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Cyclotron resonance of high-mobility two-dimensional electrons at extremely low densities

M. J. Chou snd D. C. Tsui
Department of Eiectrical Engineering, Princeton University, Princeton, ¹wJersey 08544

G. Weimann
Forschungsinstitut der Deutschen Bundespost, Postfach 5000, D 6100-Darmstadt, Germany

(Received 30 June 1987)

%e have systematically studied the cyclotron resonance (CR) of high-mobility two-dimensional
electrons in GaAs/Al„Ga& „As heterostructures at T=4.2 and 2.3 K in low densities ranging
from n, =1.55&10' to 1.03&10" cm ', in the extreme quantum limit from 61ling factor v=0. 6
to v=0.08, For 0.4 «v «0.6, the e8'ect of level crossing dominates the CR and its linewidth. The
effective mass, after nonparabolicity correction, is constant to better than 0.02S% from v=0.4 to
0.14 and decreases by dmo -7&10 rno from v=0. 14 to 0.08. The CR lifetime ~« is 104 ps at
v=0.4, which is 15 times the dc scattering time and the longest CR lifetime reported. In the
range 0.08 «v «0.4 the dependence of ~«on n, follows a power law, ~c& ~ n,'9+ '. %'e attribute
this n, -dependent vcR in the extreme quantum limit to scattering by screened residual ionized im-

purities in GaAs. Our studies also resolve the existing experimental discrepancies concerning the
oscillatory behavior of the CR linewidth as a function of v.

I. INTRODUCTION

Cyclotron resonance (CR) of two-dimensional electron
gas (20 EG) has attracted numerous experimental'
and theoretical investigations since it was first ob-
served in the inversion layer at the Si-SiO2 interface. '
Of particular current interest is the CR in the low-
density (n, ) and high-magnetic-field (8) hmit when only
the lowest Landau level is partially filled. In this ex-
treme quantum limit, electron correlation can be dom-
inant and the 20 EG is expected to crystalize into a
%'igner solid. 3' To date, such a %igner crystal remains
elusive. The fractional quantum Hall efFect, recently
discovered in an experimental search for the Wigner
crystal, is the manifestation of a series of novel fiuid
states, which may be regarded as a precursor to the
crystalline state.

The n, in the Si-SiO& system can in principle be
changed from zero to 10' crn, limited only by the
breakdown 6eld of SiOz. In practice, however, owing to
the strong interfacial potential fluctuations, the
minimum n, available is —10" cm . The GaAs/
Al„Ga& „As heterostructure, on the other hand, is
made of lattice-matched single crystals and is known to
have better interface properties. The use of selective-
doping techniques has improved the interface to such
exceptional perfection that p,«, the dc mobility of the
2D EG, of -5 X 10 cm /V sec at 4.2 K has been report-
ed recently. The n, of the 20 EG is given by the dop-
ing level of Si impurities in the Al„Ga& As and by the
thickness of the undoped Al Ga, „As spacer layer of
the structure. In addition, n, can also be changed by the
application of a gate voltage or by illumination with
light. The maximum and minimum n, that have been
reported are 1.1&10' snd 3.5/10' cm, respective-
ly 37, 7

In principle, CR gives directly the efFective mass from
the magnetic 6eld position BCR of the resonance, and
the scattering rate from the resonance linewidth. In
practice, however, the observations are seldom free of in-
teresting complications. More specifically, Englert
et aI. 6rst studied the CR in low-density samples and
found that the linewidth oscillates as a function of the
Landau-level 6lling factor v, which is defined by
v =2irl tin, and the cyclotron radius of the lowest Landau
level 10=&%/eB. Their observation, made on samples
with n, 52.5)&10" cm and p~, -100000 cm /V sec, is
attributed to the dependence of impurity screening on
the occupation of Landau levels snd has inspired much
theoretical discussion. It hss also encountered seri-
ous discrepancies from subsequent experiments. In par-
ticular, such oscillatory behavior in linewidth has not
been observed in high-density samples. Moreover, Muro
et al. ' used a front gate to reduce the n, and observed
CR down to n, =5. &10' cm . Their CR linewidth
increases monotonically with decreasing n„showing no
dependence on v. More recently, Schlesinger et al.
studied the CR in the extremely quantum limit with
n, & 3.5&10' cm . They observed broadening, as well
as a line shift at v-1, which they attributed to electron-
electron interactions.

In this paper we report our investigation of CR of a
high-mobility 20 EG in the GaAs/Alo 35Ga065A. s het-
erostructure in the low-density range from n, =1.03
&10" to 1.55)&10' crn with pd,

——300000 cm /Vsec
et n, = 1 .0+ 10" cm . The exp~rim~~t was carried o
at T =4.2 and 2.3 K, using a far-infrared (FIR) laser
with A, =96.52 pm. The cyclotron energy (fico, =12.85
meV) is larger than the Coulomb energy
(E, =e /4ireeo10=11. 9 meV), but still smaller than the
LO-phonon energy (-36 meV). " This arrangement en-
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ables us to focus on the narrow linewidth of the reso-
nance and study the emect of level Ming in the extreme
quantum limit from v=0.6 to v=0.08.

%e found that the CR shows a Lorentzian line shape
and that the linewidth is extremely narrow and strongly
dependent on v. The half-width at half maximum
(HWHM) varies from 58 =0.6 to 0.012 T. In the range
0.4&&&0.6, the linewidth is due to the subband level-
crossing effect previously observed by Schlesinger et al. '

At v-0.4, the CR hfetime I.c„,extracted from the data
by Stting the entire CR curve, is 104 ps, which is 15
times the dc scattering time and the longest ever report-
ed. As n, decreases and v decreases from v=0.4 to
v =0.08, the dependence of rca on n, follows

vcR~n, ' * '. %'e attribute this n, -dependent lifetime
in the extreme quantum limit to scattering by screened
residual ionized impurities in GRAs. The cyclotron
mass, on the other hand, can be determined directly
from the CR position to extremely high relative accura-
cy. The effective mass III,', after the nonparabohcity
correction, is constant to better than 0.025% from
v=0.4 to v=0. 14. For 0.4&v&0.6, variations in mass
due to the subband level crossing are observed. From
v=0. 14 to v=0.08, m,' decreases by hm, ' =7
X 10 III o. This small shift may be indicative of locali-
zation at extremely low n, due to either potential fluc-
tuations or the electron correlation. We have also ex-
tended our measurements to T=2.3 K and examined
t11c CR posltlon RIld thc llllcwldth. Wc folllld Ilo stl'llc"
ture at v= —,

' and —,', where the fractional quantum Hall
elect is known to exist, and we also found no structure
at v= —'.

ll '

Our experiment also makes clear the origin of the
discrepancies concerning the oscillatory behavior of the
CR linewidth as a function of v for v& 1. The fact that
such oscillatory behavior has not been observed in high
n, samples is understood in terms of the saturation
effect, which we shall discuss in more detail in Sec. III.
The data of Muro et al. 'I can be explained by the inho-
mogeneity in n, induced by the front gate voltage. Since
the CR position, due to nonparabolicity, is n, dependent,
the inhomogeneity induced by the front gate increases
the linewidth. We have observed this effect and the re-
sults from these front gate measurements are discussed
lll dctall 111 RIlothcr publlcRtlo11.

II. EXPERIMENTAL DETAILS

The samples used in this work are from a wafer of
selectively doped GaAs/Alo 15GRO 6IAs heterostructure
with a 3-pm-thick burner layer. The Si donors were
placed 910 A away from the GaAs/Al„Ga, „As inter-
face. This large setback reduces the strength of the sur-
face Quctuations at the interface and results in a low-n,
and high-mobility 20 EG. In order to have a wide
range of carrier density, a back gate voltage is used in
this work to change n, capacitively. The substrate was
first polished mechanically, using 5-pm SiC particles.
Subsequently, the chemical polishing, using 0.3% bro-
mine in methanol, was carried out to give the Snal thick-
ness of -90 pm with an unintentionally wedged angle

-0.6. Ohmic contacts were made at the four corners
of the sample by alloying indium in a hydrogen ambient
at 400'C for 20 min after the sample was cleaned
thoroughly in organic solvents. A 150-A semitran-
sparent titamum layer was then evaporated on the pol-
ished surface of the substrate as the back gate. The sam-
ple was mounted on a copper piece, which has a hole of
32 in. in diameter, with Apiezon grease, and the back-
gate voltage was applied to the copper with respect to
the Ohmic contacts on the sample. A piece of black po-
lyethylene blocking the blackbody radiation and a hnear
polarizer were placed before the sample for FIR
transmission measurements.

In this experiment, the gate voltage Vg is operated in

the range —150& Vg &+150 V, limited by the leakage
current. In the range 0& Vg &+150 V, the densities,
determined by the Shubnikov-de Haas (SdH) oscilla-
tions, depend linearly on Vg following

n, =(5.9+0.029Vs ) X 10' cm (1)

For negative bias, —150& Vg «0 V, the n„ too low to
allow SdH measurements, is estimated using Eq. (1). We
obtained a density range 1.55)&10' &n, (1.03&10"
cm, corresponding to a Fermi energies 0.55 &Ef ~ 3.7
meV. The dc mobility pd„obtained by the van der
Pauw method, increases with increasing n, following a
power law p,~, ~n,' for n, &6.77X10' cm (with

pd, ——1.65x10 cm /V sec at n, =6.77x 10lo cm I).
This result implies that ionized impurity scattering is the
dominant scattering mechanism. 3 '~ For lower densi-
ties, the inhomogeneity causes strong fluctuations in the
dc conductivity and makes the determination of p„, im-
possible.

The CR experiments were performed by using the
swept-6eld method under the Faraday configuration, as
discussed in Ref. 14. The magnetic 6eld is provided by a
superconducting magnet, and the far-infrared radiation
is generated by an optically pumped FIR laser. A laser
wavelength of 96.52 pm, corresponding to a photon en-
ergy fm of 12.85 meV, was chosen to avoid interference
e8'ects. This choice has also made it possible to realize
ihe extreme quantum limit, 0.085&v&0.56, with the
available n, . As a result, the cyclotron radius of the

0
electrons is 10——94 A, smaller than the average in-
terelectron separation, 1/(n n, )'~ . The experiments
were carried out at T =4.2 and 2.3 K under a constant
FIR intensity of —1 mW/cm .

III. DATA AND ANALYSES

The solid curves in Fig. 1 show 6ve typical traces of
the CR data at 7 =4.2 K for Vg

——30, 0, —50, —100,
and —150 V, where T(8) and T(0) are the transmit-
tance with and without 8, respectively. Three observa-
tions are worth emphasizing. First, the CR width is ex-
tremely narrow, indicating that the CR mobility is very
high in these low n, regimes. For example, the HWHM
is 0.012220.0005 T for V =30 V. It increases to
0.027+0.001 T at Vg = —150 V. Second, the resonance
amplitude is large, a consequence of the narrow width.
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eFol g=, 1V =30 V, it corresponds to a 45.5% change m
attransmittance, antt and it decreases monotonically to 3.3% a

V~ = —150 V. This makes the total absorption area de-
crease as V~ is more negatively biased, consistent with
the fact that n, is decreased. Third, BCR is higher than
that of bulk GaAs, which is expected at 7.38 T. For ex-

1 8 =7.64 T for V =30 V and lt shifts to evenaQlp c, gR =
V = —150higher field as V is negatively biased. For V =—

V, BCR is 7.66 T, corresponding to a 0.25% increase
from that for Vs =30 V.

Since the resonance is sharp, the Bca can be identified
bi uously with a reproducibility of +0.001 T. The

efFective mass m&R, obtained directly from CR g8 throu h
mc„=eBca/ai, is Plotted against Vs and n, in Fig. 2,
an d the corresponding v is marked in the top rame.
The mR decreases monotonically from 0.06903rno to
0.06882mo as n, is increased, and has a faster decrease
near n, —-9X 10' cm, which is close to v-0. 5.

CR 1 fl QIIlIn order to extract ~c„or p, ca (the CR mobility) rom
our data, we use the Drude model and calculate the
complex dielectric function and the transmittance. e
transmission coefBclent t+ and the mhe measured transmit-
tance T(8), obtained from the matrix method presented
in Ref. 14, can be expressed as follows:

I I T C I f

!
I

V — -150V0'

2

[(1+no)cos8++i (n ~+no/n + )sin8+]

Here, the + sign refers to the left and right circularly
polarized ~aves, respectively, n~ is t e pcorn lex index of
refraction and 8+ (c——o/c)n+zo T. he thickness of the
20 EG, zo, is in the order of 100 A, and no is the in ex
of refraction of GaAs. In addition,

n ~ [e——i o—+(8)/raeo] 1/2

n, e 1

ziim ca I /~c„+i (a)+eB /m q„
Here, e is the dc dielectric constant, and o(8) is the
Drude conductivity at co in the presence of 8.

The transmittance T(8) is calculated using n, from
E . (1) and men given in Fig. 2. The Lorentzian fitting
(dashed curves in Fig. 1) was carried out wi y

R —100 V, the CR line isfitting parameter, vcR. For ~
—100, e

symmetric an ed th one parameter fitting is exce ent.
owever, ethe resonance shows an asymmetric line s ape

en n is lesswith less absorption in the high 8 side, when n, is ess
than 3 ~ cm10' For example, in the case of
Vs

———150 V (n, =1.55X10' cin ), the HWHM are
0.037 and 0.017 T for the low and high 8 sides, respec-
tively. This makes the determination of rc„ less mean-
ingful. In Fig. 3(a), rc„extracted from fitting the data is

obil-h H%HM of CR will reQect directly the CR mo i-T c 0
lllidei' tile condition that the coIlductlvl'ty of the1ty pgR un cr c

20 EG at resonance is small enough to bebe treated as a
perturbation. This small absorption approximation is

0
-766

Q.3 0.4

0.0690-

X 764

0.0688- »-

7.5
I

7.6 7.7 7.8

8 (TESLA)

FIG. 1. Sohd curves: experimental traces of cyclotron reso-
nance as a funetlOn Of 8 for dilerent back-gate voltage.
Dashed curves: fits of the transmittance to Eq. (2) using sea as
the Stting parameter. The corresponding zR pn v from top to bot-
tom curves are 7.7, 19, 42, 73, and 104 ps, respectively.
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~ 0.0686-
~~
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FIG. 2. The cyclotron-resonance position CR and the cor-
responding effective mass m(-R as a function gn of filhn factor v,
carrier density n„and back-gate voltage V~.
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n, (Ioiocm-')
4

0.5 0.6
Thus the mobility obtained from HWHM (pHwHM) un-

derestimates pcR and a fitting of the whole CR curve is
required to obtain pcR. This process to extract pcR is

especially required for high-density samples. For exam-
ple, as shown in Fig. 4, when pcR changes from 100000
to 200000 cm /Vsec, pHwHM changes from 92000 to
167000 cm /Vsec for n, = 1 XIO" cm . For n, =5
/10" cm, pHwHM changes from 66000 to 99000
cm /Vsec only. For even higher mobilities, the devia-
tion will be much more serious, and eventually, the CR
width will not reAect any change of pcR. This saturation
efFect is the reason no oscillatory efFect in the linewidth
has been observed in the high-density samples.

IV. RESULTS AND DISCUSSIONS
I

(b )

0.0676-
Ils CITl

4 lj 8 10
0 +150

0.0677-

2
s

-'t50

FIG. 3. (a) The fitted CR linewidth and {b) the effective
mass after the nonparabolicity correction as a function of v, n„
and Vg.

small absorptior1
appraximation

ti,=1X10 cIT1

applicable only in the low-mobility regime. For exarn-
ple, for n, =1.0)&10" cm, the transmittance and the
absorptance change linearly with respect to pcR for
iMcR&10 cm /Vsec, and the small absorption approxi-
rnation is valid. %hen pcR is higher, the 20 EG
behaves like a metallic sheet and rejects most of the in-
cident FIR. Under such a condition, the transmittance
changes sublinearly and the absorptance reaches a max-
imum and will decrease when pcR increases further.

A. Level crossing

$2
E;(V )=

2m,
[—,'ireF, ( Vg ) ] (i + —,

'
)

It is clear from Figs. 3(a) and 2 that I c„shows a
broad peak near n, -9&10' cm, accompanied by a
OA% change in mcR. Similar broadening accompanied
by shift of m cR has been observed by several
groups, ' ' and is attributed to the subband level cross-
ing due to a small angle 8 between the normal to the 20
EG and the 8 direction. If we assume that the measured
broadening reflects the level splitting, ficosin8/v 2, the
angle 8 is estimated to be -0.3'. To confirm this level-
crossing effect, the sample was tilted intentionally with
respect to the 8 direction. The broadening develops into
a well-resolved splitting as the angle 8 is increased. The
reason that the level crossing occurs at the observed den-
sities is that the subband energies E& shift relatively
closer (farther) to the conduction-band edge at the inter-
face when a positive (negative) back gate bias is applied
(here i is the subband index). Our observation indicates
that the separation of the lowest two subbands is re-
duced to 12.85 meV, when V =+ 105 V.

In order to facilitate a quantitative estimation of E;,
we used the triangular approximation, ' in which the
electric field I', at the interface is assumed constant
throughout the space-charge region and the barrier
height is assumed infinite. Then, E, can be obtained as a
function of E„

5

2 3 4

p~R (100 000cm jVsec)

6

FIG. 4. Thc cKcctivc mobility p H~HM obtained from thc
H%'HM of the calculated CR, as a function of the CR mobility
with n, varying from 1 g 10" to 5 X 10" cm

where F, ( Vs)=F,O C,&Vs/eeeo, F,o—is the surface field
at zero bias, m, is the conduction-band-edge mass of
CxaAs, m, =0.0665mo, and the effective capacitance,
C,ir, is 46.5 pF/cm, from Eq. (1). From the level-
crossing data, Ei(105 V) —Eo(105 V)=Iso=12.85 meV,
and the Eo(0 V), E, (0 V), and F,o are deduced to be 22
meV, 39 meV, and 1.3&10 V/m, respectively. This
value of I',0 corresponds to a total charge, n, +Xd, , of
9.0& 10' em, where Xdpp is the total depletion charge
in GaAs. Since n, =5.9X10' em, Xd, ——3. 1X10'
cm . If we assume that the Fermi level is pinned in the
rniddle of the band gap of the GaAs substrate, and since
the depletion length
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1/2
26Ep

IV= pT =Ad, IX„,
e/q

and the built-in voltage $T =0.79 cV, the value obtained
for Xd, implies that 8'=3.7 pm and the acceptor den-

sity %„=8.5 & 10' cm

B. Effective mass

Our results on level crossing demonstrate that Ep
shifts closer (farther) to the conduction-band edge at the
interface when a positive (negative) Vs is applied. Since
the GaAs conduction band is nonparabolic, m cl will de-
crease with increasing n, . The effective mass of the
conduction-band edge, m,', can be obtained, using the
nonparabolicity correction calculated by Ando,

m,' =m C„ I 1+[~4EO ( Vg ) + 2Aco ]iEs I

where Ez is the band gap of GaAs. The corrected m,* is
plotted against Vg, n„and v in Fig. 3(b).

The absolute value of m,' has an uncertainty of -1%,
which is the accuracy of the 8 field calibration. Howev-
er, since the resonance is sharp, the relative value of m,'
is reproducible to better than 0.02%. This extremely
high relative accuracy in m,' allows us to distinguish the
data in three diferent regions. In the region
0.4 g v g0. 6, the e8'ect of level crossing dominates m,' as
we11 as I"cR. Since the second Landau level of the
ground subband is perturbed by the first Landau level of
the first excited subband, and m,' measures the average
separation of the first two Landau levels of the ground
subband, it is expected that m,* reAects this perturba-
tion. In Fig. 3(b), m," shows first a slight increase at
vR0, 4 and then a 0.27% decrease at v-0. 5, consistent
with the fact that the subband separation E t p decreases
as V becomes more positive. In the region from v=0.4
to v=0. 14, m,' is constant to better than 0.025%. This
constancy in m,' over an n, range from 7y10' to
3 X 10 cm should be contrasted to the results from
previous experiments on Si inversion layers, where
electron localization, evident from the thermally activat-
ed conduction, occurs in the low-n, regime. Localiza-
tion causes the CR effective mass to shift to lower
values, and leads to an asymmetric line shape. Our re-
sult that m,' is constant may be regarded as an indica-
tion that the 20 electrons are not localized even at a
density as low as 3.0&10' cm . As n, is further de-
creased, m,' is slightly reduced and an asymmetric line

shape is observed. This observation suggests that locali-
zation may start to inhuence the resonance position and
the line shape.

0.1 0.2 0.3 0.4
ry

K

lQ 2 ~

0.6-

This narro~ linewidth prompts us to reexamine the
dominant broadening mechanism of Landau levels.
Generally speaking, the broadening can be divided into
two categories, inhomogeneous and homogeneous (or
lifetime) broadenings. If the Landau-level width is deter-
mined by the inhomogeneous broadening, I cR is propor-
tional to the difference of the two levels, i.e., I &z
—I p

—I &, where I p and I
~

are the half-width of the
first and second Landau levels, respectively. For lifetime
broadening, I CR, on the other hand, is the sum of I p

and I &. Consequently, I CR is expected to satisfy the re-
lation, I p

—I
&
~I c&gI p+I, , under the circumstance

that both inhomogeneous and lifetime broadening con-
tribute, and both should be included. In a 20 system,
the inhomogeneous broadening is due to long-range po-
tential fluctuations, e.g. , the unscreened Coulomb poten-
tial of an ionized impurity. However, a long-range po-
tential can cause both inhomogeneous and lifetime
broadenings. Of importance is the ratio of the potential
range d to 1p ~ If 2d & Ip lifetime broadening dominates
the Landau-level broadening. On the other hand, if
d g Ip, the inhomogeneous broadening will be dom-
inant. ' We should 6nd out the dominant scatterers in
our sample in the extreme quantum limit, and its poten-
tial range.

In principle, there are di8'erent scattering processes
going on at the same time, e.g., electrons can be scat-
tered by impurities (elastic scattering), acoustic phonons
and electrons themselves (inelastic scatterings), and the

C. Level broadening

The CR linewidth is extremely narrow near v=0. 4.
Tllc VCR (ol' I ca) obtained fl'olli flttlllg tllc I"csollallcc llllc

shape is 104 ps (or 6.3 peV) at n, =7K 10' cm, which
is 15 times longer than that obtained from pd, (rd, =7
ps).

2 4 6 8
10C~—2

FIG. 5. The fitted CR lifetime as a function of n, and v.
The straight line is a guide for the eye, indicating ~CR ~ n,' .
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level width due to lifetime broadening is the sum of the
broadening due to each type of scattering separately.
The acoustic-phonon scattering time v.„and the
electron-electron scattering time, ~, , have been studied
thoroughly in the absence of 8. In the presence of 8,
not only does the density of states become discrete, also
the electron wave function is different. It is expected
that both ~„and ~, , are radically altered, and are
longer due to the requirements of conservation of energy
and angular momentum. In our data, the ~cR decreases
strongly as n, is decreased, excluding the possibility that
the level broadening is dominated by either I/~„or
I/r, , In fact, as shown in Fig. 5, the rc„depends on
n following a power law vcR o ng

' in the n range
2. 1&10' &n, «7.0&10' cm, when the ionized im-

purity scattering is believed to be the dominant broaden-
ing mechanism.

The level broadening due to impurity scattering has
been investigated self-consistently by several groups.
Das Sarma pointed out that the screening of ionized
impurities by electrons depends strongly on the density
of states at Ef and leads to the oscillation of I cR as a
function of v. Ando showed that, at v=0. 5, screening
is so strong that any remote ionized impurities, e.g., Si
donors, have hardly any influence on I o. Consequently,
I 0 and I cR are determined by the concentration of re-
sidual acceptors, Xz, in GaAs. Since our setback thick-

0
ness is 910 A, too far to affect I o, the observed I cR of
6.3 p eV at v-0.4 should give the X„ in GaAs. We
compared the I cR in Fig. 3 with the calculations of Ref.
28, and obtained N~ & 1.0&10' cm, which is in good
agreement with that obtained from the level-crossing
effect. Since screening is expected to be strong at
v-0.4, the range of the acceptor potential is substantial-
ly reduced„ in contrast to the case in the absence of 8.
As a result, the dc scattering time ~d, is expected to be
much shorter than ~cR, assuming that the dominant
scatterers are the same. Indeed, the ~d, is 15 times
shorter than ~cR, for n, =6.8)&10' cm . %hen n, is

decreased, the screening ability becomes weaker, which
increases the range of the repulsive potential of the ac-
ceptors and the scattering probability 1/~cR. The obser-
vation that ~cR ~n ' down to v=0. 12 implies that
the screened electron-acceptor scattering dominates the
broadening of Landau levels in the range 0. 12 & v&0.4.
As pointed out by Ando, ' when the repulsive impuri-
ty concentration is low and the range of potential is
short, the inhomogeneous broadening can be ignored.
That is to say, the distribution of density of states should
be symmetric, a consequence of lifetime broadening, and
this is the suf5cient condition for the observed sym-
metric line shape in the range 0. 17~v&0.4. The ob-

served asymmetric line shape at low v ranging from
0.085 & v & 0. 17 may result from inhomogeneous
broadening, as discussed previously. %'hen v decreases,
the screening ability becomes weaker and any attractive
potential (other than acceptor potential) with range
d ~ho can localize electrons, and give rise to an asym-
metric distribution of density of states. Thus the CR ab-
sorption from different regions of the sample gives rise
to an asymmetric line shape. On the other hand, the im-
portance of electron correlation has long been anticipat-
ed. ' It is unclear at present if the asymmetry and line
shift may also result from correlation effects.

V. CONCLUSION

%e have demonstrated the existence of a high-
mobility 20 EG at low densities down to n, =1.55 & 10'
cm . By choosing a short FIR wavelength of 96.52
pm, the CR is studied in the extreme quantum limit,
0.086&v&0.57. In the range 0.4&v&0. 57, the sub-
band level crossing dominates the line broadening and
the line shift. The lowest subband and the Grst excited
subband energies are estimated from a study of the level
crossing to be 22 and 39 meV, respectively. In addition,
the total depletion charge and the residual acceptor den-

sity in GaAs are deduced to be 3. 1&10' cm and
8.5&10' cm . %hen the lowest Landau level is close
to half Sled, v-0. 4, the extracted ~cR is 104 ps, the
longest reported to date. This long lifetime makes it
possible for us to determine the acceptor density in
GaAs to be %„51.0)&10' cm, consistent with that
obtained from the level-crossing effect. In the range
0. 12&v&0.4, ~cR decreases with decreasing n, follow-

ing ~cR ~ n,' +—'. %e attribute this n, -dependent ~cR in

the extreme quantum limit to scattering by the screened
residual ionized impurities in GaAs.

Finally, it is known that a 20 EG with a relatively
low amount of disorder forms fractional quantum Hall
(FQH) states at odd-denominator fractional fillings. We
have extended our study of CR ta T =2.3 K, and exam-
ined the linewidth of the CR and found no structures at
v= —,', —,', and —,', . This result is consistent with Kohn's
theorem that in a translationally invariant system, the
electron-electron interaction effects cannot inhuence the
resonance position. However, our experiment is carried
out at relatively high T and a low-T experiment is
currently under way to study the CR of electrons in the
FQH states.
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