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The temperature dependence of the cyclotron-resonance linewidth has been measured in several
GaAs-Ga& „Al As heterojunctions up to room temperature. For high temperatures (T )50 K) the
linewidth is consistent with scattering dominated by LO phonons. Below -50 K the linewidths
were much smaller and showed greater temperature dependences than expected from low-field mo-

bility calculations. The values measured at 4 K were in general agreement with theoretical calcula-
tions in which screening was included self-consistently. The low-temperature linewidths varied
slowly with electron concentration or inverse spacer-layer thickness, suggesting that scattering by
either impurities in the GaAs or alloy disorder in the Ga& „Al As may be the dominant mechanism
at high fields. The linewidth values lead to the deduction of a short-range scattering mobility limit
of order 10 cm V ' s

I. INTRODUCTION

There have been many studies of cyclotron resonance
(CR) in the two-dimensional electron gas (2D EG) formed
in GaAs-Ga, „Al As heterojunctions. ' ' However, in-
terest has focused principally on measuring the resonance
field (BIt ) and the linewidth at low temperatures, whereas
this paper will focus primarily upon the temperature
dependence of the linewidth between liquid-helium and
room temperatures.

The study of the CR linewidth is of interest because,
being a local transition, the linewidth is largely deter-
mined by potential fluctuations of range less than or of
the order of the cyclotron radius (homogeneous broaden-
ing). ' Longer-range Auctuations (inhomogeneous
broadening) will have a similar effect on all the Landau
levels and so will make little contribution to the lifetime
broadening in the linewidth. Thus we do not expect the
cyclotron-resonance linewidth to be simply related to the
low-field mobility or the density of states deduced from
"thermodynamic" measurements such as de Haas —van
Alphen or specific-heat ' studies, which are sensitive to
the inhomogeneous broadening.

In addition, the extremely sharp discontinuous density
of states formed in 2D systems at low temperatures and
high fields is thought to result in greatly enhanced free-
carrier screening which plays an important role in deter-
mining the low-temperature CR linewidth. Maxima
observed in the linewidth of high-quality GaAs-
Ga& „Al As heterojunctions at fields corresponding to
even filling factors ' ' have been attributed to a reduc-
tion in the screening when the highest occupied Landau
level is full and the density of states at the Fermi energy
is small. Further evidence of strong screening in GaAs-
Ga& „Al As heterojunctions at high fields comes from

the unexpectedly large increase in the efFective mass with
temperature and from the reduced nonparabolicity rela-
tive to that found in bulk GaAs, which were attributed to
temperature-dependent screening of the electron-phonon
interaction. ' ' Thus the CR linewidth in high-quality
2D systems provides a method of studying electron
scattering in a highly screened system.

In this paper we present a study of the temperature
and magnetic field dependence of the CR linewidth in a
series of high-quality GaAs-Ga& Al As heterojunc-
tions. The CR has been studied as a function of tempera-
ture from -2 to 280 K and of resonant field at both -2
and 90 K, and the results are compared with theoretical
calculations of the linewidths.

II. SCATTERING MECHANISMS
AND THE CYCLOTRON-RESONANCE LINEWIDTH

Before presenting our experimental results, we will
briefly consider the principal scattering mechanisms in
GaAs-Ga, „Al As heterojunctions and how they might
be expected to inAuence the CR linewidth. The principal
scattering potentials in high-quality samples are ionized
impurities, optic phonons, and acoustic phonons. Alloy-
disorder scattering will make a contribution through
penetration of the electronic wave function into the
Ga& Al As, but mobility calculations suggest that this
will be small. ' Interface roughness scattering is
thought to be negligible in the "state of the art" samples
studied. Generally speaking optic-phonon scattering,
which increases rapidly with temperature as the number
of phonons rises exponentially, is dominant at high tem-
peratures, while at lower temperatures acoustic-phonon
and, finally, impurity scattering become more important.

Scattering from impurities in three di6'erent regions
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ABiy2=6Biy2(SR)/( I+a ) (2)

where a =a /&Zr . In contrast unscreened ionized im-
purity scattering should give a field-independent
linewidth, but the inclusion of screening, which removes
the long-range contributions, results in the linewidth hav-
ing a field dependence similar to that to short-range

must be considered: (i) background impurities in the
nominally undoped GaAs in which the 2D EG is formed,
(ii) residual impurities in the undoped Ga, Al As
spacer layer, and (iii) ionized donors in the doped
Ga

&
Al As layer. The relative importance of these will

depend on the sample quality and structure. A study of
the low-field mobilities (po) in a series of GaAs-
Ga& Al„As heterojunctions which included the samples
studied here show that at 4.2 K the mobility of samples
with a spacer-layer thickness (d) of (400 A is dominated
by impurities in the doped Ga& Al As layer. For thick-
er spacer layers, acoustic phonons or more probably
background impurities in the GaAs limit the mobility.

The inAuence of a scattering potential on the CR
linewidth (bB ) will depend on its form and range (a) rel-
ative to the cyclotron radius (r). Field dependence of the
linewidth will also enter through the density of states,
and it is important to treat the problem self-consistently.
Consequently, the relaxation time (r) derived from b,B
will not be the same as that derived from the low-field
mobility (po) and the scattering potentials dominating
6B and po may be different.

In the limit of short-range potentials (r (ea ) the ma-
trix element will be field independent and the field depen-
dence of AB&&2 will only enter through the density of
states. Ando and Uemura' have calculated that the CR
half-width for short-range scattering potentials
b,B,&2(SR) can be expressed as

bB i i~(SR) =C(B„/po)'

where C is a constant of order &(2/vr). Other authors
have obtained similar results using different calcula-
tions. ' The Bz dependence of the linewidth is in
contrast to classic theory, which predicts a field-
independent linewidth ( b,B»z /B~ = I /d'or), and origi-
nates from the field dependence of the Landau level de-
generacy and the self-consistency of the scattering rate.

For finite-range scattering potentials both the magni-
tude and the field dependence of the broadening will de-
pend on the exact form of the potential. For a finite-
range Gaussian potential ' ' AB»2 is given by

scattering (i.e., cc B~~ ).
The field dependence of the resonance linewidth at 4.2

K measured in samples with lower mobilities than stud-
ied here2' ' were in general agreement with Eq. (1),
giving values for C of 0.65+0.03. Interface roughness or,
in the case of Ga-In-As, alloy scattering was suggested as
the dominant scattering mechanisms. More recent stud-
ies of high-mobility Ga, Al As-GaAs heterojunctions
have shown that the field dependence of the linewidth is
more complex.

Maxima in the linewidth when an integral number of
Landau levels are occupied ' ' have been attributed to
the filling-factor dependence of the screening, with
some recent suggestions that there may be some inhuence
from localized states. ' However, coupling to magne-
toplasmons has also been suggested as the cause of
linewidth maxima and cyclotron mass anomalies. '

Slight misorientation of the samples relative to the mag-
netic field can also cause additional broadening when the
cyclotron energy and subband separations are
equal.

There has been little study of the linewidth at higher
temperature. Voisin et al. observed a qualitative simi-
larity between the temperature dependences of the in-
verse linewidth and the mobility. However, the samples
studied had low mobilities [(2—4)X10" cm V 's ' at
low temperature] and the linewidths were of order 0.5 T
or greater. In two higher-mobility samples Thiele et al. '

saw a marked increase in linewidth with temperature up
to 100 K but did not attempt any detailed analysis.

III. EXPERIMENTAL DETAILS

The samples studied were all grown at Philips
Research Laboratories. Redhill, by molecular-beam ep-
itaxy (MBE) with undoped Ga, „Al As spacer-layer
thicknesses (d) ranging from 400 to 1600 A. The doping
level of the Ga, ,A1 As (Xd) was 1.3X10' cm and
the background acceptor concentrations in the GaAs
(X„),although not accurately known, were in the range
(2—4.5) X 10' cm (Ref. 28). The 2D electron density
(n, ) of all the samples increased on illumination, and so
measurements were made either in the dark or after satu-
ration of the electron concentration by strong illumina-
tion with a red-light-emitting diode (LED). Sample de-
tails, including the 4-K electron densities (n, ) deduced
from Shubnikov —de Haas oscillations and the low-field
Hall mobilities, are summarized in Table I.

The results presented in this paper were obtained by

TABLE I. The electron densities (n, ), low-field mobilities (po), and dc scattering times (~d, ) at 4.2
K, deduced from Shubnikov —de Haas and Hall measurements in both the dark (dk) and (lt).

Sample
Spacer n, (dk) po(dk) ~«(dk) n, (lt) p„(lt} ~„,(lt)

width {A) (10" cm ') (10 cm /V s) (10 " s) (10" cm ) (10 cm /V s) (10 " s)

No. 1 {G139)
No. 2 (G63)
No. 3 (G29)
No. 8 (G71)

1,600
800
400
400

0.25
0.85
1.4
2.1

0.25
0.75
0.2
0.8

0.9
2.9
0.8
3.0

0.6
1.9
3.4
4.3

0.6
2.2
1.9
1.3

2.3
8.0
7.2
5.0
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recording the field dependence of the transmission of
fixed-frequency far-infrared (FIR) laser radiation through
the sample. Using an optically pumped molecular-gas
laser we were able to measure AB, &2 over the frequency
range 20—240 cm '; corresponding to resonant fields be-
tween 1.5 and 18.5 T. The frequency or field dependence
of the linewidth has been measured in several samples at
-2 K and, in sample No. 3 at 90 K. The temperature
dependence of the cyclotron-resonance linewidth has
been measured in all four samples, Nos. 1 —4, up to a tem-
perature of 240 K. Results were only taken in the equi-
librium condition achieved by cooling in the dark, to en-
sure there was no thermal redistribution of impurity pop-
ulation on warming. The measurements were made at a
frequency of 84.15 cm ' (Bz =6.2 T) for all the samples
except sample No. 1, when a frequency at 58.62 cm
(Bz =-4.3 T) was used to avoid possible broadening of the
resonance by Landau-level —(electric-)subband (LLSB)
coupling. ' At high temperatures the absorption
was increased by recording the transmission through two
pieces of the sample and, for the measurements at 84.15
cm ', by placing a circular polarizer directly in front of
the sample. The sample substrates were wedged to
reduce interference effects.

IV. RESULTS

It was mentioned earlier that at low temperatures
(-4.2 K) the CR linewidth can show rapid broadening
at fields corresponding to even filling factors and also
when the subband separation is equal to the cyclotron en-
ergy in even slightly misaligned samples. These effects
can complicate any analysis of the linewidth and so when
studying the temperature dependence of the CR
linewidth it is desirable to avoid making measurements at
fields at which these effects occur.

In order to choose suitable fields we studied all our
samples as a function of magnetic field from approxi-
mately 2 to 14 T at either 4.2 or 2 K. A typical set of re-
sults obtained from sample No. 1 at electron densities of
3 X 10' and 6 X 10'o cm are shown in Fig. 1.
Linewidth broadening at a filling factor of around 2 and a
small peak due to subband coupling are seen, and at
higher fields ( ) 10 T) the linewidth is already starting to
be broadened by resonant polaron coupling. It is evident
that these three effects can mask the background field
dependence of the linewidth, making even a qualitative
study of this difIicult. However, in the quantum limit
these resonance broadenings are superimposed onto a res-
onance linewidth which appears to be only a weak func-
tion of the magnetic field (in samples having a high ab-
sorption of the incident radiation the measured half-
widths are insensitive to changes in the scattering rate.
This is discussed later) and the temperature dependence
of AB was always studied in the quantum limit, at fields
close to the minimum in AB. Ideally, when studying
several samples all measurements would be made at both
the same filling factor and resonance field. This is, of
course, not possible for samples with different electron
densities and we decided, partly for experimental ease, to
make measurements in all but one sample at the same fre-
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FIG. 1. The field dependence of the CR half-width of sample
No. 1 at 1.6 K. Results are shown both before (~ ) and after (+)
illumination with a red LED, giving carrier concentrations of
3X10' and 6X10' cm . The approximate field at which
subband —Landau-level coupling occurs is labeled "SB."
Linewidth broadening is observed at low fields, corresponding
to a filling factor of 2. The marks show the minimum theoreti-
cal linewidth (I *co~/e ) for the two carrier concentrations.

quency of 84.15 cm ' (X=118.8 pm, Bz =6.2 T), which
is well away from both the resonant polaron and the re-
gime where the filling factor is close to 2.

Figure 2 shows experimental recordings of the CR at
A, =118.8 pm in sample No. 4 at several temperatures
covering the range 20—120 K. The linewidth is strongly
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FIG. 2. Experimental recordings of the CR with X=118.8
pm in bulk GaAs and GaAs-Gal Al As heterojunction sam-
ple No. 4 at selected temperatures covering the range 20—120
K. The dashed line indicates the field position at which the
1~2 level transition should occur for the heterojunction.
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temperature dependent, and will be discussed in detail
below. CR transmission curves obtained at the same
temperatures in a bulk sample of GaAs are also shown.
The resonant field in the heterojunctions is strongly tem-
perature dependent (this has been attributed to the tem-
perature dependence of the electron-phonon cou-
pling' ' ) and so the curves have been plotted in terms of
resonant field rather than absolute field to allow easier
comparison of the linewidths. As the temperature in-
creases, higher Landau levels become occupied, and be-
cause of the nonparabolicity of the conduction band this
should result in a splitting or asymmetry of the resonance
when the resonance broadening is less than or compara-
ble to the difference in the resonant fields of the different
transitions. This can be clearly seen in the measurements
made on bulk GaAs; as the temperature increases, an
asymmetry in the resonance appears which develops into
a splitting above -40 K and at temperatures around 60
K the 0~ 1 and 1 ~2 Landau transitions are well
resolved. The transition probability increases with Lan-
dau quantum number and so the relative strength of the
CR due to higher transitions is greater than expected
from the electron distribution.

In contrast to the bulk results there is no splitting and
little or no observable asymmetry in any of the hetero-
junctions studied, despite the CR linewidth for a single
transition being similar in the bulk and 2D samples.
When the different bulk resonances cease to be resolved
at 120 K the resonance is broader than that in the 2D
system, implying that the higher-level transitions are not
being observed in the latter. This is surprising in view of
the hot-electron studies of the cyclotron resonance of
Seidenbusch et al. ,

' where higher-level transitions were
resolved for electric fields corresponding to electron tem-
peratures of 50—100 K. These authors observed a split-
ting between the resonances due to the two lowest transi-
tions of -0. 1 T, which is consistent with measurements
of the conduction-band non par abolicity in GaAs-
Ga& „Al„As heterojunctions' and the additional pola-
ron coupling for the higher transition. Two factors may
be expected to inAuence the appearance of higher-level
transitions in the CR line shape in 2D systems. First,
screening of the electron-phonon interaction, which will
reduce the polaron contribution to the nonparabolicity
and therefore the transition separations, is thought to be
strong in heterojunctions for temperatures below —100
K (Refs. 15 and 25). Second, the population of higher
subbands may give additional transitions intermediate be-
tween the lowest subband transitions, although these will
be weaker. Nonetheless, the resonances were su%ciently
narrow for observation of the 1~2 level transition to be
expected, as illustrated in Fig. 2 where the field position
of the second resonance predicted by the measured band
nonparabolicity alone' is marked as a dashed line. The
nonobservation of a resolved second resonance will mean
that the experimental linewidths may be a slight overesti-
mate of the true linewidth.

In Fig. 3 the true resonance linewidth (M, zz) is plot-
ted as a function of temperature for all four samples stud-
ied. If, as was the case for these samples at low tempera-
tures, a sample absorbs a significant proportion of the in-
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FIG. 3. The temperature dependence of the true CR half-
width in four GaAs-Ga& Al„As heterojunctions. The data for
sample No. 1 were taken at 1=170.6 pm and for the other three
samples at A, =118.8 pm. The right-hand scale shows the
equivalent high-field scattering time ~, .

cident radiation the half-width (b,B»2) at which the ab-
sorption is half that at resonance will not give the uncer-
tainty broadening directly. In order to deduce 5B&&2 it is
necessary to correct for the finite carrier concentration,
using a Drude formalism. This gives an experimental
half-width AB»2 which is related to the true linewidth
5B

& &2 by the relation

AB]y2=5B]f2+Pl*Ct) /8 (3)

where co„=Z0X,e /m *(1+~@),Zo is the impedance of
free space, and e is the dielectric constant of GaAs. The
result of this is that there is an additive finite linewidth
even for a perfect system where ~,p~ ~, and for higher
carrier concentrations this can seriously limit the accura-
cy of the value of 68»2 (e.g. , for N, =2X10" cm
m*coz/e =25 mT). In principle, the strength of the ab-
sorption at resonance could also be used to determine the
carrier concentration; however, the accuracy is rather
limited once the absorption becomes large, because of
slight uncertainties in the exact polarization of the light
and the complete homogeneity of the sample. The right-
hand scale of the figure shows the cyclotron lifetime
deduced from ~, =m * /e 5B

& &2.
At high temperatures ()50 K) the half-widths of all

four samples had similar values and temperature depen-
dences, increasing approximately as T . Below 50 K,
5B&&2 increased less rapidly and at a rate which varied
somewhat between samples. The linewidths of samples
Nos. 3 and 4 were slightly larger and varied approximate-
ly as T, while those of the lower-electron-concentration
samples, Nos. 1 and 2, showed a little more temperature
dependence, falling to very low values by 1.5 K. For ex-
ample, in sample No. 1 at —1.5 K, 5B]/2/Bz 1/2000.
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These results can be explained qualitatively as follows: at
high temperatures the linewidth is dominated by optic-
phonon scattering, which decreases rapidly with tempera-
ture, while at lower temperatures the scattering rate be-
comes increasingly limited by acoustic-phonon, ionized-
impurity, and possibly allow-disorder scattering, which
are less temperature dependent. However, linewidth
theories in which screening is not treated self-consistently
do not give an adequate quantitative explanation for
these results on two points. First, the linewidths of sam-
ple Nos. 1 and 2 have a rather greater temperature
dependence than expected from either acoustic-phonon
scattering, for which a &T dependence is predicted, or
impurity scattering, which should give a temperature-
independent linewidth at low temperatures. Second, the
low-temperature linewidths of all the samples studied are
considerably smaller than expected from theoretical cal-
culations of the resonance broadening due to acoustic
phonons. For acoustic phonons, scattering calculations
suggest that the CR broadening due to deformation-
potential scattering will be larger than that due to
piezoelectric scattering. Sarkar and Nicholas and
Chaubey and Van Vliet have both derived expressions
for 68,&2 due to the deformation-potential broadening in
the high-temperature approximation of the form

(4)

straightforward. The high-field scattering time ~, de-
duced from 68&&2 and shown in Fig. 2 can be over an or-
der of magnitude longer (10 ' s at 1.5 K) than rd, for
the same samples [(0.8 —3)X10 " s; see Table I]. In
complete contrast, the so-called quantum lifetime ~ de-
duced from the damping of Shubnikov —de Haas oscilla-
tions as a function of magnetic field often has values
over an order of magnitude lower than ~d, . In order to
compare the linewidths with the low-field mobilities iii a
way which demonstrates the scattering processes, we
must consider the self-consistency of the level width. An
increase in the scattering probability will broaden the lev-
el and, hence, reduce the density of states in the level,
which acts to reduce the scattering rate. We would thus
expect the level width to vary as po ', as found in the
short-range scattering formula (1). However, the
linewidth in the quantum limit is determined by scatter-
ing processes involving wave vectors q determined by the
magnetic field, and not by the Fermi wave vector, as in
the case of the low-field mobility at low temperatures.
Thus, the constant of proportionality between 58&&2 and

po
' is likely to be different for different scattering

mechanisms, and in particular 5B,&z is unlikely to be sen-
sitive to the long-range potentials fluctuations which lim-
it v.d, in wide spacer-layer samples.

This is illustrated in Fig. 4, where C (b,B,&2) is com-
pared with the low-field mobilities po calculated by

where A is a constant equal to 0.028 (Ref. 30) or 0.053
(Ref. 44), taking the appropriate physical constants from
Landolt-Bornstein and the deformation potential to be 7
eV. There is some debate over the correct value of the
deformation potential ' and we have taken the lowest
acceptable value to obtain a minimum theoretical
linewidth. The wave vector associated with a cyclotron
transition is of order 2m/a, which at 6 T corresponds to
an acoustic phonon of energy -20 K. As the tempera-
ture decreases, the phonons will become increasingly long
range and in the low-temperature limit emission process-
es will dominate the scattering and the linewidth will be
independent of temperature. Sarkar and Nicholas have
calculated that in this limit 5B»2 is given by

108 =-

10

E

+o

sample No. l
~

sample No. 4 +

sample No. 2 x

sample No. 3 A

68„,=0.0548'" . (5)

Equations (4) and (5) are equal at a temperature of 9.3 K
when Bz =6.2 T (the resonance field for a wavelength of
118.8 pm) and A =0.028, suggestin~that the linewidth
will decrease with temperature as &T until the emission
limit is reached at around 10 K.

Comparing the predicted linewidths with experiment,
we find considerable discrepancies. For example, substi-
tution of the measured low-field mobility (po) at 4.2 K for
sample No. 2 (0.75 X 10 cm /Vs) into Eq. (1) for short-
range scatterers gives a half-width of 0.059 T, while for
acoustic-phonon scattering, Eqs. (4) and (5) give half-
widths of 0.14 and 0.21 T, respectively, taking A =0.028
and B=6.2 T. These compare with a measured half-
width of 0.005 T.

As mentioned before, the relationship between the
low-field dc mobility [and its associated dc scattering
time rd, ( =pm*/e )] and the resonance linewidth is not

1 'x

+x

I

10 100
Temperature (K)

FIG. 4. The temperature dependence of the sample mobility
calculated from the CR half-widths plotted in Fig. 3 using Eq.
(l) and taking C=0.38. The dashed and dashed-dotted lines
show the optic- and acoustic-phonon-limited zero-field mobili-
ties calculated by Walukiewicz et al. (Ref. 26) for a sample with

n, =2.2X10"cm
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Walukiewicz et al. for a GaAs-Ga& „Al„As hetero-
junction with n, =2.2X10" cm as a function of tem-
perature. The constant C' was chosen to give a fit be-
tween po and the results from sample No. 4 around 200
K. This gives a value of C'=0.9 T, which corresponds to
a value of C=0.38 Eq. (2). This is quite close to the
value of 0.65 expected for short-range scattering, and at
temperatures above -60 K there is good agreement be-
tween the temperature dependence of the mobility de-
rived from the line widths and the calculated optic-
phonon-limited mobility. Even closer agreement would
in fact be given by a simple power law, with p~ T .
Below 50 K the mobility derived from the linewidth,
p(CR), falls below the calculated optic-phonon-limited
mobility but remains much larger than the acoustic-
phonon limit. The temperature dependence is, however,
quite close to that expected for the acoustic phonons
( cc T ). Finally, at around 2 K, the mobility and
linewidth show signs of saturating, and there is little fur-
ther narrowing when measurements are made at even low
temperatures. " The values of p(CR) at low temperature
are much larger than the measured values of po given in
Table I or even those which would be deduced from the
high-field relaxation time ~, .

The most obvious reasons for a discrepancy between
the theoretical and experimental low-field mobilities and
p(CR) are the range of the scattering potentials and the
enhanced effects of free-carrier screening in high magnet-
ic fields. Numerical calculations of the CR linewidth
where screening is included self-consistently have been
made by Lassnig et al. and Ando and Murayama,
who considered scattering from charged ions in the
Gai Al As and GaAs layers and concluded that the
background impurities in the GaAs were the dominant
factor for spacer-layer thicknesses greater than -20 nm.
Unfortunately, the parameters used by these authors do
not correspond precisely to the structures studied here,
and so a direct comparison with the experimental results
is not possible. The best correspondence is for sample
No. 3, which has a minimum linewidth of 0.006 T. This
compares with a minimum linewidth of 0.01 T calculated
by Ando and Murayama for a sample with a similar elec-
tron concentration at a field of 5 T when Xz = 1 X 10'
cm, and of 0.09 T when N~ =1X10' cm . Given
that for these samples N„probably lies in the range of
(2—4. 5) X 10' cm (as deduced from transport measure-
ments ) these calculated values are closer to the experi-
mental measurements, although still somewhat bigger.
The large temperature dependence of the linewidth is also
consistent with the self-consistent screening calculations
of Lassnig et al. , which predict a strongly
temperature-dependent linewidth even when limited by
ionized-impurity scattering. The conclusion that scatter-
ing by the background impurities in the GaAs is dom-
inant, as suggested by these theories, is also consistent
with the weak dependence of the linewidths on spacer-
layer thickness, as can be seen in Figs. 2 and 3, despite al-
most an order-of-magnitude change in carrier concentra-
tion.

In a recent study of a slightly lower-mobility hetero-
junction at low temperatures, Chou et al. ' came to a

similar conclusion, namely that scattering from the ac-
ceptors in the GaAs was dominant; however, they found
that the linewidth was also very strongly carrier-
concentration dependent. This was attributed to the
reduction of screening for low Landau-level occupancies,
v ( =hn, /eB ). The data presented here, where n, has
been changed by changing either the spacer-layer thick-
ness or by illumination, rather than by the use of a back
gate, do not seem to show such a pronounced effect. This
can be seen in Fig. 1, where 68,&2 is shown for two car-
rier concentrations (3X10' and 6X10' cm ) in the
same sample, No. 1, from 2.5 to 13 T, corresponding to
0. 1 (v ( 1. In this range the corrected linewidth (6B

& &z )

varies by at most a factor of 3, with the majority of the
change occurring at high fields where the onset of reso-
nant polaron coupling is known to cause the resonance to
broaden. Data from the higher-density samples lead to
similar conclusions, although the errors rapidly become
very large due to the dominant contribution to the
linewidth from the electron concentration [Eq. (3)]. In
the case of sample No. 1, where the carrier concentration
was changed by the persistent photoconductive effect, it
should also be borne in mind that both the wave function
and the distribution of scattering centers will have been
changed in the process of illumination.

One process which may also be significant in limiting
the cyclotron linewidth at high fields is alloy scattering
due to the penetration of the wave function into the
Ga& Al As barrier. Calculations ' show that the
barrier penetration is almost linearly proportional to n*
in the density range of our samples, where
n*=(n, + —",, nd, ) (Ref. 51); nd, is the depletion charge
in the GaAs, which is estimated to be =3X10' cm
from the subband separations in our samples, giving
values of n* in the range 1X10"&n*(3X10" cm
The fraction of the wave function inside the barrier is
only of the order of l%%uo (Refs. 19, 26, and 50) and the
alloy-scattering-limited low-field mobilities are of order
10 cm V 's ' and above for low n* values at low tem-
peratures. ' ' Since alloy scattering is a short-range pro-
cess, we would expect the mobility values deduced from
Eq. (2) to be a good estimate, and the data of Fig. 3 sug-
gest that the alloy scattering may well be responsible for
limiting the linewidth and scattering times in the extreme
case of high magnetic fields and low temperatures,
despite its negligible contribution to the low-field mobili-
ty. This would also account for the weak carrier-
concentration dependence of the line widths. Further
support for this idea comes from the recent reports of
Goldman et al. , who found that very well developed
fractional quantum-Hall-effect phenomena could be
found in heterojunctions in which the alloy scattering
was suppressed by the inclusion of a thin A1As penetra-
tion barrier. To the best of our knowledge no calcula-
tions of the linewidth due to alloy disorder have been per-
formed.

A study has also been made of the field dependence of
the resonance linewidth at higher temperatures. The
linewidth of sample No. 3 at 90 K is plotted against Bz
in Fig. 5 and was found to be roughly constant over the
field range covered. At this temperature we would expect
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for the electron. We may thus expect elastic scattering to
be important which, with a matrix element proportional
to 8, would give a field-independent linewidth, con-
sistent with the experimental results. No evidence is seen
for strong maxima in the linewidth at the magnetopho-
non condition %co, =coLo (corresponding to 8 =22/N T),
suggesting that elastic scattering does make the major
contribution to the optic-phonon-limited linewidth.

sample No. l
T =90K

I I t I

2 3 4 5 6
Resonance Field (T)

FIG. 5. The resonance field dependence of the CR half-width
of sample No. 3 at 90 K with n, =1.4X10" cm . At this tem-
perature the linewidth is dominated by optic-phonon scattering.

optic phonons to be the dominant scattering mechanism,
but calculation of their inAuence on the resonance
broadening has proved complicated and a simple field
and temperature dependence is not readily derived.
However, a simple qualitative argument can be made as
follows. The matrix element for polar-optic-phonon
scattering is proportional to q ', where q is the phonon
vector. The characteristic wave vector of the Landau
levels, of order 2~ija, and varies as 8 '~ . The self-
consistency of the scattering rate will then lead to a
linewidth proportional to 8 ' . However, inelastic
optic-phonon scattering should only be possible near the
magnetic fields corresponding to the magnetophonon
condition Xcu, =coLO, as otherwise there is no final state

V. CONCLUSIONS

A quantitative study has been made of the CR
linewidth of GaAs-Ga j Al As heterojunctions as a
function of temperature and resonance field. At high
temperatures ()SO K) the linewidths showed the same
temperature dependence as the square root of the low-
field optic-phonon-limited mobility, consistent with sim-
ple theory. At lower temperatures the linewidth contin-
ued to fall, but less rapidly and at a rate which varied
somewhat between samples. The absolute values of the
low-temperature line widths were substantially smaller
than predicted by theories which do not include self-
consistent screening, but approximate comparison with
numerical calculations including screening self-
consistently give much better agreement, assuming that
scattering from impurities in the GaAs is dominant. This
implies that in high magnetic fields the screening plays an
important role in determining the CR linewidth and is
strongly temperature dependent down to 1.5 K. Increas-
ing the electron concentration by illumination or de-
crease of the spacer-layer thickness caused a small in-
crease in the linewidth. This may suggest that remote al-
loy scattering due to the "tail" of the subband wave func-
tion in the Ga, Al„As barrier is a significant factor in
the low-temperature linewidth, and the absolute values of
the minimum linewidth are consistent with a short-range
scattering mobility limit calculated from alloy scattering.
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