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Cyclotron decay time of a two-dimensional electron gas from 0.4 to 100 K
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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 μdc = 3.6 × 106 cm2 V−1 s−1 and a carrier concentration
of ns = 2 × 1011 cm−2. We find a cyclotron decay time that is limited by superradiant 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, τq = 1.1 ps, which is
significantly faster than the corresponding dephasing time, τs = 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 θ � 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.
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I. INTRODUCTION

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 electronic transport [1–6].
New device geometries that exploit quantum interference in
these samples provide an additional degree of freedom that
is increasingly important as devices with ever-smaller feature
sizes are developed [7,8]. These may also form the basis of
next-generation quantum logic provided electron coherence
lifetimes that are sufficiently long can be achieved [9]. Existing
lifetimes in two-dimensional electron systems (2DES) are
sufficient to demonstrate prototype electronic and optical
control of coherence [9–11], but there is significant interest in
extending these decoherence times to enable new applications.
Recent work [12] has shown that the electronic properties
of 2DES are influenced by many-body effects including
superradiant emission, which emerges only in the highest-
mobility samples where the decoherence times are on the
same order as 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 characterization of high-
mobility materials with even longer coherence lifetimes will
determine the feasibility of these for device applications.

In this paper, we study the temperature dependence of
the cyclotron resonance decay time τCR in a high-mobility
gallium arsenide quantum well two-dimensional electron gas
at ±1.25 T from 0.4 to 100 K using terahertz time-domain
spectroscopy. Our results show a monotonic decrease in τCR

from 0.4 to 100 K that is limited by the superradiant decay
time of the cyclotron ensemble at the lowest temperatures
measured [12]. We see a significant decrease in oscillation
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amplitude A and τCR above 50 K that is due to strong polar
optical phonon scattering in gallium arsenide that results
in rapid ensemble dephasing. Below 1.5 K, we also see a
decrease in A that is a signature of a decrease in cyclotron
population or a reduction in the transition dipole matrix
element. Our Shubnikov–de Haas characterization of the same
sample determines a quantum lifetime, τq = 1.1 ps, which is
significantly shorter than either the transport lifetime, τDC =
140 ps, or the component of τCR due to scattering, τs(T ) =
66.4 ps. The temperature dependence of τCR results from both
dissipative processes (i.e., acoustic phonon scattering, polar
optical phonon scattering, and impurity scattering [13,14])
and, potentially, a temperature-dependent reduction in free-
carrier concentration with a concomitant increase in the
superradiance decay time [12].

II. BACKGROUND

Cyclotron resonance is a well-established experimental
technique that measures the temperature and magnetic field
dependence of the electronic and optical properties in bulk [15]
and quantum-confined semiconductors [16–19]. The magnetic
field, �B = B0ẑ, splits the density of states into quantized
Landau levels separated by the cyclotron energy (hνc =
�eB0/m∗) [20,21]. In the experimental data acquired in
these experiments, the resonance frequency νc determines the
effective mass m∗ in the two-dimensional layer, while the
linewidth �ν and amplitude A are both functions of τCR and
the carrier concentration ns [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 μdc �
105 cm2 V−1 s−1, and has demonstrated a number of novel
effects as a function of temperature and magnetic field.
The authors of Ref. [16] observed a filling-factor-dependent
change in the cyclotron resonance linewidth at 5 K that they
modeled assuming reduced intra-Landau-level scattering when
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EF is between Landau levels. A series of cyclotron resonance
experiments in samples with a range of mobilities from μdc =
1.2 × 105 to 1 × 106 cm2 V−1 s−1 similarly observed linewidth
maxima at even filling factors due to impurity scattering as
well as several rational fractions due to reduced screening,
although the linewidth oscillations were more prominent in
the lower-mobility samples [22].

The effects of strong Coulomb repulsions were first
observed as an anomalous shift in the cyclotron resonance
frequency due to an enhancement in the effective mass in
a sample with μdc = 6.7 × 104 cm2 V−1 s−1 in Ref. [23].
Subsequent investigations with higher-mobility samples
(∼105 cm2 V−1 s−1) in Ref. [17] reported a similar redshift in
the cyclotron frequency and demonstrated that it can be con-
trolled by both the carrier concentration and external magnetic
field. Reference [18] studied a range of carrier concentrations
for 1.55 × 1010 to 1.0 × 1011 cm−2 in a sample with a mobility
of 3 × 105 cm2 V−1 s−1 and determined a τCR of 104 ps at
a filling factor of ν = 0.4. The authors note, however, the
absence of cyclotron resonance linewidth oscillations, which
they attribute to the saturation of the intensity transmis-
sion linewidth in high-mobility samples (�105 cm2 V−1 s−1),
which eventually becomes independent of any change to τCR .
Subsequent investigations of high-mobility 2DEGs have also
established a limiting role of superradiant emission on this
resonance lifetime, in addition to the previously discussed role
of the saturation of the dissipative processes [12,24]. Because
of this saturation effect and the onset of significant superradiant
emission, however, few systematic investigations of τCR have
been performed with μdc � 105 cm2 V−1 s−1.

III. EXPERIMENTAL METHODS

Terahertz time-domain spectroscopy is a new implemen-
tation of cyclotron resonance that uses broadband subpi-
cosecond terahertz pulses and a fixed �B [26–30] instead of
a fixed wavelength source with a variable �B [17,18]. Prior
generations of cyclotron resonance experiments measured the
intensity of the transmitted far-infrared or terahertz light and
have known limitations in the highest-mobility samples. The
resonance linewidth �ν saturates in samples with μdc �
105 cm2 V−1 s−1 and does not unambiguously determine τCR

(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 [χ̃ (ν) in
this paper] in a single experimental measurement and thus
overcome these limitations [26,27,29].

Figure 1(a) shows a diagram of our cyclotron resonance
experiment. An 800-nm pulse from a titanium:sapphire laser
amplifier (Coherent Legend) with a duration of 0.150 ps and an
energy of 0.6 mJ is used to produce near-single-cycle terahertz
pulses by optical rectification in 1-mm-thick (110)-oriented
zinc telluride (Ingcrys Laser Systems) [31]. The resulting pulse
is linearly polarized ( �E = E0x̂) with a spectrum of frequencies
from 0.2 to 1.2 THz. The terahertz pulse has a fluence of
� 1 nJ cm−2 and results in negligible sample heating in all of
our experiments. This terahertz pulse is normally incident (θ =
0) on the 2DEG sample in a 10-T superconducting magnet
(Oxford Instruments SpectroMag) with �B ‖ �k, where �k = κẑ

FIG. 1. (a) The apparatus used in the experiments and described
in this paper is shown here [25]. Both the emitter and detector are
zinc telluride (ZnTe), emitting linearly polarized terahertz pulses x̂.
The detector is aligned to measure the cross-polarized component ŷ

of the terahertz electric field that is generated by �B. OAP = off-axis
parabolic mirror, QWP = quarter wave plate. (b) The application
of an external magnetic field results in the formation of a spectrum
of discrete Landau levels separated by the cyclotron energy hνc.
Adjacent levels have dipole-allowed optical transitions coupled by a
circular polarized component of electromagnetic field [20,21]. This
results in both circular dichroism (elliptical polarization) and circular
birefringence (polarization rotation) in the 2DEG and modifies the
polarization of the transmitted terahertz pulse near νc. (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〉 and the north pole is the lowest unfilled level |n + 1〉.

is the propagation vector of the terahertz pulse and the 2DEG
is the x̂-ŷ 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 polarized with
components along both x̂ and ŷ due to the magnetic-field-
induced circular dichroism. We use standard electro-optic
sampling techniques to record the amplitude and phase of one
linearly polarized component of the transmitted pulse [32]. The
polarization axis (ŷ) of the detector is aligned to measure the
cross-polarized component induced by the applied magnetic
field. To improve the polarization extinction of this detector
configuration, we also align a wire grid polarizer (Microtech
Instruments, Model G30) along the ŷ direction. This entire
experiment is performed in a dry nitrogen atmosphere to
minimize the effects of atmospheric water vapor absorption
on our data [33].

Our experiments study a 30-nm-thick modulation-doped
single GaAs quantum well (sample: EA0745 ) grown
via molecular beam epitaxy. This sample has a carrier
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concentration of ns = 2 × 1011 cm−2 and a mobility of μdc =
3.6 × 106 cm2 V−1 s−1 at 4.2 K (i.e., a transport scattering time
of τDC = 140 ps).

IV. RESULTS AND DISCUSSION

We measure the terahertz waveform as a function of
temperature at B0 = ±1.25 T [corresponding to a filling
factor of ν = 2EF /(hνc) = 6.6] and subtract it to isolate the
component of the terahertz electric field that demonstrates
broken time-reversal symmetry by undergoing a π phase
change after magnetic field reversal [34,35]. A representative
set of data is shown in Fig. 2(a) for ±1.25 T at 0.6 K. The
time-delayed pulses that appear at multiples of ∼15 ps after
the initial pulse are additional Fabry-Pérot reflections from the
625-μm gallium arsenide substrate on which the sample is
grown. Figure 2(b) shows the subtracted data (offset vertically
for clarity) as a function of temperature from 0.4 to 100 K.
Our analysis shows an increase in oscillation lifetime as
temperature is lowered and a reduction in amplitude below
1.5 K and also above 50 K.

Ultrashort terahertz pulse transmission through a multi-
layer sample can be modeled using the characteristic matrix
method [36,37], which we have previously extended in
Ref. [29] to include materials, like in the present study, that
are in an 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 [38].

We use a two-level system approximation for the suscepti-
bility χ̃ (ν) of the cyclotron-active polarization component that
results from splitting the density of states near EF [39]. This
approximation neglects all Landau levels except for the highest
filled level |n〉 and lowest unfilled level |n + 1〉 near EF [shown
in Fig. 1(b)] and is appropriate for the dipole d̂ transitions
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 full Landau spectrum was accessible by the incident field.
First, at the lowest temperatures of our experiment, the thermal
population in |n + 1〉 is essentially zero (i.e., for hνc � kBT ).
Second, with |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 2νc ≈ 1.03 THz, this will not result in a significant
population in any higher-level state. Thus, the only Landau
levels that can be addressed by our terahertz excitation at low
temperatures are those levels, |n〉 and |n + 1〉, that are near EF .

The terahertz pulse results in an ensemble of coherently
coupled two-level systems, initially represented as a vector
on the Bloch sphere in Fig. 1(c). The dynamical χ̃(ν) of this
two-level system in SI units is a homogeneously broadened
absorption given by

χ̃ (ν) =
(

N |d̂|2τCR

ε0�

)[
i − 2π (ν + νc)τCR

1 + 4π2(ν + νc)2τ 2
CR

− i − 2π (ν − νc)τCR

1 + 4π2(ν − νc)2τ 2
CR

]
, (1)
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FIG. 2. (a) Cyclotron resonance data E(±B) that show oscilla-
tions at B = ±1.25 T and at T = 0.6 K. (b) Subtracted cyclotron
resonance data, �E = E(+B) − E(−B), for temperatures from
0.4 K (bottom curve) to 100 K (top curve), showing the increase in
τCR at low temperatures. Data shown here at 0.6 K also appear in
their subtracted form in (b). The results of the fitting of these data
to the multilayer transmission model are described in the text and in
Ref. [29] and will be shown in Fig. 3. The secondary pulse located
at approximately ∼15 ps results from multiple reflections within the
GaAs substrate.

where N is the population in |n〉 before the terahertz pulse
excitation and |d̂|2 is the square dipole transition matrix
element for the |n〉 → |n + 1〉 transition [39]. The ε0χ̃(ν)
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 [29,40]
and u(t) is the unit step function [41]:

R(t) ≡ IFT[ε0χ̃ (ν)]

=
(

2N |d̂|2
�

)
u(t) exp

( −t

τCR

)
sin 2πνct. (2)
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FIG. 3. (a) Rightward-pointing triangles (right axis): The ampli-
tude of the time-domain oscillations A is shown as a function of
temperature. Leftward-pointing triangles (left axis): The magnitude
of the susceptibility χ̃0 is shown as a function of temperature.
(b) Circles: The cyclotron lifetime τCR in EA0745 is shown as a func-
tion of temperature, which increases monotonically as the temperature
is lowered from 100 to 0.4 K. Triangles: The low-frequency τDC at
4.2 K was determined using transport characterization techniques.
Solid line: The τDC is calculated using Matthiessen’s rule from the
individual contributions, using the equations taken from Ref. [42].
Dot-dashed line: The polar optical phonon scattering contribution to
τDC is given by Eq. (31) in Ref. [42]. Dashed line: The combined
remote ionized impurity scattering and interface charge contribution
to τDC , which is given by Eqs. (26) and (28) in Ref. [42]. Long-
and short-dashed line: The contribution to τDC due to acoustic
phonon scattering is given by Eq. (34) in Ref. [42]. Dotted line: The
contribution to τDC due to piezoelectric scattering is given by Eq. (37)
in Ref. [42]. Squares: The temperature-dependent component of τCR ,
the result from acoustic phonon, polar optical phonon, and impurity
scattering, with a potential second contribution from a reduction in
carrier concentration at the lowest temperatures studied [see A(T ) in
(a)]. Diamonds: The quantum lifetime, τq = 1.1 ps, in this sample,
which we determine from the Shubnikov–de Haas amplitude decay.

For later use in Fig. 3, we define χ̃0 as the maximum value of
the imaginary part (absorption) of χ̃ in Eq. (3a), which occurs
at the cyclotron frequency νc. Likewise, the peak amplitude of
this causal response is given by Eq. (3b) using the same model
parameters.

χ̃0 = 1

ε0�
N |d̂|2τCR, (3a)

A = 2

�
N |d̂|2. (3b)

We determine the best fit to our data using a constrained ge-
netic algorithm in MATLAB with the characteristic matrix model
for t̃(ν) and two-level approximation for χ̃(ν). Figure 3(a)
shows χ̃0 for each of our temperatures (leftward-pointing
triangles, left axis), with an approximately temperature-
independent behavior below 10 K and a rapid decrease as
temperature is increased above 50 K. This is in contrast to
the amplitude A, which is also shown in Fig. 3(a) (rightward-
pointing triangles, right axis). This amplitude decreases below
1.5 K, which will be discussed in more detail below. We note
that the terahertz beam waist at the sample position 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 τCR as a function of sample temperature
(circles), which monotonically increases as the temperature is
lowered from 100 to 0.4 K in our experiments. The cyclotron
frequency, νc = 0.516 THz, determined in this fitting is con-
sistent with an effective mass of m∗ = 0.0678m0, where m0 is
the free-electron mass. This is within ∼0.5% of the accepted
value of the effective mass of gallium arsenide [17,43].

In addition to the cyclotron resonance measurements, we
also have performed Shubnikov–de Haas measurements. Un-
der a weak perpendicular magnetic field, the low-temperature
magnetoresistance �R of a 2DES will exhibit well-known
Shubnikov–de Haas oscillations (SdHOs) [44] that are periodic
in the filling factor, ν = 2EF /�νc, where EF and �νc are the
Fermi and cyclotron energies, respectively. Resistance minima
occur when EF is in the middle between two cyclotron energy
levels. The magnetic field dependence of the amplitude is given
by �R ∝ DTδ cos(πν), where DT = XT/ sinh(XT), XT =
2π2kBT /hνc, and δ = exp(−π/νcτq) is the Dingle factor,
which we use to extract the quantum scattering time τq[45].

In Fig. 4, we show magnetoresistance data (after removal
of a slowly varying background) plotted versus ν and ob-
serve well-defined SdHOs that monotonically decrease with
increasing filling factor. In these magnetic fields and temper-
atures, the oscillation minima are only observed at even ν,
demonstrating an absence of spin splitting, with an amplitude
that monotonically decreases with increasing ν. To estimate
τq , we extract the SdHO amplitude and present the reduced re-
sistance �R/DT versus ν (circles) on a semilog scale in Fig. 4
(right axis). The amplitude follows an exponential dependence
from which we determine the temperature-independent sample
average τq ≈ 1.1 ps (included in Fig. 3 using diamonds). The
measured τq 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) (rightward-pointing triangles) is approximately
constant between 1.5 and 50 K, with significant decreases
both above and below this range. At the highest temperatures
studied, the decrease in A occurs when strong polar optical
phonon scattering [2,14] is the main contribution to μdc.
This results in rapid dephasing of the ensemble coherence
on a time scale comparable to the terahertz pulse width [46].
The reduction in amplitude A at temperatures below 1.5 K
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is a direct measure of the reduction of N |d̂|2, as shown
in Eq. (3b) [47], which indicates either a reduction in the
population N or a modification to the dipole matrix element
|〈n|d̂|n + 1〉|. The carrier population in this modulation-doped
sample originates from the spatially separated δ-doped silicon
layer to avoid the problems of freeze-out of carriers that were
seen in earlier generations of 2DEGs [48]. Prior investigations
of 2DEG samples with lower μdc did not observe the
reduction in population that our sample exhibits [18,23]. A
full explanation of this reduction in A will require additional
experiments to study the temperature, magnetic field, and ns

dependence of cyclotron resonance decay time.
A simplified picture of this experiment is shown in Fig. 5,

which models this as three interacting subsystems [49]. 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 [42]. Finally,
the external terahertz field is coupled to the Landau spectrum
through inter-Landau-level absorption, which transfers both
energy 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 (τs , τq , and τSR) 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

FIG. 4. Left axis: Magnetoresistance �R of the sample at (a)
0.380 K (b) and 1.5 K. Right axis: The reduced oscillation amplitude
�R/DT versus filling factor ν from which we determine a quantum
time, τq = 1.1 ps.

terahertz absorption in high-mobility samples has also been
extensively studied [27]. In our sample, the coupling to the
lattice is on the same order as τSR , 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
superradiant decay. The measured cyclotron resonance decay
time τCR is given by

τ−1
CR = τ−1

SR + τs(T )−1, (4a)

τ−1
SR = e2ns

ε0m∗(1 + nGaAs)c
, (4b)

where τSR is the contribution from the superradiant decay of
the collective cyclotron ensemble and τs(T ) is the additional
temperature-dependent component of the decay time. This τSR

is given by Eq. (4b) in SI units, where c is the speed of light,
e is the electron charge, and nGaAs is the terahertz frequency
refractive index of gallium arsenide [12,50]. This lifetime is
τSR = 14.7 ps in our sample using ns = 2 × 1011 cm−2 and is
a limiting time scale for τCR at low temperatures in this sample.
Using this calculated value of τSR and our measured τCR data,
we calculate τs(T ), which is shown in Fig. 3(b) (squares).

The lifetime τs describes the coupling between the Landau
levels and the lattice. Two scenarios can explain the observed
temperature dependence of τs(T ): the temperature dependence
of carrier scattering and/or enhanced superradiant emission
due to a reduced carrier concentration [see Fig. 3(a)]. For
the first scenario, Ref. [12] proposed estimating the scattering
contribution to τCR using the transport scattering times (τs ≈
τDC = m∗μdc/e ≈ 140 ps), which we find cannot reproduce
the full temperature dependence from 0.4 to 100 K of τCR

in our sample. Figure 3(b) shows a simulation of τDC (solid
line) using the model developed for two-dimensional gallium
arsenide systems in Ref. [42]. The contributions to τDC include
polar optical phonon scattering (τPO , dot-dashed line), piezo-
electric scattering (τPZ , dotted line), acoustic deformation
potential scattering (τA, long- and short-dashed line), and
impurity scattering (τi , dashed line) [42] and reproduce τDC at
4.2 K (triangles). At the highest temperatures studied, τCR is
limited by polar optical phonon scattering and, as noted above,

Landau
Levels

Abs.

FIG. 5. A three-interacting-systems model of this experiment.
The Landau levels, induced by the perpendicular magnetic field
on the 2DEG, are coupled to the terahertz field (absorption and
superradiance) and to the lattice (scattering).
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results in the concomitant decrease in amplitude above 50 K.
Using this τDC model for τs predicts a temperature dependence
for τCR below 50 K that is not consistent with our data, with a
τDC that is much longer (solid line) than our τs (squares). The
modification of the density of states near EF , however, results
in a reduction in the relevant scattering times (i.e., τs < τDC)
in the 2DEG [13,14]. At the lowest temperatures, a scattering
contribution to τCR would be determined by both impurity
scattering and acoustic deformation potential scattering, which
is at least a component of the temperature dependence of τs .

The reduction in amplitude shown in Fig. 3(a) may indicate
a reduction in ns below ∼1.5 K, resulting in a spectral weight
transfer away from hνc. If we assume no change to |d̂|2, then
the reduction in A would be a direct measure of the reduction in
ns . Since Eq. (4b) describes an inverse relationship for τSR ∼
n−1

s , this reduction in ns would be at least a component of the
increase the cyclotron decay time over the same temperature
range. From 1.5 to 0.4 K the amplitude is reduced by ∼2.5
times, while the corresponding increase in decay time is only
1.6 times. This scenario for τs(T ) thus cannot alone explain our
results from 0.4 to 1.5 K. It is likely that a combination of dissi-
pative and radiative processes can successfully explain our ob-
served data (squares), but further experiments that fully mea-
sure and model the B and T dependence of τCR will be needed.

The difference between τq = 1.1 ps and τs = 66.4 ps ≈
60 × τq at low temperatures in this sample highlights the im-
portance of small-angle scattering in this high-mobility 2DEG.
Using the relaxation-time approximation, the scattering time
τ measured in a given experimental geometry is given by

1

τ
=

∫
W (�k,�k′)f (θ )d�k, (5)

where W (�k,�k′) is the scattering probability for an electron in
�k to scatter into �k′, θ is the angle between �k and �k′, and f (θ )
is a weight function that determines the relative contribution
to τ for each scattering angle. The measured τDC = 140 ps,
for example, is primarily determined by large-angle scattering
from long-range scattering since τDC � τq . From the relevant
Boltzmann equation, τDC is weighted by f (θ ) = (1 − cos θ ),
which suppresses small-angle scattering contributions. In
contrast, τq in homogeneous samples has f (θ ) = 1 and is
a determined by the full W (�k,�k′), as has been discussed
previously [6,24,51,52]. In homogeneous samples, τq is closely
related to the dissipative component cyclotron decay time τs .
Disagreement between τs and τCR , as we observe in our data,
has been previously attributed to disorder in samples with
lower mobilities (μ � 104 cm2 V−1 s−1) [51,52]. A spatial
variation in the carrier concentration �ns(x,y) within the
two-dimensional layer results in an apparent reduction in τq

due to the resulting spatial variation in EF . The resistance
oscillations seen in Fig. 4 have minima that are located at even
integral multiples of the filling factor ν, which result from
edge-channel conduction in the sample. A spatial variation in
ns would correspond to different values of EF , changing the
B fields where these resistance minima occur, which is known
to lead to a reduction in the apparent τq [52]. The carrier
concentration variation needed to explain the discrepancy
between τs = 66.4 ps and τq = 1.1 ps in our sample would
be on the order of �ns

ns
∼ 15% [51]. In our sample, this carrier

concentration variation is fundamentally inconsistent with the
sample mobility of μdc = 3.6 × 106 cm2 V−1 s−1, which has
previously been found to occur in samples with low defect
density, atomically smooth interfaces, and otherwise homoge-
nous properties [6]. The difference between τs and τq has been
previously predicted and results from the importance of small-
angle scattering in this high-mobility sample. A significant
role for small-angle scattering in this sample is consistent with
the ratio of the quantum and transport lifetimes, τq/τDC � 1,
in our sample [52]. Small-angle scattering with an angle θ

between k and k′ will not significantly contribute to dephasing
below a critical angle θc � π/(2ν) � 13◦, determined by the
filling factor ν [51,53]. The scattering rate τ−1, determined by
Eq. (5), cannot be used directly to calculate τs , which only has
contributions from a subset of scattering events when θ > θc.

V. CONCLUSIONS

In summary, we have performed cyclotron resonance
spectroscopy in a Landau-quantized two-dimensional electron
gas with a high mobility of μdc = 3.6 × 106 cm2 V−1 s−1

and a carrier concentration of ns = 2 × 1010 cm−2. We find
a cyclotron resonance decay time τCR that decreases mono-
tonically as temperature increases from 0.4 to 100 K, which
results both from the contribution from superradiance and from
a temperature-dependent contribution. Shubnikov–de Haas
characterization of this sample determines a quantum lifetime,
τq = 1.1 ps, which is ∼60 times faster than the corresponding
τs , which we attribute to the importance of the small-angle
scattering θ � 13◦ contribution to τq and not to cyclotron
dephasing. The reduction in both oscillation amplitude and
lifetime above 50 K is the result of the onset of strong
polar optical phonon scattering. The temperature-dependent τs

below 1.5 K may be the result of dissipative mechanisms (im-
purity scattering and acoustic deformation potential scattering)
and/or from a reduction in carrier concentration ns 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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