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Magnetoresistance of three-constituent composites: Percolation near a critical line
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Scaling theory, duality symmetry, and numerical simulations of a random network model are used to study
the magnetoresistance of a metal/insulator/perfect conductor composite with a disordered columnar microstruc-
ture. The phase diagram is found to have a critical line which separates regions of saturating and nonsaturating
magnetoresistance. The percolation problem which describes this line is a generalization of anisotropic perco-
lation. We locate the percolation threshold and determine the values of the critical exponentst i5t'5si5s'

51.3060.02, n54/360.02, which are the same as in two-constituent two-dimensional isotropic percolation.
We also determine the exponents which characterize the critical dependence on magnetic field, and confirm
numerically thatn is independent of anisotropy. We propose and test a complete scaling description of the
magnetoresistance in the vicinity of the critical line.
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I. INTRODUCTION

Magnetotransport in composite conductors has attra
increased attention due to the discovery of new effects,
the appearance of nonsaturating magnetoresistance
metal/insulator columnar composite~denoted byM /I ), in-
duced by the Hall effect in theM ~i.e., the metallic!
constituent.1 This means that, even when theM constituent
has nointrinsic magnetoresistance but only a Hall resistivi
an induced magnetoresistance appears in the mixture
continues to increase asB2 (B is the applied magnetic field!
indefinitely whenever the Hall-to-Ohmic resistivity ratio o
that constituent is much greater than 1. By contrast, i
columnar composite of normal conductor and perfect c
ductor ~denoted byM /S), while there also appears an in
duced magnetoresistance, it saturates whenB is comparably
large.1 Related new effects were also found in periodic m
crostructures of either theM /I type or theM /S type, where
the induced magnetoresistance often exhibits a str
anisotropy.2,3

In this paper, we study the magnetoresistance of th
constituent composites with arandom columnar microstruc
ture. Specifically, we analyze a composite consisting of
lindrical I and S inclusions, though not necessarily circul
cylinders, in anM host film, with cylinder axes perpendicula
to the film, and with both a magnetic field and a unifor
macroscopic or volume-averaged electric current appliedin
the film plane. We assume that theM constituent has a Hal
effect, with a Hall-to-transverse-Ohmic resistivity ratioH
[rHall /rOhmic5muBu, wherem is the Hall mobility. We are
concerned with the effective resistivity tensorr̂e of this sys-
tem atlarge H ( r̂e is defined bŷ E&5 r̂e^J&, where^E& and
^J& are the volume averaged electric field and curr
density4!.

This system might appear to be inherently three dim
sional~3D!, because the Hall effect will generate an elect
field with a component perpendicular to the film even w
an in-plane applied current. However, the electric field p
pendicular to the film plane vanishes because of the col
0163-1829/2001/64~17!/174419~7!/$20.00 64 1744
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narS inclusions. Moreover, this 3D problem can be reduce1

to that of calculating the effective conductivity of atwo-
dimensional~2D! composite of perfect insulatorI with s I
50, perfect conductor~or superconductor! S with sS5`,
and anisotropic 2D metalM with conductivity tensor

ŝM[S sM ,' 0

0 sM ,i
D 5

1

rM S 1

11H2
0

0
1

l

D . ~1!

The conductivitiessM ,i andsM ,' correspond to the in-plane
directions parallel and perpendicular to the applied magn
field B. This transformation underlies our further discussio
The form assumed forŝM means that theM constituent re-
mains an isotropic conductor, even in a magnetic field. T
excludes ‘‘open orbit’’ conductors, but includes the possib
ity of some intrinsic magnetoresistance: In that case both
transverse and longitudinal Ohmic resistivitiesrM andlrM
would depend uponB. Our subsequent discussion will a
sume, for simplicity, thatl51 andrM are both independen
of B, as would be the case ifM were a free electron or free
hole conductor. In that case,H is simply proportional touBu.
The three-constituent problem in 2D, but with a scalarŝM ,
was treated previously in Ref. 5. Scaling and simulatio
studies, of magnetotransport in 3D, two-constituentM /I
composites with a random isotropic microstructure, we
also performed previously.6

II. MAGNETORESISTANCE AND PERCOLATION

The relation of this problem to percolation can be und
stood by considering very largeH. In this limit, sM ,'→0,
and within the metallic constituent the in-plane current p
fers to flow in thesM ,i direction. For large enough volum
fraction pS of the S constituent and small enough volum
fraction pI of I, there always exist current paths betweenS
grains that are everywhere parallel to the high-conductiv
direction in M @cf. Fig. 1~a!#. Therefore, in this regime, a
©2001 The American Physical Society19-1
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largeH the effective composite conductivity~and hence re-
sistivity! saturates at some finite value. In the opposite c
~small pS , largepI!, the current will be forced in some re
gions to flow in the low-conductivity direction@cf. Fig. 1~b!#.
In this case, the macroscopic or effective conductivity of
system will be proportional tosM ,' . Hence, the effective
resistivity re satisfiesre;1/sM ,';H2; i.e., re will never
saturate.

Next, we qualitatively discuss the expected ‘‘phase d
gram’’ of this composite. The effective conductivityŝe of the
2D mixture is a 232 tensor~like the effective 2D resistivity
r̂e5ŝe

21), whose components depend on the applied m
netic field. If the in-plane microstructure is isotropic, then t
principal axes ofŝe are determined byB. At large H, both
se,i andse,' can either decrease asH22 for arbitrarily large
H or else saturate at some finite value. In principle, th
could be a region in the phase diagram where the resist
saturates along one principal axis, but not along the ot
But we expect no such region in an infinite system. T
conclusion, as well as the location of the critical line, follow
from the relation between the present problem and the an
tropic percolation model in 2D, as we now explain.

Anisotropic percolation is usually defined in terms of
random resistor network~RRN!, where the bond occupatio
probability depends on the bond orientation. In our 2D n
work model those probabilities will be chosen aspi5pM
1pS for bonds alongB, the high-conductivity direction of
theM constituent, andp'5pS for bonds perpendicular toB,
the low-conductivity direction. For an infinite network, th
percolation threshold for both directions occurs whe7

15pi1p'52pS1pM, which implies

pI5pS . ~2!

FIG. 1. Schematic of transport in a 2D composite of a perf
conductorS, insulatorI, and a very anisotropic metalM ~the host
medium in this figure!. The current prefers to flow betweenSgrains
only in the direction of high metallic conductivitysM ,i , i.e., paral-
lel to B. At high-S volume fractionpS , such a path always exists, a
shown schematically in~a!. At smallerpS or largerpI , the current
must sometimes flows through the metal in the low-conductiv
direction (sM ,';H22), as shown in~b!. This behavior leads to a
nonsaturating effective resistivity.
17441
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This threshold separates the regimes of saturating and
saturating magnetoresistance. It agrees with a predic
based on the effective medium approximation~EMA!,8,9 as
well as with numerical results below. In a composite w
less symmetry between theI andSconstituents, the threshol
will usually differ from pI5pS .

The predicted phase diagram is shown in Fig. 2. ForpS
.0.5, theS constituent percolates; hence the composite
perfect conductor. Similarly, ifpI.0.5, then the combination
of M andS constituents does not percolate; hence the co
posite is a perfect insulator. These behaviors are indepen
of how much of theM constituent is present. The remaind
of the phase diagram is divided into saturating and non
urating regimes by the linepI5pS . In both regimes, our
numerical results indicate that it is irrelevant whether theM
constituent percolates by itself~as in the area below the do
ted line! or whether only the aggregate ofM andS constitu-
ents percolates.

III. CRITICAL EXPONENTS AND SCALING PROPERTIES

The critical behavior on approaching the critical line
described by a number of critical exponents. One of th
governs the two correlation lengthsj i andj' , which diverge
at the critical line. But we expect that the divergence of bo
will be governed bythe samecritical exponentn, because
their ratioj i /j' is determined by some function of the co
stituent volume fractions which remains finite on crossi
the critical line.10,11 Thus we write

j i;j';~pI2pS!2n. ~3!

Moreover, since the correlation length is just a geometri
property of a percolating system, it should have the sa
valuena as in anisotropic percolation, i.e.,n5na . An earlier
renormalization group analysis predicts that anisotropic p
colation is governed by the isotropic fixed point.12 We there-
fore expect thatna has the same value as in 2D isotrop
percolation, which has been shown both analytically13 and

t

y

FIG. 2. Schematic phase diagram for anM /I /S composite with
random columnar microstructure.pI and pS are the volume frac-
tions of I andS; the M volume fraction ispM512pI2pS . In the
shaded regions, either theS or the I constituent percolates. Th
critical line pI5pS separates regions with saturating and nons
urating magnetoresistance. The dotted line corresponds to per
tion of the metallic constituent alone (pM.0.5 orpI1pS,0.5); no
critical behavior appears to be associated with this line.
9-2
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numerically14 to equal 4/3. However, a similar proof has n
been given for anisotropic percolation;15 moreover, some
time ago it was reported thatn does depend on anisotropy.16

Our numerical results below given54/360.02, independen
of anisotropy.

The magnetoresistance is described by other critical in
ces. At any point such thatpI,pS ~the region below the
critical line in Fig. 2!, the effective conductivity saturates
some finite value (i 5i or i 5'):

gsat,i[ lim
H→`

ssat,i~H !. ~4!

As we approach the critical line~say, along the linepM
5const),gsat,i must tend to 0, since on the other side of th
line the conductivity vanishes at largeH asH22. Hence we
can introduce the critical exponentst i and t' according to

gsat,i;~pS2pI !
t i. ~5!

In the regionpI.pS , the effective conductivity is propor
tional to 1/H2. Therefore, we can define the finite limitin
value

gnonsat,i[ lim
H→`

H2snonsat,i~H !. ~6!

Sincegnonsat,i must diverge as the critical line is approache
we can define the critical exponentssuu ands' , according to

gnonsat,i;~pI2pS!2si. ~7!

Just as in the case ofn, we expectsi5s' , t i5t' . We might
expect that the actual values oft ands are determined, once
again, by the connection to anisotropic percolation. Ho
ever, this connection is more subtle than forn, becauset and
s refer to different physical quantities in the present probl
than in anisotropic percolation. Nonetheless, it is reason
to expect that both problems belong to the same univers
class, implyingsi5t i51.30, the values of the two conduc
tivity exponents in conventional 2D percolatio
problems.17–19 Note also that the EMA yieldssi5t i51,8,9

and that continuum composites sometimes belong to a di
ent universality class of percolation, with different values
the critical exponents, depending upon the microstructu
details.20

Finally, consider systems exactly at the percolat
threshold, i.e., atpI5pS . Any finite-size sample inevitably
falls into either the percolating class, withre;H0 as H
→`, or the nonpercolating class, withre;H2. On increas-
ing the size of the system, one finds that the field wher
saturating sample achieves saturation also increases.
same size effect also holds for nonsaturating samples:
characteristic field at whichre starts to vary asH2 increases
with the size of the system. Below that field, or at any field
the limit of a system of infinite size, the behavior of th
magnetoresistance is described by yet another critical e
nentd i , defined by

re,i;uHud i. ~8!

The EMA analysis8,9 yields d i51.
17441
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In fact, the resultd i51 also follows from a duality argu-
ment, if one assumes thatd i5d' . The duality principle4

gives

15se,i~sM i ,sM' ,sS ,s I !se,'S 1

sM'

,
1

sM i
,

1

sS
,

1

s I
D .

It immediately follows that the anisotropic percolatio
thresholds for the two directionsi , ' must coincide, for
otherwise the singular behaviors ofse,i andse,' would not
cancel, as required by this equation. It also follows, rig
ously, that t i5s' and t'5si . Using the homogeneity o
se,i , se,' as functions of the various constituent conducti
ties, and noting thats I50 andsS5`, we can rewrite this
equation as

sM'

sM i
5se,iS 1,

sM'

sM i
,`,0Dse,'S 1,

sM'

sM i
,0,̀ D .

Note that the relationpI5pS for the percolation threshold
follows rigorously from this equation if the microstructure
invariant under the interchange of theSandI constituents. At
the percolation threshold and whenuHu@1, this reduces to

1

H2
}

1

uHud i1d'
⇒d i1d'52.

The assumption thatd i5d' , and hence the final resultd i
5d'51, is supported by the physical picture of the anis
tropic percolation process and is consistent with the exp
tation thatt i5t' andsi5s' . These equalities also follow i
a simple scaling description applies to bothse,i and se,'
with the same scaling variable. Thus, for anM /I /S columnar
composite precisely at the critical composition~i.e., on the
phase boundary line between saturating and nonsatura
magnetoresistance!, we expect to find

se,i;se,';
1

uHu
, re,i;re,';uHu⇒d51.

Near the transition, whereupI2pSu!1 and sM ,' /sM ,i
>1/H2!1, we expect that a scaling description of the cri
cal behavior is applicable. In view of the preceding discu
sion, that description can be formulated as follows:

re,i

rM ,i
>sgnDpuDpu2tFi~Z!,

Dp[pI2pS , i 5i ,', Z[uHuuDpu tsgnDp. ~9!

The scaling functionsFi(Z) should have the following
asymptotic forms for extreme values of the scaling varia
Z:

Fi~Z!;H 2Z0 for Z!21, i.e., pS.pI ,

Z2 for Z@1, i.e., pS,pI ,

Z for uZu!1, i.e., pS:pI .

~10!

The first two lines in this expression follow from the fact th
we expect to havere,i;H0 in the saturating regime an
9-3
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SERGEY V. BARABASH, DAVID J. BERGMAN, AND D. STROUD PHYSICAL REVIEW B64 174419
re,i;H2 in the nonsaturating regime. The third line resu
from the necessity to cancel the dependence ofre,i uponDp
whenDp→0. This kind of behavior was already found pr
viously using the EMA,8,9 where the incorrect valuet51
was found, as is usual when that approximation is invok
Note that, even thoughFi(Z) has a different analytic form
for largeZ, depending on the sign ofZ or Dp, these functions
are expected to vary smoothly whenZ passes through 0.

Finally, note that duality is a general symmetry prope
of 2D systems, and does not require that theI and S inclu-
sions have similar shapes or spatial distributions. Thus,
conclusions regarding values ofs, t, d are valid even if the
line of critical compositions differs from the simple straig
line pS5pI , which is valid only for the case where theI and
S constituents appear in the composite in a symme
fashion.

IV. NUMERICAL RESULTS

We carried out calculations on simple-square-latt
RRN’s, choosing the resistors in accordance with the mo
described above. The calculation was done using theY-D
bond elimination algorithm.18 Besides being very efficient in
2D, this algorithm allows the inclusion of both perfectly in
sulating and perfectly conducting bonds without any a
proximations. This technique is much more efficient than
techniques available for 3D networks. That is why the res
obtained here for columnar systems are much more deta
and accurate than the results obtained previously for 3D
tropic systems by simulations of 3D random netwo
models.6

The networks for our results were constructed as follo
each bond was independently and randomly chosen to
insulating, perfectly conducting, or metallic, with appropria
probabilities. A metallic bond was assigned an appropr
conductance, depending on whether it was oriented par
or perpendicular to the magnetic field. To calculategsat,i , as
can be seen from Eqs.~1! and ~4!, the conductances of th
constituents should be taken as

s I50, sS5`, sM ,i51, sM ,'50. ~11!

But in order to calculategnonsat,i , one needs to multiply al
the conductances byH2 and take the limitH→`, which
leads to

s I50, sS5`, sM ,i5`, sM ,'51. ~12!

The definitions~5! and ~7! for the exponentss and t are
exactly valid only for an infinite system. Instead of usin
these definitions directly, we adopted the finite-size sca
approach, as described below. For a finite-size system ge
atedexactly atthe percolation thresholdpI5pS , the system
size L3L is always smaller than the~infinite! correlation
lengthj. From Eq.~3! it follows that such a system behave
like a system at another volume fraction satisfyingupI2pSu
;L21/n. Therefore, the average ofgsat,i or gnonsat,i over
many such systems should scale as^gsat,i&;L2t i /n or
^gnonsat,i&;Lsi /n. ~Due to the appearance of percolatin
samples, the latter average is actually infinite. A finite res
17441
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is obtained by averaging only over nonpercolating samp
This procedure does not change the scaling form, becausat
the percolation thresholdthe fraction of samples which ar
nonpercolating is asymptotically size independent, as
cussed below.!

Using RRN’s with L ranging from 100 to 2000 andpI
5pS , we estimatedsi andt i for pM50.2, 0.5, 0.8, and, with
less accuracy, for several other values ofpM . ~At pM50.8
we could estimate onlyt i ands' , since these systems usu
ally percolated only in one direction but not in the othe!
The finite-size scaling assumption is supported very well
demonstrated in Fig. 3 forpM50.2. Assumingn54/3, we
find for all values ofpM studied thatt uu5t'5suu5s'51.30
60.02. This value supports the hypothesis that the prob
belongs to the same universality class as both isotropic
anisotropic percolation in 2D.

The assumption thatn54/3 can be tested for our problem
by considering percolation in finite-size systems. For su
systems, the ‘‘percolation threshold’’ in the directioni is
naturally defined as the value ofpS for which exactly one
half of the systems percolate in that direction:Pi
[Nsat,i /Ntotal51/2, wherePi is the probability of finding
saturating behavior in the directioni. Figure 4 then shows
that the percolation threshold depends on the system sizL.
In fact, a finite system has two ‘‘percolation threshold
pS0,' and pS0,i , located, respectively, above and below t
percolation threshold of an infinite system, and approach
pI as upS0,i2pI u;L21/n with increasing L.22 We have
checked these hypotheses numerically by calculatingupS0,'
2pS0,iu for four linear sizesL at pM50.2 and 0.5, and veri-
fied thatn54/360.02, independent of anisotropy.

Figure 4 also makes clear that the fraction of samp
which are nonpercolating is size independent at the perc
tion threshold. Specifically, Fig. 4 shows the fraction of p
colating samples of a given size versus concentrationpS .
The lines corresponding to different sample sizesL intersect
at the percolation thresholdpI5pS ~vertical line!. Thus, as
L→`, the fraction of the samples percolating atpI5pS ap-
proaches a certain limiting value determined by the ot

FIG. 3. Calculated̂gsat,i& and^gnonsat,i& @cf. definitions~4! and
~6!# plotted on a log-log plot vs linear sizeL of the RRN forpM

50.2 andpI5pS50.4. Error bars are smaller than the dot size
The slopes of the two lines on this plot equalt i /n and2si /n, and
are consistent with the value 0.975, corresponding tot5s51.30
andn54/3.
9-4
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parameters of the system, namely, the direction of perc
tion and the concentrationpM of the metal. This limiting
value can be related to the spanning probability in the cas
isotropicpercolation in a system of rectangular shape, wh
was found to depend on the aspect ratio of the rectangle.23 In
the present paper, we only consider systems with the as
ratio equal to unity; however, thecorrelation lengthsare dif-
ferent in the two directions. Thus,j' /j i may be thought of
as an effective aspect ratio for the present problem.

In order to test the scaling behavior at finite values ofH
andDp, we also simulated random networks atpS5pI with
large but finite values of bothH and L. Since the RRN’s
required for such calculations contain bonds with widely d
ferent conductivities@cf. Eq. ~1!#, special care must be take
when performing these calculations on large systems.24 For
that reason we wrote special code for storing numbers
large~small! as roughly 10663108

. Using this code, we stud
ied RRN’s of size up to 400034000 in fields ranging from 0
up to H25108. One useful way to exhibit those results is
plots of ln@(H211)se,i# vs ln(H211) for different values of
the linear sizeL—see Figs. 5 and 6. Figure 6 showsse,i and
se,' versus magnetic field in systems with sizes rang
from 100 to 4000. For the larger systems, one can clearly
a ‘‘critical’’ range of fields, in which the magnetoresistance
consistent with the scaling form of Eq.~8! with d'5d i
51.0060.07. For fields within and below that critical rang
the behavior ofse,i is independent ofL and is also indepen
dent of whether its value does or does not saturate at hi
fields, as demonstrated in Fig. 5. However, the intercept
those linear dependencies are different for the different
rections:se,i;(uHu2H0,i)

d i, with positive H0,' and nega-
tive H0,i . This is due to the fact that the system alwa
conducts better in the direction parallel to the applied m
netic field, as can be surmised from Eq.~1!. Figures 5 and 6
bear out the forms hypothesized earlier forFi(Z)—see Eq.
~10!. In particular, Fig. 5 bears out the expectation that,
small uZu, Fi(2Z)52Fi(Z), and thus that the scaling func

FIG. 4. FractionPi[Nsat /Ntotal of samples which saturate i
the directioni, plotted vsS volume fractionpS , at fixedM volume
fractionpM50.2, for two different sizesL. The vertical line denotes
the percolation threshold in an infinite system, as predicted by
~2!. For a finite system, the ‘‘percolation threshold’’ is the poi
where one half of the samples percolate:Pi50.5. Such thresholds
are unequal in the directions parallel and perpendicular toB, but
approach the same infinite-size value,pS050.4, asL→`.
17441
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tions are smooth atZ50. Figures 5 and 6 also show tha
both se,i andse,' are independent ofL when uHu!Lt/n, in
agreement with Eqs.~10! and ~13! below.

In order to find the form of the scaling functionsFi(Z)
@defined by Eq.~9!# from these numerical results, it is con

q.

FIG. 5. ln@(H211)se,i# vs ln(H211) for systems withL5100
and pM50.5 at the percolation thresholdpI5pS . Averaging over
different realizations is performed separately for saturating and n
saturating samples. Open symbols correspond tossat,' and
snonsat,' and the solid symbols tossat,i andsnonsat,i . For values
of H within and below the ‘‘critical’’ range of fields~as defined in
the text!, the conductivity in a given direction does not depend
whether or not it saturates at stronger fieldsH.

FIG. 6. ln@(H211)se,i# vs ln(H211) for systems of sizeL
5100 ~triangles!, 1000 ~squares!, and 4000 ~circles!, with pM

50.5, pI5pS50.25. Open symbols correspond tose,' and the
solid symbols tose,i . The lines are drawn as guides for the eye.
large fields, all systems exhibit either saturating (H2s i;H2) or
nonsaturating (H2s i;1) magnetoresistance. In the ‘‘critical’’ rang
of fields, clearly seen for the larger systems, the magnetoresis
behavior is given by Eq.~8! with d'5d i51.0060.07. Note that,
for the sake of visual clarity, we include only those systems
which se,' does not saturate andse,i does saturate~cf. Fig. 5!.
9-5
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venient to also invoke the finite-size-scaling hypothesis:21 In
a system of finite linear sizeL, when the correlation lengthj
satisfiesj@L, uDpu should be replaced byC1 /L1/n in all the
expressions of Eq.~9!:

re,i

rM ,i
>Lt/nsgnDp Fi~Z!, Z[sgnDpuHu/Lt/n. ~13!

Note that the constantC1 has been absorbed into the defin
tions ofZ andFi(Z). The sign ofDp, appearing in Eq.~13!,
should now be determined from the actual behavior~i.e.,
percolating versus nonpercolating or saturating versus n
saturating, in the directioni ) of each particular sample.

The plots of sgnDpL2t/nre,i /rM ,i vs sgnDpuHuL2t/n,
shown in Fig. 7, clearly demonstrate that the results obtai
for re,i , using different values ofH and L, collapse onto a
single curve~for a giveni ! when scaled in accordance wit
Eq. ~13!. These figures constitute a quantitative graphi
representation of the scaling functionsF i(Z) andF'(Z) for
the special casepM50.5. Note that these two scaling fun
tions appear to have a similar shape, up to a constant m

FIG. 7. Plots of Fi(Z)[sgnDp L2t/nre,i /rM ,i vs Z
[sgnDp uHuL2t/n for networks withpM50.5 and various large bu
finite values ofH andL. The top frame showsFi(Z) in the nonsat-
urating regime, whenZ.0, while the bottom frame showsFi(Z) in
the saturating regime, whenZ,0. The shapes of the points corre
spond to the value ofL, as in Fig. 6. Open symbols correspond
F'(Z), while solid symbols correspond toF i(Z). The horizontal
lines surrounding the symbols are parts of error bars. Inset:
panded view ofFi(Z) for small values ofuZu and both signs ofZ,
showing the smooth linear behavior ofFi(Z).
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plicative coefficient. That is qualitatively consistent with th
results of the EMA, which lead to9

F'~Z!

F i~Z!
5S 11pM

12pM
D 2

.

In the case of the systems featured in Fig. 7, wherepM

50.5, this ratio should be 9 according to the EMA. By co
trast, the simulation results plotted in that figure indicate t
this ratio is between 4.5 and 5. As stated earlier, such qu
titative discrepancies should come as no surprise, in view
the known deficiencies of the EMA in the critical region ne
a percolation threshold.

V. DISCUSSION

We have demonstrated that the phase diagram of
M /I /S random columnar composite in an in-plane magne
field exhibits a critical line between saturating and nons
urating regimes of magnetoresistance. The behavior near
critical line was interpreted using an anisotropic percolat
model. The critical exponentst5s and n were found, nu-
merically, to be the same as in the more conventional
isotropic random percolating networks. Also found were t
exponents which govern the dependence on magnetic fie
the critical region. The existence of scaling behavior in th
region was confirmed and the forms of the scaling functio
were obtained numerically.

The critical line discussed here could be studied exp
mentally using a doped semiconductor film as theM con-
stituent, with a random collection of etched perpendicu
holes as theI constituent, and a random collection of perpe
dicular columnar inclusions, made of a high-conductiv
normal metal, playing the role ofS. Extremely low tempera-
tures or very clean single crystals would not be required
order to observe this critical line. What would be necess
is a large contrast at each stage of the following chain
inequalitiesrS!rM!H2rM!r I . If Si-doped GaAs is used
as theM host, with a negative charge carrier density of 1
31018 cm23 and a mobilitym52500 cm2/V s at a tem-
perature of 90 K, as in the experiment described in Ref
then a magnetic field of 40 T would result inH5210. Such
a material would have an Ohmic resistivity of 1
31023 V cm, about 1000 times greater than that of C
Thus, using Cu for theS inclusions and etched holes for th
I inclusions, all the above inequalities could be satisfi
without difficulty.

This is apparently the first experimentally accessible a
technologically promising system in which anisotropic pe
colation is relevant. Our numerical results for the expone
n, t, s, and d are consistent with the assumption that th
problem belongs to the same universality class as the u
2D isotropic percolation problem and confirm thatn is inde-
pendent of anisotropy.

x-
9-6
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