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We have studied the cyclotron mobility 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 sample with a low frequency mobility of µdc = 3.6 × 106 cm2 V−1 s−1

and a carrier concentration of ns = 2 × 106 cm−2. The low temperature mobility in this sample
results from both impurity scattering and acoustic deformation potential scattering, with µ−1

CR ≈(
2.1 × 105 cm2 V−1 s−1

)−1
+

(
3.8 × 10−8 V s K−1 cm−2 × T

)−1
at low temperatures. Above 50 K,

the cyclotron oscillations show a strong reduction in both the oscillation amplitude and lifetime
that is dominated by the contribution due to polar optical phonons. These results suggest that
electron dephasing times as long as ∼ 300 ps are possible even at this high filling factor (ν = 6.6) in
higher mobility samples (> 107 cm2 V−1 s−1) that have lower impurity concentrations and where the
cyclotron mobility at this carrier concentration would be limited by acoustic deformation potential
scattering.

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

I. INTRODUCTION

The gallium arsenide two-dimensional electron gas has
long been used as a model system to study of electronic
transport in two-dimensional systems to study the fun-
damental limits of materials physics1–6. New device ge-
ometries that exploit quantum interference in these sam-
ples provide an additional degree of freedom that is in-
creasingly important as devices with ever smaller fea-
ture sizes are developed7–9. These may also form the
basis of next generation quantum logic provided elec-
tron coherence lifetimes that are sufficiently long can be
achieved10,11. Long coherence lifetimes exceeding 6 sec
have been achieved using isolated single spins in semi-
conductor hosts12, which greatly exceeds lifetimes avail-
able in two-dimensional semiconductor materials by sev-
eral orders of magnitude. Existing coherence times in
two-dimensional electron systems are, however, sufficient
to demonstrate prototype electronic and optical control
of coherence10,13,14. The understanding and mitigation
of decoherence in these high quality two-dimensional sys-
tems will enable a wider array of device geometries based
on semiconductor systems and the development of mate-
rials with even longer coherence lifetimes will increase the
utility of these materials.

Recent interest in monolayer two-dimensional materi-
als include Group IV compounds includes graphene15,16,
silicene17,18 and germanene19 as well as transition metal
dichalcogenides (MoS2, MoSe2, WS2, and WSe2)20,21.
The currently available sample mobilities that can be
obtained is relatively low when compared to GaAs,
with mobilities in multilayer MoS2, for example, of

µdc = 4200 cm2 V−1 s−1 at 30 K recently reported
in Ref. 21. In contrast, theoretical calculations in
graphene predict µdc ≥ 105 cm2 V−1 s−1 at room tem-
perature due to the reduction of long-range polar opti-
cal phonon scattering22. This mobility would be a sub-
stantial enhancement over materials used in conventional
electronics23, which makes graphene and other monolayer
materials interesting candidates for future electronics.

The development of these new high-mobility materials
will require new spectroscopies that can be used to char-
acterize and elucidate the processes that govern transport
in these materials. In this manuscript, we study the tem-
perature dependence of dephasing in a high mobility two
dimensional electron gas at 1.25 T from 0.4 K to 100 K us-
ing terahertz time-domain spectroscopy. Above 50 K, we
observe a rapid dephasing and reduction in cyclotron res-
onance amplitude that coincides with the onset of strong
polar optical phonon scattering in gallium arsenide. Be-
low 1.5 K, we observe an increase in the cyclotron reso-
nance mobility, µCR, that is limited by remote ionized
impurity scattering (µi = 2.1× 105 cm2 V−1 s−1), with a
weak temperature dependence due to acoustic deforma-

tion potential scattering, µA =
(
αT
)−1

, with a temper-

ature coefficient given by α = 3.5 × 10−8 V s K−1 cm−2.
These results suggest that it is possible to achieve dephas-
ing times on the order of ∼ 300 ps at this filling factor in
higher mobility samples where the contribution from im-
purity scattering is minimized and dephasing is limited
by acoustic deformation potential scattering3.

Cyclotron resonance is a well-established experimental
technique that measures the temperature and magnetic
field dependence of the electronic and optical properties
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in bulk24 and quantum-confined semiconductors25–28.

The magnetic field, ~B = B0ẑ, splits the density of states
near the Fermi energy, EF , into quantized Landau levels
separated by the cyclotron energy (hνc = ~eB0/m

∗)29,30.
In the experimental data acquired in these experiments,
the resonance frequency, νc, determines the effective
mass, m∗, of carriers in the 2D layer while the resonance
line width, ∆ν, and amplitude, A, are both functions of
the dephasing time, τCR, and the carrier concentration,
ns

27.
Cyclotron resonance has been extensively used to

study the dynamic properties of two-dimensional electron
systems in external magnetic fields. Reference 25 ob-
served a filling factor dependent change in the cyclotron
resonance line width at 5 K that they attributed to the
reduced intra-Landau level scattering when the EF is
between Landau levels. A series of cyclotron resonance
experiments in samples with a range of mobilities from
µdc = 1.2 × 105 cm2 V−1 s−1 to 1 × 106 cm2 V−1 s−1 ob-
served line width maxima at even filling factors due to
impurity scattering as well as several rational fractions
( 5
3 , 4

3 , and 2
3 ) due to reduced screening, although the

line width oscillations were more prominent in the lower
mobilities samples31

The onset of strong Coulomb repulsions were first
observed as an anomalous shift in the cyclotron reso-
nance frequency due to an enhancement in the effective
mass in a sample with µdc = 6.7 × 104 cm2 V−1 s−1 in
Ref. 32. Subsequent investigations with higher mobility
samples (∼ 105 cm2 V−1 s−1) in Ref. 26 reported a simi-
lar red shift in the cyclotron frequency and demonstrate
that it can be controlled by both the carrier concentra-
tion and external magnetic field. Reference 27 studied
a range of carrier concentrations for 1.55 × 1010 cm−2

to 1.0 × 1011 cm−2 in a sample with a mobility of
3 × 105 cm2 V−1 s−1 and determined a dephasing time
of 104 ps at this low filling factor (ν = 0.4). The authors
note, however, the absence of cyclotron resonance line
width oscillations, which they attribute to the saturation
of the intensity transmission line width in high mobility
samples (≥ 105 cm2 V−1 s−1), which eventually becomes
independent of any change to the cyclotron resonance
mobility, µCR. Because of this saturation effect, few sys-
tematic investigations of the cyclotron line width (µCR)
have been performed, despite the significant interest in
the development of long-coherence lifetimes semiconduc-
tor systems for device applications.

II. EXPERIMENT DETAILS

Terahertz time-domain spectroscopy is a new imple-
mentation of cyclotron resonance that uses broadband

subpicosecond terahertz pulses and a fixed ~B34–38 instead

of a fixed wavelength source with a variable ~B39. Prior
generations of cyclotron resonance experiments measure
the intensity of the transmitted far infrared or tera-
hertz light and have known limitations in the highest
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ŝ+

��n
↵

��n + 1
↵

(a)

(b) (c)

FIG. 1. (a) The apparatus used in the experiments and de-
scribed in this manuscript is shown here33. Both the emitter
and detector are zinc telluride (ZnTe), emitting linearly polar-
ized 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 mir-
ror, 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
field29,30. This results in both circular dichroism (elliptical
polarization) and circular birefringence (field rotation) in the
2DEG and modifies the polarization of the transmitted ter-
ahertz 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〉),

the north pole is the lowest unfilled level (
∣∣n+ 1

〉
).

mobility samples. The resonance line width, ∆ν, satu-
rates in samples with µdc ≥ 105 cm2 V−1 s−1 and does
not unambiguously determine the dephasing time, τCR

(see Ref. 27 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 con-
stants (χ̃

(
ν
)

in this manuscript) in a single experimental

measurement and, thus, overcome these limitations34–38.

Figure 1(a) shows a diagram of our cyclotron res-
onance experiment. An 800 nm 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
rectification in 1 mm thick (110)-oriented zinc telluride
(Ingcrys Laser Systems)40. The resulting subpicosecond

pulse is linearly polarized ( ~E = E0x̂) with a spectrum of
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FIG. 2. (a) Cyclotron resonance data that show oscillations
at ±1.25 T and at 0.6 K are shown here. (b) Cyclotron res-
onance data for temperatures from 0.4 K (bottom curve) to
100 K (top curve), showing the increase in dephasing time at
low temperatures. Data shown here at 0.6 K also appear in
their subtracted form in Fig. 2(a). The fitting of these data
to the multilayer transmission model described in the text re-
sults and in Ref. 38 will be shown in Fig. 3. Secondary pulse
located at approximately ∼ 15 ps results from multiple reflec-
tions within the GaAs substrate.

frequencies from 0.2 to 1.2 THz. The terahertz pulse has
a fluence that is � 1 nJ cm−2, which 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 is the propa-
gation vector of the terahertz pulse. 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 x̂ and ŷ due to in 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 pulse41. 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 con-
figuration, we also align a wire grid polarizer (Microtech
Instruments, Model G30) along the ŷ direction. This
entire experiment is performed in a dry nitrogen atmo-
sphere to minimize the effects of water vapor absorption
on our data42.

Our experiments study a 30 nm thick modulation
doped single GaAs quantum well (sample: EA0745 )
grown via molecular beam epitaxy. Electrons in this
quantum well are generated by a pair of δ-doped sili-
con monolayers with setback distances of 77.6 nm and
99.3 nm. This geometry results in a carrier concentra-
tion of ns = 2 × 1011 cm−2 and a mobility of µdc =
3.6 × 106 cm2 V−1 s−1 at 4.2 K . This combination of
magnetic field and carrier concentration results in a fill-

ing factor of ν = 2ns

√
~e−1B−10 = 6.6 for all experiments

described in this manuscript.

III. DATA AND ANALYSIS

We measure the terahertz waveform as a function of
temperature at both B0 = ±1.25 T and subtract them to
isolate the component of the terahertz electric field that
demonstrates broken time-reversal symmetry by under-
going a π phase change on magnetic field reversal43,44.
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 addi-
tional Fabry-Perot reflections from the 625µm 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,
showing an increase in oscillation lifetime as temperature
is lowered and a reduction in oscillation amplitude below
1.5 K and also above 50 K.

Transmission through a multilayer sample can be mod-
eled using the Characteristic matrix method45,46, which
we have previously extended in Ref. 38 to include ma-
terials, like in the present study, that are in external
magnetic field. A brief summary of this analysis tech-
nique is included here. The thickness, zj , and admit-
tance, Yj = njY0, describe the j-th layer of the multilayer

2DEG, where nj is the refractive index and Y0 =
√
ε0/µ0

is the admittance of free space. M±,j for this layer and for
one circular polarization component, σ̂± = 1√

2

(
x̂ ± iŷ

)
,

is given by:

M±,j
.
=

[
cos
(
κ±,jzj

)
±Y −1± sin

(
κ±,jzj

)

∓Y± sin
(
κ±,jzj

)
cos
(
κ±,jzj

)
]

(1)

where κ±,j = 2πνnjλ
−1 is the wave number. The full

Characteristic matrix, M± =
∏

j M±,j
.
=
[
A B
C D

]
, for the
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multilayer structure is given by the product of the indi-
vidual M±,j . The transmission coefficient, t̃±, for each
polarization is given by:

t̃±
(
ν
)

=
2(

A+ YtY
−1
i D

)
± i
(
Y −1i C − YtB

) (2)

where Yt and Yi are the admittance of the transmitted
and incident medium, respectively. This method allows
us to model the entire cyclotron resonance signal shown
in Fig. 2(b), including the present case when the oscilla-
tion time is long and there is interference between the
multiple reflections35,47.

We use a two-level system approximation for the sus-
ceptibility, χ̃

(
ν
)
, of the cyclotron-active polarization

component that results from splitting the density of
states near EF . This neglects all Landau levels except
for the highest filled level (

∣∣n
〉
) and lowest unfilled level

(
∣∣n + 1

〉
) near EF and is appropriate for the dipole (d̂)

transitions that we can access with the low terahertz
pulse energies in our experiment. The terahertz pulse
results in an ensemble of coherently coupled two-level
systems, 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 line
given by:

χ̃
(
ν
)

=

(
1

ε0~
N
∣∣d̂
∣∣2τCR

)[
i− 2π

(
ν − νc

)
τCR

1 + 4π2
(
ν − νc

)2
τ2CR

]
(3)

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

〉
transition48. This

χ̃
(
ν
)

corresponds to a causal response function, R
(
t
)
, in

the time-domain that is given by eq. (4), where IFT is
the inverse Fourier transform operation38,49 and u

(
t
)

is
the step function.

R
(
t
)
≡ IFT

[
χ̃
(
ν
)]

=

(
2

ε0~
N
∣∣d̂
∣∣2
)

u
(
t
)

exp
( −t
τCR

)
sin 2πνct

(4)

For later use in Fig. 3, we define χ̃0 to be the maximum
value of the imaginary part (absorption) of χ̃ in eq. (5a),
which occurs at ν = νc. Likewise, the peak amplitude of
this causal response is given by eq. (5b) using the same
parameters as the χ̃ model.

χ̃0 =
1

ε0~
N
∣∣d̂
∣∣2τCR (5a)

A =
2

ε0~
N
∣∣d̂
∣∣2 (5b)

We determine the best-fit to our data using a con-
strained genetic algorithm in MATLAB with the Char-
acteristic matrix model for t̃

(
ν
)

and two-level approxi-

mation for χ̃
(
ν
)
. Figure 3(a) shows χ̃0 for each of our
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FIG. 3. (color online) (a) (I, right axis): The amplitude
of the time-domain oscillations, A, is presented as a function
of temperature. (J, left axis): The magnitude of the sus-
ceptibility, χ̃0, is presented as a function of temperature. (b)
(•, right axis): The cyclotron mobility, µCR, in EA0745 is
shown here, with the same data presented using the dephas-
ing time, τCR, on the opposite axis (•, right axis). (H): The
low frequency mobility at 4.2 K was determined using trans-
port characterization techniques. (−, left axis): The mobil-
ity is calculated using Matthiessen’s rule from the individual
contributions, using the equations taken from Ref. 50. (−−,
left axis): The polar optical phonon scattering contribution
is given by eq. (31) in Ref. 50. (−−, left axis): The combined
remote ionized impurity scattering and interface charge con-
tribution, which is given by eqs. (26) and (28) in Ref. 50. (− ·,
left axis): The contribution due to acoustic phonon scatter-
ing, which is given by eq. (34) in Ref. 50. (· · · , left axis): The
contribution due to piezoelectric scattering, which is given by
eq. (37) in Ref. 50.

temperatures (J, left axis), with an approximately tem-
perature 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
on Fig. 3(a) (I, right axis), which decrease below 1.5 K,
as will be discussed in more detail below. We note that
the terahertz beam waist at the sample position has a di-
ameter that is comparable to the sample dimensions and
probe aperture, which potentially makes our result sensi-
tive to changes in the system alignment including a tem-
perature dependent change to the insert probe length.
We have verified this does not contribute to the reduction
in A below 1.5 K by measuring the transmission through
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the magnet absent a sample and noting no reduction in
signal throughout the temperature range studied.

Figure 3(b) plots the dephasing time (τCR) as a func-
tion of sample temperature (•, right axis) and, also,
converted to a mobility using µCR = eτCR/m

∗ (•, left
axis), which monotonically increases as the temperature
is lowered from 100 K to 0.4 K in our experiments. The
cyclotron oscillation frequency, νc = 0.516 THz, deter-
mined by this fitting is consistent with an effective mass
of m∗ = 0.0678m0, where m0 is the free electron mass.
This is within ∼ 0.5% of the accepted value the effective
mass of gallium arsenide51 and does not show enhance-
ment at our high filling factor (ν = 6.6)26.

IV. RESULTS AND DISCUSSION

Figure 3(b) shows a simulation of µdc as a function
of temperature for our carrier concentration using the
model described in Ref. 50. The lattice contributions to
µdc include polar optical phonon scattering (µPO, − · −),
piezoelectric scattering (µPZ , · · ·), and acoustic defor-
mation potential scattering (µA, − ·). In addition to
these, impurity scattering (µi, −−) results from both
the contributions due to remote ionized impurity scat-
tering (µRI) and surface charge scattering (µBI). As
was also the case in Ref. 50, the interface charge density,
NBI and remote ionized impurity concentration, Ni, are
not independently known in our sample. Samples with
µdc ≥ 106 cm2 V−1 s−1 grown using molecular beam epi-
taxy, however, typically have impurity concentrations of
ni ≤ 1014 cm−3, which allows us to estimate the com-
bined contribution to µ−1i = µ−1RI + µ−1BI in this sample
(–−). The full mobility, µdc, is then calculated using
Matthiessen’s rule (µ−1dc = µ−1PO + µ−1PZ + . . .) using the
individual contributions to fit our measured mobility at
4.2 K (H).

The amplitude of the cyclotron oscillations is approxi-
mately constant between 1.5 K and 50 K, with significant
decreases both above and below this range. At the high-
est temperatures studied, the decrease in the value of A
corresponds to the onset of strong polar optical phonon
scattering2,52 as the main contribution to µdc and results
in rapid dephasing of the ensemble coherence on a time
scale comparable to the terahertz pulse width53. At tem-
peratures below 1.5 K, the amplitude is a direct measure

of the reduction of N
∣∣d̂
∣∣2, as noted in eq. (5b)54. This in-

dicates either a reduction in the population N or a mod-

ification to the dipole matrix element,
∣∣〈n
∣∣d̂
∣∣n+1

〉∣∣. The
carrier population in this modulation doped sample orig-
inates from the spatially separated δ-doped silicon layer
to avoid freeze out of the carriers55. We also note that
prior investigations of 2DEG samples with lower mobil-
ities did not observed a reduction in population27,32. A
full explanation of this reduction in A will require addi-
tional experiments to study the temperature and mag-
netic field dependence of cyclotron resonance in this high
mobility sample.

At the lowest temperatures, we fit our µCR to a sim-
plified model using a low temperature approximation to
Matthiessen’s rule:

µ−1CR ' µ
−1
i + αT + . . . (6)

where µi is the contribution to remote ionized impu-
rities. The contribution due to acoustic deformation
potential scattering, µA =

(
αT
)−1

, should be the sig-
nificant temperature-dependent contribution at this ns
based on the results shown in Fig. 3(b)53,56. We find a
best-fit to our data using α = 3.8 × 10−7 V s K−1 cm−2

and µi = 2.1 × 105 cm2 V−1 s−1, which is included on
Fig. 3(b) (— —). A theoretical calculation of the acous-
tic deformation potential mobility in gallium arsenide at
B = 0 found a value of α = 3.5 × 10−8 V s K−1 cm−2

in samples with a similar carrier concentration (ns =
0.2 − 2 × 1011 cm−2) in Ref. 3. That value of α is an
order of magnitude smaller than the value determined in
our work, likely resulting from the modification of the
density of states and wavefunctions near the Fermi sur-
face due to the Landau quantization.

Our α allows us to estimate the dephasing time that
would be possible in high mobility gallium arsenide sam-
ples where the contribution due to remote ionized im-
purities is minimized and acoustic deformation poten-
tial scattering would be expected to limit µ (Ref. 3).
From our data, the cyclotron mobility at 0.4 K would be
µA = 6.6 × 106 cm2 V−1 s−1 at this filling factor, which
would correspond to a dephasing time on the order of
∼ 300 ps. We note that lower filling factors are also pos-
sible at higher magnetic fields or lower ns, which have
shown in prior experiments increase τCR

25–27,31.

V. CONCLUSIONS

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

and a carrier concentration of ns = 2 × 1010 cm−2.
We find a cyclotron resonance mobility, µCR, of 3.2 ×
105 cm2 V−1 s−1 at 0.4 K and determine a fitting to our
low temperature cyclotron mobility given by µ−1CR =

µ−1i +
(
αT
)−1

with α = 3.5 × 10−8 V s K−1 cm−2 and

µi = 2.1 × 105 cm2 V−1 s−1. These results predict that
coherence lifetimes on the order of 300 ps are possible in
higher mobility samples and at this filling factor. Future
work will focus on studying this material at lower filling
factors to study line width oscillations and the potential
for effective mass enhancement as well as to elucidate
the observed reduction in cyclotron resonance amplitude
below 1.5 K.
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