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In a two-dimensional electron system, microwave radiation may induce giant resistance oscillations.
Their origin has been debated controversially and numerous mechanisms based on very different physical
phenomena have been invoked. However, none of them have been unambiguously experimentally
identified, since they produce similar effects in transport studies. The capacitance of a two-subband system
is sensitive to a redistribution of electrons over energy states, since it entails a shift of the electron charge
perpendicular to the plane. In such a system, microwave-induced magnetocapacitance oscillations have
been observed. They can only be accounted for by an electron distribution function oscillating with energy
due to Landau quantization, one of the quantum mechanisms proposed for the resistance oscillations.
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Recent studies of nonequilibrium phenomena in two-
dimensional electron systems (2DES) exposed to micro-
wave (MW) radiation have revealed remarkable transport
effects. The most prominent one is the appearance of
giant microwave-induced magnetoresistance oscillations
(MIRO) [1,2]. In the main minima the resistance may
approach zero, and so-called zero resistance states develop
[3–5]. MIRO have proved to be a general effect as they by
now have been observed in semiconductor heterostructures
with degenerate two-dimensional electron (GaAs=AlGaAs
[1,2], ZnO=MgZnO [6]) and hole (Si=SiGe [7]) systems
as well as in nondegenerate 2D electron gases on liquid
helium [8] (for additional references, see Ref. [9]). MIRO
are periodic in ω=ωc, where ω=2π is the MW frequency
and ωc ¼ eB=m� is the cyclotron frequency. The proposed
explanations of MIRO are based on classical or quantum
effects, as reviewed in Ref. [9] (see also a recent classical
theory [10]). Despite significant progress and a satisfactory
description of much of the phenomenology by some of
the proposed mechanisms, the theoretical dispute has not
been settled since crucial unresolved issues remain. In
particular, the absence of a dependence of MIRO on the
MW circular polarization direction [11,12] continues to
stimulate new theoretical ideas involving edge [13] and
contact [14] phenomena and invigorates the debate [15,16].
Magnetotransport experiments alone are likely insufficient
to identify unambiguously all mechanisms active in experi-
ment. Apart from MIRO, oscillations of the same perio-
dicity were also found elsewhere in other electronic
transport properties. Under MW radiation, voltages and

currents develop even in the absence of external sources.
These photogalvanic signals [17–19] can be traced back to
MIRO and the MW-induced changes in the dc conductivity
[20,21]. Therefore, there is clearly a strong need to look at
physical quantities other than the conductivity.
Here, using the magnetocapacitance technique and a

suitable sample design, we demonstrate that MW radiation
generates a nonequilibrium distribution of electrons among
the Landau levels oscillating with energy. Such a non-
equilibrium distribution function [22–25] represents one of
the most elaborate theoretical pictures to account for MIRO
as a bulk quantum phenomenon. While capacitive mea-
surements in the presence of the MW radiation have been
reported for quasi-2D electrons above a He surface [26,27],
in degenerate 2DES the capacitance has not been addressed
yet in this microwave context. It has also been widely used
for studying the equilibrium 2DES compressibility [28].
The sample consists of a field effect transistor with a back
gate and an electron channel that resides in an asymmetric,
wide GaAs quantum well (QW) with two occupied sub-
bands. A microwave-induced redistribution of the electrons
along the energy scale modifies the occupation of both
subbands and is accompanied by a shift of the electrons
perpendicular to the QW plane. This shift alters the
capacitance which is primarily sensitive to the occupation
of the highest subband whose wave function is located
closer to the gate. Hence, the capacitance can capture
directly microwave-induced oscillations in the electron
energy distribution. The sensitivity to vertical electron
shifts is what distinguishes this capacitance measurement
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from all previous transport experiments. A second fre-
quently invoked mechanism [29–34] to explain MIRO
involves a microwave-induced impurity scattering assisted
displacement of the electrons in the plane. The equations
describing MIRO within this displacement model are,
except for a temperature-dependent prefactor, identical to
the equations obtained from a picture based on a non-
equilibrium energy distribution function [24,34]. An unam-
biguous separation of these two possible contributions is,
therefore, nontrivial. The capacitance measurements can
not exclude that the displacement mechanism is active in
MIRO, as they are not sensitive to lateral displacements.
However, they can, without any ambiguity, prove the
formation of a nontrivial electron energy distribution
function by the microwaves and thereby provide support
for a bulk quantum origin of MIRO. We note that a bulk
origin of MIRO is also supported either directly or
indirectly in Refs. [12,35–37].
We measured two identical Hall bar samples processed

side by side on the same piece of a GaAs=AlGaAs hetero-
structure. The electron system resides in a 60 nm wide
GaAs QW. An in situ grown back gate allows us to tune the
density and measure the capacitance. In these samples the
second subband gets populated at total electron density
ns ≈ 1.8 × 1011 cm−2 for a gate voltage Vg > 0.15 V, as
will be shown below. Further experimental details are found
in the Supplemental Material [38]. The samples were placed
in a stainless steel tube with a diameter of 18 mm. It served
as an oversized waveguide for the MW radiation whose
frequencywas varied from 54 to 78GHz. Themeasurements
were performed in a pumped liquid 3He at 0.5 K.
Figure 1 illustrates the behavior of the longitudinal

resistivity, ρxx [Figs. 1(b) and 1(c)], and variation of the
capacitance ΔC [Figs. 1(a) and 1(d)], in the absence and
presence ofMW radiation for two gate voltages:Vg ¼ 0 and
1 V. As shown below, these voltages correspond to one and
two occupied subbands, respectively. While the ρxx curves
[Figs. 1(b) and 1(c)] look very similar in both regimes, the
magnetocapacitance traces in Figs. 1(a) and 1(d) are quali-
tatively different.A close inspection allowsus to identify four
types of 1=B-periodic oscillations. At high B fields, all ρxx
traces exhibit the well-known Shubnikov–de Haas (SdH)
oscillations. The microwaves induce additional, large oscil-
lations in the magnetoresistivity. These are just MIRO. The
oscillations in the magnetocapacitance measured in the
absence of radiation reflect the oscillations in the thermo-
dynamic density of states (DOS), ∂ns=∂μ [28], brought
about by Landau quantization. Here, μ is the chemical
potential of the 2DES. The MW radiation suppresses the
amplitude of these DOS oscillations in the magnetocapaci-
tance. In the density regimewith only one occupied subband
(regime I) shown in Fig. 1(d), the suppression is the only
effect of the radiation on the capacitance. In contrast, when
two subbands are occupied (regime II), the MW radiation
induces additional oscillations with a new period. These

microwave-induced capacitance oscillations, hereafter
referred to as MICO, have been demarcated in Fig. 1(a).
They exhibit a node at the sameB fieldwhere theMIROhave
their rightmost zero, i.e., when ω ¼ ωc. This is highlighted
by the dashed line in Fig. 1. It corresponds to the
cyclotron resonance (CR) of electrons with effective mass
m� ¼ 0.061me. This value of m� is close to the 0.059me
recently obtained [39] from the MIRO periodicity. The
observation of MICO is the key experimental result of
this Letter.
In Fig. 2(a), MICO have been plotted as a function of

1=B for three different MW frequencies to highlight the
following: (i) the oscillations are indeed periodic in 1=B
and the period 1=B0 does not depend on the frequency;
(ii) the oscillation amplitude indeed reveals a beating
pattern with the leftmost node located at the CR (for
m� ¼ 0.061me); (iii) when crossing a node the phase of the
oscillations jumps by π. This can be seen most easily with
the help of the top axis. The abscissa is obtained by
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FIG. 1. Magnetocapacitance variation ΔC [(a),(d)] and mag-
netoresistivity ρxx [(b),(c)] under MW radiation (solid lines) and
without radiation (dashed lines). For the sake of clarity, the
dashed magnetocapacitance curves are shifted down by 0.1 pF
relative to the solid ones. The data for the two occupied subbands
(regime II) are shown in (a) and (b) and for one occupied subband
(regime I) in (c) and (d). MW frequency ω=2π ¼ 54 GHz. The
short vertical lines in (c) and (d) are drawn through the oscillation
minima in ρxx and ΔC.
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normalizing 1=B with the oscillation period: B0=B. Integer
values initially correspond to maxima. However, when the
CR node is crossed, integer values align with minima
instead. In the topmost curve for 78 GHz radiation, a
second node at ω=ωc ¼ 3=2 is observed. When it is
crossed, integer values correspond again to maxima. The
data in Fig. 2(b) have been recorded at the same frequency
as the bottom trace in Fig. 2(a), but for a different Vg.
A comparison unveils that the MICO periodicity has
changed while the node stays at the CR position.
To identify the origin of MICO, it is instrumental to

systematically vary Vg, monitor changes in the oscillation
period, and compare the results for different oscillation
types. The outcome of such a study is summarized in
Fig. 3(a). The SdH and DOS oscillations, also observed
under equilibrium conditions, help to extract the density
and identify when a second subband gets populated. At
Vg ¼ 0, where only one subband is occupied, the SdH and
DOS oscillations have the same period and phase as seen in

Figs. 1(c) and 1(d) (short vertical lines). Minima appear
when the Fermi level is located within a cyclotron gap and
an integer number n of spin degenerate Landau levels is
occupied. This occurs at B fields for which ns1 ¼ 2nN0,
with n ¼ 1; 2;…, N0 ¼ eB=h is the Landau level degen-
eracy per spin, and ns1 is the density in the lowest subband.
It results in a 1=B periodicity equal to 2e=hns1 from which
ns1 can be calculated. However, more generally, this
expression can be used to convert any observed periodicity
into a density whose meaning needs to be interpreted
properly. Hereafter, the densities extracted from SdH and
DOS oscillations as well as MICO will be denoted as nl,
with subscript l ¼ SdH, DOS, or MICO. They have been
plotted in Fig. 3(a) together with nH deduced from the Hall
resistance at low B. The latter increases with Vg at a
constant rate. When tracing nSdH and nDOS to positive Vg in
Fig. 3(a), we note that their behavior is very different. For
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FIG. 3. (a) Gate voltage dependencies of electron densities nl
determined from 0.5 K SdH oscillations (nSdH, upward open
triangles), magneto-oscillations of dark capacitance (nDOS, down-
ward open triangles), MICO (nMICO, upward close triangles), and
Hall resistance (nH , solid dots). The vertical dotted line separates
regions I and II with one and two occupied subbands, respec-
tively. The calculated values of nDOS þ nSdH (open circles) and
nSdH − nDOS (open squares) are shown for region II and
Vg ≥ 0.4 V. The lower thin line is drawn through the nDOS data
points parallel to that corresponding to the nHðVgÞ dependence.
The thick solid curve is the experimental dependence of capaci-
tance versus gate voltage at B ¼ 0. Potential and electron density
distribution jΨj2 in the QW are schematically shown in (b) and
(c) for one and two occupied subbands, respectively.
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instance, nSdH remains approximately constant. Referring
to the raw data recorded at Vg ¼ 1.0 V [Fig. 1(b)], the
envelope of the SdH oscillation pattern has become more
complicated, but its main period indeed remains close to
that at Vg ¼ 0. On the other hand, nDOS drops considerably
when Vg exceeds 0.15 V. This is also apparent in the raw
data of Fig. 1, where the horizontal arrows in Figs. 1(a)
and 1(b) mark the oscillation periods. In Fig. 3(a) also the
sum nSdH þ nDOS has been plotted. It coincides with nH
for Vg > 0.15 V. In regime I, all densities are equal:
nSdH ¼ nDOS ¼ nH ¼ ns ¼ ns1. We assert that all these
observations can be understood straightforwardly assuming
the second subband becomes occupied for Vg > 0.15 V.
In a wide QW with an asymmetric potential profile,

subband wave functions are located at different distances
from the gate, effectively mimicking a bilayer system as
schematically illustrated in Fig. 3(c). For such a case, a
variation of Vg primarily changes the density in the second
subband or layer 2 closest to the gate and only slightly affects
the charge in remote layer 1 (the first subband). Then, the
DOS oscillations are determined by Landau quantization in
the second subband and their periodicity is governed by the
density in this subband, ns2, only (for more details, see
Refs. [40,41]). Back to the SdH oscillations, one may expect
two sets of oscillations, determined by carrier densities in
both subbands, ns1 and ns2. In our raw data the fastest
oscillations are, however, easiest to discern. They are
associated with Landau quantization of the lowest subband
with the largest population, ns1, which remains approxi-
mately fixed since the gate electric field is screened by the
electrons in the second subband. These electrons generate
weaker oscillations in the envelope of the rapid oscillations
from the first subband. We note that the linear ns2ðVgÞ
dependence as well as nearly constant value of ns1 shown in
Fig. 3(a) are similar to those reported in other studies of
unbalanced bilayer electron systems (see, for example,
Refs. [42,43] for single and double quantum wells, respec-
tively). The Hall density nH corresponds to the total density
ns. This interpretation of the data is strongly supported by the
experimentally established relationnH ¼ nDOSþnSdH. Then,
we finally conclude that nDOS ¼ ns2 and nSdH ¼ ns1.
Figure 3(a) also contains the density extracted from
MICO, nMICO. Apparently it is identical to nSdH − nDOS,
which in view of the above discussion is equivalent to the
subband population difference: nMICO ¼ ns1 − ns2.
Clearly, the response to radiation is very different in ρxx

and the magnetocapacitance. It follows that MICO cannot
be explained in terms of a MW-induced variation of the
conductivity. The extracted density fromMICO points to its
origin, since the condition ns1 − ns2 ¼ 2nN0 is equivalent
to Δ≡ ε2 − ε1 ¼ nℏωc, where εj (j ¼ 1, 2) are the sub-
band energies. At this commensurability condition, Landau
levels of the two subbands are aligned. We, therefore, argue
that MICO reflect a MW-induced charge redistribution
among the two subbands whose magnitude oscillates with

B. This is detected in the capacitance since, in our sample, it
selectively responds to occupation of the second subband.
This interpretation is further corroborated by the capaci-
tance step observed in Fig. 3(a) at Vg ≈ 0.15 V. This step is
caused by occupation of the second subband (i.e., for-
mation of the second layer) with a center of mass of the
wave function located approximately 20 nm closer to the
gate than that of the 2DES in regime I at Vg ≲ 0.15 V
[compare Figs. 3(b) and 3(c)]. It demonstrates sensitivity of
our measurements to variation of the charge distribution in
the QW. For the sake of completeness, we note that also
magnetointersubband oscillations (MISO) with a period
determined by the relation Δ ¼ nℏωc may occur in the
magnetoresistance due to intersubband scattering [44–48].
They can be strongly affected by radiation, which may
introduce nodes [25,49]. They can be explained by both the
nonequilibrium distribution function and displacement
mechanisms [25,50]. In Fig. 1(b), the MISO are not visible
since at 0.5 K they are masked by the SdH oscillations and
by the MIRO in the absence and presence of the MW
radiation, respectively.
To substantiate our assertion that the magnetocapaci-

tance oscillations prove that microwaves create a non-
equilibrium distribution function oscillating with energy
due to Landau quantization, we have analyzed our results
within a distribution function model generalized to the case
of two occupied subbands [25]. The equation for the MW-
induced correction δfðεÞ to the Fermi distribution function
fFðεÞ in a balanced double-quantum-well structure reads as
follows [25]:

δfðεÞ≃ ℏω
2

∂fF
∂ε Pω sin

2πω

ωc

X

j¼1;2

dj sin
2πðε − εjÞ

ℏωc
: ð1Þ

The dimensionless factor Pω is proportional to the MW
power absorbed by the 2DES. This equation is derived to
first order with respect to the small Dingle factors,
dj ¼ expð−π=ωcτjÞ, for each subband and under the
assumptions that ℏω ≪ kT ≪ εF − εj. Here, τj is the
electron quantum lifetime in the jth subband and εF is
the Fermi energy. Within this framework of approxima-
tions, the density of states in a subband is given by

DjðεÞ ¼
m�

πℏ2

�
1 − dj cos

2πðε − εjÞ
ℏωc

�
: ð2Þ

The MW-induced variation of the density in the first
subband (ε1 < ε2) is equal to

δns1 ¼ −δns2 ¼
Z

∞

ε1

D1ðεÞδfðεÞdε

¼ −d1d2
m�

πℏ2

ℏω
4

Pω sin
2πω

ωc
sin

2πðε2 − ε1Þ
ℏωc

:

ð3Þ
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When ε2 − ε1 ¼ Δ ≫ ℏω, Eq. (3) describes magneto-
oscillations with a periodicity determined by the commen-
surability between the cyclotron energy and the subband
spacing: Δ ¼ nℏωc. The beating pattern and nodes are
caused by the factor sinð2πω=ωcÞ. The nodes are located at
ω=ωc ¼ ðnþ 1Þ=2. This oscillation pattern described by
Eq. (3) matches all the observed features of MICO. These
oscillations should also persist in an unbalanced system in
which the centers of mass of the wave functions of the two
subbands are spatially separated. Then the oscillating
redistribution of electrons between the subbands (i.e., the
layers) δns1 ¼ −δns2 produces oscillations in the capaci-
tance. This accounts for our experimental observations.
In summary, by implementing a new experimental

approach to study nonequilibrium phenomena in 2DES,
we have discovered microwave-induced magneto-
oscillations of an electrical capacitance. We have shown
that these oscillations reflect redistribution of electrons
between two occupied subbands which oscillates with
magnetic field due to nontrivial distribution of electrons
among Landau levels. Our observation establishes unequivo-
cally the importance of this nonequilibrium distribution
function scenario, which was developed to explain MIRO.
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