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Selective probing of ballistic electron orbits in rectangular antidot lattices
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Rectangular antidot lattices have been fabricated by holographic lithography and subsequent low-

energy ion irradiation. The magnetoresistance depends on the direction of current flow and reveals pro-
nounced low-field maxima that are related to ballistic electron orbits around groups of antidots. For
current flow along the long period of the lattice, ballistic electron orbits around a few antidots are
probed preferentially. Transport along the short period of the lattice is dominated by trajectories
around many antidots. The Hall resistance is independent of the direction of current flow in agreement
with symmetry arguments.

Antidot lattices represent a favorable system to study
ballistic electron transport in semiconductor nanostruc-
tures. A mesh of potential pillars is imposed onto a two-
dimensional electron gas to form a lateral superlattice.
Transport of carriers can easily be achieved through the
regions in between the antidots. In contrast, quantum-
dot and quantum-wire superlattices are less accessible to
transport experiments and often require high-frequency
methods' to investigate their electronic properties. In
analogy to the possible spatial anisotropy of the lattice
constant of a bulk crystal various symmetries can be real-
ized in antidot 1attices. Experimentally antidot lattices
with hexagonal symmetry were investigated followed by
studies on square lattices and rectangular lattices.
Theoretically it has been shown ' that the dominant
features in magnetotransport experiments on square lat-
tices are related to commensurable ballistic electron tra-
jectories in the antidot lattice.

Here we present experimental results on rectangular
antidot lattices that are fabricated by low-energy Ne-ion
irradiation. " In this case after the fabrication process
the mean free path of the carriers in the undamaged re-
gions is almost conserved and electrons may travel bal-
listically along several lattice periods. Similarly as in a
square lattice, electrons traverse the sample on chaotic
trajectories. For certain magnetic fields pinned trajec-
tories eventually occur that encircle an integer number of
antidots. The presence of these pinned trajectories
modifies the transport along the chaotic trajectories being
responsible for the current transport. The magnetoresis-
tance depends strongly on the direction of current How

with respect to the lattice orientation. A series of maxi-
ma develops for transport along the long period of the
lattice while only one or two maxima occur in the per-
pendicular direction. Since the occurrence of pinned
electron orbits around groups of antidots in the regime of
linear response does not depend on any current flow, it is
the conductivity of the chaotic trajectories that is respon-
sible for the anisotropic transport behavior. From our
experimental observations we conclude that small-
diameter pinned orbits, which do not extend into the
wide channels between the antidots, are only probed by

electrons that Aow through the closely spaced antidots.
This idea is supported by a calculation of ballistic elec-
tron trajectories solving the classical equations of motion.

The fabrication process starts from a GaAs-
Al„Ga, „Asheterostructure (x =0.3 ) that is grown by
molecular-beam epitaxy. The structure contains a two-
dimensional electron gas (2DEG) situated 60 nm below
the surface. At liquid-He temperatures the carrier densi-
ty is N, =5X10" cm and the mobility @=900000
cm /V s resulting in a mean free path of the carriers of
A, =10 pm. Two Hall bars that are oriented perpendicu-
lar to each other [see inset of Fig. 1(a)] are defined by wet
etching. Ohmic contacts are provided by AuGe/Ni
which is evaporated onto the current and voltage probes.
The sample is then covered with photoresist which is ex-
posed by an interference grating using standard holo-
graphic lithography. After a rotation of 90 around the
growth axis the sample is exposed again with an interfer-
ence grating of di6'erent period. Suitable exposure and
development conditions lead to the removal of the pho-
toresist in the areas of strongest exposure. A rectangular
lattice of ellipsoidally shaped voids is thus formed in the
photoresist. The inset of Fig. 1(b) shows an electron mi-
crograph of a photoresist pattern that was produced this
way with periods p =1.0 pm and p =0.5 pm. The de-
tailed shape of the voids strongly depends on the anisot-
ropy of the two in-plane periods and the development
time. In the fabrication process we tried to counterbal-
ance these two efFects and keep the antidot shape as simi-
lar as possible for the various samples. For a11 samples
discussed in this paper the short period is p =0.5 pm
while the long period is varied between p„=0.5 and 1.5
pm. The photoresist pattern serves as a mask for the sub-
sequent irradiation process with low-energy Ne ions that
are accelerated by a voltage of 300 V." The sample resis-
tance p„ is monitored in situ during the irradiation pro-
cess to allow for a reproducible resistance change of the
electron gas at room temperature. The resistance p for
current How along the long period p of the lattice is
dominated by the regions between the closely spaced an-
tidots. In order to compare the experimental results ob-
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tained on samples with different p:p ratios the ion dose
was adjusted to result in a 30%%uo increase of p„„atroom
temperature after the low-energy irradiation process. As
a final process step the sample is covered with a 5-nm-
thin NiCr metal film that can be used to impose an addi-
tional electrostatic potential modulation on top of the an-
tidot potential already created by the irradiation process.

The low-frequency (80 Hz) transport measurements are
performed in a superconducting magnet (8 =0—7 T) at
liquid-He temperatures T=4.2 K. The magnetic field is
applied perpendicular to the plane of the 2DECx. To
check the importance of the numerous process parame-
ters one sample was repeatedly both irradiated at room
temperature and measured in the cryostat. Consequently
all other parameters such as shape and size of the voids in
the photoresist mask are identical for all measurements.
The sample resistance at B =0 as well as the amplitude of
the maxima in the low-field magnetoresistance strongly
increase with increasing ion dose. However, the positions
of the maxima as well as the carrier density deduced from
the high-field Shubnikov —de Haas (SdH) oscillations
remain independent of the ion dose in the investigated re-
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FIG. 1. (a) Magnetoresistance for current Bow along the long
(p „)and the short (p~ ) period of the lattice. The rectangular
lattice has periods p„=1.0 pm and p~=0. 5 pm. The inset
presents schematically the orientation of the two Hall bars that
are used in the experiment. (b) Hall resistance p ~ and p „

for
both directions of current How for three gate voltages Vg=0,—400, and —800 mV. Within the accuracy of the experiment
p y and p~ are indistinguishable. The inset shows an electron-
micrograph of the photoresist mask that was used for the irradi-
ation process. The periods are p = 1.0 pm and p~ =0.5 pm.

gime. %'e conclude that the dominant magnetoresistance
features of the antidot lattice are caused by the geometric
properties of the photoresist mask. The current level is
varied over three orders of magnitude and Ohmic behav-
ior is observed over the whole regime. It is therefore
justified to use ideas based on the linear response theory
to explain our data.

Figure l(a) presents experimental results for the mag-
netoresistance p „along the long period (p =1.0 pm) of
the lattice and p along the short period (p =0.5 pm).
The inset clarifies the orientation. We will first present a
detailed discussion of this sample with p„:p=2:1= 1.0 pm:0. 5 pm and later compare samples with
different ratios of the periods. At B =0 p is larger than
py as expected from geometric considerations. For
current fiow along the long period of the lattice (p ) the
resistance is limited by the region of the 2DEG between
two closely spaced antidots. In contrast, for current Bow
along the short period (p ~ ) the electrons traverse
through the wide channels between the rows of antidots
and the resistance is only moderately increased as com-
pared to the nonirradiated sample.

Three pronounced maxima emerge in p „

for
0(B (0.6 T. Simultaneously only one significant
feature develops in pyy in the same range of magnetic
fields [see Fig. 1(a)]. For high magnetic fields 8 &0.8 T
SdH oscillations become apparent. Figure 1{b) presents
data for the Hall effect p„and p for three gate volt-
ages. Within the accuracy of the experiment the Hall
effect is identical for the two directions of current How.
Close to B =0 the Hall effect is quenched and reveals a
plateaulike structure around 8 =0.2 T. These latter phe-
nomena have already been observed in square antidot lat-
tices ' and were explained by classical chaos and non-
linear resonances in the antidot lattice. ' In square lat-
tices the occurrence of the plateaulike structure in the
Hall effect is related to the position of the maxima in the
magnetoresistance. ' ' This is clearly not the case in
rectangular lattices as can be seen from Figs. 1{a) and
1(b).

In order to understand this remarkable situation in
more detail let us first discuss the experimentally ob-
served isotropic Hall effect via a gedanken experiment.
Consider an electron gas that has a perimeter of square
geometry and Qhmic contacts in the middle of each of
the sides of the squares. The Hall effect would be mea-
sured by passing a current I; through contacts i and j
that lie on opposing sides of the square. The Hall voltage
VkI then drops across the remaining two contacts k and l.
According to Buttiker' such a four-terminal resistance
E.,"&I

=
V&& /I; - obeys a generalized symmetry relation

R;J. «(8) =Rk&;J.( 8). In the case o—f the geometry con-
sidered above an exchange of current and voltage probes
symbolizes two Hall measurements with current direc-
tions perpendicular to each other. W'ere the electron gas
superimposed with a rectangular antidot lattice aligned
along the sides of the square the additional symmetry re-
sults in R; k&(B)= R; k&( 8).' Although t—his argu--

ment for the Hall effect is strictly valid only in the case of
a square geometry it should lead to similar results in the
present experimental situation as long as the main axes of
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the rectangular lattice are parallel to the current direc-
tions of the respective Hall geometries. This explains the
observation as depicted in Fig. 1(b), that the Hall effect in
a rectangular antidot lattice does not depend on the
direction of current flow, i.e., p -=p . It leads to the
important conclusion that for a system with rectangular
symmetry the features in the Hall effect can no longer be
correlated with corresponding characteristics in the mag-
netoresistance in a straightforward manner.

The positions of the maxima in the magnetoresistance
as presented in Fig. 1(a) can be evaluated in terms of a
classical cyclotron diameter 2R, =2+2+&,A'/eB where

N, is the carrier density as deduced from the high-field
SdH oscillations. Figure 2 presents a survey of maxima
positions in terms of cyclotron diameters for a range of
carrier densities tuned via a gate voltage. For very small
magnetic fields it it di%cult to extract the precise position
of the maxima in the magnetoresistance because of the
underlying negative magnetoresistance. A distinct
difference between the p«and pyy data is that only p«
exhibits maxima corresponding to cyclotron diameters
2R, ~ 1 pm. Maxima correspond to orbit diameters 2R,
close to p =0.5 pm and 2p . The size of these orbits is
fairly constant as a function of carrier density. For
smaller magnetic fields where the corresponding cyclo-
tron orbits are larger than p or larger than many multi-
ples ofp, peaks occur in p ~ as well as in pyy.

The general behavior and anisotropy of the magne-
toresistance are very similar for all rectangular lattices
studied. Figures 3(a) and 3(b) show a comparison of ex-
perimental results that were obtained on five samples
with different ratios of p:p and the same value of
N, =SX10" cm . For all samples the short period is

p =0.5 pm and p„is varied. Consequently p (B =0) is
very similar for all samples because the resistance in this
case is dominated by the region between two closely
spaced antidots. For current flow along the short period
of the lattice (p ) the B =0 resistance decreases for in-

creasing p since the channels between the rows of anti-
dots become wider. For the square lattice p =p the
magnetoresistance displays two pronounced maxima in

p pyy According to Ref. 9 the higher-lying maximum
is caused by electrons traveling around one antidot while
the lower-lying peak corresponds to a deformed trajecto-
ry around four antidots. With increasing anisotropy of
the rectangular lattice p displays more maxima. On the
other hand, p shows less structure and finally reveals
only one maximum for p:p =3:1. These experimental
results are discussed in the following on the basis of clas-
sical ballistic electron transport. For all samples investi-
gated there is an overall negative magnetoresistance in

p as well as in p for 0&B (1 T. In previous work on
square lattices this effect has been attributed to a
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FIG. 2. Positions of the maxima in the magnetoresistance
plotted in terms of a cyclotron diameter. The carrier density is
tuned via a gate voltage. Positions are evaluated at absolute
maxima of the resistance trace neglecting the underlying back-
ground.

FIG. 3. {a) Magnetoresistance p„„for current flow along the
long period p of the lattice for a series of samples with different
values of p . The carrier density is X, = 5 X 10" crn and the
short period is py =0.5 pm for all samples. The curves are verti-
cally offset for clarity. The inset shows a typical calculated elec-
tron trajectory for a magnetic field where the classical cyclotron
diameter equals the short lattice period 2R, =py. The antidots
are indicated by the contour lines where the potential energy is
identical to the Fermi energy. {b) Magnetoresistance pyy for
current flow along the short period py of the lattice for the same
series of samples as in {a). The inset presents a typical electron
trajectory for a magnetic field where the classical cyclotron di-
ameter equals 2R, =3.3py.
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magnetic-field-dependent localization process of the car-
riers. ' In rectangular lattices there is a clear tendency
[see Figs. 3(a) and 3(b)] that the ratio of high- to low-field
magnetoresistance qualitatively reflects the anisotropy of
the antidot lattice. In particular, for large anisotropies,
the p data are very similar to results obtained on quan-
tum wires' in agreement with the comparable geometry
of these two systems. However, a detailed explanation of
the negative magnetoresistance in antidot lattices is miss-
ing so far and requires a thorough theoretical investiga-
tion.

It has been shown that the conductivity 0. of a square
antidot lattice is given by the product o =cr'(I —p ),
where p is the fraction of electrons that travel on pinned
orbits around groups of antidots and o' is the conductivi-
ty of the carriers following chaotic trajectories. Natural-
ly, also in a rectangular lattice pinned orbits will occur.
In the linear response regime their existence should, how-
ever, not depend on the direction of current flow. We
conclude that it is the conductivity o' of the carriers on
chaotic trajectories that is responsible for the anisotropic
transport. The highest-lying maximum in Fig. 3(a) is
present for all five samples. This suggests that a pinned
orbit around one antidot exists for all geometries. The
corresponding maximum in p [Fig. 3(b)] decreases in
strength and finally vanishes for large anisotropies of the
periodicities. In that case the electrons preferentially
travel along a chaotic path in the wide channels between
the rows of antidots and hardly encircle the pinned orbits
around single antidots. The same is probably true for
pinned orbits around two antidots that are much more
likely to occur in a rectangular lattice as compared to a
square lattice for geometrical reasons.

In order to calculate electron trajectories similarly as
previously done for square lattices ' ' ' we have solved
the classical equations of motion in a potential landscape
with rectangular symmetry. The insets in Figs. 3(a) and
3(b) present two typical trajectories for magnetic fields
where the cyclotron diameter is equal to the shorter
period 2R, =p of the lattice (a) and 2R, =3.3p (b). In
the first case the electrons travel along a row of antidots
and rarely cross from one row to the other. In the second
case, where the cyclotron diameter covers several lattice
periods, there is no spatial preference any more for the
electron trajectory. In general, for magnetic fields, where
the classical cyclotron diameter is smaller than the larger
period af the lattice, we find that the carriers tend to
travel along one row of antidots. They seldomly cross the
region between the rows of antidots. If the cyclotron di-
ameter is increased, the extent of typical electron trajec-

tories becomes symmetric in both lateral dimensions.
These results support the ideas that pinned electron or-
bits around small numbers of antidots preferentially
affect p„where the current flow is along the long period
of the lattice. The larger the diameter of a pinned orbit,
i.e., the more antidots it encircles, the more it extends
into the wide undamaged regions between the rows of an-
tidots. Consequently, also the electrons that travel along
the short period of the lattice should feel the existence of
these pinned orbits resulting in a peak in pyy As in a
square lattice the pinned orbits are expected to be non-
circular and it is therefore not a straightforward pro-
cedure to evaluate quantitatively the number of antidots
that are encircled by pinned orbits corresponding to a
given maximum in the magnetoresistance. The strong X,
dependence of the maxima positions corresponding to
large orbits (see Fig. 2) also implies that these nonlinear
effects are especially important for trajectories around
large groups of antidots in agreement with theoretical
considerations. One pinned orbit may influence the con-
ductivity in the two current directions differently. This
could explain the different positions of the maxima in p„„

or 2~, +1~m
In conclusion, magnetotransport experiments on rec-

tangular antidot lattices are presented. It is found that
the Hall effect does not depend on the direction of
current flow with respect to the lattice orientation in
agreement with symmetry arguments. This nontrivial re-
sult implies that features in the Hall effect and the mag-
netoresistance can no longer be correlated in a straight-
forward manner for rectangular lattices. The magne-
toresistance is highly anisotropic and reveals maxima
whose positions depend on the direction of current flow.
It is argued that pinned electron orbits exist around
groups of antidots similarly as in square lattices. In a
rectangular lattice for current flow along the long period
of the lattice preferentially pinned orbits around small
groups of antidots are reflected in the magnetoresistance.
For very low magnetic fields, where the classical cyclo-
tron orbit covers several lattice periods in both lateral di-
mensions, pinned electron orbits influence the magne-
toresistance similarly for both current directions.
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