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Demonstration of high sensitivity of microwave-induced resistance
oscillations to circular polarization
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We demonstrate that the long-debated immunity of the microwave-induced resistance oscillations (MIRO)
to the sense of circular polarization is in fact not an inherent property of this phenomenon in solid-state
two-dimensional electron systems (2DES): We detect an up to 30 times larger MIRO signal for the cyclotron
resonance (CR) active helicity, fully consistent with the concurrently measured transmission and the deduced
CR shape of the Drude absorption. Using a 2DES as a sensitive sensor of the actual polarization state, we further
study extrinsic near-field effects capable of producing an apparent immunity of the photoresponse.
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Introduction. In the last two decades, studies of high-
mobility two-dimensional electron systems (2DES) in a
weakly quantizing magnetic field have given access to a
family of fascinating interrelated magneto-oscillation phe-
nomena reflecting various spatial and spectral resonances
that emerge at high Landau levels under application of
static and/or alternating (microwave or terahertz) electric
fields [1–17]. Experimental research in a growing num-
ber of high-mobility 2DES [18–28] and various conditions
have been accompanied by theoretical developments which
provided new insights into the interplay of Landau quan-
tization, disorder, and interactions in electron kinetics in
both weakly and strongly nonequilibrium regimes of mag-
netotransport [1,29–45]. These studies have been largely
motivated by the discovery of giant microwave-induced re-
sistance oscillations (MIRO) [2], magneto-oscillations of
photoresistance controlled by the ratio of the microwave and
cyclotron frequencies, as well as the radiation-induced zero-
resistance states [3–5] that emerge at deep minima of MIRO
and represent a rare example of electric domain instability as-
sociated with negative absolute conductivity in strongly driven
2DES.

Despite much progress in unified understanding of the
above phenomena, the developed theory of MIRO is consid-
ered inadequate in view of the reported puzzling insensitivity
of MIRO to helicity of the incoming radiation [11,16]. The
microscopic theory [1] predicts a strong asymmetry of MIRO
with respect to the polarity of the magnetic field B, applied
perpendicular to the 2DES plane, in the case of circular
polarization of incident radiation. According to this theory,
at low radiation intensity I the photoresistance, δR(B) =
IAD(B) f (|B|), can be represented as a product of the quasi-
classical Drude absorptance, AD(B), which should be strongly
enhanced near the cyclotron resonance (CR) either at positive
or negative B = ηBCR depending on the helicity η = ±1 of the
incoming wave, and a mechanism-dependent function f (|B|)

which describes the magneto-oscillations and is insensitive
to the sign of B or η. In sharp contrast to the expected pro-
nounced B asymmetry,

δR(B)/δR(−B) = AD(B)/AD(−B), (1)

the experiments revealed completely symmetric [11] or
weakly asymmetric [16] magneto-oscillations in the photore-
sistance. At the same time, these experiments demonstrated
a strongly asymmetric transmittance T (B) through the 2DES,
with a single dip at B = ηBCR, thus apparently confirming the
validity of the quasiclassical theory behind interrelated A(B)
and T (B), as well as the purity of the circular polarization of
the incoming wave.

Here we provide a counterexample of a GaAs-based 2DES
that exhibits an unmitigated helicity dependence in both trans-
mittance and MIRO in full agreement with Eq. (1). We thus
prove that, contrary to a widespread view, the long-debated
polarization immunity is not an inherent property of MIRO
in solid-state 2DES but rather reflects certain yet unknown
peculiarities of technological design and corresponding real-
ization of disorder in particular structures. We also establish
the necessary conditions to avoid extrinsic electrodynamic ef-
fects capable of producing an apparent polarization immunity
of MIRO.

Methods. Our simultaneous transmittance and photoresis-
tance measurements [see Fig. 1(a)] were carried out on a
heterostructure containing a 2DES in a selectively doped 16-
nm GaAs quantum well with AlAs/GaAs superlattice barriers
grown by molecular beam epitaxy [46–50]. The lateral size
of the van der Pauw sample was 10 × 10 mm2, with ohmic
Ge/Au/Ni/Au contacts at the corners. The electron density
and mobility extracted from magnetotransport measurements
were n = 7.0 × 1011 cm−2 and μ = 1.0 × 106 cm2 V−1 s−1.
The sample was irradiated from the substrate side through
a 10-mm absorber aperture (Fig. 1) or circular metal-
lic apertures of varying diameter (Fig. 2); for details, see
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FIG. 1. (a) Scheme of the experiment (the irradiated sample area is highlighted). (b) and (c) Magnetic field dependences of the transmittance
T (B), normalized to its maximum value Tmax (b), and MIRO in the longitudinal photoresistance δR, normalized to the zero-field dark
resistance R(B = 0) (c), for the right-hand (σ+, η = 1, red) and left-hand (σ−, η = −1, blue) circularly polarized radiation. (d) The ratios
δR(ηB)/δR(−ηB) at extrema of the MIRO signals [spheres in (c)] illustrating the asymmetry of MIRO between the CR-active and CR-passive
polarities of B for η = 1 (red spheres) and η = −1 (blue spheres). The solid curve shows the ratio AD(B)/AD(−B) of the Drude absorption
calculated for η = 1 using parameters extracted from the dark transport measurements and transmission T (B) shown in (b) and (c).

Supplemental Material [46]. Backward-wave oscillators were
used as stable sources of normally incident continuous
monochromatic radiation with frequency f = ω/2π in the
range between 50 and 500 GHz. A split-coil superconduct-
ing magnet provided a magnetic field oriented perpendicular
to the sample surface. The photoresistance δR (the differ-
ence of the resistance signals in the presence and absence
of irradiation) was measured using the double-modulation
technique [46]. In parallel with the photoresistance, the
transmittance through the sample was measured using a
liquid-He-cooled bolometer. All presented results were ob-
tained at a temperature of 3.7 K.

Helicity dependence of MIRO, transmittance, and absorp-
tance. Figure 1 shows representative examples of simulta-
neously measured transmittance T (B) and photoresistance
δR(B), recorded for both helicities η = 1 and η = −1 of f =
ω/2π = 324 GHz circularly polarized radiation. The trans-
mittance traces in Fig. 1(b) display strong dips at the CRs,
B = ηBCR, marked by arrows. The absence of any features at
opposite B = −ηBCR confirms a high degree of the circular
polarization in the transmitted signal. The photoresistance
δR(B) in Fig. 1(c) shows pronounced MIRO governed by
the ratio ω/ωc of the radiation and cyclotron frequencies. In

sharp contrast to previous reports [11,16], our results reveal a
high asymmetry of MIRO with respect to polarity of B which
inverts with the change in radiation helicity η. This is one of
our central observations, which unequivocally demonstrates
that the long-debated polarization immunity is not an inherent
property of MIRO in solid-state 2DES.

Moreover, we find an excellent quantitative agreement be-
tween the shape of CR in measured T (B) and the B asymmetry
of the MIRO signal, in full accordance with Eq. (1). This
agreement is illustrated in Fig. 1(d), where we plot ratios
δR(ηB)/δR(−ηB) of the MIRO signal between CR-active and
CR-passive polarities of B, for both helicities. Here we use
values of δR at the opposite-lying MIRO extrema marked by
spheres in Fig. 1(c). It is seen that the asymmetry is strongly
enhanced in the region of CR reaching values of ∼30 for the
main MIRO extrema around ω = ωc. Solid and dashed curves
show the corresponding ratio AD(B)/AD(−B) of the Drude ab-
sorption calculated using parameters extracted from the shape
of T (B) in Fig. 1(b), for 100% right circular polarization and
for a 98% to 2% mixture of right and left polarizations, respec-
tively. An almost perfect agreement with Eq. (1) demonstrates
an ultimate sensitivity of MIRO to circular polarization. It
is important to emphasize that this comparison, detailed
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FIG. 2. (a) MIRO signal measured at f = 329 GHz (λ ≈
0.9 mm) using metallic apertures with different diameters as indi-
cated. (b) Normalized transmission through the sample measured in
situ.

below, does not assume any specific microscopic mechanism
of MIRO. It rather establishes that the polarization depen-
dences of MIRO and of the Drude absorption are the same.

Modeling of transmittance and absorptance. As detailed
in the Supplemental Material [46], the shape of T (B) can
be well reproduced using the standard expression T (B) =
4/|s1(1 + Z0ση ) + s2|2, with the complex dynamic conduc-
tivity ση = σxx + iησyx of the 2DES taken in the classical
Drude form, σ D

η = e2n/(μ−1 − iBCR + iηB), and with two
complex parameters s1,2 = cos φ − in∓1

r sin φ describing the
Fabry-Pérot interference due to multiple reflections in the
GaAs substrate [1,28,51–53]. Here, the interference phase
2φ = 4πw/λr is given by the ratio of the sample thickness w

and the wavelength λr = c/ f nr , nr is the refractive index of
the substrate, and Z0 ≈ 377 	 is the impedance of free space.
The resulting Drude transmittance T D and Drude absorptance,
AD = Z0T DRe σ D

η , are given by

T D(B) = |α|2
∣
∣
∣
∣
1 − β

μ−1 + β − iBCR + iηB

∣
∣
∣
∣

2

, (2)

AD(B) = Z0|α|2e2n/μ

|μ−1 + β − iBCR + iηB|2 , (3)

where α = 2/(s1 + s2) and β = enZ0/(1 + s1/s2). The shape
of measured T (B) in Fig. 1 is well reproduced by
Eq. (2) using μ−1 = 0.01 T extracted from magnetotrans-
port measurements, BCR = mCRω/e = 0.83 T corresponding
to the cyclotron mass mCR = 0.071m0, and β = (0.183 +
i 0.127) T [46]. On top of smooth Drude transmittance, our

high-resolution measurements are able to resolve the weak
quantum ω/ωc oscillations studied in Ref. [54]. The extracted
parameters are used in the calculated ratios AD(B)/AD(−B) in
Fig. 1(d), which establish the validity of Eq. (1).

Aperture dependence of the polarization-sensitive mea-
surements. Having established that the intrinsic helicity
dependence of MIRO is ultimately strong in the sense that
it accurately follows the helicity dependence of transmittance
and deduced Drude absorption, we have further studied ex-
trinsic near-field effects capable of producing an apparent
immunity of the photoresponse. Here, we used the GaAs
sample as a sensitive near-field sensor of the actual polar-
ization state and studied the effect of metallic apertures that
are typically used to avoid illumination of the contacts and
sample edges in this type of experiment. Figure 2 shows the B
dependencies of the photoresistance [Fig. 2(a)] and transmit-
tance [Fig. 2(b)] measured at 329 GHz (λ ≈ 0.9 mm) with
varying diameter of the aperture. Figure 2(a) demonstrates
that the MIRO asymmetry strongly depends on the diameter
when other experimental parameters are kept unchanged. The
MIRO ratio δR(B)/δR(−B) is the largest for an 8-mm aper-
ture and tends towards unity for diaphragms smaller than the
estimated size of the focal spot of about 4 mm. In contrast, the
transmittance signal in Fig. 2(b) does not considerably change
for different apertures.

We explain such behavior as follows: The MIRO signal is
sensitive to the polarization of the local electromagnetic field.
If the aperture size is too small such that the radiation interacts
with the metallic edges, then the local polarization in the
nearby 2DES will be linear regardless of the incident degree
of the circular polarization. This follows from the boundary
conditions requiring that the E field can only have a normal
component at the metal surface [55]. Therefore the radiation
that interacts with the metal aperture results in a distortion
of the local polarization and, consequently, of the detected
photoresistance signal reflecting the local absorption.

The appearance of a local linearly polarized electric field
can be understood considering a circularly polarized wave
irradiating a circular metallic waveguide; see Supplemental
Material [46] for details. The distribution of local circularly-
rotating electric fields that fulfill the boundary conditions is
given by

E+ = −iEJ0(krr), E− = −ie2iϕEJ2(krr). (4)

Here, Jn are Bessel functions of the nth order, kr is the radial
wave vector of the lowest propagating mode in a circular
waveguide, E± are right- and left-rotating circular fields, and
E is the amplitude of the incident electric field. The distri-
butions of the circular components E+ and E− are shown
in Figs. 3(a) and 3(b), respectively. The amplitude of E+ ∼
J0(krr) is rotationally symmetric across the waveguide with
a flat maximum in the middle. Obviously, this is the same
polarization as that of the incident circularly polarized beam.
In contrast, the E− ∼ J2(krr) is zero in the middle of the
waveguide and changes sign four times along the wall of the
waveguide.

According to the Huygens-Fresnel principle the amplitude
of the transmitted wave is given by the sum of secondary
sources from all points on the wave front. After integration
of the E− fields, negative and positive regions cancel each
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FIG. 3. (a) and (b) Circular decomposition of the electric field (4)
in the waveguide: the incident E+ (a) and distorted E− (b) helic-
ity components of the near field reaching the 2DES. (c) Symbols:
Maximal MIRO ratios in experiments with varying diameters of the
diaphragm. Curves are calculated using Eqs. (1), (3), and (5) for
λ = 0.92 mm (solid curve) and λ = 1.42 mm (dashed curve); see
text for details. Arrow: the diffraction spot d = 1.22Nλ.

other. Thereby, the distorted polarization is absent in the far
field and produces no signal at the detector. This is the reason
why all curves in Fig. 2(b) show only one well-defined CR. In
contrast to the transmittance, the absorbed power and MIRO
are proportional to the square of the local near field. Therefore
the response to the distorted polarization does not vanish in
the resistivity signal.

While the field distribution (4) of the lowest modes readily
provides a qualitative explanation of our results, in order to
describe the full dependence of the MIRO asymmetry on the
aperture size the boundary problem has to be solved numer-
ically taking into account all higher-order modes. Instead,
here we loosely model this dependence assuming that the
integrated intensities of the parts of the beam falling inside
and outside the diaphragm provide a rough estimate for the
relative weight of active (IA = |E+|2) and passive (IP = |E−|2)
circular components in the 2DES. The radial distribution of
the radiation intensity in the focus of the lens is given by [56]

I (x)/I (0) = 2|J1(x)/x|2, (5)

where x = πd/2Nλ is the normalized aperture diameter and
N = F/D ≈ 3.6 is the f number of the focusing lens with
diameter D ≈ 4.5 cm and focal length F ≈ 16 cm.

Model curves in Fig. 3(c) are calculated using the rela-
tion (1) between the MIRO and absorption ratios and Eq. (3)
for the absorption. In the latter, the intensities IA and IP

are obtained from Eq. (5) as outlined above. In the limit
d � λ (100% active polarization), the maximal absorption
ratio equals 50 for f = 329 GHz (solid curve, λ = 0.92 mm)
and 32 for f = 211 GHz (dashed curve, λ = 1.42 mm). The
difference originates from the frequency dependence of the
absorption in Eq. (3). We observe that the curves yield reason-

able fits to the experimental points. In particular, the MIRO
ratio tends to unity for apertures below the diffraction spot
d = 1.22Nλ indicated by the arrow. Under these conditions
one should expect a substantial contribution of the near-field
wave component with the opposite helicity.

Discussion. Our results demonstrate that the long-debated
polarization immunity is not an inherent intrinsic property of
MIRO in solid-state 2DES: (i) We detect strong intrinsic he-
licity dependence of MIRO that accurately follows the regular
CR in the Drude absorption, and (ii) we show that extrinsic
factors deteriorating the polarization state of the radiation can
be avoided using sufficiently large samples and apertures. On
the other hand, very recent experiments [57], where several
similarly large samples were studied at terahertz frequencies,
revealed a helicity immunity of the resonant photoresponse
which directly measures the intraband CR absorption via heat-
ing of the 2DES. This clearly shows that the helicity immunity
problem remains and, moreover, has a fundamental origin not
related to MIRO. The experiments in Ref. [57] indicate that in
a certain class of 2DES the internal high-frequency response
of electrons to a uniform external field should be essentially
nonuniform, producing an intrinsic helicity distortion of the
near field in the vicinity of individual strong scattering centers
or inhomogeneities, similar to the distortions of extrinsic ori-
gin studied in this Research Letter. Altogether, these insights
into the essence of the helicity immunity problem open an
interesting research direction deserving further experimental
and theoretical efforts.

Conclusions. In the subterahertz frequency range we ob-
served MIRO in a GaAs/AlGaAs 2DES that are ultimately
sensitive to the helicity of circularly polarized radiation. The
helicity dependence accurately follows that of the Drude
absorption, in full agreement with natural expectations. More-
over, we demonstrate that observation of intrinsic polarization
dependence requires large sample sizes and large apertures.
Otherwise, the near field reaching the 2DES has a significant
component of the opposite helicity, which does not affect the
transmittance measured in the far field but essentially changes
the asymmetry of the MIRO signal leading to apparent po-
larization immunity. Our results provide the opportunity to
reliably test other systems potentially featuring an intriguing
intrinsic polarization immunity of the photoresponse.
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