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In recent years, magnetotransport in high-mobility
two-dimensional electron systems (2DES) under
microwave irradiation has attracted considerable atten-
tion. To a great extent, this attention is caused by the
recent discovery of microwave-induced giant magne-
toresistance oscillations [1, 2] and zero-conductivity
states [3, 4] that appear in the oscillation minima. The
oscillations are 1/

 

B

 

 periodic and the positions of their
maxima approximately correspond to the cyclotron res-
onance harmonics

(1)

where 

 

ω

 

 is the frequency of the incident microwave radi-
ation, 

 

ω

 

c

 

 is the cyclotron frequency, and 

 

j

 

 = 1, 2, 3, … is
an integer. In the time that has passed since their dis-
covery, the induced magnetoresistance oscillations
were observed in contact transport measurements in the
samples of different geometries: Hall bars [1, 3, 5],
Corbino disks [6, 7] and square samples by the van der
Pauw technique [8]. In spite of numerous theoretical
and experimental studies, the physical nature of the
oscillations is not quite clear and the investigation has
revealed a set of unusual phenomena. In particular, it
was found that the magnetoresistance oscillations do
not coincide with the features of the microwave absorp-
tion and reflection by the sample and, consequently,
they cannot be explained by the simple heating of the

ω jωc,=

 

two-dimensional system due to the resonance absorp-
tion of radiation [9]. The insensitivity of the photoin-
duced magnetoresistance oscillations to the polariza-
tion of the microwave radiation [10], the observation of
a large number of harmonics typical for Asbel–Kaner
cyclotron resonance in metals [11], and the absence of
magnetoresistance oscillations in optical experiments
[12] allow one to state that the nature of the oscillations
is significantly different from the usual bulk cyclotron
resonance in semiconductors. The above facts indicate
that the contact and/or boundary regions of the two-
dimensional electron system play an important role in
the formation of the oscillations. In this work, a con-
tactless study of the microwave response of the 2DES
resistance was performed to prove this assumption. The
essence of the used technique is to measure the attenu-
ation of the RF signal propagating along the coplanar
waveguide patterned on the sample surface. The signal
attenuation is determined by the parameters of the
waveguide and the real part of the diagonal component

 

σ

 

xx

 

 of the 2DES conductivity tensor.

The studies were carried out on a 30-nm
GaAs/AlGaAs single quantum well located at a depth
of 161 nm from the structure surface. The mobility of
the charge carriers in the structures with the two-
dimensional electron density 

 

n

 

 = 2.8 

 

×

 

 10

 

11

 

 cm

 

–2

 

 was

 

µ

 

 = 8 

 

×

 

 10

 

6

 

 and 15 

 

×

 

 10

 

6

 

 cm

 

2

 

/V s at 

 

T

 

 = 4.2 and 1.5 K,
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Magnetic-field dependences of the conductivity of a two-dimensional electron system obtained by contact and
contactless measurements in the regime of microwave-induced giant magnetoresistance oscillations have been
comparatively analyzed. The contactless technique for studying the conductivity of two-dimensional electrons
is based on measuring the attenuation of the RF signal propagating along a coplanar waveguide manufactured
using lithography on the sample surface. It has been found that Shubnikov–de Haas oscillations of conductivity
are observed in both techniques, whereas the microwave-induced giant magnetoresistance oscillations appear
only in the contact measurements. This contradiction indicates that the contact and/or boundary regions of the
two-dimensional system with a strong potential gradient play an important role for the observation of the
induced magnetoresistance oscillations.
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respectively. The sample simultaneously containing the
Hall bar and the coplanar waveguide sputtered on the
top of the mesa above the two-dimensional electron gas
was manufactured from the 4 

 

×

 

 4 mm structure by
means of optical lithography. The distance between the
potential contacts of the 100-

 

µ

 

m-wide Hall bar was
200 

 

µ

 

m. The coplanar waveguide [13] is a kind of strip-
line and consists of a narrow central metallic strip
located between two wide ground planes patterned on
the substrate, in our case, the GaAs/AlGaAs hetero-
structure (Fig. 1). The length of the coplanar waveguide
was 

 

d

 

 = 800 

 

µ

 

m, the central strip width was 

 

a

 

 = 22 

 

µ

 

m,
and the distance between the side ground planes was

 

b

 

 = 52 

 

µ

 

m to provide the characteristic impedance 

 

Z

 

0

 

 =
50 

 

Ω

 

.
The sample was fixed at the end of a 7 

 

×

 

 3.5-mm
rectangular waveguide and was immersed into the
superconducting solenoid of a helium cryostat. The
magnetic field was perpendicular to the sample plane.
The sample was irradiated through the waveguide by
microwave radiation in the frequency range from 40
to 80 GHz with an incident power of no more than
100 mW at the channel input. During the transport
measurements, an ac current of 1 

 

µ

 

A at a frequency of
40 Hz passed across the Hall bar with the lock-in detec-
tion of the resistance between the potential contacts. In
the contactless measurements, the coplanar waveguide
was connected by 50-

 

Ω

 

 coaxial cables between the 

 

f

 

0

 

 =
0–2000 MHz RF source and the Schottky-diode detec-
tor placed outside the cryostat. The 10-

 

µ

 

W source
power was modulated at a frequency of 210 Hz with the
subsequent lock-in detection of the signal at the detec-
tor.

The major power losses during the signal passage
through the coplanar line are due to the heating of the
2DES by the electric field concentrated in the coplanar
waveguide slots. In this case, the transmission coeffi-
cient of the coplanar waveguide is described by the
expression [14]

(2)

where 

 

w

 

 = (

 

b

 

 – 

 

a

 

)/2 is the slot width between the central
conductor and the side ground planes. The expression
holds for the transverse sizes 

 

a

 

 and 

 

b

 

, which are small
compared to the wavelength of the RF signal and the
small distance between the 2DES and the coplanar
waveguide patterned on the heterostructure surface.
Thus, the 2DES conductivity 

 

σ

 

xx

 

 may be found from the
transmission coefficient of the coplanar stripline. How-
ever, this is insufficient for finding the 2DES resistance

 

ρ

 

xx

 

. The components of the conductivity and resistance
tensors of the two-dimensional electron gas are known
to be related as

(3)

Tr
Z0Re σxx( )d

w
-----------------------------–⎝ ⎠
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σxx

ρxx

ρxx
2 ρxy
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In the magnetic field range of interest,  

 

�

 

 ;
therefore,

(4)

Expression (4) will be used below to calculate 

 

ρ

 

xx

 

for the contactless measurements.

We tested the contactless technique by measuring
Shubnikov–de Haas oscillations in the absence of
microwave radiation. Figure 1 presents the magnetic
field dependence of the transmission coefficient Tr of
the coplanar waveguide at the RF signal frequency 

 

f

 

0

 

 =
700 MHz. As follows from Fig. 2a, the experimental

 

ρ

 

xx

 

(

 

B

 

) dependence that is obtained by the standard con-
tact transport technique and is shown by the lower
curve agrees well with the results of the contactless
measurements shown by the upper curve. The quantita-
tive difference between these two measurements is
explained by the inaccurate description of the transmis-
sion of the coplanar waveguide by Eq. (2) and the elec-
tron localization effects [14] in the contactless mea-
surements. The localization length decreases sharply
with an increase in the signal frequency, which leads to
a decrease in the mobility gap between the Landau lev-
els. Therefore, the high-number Landau levels become
unresolved with an increase in frequency. It should be
mentioned that the contactless technique allows the res-
olution of the spin features of 

 

ρ

 

xx

 

. Figure 2b shows typ-
ical magnetoresistance 

 

ρ

 

xx

 

(

 

B

 

) curves under the contin-
uous microwave irradiation at the frequency

 

 f

 

 =
79 GHz. The curves were obtained with the use of the

ρxy
2 ρxx
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Fig. 1.

 

 Transmission of the coplanar waveguide at the fre-
quency 

 

f

 

0

 

 = 700 MHz versus the magnetic field in the
absence of microwave irradiation of the sample at a temper-
ature of 1.6 K. The transmission coefficient Tr is normalized
so that Tr = 1 corresponds to the damping-free propagation
of the RF signal. The insets show the schematic and the pho-
tograph of the coplanar waveguide on the sample surface.
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standard transport technique. The dashed line shows the
magnetoresistance signal without microwave irradia-
tion. Clearly, the well-studied 1/

 

B

 

 oscillations and zero-
resistance states are observed at small magnetic fields.
However, the 

 

ρ

 

xx

 

 curve in Fig. 2b obtained by means of
the contactless technique displays only minor features
at the magnetic fields that do not correspond to the

extrema of the transport magnetoresistance oscilla-
tions. Below, we show that the peaks in the contactless
magnetoresistance signal are associated with the heat-
ing of the 2DES due to the excitation of bulk magneto-
plasma modes. The transmission of the coplanar strip-
line measured under the continuous microwave irradia-
tion of the 2DES at the frequency 

 

f

 

0

 

 = 700 MHz is
presented in the inset in Fig. 2a by the solid line. The
finite transmission of the line at zero magnetic field is

 

Fig. 2.

 

 (a) Magnetic-field dependences of the 2DES resis-
tance in the absence of microwave irradiation obtained by
the (lower curve) contact and (upper curve) contactless
techniques. (b) The magnetic-field dependences of the
2DES magnetoresistance under the microwave irradiation
obtained by the (lower solid curve) contact and (upper solid
curve) contactless techniques. The 2DES magnetoresis-
tance in the absence of microwave irradiation is shown by
the dashed line for comparison. The inset shows the trans-
mission coefficient of the coplanar waveguide (solid line)
measured in the experiment and (dashed line) calculated
with the use of the results of contact measurements.

Fig. 3. Magnetic-field dependences of the 2DES resistance
obtained by the (a) contact and (b) contactless techniques
under the microwave irradiation (upper curves) for the two
temperatures of the sample, T = 4.2 and 1.6 K and (lower
curves) two values of the microwave power, P = 10 and
60 mW. The inset shows the magnetic dispersion of the
observed plasma mode.
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caused by the direct power transmission between the
input and output coaxial cable. The minimum associ-
ated with the magnetoplasma resonance is clearly seen
in the transmission signal. The dashed line shows the
transmission signal obtained from the ρxx(B) and ρxy(B)
curves according to Eq. (2). A considerable difference
between the two transmission curves is seen at small
magnetic fields.

To test the magnetoplasma origin of the magnetore-
sistance peaks observed in the contactless measure-
ments, we studied the behavior of the peaks with the
variation of the 2DES temperature and microwave
power. Figure 3a presents the ρxx curves obtained with
the use of the transport technique at the temperatures
T = 1.6 and 4.2 K under continuous microwave irradia-
tion at the frequency f = 79 GHz. The figure also pre-
sents two curves obtained at T = 1.6 K, f = 57 GHz, and
microwave powers P = 10 and 60 mW. Obviously, an
increase in both the temperature from 1.6 to 4.2 K and
the microwave power destroys the zero-resistance
states. The induced magnetoresistance oscillations also
exhibit substantial distortions: their amplitude
decreases and at most two magnetoresistance peaks can
be resolved, whereas five distinct photoinduced peaks
are observed at T = 1.6 K and P = 10 mW. At the same
time, as shown in Fig. 3b, the features observed in the
contactless measurements remain almost unchanged
with temperature and are considerably amplified with
an increase in the microwave power. This behavior
clearly indicates that the peaks seen in the contactless
measurements cannot be associated with the induced
magnetoresistance oscillations, but, rather, have the
magnetoplasma origin. The magnetic field dependence
of the peak position at different microwave frequencies
is shown in the inset in Fig. 3b. In high magnetic fields,
the magnetoplasma mode nearly coincides with the
cyclotron resonance, because the plasma frequency of
the screened plasmon with a wave vector correspond-
ing to the structure size is much lower than the cyclo-
tron frequency [12].

To conclude, the contactless technique for studying
the photoinduced effects in the magnetoresistance of
2DES is developed. It is shown with the use of the tech-
nique that the photoinduced magnetoresistance oscilla-

tions observed in the transport measurements are not
seen in the contactless experiments. The experimental
results indicate that the contact and/or boundary
regions of the 2DES with a strong field gradient play an
important role in the origin of photoinduced magne-
toresistance oscillations.

This work was supported by the Russian Foundation
for Basic Research, Deutsche Forschungsgemein-
schaft, INTAS, and the Russian Federal Agency for Sci-
ence and Innovations.
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