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Magnetic oscillations of the photovoltage in a two-dimensional electron system with the back gate, exposed to
microwave radiation, are studied. The oscillations result from the interference of screened edge magnetoplas-
mons (EMPs). The mean free path of the EMPs is quantitatively determined by analyzing the dependence of
the oscillation amplitude on the electron density. The dependences of the mean free path of the EMPs on the
two-dimensional electron density, microwave frequency, electron relaxation time, and the magnetic field are
studied. It is found that the dependences agree qualitatively with the known theoretical calculations.
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Plasma excitations in two-dimensional electron sys-
tems have been intensively studied for over 30 years
[1,2], in particular, because many parameters of
plasma waves, contrary to, e.g., optical or electronic
waves, can be easily controlled by varying the electron
density or by applying an external magnetic field. This
makes plasmons flexible and convenient objects for
physical studies and various applications. One of the
main manifestations of the wave nature of plasmons is
their interference. The phenomenon of plasmon inter-
ference has not been experimentally observed for a long
time because of the low quality of available structures.
Significant progress in the structure fabrication tech-
nologies achieved in the last decade has led, in particu-
lar, to a significant increase in the two-dimensional
electron mobility. As a result, a new type of magnetic
oscillation of the photovoltage and longitudinal magne-
toresistance in high-mobility two-dimensional electron
systems exposed to microwave radiation has recently
been discovered and studied [3, 4]. The effect was
caused by the interference of edge magnetoplasmons
(EMPs), which were coherently excited by the electro-
magnetic radiation in near-contact regions and propa-
gated along the boundary of the two-dimensional elec-
tron gas. The magneto-oscillation period turned out to
be determined by the radiation frequency, electron-gas
density, and distance between the potential contacts
along the edge of the electron system. These features
open unique possibilities for applying the effect of the
EMP interference for the detection and spectroscopy of
microwave and terahertz radiation [5, 6].

The effect of the EMP interference can be observed
if the plasmon mean free path exceeds distance L from

the place of plasmon excitation to the place of interfer-
ence. Therefore, studying the mean free path of the
EMPs is an important issue. The first experiments on
the determination of the plasmon mean free path [7]
showed that it can amount to a few millimeters in elec-
tron systems with mobility (L = 10° cm?/V s. This makes
it possible to observe and study the effect of the plas-
mon interference in macroscopic (millimeter) struc-
tures. However, although the dependence of the mean
free path of the EMPs on the two-dimensional electron
density, microwave frequency, electron mobility, and
magnetic field is crucial for choosing conditions favor-
ing the observation of the plasmon interference, no
attempts were undertaken until recently to study this
dependence in detail. In this paper, the behavior of the
amplitude of microwave-induced magnetic oscillations
in a structure was studied for various electron densities
controlled by a back gate. As a result, we succeeded in
measuring the mean free path of the screened EMPs
and its dependence on the two-dimensional electron
density, magnetic field, and microwave frequency.

The studied structure was a single GaAs/AlGaAs
quantum well with a width of 18 nm located at a depth
of 135 nm from the crystal surface. An n* GaAs back
gate has been grown under the quantum well at a dis-
tance of 765 nm to provide for controlled variations in
the two-dimensional electron gas density. The electron
density and mobility were varied from 0.7 x 10! to
2.5 % 10" cm2 and from 0.7 X 10° to 2.1 x 10° cm?/V s,
respectively. A mesa in the form of a Hall bridge with
the sizes and geometry used in our previous experimen-
tal works [3, 7] was formed lithographically on the
structure. The sample fixed at the end of a 16-mm
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Fig. 1. (a) Photovoltage oscillations measured for the
microwave frequency f = 38 GHz in a structure with L =
50 um for three different electron densities. For conve-
nience, the plots are spaced apart vertically. The inset shows
a plot of magnetic oscillations of the photovoltage for a

structure with L = 200 um and 7, = 1.8 x 10'! cm™ and for

=48 GHz. (b) The amplitude of the photovoltage oscilla-
tions in the magnetic field B =5 T versus the electron den-
sity for the microwave frequencies f=19.2, 38, and 72 GHz.

waveguide was placed in a helium cryostat inside a
superconducting solenoid. The microwave radiation
was input to the sample via this waveguide. The micro-
wave oscillators covered the frequency band from 19 to
80 GHz, and the output power was not higher than
10 mW. A technique for the synchronous detection of
the photovoltage signal for a 1-kHz modulation of the
incident radiation was used for the measurements. The
experiments were carried out using a sample at a liquid
helium temperature of 4.2 K.

Figure la shows typical experimental magnetic-
field dependences of the photovoltage measured for
various two-dimensional electron densities and for the
microwave frequency f = 38 GHz and the length L =
50 wm, as well as for f =48 GHz, L = 200 um, and the
electron density n,= 1.8 x 10" cm2. It is seen that these
curves are B-periodic oscillations whose amplitude
increases with the electron density. Such a form for the
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magnetic-field dependences of the photovoltage is
explained by the interference of screened EMPs coher-
ently excited in the near-contact regions of the studied
structure [3]. Edge magnetoplasmons (EMPs) belong
to a special type of plasma waves propagating along the
boundary of a two-dimensional electron system in suf-
ficiently strong magnetic fields (.t > 1, where m, is the
cyclotron frequency and 71 is the time of the elastic elec-
tron relaxation). The velocity of screened EMPs is pro-
portional to the Hall conductivity [8]:

v occxyocnsez/m*B, (1)

emp

where n, is the two-dimensional electron density, B is
the magnetic field, and e and m* are the electron charge
and effective mass, respectively. Using Eq. (1), it is
easy to find the dependence of the period AB of photo-
voltage magnetic oscillations on the frequency f of the
incident radiation, two-dimensional electron density,
and distance L from the point of excitation to the point
of interference of the screened EMPs. Setting the EMP
wave vector equal to 2/V/L in the case of constructive
interference, where N is an integer, we find the mag-
netic-oscillation period AB o< nJ/fL. The electron-den-
sity dependence of the amplitude of the photovoltage
oscillations in the magnetic field B = 5 T for various
microwave frequencies is shown in greater detail in
Fig. 1b. The curves for each of these three frequencies
are normalized to the same oscillation amplitude corre-
sponding to the electron density n, = 2.4 x 10" cm™. It
is seen that the amplitude of the photovoltage oscilla-
tions increases with the density, and the amplitude vari-
ations are more pronounced at higher microwave fre-
quencies.

To determine the mean free path of the EMPs L,
we write the amplitude of the magnetic oscillations of
the photovoltage U in terms of L., Since the ampli-
tudes of the emitted wave and wave passed the distance
L are summed at the interference point near the contact,
the voltage U, at the contact due to the quadratic non-
linearity and rectification is equal to
2

, (2)
where g = g, — iq,, g, < ®B/n, is the plasmon wave vec-
tor, and the term g, = 1/L,,, is responsible for its decay.
Reduction of Eq. (2) yields

U, = Uyl +e7*

U, = Uy(l+e " +2¢ " cosq,L). 3)

According to Eq. (3), the amplitude of the magnetic
oscillations of the photovoltage decreases with L, as
Uece ™ = ¢em, (4)

Now, it is easy to understand the qualitative behav-
ior of the experimental curves in Fig. 1. First of all, this
figure shows that the amplitude of the photovoltage
oscillations increases with the electron density ng
according to Eq. (4), this behavior is explained by the
Vol. 87 2008
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increase in L, with an increase in n,. In addition, it is
easily seen that, according to the inset in Fig. la, the
oscillation amplitude decreases with an increase in the
magnetic field B, because L, decreases with an
increase in B. The determination of the relation
between the mean free path of the EMPs and the micro-
wave frequency f is more complicated. According to
Fig. 1b, the amplitude of the photovoltage oscillations
becomes a steeper function of the electron density as
the radiation frequency increases. Hence, the mean free
path L, decreases with an increase in f.

According to the theory developed in [9], the mean
free path of the EMPs along the edge of a semi-infinite
electron system is given by

n ez’c 1
Lemp > m*m o1 )
1+0.09 ———=

where ®, = eB/m* is the cyclotron frequency. The
above theoretical relation was obtained in the approxi-
mation that the electron gas occupies the interface
between the dielectric substrate and a vacuum. A com-
parison of theoretical formula (5) and the above analy-
sis of the experimental plots in Fig. 1 shows that the
theory correctly describes the qualitative behavior of
the mean free path of the EMPs L, in low magnetic
fields as a function of various parameters. To determine
the value of L,,, we show the plasmon mean free path
is proportional to the electron-gas conductivity in a
zero magnetic field: Ly, o< 6, = ne*t/m*. To this end,
we measure the amplitude of the magnetic oscillations
of the photovoltage U as a function of the electron den-
sity n, for the fixed magnetic field B =5 T (see Fig. 1b)
and evaluate the electron-system resistivity p, = 1/G, in
the zero magnetic field for each n, value (see Fig. 2a).
Taking into account Eq. (4) and assuming that L, o<
Gy, we arrive at the following expression for the loga-
rithm of the amplitude of photovoltage oscillations:

InU = A-L/L,, = A- C(®, B)Lp,, (6)

where p, = 1/6,, A is a constant, and C(w, B) is a func-
tion of the radiation frequency and magnetic field. The
experimental data perfectly confirm that the plasmon
mean free path is proportional to the electron-gas con-
ductivity. Indeed, Fig. 2a shows the plots InU(p,) for
two microwave frequencies 19.2 and 38 GHz and a
fixed magnetic field of 5 T. According to Eq. (6), these
dependences are linear, and the slopes of these lines are
given by C(w, B)L. Since L = 50 um for the structure
used in the experiments, the function C(w, B) can be
evaluated from the slop of the line and, therefore, the
mean free path of the EMPs L, can be found for any
Po- Thus, the behavior of L, as a function of the two-
dimensional electron density n, can be found quantita-
tively (see Fig. 2b). This dependence is linear in agree-
ment with theoretical prediction (5). According to the
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Fig. 2. (a) The logarithm of the amplitude of the photovolt-
age oscillations versus the electron-gas resistivity for two
microwave frequencies. The resistivity p, was controlled by
varying the electron density by virtue of the back gate. (b)
The mean free path of the screened edge magnetoplasmons
versus the two-dimensional electron density for the micro-
wave frequency f= 38 GHz and the magnetic field B=5T.
The data were obtained for a sample at the temperature
T=42K.

obtained data, the mean free path of the EMPs for a
microwave frequency of 38 GHz and an electron den-
sity of 1.7 x 101" cm™? is L,,,,(B =5 T) = 30 um.

To determine the dependence of the mean free path
of the screened EMPs on the microwave frequency f
and magnetic field B, the procedure described above
was carried out for various frequencies and magnetic
fields. The results are summarized in Fig. 3. The exper-
iment shows that the mean free path of the screened
EMPs L., is inversely proportional to the frequency f
(Fig. 3b) and decreases slightly with an increase in the
magnetic field (Fig. 3a). The plasmon mean free path as
a function of the magnetic field is described best of all
by the formula

mp

1+ (B/By)”

where B, =6 T and L, =41 um for f= 52.5 GHz. Some
discrepancy between experimental dependence (7) and
theory (5) can be explained by the difference of the
architectures of the structures used in experiments and
considered theoretically.

(N

Lemp
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Fig. 3. (a) The mean free path of screened edge magneto-
plasmons versus the magnetic field for the microwave fre-
quency f=52.5 GHz and the two-dimensional electron den-

sity ng=1.7x 10" ¢m™2. (b) The mean free path of screened
edge magnetoplasmons versus the microwave frequency for
the two-dimensional electron density ng = 1.7 x 10! cm™

and the magnetic field B = 5 T. The data were obtained for
a sample at the temperature 7'= 4.2 K.

It was shown in our earlier study [7] that the mean
free path of the EMPs is proportional to the electron
relaxation time T and amounts to L, (T = 4.2 K) =
0.5 mm for an incident-radiation frequency of 46 GHz
and the electron density n, = 2.6 x 10! cm™. These
results were obtained for a two-dimensional electron
system without a back gate. As shown above, the pres-
ence of a metallic gate at the distance d = 765 nm from
the electron system significantly reduces the plasmon
mean free path to 70 = 2 pm under the same conditions.
To clarify the correspondence between these two exper-
iments, we note that, according to [10], the velocity of
the plasma waves in an electron system decreases sig-
nificantly in the presence of a nearby back gate. This
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explains the significant decrease in the plasmon mean
free path observed for structures with the back gate.

It should be noted that the reported study is very
important for various applications based on the features
of the plasma excitations in low-dimensional electron
systems [11, 5, 12]. The results allow one to predict the
operating parameters of a device as functions of the
temperature and radiation frequency.

Thus, an experimental technique for the quantitative
determination of the mean free path of screened edge
magnetoplasmons is developed in this work. The tech-
nique is applied to analyze the dependence of the mean
free path of screened magnetoplasmons on the two-
dimensional electron density, microwave frequency,
electron relaxation time, and magnetic field. The results
are found to agree qualitatively with current theoretical
calculations.
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