less
effective in the dynamic (local) CR process than in the
dc response.

For partly filled LL’s, intra-LL screening strongly
reduces the level width, which explains the drastic drop
of the linewidth close to the integer values. For v <1 ex-
tremely narrow lines are observed, approaching the lim-
iting values due to saturation effects. The saturation
effects are also the reason that the main features in the
linewidth are masked for samples with densities higher
than 2.5x 10! cm~? and mobilities higher than 500 000
cm?/Vs. Furthermore, the superposition of individual
CR transitions, which differ due to nonparabolicity, can
alter the behavior. It could even lead to maxima in
linewidth at half fillings.

In addition to the well-understood linewidth maxima
at filled LL’s, easily distinguishable maxima are observed
at fractional fillings of %, 4, and not so pronounced at %.
We want to discuss two explanations for the appearance
of this effect. (a) Through localization and condensation
into the fractional state, resonant screening is reduced,
which leads to an increase of the CR linewidth. This is
equivalent to the formation of a density-of-states gap.
(b) The CR-excitation process leads to an inelastic break-
ing of fractional states. Inelastic processes have been
used to explain line shifts in the photoluminescence from
fractional states in n-channel Si metal-oxide-semicon-
ductor field-effect-transistors (MOSFET’s).”* Since we
do not observe significant shifts in the line position to-
gether with the broadening we favor the first explana-
tion.

The observation of an influence of the fractional state
on a local property such as CR is not contradictory to
the fact that the dc conductivity does not show a struc-
ture at these fractions at the temperatures used (they are
observed below 1 K). Since the fractional gap is on the
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FIG. 6. CR linewidth values at v=2 and fitting parameter
1/7 as a function of the zero-field mobility (samples 1-5). The
slope of both lines is — 5. Tgg is the CR linewidth for short-
range scatterers predicted by the theory of Ref. 6.

order of the experimental temperature,”’ a certain frac-
tion of the electrons will be condensed. Therefore we ex-
pect to be able to observe these locally condensed areas
with a change in CR linewidth. For an observation in
dc transport the states have to extend from contact to
contact. In addition, we can argue that localization
which is needed to observe plateaus is reduced by the
“high” temperature used (2 K), while CR will not be
influenced by disorder in the same way as dc transport.
The properties of sample 1 which show the most pro-
nounced effects are consistent with the above arguments:
sample 1 shows extremely narrow plateaus for integer
filling, indicating rather weak localization.

In a recent paper Schlesinger et al.’® report an
analysis of the dynamical conductivity for v=1 and
below. They observed a systematic linewidth narrowing
and resonant field shift below v=1, which are also ob-
served in our data. However, the observation of a
linewidth change at fractional filling seems to be keyed
to samples which show very strong linewidth oscillations
between v=2 and v=1 and still have a high mobility.
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