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Chaotic electron dynamics in antidot lattice subjected to strong in-plane magnetic field
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The classical electron dynamics in two-dimensional antidot lattices subjected to a magnetic field with a
strong in-plane component is studied numerically. The anisotropy of the Fermi contour of the two-dimensional
electron gas, produced by the parallel field, strongly modify the electron trajectories. We calculate the Poincare´
surface of the section, and magnetoresistance with such distorted Fermi contour and obtain good agreement
with experimental results.

DOI: 10.1103/PhysRevB.66.035324 PACS number~s!: 81.40.Rs, 72.10.2d, 72.20.2i, 72.15.2v
du
le
dy
tte
e
of
es
a

el

b
ao

t
ab
s

se
o

-
on
er
e

rie
m
i-

a
a

lly
v-

in
on-

ly
eck
ergy

of
by
-
e-
c-
of

tron

t
G,
ke
tive
ng
the
ted

ice

the
a
in-

ted
he
or-
I. INTRODUCTION

During the past decade the antidots arrays in semicon
tor heterostructures, which contain the two-dimensional e
tron gas~2DEG!, was a model system that allowed to stu
the chaotic classical dynamics in condensed-ma
physics.1–6 This system has been considered as an exp
mental realization of the theoretical model of the billiard
Sinai.7 The chaotic dynamics of the 2DEG in antidot lattic
with different pattern shape and periodicity configuration h
been studied principally in the presence of magnetic fi
directed perpendicularly to the surface of the samples.2,8–14

The motion of electrons has also been investigated
phase space by means of Poincare´ surface of sections.11,12,15

In these maps periodical and quasiperiodical orbits can
identified as islands, in phase space, surrounded by a ch
sea. Regular electron orbits lead to anomalous peaks in
magnetoresistance, which are the so-called commensur
ity peaks. In square antidot lattices last maximum appear
resistivity when the cyclotron diameter, 2Rc , is equal to the
period of the arraya. Depending on the array geometry the
maxima have been attributed to the existence of pinned
bits around groups of antidots,3,16 or runaway trajectories
skipping regularly from one antidot to another.12,17,18Fleis-
chmann, Geisel, and Ketzmerick,15 through theoretical calcu
lations, demonstrated that the commensurability oscillati
are mainly produced by the correlation function of unp
turbed chaotic motion that reflected the presence of nonlin
resonances. According to this theory chaotic trajecto
trapped temporarily in the vicinity of regular islands, at co
mensurate values ofB, are responsible for the main contr
bution for the magnetoresistancerxx peaks.6 Regular orbits
also strongly depend on the shape of the antidots, in this w
in elliptically shaped antidots magnetorsistance peaks h
0163-1829/2002/66~3!/035324~11!/$20.00 66 0353
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been attributed to regular trajectories colliding ballistica
with a single antidot.19 In cross-shaped antidot lattices se
eral types of regular trajectories, simultaneously trapped
the potential minimum between four crosses, can be resp
sible for main maximum in the magnetoresistance.20 Because
the dynamics of the 2DEG in antidot lattice is extreme
sensitive, to external parameters, it is also possible to ch
the influence of internal parameters such as electron en
and dispersion on the particle trajectories.

Recently it has been predicted that the Fermi contour
the 2DEG, which is originally isotropic, can be distorted
the in-plane magnetic field.21,22Therefore a technique utiliz
ing 2D array of antidots could, in principle, be used to d
termine the anisotropy of the Fermi contour of the 2D ele
tron gas subject to in-plane magnetic field. This distortion
the Fermi surface in the 2DEG has been studied by cyclo
resonance in the infrared region of the optical spectra,23 tem-
perature damping of Shubnikov-de Haas oscillations,24 and
magnetic electron focusing effect.25 It has been shown tha
the asymmetry of the confinement potential of the 2DE
combined with the tilted magnetic field, lead to the eggli
Fermi contour due to an increase of the electron effec
mass.26 In the quasiclassical picture the electrons move alo
real-space trajectories with orbit shapes that are similar to
shape of the Fermi contour, therefore, it could be expec
that the chaotic dynamics of 2D electrons in antidot latt
under tilted magnetic field will be modified.

In this paper, we present, the results of our study on
evolution of the electron dynamics in antidots arrays, in
two-dimensional system, when subjected to an increasing
plane magnetic field. Through the analysis of the calcula
Poincare´ surfaces of the section, for different values of t
parallel component of the field, we found a strong transf
©2002 The American Physical Society24-1
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mation of the electron dynamics, and evolution of the co
mensurability peaks of the longitudinal resistivityrxx . Sev-
eral regular trajectories, which are not observed
perpendicular magnetic field, appear and lead to enha
ment of diffusion in the longitudinal direction. We compa
our calculatations with experimental magnetotransport d
obtained for antidots arrays, with different lattice periods,
high mobility GaAs/AlxGa12xAs samples.

The samples were subjected to increasing in-plane m
netic field up to 28 T, this produces a shift of the magneto
sistance commensurability peaks toward higher values of
magnetic field, and also a strong broadening as the in-p
component of the field increases. Also, we observed a c
mensurability peak, corresponding to the conditionRc5a,
for the sample with the shortest period, in presence of alm
parallel magnetic field. We attribute all these phenomena
the distortion of the Fermi contour in the two-dimension
electron gas subject to in-plane magnetic field.

The paper is organized as follows, in Sec. II A we brie
outline a description of the electronic structure of the 2DE
in the presence of tilted magnetic field. In Sec. II B we d
scribe the analytical model employed to simulate the elec
dynamics in antidot lattices in the presence of perpendic
magnetic field. In Sec. II C, we explain the analytical a
proximation developed to simulate the electron motion in
antidot lattice subjected to tilted magnetic field. In Sec.
we discuss the results for the calculated Poincare´ surface of
sections in perpendicular and tilted magnetic field and als
the evolution of the calculated magnetoresistance comm
surability peaks in the presence of increasing parallel m
netic field. In Sec. IV A we present a description of t
samples fabricated for this work and also of the experime
setup employed. In Sec. IV B we show the results of o
experimental magnetotransport measurements and ma
discussion of the results comparing them with those obtai
by simulations.

II. THEORETICAL MODEL FOR ANTIDOT ARRAYS
SUBJECT TO IN-PLANE MAGNETIC FIELD

A. Electronic structure in parallel magnetic field

We consider GaAs/AlxGa12xAs heterostructures confin
ing a 2DEG to a plane perpendicular to thez axis. If the
magnetic fieldB5Bx lies along thex direction, the Hamil-
tonian of an electron confined to thex-y plane by a potentia
Vc(z) is found to be

H5
1

2m*
~pW 1qAW !21Vc~z!, ~1!

wherem* is the electron effective mass,pW is the momentum
operator,q is the carrier charge, andAW is the potential vector
chosen to be of the form

AW 5~0,2Bxz,0!. ~2!

In an explicit way the whole Hamiltonian is written as
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H5
1

2m*
~py2eBxz!21

px
2

2m*
1

pz
2

2m*
1Vc~z!. ~3!

The energy spectrum is formed by subbands and
eigenenergiesEn(kx ,ky), n50,1 . . . arefunctions of the
quasicontinuous wave vectorskx and ky . For the particular
case of a parabolic potentialVc(z)5 1

2 m* V2z2, the eigenen-
ergies can be found, explicitly, in analytic form22

En~px ,py!5S n1
1

2D\ṽ1
1

2m*
px

21
1

2my*
py

2 , ~4!

where n50,1, . . . , ṽ5(vx
21V2)1/2, vx5ueuBx /m* , and

my* 5m* ṽ2/V2, is the induced effective mass for they com-
ponent of the electron motion, which grows withBx .

For the particular case of our samples we have only
lowest energy subband occupied, so in Eq.~4!, n50. We see,
that the in-plane magnetic field influences the electron m
tion in z andy directions and does not change the motion
x direction. In z direction the eigenenergy of the harmon
oscillator in zero field1

2 \V is changed to1
2 \ṽ. In the x-y

plane the parallel magnetic field induces the new effect
massmy* for they component of the electron motion. Ther
fore the Fermi contour is distorted from circular shape to
elliptical shape due to an increase of the cyclotron effect
mass in comparison with the originally circular shape, t
reason is that the cyclotron mass is determined in quasic
sical approximation by the Fermi areaAF surrounded by the
Fermi contourmc5(\2/2p)(dAF /dE). Corresponding elec-
tron trajectories in parallel magnetic field should have ell
tical shape too. However, in realistic GaAs/AlxGa12xAs het-
erostructures the confining potential is not harmonic, and
energy spectrum must be obtained through self-consis
calculations.22,27

The case of the energy spectrum of a two-dimensio
electron gas, in semiconductor inversion layers, when
magnetic field is exactly parallel to the spatial-charge lay
has been treated analytically in Ref. 28, where specific
pressions for the resulting hybrid electric-magnetic subba
were obtained. The triangular-well approximation of t
electrostatic potentialU5Fsz, whereFs is the surface elec-
tric field, was introduced together with the conditions:FW sizW

andBW ixW . Departing from Eqs.~1! and ~2!, and by introduc-
tion of the ansatzC(x,y,z)5D(z)exp(ikxx1ikyy), the en-
ergy eigenvalues were found to be

E

\vc
5

kx
2l B

2

2
2

kD
2 l B

2

2
1S n i1

1

2D1~kDl B!~kyl B!, ~5!

whereD(z) accounts for the motion alongz direction and
kx , and ky are the wave vectors alongx and y directions,
respectively,z05 l B

2(ky2kD) is the center of coordinates o
motion, l B5(\/eB)1/2, is the cyclotron radius,kD5mF/\B
is the wave vector of the drift velocity,n i is an index, which
in general case, is a function of the center coordinatez0 / l B
and subband indexi, \ is the reduced Planck constant, an
vc is the cyclotron frequency.
4-2
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The parameterkDl B is introduced as a measure of th
ratio of the electrostatic energyeFsl B to the cyclotron energy
\vc . This parameter can also be expressed as function o
characteristic lengths:

kDl B5
eFsl B

\vc
5

1

2 S l B

L D 3

, ~6!

where L5(\2/2m* eFs)
1/3 is the average width of the 2D

electron layer.
As in our samples we have only one electric occup

subband the energy spectrum can be considered only
ground hybrid subband andi 50. WhenkDl B@11 electric
quantization is the predominant effect, and magnetic fi
leads to the small anisotropy and diamagnetic shift of
spectrum, in the magnetic limit, defined askDl B!11, when
the magnetic energy is much larger than the electrostatic
ergy, or in other words, the thickness of the 2D layer is lar
than the magnetic length, the energy spectrum beco
strongly anisotropic and Fermi contour has an egg shap
rough estimation of the parameterkDl B for realistic GaAs
heterostructures is obtained from the valuesL541 Å, and
l B549 Å at B528 T, which giveskDl B50.8. This means
that the electrostatic and magnetic quantization are equ
important in our samples atB528 T. The magnetic limit
condition kDl B!11 can be estimated approximately b
kDl B50.1 that can be reached, only, for applied magne
field of the orderB5112 T that is larger than we used in o
experiments. From this argument we can conclude that
application of a parallel magnetic fields up to 28 T, in thex
direction, cannot lead to the fully quantization of they andz
components of momentum, therefore the motion inx-y plane
remains continuous, the Fermi contour is fairly anisotrop
and it is still possible to treat the electron dynamics clas
cally.

Self-consistent calculations confirm the existence of
significant differences between results for the parabolic c
fining potential and realistic potentials fo
GaAs/AlxGa12xAs heterojunctions,26 however, elliptical-like
and oval-like trajectories should lead to completely differe
chaotic dynamics in two-dimensional electron billiard sy
tems. For the simulations of the classical electron dynam
in our samples we have used the self-consistent results
tained in Ref. 27, for the Fermi contour, of simila
GaAs/AlxGa12xAs heterostructures.

B. Model for electron dynamics in antidot arrays

In the following we will consider the classical approxim
tion for the dynamics of an electron in a two-dimension
~2D! potentialU2D(x,y) and in perpendicular magnetic fiel
BW 5(0,0,Bz). The Hamiltonian of an electron confined to th
x-y plane by a potentialV2D(x,y) is found to be

H5
1

2m*
~pW 2eAW !21U2D~x,y!, ~7!

where the potential vector is written as
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2
,0D . ~8!

Following the approximation proposed by Fleishmann a
co-workers,15 the antidot potential is modelated by the e
pression

U2D~x,y!5U0FcosS px

a D cosS py

a D Gb

, ~9!

where b controls the stepness of antidots,U0 defines the
strength of the antidot potential, anda represents the period
of the antidot lattice. Using a soft-wall approximation w
choose b56→8 for the lattice with period a50.5
→1.0 mm andb510→12 for a51.5→2 mm. In order to
avoid computational difficulties in calculating the electro
dynamics we use dimensionless variables:

H̃5
H

EF
, Ũ5

U

EF
, x̃5

x

a
, ỹ5

y

a
, t̃ 5

t

t0
, ~10!

whereEF is the Fermi energy.
As a unit to scale time, we uset0

t05S m* a2

2EF
D 1/2

, ~11!

which corresponds to the time that an electron delay in tr
eling a distancea at the Fermi speed. The magnetic field w
scaled by

B05
2~2m* EF!1/2

ea
, ~12!

whereB5B0 corresponds to a cyclotron radius of half th
length of the perioda of the artificial lattice. The equation
of motion, omitting tildes, are given by

ẋ52S px1
B

B0
yD , ~13!

ẏ52S py2
B

B0
xD , ~14!

ṗx5
B

B0
ẏ2

]U

]x
, ~15!

ṗy52
B

B0
ẋ2

]U

]y
. ~16!

The numerical integration of these equations of motion
lows us to study the electron trajectories in phase space
means of the Poincare´ surfaces of sections. In order to ca
culate the magnetoresistance we used classical lin
response theory, because the 2DEG in antidot lattices is
sentially a conservative system where the application o
small external electric field produces a heating, which i
quadratic term in the electric field avoiding, eventual
steady-state currents to form.7 In this way the Ohmic con-
ductivity s i j is proportional to the diffusivity and is given
by the expression29
4-3
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s i j 5
Nse

2

EF
E

0

`

^y i~ t !y j~ t50!&Ge2t/tdt, ~17!

whereNs is the electron concentration,EF is the Fermi en-
ergy, ^v i(t)v j (0)&G is the velocity-velocity correlation func
tion double averaged over phase spaceG, the indicesi and j
stand for thex andy direction, respectively. The presence
impurity scattering is included through the electron me
scattering timet, where the probability of an electron no
suffering a collision within the time interval@0,t# is given by
e2t/t.

From the numerical computation of the conductivity te
sorssxx and sxy , as a function of the perpendicular ma
netic field, we are able to determine the longitudinalrxx and
transverserxy resistivities through the expressions

rxx5
sxx

sxx
2 1sxy

2
, ~18!

rxy5
sxy

sxx
2 1sxy

2
. ~19!

In order to calculate conductivity, we generate an ensem
of electron trajectories, uniformly distributed inside a squ
region of one period side~distribution of starting points in
the unit cell!, which encircles the antidot located at the orig
of coordinates. From each point of this region we star
5000 electron orbits generated by random initial conditio
~angular distribution around each start point!.

C. Model for the electron dynamics in antidot arrays
with tilted magnetic field

In order to take account of the effects of parallel magne
field, on the dynamics of the 2DEG, we avoid the difficulti
of self-consistent calculation, and instead, we introduce
effects of the Fermi contour distortion as a systematic va
tion of the electron effective mass in thex andy directions.
This is done in order to preserve the area of the Fermi
face. In this way Eq.~7! can be written, using the sam
gauge as in Eq.~8! by

1

2mx*
H px1

eBy

2 J 2

1
1

2my*
H py2

eBx

2 J 2

1U2D~x,y!,

~20!

wheremx* andmy* are the components of the effective-ma
tensor in thex and y directions. The Fermi energy will be
given by

1

2
m* $aVFx

2 1bVFy
2 %, ~21!

wherea andb are two parameters that we introduce in ord
to fit the data of Ref. 22 for the Fermi circle,VFx andVFy are
the components of the Fermi velocity along thex andy di-
rections, respectively. By using the same substitutions a
Eq. ~10!, the Hamiltonian for this case reads
03532
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a H a
dx

dt
1

B

B0
yJ 2

1
1

b H b
dy

dt
2

B

B0
xJ 2

1U2D~x,y!.

~22!

Equation~22! will produce a elliptical Fermi contour for the
2DEG, in order to account for the proper ‘‘egglike’’ shape w
have added, to this equation, a perturbation termg of the
kind

g5h
1

a H a
dx

dt
1

B

B0
yJ 4

, ~23!

whereh, is also a parameter, chosen to be small enough
applied only for positive, predetermined, values ofẋ. The
introduction of this term together with the parametersa and
b, allows to fit the extrapolated data of Ref. 21 for the prop
egglike Fermi contour. In this way the equations of moti
read

ẋ5S apx1
B

B0
yD1g, ~24!

ẏ52S bpy2
B

B0
xD , ~25!

ṗx5
B

B0b
ẏ2

]U

]x
, ~26!

ṗy52
B

B0a
ẋ2

]U

]y
. ~27!

The integration of this system of equations, generated b
proper egglike Fermi contour coherent with the subband p
files obtained by self-consistent calculations, allows us
obtain the magnetoresistance of the antidot system in 2D
in the presence of almost parallel magnetic field. Figure
shows four curves of the Fermi velocity, in real space,
two-dimensional electrons in the presence of increasing
allel magnetic field from 0 T up to 28 T, these curves we
obtained with the approximation described above.

III. DISCUSSION OF THE RESULTS

A. Poincaré surfaces

Following the models for the electron dynamics in pe
pendicular magnetic field and our approximation for tilt
field, we first, calculate the Poincare´ maps for the particular
case of an antidot diameter at the Fermi energy ofd
50.23a, which approximately corresponds to the experime
tal case of our sample witha50.5 mm. A Poincare´ surface
of section aty5y0 is the intersection of the energy surfac
with the planey5y0. Figure 2 shows three Poincare´ surfaces
of the section at@y(mod1)50# for B/B051 in the smooth
potential generated for 30 randomly chosen initial con
tions. In the upper part, marked with~a!, we have the case o
a surface of the section for perpendicular magnetic field. I
possible to observe several islands aroundx50.5 surrounded
by a chaotic sea. The islands correspond to regular mo
4-4
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FIG. 1. ~a! Real-space velocity, at the norma
ized Fermi energy, for the 2DEG in perpendicul
magnetic field,~b!, ~c!, and ~d! show the distor-
tion produced in the Fermi velocity by effect o
increasing parallel magnetic field (Bi510 T, 20
T, and 28 T!.
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and, according to the Kolmogorov-Arnold-Moser theorem30

represent the intersections of invariant tori for cyclotron
orbits with (Rc5a/2) revolving around the single antido
located at (x,y)5(0,0). These kind of orbits are known a
rosettelike and can be periodic or quasiperiodic.15 The sec-
ond figure, marked~b!, corresponds to a surface of the se
tion, at @y(mod1)50#, with the same initial conditions a
the previous figure, this time we have a parallel magne
field componentBi of 10 T applied on the electron gas. It
possible to observe a severe transformation of the elec
dynamics when the in-plane magnetic field is applied. B
cause of the distortion of the shape of the cyclotron orb
there is an increment on the degree of chaos of the sys
and, due to this effect, most of the islands of regular mot
disappear. The lower figure~c! illustrates the Poincare´ sur-
face of the section, at@y(mod1)50#, with the same condi-
tions as the two previous, this time when a magnetic fi
with a parallel component of 20 T is applied on the 2DE
This strong field highly distorts the electron trajectories
thex andy directions due to the elliptical shape of the Fer
line, producing an enhancement of chaos in phase sp
Most of the regular islands completely disappear and inst
there are several closed loops with different shapes belo
ing to some invariant tori whose intersections w
@y(mod1)50# are shown on the left part of the figure. W
are also able to observe an increment of drifting trajecto
that appear in the surface of section as nonclosed curve
as islands surrounded by a self-similar hierarchy
cantori.7,31 The effect of shrinking of the area correspondi
to stable motion is due to the increase of the cyclotron dia
eter on thex direction, as the commensurability conditio
2Rc5a is lost some regular orbits will inevitably change
chaotic due to backscattering with neighboring antido
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These two effects: the increasing of the number of drifti
trajectories, and the enhancement of chaos in phase s
can be responsible for the broadening of the commensura
ity peaks when the 2DEG is in the presence of parallel m
netic field.

Due to the anisotropy of the Fermi contour in thex andy
direction it is also necessary to look at the electron dynam
in they direction, so in Fig. 3 we have plotted three Poinca´
surfaces of the section at@x(mod1)50# for B/B051 for the
same antidot diameter at the Fermi energy, that in the pr
ous figure. In Fig. 3~a! we will see again the surface of th
section for the 2DEG in perpendicular magnetic field. Wh
we compare with Fig. 2~a! with Fig. 3~a! we find no signifi-
cative differences, between these two maps, because o
isotropy of diffusion along longitudinal and transverse dire
tions. In part~b! and~c! we observe again an increase of t
degree of chaos in the system, when the parallel compo
of the field is applied, some regular trajectories disapp
and other are found. AtBi510 T, for example, the main
difference is that the region of stability surrounded by t
intersection of invariant tori differs significatively from Fig
2~b! due to a shrinking alongy direction. From comparison
between Figs. 2 and 3 it is possible to observe that due to
distortion of the Fermi velocity of electrons along thex and
y directions it also introduced an anisotropy of diffusio
along transverse and longitudinal directions, which is ma
fested by a different electron dynamics.

In Fig. 4, we show typical periodic and quasiperiodic tr
jectories, calculated by means of the model for the elect
dynamics in perpendicular magnetic field, for differet valu
of the ratioB/B0 and a ratio of the antidot diameter, at th
Fermi energy, to the artificial lattice period ofd/a50.23.
These kind of orbits result from an isotropic Fermi veloc
4-5
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alongx andy directions. In order to compare, schematical
the evolution on the electron dynamics, in antidot latti
subjected to in-plane magnetic field, Fig. 5 shows some re
lar electron trajectories resulting from the application of
creasing parallel magnetic field on the 2DEG. Trajector
marked with numbers 1, 2, and 3 correspond to the condi
B/B051 and to a ratiod50.23a. More specifically those
orbits signed with 1 correspond to a parallel componentBi of
10 T, those marked with 2 correspond toBi520 T, and
trajectories withBi528 T are signed by 3. Besides trapp
orbits there are different kinds of ‘‘run-away’’ trajectorie
that evolve regularly between neighboring antidots incre
ing the diffusion along the longitudinal direction. This ne
kind of diffusive trajectories is only possible due to th
asymmetric egglike shape of the Fermi contour.

FIG. 2. Poincare´ surfaces of the section in the rectangular an
dot lattice aty(mod1)50 for B/B051 and d50.23a for ~a! Bi
50 T, ~b! Bi510 T, andBi520 T.
03532
,
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B. Calculated magnetoresistance

Following the analytical models described above we a
calculated the magnetoresistance for the 2DEG, in the p
ence of perpendicular magnetic field, and the behavior
such orbits with increasing in-plane magnetic field. Figure
depicts the results of the calculations. In Fig. 6~a! we show
the normalized magnetoresistancerxx /rxx0 as a function of
the normalized magnetic fieldB/B0. The first curve in the
lower part corresponds to the application of perpendicu
magnetic fieldQ590°, and the next consecutive curves t
ward the upper part, correspond to the application of incre
ing parallel component of the field. All curves were shifte
vertically in order to show clearly the evolution of the sh
and broadening of the peaks together with the arising of
proposed structure. The calculations correspond, also to
antidot cross section at the Fermi energy, ofd50.23a that is

- FIG. 3. Poincare´ surfaces of the section in the rectangular an
dot lattice atx(mod1)50 for B/B051 and d50.23a for ~a! Bi
50 T, ~b! Bi510 T, andBi520 T.
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CHAOTIC ELECTRON DYNAMICS IN ANTIDOT . . . PHYSICAL REVIEW B 66, 035324 ~2002!
approximately the experimental situation of the sample w
a50.5 mm. In Fig. 6~b! we show two calculated magnetor
sistance curves for a cross section, at the Fermi energ
d50.1a. This corresponds to the experimental situation
our designed sample witha51.0 mm. The lower curve cor-
responds to the application of perpendicular magnetic fi
and the other to the application of a parallel component of
T. From the calculations shown in Fig. 6 we have observe
broadening and a shift of the commensurability peaks. T
anisotropy of the electron magnetic focusing effect32 must be

FIG. 4. Common electron trajectories, which develops in ph
space in antidot lattice subjected to perpendicular magnetic fi
~1! for 2Rc5a, ~2! 2Rc,a, and~3! 2Rc.a.

FIG. 5. Some regular trajectories, in tilted magnetic field,
B/B051 and~1! Bi510 T, ~2! Bi520 T, and~3! Bi528 T.
03532
h

of
f
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8
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e

responsible for this effect. The lattice separation betwe
neighboring antidots, along either direction, acts like
injector/collector of electrons, the peaks on the resitivity
sult from the commensurability between the cyclotron dia
eter and the lattice constanta. As the in-plane component o
the field is increased the matching condition is severely
tered, in thex andy directions, as a consequence the deg
of chaos in phase space is also increased and the p
broaden and shift, and this phenomena increases as the
d/a diminishes. We have also analyzed, by means of Po
caré surface of the section, the effect of the arising of t
additional commensurability peak. In order to compare
have calculated a surface of section at@y(mod1)50# for the

e
d,

r

FIG. 6. ~a! Calculated magnetoresistancerxx /rxx0 for a 2DEG
in antidot lattice with a ratiod/a50.23. We show the evolution o
the commensurability peaks as a function of the increment of
in-plane component of the magnetic field. The curve at bott
~solid line! corresponds to the application of perpendicular fie
Q590°, and the uppermost curve corresponds to the applicatio
a parallel component ofBi;28 T (Q;0.54°). Curves for tilted
field were shifted upward for a better view.~b! Calculated magne-
toresistance in perpendicular and tilted magnetic field for a ra
d/a50.1.
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N. M. SOTOMAYOR CHOQUEet al. PHYSICAL REVIEW B 66, 035324 ~2002!
same ratiod50.23a corresponding to our sample with lattic
constanta50.5 mm, this time for a normalized magneti
field B/B050.5 that corresponds approximately to the co
mesurability conditionRc5a. The results are shown in Fig
7, in the upper part~a! we have the surface of section fo
perpendicular magnetic field, and at bottom~b! we have the
map for the case of the application of;28 T parallel com-
ponent of the magnetic field. For the case of perpendic
field most part of the surface of section corresponds to c
otic motion, this is in accord with calculations performed
Flieber et al.7 for the phase-space volume of cyclotron tr
jectories with approximately similar ratio and commensu
bility condition Rc5a. There are also two islands of regul
motion on the Poincare´ surfaces of the section correspondi
to trajectories trapped between four antidots that correspo
to a fixed point of hyperbolic type,30 these kind of orbits are
unstable under the application of a small electric field turn
to chaotic or driftinglike trajectories. When a strong in-pla
component of the magnetic field is applied the surface of

FIG. 7. Poincare´ surfaces of sections in the rectangular antid
lattice at y(mod1)50 for B/B050.5 and d50.23a for ~a! Bi
50 T, ~b! Bi528 T.
03532
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section at@y(mod1)50# is strongly modified. As can be
seen, in Fig. 7, a large fraction of phase space is now oc
pied by periodic and quasiperiodic orbits, also, there is
increment of drifting trajectories when compared with t
Poincare´ surface for perpendicular magnetic field, this ty
of orbits must be responsible for an enhancement of di
sion at low magnetic field and also for the arising of t
additional peak. Also, we have several invariant tori but th
correspond to trajectories that do not contribut to the cond
tivity, because they are pinned by the antidot and do
respond to a weak electric field.11 Figure 8 shows a schem
of some regular trajectories, which develop, in phase sp
whenB/B050.5 andBi528 T.

IV. EXPERIMENTAL RESULTS

A. Fabrication of samples and experimental technique

The four antidot samples were fabricated from a hig
mobility GaAs/AlxGa12xAs heterojunction. These hetero
structures were grown by molecular-beam epitaxy with
following configuration: over a~100! semiinsulating GaAs
substrate was deposited a 1.0mm GaAs buffer layer, fol-
lowed by 20 AlAs5GaAs10 periods~where 5 and 10 stand
for the number of monolayers of each material!, over this
superlattice was grown an undoped 9000-ÅGaAs layer
lowed by 3 AlAs monolayers, 800 Å of a Si dope
Al0.3Ga0.7As layer, and finally a 100 Å of a Si doped GaA
layer. After growing, a 50-mm-wide Hall bar was patterned
for each sample by means of conventional techniques, the
rectangular array (100350 mm), of circular-shaped artifi-
cial scatterers was superimposed over the poly~methyl meth-
acrylate! ~PMMA! layer of each bar through high-energ
electron-beam lithography. The antidot lattice perioda was
chosen to be 0.5, 1.0, 1.5, and 2.0mm for each sample. The

t

FIG. 8. Some regular trajectories, in tilted magnetic field,
B/B050.5 andBi528 T.
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CHAOTIC ELECTRON DYNAMICS IN ANTIDOT . . . PHYSICAL REVIEW B 66, 035324 ~2002!
antidot pattern was transferred across the GaAs/AlxGa12xAs
interface by plasma etching. The physical diameter of
antidots dlith is approximately 0.1mm. Before patterning
the electron mobilityme , of the samples range betwee
0.6106 and 1.0106 cm2/V s. For the application of high mag
netic fields we used the European facility of the LCMI
CNRS in Grenoble. All measurements were performed at
temperature of 1.5 K, we employed lock-in technique
detection with an ac current not exceeding 1026 A, the dis-
tance between potentiometric probes is 100mm. Longitudi-
nal and transversal resistance were simultaneously reco
for different angles between magnetic field and the subst
plane using anin situ system for rotation of the samples. W
used Hall effect for the determination of the angle with
presicion of 0.05°.

B. Magnetoresistance measurements

In order to develop our experiment we first perform
resistivity rxx measurements, for each of the four sampl
with the magnetic-field vectorBW applied perpendicularly to
the plane of the 2DEG. Then, for each sample, we begin
rotate the sample, in steps, in order to increase the par
component of the magnetic field along the surface of
sample, Fig. 9 shows a scheme of the sample with the a
of rotation (Q). After each step of rotation a new resistivi
measurement was done. As the perpendicular compone
the magnetic fieldB' decreases we applied up to 28 T
record the evolution of the peaks when the samples wer
almost parallel magnetic field. Figure 10 shows the mag
toresistance measurements, for the samples with perioa
51.0 mm anda50.5 mm, taken at the temperature of 1
K, after a brief illumination, and as a function of the in-pla
component of the magnetic field. For comparative reaso
we have normalized each magnetoresistance curve, first,
respect to the perpendicular component of the magnetic
B sin(Q), with the aid of the Hall resistance measureme
rxy , and second in relation to the resistivity in zero field.Q

FIG. 9. Schematic view of a sample, containing an antidot
tice in a Hall bar. We show the configuration for tilted magnet
field measurements.Q590° corresponds to perpendicular config
ration andQ50° corresponds to the magnetic field parallel to t
sample surface and also to the electric current.
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is the angle between the magnetic-field vectorBW and the
surface of the sample. From Fig. 10 we can see that in
pendicular magnetic field (Q590°) we observe two pro-
nounced commensurability peaks. The peak on the right,
each sample, correspond to the so-called condition 2Rc5a
the other peak corresponds toRc>1.8a, for the sample with
a51.0 mm, and Rc>1.7a, for the sample with a
50.5 mm. Rc stands for the classical cyclotron radius at t
Fermi energy and is given byRc5\A2pNs/eB. The two-
dimensional Fermi energy, given byEF5(eBRc)

2/2m* , is
'12.0 meV and '16.6 meV for samples with a
51.0 mm and a50.5 mm, respectively. Table I summa
rizes these data as well as the electron sheet densityNs and
electron mobilityme , after patterning, for all samples.

-

FIG. 10. Normalized experimental magnetoresistance d
(rxx /rxx0) taken at the temperature of 1.5 K, for antidot lattice
2DEG, as a function of the normalized perpendicular magnetic fi
(B/B0), and also of the angleQ. In ~a! for the sample witha
51.0 mm, and in~b! for a50.5 mm.
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N. M. SOTOMAYOR CHOQUEet al. PHYSICAL REVIEW B 66, 035324 ~2002!
As a first view it is possible to observe a strong broad
ing and also a shift of the main commensurability peak,
the case of the two samples, when the in-plane compone
the magnetic field is steadily increased. It is also possibl
observe, a more pronounced broadening, for the case o
sample with the larger period (a51.0 mm). Besides the ef-
fect of broadening and shifting of the peaks we can obse
also, for the sample witha50.5 mm the arising of an addi-
tional commensurability peak that is located at a exact p
tion corresponding to the commensurability conditionRc
5a. Only the sample with the shortest period, and hig
ratio d/a, showed this observed structure. This observatio
in accordance with our calculations ofrxx in tilted magnetic
field, and we attribute this phenomena to the enhanceme
diffusion by the arising of regular trajectories at low ma
netic field, as was shown from the analysis of the Poinc´
surfaces of sections. These observed regular orbits do
exist in the presence of perpendicular magnetic field and
come possible due to a steady change in the shape o
electron trajectories from circular to egglike because of
Fermi contour distortion in parallel magnetic field. The effe
of shifting, of the commensurability peaks, can be explain
by the elliptical shape of the electron trajectories, produ
by the anisotropy of the Fermi contour in thex andy direc-
tions. This phenomenon can be seen as an increase o
crease of the electron effective mass (mx* ,mx* ), along these
directions, as shown by calculations in Sec. III. Very recen
a shift of commensurability peaks toward lower values of
perpendicular magnetic field was observed by Pogo
et al.33 in antidots in 2DEG. They explained the effect by
change of the electron effective mass alongy direction by the
application of a strong parallel magnetic field. We also arg
that the strong broadening of the commensurability pea
which is observed for antidots with periodsa.1 mm, is
explained, in an appropriate way, by an egglike Fermi c
tour. The egg shape of the Fermi contour produces elec
trajectories with different shapes than those produced by
isotropic Fermi contour. As a consequence the magnetic
cusing effect, which is mainly responsible for the regu
circular orbits in antidot lattice,25 is modified. Therefore
these experiments give us information about the shape o
Fermi contour, which is not possible to obtain from the
fective cyclotron mass measurements.27 Figure 11 shows the
comparison between the calculated and experimental shi

TABLE I. Position of the commensurability peaks in perpe
dicular magnetic field~peak1 corresponds to 2Rc5a), electron con-
centration, electron mobility, and 2D Fermi energy for each sam
periodicity.

a(mm) 0.5 1.0 1.5 2.0

Peak1(T) 0.48 0.20 0.13 0.10
Peak2(T) 0.14 0.05 0.06 0.05
Peak2(Rc /a) 1.70 1.80 1.20 1.17
Ns(1011 cm22) 5.2 3.7 3.6 3.9
me(105 cm2/V s) 4.4 3.6 2.9 4.0
EF(meV) 16.6 12.0 11.5 12.5
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the main commensurability peak, relative to the position
the mean peak in perpendicular magnetic field, atBi
528 T as a function of the lattice perioda and for each
designed sample. The relative shifting shows an increas
behavior from 0.5mm up to 1.5 mm where it reaches its
maximum value and then falls rapidly fora52.0 mm. The
shift of the peaks can be attributed to an increase of
diameter of the electron trajectories along thex direction,
when the in-plane component of the magnetic field is
creased. This effect changes steadily the commensurab
conditionRc/25a to higher values of the magnetic field. A
can be seen for Fig. 10 the relative shift increases for
sample witha51.5 mm and then it begins to decrease f
shorter periods. As pointed out by Ando and co-workers34

for antidot lattices with large aspect ratio, the correlati
between the electron motion before and after a collision w
an antidot becomes more appreciable, so a larger aspect
corresponds to a small antidot perioda and therefore to a
narrow spacing between nearest-neighbor antidots, that c
be the nature of the decreasing of the relative peak shift
shorter periods.

V. SUMMARY

We have studied, through computational simulations a
experimental measurements, the chaotic electron dynam
in arrays of antidots in patterned GaAs/AlxGa12xAs hetero-
structures, containing the 2DEG, when subjected to incre
ing in-plane magnetic field. From the analysis of the Poic´
surface of the sections and magnetoresistance calcula
we attribute all these phenomena to the Fermi contour
tortion induced by the high in-plane magnetic field.
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FIG. 11. Experimental~squares! and calculated~triangles! shift,
in parallel field at 28 T, of the main commensurability peak relat
to the peak position in perpendicular field, as a function of
antidot lattice perioda.
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