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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.
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[. INTRODUCTION been attributed to regular trajectories colliding ballistically
with a single antidot?® In cross-shaped antidot lattices sev-

During the past decade the antidots arrays in semicondue@ral types of regular trajectories, simultaneously trapped in
tor heterostructures, which contain the two-dimensional electhe potential minimum between four crosses, can be respon-
tron gas(2DEG), was a model system that allowed to study sible for main maximum in the magnetoresistafftBecause
the chaotic classical dynamics in condensed-mattethe dynamics of the 2DEG in antidot lattice is extremely
physics'~® This system has been considered as an expersensitive, to external parameters, it is also possible to check
mental realization of the theoretical model of the billiard of the influence of internal parameters such as electron energy
Sinai! The chaotic dynamics of the 2DEG in antidot lattices and dispersion on the particle trajectories.
with different pattern shape and periodicity configuration has Recently it has been predicted that the Fermi contour of
been studied principally in the presence of magnetic fieldhe 2DEG, which is originally isotropic, can be distorted by
directed perpendicularly to the surface of the sampfes!  the in-plane magnetic fieféh:22 Therefore a technique utiliz-

The motion of electrons h:;\s also been investigated irpng 2D array of antidots could, in principle, be used to de-
phase space by means of Poincaueface of _SeCtiO”g-’lz'ﬁ termine the anisotropy of the Fermi contour of the 2D elec-
In these maps periodical and quasiperiodical orbits can bg,, gas subject to in-plane magnetic field. This distortion of
identified as islands, in phase space, surrounded by a chaofite Fermj surface in the 2DEG has been studied by cyclotron

sea. Regular electron orbits lead to anomalous peaks in t%sonance in the infrared region of the optical spetttam-

magnetoresistance, which are the so-called commensurabjl-, . . damping of Shubnikov-de Haas oscillat@hand

ity peaks. In square antidot lattices last maximum appears 'magnetic electron focusing effet has been shown that

resistivity when the cyclotron diameterRg, is equal to the . .
. . the asymmetry of the confinement potential of the 2DEG,
period of the array. Depending on the array geometry these combined with the tilted magnetic field, lead to the egglike

maxima have been attributed to the existence of pinned o

bits around groups of antidot<® or runaway trajectories Fermi contour due to an increase of the electron effective
skipping regularly from one antidot to anotHét” 18 Fleis- mass?® In the quasiclassical picture the electrons move along

chmann, Geisel, and Ketzmeritkthrough theoretical calcu- real-space trajector_ies with orbit shapes _that are similar to the
lations, demonstrated that the commensurability oscillationghape of the Fermi contour, therefore, it could be expected
are mainly produced by the correlation function of unper_that the chaotic dynamics of 2D electrons in antidot lattice
turbed chaotic motion that reflected the presence of nonlineatnder tilted magnetic field will be modified.

resonances. According to this theory chaotic trajectories In this paper, we present, the results of our study on the
trapped temporarily in the vicinity of regular islands, at com-evolution of the electron dynamics in antidots arrays, in a
mensurate values d3, are responsible for the main contri- two-dimensional system, when subjected to an increasing in-
bution for the magnetoresistanpe, peaks® Regular orbits  plane magnetic field. Through the analysis of the calculated
also strongly depend on the shape of the antidots, in this wayoincaresurfaces of the section, for different values of the
in elliptically shaped antidots magnetorsistance peaks havgarallel component of the field, we found a strong transfor-
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mation of the electron dynamics, and evolution of the com- 1 p2 p2
mensurability peaks of the longitudinal resistivity,. Sev- H= (py—€B2)?+ ——+——+V(2). (3
eral regular trajectories, which are not observed in 2m* 2m*  2m

perpendicular magnetic field, appear and lead to enhance- _
ment of diffusion in the longitudinal direction. We compare _ The energy spectrum is formed by subbands and the

our calculatations with experimental magnetotransport datgigenenergiess,(k,ky), n=0,1... arefunctions of the
obtained for antidots arrays, with different lattice periods, inquasicontinuous wave vectoks andk, . For the particular
high mobility GaAs/AlGa,_ ,As samples. case of a parabolic potentisl(z) = m* Q1272, the eigenen-

The samples were subjected to increasing in-plane mag2rdies can be found, explicitly, in analytic foffn
netic field up to 28 T, this produces a shift of the magnetore-
sistance commensurability peaks toward higher values of the E _
magnetic field, and also a strong broadening as the in-plane n(Px:Py) =
component of the field increases. Also, we observed a com-
mensurability peak, corresponding to the conditRp=a,  where n=0,1, ..., Z)z(w§+ 0%¥2 o.=le|B,/m*, and

for the sample with the shortest period, in presence of almo%* —m* »2/Q2, is the induced effective mass for tigom-

parallel magnetic field. We attribute all these phenomena t?)gnent of the electron motion, which grows wi
the distortion of the Fermi contour in the two-dimensional For the particular case of 6ur samples we ha.ve only the

electron gas subject to in-plane magnetic field. lowest energy subband occupied, so in &y, n=0. We see,

out-:—i::g gadp:;clrsi ?irg]r?glfthdea;iefg:lrzvr:lii’ ért]rusc?[irél Qmeebzrggéthat the in-plane magnetic field influences the electron mo-
. ption o tion in z andy directions and does not change the motion in
in the presence of tilted magnetic field. In Sec. IIB we de-

) . ) x direction. Inz direction the eigenenergy of the harmonic
scribe the analytical model employed to simulate the electron _ - . ~
llator in zero field;% () is changed tGi % w. In the x-y

dynamics in antidot lattices in the presence of perpendicula®SC! 15 Lhafl .
magnetic field. In Sec. IIC, we explain the analytical ap_plane the parallel magnetic field induces the new effective

proximation developed to simulate the electron motion in 2DMassmy for they component of the electron motion. There-
antidot lattice subjected to tilted magnetic field. In Sec. I11fore the Fermi contour is distorted from circular shape to an
we discuss the results for the calculated Poincamdace of €lliptical shape due to an increase of the cyclotron effective
sections in perpendicular and tilted magnetic field and also of?@ss in comparison with the originally circular shape, the
the evolution of the calculated magnetoresistance commer€ason is that the cyclotron mass is determined in quasiclas-
surability peaks in the presence of increasing parallel magsical approximation by the Fermi arég surrounded by the
netic field. In Sec. IVA we present a description of the Fermi contoum,= (#2/2m)(d A /dE). Corresponding elec-
samples fabricated for this work and also of the experimentalfon trajectories in parallel magnetic field should have ellip-
setup employed. In Sec. IVB we show the results of ourtical shape too. However, in realistic GaAs/Bk _As het-
experimental magnetotransport measurements and make€gostructures the confining potential is not harmonic, and the

discussion of the results comparing them with those obtaineBN€rgy spectrum must be obtained through self-consistent
by simulations. calculations®

The case of the energy spectrum of a two-dimensional
electron gas, in semiconductor inversion layers, when the

~ 1, 1
Bt ol —pf, @
y

1
n+§

IIl. THEORETICAL MODEL FOR ANTIDOT ARRAYS magnetic field is exactly parallel to the spatial-charge layer,
SUBJECT TO IN-PLANE MAGNETIC FIELD has been treated analytically in Ref. 28, where specific ex-
A. Electronic structure in parallel magnetic field pressions for the resulting hybrid electric-magnetic subbands

were obtained. The triangular-well approximation of the
. . ) electrostatic potentidl = F¢z, whereF is the surface elec-
ing a 2DEG to a plane perpendicular to theaxis. If the ic field introduced togeth ith th ditiof ”»
magnetic fieldB=B, lies along thex direction, the Hamil- fic Tield, was introduced together wi e conditiofs|z

tonian of an electron confined to they plane by a potential andB|x. Departing from Eqs(1) and(2), and by introduc-
V.(2) is found to be tion of the ansatzV(x,y,z) = D(z)explkx+iky), the en-
ergy eigenvalues were found to be

We consider GaAs/AlGa,_,As heterostructures confin-

- N 212 212
(P+qA2+V(2), (1) E _Kkls_kolg
hwe 2 2

1
|-|=2 +(kplg)(kylg), (5

m*

1
Vi+§

whereD(z) accounts for the motion along direction and

k., andk, are the wave vectors alongandy directions,

respectively,zozlé(k —kp) is the center of coordinates of

motion,IBz(h/eB)l’zv, is the cyclotron radiuskp,=mF/%AB

R is the wave vector of the drift velocity; is an index, which
A=(0,—-B,z,0). (2)  in general case, is a function of the center coordizatés

and subband indek # is the reduced Planck constant, and
In an explicit way the whole Hamiltonian is written as . is the cyclotron frequency.

wherem* is the electron effective masﬁ,is the momentum

operatorg is the carrier charge, anilis the potential vector
chosen to be of the form
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The parametekplg is introduced as a measure of the R By Bx
ratio of the electrostatic energyF4l g to the cyclotron energy =T 7.0 (8)

hwe . This parameter can also be expressed as function of the
characteristic lengths: Following the approximation proposed by Fleishmann and

co-workers:® the antidot potential is modelated by the ex-

3 pression
) : (6)
{743
co§ —|cog —
where L= (#2/2m* eF,)? is the average width of the 2D a a
electron layer. where B controls the stepness of antidotd, defines the
As in our samples we have only one electric occupiedstrength of the antidot potential, amdrepresents the period
subband the energy spectrum can be considered only f@f the antidot lattice. Using a soft-wall approximation we
ground hybrid subband arid=0. Whenkplg>+1 electric  choose B=6—8 for the lattice with period a=0.5
quantization is the predominant effect, and magnetic field-1.0 um andf=10—12 fora=1.5-2 um. In order to
leads to the small anisotropy and diamagnetic shift of theavoid computational difficulties in calculating the electron
spectrum, in the magnetic limit, definedlasig<+1, when  dynamics we use dimensionless variables:
the magnetic energy is much larger than the electrostatic en-

B

Uop(X,y)=Ug , 9

ergy, or in other words, the thickness of the 2D layer s larger o _ H U= u -~ x -y T t (10

than the magnetic length, the energy spectrum becomes = = =z YT T o'

strongly anisotropic and Fermi contour has an egg shape. A ) ,

rough estimation of the parametkglg for realistic GaAs whereEg IS the Ferml_energy.

heterostructures is obtained from the vallies41 A, and As a unit to scale time, we usg

lg=49 A atB=28 T, which giveskplg=0.8. This means m* a2\ 12

that the electrostatic and magnetic quantization are equally T0=| SE , (11
F

important in our samples @&=28 T. The magnetic limit
condition kplg<+1 can be estimated approximately by which corresponds to the time that an electron delay in trav-
kplg=0.1 that can be reached, only, for applied magneticling a distance at the Fermi speed. The magnetic field was
field of the ordeB=112 T that is larger than we used in our scaled by
experiments. From this argument we can conclude that the
application of a parallel magnetic fields up to 28 T, in the B _2(2m*Eg)Y?
direction, cannot lead to the fully quantization of thandz 0~ ea '
components of momentum, therefore the motior-y plane
remains continuous, the Fermi contour is fairly anisotropic
and it is still possible to treat the electron dynamics classi
cally.

Self-consistent calculations confirm the existence of the
significant differences between results for the parabolic con- X=2
fining potential and realistic potentials  for
GaAs/AlLGa,_,As heterojunctiond® however, elliptical-like

(12

where B=B, corresponds to a cyclotron radius of half the
length of the periodh of the artificial lattice. The equations
of motion, omitting tildes, are given by

B
Px+ B_Oy ’ (13)

and oval-like trajectories should lead to completely different y= 2( py— Ex ' (14)
chaotic dynamics in two-dimensional electron billiard sys- ¥ Bo
tems. For the simulations of the classical electron dynamics
in our samples we have used the self-consistent results ob- . :E- _ ﬂ (15)
tained in Ref. 27, for the Fermi contour, of similar Px Bo ax’
GaAs/AlLGa, _,As heterostructures.
. B. oU 16
B. Model for electron dynamics in antidot arrays Py BoX ay "’ (19

In the following we will consider the classical approxima- The numerical integration of these equations of motion al-
tion for the dynamics of an electron in a two-dimensionallows us to study the electron trajectories in phase space by
(2D) potentialU,p(x,y) and in perpendicular magnetic field means of the Poincarurfaces of sections. In order to cal-
B=(0,0B,). The Hamiltonian of an electron confined to the Culate the magnetoresistance we .used . classiqal Iipear-
x-y plane by a potentiaV/,p(x,y) is found to be response theory, because the 2DEG in antidot lattices is es-

sentially a conservative system where the application of a
small external electric field produces a heating, which is a
H=i(5—e,&)2+U2D(x,y), ) quadratic term in the electric figld avoiding, e\_/entually,
m* steady-state currents to forfrin this way the Ohmic con-
ductivity oy; is proportional to the diffusivity and is given,
where the potential vector is written as by the expressidi
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2
+Uzp(XY).
(22)
Equation(22) will produce a elliptical Fermi contour for the

2DEG, in order to account for the proper “egglike” shape we
¢ have added, to this equation, a perturbation terrof the

_Nsesz PR . 1( dx B |2 1( dy B
gij= E|: O<vi(t)l}j(t— ))Fe t, (7) ; aa+B_0y +E ﬁa—B—OX

whereNjy is the electron concentratio&g is the Fermi en-
ergy, (vi(t)v;(0))r is the velocity-velocity correlation func-
tion double averaged over phase sphc¢é¢he indices andj
stand for thex andy direction, respectively. The presence o
impurity scattering is included through the electron mean<"

scattering timer, where the probability of an electron not 1( d B 4

suffering a collision within the time interv0,t] is given by - X (23)
Y Y=n_|« d )

e V. @ t By

From the numerical computation of the conductivity ten-
sorsoy, and oy, as a function of the perpendicular mag-
netic field, we are able to determine the longitudipgl and
transversep,, resistivities through the expressions

where 7, is also a parameter, chosen to be small enough and
applied only for positive, predetermined, valuesxofThe
introduction of this term together with the parameterand

B, allows to fit the extrapolated data of Ref. 21 for the proper
egglike Fermi contour. In this way the equations of motion

Pxx=" 2 (18) read
Oyt Oy
. B
X=| apy+=VY|+v, (29
Ty Bo
Py= 5 5 (19
Oyt Oxy _
In order to calculate conductivity, we generate an ensemble y=2<ﬂpy— B_OX)’ (25
of electron trajectories, uniformly distributed inside a square
region of one period sidéistribution of starting points in ] B . U
the unit cel), which encircles the antidot located at the origin px=ﬁy— Y (26)
of coordinates. From each point of this region we started 0
5000 electron orbits generated by random initial conditions 5 sU
(angular distribution around each start pgint p - _ X— — (27)
Y Boa™ oy’
0
C. Model for the electron dynamics in antidot arrays The integration of this system of equations, generated by a
with tilted magnetic field proper egglike Fermi contour coherent with the subband pro-

In order to take account of the effects of parallel magnetidiles obtained by self-consistent calculations, allows us to
field, on the dynamics of the 2DEG, we avoid the difficulties obtain the magnetoresistance of the antidot system in 2DEG
of self-consistent calculation, and instead, we introduce thén the presence of almost parallel magnetic field. Figure 1
effects of the Fermi contour distortion as a systematic variashows four curves of the Fermi velocity, in real space, for
tion of the electron effective mass in tikeandy directions.  two-dimensional electrons in the presence of increasing par-
This is done in order to preserve the area of the Fermi surallel magnetic field from O T up to 28 T, these curves were
face. In this way Eq(7) can be written, using the same obtained with the approximation described above.
gauge as in Eq8) by

IIl. DISCUSSION OF THE RESULTS

+Uop(X,Y), A. Poincare surfaces

1 eBy|?2 1 eBx ?
py 2

Pt =+
2m:[px 2

*
2m, (20) Following the models for the electron dynamics in per-

pendicular magnetic field and our approximation for tilted
wherem} andm} are the components of the effective-massfield, we first, calculate the Poincaneaps for the particular
tensor in thex andy directions. The Fermi energy will be case of an antidot diameter at the Fermi energy dof
given by =0.23, which approximately corresponds to the experimen-
tal case of our sample wita=0.5 um. A Poincaresurface
1 ) ) of section aty=yj is the intersection of the energy surface
Em {aVFx+IBVFy}’ 2D with the planey=Yy,. Figure 2 shows three Poincaserfaces
of the section afy(mod1)=0] for B/By=1 in the smooth
wherea and g are two parameters that we introduce in orderpotential generated for 30 randomly chosen initial condi-
to fit the data of Ref. 22 for the Fermi circlég, andVe, are  tions. In the upper part, marked with), we have the case of

the components of the Fermi velocity along thandy di-  a surface of the section for perpendicular magnetic field. It is
rections, respectively. By using the same substitutions as ipossible to observe several islands aroxwrd.5 surrounded
Eq. (10), the Hamiltonian for this case reads by a chaotic sea. The islands correspond to regular motion
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FIG. 1. (a) Real-space velocity, at the normal-
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and, according to the Kolmogorov-Arnold-Moser theorém, These two effects: the increasing of the number of drifting
represent the intersections of invariant tori for cyclotronictrajectories, and the enhancement of chaos in phase space
orbits with (R.=a/2) revolving around the single antidot can be responsible for the broadening of the commensurabil-
located at X,y)=(0,0). These kind of orbits are known as ity peaks when the 2DEG is in the presence of parallel mag-
rosettelike and can be periodic or quasiperiddifhe sec- netic field.

ond figure, markedb), corresponds to a surface of the sec- Due to the anisotropy of the Fermi contour in thandy

tion, at[y(mod1)=0], with the same initial conditions as direction it is also necessary to look at the electron dynamics
the previous figure, this time we have a parallel magneticin they direction, so in Fig. 3 we have plotted three Poincare
field componenB) of 10 T applied on the electron gas. It is surfaces of the section pt(mod1)=0] for B/By=1 for the
possible to observe a severe transformation of the electrosame antidot diameter at the Fermi energy, that in the previ-
dynamics when the in-plane magnetic field is applied. Be-ous figure. In Fig. 8) we will see again the surface of the
cause of the distortion of the shape of the cyclotron orbitssection for the 2DEG in perpendicular magnetic field. When
there is an increment on the degree of chaos of the systeme compare with Fig. @) with Fig. 3(a we find no signifi-
and, due to this effect, most of the islands of regular motiorcative differences, between these two maps, because of the
disappear. The lower figur@) illustrates the Poincarsur- isotropy of diffusion along longitudinal and transverse direc-
face of the section, dty(mod1)=0], with the same condi- tions. In part(b) and(c) we observe again an increase of the
tions as the two previous, this time when a magnetic fielddegree of chaos in the system, when the parallel component
with a parallel component of 20 T is applied on the 2DEG.of the field is applied, some regular trajectories disappear,
This strong field highly distorts the electron trajectories inand other are found. ABj=10 T, for example, the main
thex andy directions due to the elliptical shape of the Fermi difference is that the region of stability surrounded by the
line, producing an enhancement of chaos in phase spacmtersection of invariant tori differs significatively from Fig.
Most of the regular islands completely disappear and instead(b) due to a shrinking along direction. From comparison
there are several closed loops with different shapes belondsetween Figs. 2 and 3 it is possible to observe that due to the
ing to some invariant tori whose intersections with distortion of the Fermi velocity of electrons along tkend
[y(modl)=0] are shown on the left part of the figure. We y directions it also introduced an anisotropy of diffusion
are also able to observe an increment of drifting trajectorieglong transverse and longitudinal directions, which is mani-
that appear in the surface of section as nonclosed curves tested by a different electron dynamics.

as islands surrounded by a self-similar hierarchy of In Fig. 4, we show typical periodic and quasiperiodic tra-
cantori/ ! The effect of shrinking of the area correspondingjectories, calculated by means of the model for the electron
to stable motion is due to the increase of the cyclotron diamedynamics in perpendicular magnetic field, for differet values
eter on thex direction, as the commensurability condition of the ratioB/B, and a ratio of the antidot diameter, at the
2R.=a is lost some regular orbits will inevitably change to Fermi energy, to the artificial lattice period ofa=0.23.
chaotic due to backscattering with neighboring antidotsThese kind of orbits result from an isotropic Fermi velocity
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FIG. 2. Poincafesurfaces of the section in the rectangular anti-  FIG. 3. Poincaresurfaces of the section in the rectangular anti-
dot lattice aty(mod1)=0 for B/Bo=1 andd=0.23 for (@) By  dot lattice atx(mod1)=0 for B/Bo=1 andd=0.23 for (&) By
=0 T,(b) Bj=10 T, andBj=20 T. =0 T,(b) Bj=10 T, andBj=20 T.

B. Calculated magnetoresistance
alongx andy directions. In order to compare, schematically, Following the analytical models described above we also
the evolution on the electron c_Iynam_ics, in antidot lattice,qg|cylated the magnetoresistance for the 2DEG, in the pres-
subjected to in-plane magnetic field, Fig. 5 shows some regusnce of perpendicular magnetic field, and the behavior of
lar electron trajectories resulting from the application of in-gych orbits with increasing in-plane magnetic field. Figure 6
creasing parallel magnetic field on the 2DEG. Trajectoriesjepicts the results of the calculations. In Figa)éve show
marked with numbers 1, 2, and 3 correspond to the conditiofhe normalized magnetoresistangg/p,., as a function of
B/Bpo=1 and to a ratiod=0.23. More specifically those the normalized magnetic fielB/B,. The first curve in the
orbits signed with 1 correspond to a parallel comporigraf  lower part corresponds to the application of perpendicular
10 T, those marked with 2 correspond Bp=20 T, and  magnetic field®=90°, and the next consecutive curves to-
trajectories withB =28 T are signed by 3. Besides trapped ward the upper part, correspond to the application of increas-
orbits there are different kinds of “run-away” trajectories ing parallel component of the field. All curves were shifted
that evolve regularly between neighboring antidots increasvertically in order to show clearly the evolution of the shift
ing the diffusion along the longitudinal direction. This new and broadening of the peaks together with the arising of the
kind of diffusive trajectories is only possible due to the proposed structure. The calculations correspond, also to an
asymmetric egglike shape of the Fermi contour. antidot cross section at the Fermi energydef0.23a that is
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FIG. 4. Common electron trajectories, which develops in phase B/B

space in antidot lattice subjected to perpendicular magnetic field,

(1) for 2R.=a, (2) 2R.<a, and(3) 2R.>a.

approximately the experimental situation of the sample with 2]

0
——BAOT b e
.................. B/I=28 T ;—‘ \4‘_\/ AT

dla=0.1

a=0.5 um. In Fig. 6b) we show two calculated magnetore-
sistance curves for a cross section, at the Fermi energy, of
d=0.1a. This corresponds to the experimental situation of
our designed sample with=1.0 wm. The lower curve cor-

responds to the application of perpendicular magnetic field
and the other to the application of a parallel component of 28
T. From the calculations shown in Fig. 6 we have observed a
broadening and a shift of the commensurability peaks. The
anisotropy of the electron magnetic focusing efténtust be

R~1.8a
00 02 04 06 08 10 12 14 16
B/B

0

FIG. 6. (a) Calculated magnetoresistangg,/p,,o for a 2DEG
in antidot lattice with a ratial/a=0.23. We show the evolution of
the commensurability peaks as a function of the increment of the
in-plane component of the magnetic field. The curve at bottom
(solid line) corresponds to the application of perpendicular field
0 =90°, and the uppermost curve corresponds to the application of
a parallel component oBj~28 T (®~0.54°). Curves for tilted
field were shifted upward for a better vieyh) Calculated magne-
toresistance in perpendicular and tilted magnetic field for a ratio
d/a=0.1.

responsible for this effect. The lattice separation between
neighboring antidots, along either direction, acts like a
injector/collector of electrons, the peaks on the resitivity re-
sult from the commensurability between the cyclotron diam-
eter and the lattice constaatAs the in-plane component of

the field is increased the matching condition is severely al-
tered, in thex andy directions, as a consequence the degree
of chaos in phase space is also increased and the peaks
broaden and shift, and this phenomena increases as the ratio
d/a diminishes. We have also analyzed, by means of Poin-
caresurface of the section, the effect of the arising of the

FIG. 5. Some regular trajectories, in tilted magnetic field, for additional commensurability peak. In order to compare we

B/Bozl and(l) BH:]‘O T, (2) BH:ZO T, and(3) BH:ZS T.

have calculated a surface of sectiorytmod1)=0] for the
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1.0

FIG. 8. Some regular trajectories, in tilted magnetic field, for
B/BOZO.S andBH=28 T.

section at[y(mod1)=0] is strongly modified. As can be
seen, in Fig. 7, a large fraction of phase space is how occu-
pied by periodic and quasiperiodic orbits, also, there is an
increment of drifting trajectories when compared with the
Poincaresurface for perpendicular magnetic field, this type
of orbits must be responsible for an enhancement of diffu-
sion at low magnetic field and also for the arising of the
additional peak. Also, we have several invariant tori but they
correspond to trajectories that do not contribut to the conduc-
X tivity, because they are pinned by the antidot and do not
respond to a weak electric field Figure 8 shows a scheme
of some regular trajectories, which develop, in phase space
whenB/By=0.5 andB|=28 T.

1.0

FIG. 7. Poincaresurfaces of sections in the rectangular antidot
lattice at y(mod1)=0 for B/B,=0.5 andd=0.23& for (a) B
=0 T,(b) B=28 T.

IV. EXPERIMENTAL RESULTS
same ratial=0.23 corresponding to our sample with lattice
constanta=0.5 um, this time for a normalized magnetic
field B/Bo=0.5 that corresponds approximately to the com- The four antidot samples were fabricated from a high-
mesurability conditiorR,=a. The results are shown in Fig. mobility GaAs/ALGa _,As heterojunction. These hetero-

7, in the upper parta) we have the surface of section for Structures were grown by molecular-beam epitaxy with the
perpendicular magnetic field, and at bottébn we have the following configuration: over §100 semiinsulating GaAs
map for the case of the application ©f28 T parallel com- substrate was deposited a 1um GaAs buffer layer, fol-
ponent of the magnetic field. For the case of perpendiculalowed by 20 AlAsGaAs,, periods(where 5 and 10 stand
field most part of the surface of section corresponds to chaor the number of monolayers of each materiaver this
otic motion, this is in accord with calculations performed by superlattice was grown an undoped 9000-AGaAs layer fol-
Flieberet al” for the phase-space volume of cyclotron tra-lowed by 3 AlAs monolayers, 800 A of a Si doped
jectories with approximately similar ratio and commensura-Al :G& 7As layer, and finally a 100 A of a Si doped GaAs
bility condition R,=a. There are also two islands of regular layer. After growing, a 5Q:m-wide Hall bar was patterned
motion on the Poincarsurfaces of the section corresponding for each sample by means of conventional techniques, then, a
to trajectories trapped between four antidots that correspondsctangular array (10050 pm), of circular-shaped artifi-
to a fixed point of hyperbolic typ& these kind of orbits are cial scatterers was superimposed over the (pothyl meth-
unstable under the application of a small electric field turningacrylate (PMMA) layer of each bar through high-energy
to chaotic or driftinglike trajectories. When a strong in-planeelectron-beam lithography. The antidot lattice peraodvas
component of the magnetic field is applied the surface of thehosen to be 0.5, 1.0, 1.5, and 2/m for each sample. The

A. Fabrication of samples and experimental technique
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—0=13" —172° e
14{—0=16 6=13
------- o=1¢8

FIG. 9. Schematic view of a sample, containing an antidot lat- 0.8
tice in a Hall bar. We show the configuration for tilted magnetic-
field measurement$) = 90° corresponds to perpendicular configu-
ration and® =0° corresponds to the magnetic field parallel to the
sample surface and also to the electric current.

antidot pattern was transferred across the GaAS4l_,As
interface by plasma etching. The physical diameter of the
antidotsd,;;, is approximately 0.1um. Before patterning
the electron mobilityu., of the samples range between
0.61¢ and 1.016 cn¥?/V s. For the application of high mag-
netic fields we used the European facility of the LCMI at
CNRS in Grenoble. All measurements were performed at the
temperature of 1.5 K, we employed lock-in technique for
detection with an ac current not exceeding 10A, the dis-
tance between potentiometric probes is 10én. Longitudi-

nal and transversal resistance were simultaneously recorded
for different angles between magnetic field and the substrate
plane using afin situ system for rotation of the samples. We
used Hall effect for the determination of the angle with a
presicion of 0.05°.

B*Sin®(T)

B. Magnetoresistance measurements

In order to develop our experiment we first performed FIG. 10. Normalized experimental magnetoresistance data
resistivity p,, measurements, for each of the four samples(pxx/pPxx0) taken at the temperature of 1.5 K, for antidot lattice in

with the magnetic-field vectoB applied perpendicularly to 2DEG, as a function of the normalized perpendicular magnetic field
. éB/Bo), and also of the angl®. In (a) for the sample witha

the plane of the 2DEG. Then, for each sample, we begin t_1 0 . and in(b) for a=0.5

rotate the sample, in steps, in order to increase the parallel = " = 4

component of the magnetic field along the surface of the

sample, Fig. 9 shows a scheme of the sample with the anglg the angle between the magnetic-field vedibrand the

Of I’Otation () After eaCh Step Of rOtation a new I’eSiStiVity Surface Of the Samp|e_ From F|g 10 we can see that in per-
measurement was done. As the perpendicular component Bkndicular magnetic field§=90°) we observe two pro-
the magnetic field, decreases we applied up to 28 T to nounced commensurability peaks. The peak on the right, for
record the evolution of the peaks when the samples were iBach sample, correspond to the so-called conditiBp=2a
almost parallel magnetic field. Figure 10 shows the magnethe other peak correspondsRe=1.8a, for the sample with
toresistance measurements, for the samples with pedodsa=1.0 um, and R.=1.7a, for the sample with a
=1.0 um anda=0.5 um, taken at the temperature of 1.5 =0.5 um. R, stands for the classical cyclotron radius at the
K, after a brief illumination, and as a function of the in-plane Fermi energy and is given bR.=7%27N¢/eB. The two-
component of the magnetic field. For comparative reasonsjimensional Fermi energy, given y-=(eBR.)%/2m*, is

we have normalized each magnetoresistance curve, first, witk 12.0 meV and ~16.6 meV for samples witha
respect to the perpendicular component of the magnetic fiele-1.0 um and a=0.5 um, respectively. Table | summa-

B sin(®), with the aid of the Hall resistance measurementsizes these data as well as the electron sheet deNsignd
pxy, and second in relation to the resistivity in zero fighl.  electron mobilityu., after patterning, for all samples.
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TABLE |. Position of the commensurability peaks in perpen- 035
dicular magnetic fieldpeakl corresponds tdR=a), electron con- A
centration, electron mobility, and 2D Fermi energy for each sample 0.28
periodicity. ® ®

o 021 A

a(um) 0.5 1.0 15 2.0 gﬂ ° A o
Peakl() 0.48 0.20 0.13 0.10 g 0144
Peak2() 0.14 0.05 0.06 0.05
Peak2R,/a) 1.70 1.80 1.20 1.17 0071 A e Experimental
N (10 cm ?) 5.2 3.7 3.6 3.9 A Calculated
1e(10° c?/V's) 44 3.6 2.9 4.0 0.00—n T s 70
Er(meV) 16.6 12.0 11.5 12.5 a (um)

FIG. 11. Experimentalsquaresand calculatedtriangles shift,
in parallel field at 28 T, of the main commensurability peak relative

As a first view it is possible to observe a strong broadento the peak position in perpendicular field, as a function of the
ing and also a shift of the main commensurability peak, forantidot lattice perioda.
the case of the two samples, when the in-plane component of
the magnetic field is steadily increased. It is also possible to
observe, a more pronounced broadening, for the case of tithe main commensurability peak, relative to the position of
sample with the larger perioa=1.0 wm). Besides the ef- the mean peak in perpendicular magnetic field, Bat
fect of broadening and shifting of the peaks we can observe-28 T as a function of the lattice perioal and for each
also, for the sample wita=0.5 pm the arising of an addi- designed sample. The relative shifting shows an increasing
tional commensurability peak that is located at a exact posibehavior from 0.5um up to 1.5 um where it reaches its
tion corresponding to the commensurability conditiBa ~ maximum value and then falls rapidly far=2.0 um. The
=a. Only the sample with the shortest period, and highershift of the peaks can be attributed to an increase of the
ratiod/a, showed this observed structure. This observation igliameter of the electron trajectories along thelirection,
in accordance with our calculations pf, in tilted magnetic ~ when the in-plane component of the magnetic field is in-
field, and we attribute this phenomena to the enhancement eteased. This effect changes steadily the commensurability
diffusion by the arising of regular trajectories at low mag- conditionR./2=a to higher values of the magnetic field. As
netic field, as was shown from the analysis of the Poincarean be seen for Fig. 10 the relative shift increases for the
surfaces of sections. These observed regular orbits do ngample witha=1.5 um and then it begins to decrease for
exist in the presence of perpendicular magnetic field and beshorter periods. As pointed out by Ando and co-workérs,
come possible due to a steady change in the shape of tiier antidot lattices with large aspect ratio, the correlation
electron trajectories from circular to egglike because of thebetween the electron motion before and after a collision with
Fermi contour distortion in parallel magnetic field. The effectan antidot becomes more appreciable, so a larger aspect ratio
of shifting, of the commensurability peaks, can be explainectorresponds to a small antidot periadand therefore to a
by the elliptical shape of the electron trajectories, producetarrow spacing between nearest-neighbor antidots, that could
by the anisotropy of the Fermi contour in tkeandy direc-  be the nature of the decreasing of the relative peak shift for
tions. This phenomenon can be seen as an increase or dshorter periods.
crease of the electron effective mass}(,m}), along these
directions, as shown by calculations in Sec. Ill. Very recently
a shift of commensurability peaks toward lower values of the V. SUMMARY
perpendicular magnetic field was observed by Pogosov
et al3 in antidots in 2DEG. They explained the effect by a

change of the electron effective mass algrdjrection by the én arrays of antidots in patterned GaAs/Gk, ,As hetero-

application of a strong parallel magnetic field. We also argu = ; ; i
that the strong broadening of the commensurability peal(Sstructures, containing the 2DEG, when subjected to increas

which is observed for antidots with periods>1 wm, is ihg in-plane magnet_ic field. (Ij:rom the analysis of thelPéIica_lre
explained, in an appropriate way, by an egglike Fermi con _surface_ of the sections an magnetoresistance calculations
tour. The egg shape of the Fermi contour produces electro\'pve _attr!bute all these phen(_)mena to the Fgrm! contour dis-
trajectories with different shapes than those produced by ar?mon induced by the high in-plane magnetic field.
isotropic Fermi contour. As a consequence the magnetic fo-
cusing effect, which is mainly responsible for the regular
circular orbits in antidot latticé> is modified. Therefore
these experiments give us information about the shape of the This work was supported by FAPESP and CNPQ Brazil-
Fermi contour, which is not possible to obtain from the ef-ian Funding Agencies. We would like to thank LCCA-USP
fective cyclotron mass measuremefit§igure 11 shows the by the computational facilities which made possible part of

comparison between the calculated and experimental shift dhis work.

We have studied, through computational simulations and
experimental measurements, the chaotic electron dynamics
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