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Electron trajectories in rectangular antidot superlattices
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A periodic array of potential pillars is superimposed on a two-dimensional electron gas being ballistic on the
length scale of the lattice period. Pronounced maxima occur in the magnetoresistance of such systems. The
magnetoconductivity as obtained from the magnetoresistance via a tensor inversion displays maxima or
minima depending on the direction of current flow with respect to the lattice orientation. So-called pinned
electron orbits as well as runaway trajectories coexist and specifically influence a given element of the con-
ductivity tensor. In contrast to square lattices, both sets of trajectories show up in the experimental data
simultaneously[S0163-18207)02119-X]

[. INTRODUCTION components of the resistivity tensor is related to the aniso-
tropic miniband structur&® The importance of runaway tra-
How is electron transport affected by a classical periodigectories in rectangular lattices was pointed out by calculat-
potential? This question has been the focus of many receitg conductivities from the experimentally determined
experimental and theoretical publications. Here we will con-resistivities*®
centrate on so-called antidot lattices constituting a system Quantum oscillations superimposed on the classical com-
with a periodic arrangement of potential pillars that exceednensurability oscillations have been observed in square
the Fermi energy in height. On the experimental sidelattice$®?*and are explained by the quantization of periodic
hexagondi as well as squafeattices have been fabricated orbits around single antidot&?%?A quantum-mechanical
and pronounced maxima have been observed in the magnetalculation revealed the importance of the miniband structure
resistancé:* These maxima have been attributed to the exisand with it the density of stat¢$?* In finite structures
tence of pinned electron orbits around groups of antidotssmaller than the phase coherence length of the electrons,
leading to a reduced diffusion for magnetic fields, where thaeproducible fluctuations superimposed on the classical com-
cyclotron diameter is commensurate with the lattice periodmensurability maxim&+?°are observed as well as Aharonov-
This intuitive interpretation has been complemented by soBohm-like oscillationg>?® The interpretation of these quan-
called runaway trajectori@sesembling skipping orbits along tum effects relies fundamentally on pinned and therefore
the rows of antidots thus predicting an enhanced diffusionclosed electron orbits. Quantum oscillations in the above
Diffusion is generally related to the conductivity via the Ein- sense of modified Shubnikov—de H&SslH) oscillationg?23
stein relation rather than to the resistivity. By calculating thewere also detected in rectangular antidot latfitend ex-
conductivities from the experimentally determined magnetoplained by the anisotropic miniband dispersfoin these
resistivitie$° it was shown that maxima as well as minima systems.
in the conductivity can occur at magnetic fields where the In this paper we concentrate on the presentation of con-
classical cyclotron diameter matches the lattice periodductivity data for rectangular antidot lattices. In particular,
Quantum mechanically the miniband structure in an antidotve find that the conductivity along the wide open channels
potential was calculatédand successfully applied to inter- between the rows of antidots shows maxima each time the
pret the experimental data. cyclotron diameter equals an integer multiple of the lattice
Rectangular antidot latticEs ‘®also reveal maxima in the period. For samples with small values of the lattice anisot-
magnetoresistance whose position, however, depends on thepy the conductivity in the perpendicular direction, i.e., be-
direction of current flow with respect to the lattice orienta-tween the closely spaced antidots, displays minima. We con-
tion. Classicdl’ as well as quantum-mechanitkalcula-  clude that runawaymaxima in the conductivityand pinned
tions are in agreement with the experimental data. In particu¢gminima in the conductivity electron trajectories influence
lar it was shown that the observed anisotropy in the diagonahe transport properties simultaneously. At very low mag-
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FIG. 1. Magnetoresistances and Hall resistance of a rectangular FIG. 2. Magnetoresistance,, as a function of R./a,. The
antidot lattice with a,:a,=4:1=960 nm:240 nm. The arrows right part(scale on right-hand sidiés the continuation of the same
pointing from below mark maxima in the magnetoresistance thatrace in an expanded scale. The features &./3,<1 are
are identified with the geometrical commensurability of the classi-Shubnikov—de Haas oscillations.
cal cyclotron diameter and the short lattice perad The arrow
pointing from above signifies a low-field maximum occurring in tional low-field maximum marked by the arrow pointing to
bothp, andpyy that is related to the scattering of the electrons asthe bottom atBB~0.1 T occurs from scattering at the rough
they travel in the open channels between the rows of the antidotsedges in the wirelike geomet?)7/.ln order to resolve the
L » ) ) . classical commensurability oscillations more cleagly, is
netic fields an additional maximum in the magnetoresistancg|otted in Fig. 2 as a function ofR./a, . Integersn along
is observetf being related to the boundary scattering injs axis resemble situations where the classical cyclotron
quantum-wire-like structures.Here we show that this effect giameter matches integer multiples of the short lattice con-
leads to a pronounced minimum in the conductivity along theg;gnt Up ton=7 the maxima op,, perfectly coincide with
wide open rows of antidots leaving the conductivity alongine vertical straight lines. Starting from=8 the maxima

the perpendicular direction unaffected. become washed out and their positions deviate from the

straight forward prediction.
Il. SPECTROSCOPY OF CLASSICAL TRAJECTORIES In Fig. 3 circular orbits are plotted in a schematic antidot

A high-mobility two-dimensional electron ga@DEG) Iattic_e with ax :aY:_A’:l' Itis obviqus from this _simple geo-
imbedded in an AlGa,_,-As-GaAs heterostructure is pat- metric consideration that_ the O!‘blt correspondmg’nt@S is
terned into an antidot lattice by electron beam Iithograph)}he first to touch the nelghbormg.row of an_udots a_nd will
and a subsequent wet etching step. The details of the sam ereforg be deformed by the antidot .poten.tlals. This, how-
structure, the fabrication procedure, and the experimentaqver,’ will be true for both runaway trajecton(ﬂs sketched
setup are described in Ref. 12. In this paper we concentratd Fi9- 3 as well as for pinned orbits. In order to further
on two samples with lattice anisotropies of 2:1 and 4:1. Fig-
ure 1 shows typical magnetoresistance traces for an antidot 00 0000000O0C0OCG.00
lattice with a lattice anisotropy of 4:1. In the following, we
identify the direction with the long lattice period witly and
the short period witha,. The magnetoresistivitiep,, and a a
pyy display a series of oscillations. At high magnetic fields,
B>2 T where the classical cyclotron diameter at the Fermi
energy

00
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is much smaller than both lattice constants, SdH oscillations
dominate the magnetoresistivitipg, and p,, and Hall pla-

teaus show up ip,,. HereNs is the carrier density of the o
2DEG. At low magnetic fields pronounced maxima occur in

pxx- The arrows pointing to the top in Fig. 1 mark magnetic-  FIG. 3. Schematic trajectories with diametera, in a rectan-
field positions where R.=na, with n=1,2,3. The addi- gular lattice witha,:a,=4:1.
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understand the details of the characteristic trajectories we
present data for the magnetoconductivities
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the same sample as in Fig. 1 with:a,=4:1=960 nm:240 nm.
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in Fig. 4. The above formulas contain Onsager’s relation 0
|pxyl=|pyxl, Which is supported by experimental data ob- 0 1 2 3 4 5 6
tained on rectangular antidbt.It was shown theoretically R/,

and experimentalfy that the conductivity through the rows
of antidots o, is predominately related to the resistivity
pxx Obtained for current flow through the closely spaced an- FIG. 5. Magnetoresistancg,, (a) and magnetoconductivities
tidots. Here we investigate an antidot lattice with a largero,, and oy, (b) for a sample with a small lattice anisotropy
anisotropy such that the influence of various kinds of trajeca,:a,=2:1=480 nm:240 nm.
tories is more pronounced due to the wide open space be-
tween the rows of antidots. Figure 5a) presents the magnetoresistivity of a rectangu-
It is clear from Fig. 4 thato,, displays pronounced lar lattice witha,:a,=2:1=480 nm:240 nm as a function of
maxima atn=1,2,3,4,5. In the same magnetic-field range2R./a, . This smaller lattice anisotropy compared to the pre-
oxx and oy, are rather featureleséwveak minima atn vious sample shows the transition to square lattices. Pro-
=3,4,5,6. The maxima inay, are a clear signature of an nounced maxima occur ipk, for n=1,2,3 while the position
enhanced conductivity related to runaway trajectories. Thesef the maximum forn=4 already deviates from the pre-
trajectories will hardly influencer,,. Since both runaway dicted position. This is expected from a sketch analogous to
trajectories as well as pinned orbits oscillate periodically afFig. 3 where the orbit with a diameter of 4 small lattice
least along one spatial coordinate they are expected to lead e@nstants should hit the neighboring row of antidots and is
minima in o, . This is observed in the present case as weltherefore expected to be deformed. Figu(e)Shows the
as in square latticés® for different parameter regimes. correspondingr,y and oy, traces for the same sample with
In square lattices pinned orbits become more importangy:ay=2:1=480 nm:240 nm. As before,, shows maxima
for larger antidots. In this case pronounced minima occur irat n=1,2,3.
the conductivity at R.=a.”?® Furthermore quantum The unexpected features occurdf, where minima are
oscillation€®?® as well as Aharonov-Bohm-like observed at or close to=2,3,4. Similar minima but much
oscillations?® being explained on the basis of phase coherless pronounced can also be seen in Fig. 4dfgr. These
ently closed orbits have been observed in systems with relaninima are interpreted as being related to pinned orbits
tively large antidots. Quantum oscillations in rectangular lat-around groups of antidots. At=2,4,6(for a, :a,=2:1) also
tices have been shown to be more pronounced for smatunaway trajectories could occur along thélirection of the
lattice anisotropie&® In general the smaller the fraction of lattice. Since in the experiment clearly minima are observed
unperturbed electron gas in an antidot lattice, the more imin the conductivityo,, the influence of these orbits is not
portant are pinned orbits. important. In this case of a lattice with anisotropy 2:1 we
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have thus clear evidence that pinned orbits occur and have a 0,001
significant influence on the conductivity in the respective
conductivity direction between the closely spaced antidots.
This means that both kinds of trajectories, pinneg,j
and runaway §),,, play a role in rectangular antidot lattices
and can be analyzed via the components of the conductivity
tensor. By comparing rectangular lattices with different de-
grees of anisotropy we find in agreement with geometrical
considerations that pinned orbits become less important for
lattices with larger anisotropies. This is consistent with the
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finding on square lattices where the importance of pinned ©~ a =240nm
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orbits is hindered for small antidots leaving wide regions of
unperturbed 2DEG. Furthermore it explains why a possible
deviation of quantum oscillations from aBlLperiodicity be-
comes more significant for smaller anisotropies of the lattice -0.001
periods® . . . . .
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IIl. WIRELIKE EFFECTS IN RECTANGULAR LATTICES

At very low magnetic fields additional maxima show up  FIG. 6. Effective magnetoconductivity for the same sample as in
in p,, as well as inp,, (see vertical arrow pointing from top Figs. 1 and 4. The data are obtained after a Drude fir,ip has
in Fig. 1 atB=~0.1 T). These effects appear in rectangularbeen subtracted from the original data. The arrows pointing from
lattices with large anisotropi&sand are explained by the below mark geometrical commensurability conditions. The arrow
scattering of the electrons as they travel along the wide opepointing from above indicates the magnetic field, where a minimum
regions confined by the rows of antidots similar as in quanoccurs reflecting the enhanced scattering of carriers as they travel in
tum wires2’ the wide open channels between the rows of antidots.

In quantum wires one can measure a resistance or conduc-

tance. In our latticelike structures of dimensions that argists, on the other hand, tend to calculate conductivities in the
much larger than the intrinsic length scales of the electroni¢.gmework of linear response. Pronounced features have
system individual components of the resistivity or conductiv-peen experimentally found in the magnetoresistance of anti-
!ty tensor can be obta!ned. Obviously the low-field maximumg ¢ superlattices and quantitatively explained by classical
IS o.bs'e'rved in both diagonal componepig anpry of the. . and quantum-mechanical calculations. While the conductiv-
resistivity tensor. In a plot of the corresponding COﬂdUCtIVI-ity is closely related to the rather intuitive diffusion constant

tes ayx andoyy a similar featurells very difficult to d|§cern the observed features are much more easily discernible in the
since the Drude background is very steep in this low

magnetic-field range. Therefore the conductivities have beefleSiStiVities' The open question remains whether conductivi-
fitted with a Drude-like expression which was subtracted ies and resistivities are related to different physical realities.

thereafter, as has been done for square latficessimilar In this paper we de'monstrate th'at.the 'influence of pinngd
procedure was used for rectangular lattices with small lattic@"d runaway trajectories can be distinguished by evaluating
anisotropiesa, :a,=1:0.8 (Ref. 19 where this low-field the diagonal elements of th_e conductwﬂ_y tensor. Fu_rther-
maximum is not observed. Figure 6 shows the correspondingiore we show that two different physical mechanisms,
result for the sample witha, :a,=4:1=960 nm:240 nm. namely, boundary scattering in wirelike structures and the
While the o, trace is rather featureless arouBet0.1 T the geometrical commensurability of the cyclotron diameter with
trace for the normalizedr,, displays a pronounced mini- the lattice constant, lead to minima and maxima, respec-
mum as marked by the arrow pointing from the top. Thetively, in the magnetoconductivity. It is a challenge for future
arrows pointing from below mark the maxima in the magne-experiments with smaller lattice period samples to test the
toresistance that are relatednie-1,2,3. general validity of these arguments in the quantum transport
Based on the Einstein relation which connects the diffuregime.
sion constant with the conductivity, the identification of
minima and maxima in the conductivity with certain electron
trajectories leads to very sensible physical results. Further-
more, the original interpretation of the low-field magnetore- V. ACKNOWLEDGMENTS
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