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The microwave-induced resistance oscillations were studied in a number of GaAs/AlGaAs quantum wells and
heterojunctions of various electron sheet densities n. The effective mass m* extracted from the oscillations period
demonstrated strong nonmonotonic dependence on n. At low densities m* was greatly enhanced (heavier than
the cyclotron mass) and abruptly decreased with increasing n. Such behavior exhibited by the effective mass at
low n is clearly of many-particle origin. The minimal values of m* were observed at moderate densities and were
lower than the cyclotron mass in full consistency with earlier publications by other groups. The increase of the
effective mass observed at high densities can be ascribed to the nonparabolicity of the conduction band.
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At low temperatures longitudinal magnetoresistance of
a high-quality two-dimensional electron system (2DES) ir-
radiated by microwave radiation exhibits well-developed
oscillations [1-3] periodic in the reciprocal magnetic field. In
contrast to the well-known Shubnikov—de Haas oscillations
their period is governed by the commensurability of the
cyclotron energy and microwave frequency. This phenomenon,
traditionally referred to as microwave-induced resistance
oscillations (MIRO), was first observed almost 20 years ago
in charged GaAs/AlGaAs quantum wells and its discovery
was followed by extensive experimental and theoretical efforts
reviewed, e.g., in Ref. [4].

Although a number of well-elaborated theories [5—14] were
presented to account for MIRO, there are still several crucial
aspects of the phenomenon they fail to explain. The complete
immunity of MIRO to the helicity of the incident microwave
radiation should be mentioned as one of the brightest examples
[15,16]. Another important issue is the reduction of the
effective mass deduced from the MIRO period (traditionally
referred to as MIRO mass) if compared to the cyclotron
mass [17]. Note that the observed discrepancy exceeds by
far the experimental accuracy of the mass determination both
from MIRO and cyclotron resonance. The present Rapid
Communication aims to address this issue experimentally.
The effective MIRO mass m* is shown to undergo pronounced
renormalization due to the strong electron-electron interaction,
as m* turned out to increase abruptly with decreasing electron
sheet densities n at low n—the dependence clearly reminiscent
of the Fermi-liquid quasiparticle mass behavior.

MIRO were observed in different geometries of the contacts
including conventional Hall bar [1,3], Corbino ring [18,19],
and Van der Pauw geometry [20,21], even with the aid of con-
tactless techniques [22,23] and in different material systems
including electrons on a liquid-helium surface [24,25], p-type
Ge/SiGe quantum well [26], and MgZnO/ZnO heterojunctions
[27]. Similar oscillations have been observed recently in the
magnetocapacitance of a 2DES [28]. The microwave-induced
contribution Jp to the longitudinal magnetoresistance of a
2DES channel at low magnetic fields is conveniently expressed
as [4]

op ~ —A exp(—ae)sin(2mwe + §), (1)
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where € is a ratio of the microwave frequency f to the value
[} =eB/m* (e stands for the electron charge and B for the
magnetic field). It is tempting to refer to f as a cyclotron
frequency, yet the effective mass m* calculated from the MIRO
period is considerably lower than the mass extracted from the
cyclotron resonance magnetic field dispersion. The phase of
the oscillations is typically zero and thus the magnetic field
positions of the MIRO minima and maxima are governed
by a simple rule traditionally referred to as “1/4 cycle
shift”: € =i F 1/4, where i € N [29-31]. Nonzero phase was
observed for low-order oscillation numbers i in ultraclean
samples [30]. The exponential factor in Eq. (1) represents
the damping of MIRO oscillations with the dampening factor
a being proportional to the quantum scattering rate 1/7,
[32]. The amplitude A of the oscillations grows with the
microwave power P: linearly at low P and o< P'/? at higher
power [33]. Provided the power of the incident on 2DES
microwave radiation is high enough and the temperature is low,
the minima of several low-order oscillations tend to transform
into states with zero diagonal resistance [3,20]; this process is
accompanied by a formation of current domains [34-36].

Our experiments were performed on a number of
GaAs/AlGaAs quantum wells and heterojunctions with elec-
tron sheet densities varying from 0.6 to 6.2 x 10" cm™2
characterized by similar electron mobilities in the range of
1-2 x 10° ecm?/V's at T = 1.5 K. Standard Hall bars with
source, drain, and several sense contacts were lithographically
formed on the samples.

The microwave-induced part of the 2DES longitudinal
magnetoresistance was precisely measured with the aid of a
conventional double lock-in technique. An ac probe current of
an amplitude ~1 pA at a frequency f,. ~ 1 kHz was applied
from source to drain. The first lock-in amplifier monitored
the channel resistance R,, through two sense contacts along
the channel. The sample was irradiated by microwaves 100%
amplitude modulated at a frequency fioq ~ 30 Hz and guided
to the sample via a rectangular oversized waveguide. A
microwave generator with frequency multipliers coupled to it
was used as the radiation source, providing the experimentally
available frequency range up to 140 GHz. The second lock-in
amplifier, synchronized at fi,04, Was connected to the output
of the first one and, thus, measured the variation § R, in the
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FIG. 1. The microwave-induced part of the 2DES longitudinal
magnetoresistance measured in three samples with different sheet
densities n = 0.9 (black line), 1.1 (red line), and 2.1 x 10'" cm™2
(blue line). Arrows indicate the positions of MIRO minimum and
maximum corresponding to i = 3. The data is shifted along vertical
axis for clarity. The microwave frequency equaled 90 GHz for all of
the three samples.

magnetoresistance, caused by the microwave irradiation. The
samples were placed inside of the 1.5-K pot of the “He cryostat
and the experiments were carried out under liquid-helium
pumping.

Typical dependences of the microwave-induced part of
the 2DES longitudinal resistance on the magnetic field B
measured in three samples with different sheet densities
n=0.9, 1.1, and 2.1 x 10'"" cm~? are presented in Fig. 1.
Microwave frequency was equal to 90 GHz. The shift of the
MIRO extrema position toward lower magnetic fields with the
increase of the electron density can be clearly seen. According
to Eq. (1) this experimental observation suggests that the
effective MIRO mass decreases with the increase of n.

Since the exact magnetic field position of the MIRO extrema
is influenced by the phase 4, the value of § has to be checked
carefully. The conventional value of the phase § =0 was
adopted first; as aresult, according to Eq. (1) the magnetic field
positions of the MIRO extrema should occur at € =i F 1/4.
Then the reciprocal magnetic fields of the MIRO maxima
and minima against { F 1/4, respectively, were plotted for a
given frequency f = 90 GHz of the microwave radiation. The
described procedure is illustrated in Fig. 2 for two samples
with densities n = 0.9 and 2.1 x 10" cm~2. All the experi-
mental data points turned out to be well fitted with straight
lines described by a simple equation i F 1/4 = 2z fm*/eB.
The effective MIRO masses extracted from the slopes of the
lines in Fig. 2 were equal to m™ = 0.067mo and m* = 0.060m,
for n =0.9 and 2.1 x 10" cm=2. As all the lines started
from the point of origin for each of the samples studied,
the previously made assumption of zero phase was correct
within the experimental accuracy. The slopes of the lines
were dependent on the electron sheet density highlighting the
dependence of the effective MIRO mass on n.
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FIG. 2. The dependence of the reciprocal magnetic fields cor-
respondent to the MIRO extrema on i F1/4 for two samples
with n = 0.9 (open circles) and 2.1 x 10'"" cm™2 (solid circles).
The experimental data is fitted perfectly with the straight lines
i F1/4=2nfm*/eB through the point of origin. The microwave
frequency equaled 90 GHz for both samples.

It is now established that the effective MIRO mass does
depend on the electron sheet density with the exact depen-
dence having been acquired as follows. For each sample
the microwave-induced part of the magnetoresistance was
measured in the whole experimentally available frequency
range. The exact magnetic field positions of MIRO maxima
and minima for a given i were plotted as microwave frequency
dispersions f(B). The first low-order extrema, typically 1 and
2, were overlapped by Shubnikov—de Haas oscillations and
were not taken into account when the MIRO effective mass
was extracted. For each sample the experimental dispersions
of the ith MIRO extrema were fitted by straight lines according
to the formula f = (i — 1/4)eB/2nm* for maxima and f =
(i + 1/4)eB/2am* for minima. Note that for each sample the
parameter m*, extracted from the slopes of these lines, was the
same for all the oscillation numbers used for fitting and, thus,
do represent the effective MIRO mass.

Figure 3 demonstrates example dispersions f(B) of the
MIRO minima corresponding to oscillation numbers i = 3,4
for three samples with the electron sheet density n = 0.9, 1.1,
and 2.1 x 10'"" cm™2. For a given oscillation number i the
experimental dispersions are well fitted with straight lines. The
lines do not coincide for all three samples, as their slopes are
clearly dependent on the sample electron density. Moreover,
the slopes tend to increase with growing n clearly indicating
that MIRO effective mass m* does rise with the decrease of
n. The exact values of m* measured for these samples are
presented in Fig. 3.

The resulting effective MIRO mass dependence on the
electron density is presented in Fig. 4 (blue solid circles).
The value of m* = 0.0587my measured in the sample with
the density n = 2.7 x 10" cm~2 in Ref. [17] denoted in the
figure (red open circle) is consistent with our results. The
observed dependence is not monotonic: with the increase
of n the value of m* decreases quickly at low densities,
whereas it rises slowly at higher n. To understand such
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FIG. 3. Dispersions f(B) of the several selected MIRO minima
i = 3,4 for three samples with the electron sheet density n = 0.9,
1.1, and 2.1 x 10" cm™2. Straight lines represent fits according to
the formula f = (i 4+ 1/4)eB/2am* with i = 3,4. Corresponding
effective masses m* are denoted in the figure for each of the samples.

peculiar behavior we compare the effective MIRO mass m*
with two other types of masses: mass determined from the
electron cyclotron resonance dispersion (black open triangles)
and the Fermi-liquid quasiparticle mass (black open squares),
namely, quasiparticle density of states effective mass, mea-
sured simultaneously in Ref. [37] with high accuracy for
various electron densities of the 2DES. At low densities the
behavior exhibited by MIRO mass and mass of Fermi-liquid
quasiparticle is essentially the same: they both rise abruptly
with the n decrease. Such similarity suggests the observed
enhancement of MIRO mass at low n to be the result of the mass
renormalization due to the strong electron-electron interaction.
Note that the density-dependent electron mass determined
from detailed low-temperature Shubnikov—de Haas measure-
ments in GaAs/AlGaAs heterostructures exhibits analogous
rising behavior at low n [38]. The slow rise of m™* at large
densities is identical to the rise exhibited by the cyclotron
resonance effective mass and, thus, can be attributed to the
nonparabolicity of the GaAs electron spectrum [37,39]. At
moderate densities MIRO mass is still considerably reduced
compared to the cyclotron mass; such reduction was previously
ascribed to the effects of electron-electron interaction [17] as
well.
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FIG. 4. The experimental dependence of the effective MIRO
mass on the electron sheet density (blue closed circles). The value
of m* = 0.0587m( measured in the sample with the density n =
2.7 x 10" cm™2 in Ref. [17] is denoted by the red open circle. Open
triangles and squares represent the electron density dependences
of the mass determined from cyclotron resonance dispersion and
quasiparticle Fermi-liquid mass adopted from Ref. [37].

In conclusion, the microwave photoresistance was studied
in a series of GaAs/AlGaAs quantum wells and heterojunctions
with different densities n of 2DES. The effective mass m*
deduced from the MIRO period was lighter than the cyclotron
mass at moderate densities in full consistency with earlier
publications by other groups. In contrast, the value of m*
turned out to be enhanced at low densities. The observed
enhancement of MIRO mass is clearly the result of the
mass renormalization due to the strong electron-electron
interactions. This experimental finding points out the need for
further theoretical efforts, as it cannot be accounted for by any
existing single-particle theoretical approaches. The increase
of the effective mass exhibited at high densities can originate
from the conduction-band nonparabolicity.
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