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We have studied the cyclotron decay time of a Landau-quantized two-dimensional electron gas as a
function of temperature (0.4—100 K) at a fixed magnetic field (£1.25 T) using terahertz time-domain

spectroscopy in a gallium arsenide quantum well with a mobility of jtg. = 3.6x10°cm? V™15

~landa

carrier concentration of n, = 2x 10* cm™2. We find a cyclotron decay time that is limited by super-
radiant decay of the cyclotron ensemble and a temperature dependence that may result from both
dissipative processes as well as a decrease in ns below 1.5 K. Shubnikov-de Haas characterization
determines a quantum lifetime, 7, = 1.1ps, which is significantly faster than the corresponding
dephasing time, 7s = 66.4 ps, in our cyclotron data. This is consistent with small angle scattering as
the dominant contribution in this sample, where scattering angles below # < 13° do not efficiently
contribute to dephasing. Above 50 K, the cyclotron oscillations show a strong reduction in both the
oscillation amplitude and lifetime that result from polar optical phonon scattering.

PACS numbers: Cyclotron resonance, condensed matter, 76.40.+b, Landau levels, 71.70.Di, Quantum wells,

78.67.De.

The gallium arsenide two-dimensional electron gas
(2DEG) in a quantum well has long been used as a
model system to study the fundamental limits of elec-
tronic transport! ®. New device geometries that exploit
quantum interference in these samples provide an addi-
tional degree of freedom that is increasingly important as
devices with ever smaller feature sizes are developed”®.
These may also form the basis of next generation quan-
tum logic provided electron coherence lifetimes that are
sufficiently long can be achieved®. Existing lifetimes in
two-dimensional electron systems (2DES) are sufficient to
demonstrate prototype electronic and optical control of
coherence? !, but there is significant interest in extend-
ing these decoherence times to enable new applications.
Recent work!? has shown that the electronic properties
of 2DES are influenced by many-body effects including
superradiant emission, which emerges only in the high-
est mobility samples where the decoherence times are on
the same order or longer than the superradiant emission
time. The understanding and mitigation of decoherence
in these high-quality 2DES, thus, may enable a wider
array of device geometries based on new phenomena in
semiconductor systems, while the development and char-
acterization of high mobility materials with even longer
coherence lifetimes will determine the feasibility of these
for device applications.

In this manuscript, we study the temperature de-
pendence of the cyclotron resonance decay time, 7¢g,
in a high mobility gallium arsenide quantum well two-
dimensional electron gas at £1.25T from 0.4 K to 100 K
using terahertz time-domain spectroscopy. Our results
show a monotonic decrease in 7¢r from 0.4K to 100K
that is limited by the superradiant decay time of the cy-
clotron ensemble at the lowest temperatures measured'2.
We see a significant decrease in oscillation amplitude, A,

and 7cr above 50K that is due to strong polar opti-
cal phonon scattering in gallium arsenide that results in
rapid ensemble dephasing. Below 1.5K, we also see a
decrease in A that is a signature of a decrease in cy-
clotron population or a reduction in the transition dipole
matrix element. QOur Shubnikov-de Haas characteriza-
tion of the same sample determines a quantum lifetime,
Tq = 1.1 ps, which is significantly shorter than either the
transport lifetime, 7pc = 140 ps, and the component of
Tor due to scattering, 7 (T) = 66.4ps. The temper-
ature dependence of 7o g results from both dissipative
processes (i.e.acoustic phonon scattering, polar optical
phonon scattering, and impurity scattering!®!4) and, po-
tentially, from a temperature-dependent reduction in free
carrier concentration with a concomitant increase in the

superradiance decay time!'Z.

Cyclotron resonance is a well-established experimental
technique that measures the temperature and magnetic
field dependence of the electronic and optical properties
in bulk'® and quantum-confined semiconductors'®1°.
The magnetic field, B = Byz, splits the density of
states into quantized Landau levels separated by the cy-
clotron energy (hv. = heBy/m*)?%:21. In the experimen-
tal data acquired in these experiments, the resonance
frequency, v., determines the effective mass, m*, in the
two-dimensional layer while the line width, Av, and am-
plitude, A, are both functions of 7¢r and the carrier
concentration, ng(Ref. 18).

Cyclotron resonance has been extensively used to
study the dynamic properties of two-dimensional electron
systems in external magnetic fields, primarily in samples
with pg. < 10°ecm? V—1s~! and have demonstrated a
number of novel effects as a function of temperature and
magnetic field. Ref. 16 observed a filling factor depen-
dent change in the cyclotron resonance line width at 5 K



that they modeled assuming reduced intra-Landau level
scattering when the Er is between Landau levels. A se-
ries of cyclotron resonance experiments in samples with
a range of mobilities from pg. = 1.2x 10° cm? V=157 to
1x10%cm? V~1 s~ similarly observed line width maxima
at even filling factors due to impurity scattering as well
as several rational fractions due to reduced screening, al-
though the line width oscillations were more prominent
in the lower mobility samples??.

The effects of strong Coulomb repulsions were first ob-
served as an anomalous shift in the cyclotron resonance
frequency due to an enhancement in the effective mass
in a sample with g4, = 6.7 x 10*cm? V=571 in Ref. 23.
Subsequent investigations with higher mobility samples
(~ 105em?V~1s71) in Ref. 17 reported a similar red
shift in the cyclotron frequency and demonstrated that
it can be controlled by both the carrier concentration and
external magnetic field. Ref. 18 studied a range of carrier
concentrations for 1.55 x 10 cm ™2 to 1.0 x 10! cm ™2 in
a sample with a mobility of 3 x 10° cm? V~=!'s~! and de-
termined a 7¢r of 104 ps at a filling factor of v = 0.4.
The authors note, however, the absence of cyclotron res-
onance line width oscillations, which they attribute to
the saturation of the intensity transmission line width
in high mobility samples (> 10°cm?V~!'s~!), which
eventually becomes independent of any change to 7¢g.
Subsequent investigations of high-mobility 2DEG’s have
also established a limiting role of super-radiant emis-
sion on this resonance lifetime, in addition to the pre-
viously discussed role that the saturation of the dissipa-
tive processes'?2*. Because of this saturation effect and
the onset of significant superradiant emission, however,
few systematic investigations of 7¢ g have been performed
fge > 10°ecm? Vg1,

Terahertz time-domain spectroscopy is a new imple-
mentation of cyclotron resonance that uses broadband
subpicosecond terahertz pulses and a fixed B26-30 ingtead
of a fixed wavelength source with a variable B1718. Prior
generations of cyclotron resonance experiments measured
the intensity of the transmitted far infrared or terahertz
light and have known limitations in the highest mobil-
ity samples. The resonance line width, Av, saturates in
samples with g, > 10°cm? V=!'s~! and does not un-
ambiguously determine 7cr (see Ref. 18 for a further
discussion of this “saturation effect”). Phase-sensitive
detection methods, which we employ in our experiments,
can directly determine the frequency-dependent real and
imaginary dielectric constants (¥ (V) in this manuscript)
in a single experimental measurement and, thus, over-
come these limitations?6-27:29,

Figure 1(a) shows a diagram of our cyclotron res-
onance experiment. An 800nm pulse from a tita-
nium:sapphire laser amplifier (Coherent Legend) with
duration of 0.150 ps and an energy of 0.6 mJ is used to
produce near-single cycle terahertz pulses by optical rec-
tification in 1 mm thick (110)-oriented zinc telluride (In-
gerys Laser Systems)®'. The resulting pulse is linearly

polarized (E = FEyi) with a spectrum of frequencies
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FIG. 1. (a) The apparatus used in the experiments and de-
scribed in this manuscript is shown here?®. Both the emitter
and detector are zinc telluride (ZnTe), emitting linearly polar-
ized terahertz pulses (£). The detector is aligned to measure
the cross polarized component (§) of the terahertz electric
field that is generated by B. (OAP = off-axis parabolic mir-
ror, QWP = quarter wave plate) (b) The application of an
external magnetic field results in the formation of a spec-
trum of discrete Landau levels separated by the cyclotron
energy, hv.. Adjacent levels have dipole-allowed optical tran-
sitions coupled by a circular polarized component of electro-
magnetic field?®?'. This results in both circular dichroism
(elliptical polarization) and circular birefringence (polariza-
tion rotation) in the 2DEG and modifies the polarization of
the transmitted terahertz pulse near v.. (c) A Bloch sphere
representation of the two-level system model used to describe
our experiments, where the south pole is the highest filled
Landau level (|n)), the north pole is the lowest unfilled level

(|n+1>).

from 0.2 to 1.2 THz. The terahertz pulse has a fluence of
< 1nJem™2 and results in negligible sample heating in
all of our experiments. This terahertz pulse is normally
incident (# = 0) on the 2DEG sample in a 10 T supercon-
ducting magnet (Oxford Instruments SpectroMag) with
B || k, where k = k2 is the propagation vector of the
terahertz pulse and the 2DEG is the 2—¢ plane. This
magnet has a Helium-3 cryostat and a base temperature
of 0.4 K.

A 2DEG in a perpendicular magnetic field results in
a transmitted terahertz pulse that is elliptically polar-
ized with components along both Z and g due to the
magnetic field-induced circular dichroism. We use stan-
dard electro-optic sampling techniques to record the am-
plitude and phase of one linearly polarized component
of the transmitted pulse®?. The polarization axis (§) of
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FIG. 2. (a) Cyclotron resonance data, E(:I:B), that show os-
cillations at B = £1.25T and at 7' = 0.6 K. (b) Subtracted
cyclotron resonance data, AF = E(+B) - E(—B), for tem-
peratures from 0.4K (bottom curve) to 100K (top curve),
showing the increase in 7cr at low temperatures. Data shown
here at 0.6 K also appear in their subtracted form in Fig. 2(b).
The results of the fitting of these data to the multilayer trans-
mission model are described in the text and in Ref. 29 will
be shown in Fig. 3. Secondary pulse located at approximately
~ 15 ps results from multiple reflections within the GaAs sub-
strate.

the detector is aligned to measure the cross polarized
component induced by the applied magnetic field. To
improve the polarization extinction of this detector con-
figuration, we also align a wire grid polarizer (Microtech
Instruments, Model G30) along the ¢ direction. This
entire experiment is performed in a dry nitrogen atmo-
sphere to minimize the effects of atmospheric water vapor
absorption on our data33.

Our experiments study a 30nm thick modulation
doped single GaAs quantum well (sample: EA0745)
grown via molecular beam epitaxy. This sample has a

carrier concentration of ny = 2 x 10 cm~2 and a mobil-
ity of pge = 3.6 x 105cm? V=157t at 4.2K (i.e.a trans-
port scattering time of 7pc = 140 ps).

We measure the terahertz waveform as a function of
temperature at By = £1.25 T (corresponding to a filling
factor of v = 2EF/(h1/C) = 6.6) and subtract them to
isolate the component of the terahertz electric field that
demonstrates broken time-reversal symmetry by under-
going a 7 phase change after magnetic field reversal343°.
A representative set of data is shown in Fig.2(a) for
+1.25T at 0.6 K. The time-delayed pulses that appear
at multiples of ~ 15ps after the initial pulse are addi-
tional Fabry-Perot reflections from the 625 um gallium
arsenide substrate on which the sample is grown. Fig-
ure 2(b) shows the subtracted data (offset vertically for
clarity) as a function of temperature from 0.4 K to 100 K.
Our analysis shows an increase in oscillation lifetime as
temperature is lowered and a reduction in amplitude be-
low 1.5 K and also above 50 K.

Ultrashort terahertz pulse transmission through a mul-
tilayer sample can be modeled using the Characteristic
matrix method%37, which we have previously extended
in Ref. 29 to include materials, like in the present study,
that are in external magnetic field. This allows us to
model the entire cyclotron resonance signal shown in
Fig. 2(b), including the present case when the oscillation
decay time is long and there is interference between the

multiple reflections®.

We use a two-level system approximation for the sus-
ceptibility, )Z(V), of the cyclotron-active polarization
component that results from splitting the density of
states near Er (Ref. 39). This approximation neglects
all Landau levels except for the highest filled level (}n>)
and lowest unfilled level (|n + 1)) near Ep (shown in

Fig.1(b)) and is appropriate for the dipole (d) transi-
tions that we can access with the low terahertz pulse
energies in our experiment. This approximation is valid
for our specific excitation conditions but would not be
generally applicable if the the full Landau spectrum was
accessible by the incident field. First, at the lowest tem-
peratures of our experiment, the thermal population in
[n + 1) is essentially zero (i.e.for hv, < kgT). Sec-
ond, with the }n + 1> unoccupied, the next unfilled level,
|n + 2>, is only accessible via a quadrupole transition
from }n>, since the spectral weight of our terahertz pulse
is very low at 2v,. ~ 1.03 THz, this will not result in a sig-
nificant population in any higher level state. Thus, the
only Landau levels that can be addressed by our tera-
hertz excitation at low temperatures are those levels, ’n>
and |n + 1>, that are near the Fp.

The terahertz pulse results in an ensemble of coher-
ently coupled two-level systems, initially represented as
a vector on the Bloch sphere in Fig.1(c). The dy-
namical )Z(V) of this two-level system in SI units is a



homogeneously-broadened absorption given by:
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where N is the population in |n> before the terahertz

pulse excitation and ’cﬂz is the square dipole transition
matrix element for the |n) — |n + 1) transition®’. The
eofc(u) in the frequency domain corresponds to a causal
response function, R(t), in the time domain that is given
by eq. (2), where IFT is the inverse Fourier transform

operation??4? and u(t) is the unit step function?!.

R(t) =TFT e (v)]

2N|d|’ A (2)
— < 7 )u(t) exp<7_CR> sin 27yt

For later use in Fig. 3, we define yg to be the maximum
value of the imaginary part (absorption) of x in eq. (3a),
which occurs at the cyclotron frequency (v.). Likewise,
the peak amplitude of this causal response is given by
eq. (3b) using the same model parameters.

1 ~

Xo = eo—hN!d\%R (3a)
2 52

A= ﬁN\d| (3b)

We determine the best-fit to our data using a con-
strained genetic algorithm in MATLAB with the Char-
acteristic matrix model for £ (u) and two-level approxi-
mation for x(v). Figure 3(a) shows Yo for each of our
temperatures (<, left axis), with an approximately tem-
perature independent behavior below 10K and a rapid
decrease as temperature is increased above 50 K. This is
in contrast to the amplitude, A, which is also shown on
Fig.3(a) (», right axis). This amplitude decreases be-
low 1.5 K, which will be discussed in more detail below.
We note that the terahertz beam waist at the sample po-
sition has a diameter that is comparable to the sample
dimensions and probe aperture, which potentially makes
our result sensitive to changes in the system alignment.
We have verified this does not contribute to the reduction
in A below 1.5 K by measuring the transmission through
the magnet absent a sample and noting no reduction in
signal throughout the temperature range studied.

Figure 3(b) plots 7cg as a function of sample tem-
perature (o), which monotonically increases as the tem-
perature is lowered from 100K to 0.4K in our experi-
ments. The cyclotron frequency, v, = 0.516 THz, deter-
mined in this fitting is consistent with an effective mass
of m* = 0.0678mg, where mg is the free electron mass.
This is within ~ 0.5% of the accepted value the effective
mass of gallium arsenide!”43.
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FIG. 3. (color online) (a) (», right axis): The amplitude
of the time-domain oscillations, A, is shown as a function of
temperature. (<, left axis): The magnitude of the suscepti-
bility, Xo, is shown as a function of temperature. (b) (e): The
cyclotron lifetime, 7cr, in EA0745is shown as a function of
temperature, which increases monotonically as the tempera-
ture is lowered from 100K to 0.4K. (V¥): The low frequency
Tpc at 4.2 K was determined using transport characterization
techniques. (—): The 7pc is calculated using Matthiessen’s
rule from the individual contributions, using the equations
taken from Ref. 42. (—-): The polar optical phonon scatter-
ing contribution to Tp¢ is given by eq. (31) in Ref. 42. (— —):
The combined remote ionized impurity scattering and inter-
face charge contribution to 7pc, which is given by eqs. (26)
and (28) in Ref. 42. (—— —): The contribution to 7pc due
to acoustic phonon scattering is given by eq. (34) in Ref. 42.
(- - -): The contribution to 7pc due to piezoelectric scattering
is given by eq. (37) in Ref. 42. (M) The temperature depen-
dent component of T¢g, result from acoustic phonon, polar
optical phonon, and impurity scattering, with a potential sec-
ond contribution from a reduction in carrier concentration at
the lowest temperatures studied (see A(T') in Fig.3(a)). (4)
The quantum lifetime, 7, = 1.1 ps, in this sample, which we
determine from the Shubnikov-de Haas amplitude decay.

In addition to the cyclotron resonance measurements,
we also have performed Shubnikov-de Haas measure-
ments. Under a weak perpendicular magnetic field,
the low temperature magnetoresistance, AR, of a 2DES
will exhibit well-known Shubnikov-de Haas oscillations
(SdHOs)** that are periodic in the filling factor, v =
2EF /hv,, where Ep and fiv,. are the Fermi and cyclotron
energies, respectively. Resistance minima occur when
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FIG. 4. (color online) Left axis: Magnetoresistance, AR, of
the sample at (a) 0.380K (b) and 1.5K. Right Axis: the
reduced oscillation amplitude, AR/Dy, versus filling factor,
v, from which we determine a quantum time, 7, = 1.1 ps.

FEr is in the middle between two cyclotron energy lev-
els. The magnetic field dependence of the amplitude is
given by AR « D16 cos(mv), where Dy = X7/ sinh(Xr),
Xt = 272kgT/hv., and § = exp(—n/v.7,) is the Dingle
factor, which we use to extract the quantum scattering
time, 7,%5.

In Fig. 4, we show magnetoresistance data (after re-
moval of a slowly varying background) plotted versus
v and observe well-defined SAHOs that monotonically
decrease with increasing filling factor. In these mag-
netic fields and temperatures, the oscillation minima are
only observed at even v, demonstrating an absence of
spin splitting, with an amplitude that monotonically de-
creases with increasing v. To estimate 74, we extract
the SAHO amplitude and present the reduced resistance
AR/Dr versus v () on a semi-log scale in Fig. 4(right
axis). The amplitude follow an exponential dependence
from which we determine the temperature-independent,
sample average 7, ~ 1.1ps (included on Fig. 3 using ¢).
The measured 7, was found to change by less than 10%
over the sample by varying the contact configurations,
current directions, and magnetic field orientations.

The amplitude of the cyclotron oscillations, A, shown
in Fig.3(a) (») is approximately constant between 1.5 K
and 50 K, with significant decreases both above and be-
low this range. At the highest temperatures studied, the
decrease in A occurs when strong polar optical phonon
scattering®'4 is the main contribution to pg.. This re-
sults in rapid dephasing of the ensemble coherence on
a time scale comparable to the terahertz pulse width?6.
The reduction in amplitude, A, at temperatures below

1.5K is a direct measure of the reduction of N’J|2, as
shown in eq. (3b)*7, which indicates either a reduction in
the population N or a modification to the dipole matrix
element, |<n|ci|n + 1>| The carrier population in this
modulation-doped sample originates from the spatially
separated J-doped silicon layer to avoid the problems of
freeze out of carriers that were seen in earlier genera-
tions of 2DEG’s*8. Prior investigations of 2DEG samples
with lower pg. did not observe the reduction in popula-
tion that our sample exhibits!®23. A full explanation of
this reduction in A will require additional experiments
to study the temperature, magnetic field, and ng depen-
dence of cyclotron resonance decay time.

A simplified picture of this experiment is shown
in Figure 5, which models this as three interacting
subsystems*®. The perpendicular external magnetic field
generates a set of equally-spaced Landau levels in the
GaAs 2DEG. Interactions with the lattice will result in
a loss of coherence through a combination of impurity,
acoustic phonon, and/or polar optical phonon scattering
over our temperature range??. Finally, the external ter-
ahertz field is coupled to the Landau spectrum through
inter-Landau level absorption, which transfers both en-
ergy and coherence from the terahertz field to the sample.
In high mobility samples, superradiant emission results in
the return of energy and coherence back to the terahertz
field.

The different lifetimes (75, 74, and Tgr) measured in
our experiments characterize the observed dynamics in
this high-mobility sample. As previously discussed in
ref. 12, eq. (4b) describes the superradiant emission from
the Landau spectrum into the terahertz field, while the
inter-Landau terahertz absorption in high mobility sam-
ples has also been extensively studied?”. In our sample,
the coupling to the lattice is on the same order as 7gpg,
so both the lattice and terahertz field subsystems are
coupled to the Landau spectrum and contribute to the
observed cyclotron decay.

Coupling between the Landau levels and the terahertz
field results both from absorption, which is significantly
faster than the temporal resolution of our experimental
apparatus, and by superradiant decay. The measured
cyclotron resonance decay time, 7o g, is given by:

_ _ 1
TC}% = Tsé + T (T) (4a)
e’ng

eom* (1 + TLGaAS)C

TSR = (4b)
where Tgg is the contribution from the superradiant de-
cay of the collective cyclotron ensemble and 7 (T) is the
additional temperature-dependent component of the de-
cay time. This 7gr is given by Eq. (4b) in SI units,
where c is the speed of light, e is the electron charge, and
NGaAs, 18 the terahertz frequency refractive index of gal-
lium arsenide'?®9. This lifetime is Tgr = 14.7ps in our
sample using n, = 2 x 10 em™2 and is a limiting time
scale for 7o at low temperatures in this sample. Using
this calculated value of Tsg and our measured T7¢gr data,
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FIG. 5. (color online) A three interacting systems model of
this experiment. The Landau levels, induced by the perpen-
dicular magnetic field on the 2DEG, are coupled to the tera-
hertz field (absorption and superradiance) and to the lattice
(scattering).

we calculate 7,(T'), which is shown on Fig. 3(b) ().

The lifetime 75 describes the coupling between the Lan-
dau Levels and the lattice. Two scenarios can explain the
observed temperature dependence of 7 (T): the temper-
ature dependence of carrier scattering and/or enhanced
superradiant emission due to a reduced carrier concen-
tration (see Fig. 3(a)). For the first scenario, ref. 12 pro-
posed estimating the scattering contribution to 7o g using
the transport scattering times (75 &~ Tpc = m*pge/e ~
140 ps), which we find cannot reproduce the full tempera-
ture dependence from 0.4 to 100 K of ¢ g in our sample.
Figure 3(b) shows a simulation of 7pc (—) using the
model developed for two-dimensional gallium arsenide
systems in ref. 42. The contributions to 7pc include
polar optical phonon scattering (7po, — ), piezoelectric
scattering (Tpz, - - -), acoustic deformation potential scat-
tering (74, —), and impurity scattering (7;, — —)*?
and reproduce Tpc at 4.2K (V). At the highest temper-
atures studied, Tog is limited by polar optical phonon
scattering and, as noted above, results in the concomitant
decrease in amplitude above 50 K. Using this 7pc model
for 7, predicts a temperature dependence for 7cr below
50 K that is not consistent with our data, with a 7p¢c that
is much longer (—) than our 7, (H). The modification
of the density of states near Er, however, results in a
reduction in the relevant scattering times (i.e. 75 < Tpc)
in the 2DEG!>'4, At the lowest temperatures, a scat-
tering contribution to 7cr would be determined by both
impurity scattering as well as acoustic deformation po-
tential scattering, which is at least a component of the
temperature dependence of 7.

The reduction in amplitude shown in Fig. 3(a) may in-
dicate a reduction in ng below ~ 1.5K, resulting in a
spectral weight transfer away from hv.. If we assume no

2, then the reduction in A would be a direct

change to |CZ

measure in the reduction in ns. Since eq. (4b) describes
an inverse relationship for 7sx ~ n; !, this reduction in
ns would be at least a component of the increase the
cyclotron decay time over the same temperature range.
From 1.5K to 0.4 K the amplitude is reduced by ~ 2.5x,
while the corresponding increase in decay time is only
1.6x. This scenario for 7 (T), thus, cannot alone ex-
plain our results from 0.4K to 1.5K. It is likely that
a combination of dissipative and radiative processes can
successfully explain our observed data (M), but further
experiments that fully measure and model the B- and
T-dependence of 7 will be needed.

The difference between 7, = 1.1ps and 7, = 66.4 ps ~
60 x 74 at low temperatures in this sample highlights the
importance of small angle scattering in this high mobil-
ity 2DEG. Using the relaxation time approximation, the
scattering time, 77!, measured in a given experimental
geometry is given by:

—

% = / W (k, k') f(0)dk (5)

where W(E, K ) is the scattering probability for an elec-
tron in k to scatter into &’ , 0 is the angle between k and
K ,and f (9) is a weight function that determines the rela-
tive contribution to 7 for each scattering angle. The mea-
sured 7pe = 140 ps, for example, is primarily determined
by large angle scattering from long-range scattering since
Tpc > 74. From the relevant Boltzmann equation, 7pc
is weighted by f(6) = (1—cos#), which suppresses small
angle scattering contributions. In contrast, 7, in homo-

geneous samples has f (9) = 1 and is a determined by the

full W(E, E’), as has been discussed previously®24:51:52,

In homogeneous samples, 7, is closely related to the
dissipative component cyclotron decay time, 75. Dis-
agreement between 7y and Topg, as we observe in our
data, has been previously attributed to disorder in sam-
ples with lower mobilities (p < 10 em? V=1s71)5152 A
spatial variation in the carrier concentration, Ang (:U, y),
within the two-dimensional layer result in an apparent
reduction in 7, due to the resulting spatial variation in
Er. The resistance oscillations seen in Fig.4 have min-
ima that are located at even integral multiples of the fill-
ing factor, v, which result from edge channel conduction
in the sample. A spatial variation in ns would correspond
to different values of Er, changing the B-fields where
these resistance minima occur, which is known to lead to
a reduction in the apparent 7,°2. The carrier concentra-
tion variation needed to explain the discrepancy between
Ts = 66.4ps and 7, = 1.1ps in our sample would be
on the order of % ~ 15%5'. In our sample, this car-
rier concentration variation is fundamentally inconsistent
with the sample mobility of p1g. = 3.6 x 106 cm? V=1s71,
which has previously been found to occur in samples with
low defect density, atomically smooth interfaces, and oth-
erwise homogenous properties®.

The difference between 7, and 7, has been previously
predicted and results from the importance of small an-



gle scattering in this high mobility sample. A significant
role for small angle scattering in this sample is consis-
tent with the ratio of the quantum and transport life-
times, 7,/Tpc < 1, in our sample®?. Small angle scat-
tering with an angle, 6, between k and k' will not sig-
nificantly contribute to dephasing below a critical angle
0. < m/(2v) < 13°, determined by the filling factor,
v°1:53 The scattering rate, 7!, determined by eq. 5 can-
not be used directly calculate 75, which only has contri-
butions from a subset of scattering events when 6 > 6.

In summary, we have performed cyclotron resonance
spectroscopy in a Landau-quantized two-dimensional
electron gas with a high mobility of pg. = 3.6 X
10cm?V-1s~! and a carrier concentration of ny =
2 x 10"%cm™2. We find a cyclotron resonance decay
time, 7o g, that decreases monotonically as temperature
increases from 0.4K to 100 K, which results both from
the contribution from superradiance as well as a temper-
ature dependent contribution. Shubnikov-de Haas char-
acterization of this sample determines a quantum life-
time, 7, = 1.1ps, which is ~ 60x faster than the cor-
responding 75, which we attribute to the importance of
small angle scattering § < 13° contribution to 7, and not
to cyclotron dephasing. The reduction in both oscilla-
tion amplitude and lifetime above 50K is the result of
the onset of strong polar optical phonon scattering. The

temperature-dependent 75 below 1.5 K may be the result
dissipative mechanisms (impurity scattering and acoustic
deformation potential scattering) and/or from a reduc-
tion in carrier concentration, n,, that would result in an
increase in the superradiant decay time. The origin of
this potential reduction in oscillation amplitude/carrier
concentration at low temperatures is currently unclear
and will be the focus of future studies.
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