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We report an observation of magneto-oscillations in transmittance of the circularly polarized microwave
radiation through the high-mobility two-dimensional electron system hosted by a GaAs quantum well. The
oscillations reflect an enhanced absorption of radiation at high harmonics of the cyclotron resonance and follow
simultaneously measured microwave-induced resistance oscillations (MIRO) in the DC transport. While the
relative amplitude (up to 1%) of the transmittance oscillations appears to be small, they represent a significant
(greater than 50%) modulation of the absorption coefficient. The analysis of obtained results demonstrates that
the low-B decay, magnitude, and polarization dependence of the transmittance oscillations accurately follow the
theory describing photon-assisted scattering between distant disorder-broadened Landau levels. The extracted
sample parameters describe reasonably well the concurrently measured MIRO. Our results provide insight into
the MIRO polarization immunity problem and demonstrate that high-precision transmission measurements can
be a sensitive probe of high-frequency dissipative effects in high-mobility systems.
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I. INTRODUCTION

The discovery of microwave-induced resistance oscilla-
tions (MIRO) and zero-resistance states in high-mobility
two-dimensional electron systems (2DESs) subject to a mod-
erately strong perpendicular magnetic field [1–3] triggered an
outbreak of experimental and theoretical research that has led
to the observation of a number of interrelated magnetotrans-
port phenomena in various materials and conditions [4–26].
Most of the observed effects have been coherently explained
within a unified framework describing the quantum kinetics
of electrons in disorder-broadened Landau levels (LLs) in
the presence of strong static and alternating electric fields
[4,27–39] (for other theoretical proposals, see Refs. [40–43]).
In application to MIRO, this quantum description is tightly
linked to an enhanced absorption of microwave radiation
whenever the photon energy h̄ω is close to an integer multiple
of the cyclotron energy Nh̄ωc [29,31,32,35]. In a nutshell,
such enhancements reflect the maxima of the thermally aver-
aged product 〈ν(ε)ν(ε + h̄ω)〉 of initial and final densities of
states for transitions between the disorder-broadened LLs. It
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is worth mentioning that, apart from the broadening of LLs,
the role of disorder here is to make possible the otherwise
dipole-forbidden photon-assisted transitions between distant
LLs for N �= 1.

The corresponding complex structure of the cyclotron res-
onance (CR) line shape including multiple additional resonant
features at ω = Nωc, N = 2, 3, . . . , was observed already
in the early far-infrared transmission experiments [44], fol-
lowing the theoretical predictions in pioneering works on
quantum magnetotransport in 2DESs [45]. However, the
direct observation of the resonances associated with photon-
assisted transitions between distant LLs turned out to be a
challenging task in modern high-mobility 2DESs [10,46–49],
despite giant MIRO and zero resistance states that are argued
to emerge due to these processes in the DC resistance of
the microwave-illuminated samples [29,31,32]. As detailed
below, the reason for this apparent contradiction is that the
shape of the magnetotransmittance and reflectance in the
ultrahigh-mobility structures is dominated by the nondissi-
pative dynamical response of nearly free electrons such that
even very pronounced (up to ∼100%) quantum corrections to
the dissipative part of the dynamic conductivity, Reσ (ω, B) ∝
〈ν(ε)ν(ε + h̄ω)〉, become hardly detectable in the transmit-
tance traces. It is thus not surprising that in high-mobility
structures such quantum oscillations so far have only been
detected in the differential absorption of the 2DES placed in a
cavity [50].

In this Letter we demonstrate the possibility to detect
multiple harmonics of the CR in the transmission signal on
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Experiment

FIG. 1. Magnetic field dependences of (a) photoresistance δR(B) and (b) transmittance |t+|2(B) measured at frequency f = 222 GHz and
for the right-hand circular polarization (black). The inset in (a) shows a part of δR(B) displaying MIRO plotted against ω/ωc. (c) Close-up
of |t+|2(B) in (b), where magneto-oscillations in transmittance are seen at both positive and negative magnetic fields. Red curves show fits
calculated according to Eqs. (1)–(3) for the transmittance and Eq. (4) for the photoresistance. The inset in (c) shows the correspondent quantum
magneto-oscillations (3) in the dissipative part of the dynamic conductivity δσ+, normalized to the classical Drude background Reσ D

+ , plotted
against ω/ωc. The period of oscillations in (a) and (c) is the same and yields the effective mass m = eB/ωc = 0.068m0 of quasiparticles at the
Fermi surface, renormalized by electron-electron interactions. On the other hand, the position BCR of the CR, marked by an arrow in (b), is
insensitive to interaction effects by virtue of the Kohn theorem and yields the bare electron mass mCR = eBCR/ω = 0.072m0.

a sample that also manifests well-pronounced MIRO in the
in situ measured DC resistance. To make this possible, we
performed measurements on a sample with moderately high
mobility μ = 2.1 × 106 cm2/V s and implemented a quasiop-
tical setup with tunable-frequency stable radiation sources
which enabled high-accuracy measurements of the absolute
transmittance values. To improve the visibility of the quan-
tum magneto-oscillations in transmittance, we further took an
opportunity to deliberately modify the shape of magnetotrans-
mittance by fine-tuning the interference effects originating
from multiple reflections of the wave in the substrate. With
all the above measures, we were able to resolve eight or
more periods of magneto-oscillations for both polarities of
the magnetic field under the circularly polarized microwave
illumination. We show that the low-B decay, the magnitude,
and polarization dependence of the observed oscillations ac-
curately follow the theoretical predictions of Ref. [29], being
governed by a single fitting parameter which describes the
broadening of LLs due to impurity scattering. This parameter
also describes reasonably well the low-B decay of the concur-
rently measured MIRO. Our results demonstrate prospects to
use high-precision transmission measurements to probe other
high-frequency dissipative effects of high-mobility systems
[40,43,51–54] and provide additional insight into the intrigu-
ing and controversial issue of polarization immunity of MIRO
[4,10,20,49,55].

II. SAMPLE AND METHODS

The measurements were carried out on a heterostructure
containing a 2DES in a selectively doped 16-nm GaAs quan-

tum well with AlAs/GaAs superlattice barriers grown by
molecular beam epitaxy on a GaAs substrate [56–59]. The
van der Pauw sample size was 10 × 10 mm2 and Ohmic con-
tacts at the corners were fabricated by burning Ge/Au/Ni/Au
(see the Supplemental Material for details [60]). After ex-
posure to the room light the electron density and mobility
were n = 6.6 × 1011 cm−2 and μ = 2.1 × 106 cm2/V s, re-
spectively [60]. The sample was irradiated from the substrate
side through an 8-mm aperture. Backward-wave oscillators
with available frequency f = ω/2π in the range between 100
and 1000 GHz were used as stable sources of the normally
incident continuous monochromatic radiation. A split-coil
superconducting magnet provided the magnetic field B ori-
ented perpendicular to the sample surface. The transmittance
through the sample was measured using a He-cooled bolome-
ter. High temporal stability of the whole system including
the mounting of the sample allowed us to detect the relative
changes of transmittance down to 10−4 [60,61]. In parallel
with the transmittance, the photoresistance δR (the differ-
ence of the resistance signals in the presence and absence of
irradiation) was measured using the double-modulation tech-
nique [60]. All presented results were obtained at temperature
T = 1.9 K.

III. RESULTS

Figure 1 shows a representative example of simultane-
ously measured photoresistance [Fig. 1(a)] and transmittance
[Figs. 1(b) and 1(c)] recorded as a function of perpendicular
magnetic field B under 222-GHz circularly polarized radia-
tion. Red lines in Fig. 1 are theoretical fits (explained below)
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to the data shown by black lines and dots. Similar results
obtained under 328- and 432-GHz radiation are provided
in [60].

The photoresistance δR in Fig. 1(a) displays pronounced
MIRO governed by the ratio ω/ωc, where ω = 2π f is the
angular radiation frequency and ωc = eB/m is the cyclotron
frequency. Here e = |e| is the elementary charge and m is the
electron effective mass. In the inset, these data are replotted
versus ω/ωc (using m = 0.068m0, where m0 is a free-electron
mass) making evident that the observed magneto-oscillations
accurately reproduce the established period and phase of
MIRO, with nodes at integer ω/ωc.

The focus of this work is on the magnetotransmittance. The
analysis below shows that it is dominated by strong metallic
reflection from the 2DES leading to a strong dip in the region
of CR, marked by the arrow in Fig. 1(b). The transmission
is also significantly affected by multiple reflections of the
electromagnetic wave in the dielectric slab between back and
front interfaces of the sample. The associated Fabry-Pérot
interference is responsible for an asymmetric line shape of
the CR dip in transmittance. For our particular choice of mi-
crowave frequency f = 222 GHz, the interference produces
an almost flat shoulder at |B| � 0.2 T. A magnified view
of this region, shown in Fig. 1(c), reveals the presence of
magneto-oscillations which closely resemble the ω/ωc oscil-
lations seen in δR. Despite the relatively low amplitude of
magneto-oscillations in transmittance and their exponential
decay towards low B, we are able to clearly detect multiple
oscillation periods for both polarities of the magnetic field.
Below we demonstrate that these oscillations are in excellent
agreement with theoretical predictions of Ref. [29] [see the
red line in Fig. 1(c)] and can therefore by attributed to an
enhanced absorption at integer ω/ωc due to resonant photon-
assisted transitions between distant disorder-broadened LLs.

IV. ANALYSIS

We model the measured transmittance using the expression
[44,49]

|t±|2 = 4Ksw

|s1(1 + σ±Z0) + s2|2
. (1)

Apart from a phenomenological factor Ksw � 1 addressed
below, it describes the fraction of power transmitted through
a dielectric slab containing an isotropic 2DES for a nor-
mally incident circularly polarized wave (plus and minus signs
correspond to the right- and left-handed circular polariza-
tion, respectively). Two complex parameters s1 = cos(kd ) −
iε−1/2 sin(kd ) and s2 = cos(kd ) − i

√
ε sin(kd ) describe the

Fabry-Perót interference and are controlled by the product
of the sample thickness d = 406 μm and the wave number
in the GaAs substrate, k = √

εω/c. These parameters were
accurately determined from the period of measured frequency
dependence of transmittance at B = 0, yielding the dielectric
permittivity ε = 12.06 [60]. Apart from that, these B = 0
measurements provided the value of the ω-dependent factor
Ksw (0.913 for the fit in Fig. 1) which is conventionally in-
troduced to account for weak uncontrolled effects such as the
remaining standing waves in the experimental cell [60,62].

The magnetic field dependence of |t±|2 in Eq. (1) is
fully determined by the complex dynamic conductivity of the
2DES, σ±, which enters in combination with the impedance of
free space Z0 and is defined as σ± = σxx(ω, B) ± iσxy(ω, B)
in terms of components σxx = σyy and σxy = −σyx of the
conductivity tensor. We have checked that all features of the
measured |t±|2 remain independent of the microwave power
in the whole available range, which demonstrates that our
measurements reflect the linear-response transport properties
of the 2DES [60]. The linear conductivity is modeled [29,60]
as a sum σ± = σ D

± + δσ± of classical Drude conductivity

σ D
± = en

μ−1 ± iB − iBCR
, (2)

where BCR = ωmCR/e denotes the position of the CR, and an
oscillatory quantum correction

δσ± = 2δ2 cos
2πω

ωc
Reσ D

± . (3)

Here δ = exp(−π/μq|B|) is the Dingle factor, with μq the
quantum mobility which parameterizes the disorder broad-
ening of LLs. For a reliable comparison of the theoretical
model with experiment, in the transmittance fit according to
Eqs. (1)–(3), presented in Fig. 1, we use the electron mobility
μ = 2.1 × 106 cm2/V s and density n = 6.6 × 1011 cm−2 de-
termined from the DC magnetotransport measurements [60].

The remaining three fitting parameters BCR, m = eB/ωc,
and μq can be independently extracted from the transmit-
tance data. Namely, the CR position BCR can be accurately
determined from the position of deep minimum in Fig. 1(b),
where |t+|2 approaches zero in view of a large value of
enμZ0 � 84 representing σ+Z0 at B = BCR [see Eqs. (1) and
(2)]. The corresponding cyclotron mass mCR = 0.073m0 rep-
resents the collective cyclotron motion of electrons, which by
virtue of the Kohn theorem [63] is insensitive to electron-
electron interactions. In contrast, the quasiparticle effective
mass m = 0.068m0, determined from the period of ω/ωc

magneto-oscillations in both the microwave transmittance and
DC resistance, represents the LL spacing in the vicinity of
the Fermi level where the microwave-assisted scattering pro-
cesses take place. This mass should therefore be sensitive to
the Fermi-liquid renormalizations and can significantly differ
from mCR as confirmed by previous observations of MIRO
in several materials [23,64–66]. Our data involve a large
number of oscillation periods in both δR and |t+|2 and thus
enable a precise determination of m. The results presented in
Fig. 1 demonstrate that the periods of MIRO and of quantum
oscillations [Eq. (3)] in the dynamic conductivity coincide.
Taking into account that, unlike MIRO, quantum oscillations
in transmittance become more pronounced for lower transport
mobility, this opens up an opportunity to explore the renor-
malization effects [23,64–66] in a broader class of 2DESs.

The form of Eq. (3) suggests that knowledge of a single
parameter μq should be sufficient to reproduce not only the
low-B decay, but also the shape and magnitude of magneto-
oscillations in the relative quantum correction δσ±/Re σ D

± to
the dissipative part of dynamic Drude conductivity. Taking
into account that the values of all other relevant parameters
were fixed using the results of independent measurements
[60], this makes the accuracy of the fit in Fig. 1(c) quite
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remarkable. The obtained value of μq = 0.23 × 106 cm2/V s
is approximately 10 times smaller than the transport mobility,
which implies the dominance of small-angle impurity scatter-
ing typical for modern high-mobility 2DESs. The validity of
the above description is additionally supported by fits of the
transmittance data obtained for higher frequencies that yield
similar values of μq [60].

The same value of μq describes reasonably well the low-
B decay of MIRO in δR, which are modeled using the
theoretical expression [34]

δR

R
= −Aω

ω

ωc
δ2 sin

2πω

ωc
(4)

[see the red line in Fig. 1(a)]. The factor Aω here depends
on several parameters including the radiation characteristics
[49] and properties of 2DESs [60]. The estimates show that
MIRO at relevant temperatures should be dominated by the
inelastic mechanism [29,32]. The fit provided the required
value of the microwave power of 0.2 mW, which is consistent
with the characteristics of implemented radiation sources [60].
A closer look at high harmonics of MIRO shows, however,
that the value of μq found from the transmittance oscilla-
tions underestimates the actual decay of MIRO. We found
that MIRO can be well fitted using a shorter value of μq =
0.135 × 106 cm2/V s, which in turn does not fit the magnitude
and number of oscillations in the transmittance [60]. This
unexpected discrepancy requires understanding and deserves
additional studies.

V. DISCUSSION

While the relative amplitude ∼1% of the observed oscil-
lations in |t+|2 is quite small, they represent a significant
effect (2δ2 ∼ 0.5 at |B| = 0.2 T) in the dissipative part of
the dynamic conductivity Re σ+, which defines the fraction
of the microwave power absorbed by the 2DES. The rea-
son is that outside an extremely narrow range |B − BCR| �
μ−1 ∼ 0.05 T near the CR, the shape of the magnetotrans-
mittance is controlled by the imaginary part of conductivity
Imσ+ � en/(BCR − B), which describes classical forced os-
cillations of electrons in the microwave field in the absence
of scattering and thus is insensitive to Landau quantization
[60]. The real part, proportional to the rate of photon-assisted
scattering off impurities, is modified as the thermally averaged
product 〈ν(ε)ν(ε + h̄ω)〉 of initial and final densities of states
for transitions between the disorder-broadened LLs. For the
relevant high T , corresponding to suppressed Shubnikov–de
Haas oscillations, and in the limit of strongly overlapping
LLs ν(ε)/ν0 � 1 − 2δ cos 2πε/h̄ωc, where ν0 denotes the
constant density of states at B = 0, this average reduces to
ν2

0 (1 + 2δ2 cos 2πω/ωc), reproducing Eq. (3) [4,29,60].
The approximation of overlapping LLs works well for

δ 	 1, but underestimates the amplitude of magneto-
oscillations in Fig. 1 for |B| � 0.2 T, corresponding to the
transition to the regime of separated LLs. More importantly,
the shape of magneto-transmittance at |B| � 0.2 T is also
influenced by remaining uncontrolled effects such as the
standing waves in the experimental cell [60]. These detri-

mental effects are apparently the main cause of deviations of
the fitting curve from measured |t+|2 both at B ∼ BCR and at
B ∼ −BCR, which makes difficult a reliable comparison be-
tween the obtained data and theory in these interesting ranges
of B. Importantly, in the well-controlled range of |B| < 0.2 T
illustrated in Fig. 1(c), we do not observe any deviations
between the theoretical fit and data that are asymmetric with
respect to the sign of B. This suggests that the polarization
dependence of the measured transmittance |t+|2 and therefore
of the dynamic conductivity is well captured by theory [29], as
opposed to MIRO, where strong deviations were reported for
GaAs-based 2DESs [10,49], while a recent experiment with
electrons on the surface of liquid He demonstrated a polariza-
tion dependence consistent with the theory predictions [20].

Similar to the Shubnikov–de Haas oscillations in the
DC transport response, quantum oscillations in transmittance
discussed above are a direct manifestation of the Landau
quantization and thus should emerge in any 2DES in the ap-
propriate range of radiation frequencies and magnetic fields.
Classical memory effects can be another potential source of
strong ω/ωc oscillations in high-frequency dissipative trans-
port [40,43,51,52] that can be studied using high-precision
measurements of transmittance. Unlike universal quantum os-
cillations, the shape, phase, and damping of these classical
oscillations are strongly sensitive to the type of random po-
tential of impurities realized in a particular 2DES. One further
interesting potential application concerns hydrodynamic and
magnetoplasmon effects in high-frequency transport, which
in particular are proposed [53,54] to be responsible for a huge
photoresistance peak observed at ω � 2ωc [67,68].

VI. CONCLUSION

We have observed resonant transmittance features at mul-
tiple integer harmonics of the cyclotron resonance which
follow the microwave-induced resistance oscillations con-
currently measured in DC magnetotransport. The detected
transmittance oscillations, including their polarization depen-
dence, accurately follow the theoretical predictions relating
them to impurity- and photon-assisted transitions between dis-
tant Landau levels, thus supporting the quantum mechanisms
proposed for the explanation of MIRO. Our work demon-
strates that high-precision measurements of transmittance can
be a versatile tool for studies of high-frequency dissipative
transport of systems with moderately high mobility, in partic-
ular providing an opportunity to explore the renormalization
effects [23,64–66] in a broader class of two-dimensional ma-
terials.
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