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Commensurability oscillations in the antidot lattice in a quasi-three-dimensional electron gas
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A three-dimensional electron billiard system is obtained by patterning a rectangular array of cylindrical
voids in GaAs/AlGa, _,As parabolic quantum wells containing a high mobility quasi-three-dimensional elec-
tron gas. Resistivity R,,) measurements reveal anomalous broadened peaks in the low-field magnetoresis-
tance, in a similar way as measurements in two-dimensional antidot sydeemis a tilted magnetic field
show that commensurability peaks transform continuously to different kinds of peaks that we attribute to
geometrical resonances between the cyclotron radids &nd the well width ).
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Up to date, most of the experimental and theoretical A type of three-dimensional electron billiard system can
works, referring to electron billiards in semiconductor het-be obtained by patterning a rectangular array of cylindrical
erostructures, have been done in two-dimensional systéms.voids in the AlGa _,As/GaAs PQW. A cylindrical void is a
However, very few works concerning three-dimensionalconvex dispersive boundary center where close electron or-
electron billiards have been done, especially, in the experibits begin to diverge exponentially after first few collisions.
mental research. On the other part, some numerical results @ in the case of two-dimensional antidots, in the presence
the stability of classical trajectories in fully chaotic and er-of perpendicular magnetic field, the coexistence of regular
godic three-dimensional billiard systems have been recentiind chaotic orbits may be expected. If we defmas the
published®* The three-dimensional electron g@DEG)® is  direction perpendigular to the plane qf the sar_nple surfacg,
another interesting physical system that can also be used §}€ctrons are confined by the parabolic potential along this
study the manifestations of quantum chaos in condensediéction and are free to move along they plane. Figure
matter physics. Recently its experimental realization has(® Shows a schematic view of a multilayered semiconduc-

been accomplished in the so-called parabolic quantum well{9r structure containing a PQW, with an |mpo_sed array of
(PQW).® These systems contain a wide layer of uniform artificial cylindrical scatterersd represents the lithographic

: . . . . antidot diametera the artificial lattice period, andV the
low-diluted, and highly mobile carriers, with strong electron- width of the layer corresponding to the well. Figuréoll
electron interaction. The introduction of an artificial array of y P g - 9

lindrical voids i POW | h th represents the three-dimensional real space region of the
cylindrical voids in a PQW sample approaches a ree'sample where the electrons are free to move. This region is

dimensional el_ectron billiard system and can be regarded aSifnited by the interfaces corresponding to the barriers of the
_natqral extension of the study qf the Chaotlc electrpn dynameW and the cylindrical voids, which generate an array of
ics in condensed matter physics. This construction can bggtential pillars. The antidot samples were fabricated from a
used to study the transition between the two-dimensional anfligh-mobility GaAs/AlGa, - ,As PQW, grown by molecular
three-dimensional chaotic electron dynamics, as well as thgeam epitaxy with the next configuration: ovefl®0) semi-
influence of the electron-electron interaction. In this Briefinsulating GaAs substrate was deposited a dn@-GaAs
Report we report the fabrication and characterization of rectpuffer layer, followed by 20 AlAsGaAs, periods(where 5
angular arrays of cylindrical antidots in parabolic quantumand 10 stand for the number of monolayers of each majerial
wells with well width W= 2000 A, and different lattice pe- Over this superlattice was grown an undoped 8000 A GaAs
riod a. As in the case of antidots, in two-dimensional sys-layer followed by 500 A of A|Ga, _,As with x varying from
tems, a mixed electron dynamics is observed. We perfornd.07 to 0.27. Then follows, a 1000-A MGa, -As layer, a
low-temperature magnetotransport measurements and four@i-delta layer, a 100-A undoped AGa, -As spacer, and the
that, at low field, the resistivitR,, is enhanced and com- 2000-A parabolic well with composition variation <x
mensurability oscillations appear. Two rather broad peaks arec0.19. After the well come again a 100-A undoped
distinguished and the most prominent one corresponds to thal, sGa, /As spacer, the Si-delta layer, and a 400-A
commensurability conditioR.=a/2, whereR; is the cyclo-  AlysGa ;As layer. Finally a 100-A GaAs cap was deposited
tron radius. Longitudinal resistivity measurements, in a tiltedon the surface. After growing, a 50m-wide Hall bar was
magnetic field, demonstrate that these oscillations do nqgpatterned for each sample by means of conventional tech-
shift continuously towards the higher values of the field as imiques, a rectangular array (12880 wm) of cylindrical-

the case of antidot lattices in two-dimensional systems.  shaped artificial scatterers were superimposed over the
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TABLE I. Commensurability peak position in perpendicular
magnetic field, electron concentration, electron mobility, mean-free-
path, and three-dimensional Fermi energy for each sample period-

(a)

Ay
MW g, p a icity.
e
| a(um) 0.6 0.7 0.8
peakL(T) 0.18 0.15 0.15
peak(R./a) 1.8 1.9 2.4
n*(*10'® cm 3) 2.2 2.3 2.5
we(*10% cr?/V s) 5.8 4.3 5.0
Er(meV) 4.3 4.4 4.7
[ () 0.3 0.2 0.3

electron mean-free-path varies between 0.2 and Og@m.
According to these data the electron transport in our samples
can be treated in the quasiballistic regikfve<| <L, whereL

is the channel length of the Hall bar. Table | summarizes the
transport data for each of our samples. When submitted to a
perpendicular magnetic field, the resistivity from the pat-
terned region of the samples shows an enhancement at a low
field, which is accompanied by two rather broad peaks and a
negative magnetoresistance. Figuta) Z2hows the longitudi-

nal resistivity R,, at 1.4 K from the two regions of the
sample with periodicitya=0.8 um.

The two commensurability peaks are located at the posi-
tions corresponding td&r.=a/2 (which we refer as main
commensurability peakandR.~2.4a. From the condition
R.=a/2, we obtain the Fermi velocity of the electrons that
contribute to the resistivity peaks. Figuréb2shows the re-

FIG. 1. (@ Scheme of a GaAs/AGa, _,As heterostructure con-  sistivity for the PQW sample with array periodicits
taining a lattice of cylindrical voids, transferred across the well and=0.7 um, the commensurability peaks correspond to the
the barrier layers(b) Real space region, corresponding to the well- conditionsR,=a/2 andR.~1.9a. The increment on the re-
electron slab, where the electron dynamics develops. sistivity reduces the electron mobility t82.31F cn?/Vs.

) By comparison with resistivity measurements in the unpat-
Poly(methyl methacrylatelayer of each bar through high erneq region of the samples we can observe that commen-

energy electron-beam lithography. The antidot lattice periodapility oscillations do not exist in absence of the cylindri-
a was chosen to be 0.6, 0.7, and Q& for each sample. 5| yoids. At the inset, we show the normalized

Th(_e antidot pattern was trgnsferred across th_e AlGaAs Pardnagnetoresitance with respect to the field8at0 T and to
bolic well by plasma etching. The physical diameter of the
antidots,d, is approximately 0.Jum. 14
Experimental magnetotransport measurements were pel  [R.~24a (a) (b) e
formed at the temperature of 1.4 K; we employed lock-in / A T
technique for detection, with an ac not exceeding 18, 134 Rotse

05 .
the distance between longitudinal potentiometric probes is ’

100 wm. Longitudinal and transversal resistances were Si-~

multaneously recorded for different angles between the mag& “]
netic field and the substrate plane, usingrasitu system for R =al2
rotation of the sample€® =90° corresponds to perpendicu- "7,
lar configuration and® =0° corresponds to the magnetic
field parallel to the sample surface. The designed three:
dimensional pseudochargé =ngp , of the 2000-A PQW, is %61 P — L T ———
2.110° cm 3, which corresponds toihe classical width of e unpattemed T - unpattemed
the 3DEG slab ofV,=Ng/n;5=1900 A. A direct compari- 00 02 04 06 08 00 02 04 06 08
son between longitudin®, and transversal resistanBg, , ctic Field (T) Magnetic Field (T)

from the patterned and unpatterned regions of the sample, FiG, 2. Experimental magnetoresistarRg, at 1.4 K from the
can be done due to the Hall device geometry. The electropatterned and unpatterned regions of the same PQW safaple.
mobility ue, in the region of the samples without antidots, The antidot lattice period ia=0.8 um, and(b) The antidot lattice
ranges between 4.34@n?/Vs to 5.8 16 cn?/V's, and the  period isa=0.7 wm.
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the magnetic field that produces a cyclotron diameter that T=14K R =a2
matches the artificial lattice period, we applied a small and L78]a=0.6 pm - 0=90
additional dc to suppress the weak localization peak around /)

B=0 T. In this way it is possible to observe the exact posi-
tion of the peaks. Through self-consistent calculations we
obtain five occupied subbands for the designed demsgty,

(2) /’7/

7

R_ (*1000€)

in the case of independent two-dimensional subbands it may // g =0
be possible to expect the observation of several commensu- =

rability peaks; however, the strong scattering between the 17 Vo ~~—r= " \

subbands may result in a single main commensurability ’ R/W=18 R/W=10 N\
peak. In order to analyze the influence of the three- 0.0 01 02 03
dimensional electron gas on the observed structures at low Magnetic Field (T)

field, we performed magnetoresistance measurements in a
tilted magnetic field.

Figure 3a) shows the magnetoresistance oscillations, at
1.4 K, for different angle®, between the field and the sub-
strate plane, for the patterned region of the PQW sample
with a=0.6 um. Figures &) and 3c) show the three-
dimensional representation of the evolution of the commen-
surability peaks depicted in pad), seen from the front and
back sides, in order to observe all the details of this transfor-
mation. In the presence of perpendicular magnetic fiéld,
=90°, we observe two commensurability peaks, the wider
corresponds t&R.=a/2 and the other t&r.~1.8a. Accord-
ing to the position of the peaks there is a correspondence
with the measurements in two-dimensional systems with
single subband occupation. When the parallel component of
the magnetic field is increased, the commensurability peaks
are continuously shifted towards the higher values of the
field, as it may be expected for two-dimensional antidot sys-
tems, in the presence of a tilted magnetic field. However, for
certain values of the angl®, the peaks deviate from the
[sin(@®)] ! dependence and begin to suffer a sudden transfor-
mation to a new kind of peak&lso see Fig. #that we
attributed to size effects due to the commensurability be-
tween the cyclotron radius and the well width.

This behavior is opposite to the case of antidots in two-
dimensional systems where the shift of the peaks extend con-
tinuously to higher values of the magnetic field, this is the
main difference between the dynamics of two-dimensional
and three-dimensional antidot lattices. This anomalous be-
havior can be explained with the assumption of a geometrical
model, which can help confirm the existence of a 3DEG.
Figure 5 on top shows a schematics of a cylindrical void
scaled in terms of the artificial lattice period, the dimensions
correspond to an antidot wita=0.6 um on the 2000 A
PQW sample. Physically the two ends of the cylinder are
bounded by the interfaces of the well. When the magnetic
field is applied perpendicular to the surface of the sample we
may assume, disregarding imperfections, that the transversal f|G. 3. (a) Magnetoresistance measurements in a tilted magnetic
cross section of the void is exactly a circle. When the wholeield for the patterned region of the PQW sample with lattice period
sample is tilted with respect to the field vector, the transvera=0.6 ». (b) and (c) Three-dimensional representation of the
sal cross section of the cylindrical scatterer, which is perpeneurves shown in parta).
dicular to the field, changes continuously from circular to
elliptical up to certain point where the elliptical cross sectiontion of the void, from circular to elliptical, must be respon-
reaches the diagonal of the void. In this situation the crossible for the continuous shift of the position of the main
section makes an angi@~27° with the magnetic field vec- commensurability peak only, up to certain values of the angle
tor, as shown on the sequence, at bottom of Fig. 5. Thi®. From the figure it is possible to infer that when the angle
construction suggests that the variation of the in-plane sed is ~27°, the regular electron orbits pinned by the void
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FIG. 4. Shift of the main commensurability peak as a function
of angle®, between the surface plane and the magnetic field vector.
These data were extracted from Fig. 3. The solid line represents the
[sin@®)]"! dependence observed in two-dimensional antidot
systems.

cannot be formed anymore and instead the electron dynamics
becomes dominated by geometrical resonances between the
cyclotron radius and the well width. It is important to note
that, in the region betwee® =27° and®=0°, the com-
mensurability oscillations between the cyclotron radius and
the void cross section are destroyed, while the geometrical @ = 90° ® = 45° ®=27°
resonances between the cyclotron radius and the well width , .
increases continuously, reaching its maximum value when FIG: 5. On top we show the schematics representation of a
the magnetic field is completely parallel to the plane of thecyh_ndncal void, with its dimensions scaled in terms c_)f Fhe antidot
electron gas. The classical electron dynamics in antidot lat2tice & for a 2000-A PQW sample. At bottom, variation of the
tices in PQW, under the influence of perpendicular magnetiéhape. of the transversgl cross section of the void in relation to the
field, can be obtained from the single particle Hamiltonian:d'recuon of the magnetic field vector.
H=(1/2m*)(p—eA)?+Uap(x,y) + U,(2), wherep isthe and E, is the energy alongz direction. As R,
momentum vectorA=(—By/2,Bx/2,0) is the symmetric =(1/eB)y2m*E,_,, the amplitude of the commensurability
vector potentialg is the electron chargen* is the electron peaks get smeared out due to energy averaging; this may be
effective mass,Uap(X,y) is the antidot potentidl,and the reason for the broadening of the peaks, which was ob-
UW(Z) is the Confining potentia| a|ong direction. The mo- SerVed -in the_experiments. |n-S.Ummary, the achievement Of a
tion in thex-y plane and irz direction can be treated inde- th_ree-dlr_nenglonal electron billiard syste_m has been accom-
pendently, due to a separation of the degrees of freedom. Adished in this work, through the patterning of arrays of cy-
the electron motion is unbounded on the plane, we ob- lindrical voids, on AlGa, _,As/GaAs PQW semiconductor
serve that the electron dynamics, in the presence of perpefi€terostructures. This construction can be introduced as a
dicular magnetic field, retains essentially similar characteris:[OOI to extend the study of chaotic electron dynam|c§, n
tics as the correspondent dynamics in two-dimensiona?pnden.sed matter physics, to the systems with a higher
billiard systems. The resulting three-dimensional motion is adlmen5|onallty.
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