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Experimental investigation of the ratchet effect in a two-dimensional electron system with broken
spatial inversion symmetry
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We report on the experimental evidence of directed electron transport, induced by external linear-polarized
microwave irradiation, in a two-dimensional spatially periodic asymmetrical system called “ratchet.” The
broken spatial symmetry was introduced in a high mobility two-dimensional electron gas (2DEG) based on
AlGaAs/GaAs heterojunction by patterning an array of artificial semidisks-shaped antidots. We show that the
direction of the transport is efficiently changed by the microwave polarization. The dependence of the effect on
magnetic field and temperature is investigated. This represents a significant step toward the realization of

microwave detectors and current generators.
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I. INTRODUCTION

In the absence of any static forces, the appearance of a
directed transport induced by external energy sources in
asymmetrical systems is known as the “ratchet” effect. This
effect has a generic nature and it has been observed in vari-
ous physical systems.!3 It also has important applications in
biological systems.*> In condensed-matter physics, the di-
rected transport in externally driven systems with naturally
broken spatial inversion symmetry has been studied exten-
sively for many years. A number of phenomena including
photogalvanic effect,’ surface photovoltaic effect,® mesos-
copic photovoltaic effect,'® spin-galvanic effect,!' and
many others'? were investigated. As for artificially broken
symmetry and related phenomena in semiconductor-based
devices, several studies have been reported!3~'¢ (in which the
symmetry was mostly broken by depletion gates-defined
single open quantum dot). Experimental studies on tunneling
ratchets were performed on semiconductor heterostructures
by confining electrons to an asymmetrical conducting chan-
nel and under applied source-drain bias voltage.!” Also, pre-
vious experimental studies on “ratchet” electron transport in
semiconductor heterostructures with broken symmetry have
been reported!®!® demonstrating the existence of the effect,
but no detailed investigations have been done so far. In these
studies,'®!? lateral photovoltages were obtained in arrays of
triangular antidots on semiconductor heterostructures under
far-infrared irradiation'® (up to 0.2 wV) at a temperature of
4 K and under microwave irradiation!® (up to 50 wV) at
room temperature. Note also that directed current was re-
cently observed in asymmetrical open ballistic dot under mi-
crowave radiation.?

In this study, we used asymmetrical antidot arrays (having
several thousands of antidots) fabricated on a high mobility
two-dimensional electron gas (2DEG) based on a semicon-
ductor heterojunction. These antidot lattices are well-known
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examples, where the scattering of charged particles (elec-
trons or holes) is controlled by the artificial scattering poten-
tial (antidots). Symmetry breaking is obtained by choosing a
specific (noncircular) shape for the antidots, for example, a
semidisk. We demonstrate experimentally that such systems
show large directed electron motion under irradiation with
linear-polarized microwaves (MWs), which is related to the
fact that the total scattering of electrons in the 2DEG on the
asymmetrical antidots leads to a directed flow. The crucial
questions about the dependence of the direction of the in-
duced current on the orientation of the linear-polarization
and the nonexistence of the effect in lattices with symmetric
scatterers are addressed here. Also, the dependence of this
“ratchet” electron transport on some important parameters,
such as magnetic field and temperature, has been established.
The aim of our study is to perform experimental investiga-
tions of the electronic “ratchet” effect in detail, to compare
our experimental results to the recent theoretical works?!~>*
(which support our experiments), and to exploit semiconduc-
tor engineering to establish the sensitivity of the system to
MW polarization.

II. EXPERIMENT

Following the established theoretical ideas,”!">* we fabri-

cated a periodic array of asymmetrical semidisk-shaped an-
tidots (positioned in a hexagonal lattice) on a high mobility
2DEG (see inset to Fig. 1). In order to show the key role of
the system asymmetry in the origin of the “ratchet” effect,
lattices with the same parameters but with symmetrical cir-
cular antidots were fabricated on the same samples using the
same technological process. The lithographic parameters of
the lattices were: the period a=1.5 um and the antidot ra-
dius r=0.5 um.

Our samples have been fabricated on the basis
of a molecular-beam-epitaxy-(MBE)-grown AlGaAs/GaAs
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FIG. 1. (Color) Magnetoresistivity traces of the antidot lattice
(blue) and intact 2DEG part (red). An atomic force microscope
image of the lattice including the etched profile (with sketch of the
commensurability orbits 3 and 4) as well as the electron system
parameters are shown in the two insets.

modulation-doped heterojunction, having a 2DEG at a depth
of 117 nm below the surface. Three consecutive Hall bars
with lateral sizes 250X 50 um? were fabricated in series on
top of every sample using conventional photolithography
techniques. The array of semicircular antidots has been fab-
ricated in one of these three Hall bars and that of circular
antidots in a second one by means of electron-beam lithog-
raphy and subsequent plasma etching. The third Hall bar on
every sample was left unaltered (unpatterned, i.e., without
antidots) in order to perform Hall measurements of the un-
perturbed 2DEG. The fabrication process does not alter the
electron density since Shubnikov—de—Haas oscillations are
measured to be the same (same positions of minima) in the
patterned and the unpatterned parts (see Fig. 1).

Magnetotransport and photovoltage measurements have
been performed while implementing the study: the magne-
totransport was measured by a standard low-frequency ac
technique with low current (13 Hz, 0.1 wA) to identify the
2DEG parameters and to study the transport in the antidot
lattice; the dc photovoltage measurements were carried out
with a high accuracy digital multimeter to measure the signal
directly from the “ratchet” lattice (see left inset of Fig. 3,
where the voltage signal was measured using both the con-
tact pairs 1,2 and 3,4). The measurements have been per-
formed in low magnetic fields (normal to the 2DEG plane) at
temperatures 1.4—100 K, using a linear-polarized MW irra-
diation from a “carcinotron” generator tunable in the 33-50
GHz frequency range.
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FIG. 2. MW irradiation setup. The direction of the MW electric
field in the waveguide is indicated. Dashed arrows show the propa-
gation direction of MWs. The sample can be turned by 90° in the
plane.

To provide minimal damping of the MW power, a
circular-section brass tube has been used to guide MW to the
sample. In order to concentrate the MW power on the sample
area and, at the same time, to control the linear polarization
of the MW irradiation, special brass insets have been fabri-
cated. They reduce the transmission-line internal profile from
the circular to a rectangular waveguide and vice versa. Plac-
ing the rectangular-waveguide profiles on both sides of the
transmission line, the linear polarization of the microwaves
is obtained. A description of the MW irradiation setup is
shown in Fig. 2. Finally, the sample was placed at a distance
of 1-2 mm in front of the waveguide output in a variable
temperature cryostat. In order to exclude the influence of the
MW irradiation on the sample contacts, a metallic diaphragm
was placed between the sample and the waveguide as close
as possible to the sample. The diaphragm’s hole was situated
precisely above the antidot lattice. Several samples have
been investigated and they all show similar results; all the
data presented here (except that in Fig. 4, which is from
another sample) correspond to one of the samples.

III. RESULTS AND DISCUSSION

The starting 2DEG has the electron density N;
=(2-3)x 10" m™2 and mobility u=(2-3) X 10> m?/Vs at
1.5 K. This corresponds to an electron mean-free path of
(15-30) wm, which is much larger than the antidot spacing.
The transport properties should therefore be dominated by
the antidots scattering potential at low temperatures. Indeed,
Fig. 1 shows that the lattice resistivity at zero magnetic field
is 480 /square (blue curve), about 50 times larger than
that of the unpatterned 2DEG (red curve). Four well-
developed commensurability peaks are also present in the
magnetoresistivity of this lattice. They relate to the formation
of localized trajectories around either a single antidot or a
group of antidots for specific values of the magnetic
field.>>-2” The most pronounced peak (number 3 in Fig. 1)
corresponds to the condition 2R.=a (R, is the cyclotron ra-
dius) and correlates to the formation of trajectories surround-
ing a single antidot. The other peaks correspond to trajecto-
ries formed in between three antidots (peak number 4) and
the splitting of one commensurability peak corresponding to

045431-2



EXPERIMENTAL INVESTIGATION OF THE RATCHET...

the trajectory surrounding seven antidots>>~27 (peak numbers
1 and 2). Figure 1 therefore demonstrates experimentally that
the crucial condition for rectifying transport in the “ratchet”
lattice is that antidots play a dominant role as asymmetrical
intentionally ordered artificial scatterers at low temperatures.
Electrons can be considered to move ballistically between
collisions with antidots. In the following we will discuss the
“ratchet” effect in this potential.

According to the second law of thermodynamics there is
no directed transport in spatially periodic asymmetrical sys-
tems at thermal equilibrium.?® The introduction of the linear-
polarized MW may drive the system (“ratchet” lattice with
2DEG) out of equilibrium and create a directed electron flow,
whose direction is related to the system configuration. This
unusual phenomenon is based on the interplay of space
asymmetry and external periodic driving force. We claim that
our system is in thermal equilibrium at 1.5 K. According to
the theory,”>?® a strong “ratchet” effect appears (with no
limit on MW frequency) when the energy of the MW photon
is larger than the energy spacing A inside one antidot lattice
cell: hw> A=~27h?/(ma®), where w is the MW frequency, 7
is the Planck’s constant, and m is the electron effective mass.
In the absence of any external current or bias applied to the
sample, the appearance of a dc voltage of a few millivolt
induced by the linear-polarized MW irradiation was observed
in the “ratchet” antidot lattice.

In Fig. 3, the key results of the rectification experiments
are presented: the magnetic-field dependence of the dc volt-
age measured in the “ratchet” antidot lattice under MW irra-
diation of frequency 42.7 GHz. The red curve corresponds to
the case when the vector of linear polarization (driving elec-

tric field E) was oriented along the x axis (see left inset of

Fig. 3) and the blue curve corresponds to the case when E
was oriented along the y axis. Importantly, at zero magnetic
field, the sign of the signal is opposite for the two orienta-

tions of polarization. When E coincides with the y axis, it
forces electrons to oscillate vertically and scatter in majority
on the semicircular side of the antidots (see left inset of Fig.
3). This leads electrons to move to the right, thereby causing
a negative sign of the signal (U,,=U,~Up). On the contrary,

when E is oriented along the x axis, it pushes the electrons to
oscillate horizontally and the total scattering in this case is
dominated by the plane side of antidots and electrons flow to
the left (in this case, scattering on the semicircular side
doesn’t give any directed flow). In other words, the signal
changes sign. This demonstrates that it is possible to control
the direction of the transport using the direction of MW po-
larization. For MW polarized along the x axis, the average
transport goes along the —x direction; while for MW polar-
ized along the y axis, the direction of transport is inversed. In
both cases the current flows along the x direction, which is
the direction where spatial inversion symmetry of the system
is broken. Importantly, the “ratchet” signal is absent in a
lattice of symmetrical circular antidots (orange and violet
curves in Fig. 3). This further confirms that broken spatial
symmetry is a necessary ingredient to the “ratchet” effect.
These are important results of our study and they are in good
qualitative agreement with the theoretical predictions.?!>*

However, the value of the signal at zero magnetic field for E
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along the x axis is not equal to that for E along the y axis.
The possible reason for this is probably that MW irradiation
can excite plasmon resonance,”®?° which may affect the
measured signal somehow. Therefore, further investigations
(for different Hall bar geometries) of this problem are nec-
essary.

The power dependence of the dc signal (at zero magnetic
field) is shown in the right inset of Fig. 3 for both directions
of polarization. This dependence is quasilinear. This is re-
lated to the fact that the electron flow velocity, and thus the
strength of the current, increases approximately linearly with
the increase of MW power. Such a behavior is expected by
the theory in Ref. 23. Note that the output power of the MW
generator is used as x axis in this graph. Because of the
power losses in the waveguide and at the sample surface,
only a small portion of the power from the MW source ac-
tually couples into the patterned 2DEG. This power is esti-
mated to be about 20 uW for the curves presented in Fig. 3.
Thus, the MW electric field (E,) in the “ratchet” lattice is
about 9 V/cm. Let us now compare the experimental value of
the directed current to the theoretical calculations. The
theory?® gives the following simple expression for the recti-
fication current at w7<<1 (7 is the transport time in the lat-
tice, in our case w7=0.5):

oot = 0.13eN,Vp(erE JER)* X D, (1)

where e is the electron charge, V. is the Fermi velocity, and
D is the width of the lattice (50 wm). We obtain I,
=0.7 wuA using Eq. (1), which is comparable to the experi-
mental value (I,eq=U,p/ Ry, Where R, is the resistance of

the lattice) of about 0.9 uA (when E is along the x axis) and

not so far from that of about 8 wA (when E is along the y
axis). Figure 4 shows the magnetic-field dependence of the
photovoltage measured in another sample for both directions
of the polarization. One can see that the results are similar to
those of Fig. 3.

Let us now discuss the magnetic-field dependence of the
dc signal (Fig. 3). At low magnetic fields (-0.2<B
<0.2 T), the signal for both directions of polarization
strongly decreases. This is because as the magnetic field in-
creases, classical cyclotron orbits decrease in size and the
interaction of the electrons with the antidots decreases. Also,
we observe the presence of some remnants of commensura-
bility peaks in this interval of magnetic field. For example,
the magnetic-field position of the first peak of the blue curve
(to the left or to the right) matches with that of the funda-
mental commensurability peak (peak number 3 in Fig. 1). At
higher magnetic fields (B>10.2| T), the effect vanishes for
any direction of the MW polarization since the magnetic
field beyond the quantum limit causes breaking of the linear-
trajectories geometry.?> In another picture, the classical cy-
clotron orbits are then smaller than the antidot spacing
(2R.< a) and the scattering on antidots is totally suppressed.
The value of the magnetic field corresponding to the suppres-
sion of the effect B,=~0.2 T agrees well with the theoretical
calculations.?? Also, it is worth noting the nonzero signal for

E along the y axis in one direction of the magnetic field
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FIG. 3. (Color) Magnetic-field dependence of the dc voltage
(U4—Up) measured in “ratchet” antidot lattice under MW irradia-
tion having the vector of linear polarization parallel to the x axis
(red) and perpendicular to it (blue). Importantly, the sign of the
signal is opposite for the two orientations of polarization at zero
magnetic field. At higher magnetic fields (B>0.2 T), the effect
vanishes for any direction of MW polarization. The absence of the
“ratchet” signal in a lattice of symmetrical circular scatterers (or-
ange and violet) proves that broken symmetry is a necessary ingre-
dient to the “ratchet” effect. The insets show the power dependence
of the polarization-dependent signal (to the right) and the measure-
ment configuration with a schematic representation of the scattering
process (on one antidot) for both directions of polarization (to the
left).

(right part of the blue curve). Probably, this is a signature of
a kind of photomagnetic effect. It will be discussed in more
details elsewhere.

Finally, Fig. 5 presents the temperature dependence of the
dc signal (at zero magnetic field), plotted together with the
mobility of the “ratchet” lattice and the unpatterned 2DEG.
As expected, the mobility of the 2DEG has a behavior com-
parable to the high mobility samples®' (i.e., phonon scatter-
ing is dominant down to a few kelvin). On the contrary, the
mobility in the patterned part is two orders of magnitude
smaller and almost constant below 70 K. This means that
scattering on the antidots entirely controls the transport for
T<70 K. At higher temperatures, isotropic phonon scatter-
ing becomes dominant—as can be seen in the rectification
signal that vanishes at 7=70 K. In fact, the electron mean-
free path is 19 um at 1.5 K and it decreases with increasing
temperature. At 70 K, it becomes equal to 1.7 wm, which is
comparable to the period of our “ratchet” lattice, so electrons
do not feel the “ratchet” lattice anymore. The correlation
between the two signals is a strong indication of the
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FIG. 4. Magnetic-field dependence of the photovoltage mea-
sured in another sample for both directions of polarization at 44.35
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FIG. 5. (Color) Temperature dependence of the “ratchet” signal
(at zero magnetic field) plotted together with temperature dependen-
cies of the mobility in the sample for “ratchet” and unpatterned
2DEG (temperature and mobility axes are presented in logarithmi-
cal scales).
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“ratchet” effect, which requires the mean-free path to be
larger than the antidot spacing. This too is in accordance with
the theory in Ref. 24.

IV. CONCLUSION

In conclusion and based on our observation of the “ratchet
rectification” phenomenon in lattices with relatively large
mesoscopic period (1.5 wm) at liquid nitrogen temperatures,
we believe that the “ratchet” effect has classical grounds and
it is possible to observe it (under polarized MWs) at higher
temperatures. To demonstrate this, it is necessary to fabricate
a “ratchet” lattice with a smaller period (one order of mag-
nitude smaller) that nowadays is not beyond the technical
possibilities on a 2DEG with an electron mean-free path
larger than the lattice period at the desired temperature.
Moreover, experiments at higher frequencies will be neces-
sary. In turn, this effect offers interesting possibilities for
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making electromagnetic radiation detectors sensitive to po-
larization operating in MW and terahertz frequency ranges.
Also, the perspective to fabricate microscale-sized current
generators is proposed since our “ratchet” lattice acts as a
current generator. Finally, artificial asymmetrical antidot lat-
tices can be considered as a prototype for transport in asym-
metrical molecular systems.
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