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High-frequency response of a two-dimensional electron system under microwave irradiation
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In this paper, the high-frequency ( f = 0.05-10 GHz) magnetoresistance of a two-dimensional electron system
is studied in the regime of microwave-induced resistance oscillations (MIRO). For this purpose, we employed a
technique based on measuring the attenuation of a broadband coplanar transmission line placed on the sample
surface, with the sample simultaneously being subjected to external microwave irradiation of frequency F =
40-140 GHz. In the f < 1 GHz probe frequency range, the coplanar waveguide transmission exhibits several
features that repeat the MIRO measured on the same sample using the conventional dc transport technique. At
higher probe signal frequencies f, the MIRO features in transmission are significantly suppressed. In particular,
for a microwave irradiation frequency of F = 80 GHz, the first two features of the waveguide transmission
decrease by an order of magnitude at f; = 3.0 GHz and f, = 1.5 GHz, respectively.
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Since their discovery, microwave-induced magnetore-
sistance oscillations (MIRO) in two-dimensional electron
systems (2DES) have been the subject of comprehensive
research.!? The attention drawn is largely attributed to a wide
variety of remarkable peculiarities, including the phenomenon
of zero resistance states at the oscillation minima,>* the
nonsensitivity to microwave polarization,’ the observation of
alternating photovoltage oscillations,® and the disappearance
of oscillations in comparatively small magnetic fields parallel
to the sample surface.’” The nature of these phenomena remains
a mystery and a subject of discussion.®?

Thus far, all experimental observations of MIRO have
been limited to direct current (dc) measurements.!3-6-13-15
However, recent high-frequency contactless studies of MIRO
using coplanar,'® resonator,'” and capacitive®!®!? techniques
have produced controversial results. The controversies are
speculated to originate from the fact that all the experiments
were limited to very narrow frequency ranges of the probe
signal. As a consequence, a comprehensive physical picture
of the MIRO kinetics and the contribution of electron density
nonuniformity regions to the origin of the oscillations could
not be provided.

We have managed to overcome these limitations using a
broadband coplanar waveguide technique.?® In our experi-
ments, we measure the attenuation of a high-frequency probe
signal propagating along the coplanar waveguide that has
been lithographically patterned onto the sample surface. This
technique enables the study of the 2DES magnetotransport
properties over a frequency range up to several tens of
gigahertz.? Specifically, this technique allowed us to study
the high-frequency response of 2DES to MIRO at probe signal
frequencies ranging between 0.05 and 10 GHz. It was also
possible to demonstrate that the frequency of the probe signal
has a pronounced effect on the MIRO amplitude.
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PACS number(s): 73.23.—b, 73.63.Hs, 72.20.My, 73.50.Mx

The experiments are performed on GaAs/AlGaAs quantum
wells fabricated by molecular beam epitaxy. Structures with
electron densities of n = (1.3-2.8) x 10" cm~2 and mobili-
ties ;1 = (6-15) x 10° cm?/(V s) at temperature of 7 = 1.5 K
were studied. The samples including a Hall bar with a coplanar
waveguide deposited on the top of the mesa are defined by
means of optical lithography. The coplanar waveguide?®' is a
type of a strip line that consists of a narrow central metal strip
deposited onto a substrate (a GaAs/AlGaAs heterostructure in
our case) between two grounded wide planes (inset of Fig. 1).
The length of the coplanar waveguide is d = 800 um, while
the width of its central strip is @ = 44 um and the distance
between grounded planes is b = 104 um. The parameters
of the waveguide are chosen such that its characteristic
impedance is Zy = 50 Q2. As a high-frequency probe signal
passes through the coplanar waveguide, the observed power
losses mainly originate from heating the 2DES by the electric
field concentrated in the slots of the coplanar waveguide. The
relative coplanar waveguide transmission 7 is determined by
its geometric parameters and the diagonal component of the
2DES conductivity tensor oy, (Ref. 20):

T = exp <_ ZORe(Uxx)d) i (1)

w

where w = (b — a)/2 is the slot width between the central strip
and the side grounded planes and Re(oy, ) denotes the real part
of conductivity oy,. This expression is valid at small lateral
dimensions a and b, as well as at small distances between
the 2DES and the waveguide deposited on the heterostructure
as compared to the microwave signal wavelength. Therefore,
the 2DES magnetotransport characteristics can be determined
by measuring the coplanar waveguide transmission. In the
case of this contactless technique, the coplanar waveguide is
connected by means of 50-Q coaxial cables in series with
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FIG. 1. Comparison of the 2DES magnetotransport character-
istics in the absence (thin curves) and presence (thick curves) of
microwave irradiation with a frequency of F = 118 GHz. The
upper curves correspond to coplanar waveguide transmission and
the lower curves to dc magnetoresistance. The vertical arrows
indicate the position of the magnetic field corresponding to the
cyclotron resonance (CR). The inset shows a comparison of results
obtained by means of contactless high-frequency and conventional
contact techniques for a wide magnetic field range in case of no
external microwave irradiation. The lower curve represents the dc
magnetoresistance of 2DES, and the upper curve represents the
coplanar waveguide transmission signal at a probe signal frequency
of f =400 MHz. A schematic drawing of the sample (top view) is
also shown. Crosshatching indicates ohmic contacts, and bold lines
are boundaries of the coplanar waveguide metallization.

the high-frequency probe signal generator (f = 0-20 GHz)
and the detector, where the latter is a Schottky diode placed
outside the cryostat. The power of the generator does not
exceed 100 nW. It is modulated at a frequency of 810 Hz,
and the output signal is detected using a standard lock-in
technique. When using the transport technique, a 0.1-uA and
13-Hz ac current passes through the Hall bar shaped beneath
the coplanar waveguide. Magnetoresistance is measured at
the same frequency using the same lock-in technique. The
sample is fixed at the end of a rectangular waveguide with a
cross section of 7 x 3.5 mm? and immersed into the cryostat
with a superconducting magnet. The magnetic field is directed
normal to the sample surface. The helium vapor is pumped
out to attain a temperature of 7 = 1.5 K. To study 2DES in
the MIRO regime, the sample is exposed via the rectangular
waveguide to microwave radiation in the frequency range from
40 to 140 GHz with input power not exceeding 1 mW.
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The inset in Fig. 1 shows the performance of the high-
frequency coplanar technique. The upper curve corresponds
to the coplanar waveguide transmission at probe signal
frequency of f = 400 MHz, while the lower curve represents
the magnetoresistance measured at dc using the transport
technique. All the transport measurements were performed
on the Hall bar of width W = 1.4 mm located beneath
the coplanar waveguide used for contactless measurements
(see schematic in Fig. 1). It is clearly seen that, over a wide
magnetic field range, the contactless high-frequency technique
ensures true reproduction of all the characteristic features
seen in magnetotransport of the 2DES. Figure 1 shows the
magnetic field dependences of the Hall bar resistivity py, and
the coplanar waveguide transmission measured as the sample
was exposed to microwave irradiation with a frequency of F' =
118 GHz. Thin curves represent the magnetic field dependence
in the absence of microwave irradiation. It is clearly seen
that, in the case of exposure to microwave irradiation and
relatively small magnetic fields, both the dc magnetoresistance
and the coplanar waveguide transmission exhibit a number of
additional features. As it will be shown below, the peculiarities
observed correspond to the so-called microwave-induced 1/B
periodic resistance oscillations (MIRO)."> The magnetic field
values of all different features in the case of the coplanar
waveguide transmission coincide exactly with those of the dc
magnetotransport. These are marked by dashed lines. On the
other hand, vertical arrows denote the position of the cyclotron
resonance, which corresponds to a slightly lower magnetic
field than the magnetic field where the first MIRO maximum
is observed in the 2DES magnetoresistivity.

To confirm the assumption that the peculiarities observed
are related to multiple harmonics of the cyclotron resonance,!
the experiments shown in Fig. 1 were repeated for a greater
number of microwave irradiation frequencies. The results ob-
tained are shown in Fig. 2. As it can be clearly seen in Fig. 2(a),
the position of the magnetic field-dependent features in the
case of coplanar waveguide transmission at 500 MHz varies
with the microwave irradiation frequency, whereas features
related to Shubnikov—de Haas oscillations remain unchanged.
Figure 2(b) shows the magnetodispersion of the transmission
signal minima (circles), as well as the corresponding magne-
toresistance maxima (diamonds) measured using the transport
technique. It is clearly seen that the microwave irradiation
frequency at which magnetic field-dependent features are ob-
served do linearly depend on the magnetic field magnitude. The
experimental points follow multiple harmonics of cyclotron
resonance 2r F = w = iw, = ieB/m* (dashed lines), where
the i factor denotes the harmonic number, e and m* are electron
charge and effective mass, respectively, and B is the magnetic
field magnitude. Note that the first MIRO maxima position is
shifted from cyclotron resonance in agreement with previous
MIRO research,*?? but, for the higher maxima, such shift is
not observed. This fact may imply that the data could not be
described using the effective electron mass m*™ = 0.067m, (see
also Ref. 22). Furthermore, the magnitude of the magnetic field
at which transmission minima are observed coincides with that
of the magnetoresistance maxima. Therefore, we conclude that
the experimentally observed features of coplanar waveguide
transmission at a probe signal frequency of f = 500 MHz
correspond to MIRO."? Thus, the results presented above
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FIG. 2. (a) Dependence of the coplanar waveguide transmission
signal on the magnetic field magnitude at a probe signal frequency of
f = 0.5 GHz for a series of frequencies of the external microwave
irradiation. It should be noted that the curves are shifted for clarity.
The inset shows the differential transmission signal for two different
microwave irradiation frequencies F = 114 and 130 GHz (see
text for details). (b) Magnetodispersion of the first three MIRO
harmonics. The diamonds correspond to the dc MIRO maxima,
and the circles correspond to the transmission signal minima for
a probe signal frequency of f = 0.5 GHz. The dashed lines represent
the magnetodispersion of the first three harmonics of the cyclotron
resonance for an effective electron mass of m* = 0.067m,.

illustrate the similarity of MIRO measured in dc with those
observed during high-frequency contactless experiments. The
appearance of MIRO in these contactless measurements indi-
cates also the important fact that the presence of ohmic contacts
in the 2DES is insignificant for the occurrence of MIRO.

To investigate in detail the MIRO kinetics, we estimate
the amplitude of individual coplanar waveguide transmission
minima as a function of the probe signal frequency. Owing
to their relatively small magnitude, the MIRO-related trans-
mission features can be studied using a double-modulation
technique. The high-frequency probe signal is sinusoidally
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FIG. 3. (a) Absolute value of the differential transmission signal
for three different frequencies of the probe signal. The curves are
shifted for clarity. The frequency of the external microwave irradiation
is set to F' = 80 GHz. Vertical arrows indicate the positions of the
MIRO maxima. The peak observed in the case of a magnetic field
of B=0.16 T (between the first and the second MIRO harmonics)
corresponds to a magnetoplasmon mode (MP). If the magnetic field is
higher than 0.5 T, Shubnikov—de Haas (SdH) oscillations can be ob-
served. (b) Dependence of the first two MIRO harmonics amplitudes
on the probe signal frequency f. The microwave irradiation frequency
is set to F' = 54 GHz. For the sake of comparison, the f dependence
of SdH oscillations with a filling factor of v = 8 is also shown.
(c) Dependence of the first two MIRO harmonics amplitudes on the
probe signal frequency f. The microwave irradiation frequency is
setto F' = 80 GHz. The f dependence of SdH oscillations for filling
factor v = 8 is shown again.

modulated with a frequency of 2.7 kHz and detected using a
first lock-in amplifier. The output signal, which is proportional
to the coplanar waveguide transmission 7, is fed into a second
lock-in amplifier. The latter is adjusted to the modulation
frequency (20-130 Hz) of the microwave irradiation. This
technique has the advantage in that differences in the coplanar
transmission with and without microwave irradiation can be
directly measured. The inset in Fig. 2(a) shows examples of
differential transmission curves for two different microwave
irradiation frequencies F' = 114 and 130 GHz. The differentia-
tion of Eq. (1) shows that the amplitudes of microwave-induced
oscillations of the conductivity, magnetoresistance, and
differential coplanar waveguide transmission are proportional
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to each other. The proportionality holds for the accuracy of
factors that depend solely on the magnitude of the magnetic
field. Hence, under the assumption given, the above-mentioned
amplitudes must be all equally dependent on the frequency of
the probe signal.

Figure 3(a) shows the typical magnetic field dependence of
the differential coplanar waveguide transmission for various
frequencies of the probe signal. The microwave irradiation
frequency was fixed at F = 80 GHz. This figure shows
well-pronounced MIRO features slightly shifted from the
magnetic field values corresponding to different cyclotron
resonance harmonics (i = 1,2,3) as well as a magnetoplasmon
mode, located between the first and the second MIRO
harmonics. Detailed experiments provide evidence that the
magnetoplasmon mode is of bulk nature and characterized
by magnetodispersion w?(B) = wa + wf, Here, w, is the
frequency of the screened plasmon mode??

2 ne’h )

w, =

m*epe 4
where ¢y is the vacuum permittivity, ¢ = 12.8 is GaAs
permittivity, and 2 = 400 nm is the distance of the 2DES from
the top metallized crystal surface. The plasmon wave vector
is defined by the width of the Hall bar mesa ¢ = Nn/W
(N =2,4,6,...), where W is a width of the Hall bar used
(see schematic in Fig. 1). The even mode numbers come from
the geometry of the electric field in the coplanar waveguide.
Besides, the observed weak temperature sensitivity confirms
plasmon origin of this feature. The amplitude of the plasma
resonance decreases by an order of magnitude at temperature
T = 30 K, while MIRO features disappear at T = 8 K.

With increasing probe signal frequency f, the amplitude
of the MIRO minima decreases considerably. The decrease is
particularly rapid for MIRO harmonics with larger i factor.
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Figures 3(b) and 3(c) show in more detail the dependence of
the transmission minima amplitudes on the frequency of the
probe signal for microwave irradiation frequencies F = 54
and 80 GHz. They also show the dependence of the amplitude
of Shubnikov—-de Haas oscillations with a filling factor of
v = 8 on the probe signal frequency f measured by means
of the high-frequency coplanar technique. For the sample
under discussion, the cyclotron gap for v = 8§ is estimated
to be equal to 800 GHz and, consequently, an increase in
the probe signal frequency up to 10 GHz has a negligible
effect on the Shubnikov—de Haas transmission oscillations.
On the other hand, transmission features corresponding to the
cyclotron resonance harmonics exhibit a strong dependence
on the probe signal frequency. For instance, for a microwave
irradiation frequency of F = 80 GHz and factor i = 1,2, the
differential signal decreases by an order of magnitude at probe
signal frequencies f; = 3.0 GHz and f, = 1.5 GHz. The
MIRO suppression with increasing probe signal frequency is of
significant theoretical interest, but has not yet been explained.

In conclusion, we have applied the contactless high-
frequency coplanar technique to study MIRO in a broad
frequency range 0.05-10 GHz. We showed that the MIRO fea-
tures appear in the high-frequency coplanar waveguide trans-
mission as well as in conventional transport measurements.
We have also shown that the presence of ohmic contacts in
the 2DES is insignificant for the occurrence of MIRO. Finally,
according to our experiments, the MIRO amplitude decreases
considerably with increasing probe signal frequency and the
reduction is faster for MIRO harmonics with larger number i.
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