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Anomalies in the cyclotron resonance in high-mobility GaAs-Ga& „Al„Asheterojunctions
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Frequency-dependent cyclotron-resonance measurements are reported on a series of GaAs-
Ga~ „Al„Asheterojunctions with some of the highest mobilities achieved. Both the effective mass
and resonance linewidth show anomalies which appear to be related to a level-filling factor of
v=n, h/eB close to 2. A modified Kramers-Kronig analysis demonstrates that the two are directly
linked and have a common origin. At high fields where only one Landau level is occupied {v(2),
the resonance position is shifted to higher frequencies {lower mass values) than would be expected
for simple free-carrier behavior. This is thought to be due to potential fluctuations giving rise to
weakly bound states for electrons in the lowest Landau level, implying that "extrinsic" effects are
significant even in these very-high-mobility samples.

I. INTRODUCTION

There have been a number of studies of cyclotron reso-
nance in two-dimensional (2D) systems in which
anomalies in the effective mass and resonance linewidth
have been observed at low temperatures. The first results
were obtained using silicon metal-oxide-semiconductor
(MOS) structures. As the electron density n, was de-
creased, an initial rise in the cyclotron mass was seen and
attributed to electron-electron interactions. ' At lower
densities, below the metal-insulator transition, a sample-
dependent fall in the mass was observed, accompanied by
a rapid narrowing of the linewidth. '

This was interpreted as an "impurity shift" of the cy-
clotron resonance due to localization by the random dis-
order potential, ' although a single-particle picture did
not seem able to explain all the results. ' Wilson et al.
were the first to demonstrate a direct correlation of these
effects with the Landau-level filling factor vn, h/eB,
and suggested the formation of a pinned charge-density
wave or "Wigner glass" state as the most plausible inter-
pretation.

More recent work has concentrated on GaAs-
Ga& Al As heterojunctions. Englert et al. observed
maxima in the resonance linewidth when an integral
number of Landau levels were filled (v=2, 4, 6, . . . )
which are believed to be caused by a filling-factor depen-
dence of the screening of the impurity scattering. ' A
careful study of the linewidth in InAs quantum wells

showed oscillations up to v= 14." An anticrossing be-
havior of the cyclotron mass, with a splitting of the reso-
nance, was seen at frequencies proportional to n,'

This was attributed to coupling to magnetoplasmons;
however, similar structure has been found to depend
upon the component of magnetic field parallel to the 2D
layer and to vanish with increasing mobility, which seems
inconsistent with this explanation. ' Cyclotron-mass
anomalies which occur at constant filling factors have
also been observed. ' ' Schlesinger et ar. ' saw a de-
crease in the mass and narrowing of the linewidth for
v ( 1, which they interpreted in terms of reduced screen-
ing of the disorder-induced coupling to magnetoplasmons
at v=1. Ensslin et al. ' found a steplike decrease in the
cyclotron mass together with a linewidth maximum as
the filling factor was decreased below 2 with a similar,
but considerably weaker, structure near v= 1. It was sug-
gested that this could be caused by the effect of filling-
factor-dependent screening upon the degree of localiza-
tion of the carriers, combined with coupling of the cyclo-
tron transitions originating from different levels by
electron-electron interactions. ' ' Much larger shifts in
the cyclotron mass for v(2 have been seen in samples
where disorder has been deliberately introduced into the
region of the 2D layer by electron irradiation ' ' or the
incorporation of a 6-doped layer of donors or accep-
tors 21 —22

In this paper we present an investigation of the fre-
quency dependence of the cyclotron resonance in some of
the highest-quality GaAs-Ga& „AlAs heterojunctions
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available. Particular attention was paid to the frequency
range where the transition from the low-field regime
(v) 2) to the quantum limit (v(2) occurs. The anoma-
lous effects discussed above must somehow be connected
with the presence of impurities or disorder, since Kohn s
theorem shows that electron-electron interactions can-
not change the cyclotron mass in a translationally invari-
ant system. One might, therefore, hope to see an "intrin-
sic" cyclotron resonance free of anomalies in these very
pure samples. Instead, a large discontinuity in the cyclo-
tron mass and a sharp maximum in the linewidth are seen
near v=2, particularly at low electron densities, and the
resonance position at higher fields is found to be shifted
to higher energies relative to the behavior expected for
free carriers.
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II. EXPERIMENTS AND RESULTS

The samples studied were grown by molecular-beam
epitaxy at Philips Research Laboratories, Redhill, and at
Fernmeldetechnisches Zentralamt (FTZ), Darmstadt.
They consisted of conventional heterojunctions with wide
spacer layers (750—3200 A) and very high mobilities, typi-
cally of order 10 cm V 's '. The individual sample
characteristics are given in Table I. Shubnikov —de Haas
and Hall measurements were used to determine the elec-
tron densities, which were varied using the persistent
photoconductivity induced by illumination with a red
light-emitting diode (LED). For the sample with the wid-
est spacer layer (G161) cyclotron resonance could only be
measured after the electron density had been increased by
illumination, probably due to a vanishingly small carrier
density in the dark. The cyclotron resonance was mea-
sured in transmission, using both far-infrared (FER) lasers
and a Fourier transform spectrometer. The sample sub-
strates were wedged to avoid interference effects.

Figure 1 shows the frequency-field dependence of the
cyclotron effective mass, defined as m *=eB/co, and reso-
nance half-width for sample 1532 at electron densities of
n, =0.8X10" and 1.5X10" cm . Landau-level filling
factors (v=n, h /eB) of 1 and 2 are indicated in the
figure. These results were obtained at 2.1 K using a
Fourier transform spectrometer, but no significant
differences were found when the experiments were repeat-
ed at 1.3 K using a FIR laser. The half-widths were tak-
en as half the width of the resonance when the change in
transmission is half that at resonance. This does not give

FIG. 1. The magnetic field dependence of the cyclotron
eA'ective mass m*/I, and measured half-width at half max-

0
imum absorption I, /2 for sample 1532 (750-A spacer) at carrier
concentrations n, of 0.8 and 1.51 X 10" cm . The fields corre-
sponding to filling factors v of 1 and 2 are indicated. Both dots
and crosses are used, depending on the density of' experimental
point.

a direct measure of the true resonance broadening when
the linewidth is very narrow due to the very large
reflection coeflicient. Theoretically this could easily be
accounted for by plotting the quantity

fi/r = 1 fico—
where

co =n, e /eocm'(1+nG), (2)

I is the measured resonance half-width and nG is the re-
fractive index of GaAs. In practice, the linewidths mea-
sured in the quantum limit are very close to the satura-
tion value Ace~, and so the uncertainties in the scattering
times deduced become very large. We have therefore
plotted the experimental transmission half-widths I »z
(cm ') or W',

&2 (mT), which are always an overestimate
of the true resonance broadening A/z.

Above a frequency of about 50 cm ' (B =3.5 T) the
effective mass increases approximately linearly with fre-
quency, with a small change in gradient at the fields cor-
responding to a filling factor of 1, which becomes more
pronounced at higher electron densities. Such an in-

TABLE I. Sample characteristics.

Sample
no.

Spacer
thickness

(nm)
Dark

p (10 crn /Vs) (10" cm-')
Light'

p (10 cm /Vs) N, (10" cm )

G161
G139
G63
G156
1532

320
160
80
80
75

0.25
0.75
0.8
0.45

0.25
0.85
0.8
0.8

0.1b

0.6
2.1

2.0
F 1

0.5
0.6
2.0
1.7
1.5

'As illuminated for this experiment. These are not necessarily the saturation values.
Estimates due to difhculties in establishing good electrical connections to the layer.
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FIG. 2. The frequency dependence of m*/m, and 8'Iz&, the

half-width in magnetic field, for sample G156 (800-A spacer) at

n, =8X10' cm . The dashed line shows the expected nonpar-

abolicity and the solid lines are guides to the eye.

150

crease can be understood from the band nonparabolicity
and polaron coupling, as discussed below. The small
discontinuity in the mass and peak in the linewidth
around 10 T was only weakly dependent upon the elec-
tron density and is due to the well-known subband-
Landau-level coupling. ' This results from the pres-
ence of a small magnetic-field component in the plane of
the layers due to misorientation of the sample, which is
difficult to avoid experimentally. Comparison with deli-
berately misoriented samples allows us to estimate the
orientation errors to be of order 0.5'.

However, the most striking features of the data shown
in Fig. 1 are the large and rapid variations in the effective
mass at low fields, accompanied by large peaks in the
linewidth. These features shift to higher fields with in-

creasing carrier concentration and appear to be tied to a
particular value of the filling factor v close to 2. .When
the carrier density is increased, the size of the mass
discontinuity decreases, but the peak value of the
linewidth is almost unchanged.

In Figs. 2—4 we show FIR laser results from three oth-
er samples with electron densities in the range
0.3X10"—0.8X10" cm, all of which exhibit these
eff:cts. These samples were grown under similar condi-
tiozis and differ only in the thickness of their

Ga, Al As spacer layers, which varied between 800
and 3200 A. Figure 2 shows the frequency dependence of
the effective mass and the halfwidth of sample G156 with

an electron density of n, =0.8X10" cm, so that the
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FIG. 3. The frequency dependence of m*/m, and 8'&&~ for
sample G139 (1600-A spacer) at n, =2.5 and 6X 10' cm . The
dashed line shows the expected nonparabolicity. The solid lines

are guides to the eye.

fundamental frequency corresponding to v=2 is 22+2
cm as indicated in the figure. In the frequency range
50—150 cm ', the effective mass again increases nearly
linearly with frequency due to the nonparabolicity, with a
steeper increase at higher frequencies due to the onset of
resonant polaron coupling. However, at frequencies
below 50 cm ' the mass falls rapidly below a linear extra-
polation of the higher-frequency results (indicated by a
dashed line in Fig. 2) until, at a frequency of 24 cm, the
mass increases again, very sharply. The mass discon-
tinuity is again accompanied by a broadening of the reso-
nance, which has a maximum width where the discon-
tinuity occurs.

The data taken from the two samples with the lowest
electron densities and widest spacer layers, shown in Fig.
3 and 4, are particularly striking. Results are shown for
sample G139 (Fig. 3) both before and after illumination
and for sample G161 (Fig. 4) after illumination. These
samples had spacer layers of 1600 and 3200 A, respective-

ly, and electron densities as low as 0.3 X 10"cm, corre-
sponding to the quantum limit being reached at a fre-

quency of 8 cm ' (B=0.6 T). The cyclotron mass can
be seen to decrease rapidly with decreasing frequency as
v=2 is approached. The low electron densities lead to
very narrow linewidths, and hence accurate mass values
even at these low fields, except near v=2. In this region
the greater broadening and consequently reduced max-
imum transmission change cause larger uncertainties.
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broadening occurred. The broadening of the resonance
near v=2 can be clearly observed, but the resonances do
not become noticeably asymmetric in this region.

Several trends can be inferred from the data given in
Figs. 1—4. Increasing the electron density, either by il-
luminating the sample or by decreasing the spacer layer
thickness, increases the frequency at which these features
occur. In all cases this frequency appears to be tied to a
filling factor of 2, although the resonance broadening is
weighted toward the lower-frequency (higher v) side of
the fundamental field. The resonance broadened, in most
cases, to a maximum halfwidth of —50 m T, but the mag-
nitude of the mass discontinuity increased with decreas-
ing electron density. In addition, the sharpness of the
linewidth maximum and the mass discontinuity increased
with decreasing n, . These trends have also been observed
in several other samples grown at Philips Research La-
boratories and FTZ.

III. ANALYSIS AND DISCUSSION

I I I

50 100
1
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Fr equency {cm )

FIG. 4. The frequency dependence of m */m, and 8'&z& for
0

sample 6161 (3200-A spacer) at a carrier concentration of ap-
proximately 5 X 10' cm, The dashed and dotted-dashed lines
show fits to the data assuming an energy oA'set in the resonance
of linear and quadratic form, respectively. The "error bars" in-

dicate the measured half-width of the resonance; the actual un-

certainty in the cyclotron mass is an order of magnitude small-
er.

The bars in Fig. 4 show the full widths of the resonances,
and it can be seen that for v &2 the divergence of the
mass from the expected linear frequency dependence is
substantially larger than the linewidth. In sample G161,
the half-width remains at 6—7 m T down to a frequency of
17 cm ', where the resonance is shifted from its expected
position by -25 mT.

Some typical experimental recordings from sample
G139 after illumination are shown in Fig. 5, covering the
frequencies at which the mass oscillation and resonance
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FICi. 5. Some typical experimental recordings of the cyclo-
tron resonance in sample G139 after illumination, showing the
linewidth broadening near v=2 (corresponding to a wavelength

of 600 pm).

Before discussing these results, let us first consider the
behavior we might expect to see for an "intrinsic" cyclo-
tron resonance. It is well known that the Landau-level
separation is not exactly proportional to the resonance
field and varies with Landau quantum number because of
the band nonparabolicity and polaron coupling.
In the quantum limit, only transitions from the lowest
Landau level are possible and the mean energy of these
transitions, and hence the cyclotron mass, should in-
crease approximately linearly with frequency. Below the
fundamental field, higher Landau levels are populated
and transitions from the two highest occupied levels can
occur. The observed cyclotron resonance should thus
consist of two transitions (which may not be resolved)
with relative intensities determined by the level popula-
tions and matrix elements. However, the average energy
of these transitions will remain approximately constant at
EF(B=0)=~Pi n Im *, and so the cyclotron mass should
be almost field independent, with only small oscillations
as a function of filling factor. These oscillations should
be stronger for higher fundamental fields, and small
frequency-dependent oscillations in the cyclotron mass
have indeed been observed ' in samples with higher elec-
tron densities than those considered here, and were in
reasonable agreement with theory. In addition, the en-

ergy dependence of the electron g factor should lead to a
slight difference in energy between the spin-up and spin-
down transitions between a given pair of Landau levels.
In the limit of vanishing temperature, this should cause
the appearance of a second resonance for 1 & v & 2 and a
third resonance for higher filling factors.

In our measurements we observe a single resonance
over the whole frequency range studied. This is not alto-
gether surprising, since the predicted splittings between
the various transitions are in all cases smaller than the
resonance halfwidths. The approximately linear increase
in the cyclotron mass with frequency for v& 1 apparent
in Figs. 1 and 2 is consistent with five-band k p theories
of the band nonparabolicity ' and a nonresonant pola-
ron coupling which is smaller than the bulk value due to
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the finite thickness of the 2D layer and many-body
effects. ' The change in gradient of the frequency
dependence of the cyclotron mass at v= 1 (Fig. 1) could
be explained by the increasing inhuence of the cyclotron
transition from the upper spin component of the lowest
Landau level as the filling factor increases from 1 to 2.
However, there is some suggestion of a minimum in the
mass at v = 1, and a stronger minimum was seen by Enss-
lin et al. ' at higher electron densities. In other cases a
steplike decrease in the mass has been seen. ' ' It is
difficult to see how nonparabolicity could account for
these structures, and it certainly cannot explain either the
rapid fall in the cyclotron mass as v increases towards 2
or the magnitude of the mass discontinuity near v=2.
This is particularly apparent for the lower-electron-
density samples, where the mass in fact falls below the
bulk GaAs band-edge mass of m*=0.0660m, as has
also been in other studies. ' '

An approximate analysis suggests that the drop in the
effective mass m *(8) as v increases towards 2 can be ac-
counted for by an offset energy for the resonance of the
form

(fico) =(fico, ) +b,g

corresponding to binding by a harmonic-oscillator poten-
tial, where co, is the unperturbed cyclotron frequency.
The frequency dependence of the resonance is complicat-
ed by the presence of the band and polaron nonparaboli-
cities. This has been studied in detail at higher energies
where it was found that for ~ ~ 150 cm ' the energy
dependence of m* for the lowest cyclotron transition is
well described by the relation

2EC2
1 + %co

mo &g
(5)

where m 0 is the subband-edge mass and K2 is approxi-
mately —1.4. Since the energy offset is much smaller
than the measurement frequency co, we can reduce Eq. (3)
and (4) to the form

A~'=A~, +EL

(iiico') =(%co, ) +b,g,
where co, = eB/m o and co has been corrected to

fico=AeB Im *(8)=(fico, + b, L )

appropriate for binding to an isolated shallow impurity
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give values of b between 0.03 and 0.10 meV for a linear
o5'set and between 0.38 and 0.55 meV for a quadratic
sum. It is not possible to make an unequivocal decision
from these fits as to which offset sum is more appropriate,
although the quadratic sums give values which vary less
between the different samples. The results of fits using
the parameters hL and 6& of Table II are shown in Fig. 4
for sample G161.

The offset resonance is only observed at fields where
the filling factor has fallen below 2 and the only cyclotron
transitions possible originate from the lowest Landau lev-
el. There is a transition back to a direct proportionality
between frequency and field at lower fields (Fig. 6), and
the peak in the linewidth coincides with the change in be-
havior. By introducing a modified form of Kramers-
Kronig analysis we can in fact show that the two are
directly related. For a given resonance the shift and
broadening may be described by a self-energy shift of the
form

E(B)=b,(B)+iI (8) .

Provided that E (8) is an analytic function of 8, as would
appear to be the case from Fig. 1, we can use complex
analysis to show that

~( )
1

y
I (8')dB'
8' —8

I I I

0 I 2 3
Magnetic Field (T)

FIG. 6. A plot of the resonance positions against frequency
.for sample G139 after illumination, corrected for nonparabolici-
ty using Eq. (7}. The solid line is a linear fit to the points for a
filling factor v of less than 2, and the intercept at 8 =0 gives the
offset 51 . The dashed line has the same slope but no offset.

2%2
1 + f1Qp

(g)
aild

to take into account the nonparabolicity. This allows us
to use linear plots to determine the offset parameters h.
A typical curve is given in Fig. 6 for sample G139. The
values of b deduced from the two types of analysis (the
linear and quadratic sums) are shown in Table II. These

Using this analysis and the assumption that
I (8)=I ( 8), the linewidth —data plotted in Fig. 1 for
the higher electron density have been transformed to give
the resulting shift in the energy 6(8). This is shown in
Fig. 7. It is clear that the effect of the linewidth peak
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Sample
no. Condition

TABLE II. Offset cyclotron-resonance fits.

Linear fit
Aco=kco, +6

AL (meV) mp/1723

Quadratic fit

(Ace) =(A'co, ) +kg
6& (meV) mp/m,

G161
G139
G139
G63
G156
1532

light
dark
light
dark
dark
dal k

0.05
0.10
0.06
0.03
0.07
0.05

0.06662
0.06742
0.06761
0.06722
0.06757
0.06741

0.39
0.55
0.53
0.38
0.54
0.46

0.06618
0.06663
0.06722
0.06706
0.06704
0.06710

0.5—
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FIG. 7. The experimentally measured resonance half-width
in sample 1532 after illumination (upper trace, from Fig. 1) and
the corresponding offset of the resonance position (lower trace)
deduced from the modified Kramers-Kronig relations as de-
scribed in the text. The half-width has been assumed constant
below the lowest field measurements ( —1 T) and the offset has
arbitrarily been set to zero at zero magnetic field.

around v= 2 is to generate a corresponding shift 6 in the
resonance position of magnitude 0.07 meV, with a second
shift appearing around the subband coupling. The shift is
similar to the values of 6 deduced from the linear shift
analysis of the resonance position (Table II), with the
proviso that the origin of b,(8) is arbitrary since I (8)
was assumed to be constant below the lowest field at
which measurements could be made ( —l T).

The conclusion from this analysis is that the physical
origin of the high-field, low-occupancy energy shift of the
resonance and the broadening at v= 2 are related, and are
a consequence of the change in the behavior at v=2. A
change in the position of the resonance is by itself
sufhcient to explain the appearance of the linewidth max-
imum. This idea has already been suggested by the
theoretical analysis of Gold, in connection with
impurity-induced coupling to plasmons and single-
particle excitations, where the memory function ap-
proach was used to show that the broadening and self-
energy shift were directly related. However, filling-
factor-dependent effects were not considered.

Broadening of the cyclotron resonance in a 2D electron
gas when an integral number of Landau levels are filled
has been observed by several workers. ' '" When the
Fermi energy lies between two Landau levels, screening
can only occur through interlevel excitations and is thus

strongly suppressed at low temperatures, causing the res-
onance to broaden. Such a reduction in the screening
should also be possible at odd integer filling factors,
where the Fermi energy lies between the two spin-split
halves of a Landau level, but no observations of this have
been reported. As discussed above, the broadening of the
resonance will be associated with a fall in the resonance
field and the cyclotron mass due to the interdependence
of the real and imaginary parts of the dielectric function
through the Krarners-Kronig relations. Filling-factor-
dependent screening cannot, however, provide a complete
explanation for our results since one would then expect
the cyclotron mass to be unperturbed in the high-field
limit (v((2), whereas an offset resonance is in fact ob-
served.

Changes in the screening as a function of filling factor
may indirectly affect the cyclotron mass by modifying the
interactions between the cyclotron motion and other
modes in the system. Schlesinger et al. ' attributed the
fall in the mass and narrowing of the linewidth they ob-
served for v & 1 to enhanced coupling to higher-energy
mpgnetoplasmons at v & 1. Such coupling can only occur
through the disorder potential, since all the magneto-
plasrnons are degenerate with the cyclotron resonance at
k=O (Ref. 33) as required by Kohn's theorem. ' The
Coulomb interaction then acts to increase the splittings
between the modes, thus depressing the cyclotron fre-
quency. This mechanism should cause a maximum in the
cyclotron mass at v=1, rather than the steplike behavior
seen, ' ' while at higher electron concentrations a
minimum in the cyclotron mass was in fact observed.
Ensslin et al. ' also observed structure near v=2 similar
to that reported here, and suggested that reduced screen-
ing of the random impurity potential, leading to an in-
crease in electron localization, could play a role in this.

The most striking similarities with the results present-
ed here come from the work of Sigg et al. , ' ' where cy-
clotron resonance was studied in GaAs-Ga

&
„AlAs

heterojunctions with disorder deliberately introduced by
electron bombardment, and the early work on silicon in-
version layers. ' In both cases a shifted resonance, cor-
responding to a decrease in the mass, was observed for
occupancies of v & 2, and the magnitude of the shift was
dependent upon the sample or disorder level. These re-
sults were interpreted using the coupled harmonic-
oscillator equation [Eq. (4)]. The effect of disorder on the
cyclotron mass has not been extensively studied theoreti-
cally, but a simple model ' assuming potential Auctua-
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tions varying slowly on the scale of the cyclotron radius
I, =(AleB)'~ shows that the change in frequency of the
cyclotron motion is given by the local curvature of the
potential:

fico A—co, =—,'(l, V) V(r) .

Once the ground Landau level has been completely filled,
the shift vanishes because the curvature of the potential
for the occupied states becomes zero on average. For a
weak harmonic potential, Eq. (12) reduces to a quadratic
shift of the form given by Eq. (4). The cyclotron reso-
nance in the presence of an assembly of such potentials
was studied theoretically by Mikeska and Schmidt, who
found that for low densities of localization centers
X, «n, there could be an abrupt transition in the cyclo-
tron mass at v=2. The critical parameter is the filling
factor, not the number of impurities generating the disor-
der potential, because nearly all the electron states are ex-
pected to be localized. Once the second Landau level
begins to fill, the localized states must each accomodate a
second electron, which will be much less strongly bound
than the first. This causes the discontinuous jump in the
resonance position near v=2. The analogy for an isolat-
ed impurity is the binding of a second electron to a neu-
tral donor to form the D state. We believe that this
model provides a good basis to interpret our results in
terms of a cyclotron resonance originating from weakly
localized states in the lowest Landau level, even in these
very high mobility samples.

Ando has shown that for low densities of scattering
centers discrete impurity states or bands can be formed,
splitting off states from the main Landau levels. This
does not seem to be occurring in our measurements, since
we do not observe separate impurity-shifted transitions.
Such transitions should only be clearly seen when the
number of impurities is comparable to the electron densi-
ty, which is unlikely to be the case in our high mobility
samples. However, they have been observed in
quantum-well samples with deliberately doped wells
and in cyclotron emission experiments on GaAs-
Ga, „AlAs heterojunctions, where the low density of
excited electrons and the relaxation times involved favor
their observation.

The origin of the localization potential could be related
to the remote impurities in the n-Ga& „Al„Asbeyond
the spacer layer, interface fIuctuations, or the residual im-
purities in the nominally undoped GaAs. The remote im-
purities are not thought to be significant, as the offsets
shown in Table II do not appear to have any systematic
dependence upon the spacer layer thickness. An interest-
ing feature of the results of Sigg et a/. , ' ' where disor-

der was induced by electron irradiation and subsequent
annealing to create controlled numbers of repulsive
scattering centers, was the apparent relation between the
offset frequencies 6 determined from a quadratic fit to
the resonance positions [Eq. (4)] and the density of
scattering centers N, . They found that 6 (meV )

=(1.3X10 ' )N, (cm ). Using this formula the offsets
given in Table II suggest that X,= 1.1 X 10 —2. 3
X 10 cm, almost 2 orders of magnitude smaller than
n, . The condition X, «n, required for the validity of
the theoretical description of Mikeska and Schmidt is
thus easily fulfilled. In fact, this value of X, is of the
same order as the number of residual impurities in the
GaAs within the 2DEG wave function. These, like the
electron bombardment damage, are expected to consist
mainly of repulsive scattering centers. The doping level
of the GaAs is believed to be of order X~+ND =4X10'
cm (Ref. 25) which, when combined with a wave-
function extent of -2SO A, gives a sheet impurity con-
centration of 1 X 10 cm within the 2D electron layer.

In conclusion, we have observed strong anomalies in
the cyclotron resonance in very high mobility heterojunc-
tions. These appear to be related to a filling factor of
v=2, with a transition to "classical" behavior in the
high-density, low-field limit. The use of a modified
Kramers-Kronig type of analysis demonstrates that the
change in the character of the resonance at v=2 can lead
directly to the maximum in the linewidth. This broaden-
ing does not require any separate explanation, as suggest-
ed by some authors, but is a direct consequence of the
rapid change in resonance position at the critical occu-
pancy of v=2. The experimental results can be qualita-
tively interpreted using a model based on shifts in the res-
onance position induced by localization due to random
potential Auctuations. A complete explanation of the
data would also require filling-factor-dependent screen-
ing, coupling to magnetoplasmons and hybridization of
the different cyclotron transitions to be taken into ac-
count. However, such effects can have no inhuence upon
the cyclotron mass in the absence of disorder, and so the
presence of impurities must be invoked to explain the in-
frared properties of even the highest-quality heterojunc-
tions currently available.
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