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Abstract

Quantum oscillation phenomena in triangular antidot lattice have been investigated. Altshuler–Aronov–Spivak oscillations
and Aharonov–Bohm (AB)-type oscillations are observed at low magnetic /eld, and AB-type oscillations due to edge
channels are observed in the quantum Hall regime. Measurements of the temperature dependence of these oscillations furnish
information on the mechanism of decoherence in the antidot lattice, which is compared with the single ring case.
? 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Extensive studies have been carried out to elucidate
electronic transport phenomena in two-dimensional
electron gas (2DEG) at semiconductor heteroin-
terface subjected to arti/cial potential modulations.
Antidot lattices provide an experimental stage for
interesting mixture of semiclassical and quantum
transport phenomena. Quantum transport is man-
ifested in Aharonov–Bohm (AB)-type oscillation
[1,2] and Altshuler–Aronov–Spivak (AAS) oscilla-
tions [3]. Here, we study these e=ects in triangular
antidot lattices with high regularity. We focus on the
temperature dependence of the oscillation amplitude,
i.e. decoherence at /nite temperatures, for each type
of quantum oscillatory phenomena in macroscopic
antidot lattice, and make comparison with the cases
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of single quantum ring [4,5] and with the case of
a mesoscopic system consisting of small number of
antidots [6].

2. Experiment

Samples used in this work were fabricated from a
GaAs/AlGaAs single heterojunction wafer with elec-
tron density ns = 3:6 × 1015 m−2 and mobility � =
68 m2=Vs. The corresponding Fermi energy was EF=
12 meV and the elastic mean free path ‘ = 6:8 �m.
Triangular antidot lattice was fabricated on a standard
Hall bar pattern by electron beam lithography and wet
chemical etching, over the area 45×180 �m2 between
the voltage probes. Fig. 1 is a scanning electron mi-
crograph of the triangular antidot lattice. The unifor-
mity of the lithographical pattern is con/rmed both by
the micrograph and by observation of clear quantum
oscillations which would be easily smeared by irreg-
ularity. The lattice constant was a = 960 nm and the
geometrical aspect ratio was d=a = 0:6 (Sample #1)

1386-9477/$ - see front matter ? 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.physe.2003.12.022

mailto:ueki@issp.u-tokyo.ac.jp
mailto:iye@issp.u-tokyo.ac.jp


366 M. Ueki et al. / Physica E 22 (2004) 365–368

Fig. 1. Scanning electron micrograph image of triangular antidot
lattice. The thick arrow indicates the current direction.

and 0.7 (Sample #2), d being the lithographical diam-
eter of the antidot. With the depletion region around
each antidot taken into account, the e=ective diameter
is expected to be larger by ∼ 100 nm.
Samples were cooled in a mixing chamber of a

dilution refrigerator down to a base temperature of
30 mK. Magnetic /eld up to 15 T was applied paral-
lel to the 2DEG plane by a superconducting solenoid.
Resistance measurements were carried out by low fre-
quency lock-in technique with a current bias typically
set at 2 nA. The dependence on the bias current was
checked at the lowest temperature.

3. Results and discussion

Fig. 2(a) shows the magnetoresistance of Sample
#2 at 30 mK for the whole /eld range. The trace in the
low /eld part is expanded in Fig. 2(b). The lower curve
shows the oscillatory part of the magnetoresistance
after subtracting the smooth background. The AAS
(h=2e) oscillation around zero magnetic /eld and the
AB-type (h=e) oscillation at somewhat higher /elds
are clearly identi/ed. The periods of these oscillations
are consistent with the unit cell area. The periodic orbit
responsible for these two types of quantum oscillation
is the one that encircles an antidot by bouncing from
six neighboring antidots.
We have also observed quantum oscillations in the

quantum Hall regime. Fig. 2(c) shows an expanded
view of the trace near the peak at B = 4:85 T cor-
responding to the /lling � ≈ 2:5, transition region
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Fig. 2. (a) Magnetoresistance trace of Sample #2 at 30 mK. (b)
An expanded view of the low /eld data. The lower curve is the
oscillatory part obtained by subtracting the background negative
magnetoresistance. AAS (h=2e) and AB-type (h=e) oscillations are
clearly identi/ed. (c) An expanded view around /lling � = 2:5.
The lower curve is the oscillatory part. AB-type oscillation with
period longer than the low-/eld counterpart is observed.

between � = 3 and � = 2. Clear AB-type (h=e)
oscillations are superposed on the background. Similar
oscillatory behavior has been also seen for other peaks
marked by arrows in Fig. 2(a). The period of the
high-/eld oscillation is consistent with the area of the
antidot with appropriate allowance for the depletion
region, suggesting that these oscillations arise from
the edge channel circumnavigating the antidot. The
oscillation period increases systematically for higher
/lling factors (lower magnetic /elds) reJecting the
shift in the position of the outermost edge channel.
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The observability of the quantum oscillations in an-
tidot lattice depends on the symmetry of the lattice
and the magnetic /eld range. The AAS oscillation is
conspicuous in triangular lattice but absent in square
lattice as shown by Nihey [3]. The AB-type oscilla-
tion is seen both in square and triangular lattices, and
is prominent in the /eld range where the commensu-
rability condition 2Rc ≈ a (Rc: cyclotron radius) is
satis/ed [1–3].
The physical origin of the AAS oscillation in an-

tidot lattice is basically the same as that in a single
ring. Since the AAS oscillation originates from inter-
ference between states in time reversal symmetry, it is
immune to the ensemble averaging, so that it can be
observed in a macroscopic antidot lattice as long as
the relevant ring area is uniform over the sample. By
contrast, the phase of AB interference in a single ring
is speci/c to the ring, so that ensemble averaging leads
to destruction of the AB oscillation. In this sense the
h=e oscillation observed in macroscopic antidot lattice
is di=erent in nature from the AB oscillation in single
ring, hence the name “AB-type”. The AB-type oscil-
lation in antidot lattice is attributed to the oscillatory
/ne structure in the density of states spectrum such as
calculated by Gutzwiller trace formula [1]. Full quan-
tummechanical calculations con/rm this picture [8,9].
However, the subtle question how it is reJected in the
conductivity is not fully answered [9].
The AB-type oscillation in the quantum Hall regime

has been observed in a mesoscopic system consisting
of small number of antidots [6], in which phase coher-
ence is thought to be developed over the whole system.
The present system is in a di=erent regime in that the
size of the antidot lattice is macroscopic and is much
larger than the phase coherence length estimated to be
on the order of a few �m at the lowest temperature.
We have investigated the temperature dependences

of the three types of quantum oscillation. Fig. 3 shows
the temperature dependences of the AAS oscillation
amplitude in Samples #1 and #2. The amplitude of
the fundamental period (h=2e) is shown together with
those of the higher harmonics. The relative amplitude
of the h=2e, h=4e and h=6e components are consis-
tent with the expected dependence ˙ exp(−nL=L�),
where L is the circumference of the antidot and n
is the harmonic index. The phase coherence length
is written as L� = vF�� for a ballistic system, where
�� is the phase relaxation time. With the tempera-
ture dependence of the phase coherence length writ-
ten as L� ˙ T−�, the temperature dependence of the
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Fig. 3. The temperature dependence of the AAS oscillation am-
plitude for the two samples. In addition to the fundamental period
(h=2e) component, the higher harmonic components (h=4e and
h=6e) are also shown.

AAS amplitude can be /tted to ˙ exp{−(T=Tc)�}.
The best /t gives � = 1:49 ± 0:05 for Sample #1,
which implies L� ˙ T−1:5. For Sample #2, the value
is �= 1:12± 0:03, i.e. the temperature dependence is
closer to L� ˙ T−1.

The electron–electron inelastic scattering time in a
clean 2D system is given by �e−e ˙ T−2 ln T . Di=er-
ent temperature dependences are predicted for disor-
dered systems and lower dimensional systems [7]. For
a dirty 2D system �e−e ˙ T−1 ln T . At low tempera-
tures, electron dephasing can be governed by Nyquist
dephasing process, i.e. multiple small energy trans-
fer scattering events, so that the phase relaxation time
�� can be quite di=erent from the inelastic scattering
time �e−e. The Nyquist dephasing time is given by
�� ˙ T−1 for dirty 2D and ˙ T−2=3 for dirty 1D
system. For clean (ballistic) 2D systems, �� ˙ T−2

is expected. On the other hand, L� ˙ T−1 is gener-
ally observed for single AB rings with small number
of conducting channels (1D case) [4,5]. The tempera-
ture dependence of L� found in Samples #1 and #2 are
intermediate between these behaviors. It is interesting
that the Sample #2, which has a larger aspect ratio and
hence narrower channel, shows a dependence closer
to ˙ T−1.
Fig. 4 shows the temperature dependence of the am-

plitude of the low-/eld AB-type oscillation and the
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high /eld one at � ≈ 2:5, respectively. They both obey
˙ exp(−T=T ∗). The relative magnitude of the har-
monic component does not follow the kind of scaling
seen in the case of AAS oscillation.
The characteristic temperature governing the de-

cay of low-/eld AB-type oscillation was found to be
T ∗ = 0:69 K for Sample #1 and 0:36 K for Sample
#2. These values are of the order of the calculated
energy level spacing of quantized orbits circumnav-
igating the antidot. However, there are a few points
that cannot be readily explained from such level spac-
ing argument. One is the di=erence of T ∗ by a factor
of 2 between the two samples. Another is the behav-
ior at low temperatures. The simple picture based on
the oscillatory structures in the density of state spec-
trum predicts a temperature dependence of the form
x=sinh(x) (x=2�2kBT=OE with OE the characteristic
level spacing. The oscillation amplitude then should
saturate at temperatures much lower than the scale of
OE, in disparity with the observed exponential tem-
perature dependence. This seems to indicate that it
is insuPcient to treat the problem only in terms of
density of states spectrum. The precise role of phase
coherence in the AB-type oscillation in macroscopic
antidot system is not clear at the moment. This is an
issue to be elucidated further.
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Fig. 4. The temperature dependence of the amplitude of the
AB-type oscillations in the low region and that in the quantum
Hall regime near � = 2:5.

The AB-type oscillation in the high /eld region
turned out to be much more temperature sensitive.
The temperature dependence is well /tted to the func-
tional form ˙ exp(−T=T ∗). The characteristic tem-
perature for the high /eld AB-type oscillation is found
to be considerably lower than that for the low /eld
AB-type oscillation. T ∗ � 0:12 K for the oscillations
around �=2:5. Again, the di=erence in the value of T ∗
from those for the low /eld range cannot be readily
explained by the level spacing argument.

4. Conclusion

We have observed three types of quantum oscilla-
tions in triangular antidot lattice systems. The temper-
ature dependence of the AAS oscillation is given by
˙ exp(−nL=L�) with L� ˙ T�, � being ∼ 1:5 and
∼ 1:1 for the samples with aspect ratio 0.6 and 0.7,
respectively. The AB-type oscillations in the low- and
high /eld regions both obey the exponential tempera-
ture dependence˙ exp(T=T ∗). The value of the char-
acteristic temperature T ∗ is smaller for the high /eld
AB-type oscillation. The oscillation amplitude follows
an exponential temperature dependence which cannot
be readily explained within the simple picture of the
oscillatory structure in the density of state spectrum.
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