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Anisotropic Magnetoresistance of a Classical Antidot Array
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A periodic array of cylindrical voids, embedded in a thin film ofdoped GaAs, displays a
pronounced anisotropy of the classical magnetoresistance. For a geometry where the magnetic field
lies in the plane of the film, we observe a characteristic dependence on the angle between current and
magnetic field. This experimental finding provides a first verification of a recently predicted effect and
agrees well with theoretical calculations. The observed anisotropy is due to interactions among current
distortions by neighboring voids. [S0031-9007(96)00586-8]

PACS numbers: 73.50.Jt, 81.40.Rs

The magnetoresistance in simple metals has been oneAs host material we chose a 300 nm thick Si-doped
of the fundamental problems of transport for decade$saAs film grown by molecular beam epitaxy on top
[1]. Much work was devoted to the role of inhomo- of an undoped bulk GaAs layer and a semi-insulating
geneities by investigating, e.g., intentional thickness variGaAs substrate. With respect to the highly conductive
ations of aluminum bars [2] or voids in indium wires [3] n-doped film, the conductivity of the undoped layer is
as model inhomogeneities. Related transport studies inegligible. AtT = 90 K, the temperature of the exper-
semiconductor materials with periodically varying donoriment, the hosn-GaAs had a carrier density of; =
concentration [4] or InSb with a random distribution of 1.6 X 10'® cm ™3 and a mobility ofu = 2500 cm?/Vs,
needle shaped NiSb inclusions [5] revealed angle depemorresponding to a mean free pathof only =75 nm.
dent magnetoresistance properties. This is in contrast tm order to perform four point magnetoresistance mea-
the resistance of a free electron gas realized, for exansurements we fabricated a Hall bar mesa, sketched in
ple, in the conduction band of Fermi degenenagoped Fig. 1(b), by means of optical lithography and standard
GaAs, which in a nonquantizing magnetic fidddshows wet etching. A square array of insulating inclusions
essentially no dependence @ A nonvanishing mag- was then introduced by drilling cylindrical holes through
netoresistance will occur when inhomogeneities, such athe 300 nm thick epilayer. These holes, with geomet-
insulating inclusions, distort the current flow pattern asric diameters2r of 110, 220, and 260 nm, and a pe-
the current is “rerouted” around the obstacles. Hence, theod of a = 500 nm, were created, like antidots, by elec-
local current densityJ(r) deviates from its mean value tron beam lithography and dry-etching techniques [12].
Jy=vVv~1[,J(r)dV, taken over the sample volunmie  However, in contrast with two-dimensional antidot arrays,
Therefore, the presence of insulating inclusions always inhere the transport is botthree dimensionablnd diffu-
creases the total dissipation rafd - E 4V (with E the sive (I, < a). Ballistic effects, which are characteristic
local electric field), and consequently also the effective reof two-dimensional electron-gas-based antidots, are not
sistance, above the corresponding values for the homogexpected to appear under these conditions. An electron
neous system [6]. In general, the distortions of the currentnicrograph of our classical antidot array is displayed in
density become stronger with increasiBgwhich results  Fig. 1(a).
in a positive magnetoresistance [7,8]. The samples were mounted into a superconducting mag-

Here we address the question how mutual (classical) inaet system such that the magnetic field was in the plane
teractions of current distortions from different inclusionsof the n-GaAs film. The experimental setup for measur-
affect the magnetoresistance. For the case of periodicallyg the angular dependence of the resistance is illustrated
arranged inclusions, such as spheres or cylinders embeih Fig. 1(b). In the experiment, the entire Hall bar, and
ded in a host material of different conductivity, detailedtherefore the applied curreft = Wd({J,) (wherew and
calculations have been performed [9]. Those have showd are width and (effective) film thickness of the sample) is
that in the classical conduction regime a distinct anisotropyotatedin situ by an anglex with respect td. By measur-
of the resistance exists with respect to the crystallographimg the voltage drop¥, andV,, the resistance components
axes of the lattice of inclusions [10,11]. In this Letter weR,, = V./I, andR,, = V, /I, were evaluated as a func-
provide a first experimental test of the anticipated effectdion of «. The resistances are related to the resistivities by
and also present a simple physical picture of this surprisinghe usual relation®,, = (L/Wd)p., andR,, = p.,/d,
phenomenon. with L the sample length.
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sample. For all samples, a positive magnetoresistance can
be observed, which depends characteristically on the hole
diameter. With decreasing antidot diameter the relative
resistance changes become smaller, but more structure ap-
pears in the angular dependence. For the smallest holes,
with (geometrical) diameter 110 nm, additional local min-
ima appear around 8@&nd 120. The experimental data
are well reproduced by classical calculations, as shown on
the right hand side of Fig. 2 and addressed below.
Angular profiles which follow roughly a st law
(with o the angle betweekJ) and B), as in Fig. 2(e),
have been reported before, e.g., in semiconductor lay-
ers with periodically modulated donor density [4] and
in NiSb/InSb systems [5]. However, the richer angular
structure, as seen in Fig. 2(a), indicates effects that can-
not be accounted for by this earlier work. This angular
profile for the sample with the smallest holes is remi-
niscent of what is observed in pure metals with a non-
compact Fermi surface, like copper [13]. However, while
A the latter is a quantum effect connected with the detailed
mD‘E {reference) 3’ structure of the Fermi surface, the angular dependence in

Fig. 2(a) reflects a nonisotropic resistivity tensor whose

B e origin is entirely classical. ldeally, this could be seen in
0 2 4 6 8 10 12 an experiment where, contrary to ours, the directiofJpf
B [T] is fixed with respect toB while the antidot lattice is ro-

tated. While this is difficult to implement, it is possible
FIG. 1. (a) Electron micrograph of a cleaved GaAs antidotto transform the measurgel, andp,, values into resis-
sample with periodz = 500 nm. The boundary between the tjyities p. [14] and p, defined with respect to a coun-

n-doped 300 nm thick GaAs layer and the undoped GaAs i ; Iyl i i
marked with a dashed line. (b) Schematic experimental setu%erCIOCKWIse rotated"’y’-coordinate system [see Fig. 1(b)

for the magnetoresistance measurements. A constant current Fd the top of Fig. 3], Wher(a]} is fixed either perpen-

1 A is applied in thex direction. The Hall bar is rotated dicular or parallel toB, respectively. In both the direct

in situ with respect to the in-plane magnetic field, while the experimental and the transformed representations, the an-
resistance tensor componenks, and R,, are measured in tidot lattice is inclined by with respect tB. For a given
four-terminal geometry. (C)R,. versus|B| for an antidot

sample withr = 130 nm for @« = 0° and « = 90° (solid

lines). Reference data from the unpatterned device are shown 5Pxx(B,a)/Po
as dash-dotted lines (upper tradg;; lower trace:R,,). Inset:
Full angular dependence &, andR,, for the antidot sample 02 r EXPERIMENT b THEORY

at fixed|B| = 12 T. All data were taken af' = 90 K. .
120° 90 60°
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Figure 1(c) displays characteristic data taken from an 0 -
antidot sample and the corresponding unpatterned refer-
ence film. As expectedy,, of the reference sample is
practically zero, whiler,, is finite but independent 4B|
andea (to less than 1% at 12 T). By contrast, bath and
R,, of the antidot device show a striking dependence on
a and|B|. R,, exhibits a maximum whet/,) LB and a
minimum for (J,) || B, while R,, alternates, having local g5 [
extrema atr /4 and37 /4 [see inset of Fig. 1(c)]. L

On the left hand side of Fig. 2 polar plots summarize
the experimental data for three antidot arrays with dif-
ferent hole diameters. The azimuthal scale corresponddG. 2. Polar diagrams 06 p..(IBl, a)/po for fixed |B| =
to the anglea while the radial quantity is the normal- 4 (Circles, 8 (squares and12 T (triangles, and three differ-

. .o ent lithographic antidot radiir of 55 nm (a), 110 nm (c), and
ized resistivity chang® p..(|Bl, @)/ po, shown for|B| = 13, nmg(e)r.) The calculated traces art(e )obtainedelt(be)ctive

4,8, and12 T, corresponding tqu|B| = 1,2,3, respec-  radii of 73 nm (b), 180 nm (d), and 215 nm (f); the normalized
tively. Here,pq is the zero-field resistivity of each antidot effective thickness of the film wag¢/a = 0.45.
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sical calculation based upon the current continuity equa-
tion V - [6(r)V¢(r)] = 0 for the local electric potential

¢ (r), using the local free-electron conductivity tengor
The detailed technique which was developed for perform-
ing that calculation is described elsewhere [9—-11].

In order to compare our data with calculations we have
to take into account depletion regions at free surfaces and
at the doped or undoped GaAs interface, which increase the
hole diameters and reduce the film thickness. We estimate
a depletion length of, = 25 nm around the holes and an
effective GaAs film thickness af = 240 nm. To obtain
best agreement with experiment we had to use effective
radii which, for the larger holes [plots in Figs. 2(c)—
2(f) and 3(c)—-3(f)], exceed by typically 35% the sum of

i T | O [ TN PR
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FIG. 3. Polar plots of6p, (B)/po and §p(B)/po for three
antidot radii at|B| = 12 T, i.e., u|B| = 3. Experimental
points are shown as open circles, theoretical fits as full
lines. The lithographic antidot radii are = 55 nm (a),(b),
110 nm (c),(d), and 130 nm (e),(f). Fit parameters used in the
calculations are the same as for Fig. 2. Top: Sketch of the
experimentaly- (left) and rotatedc’y’-coordinate systems. In
experiment, thecy frame (the Hall bar) is rotated with respect
to B while in the transformedk’y’ system only the antidot
lattice is rotated byv.
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angle a the rotation transformation to obtaip’ reads
p' = T(a)pT ' (a) with the transformation matrix ele-
mentsT,, = Ty, = cosx, T,, = —T,, = sina and the
measured resistivity componenis,(a) = p,«(a) and
pxl(a) = py (/2 — ). We thus obtain the diagonal
elementsp = pyv andp, = pj,. The normalized re-
sistivities §p 1 /po and 8 p||/ po, displayed in Figs. 3(a)—
3(f), exhibit a characteristic cross4 ) or cloverleaf FIG. 4(color). (a),(b) Calculated current lines in the vicinity
(8py)) shape with respect to the lattice axes. Again, the?f @ pair of cylindrical antidots forBL(J) and B || (J),

. . corresponding toe = 90° and « = 0° in the xy-coordinate
Sam_F_"e with the smallest holes [Figs. 3(a) and 3(b)] ShOW§ystem of the experiment. Blue distortions arise solely from
additional angular structure. Note that, even for the samthe blue cylinder, likewise for red. Note that also in (a) the
ple with the largest hole diameter [Figs. 3(e) and 3(f)], thecurrent lines experience significant shifts along the cylinder
anisotropy is clearly manifested in this representation, irgxes, clearly visible in the projection plots below. (c),(d)

contrast with a random distribution of voids, where bothProjections of the current vector fields in the symmetry plane
. . . between the blue and red cylinders onto that plane. The area
p1 andp) would beentirely isotropic

. Ay . .. between the vertical dashed lines indicates the projection of the
The experimental data in Figs. 3 and 2 are in strikingcylinders (above and below) onto the plane. The calculations
agreement with calculated traces, which result from a claswere performed fo|B| = 10.
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lithographic radius angj;. This could be due to the gradual features are clearly evident in Figs. 3(a) and 3(b). A
change of the carrier density between the holes in contrashore detailed, quantitative discussion of the interactions
to the hard wall inclusions used in the model. between current distortions from different obstacles and
Some aspects of the detailed calculations can be préhe local dissipation rate can be found in Refs. [10,16].
sented in a simple picture illustrating how interaction be- Finally, we note that the current distortions #nece di-
tween current distortions generated by neighboring obstanensional They exhibit a nonvanishing componetbng
cles leads to the anisotropy. First consider the distortiothe cylinder axes [see Figs. 4(a) and 4(b)]. Decreasing
of a current flow (in thex direction) caused by an isolated the film thickness reduces this component, and hence the
obstacle, e.g., the blue cylinder in Fig. 4(a). Those disanisotropy as well as the magnitude of the magnetoresis-
tortions are essentially limited to a slab-shaped voluméance [11]. For a strictly two-dimensional system there
of length proportional tou|B| in the direction of =B  would be no magnetoresistance.
[8] (“geometrical shadow” of the cylinder). The “bumps” We thank R.R. Gerhardts for helpful discussions and
in the current flow pattern, which have pronounced comacknowledge technical support by M. Riek, B. Schénherr,
ponents also along the-z directions, lead to enhanced and U. Waizmann. This work was supported by the Ger-
dissipation proportional t¢B| if w|B| > 1. Interaction man Bundesministerium fir Bildung und Wissenschaft,
effects arise when the flow patterns of two adjacent inthe U.S.-Israel Binational Science Foundation, and the Is-
clusions start to overlap. A significant anisotropy of therael Science Foundation.
resistance was predicted to appearf¢B| > 1 [10,11].
The interaction can be analyzed qualitatively by con-
sidering the superposition of distortion patterns from two
isolated obstacles. To that end we show, in Figs. 4(a) and1] For a review, see A.B. Pippardylagnetoresistance in
4(b), the current flow around two cylinders fd) LB and Metals(Cambridge University Press, Cambridge, England,
J) || B, where the distortion pattern around each cylinder 1989).
was calculated neglecting the influence of the other. Thel G-J-C.L. Bruls, J. Brass, A.P. van Gelder, H. van

- . . - Kempen, and P. Wyder, Phys. Rev. Let6, 553 (1981).
orientation of the coordinate system in Fig. 4 corresponds[3] C.J. Beers, J.C. M. van Dongen, H. van Kempen, and P.

toa =90° (a) andq = 0° (b) in the experiment. Note, Wyder, Phys. Rev. Lettd0, 1194 (1978).
however, that the figures also represgnt(a) andp; (b) [4] H. Weiss, in Semiconductors and Semimetagslited by
fora = jmw/2with j = 0,1,2.... Interms of the trans- R.K. Willardson and A.C. Beer (Academic, New York,

formed representation these angles are all equivalent for a  1966), Vol. 1, and references therein.

square lattice. Figures 4(c) and 4(d) show the two flow [5] H. Weiss and M. Wilhelm, Z. Phy<76, 399 (1963).
fields [corresponding to Figs. 4(a) and 4(b)] projected [6] Note that [, dV{[J(r) — D] p - [J(x) — D]} =
onto the symmetry plane (perpendiculaBphalfway be- Jyavy@) - E@) — V() - p-(J)=0 holds, if the
tween the cylinders. The total in-plane current is obtained ~ local form of Ohm'’s law,E(r) = p - J(r) remains valid.
by adding the two vector fields. Clearly, in Fig. 4(c) there Here,ﬁlls thelocal resistivity in the conductive medium.
is a perfect reinforcement while in Fig. 4(d) there is a L7] ©- Herring, J. Appl. Phys31, 1939 (1960).

perfect cancellation of the two distortion patterns. This (6] ‘(]ig%gampsell and J.C. Garland, Phys. Revi® 583

corresponds, for = j/2, to a maximum inp, and a [9] Y.M. Strelniker and D.J. Bergman, Phys. Rev. ®,
minimum in p [15]. WhenB is tilted away from the 14001 (1994).

cylinder-axes plane, i.eq is changed, the amplification [10] D.J. Bergman and Y.M. Strelniker, Phys. Rev. 4B,

and cancellation of the current distortions become less 16256 (1994).

perfect, resulting in a reducesd, and enhancegd,. [11] D.J. Bergman and Y.M. Strelniker, Phys. Rev.H,
For holes with smaller radii, the onset of anisotropy =~ 13845 (1995).

occurs at higheB. On the other hand, for a radius which [12] D. Weiss, P. Grambow, K. v. Klitzing, A. Menschig, and

is small compared to the period of the antidot lattice G- Weimann, Appl. Phys. Let68, 2960 (1991).

the interference of patterns from nearest neighbors along3] J-R. Klauder and J.E. Kunzler, ifihe Fermi Surface,

additional directions, e.g., the #8lirection (see also top f((é'rtidlgéo\;v' A. Harrison and M.B. Webb (Wiley, New

of Fig. 3) becomes possible. This is due to the fact tha& ' '

. . ._]14] In the notation of Refs. [10,11,16] our, corresponds to
the geometrical shadow can now reach a neighborin 5. and vice versa.

void along the diagonal of the square lattice, if thepis) The energy dissipation is dominated by distortiomshe
diameter of the inclusions is not too large. We therefore  plane perpendicular t®, see Ref. [16].

expect to find an additional maximum fgs, and a [16] Y.M. Strelniker and D.J. Bergman, Phys. Rev. 33,
minimum for p; along the 45 directions [10]. These 11051 (1996).
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