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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 expgrents sj=s,
=1.30+0.02, »=4/3=0.02, 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 thaty 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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[. INTRODUCTION nar Sinclusions. Moreover, this 3D problem can be reddced
to that of calculating the effective conductivity of tevo-
Magnetotransport in composite conductors has attractedimensional(2D) composite of perfect insulatdr with o
increased attention due to the discovery of new effects, like=0, perfect conductofor superconductorS with og=<e,
the appearance of nonsaturating magnetoresistance in @d anisotropic 2D meta¥l with conductivity tensor
metal/insulator columnar compositdenoted byM/l), in-

duced by the Hall effect in theM (i.e., the metalli¢ 1

constituent. This means that, even when th constituent . om, O 1| 1+H?2

has naintrinsic magnetoresistance but only a Hall resistivity, UME( 0 - ) = E 1| 1)
an induced magnetoresistance appears in the mixture and ' 0 -
continues to increase & (B is the applied magnetic field A

indefinitely whenever the Hall-to-Ohmic resistivity ratio of pe conductivitiesry | anday , correspond to the in-plane
that constituent is much greater than 1. By contrast, in &jrections parallel and perpendicular to the applied magnetic
columnar composite of normal conductor and perfect confield B. This transformation underlies our further discussion.
ductor (denoted byM/S), while there also appears an in- the form assumed forr,, means that thél constituent re-
duced magnetoresistance, it saturates whes comparably majns an isotropic conductor, even in a magnetic field. This
large: Related new effects were also found in periodic mi-gycjydes “open orbit” conductors, but includes the possibil-
crostructures of either thid/I type or theM/S type, where iy of some intrinsic magnetoresistance: In that case both the
the induced magnetoresistance often exhibits a strongnsverse and longitudinal Ohmic resistivitigs and \ py,

. ’3 A i i
anisotropy’ would depend uporB. Our subsequent discussion will as-

In this paper, we study the magnetoresistance of threeg,me, for simplicity, thah =1 andp,, are both independent
constituent composites withrandom columnar microstruc- of B. as would be the case Ml were a free electron or free

ture. Specifically, we analyze a composite consisting of cy-,51e conductor. In that cash, is simply proportional tdB|.
lindrical I and S inclusions, though not necessarily circular
cylinders, in arM host film, with cylinder axes perpendicular
to the film, and with both a magnetic field and a uniform
macroscopic or volume-averaged electric current apptied
the film plane We assume that thigl constituent has a Hall
effect, with a Hall-to-transverse-Ohmic resistivity ratit
=pyan/ponmic= 1| B|, whereu is the Hall mobility. We are

concerned with the effective resistivity tens;}yof this sys-

The three-constituent problem in 2D, but with a scakgy,
was treated previously in Ref. 5. Scaling and simulational
studies, of magnetotransport in 3D, two-constitudmtl
composites with a random isotropic microstructure, were
also performed previousfy.

Il. MAGNETORESISTANCE AND PERCOLATION

tem atlarge H (p, is defined by(E)= p(J), where(E) and The relation of this problem to percolation can be under-
(J) are the volume averaged electric field and currenstood by considering very largd. In this limit, o , —0,
density}). and within the metallic constituent the in-plane current pre-

This system might appear to be inherently three dimenfers to flow in theo, | direction. For large enough volume
sional (3D), because the Hall effect will generate an electricfraction pg of the S constituent and small enough volume
field with a component perpendicular to the film even withfraction p, of I, there always exist current paths betwegn
an in-plane applied current. However, the electric field pergrains that are everywhere parallel to the high-conductivity
pendicular to the film plane vanishes because of the columdirection inM [cf. Fig. 1a@)]. Therefore, in this regime, at
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FIG. 2. Schematic phase diagram for il /S composite with
random columnar microstructur@, and pg are the volume frac-
tions of | and S, the M volume fraction ispy=1—p,—ps. In the

. . . shaded regions, either th®& or the | constituent percolates. The
FIG. 1. Schematic of transport in a 2D composite of a perfect

d insul | q . : M (the h critical line p,=pg separates regions with saturating and nonsat-
con _uctqr& Insu atorl, and a very anisotropic metd (the _OSt urating magnetoresistance. The dotted line corresponds to percola-
medium in this figure The current prefers to flow betwe&grains

tion of the metallic constituent alon@(,>0.5 orp, + ps<0.5); no
only in the direction of high metallic conductivity,, |, i.e., paral- ®h P+ Ps )

. . ) critical behavior appears to be associated with this line.
lel to B. At high-S volume fractionpg, such a path always exists, as
shown schematically ia). At smallerpg or largerp, , the current
must sometimes flows through the metal in the low-conductivity
direction (oy , ~H™?), as shown in(b). This behavior leads to a
nonsaturating effective resistivity.

This threshold separates the regimes of saturating and non-
saturating magnetoresistance. It agrees with a prediction
based on the effective medium approximati@MA),° as

well as with numerical results below. In a composite with
less symmetry between th@ndS constituents, the threshold
g/ill usually differ from p,=ps.

The predicted phase diagram is shown in Fig. 2. pgr
>0.5, theS constituent percolates; hence the composite is a
eperfect conductor. Similarly, i,>0.5, then the combination

of M and S constituents does not percolate; hence the com-

s - 2. . posite is a perfect insulator. These behaviors are independent

resistivity pe satisfiespe~ Loy, ~H i.e., pe will never of how much of theM constituent is present. The remainder

saturate. ) R . .
Next, we qualitatively discuss the expected “phase dia-Of the phase diagram is divided into saturating and nonsat-

) i ) A urating regimes by the lin@,=ps. In both regimes, our
gram” of this composite. The effective conductividy, of the

. . _ _ " numerical results indicate that it is irrelevant whether lthe
2D mixture is a 2 tensor(like the effective 2D resistivity  ¢onstituent percolates by itselis in the area below the dot-

pe=0, "), whose components depend on the applied magted ling or whether only the aggregate bf and S constitu-

netic field. If the in-plane microstructure is isotropic, then theents percolates.

principal axes of&e are determined by. At large H, both

oeando,, can either decrease ks 2 for arbitrarily large  111. CRITICAL EXPONENTS AND SCALING PROPERTIES

H or else saturate at some finite value. In principle, there » . ) . .

could be a region in the phase diagram where the resistivity 1h€ critical behavior on approaching the critical line is

saturates along one principal axis, but not along the otheHescribed by a number of critical exponents. One of these

But we expect no such region in an infinite system. Thisgoverns the two correlation lengtfgandé, , which diverge

conclusion, as well as the location of the critical line, follows at the critical line. But we expect that the divergence of both

from the relation between the present problem and the anisdVill be governed bythe samecritical exponentr, because

tropic percolation model in 2D, as we now explain. their ratio&y /¢, is determined by some function of the con-
Anisotropic percolation is usually defined in terms of aStituent volume fractions which remains finite on crossing

random resistor networkRRN), where the bond occupation the critical line.™*"Thus we write

probability depends on the bond orientation. In our 2D net- _

work model those probabilities will be chosen pg=py g6~ (P=ps) " )

+ps for bonds alongB, the high-conductivity direction of Moreover, since the correlation length is just a geometrical

the M constituent, angh, = ps for bonds perpendicular 8,  property of a percolating system, it should have the same
the IOW'CondUC“Vlty direction. For an infinite netWOfk, the Va|ueya asin anisotropic perco|ation, |e,,: v,. An earlier

percolation threshold for both directions occurs when renormalization group analysis predicts that anisotropic per-

large H the effective composite conductivitand hence re-
sistivity) saturates at some finite value. In the opposite cas
(small pg, largep,), the current will be forced in some re-
gions to flow in the low-conductivity directioref. Fig. 1(b)].

In this case, the macroscopic or effective conductivity of th
system will be proportional tery , . Hence, the effective

1=py+p.=2pstpy, Which implies colation is governed by the isotropic fixed potAtWe there-
fore expect thatv, has the same value as in 2D isotropic
P;=Ps- (2)  percolation, which has been shown both analyti¢algnd
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numerically* to equal 4/3. However, a similar proof has not  In fact, the result,= 1 also follows from a duality argu-
been given for anisotropic percolatioh;moreover, some ment, if one assumes tha=4, . The duality principlé
time ago it was reported thatdoes depend on anisotroffy.  gives
Our numerical results below give=4/3+0.02, independent
of anisotropy. 1- 1 1 11

The magnetoresistance is described by other critical indi-  +~ 7el(TMI:TML T5:01) 0o, aw. o os’ )
ces. At any point such thah, <pg (the region below the
critical line in Fig. 2, the effective conductivity saturates at
some finite valuei(=|| ori=_1):

It immediately follows that the anisotropic percolation
thresholds for the two directiony L must coincide, for
otherwise the singular behaviors @f | ando, , would not
Usari= liM ogayi(H). (4)  cancel, as required by this equation. It also foIIows_, rigor-

H—o0 ously, thatty=s, andt, =s;. Using the homogeneity of
Te| s 06, as functions of the various constituent conductivi-
ties, and noting that;=0 andogs=>, we can rewrite this
equation as

As we approach the critical lingsay, along the lingoy
=const),gs,tj Must tend to O, since on the other side of that
line the conductivity vanishes at larg&asH 2. Hence we
can introduce the critical exponertisandt, according to oML L oML O)
%, Oe, L
Tm| '

OMmL
1,—,0,00).
Gsati~ (Ps—P)". (5) o 7w

Note that the relatiorp,=pg for the percolation threshold
follows rigorously from this equation if the microstructure is
invariant under the interchange of tBand| constituents. At
the percolation threshold and whgr|> 1, this reduces to

“O¢|

In the regionp,>ps, the effective conductivity is propor-
tional to 1H?2. Therefore, we can define the finite limiting
value

Ononsati= lim HZUnonsati(H)- (6) 1
Ho o

mmmzﬁn-l- 6, =2.

Sincegnonsati Must diverge as the critical line is approached,

we can define the critical exponergsands, , according to  The assumption thaj=4, , and hence the final resuf
s =46, =1, is supported by the physical picture of the aniso-

Gnonsari ~ (P1—Ps) . () tropic percolation process and is consistent with the expec-
Just as in the case of we expect|=s, , tj=t, . We might tation thatt|=t, ands;=s, . These equalities also follow if
expect that the actual values b&nds are determined, once @ Simple scaling description applies to batg and o,
again, by the connection to anisotropic percolation. How-With the same scaling variahl@hus, for anM/1/S columnar
ever, this connection is more subtle than folecausé and ~ COMposite precisely at the critical compositidre., on the
srefer to different physical quantities in the present problemPhase boundary line between saturating and nonsaturating
than in anisotropic percolation. Nonetheless, it is reasonabl@agnetoresistangewe expect to find
to expect that both problems belong to the same universality 1
class, implyings;=t;=1.30, the values of the two conduc- T |~ Oet ~ Tort
tivity —exponents in conventional 2D percolation ' o [H]
problemst’~° Note also that the EMA yields;=t;=12° o
and that continuum composites sometimes belong to a differ- €2 the transition, whergp,—pg[<1 and oy, /oy,

— 2 < . . . . ._
ent universality class of percolation, with different values ole/H <1, we expect that a scaling description of the criti

the critical exponents, depending upon the microstructura‘lt_chlI behavior is applicable. In view of the preceding discus-

Pe,l\wpe,L~|H|:>5:1-

details2° sion, that description can be formulated as follows:
Finally, consider systems exactly at the percolation .

threshold, i:e., ap,=ps- Any _finite-size sa_mple igevitably ﬂzsgnAp|Ap|"Fi(Z),

falls into either the percolating class, wif,~H" as H Pwm|

—oo, or the nonpercolating class, wigh,~H?2. On increas- B . B N
ing the size of the system, one finds that the field where a Ap=p,—ps, i=|.L, Z=[H[|Ap['sgnap. (9
saturating sample achieves saturation also increases. The o scaling functionsF;(Z) should have the following

same size effect also holds for nonsaturating_samples: thesymptotic forms for extreme values of the scaling variable
characteristic field at whicp, starts to vary a$l“ increases .

with the size of the system. Below that field, or at any field in
the limit of a system of infinite size, the behavior of the -2Z°% for Z<—1, ie., ps>p,
magnetoresistance is described by yet another critical expo- .

9 vy P F.(2)~4 22 for z>1, ie, ps<p;, (10

nentd;, defined b
I Y z for |Z|<1, i.e., ps=p.

i~|HI?. 8
pei~IHI ® The first two lines in this expression follow from the fact that
The EMA analysi&® yields §;=1. we expect to havep,;~H? in the saturating regime and
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pe’i~H2 in the nonsaturating regime. The third line results
from the necessity to cancel the dependence.gfuponAp
whenAp—0. This kind of behavior was already found pre-
viously using the EMA3® where the incorrect value=1
was found, as is usual when that approximation is invoked.
Note that, even thougk;(Z) has a different analytic form
for largeZ, depending on the sign @ or Ap, these functions
are expected to vary smoothly whe&rpasses through 0. 0.

Finally, note that duality is a general symmetry property o
of 2D systems, and does not require that khend S inclu- 0.01
. L . Lo -0.98 + 0.01
sions have similar shapes or spatial distributions. Thus, the

conclusions regarding values sft, & are valid even if the 0.001 “— :
line of critical compositions differs from the simple straight 100 1000 L
line ps=p,, which is valid only for the case where thand

S constituents appear in the composite in a symmetri
fashion.

Gsat, non-sat
>
o

-
o

-
L

FIG. 3. Calculatedgsat;) and(gnonsati) [cf. definitions(4) and
%6)] plotted on a log-log plot vs linear siZe of the RRN forpy,
=0.2 andp,=ps=0.4. Error bars are smaller than the dot sizes.
The slopes of the two lines on this plot equaly and —s; /v, and
IV. NUMERICAL RESULTS are consistent with the value 0.975, corresponding=te=1.30

. . . . _andv=4/3.
We carried out calculations on simple-square-lattice g

RRN's, choosing the resistors in accordance with the modek obtained by averaging only over nonpercolating samples.
described above. The calculation was done usingtth®  This procedure does not change the scaling form, becatuse
bond elimination algorithm?® Besides being very efficientin the percolation thresholhe fraction of samples which are
2D, this algorithm allows the inclusion of both perfectly in- nonpercolating is asymptotically size independent, as dis-
sulating and perfectly conducting bonds without any ap-cussed below.
proximations. This technique is much more efficient than the Using RRN’s withL ranging from 100 to 2000 ang,
techniques available for 3D networks. That is why the results=p¢, we estimated; andt; for p,=0.2, 0.5, 0.8, and, with
obtained here for columnar systems are much more detailegdss accuracy, for several other valuespgf. (At py=0.8
and accurate than the results obtained preViOUSly for 3D iSQNe could estimate OnWH and s, since these systems usu-
tropic systems by simulations of 3D random networkally percolated only in one direction but not in the other.
models® The finite-size scaling assumption is supported very well, as
The networks for our results were constructed as followsgemonstrated in Fig. 3 fopy=0.2. Assumingr=4/3, we
each bond was independently and randomly chosen to bgng for all values ofp,, studied that=t, =s;=s, =1.30
insulating, perfectly conducting, or metallic, with appropriate + 0.02. This value supports the hypothesis that the problem

probabilities. A metallic bond was assigned an appropriatgelongs to the same universality class as both isotropic and
conductance, depending on whether it was oriented parallgjnisotropic percolation in 2D.

or perpendicular to the magnetic field. To calculgdg;; , as The assumption that=4/3 can be tested for our problem
can be seen from Eq¢l) and (4), the conductances of the by considering percolation in finite-size systems. For such
constituents should be taken as systems, the “percolation threshold” in the directionis

naturally defined as the value @f for which exactly one

=0, os==, om =1, om.=0. (D haif of the systems percolate in that directio,
But in order to calculat®nonsa;i » ONe needs to multiply all  =Nsati /Niota=1/2, whereP; is the probability of finding
the conductances bi? and take the limitH—o, which ~ Saturating behavior in the directidn Figure 4 then shows
leads to that the percolation threshold depends on the systemLsize
In fact, a finite system has two “percolation thresholds”
=0, og=®, oy|=», oy, =1 (12 Pso. andpgy), located, respectively, above and below the

percolation threshold of an infinite system, and approaching

The definitions(5) and (7) for the exponents andt are  p, as |pg;—pi|~L Y with increasing L?* We have
exactly valid only for an infinite system. Instead of using checked these hypotheses numerically by calculdirg,
these definitions directly, we adopted the finite-size scaling- pg| for four linear sized. at py,=0.2 and 0.5, and veri-
approach, as described below. For a finite-size system geneied thatv=4/3+0.02, independent of anisotropy.
atedexactly atthe percolation threshold, = pg, the system Figure 4 also makes clear that the fraction of samples
size LXL is always smaller than thénfinite) correlation  which are nonpercolating is size independent at the percola-
length¢. From Eq.(3) it follows that such a system behaves tion threshold. Specifically, Fig. 4 shows the fraction of per-
like a system at another volume fraction satisfy|pg— pg| colating samples of a given size versus concentragign
~L~Y, Therefore, the average @sati OF Ononsati OVEr  The lines corresponding to different sample sizeatersect
many such systems should scale @,,)~L '’” or at the percolation thresholg,= pg (vertical ling. Thus, as
(gnonsau>~LS‘/”- (Due to the appearance of percolating L— o, the fraction of the samples percolatingpat= ps ap-
samples, the latter average is actually infinite. A finite resulipproaches a certain limiting value determined by the other

174419-4



MAGNETORESISTANCE OF THREE-CONSTITUEN. . . PHYSICAL REVIEW B 64 174419

10 SV [ (H2+1)q,]
2‘“ o Py ,L=50 N .® T T Paay:
< o Py.LS0 | g gt A
S 2 Py =500 e 100 | o |
Z s PyL=500|e1, 400 oK
I ~ 3 00 I
& 05 p—E14 v
V4 N oé&y K
. a o Z .
. 2® , //
o a £ e .
£ 5.0 K _
OOM ‘s X F x-E--&---
° 2 P s
0.0 . £~ Ps B
037 038 039 040 041 042 043 &/T_E//:I - —%‘ - '%‘ o ‘E‘ o ‘}; 7
-« =
FIG. 4. FractionP;=Ng,:/Nota Of samples which saturate in /:;#,;/
the directioni, plotted vsS volume fractionps, at fixedM volume 0. oo"" 50 o0 50
fractionp,, = 0.2, for two different size&. The vertical line denotes ) ) ) )
the percolation threshold in an infinite system, as predicted by Eq. In (H"+1)

(2). For a finite system, the “percolation threshold” is the point
where one half of the samples percolde=0.5. Such thresholds
are unequal in the directions parallel and perpendiculaB,tdut
approach the same infinite-size valpgy=0.4, asL—x.

FIG. 5. If(H?+1)0¢;] vs InH?+1) for systems withL =100
and py,=0.5 at the percolation threshofg] = ps. Averaging over
different realizations is performed separately for saturating and non-
saturating samples. Open symbols correspondotg;; and

) . Ononsat. @nd the solid symbols o, and oy,gnsay) - FOr values
parameters of the system, namely, the direction of percolasf 4 within and below the “critical” range of field¢as defined in

tion and the concentratiopy, of the metal. This limiting  the tex, the conductivity in a given direction does not depend on
value can be related to the spanning probability in the case Gfhether or not it saturates at stronger fiektls

isotropic percolation in a system of rectangular shape, which

was found to depend on the aspe_ct ratio of the r_ecte?ﬁgte. tions are smooth aZ=0. Figures 5 and 6 also show that
the present paper, we only consider systems with the aspegip, e @nd o, are independent df when |[H|<L", in
ratio equal to unity; however, theorrelation lengthsare dif- agreerrient with' Eq€10) and (13) below.

ferent in the two directions. Thus, /£ may be thought of In order to find the form of the scaling functios(Z)

as an effective aspect ratio for the present problem. [defined by Eq(9)] from these numerical results, it is con-
In order to test the scaling behavior at finite valuedHof

andAp, we also simulated random networkspat= p, with
large but finite values of botid and L. Since the RRN’s
required for such calculations contain bonds with widely dif-
ferent conductivitiescf. Eq.(1)], special care must be taken
when performing these calculations on large syst&hzor
that reason we wrote special code for storing numbers a:

large (smal) as roughly 1619 Using this code, we stud-
ied RRN'’s of size up to 40004000 in fields ranging from 0
up toH?=10%. One useful way to exhibit those results is as
plots of IM(H*+1)o,;] vs In(H*+1) for different values of
the linear sizd. —see Figs. 5 and 6. Figure 6 shows and
oe, Versus magnetic field in systems with sizes ranging
from 100 to 4000. For the larger systems, one can clearly se:
a “critical” range of fields, in which the magnetoresistance is
consistent with the scaling form of Eq8) with &, =
=1.00+0.07. For fields within and below that critical range, 5
the behavior oy, ; is independent of and is also indepen- In (H"+1)
dent of whether its value does or does not saturate at higher 5 2 :
fields, as demonstrated in Fig. 5. However, the intercepts of 1< 8 IMH+Ljogi] vs InfH"+1) for systems of size

. . . . -=100 (triangleg, 1000 (squarey and 4000 (circles, with py
those linear dependencies are different for the different d|-:0.5’ p1=ps=0.25. Open symbols correspond g, and the

. . — _ . 5 . . _
r'ectlons.o-e’i ) (|,H| Ho;)®, with positive Ho, and nega solid symbols tare . The lines are drawn as guides for the eye. At
tive Hoy. This is due to the fact that the system alwaySi,rge fields, all systems exhibit either saturatirig?;~H?) or

conducts better in the direction parallel to the applied magnonsaturatingii2c;~ 1) magnetoresistance. In the “critical” range
netic field, as can be surmised from Ef). Figures 5 and 6 o fields, clearly seen for the larger systems, the magnetoresistive
bear out the forms hypothesized earlier f(Z)—see EQ.  behavior is given by Eq(8) with 8, = 5=1.00+0.07. Note that,
(10). In particular, Fig. 5 bears out the expectation that, forfor the sake of visual clarity, we include only those systems in
small|Z|, Fi(—Z)=—F;(Z), and thus that the scaling func- which o, does not saturate ang does saturatécf. Fig. 5.

In[H?+1)c,]
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E@ plicative coefficient. That is qualitatively consistent with the
results of the EMA, which lead fo
80 B
60 4 FL(Z) _ 1+p|\/| 2
Fi(z) \1-pm/ -
40 /7
In the case of the systems featured in Fig. 7, wheye
20 i =0.5, this ratio should be 9 according to the EMA. By con-
trast, the simulation results plotted in that figure indicate that
this ratio is between 4.5 and 5. As stated earlier, such quan-
0 titative discrepancies should come as no surprise, in view of
the known deficiencies of the EMA in the critical region near
0.2 | a percolation threshold.
0.4 i
V. DISCUSSION
-0.6 .
We have demonstrated that the phase diagram of an
08 q M/1/S random columnar composite in an in-plane magnetic
field exhibits a critical line between saturating and nonsat-

-1.0 ' urating regimes of magnetoresistance. The behavior near this
critical line was interpreted using an anisotropic percolation
=sgmp |H|L V" for networks withp,,=0.5 and various large but moqel' The critical exponen&s and » were found_, nu-
finite values ofH andL. The top frame showk;(Z) in the nonsat- _mer'ca!ly' to be the Same_ as in the more conventional 2D
urating regime, whe@> 0, while the bottom frame show(z) in  Isotropic random percolating networks. Also found were the
the saturating regime, whefi<0. The shapes of the points corre- €xponents which govern the dependence on magnetic field in
spond to the value of, as in Fig. 6. Open symbols correspond to the critical region. The existence of scaling behavior in that
F.(2), while solid symbols correspond #(Z). The horizontal  region was confirmed and the forms of the scaling functions
lines surrounding the symbols are parts of error bars. Inset: exwere obtained numerically.
panded view ofF;(Z) for small values ofZ| and both signs oZ, The critical line discussed here could be studied experi-
showing the smooth linear behavior Bf(Z). mentally using a doped semiconductor film as Mecon-
stituent, with a random collection of etched perpendicular
holes as thé constituent, and a random collection of perpen-
venient to also invoke the finite-size-scaling hypothéSist  gicular columnar inclusions, made of a high-conductivity
a s_ys_tem of finite linear size, when the correla}}io_n leng®  nhormal metal, playing the role & Extremely low tempera-
satisfiest>L, [Ap| should be replaced b, /L™ inallthe  y,re5 or very clean single crystals would not be required in
expressions of E9): order to observe this critical line. What would be necessary
is a large contrast at each stage of the following chain of
inequalitiesps<py<H?py<p, . If Si-doped GaAs is used
ﬂELt/ngnAp F.(Z), Z=sgnAp|H|/LY". (13 as theM host, with a negative charge carrier density of 1.6
Pwm,| x 10" cm 2 and a mobility x=2500 cni/V s at a tem-
perature of 90 K, as in the experiment described in Ref. 3,
Note that the constar@; has been absorbed into the defini- then a magnetic field of 40 T would result lh= —10. Such
tions of Z andF;(Z). The sign ofAp, appearing in Eq(13), a material would have an Ohmic resistivity of 1.6

FIG. 7. Plots of Fi(Z)=sgmpL "peilpy Vs Z

should now be determined from the actual behavi®., x10 3Q cm, about 1000 times greater than that of Cu.
percolating versus nonpercolating or saturating versus norfhus, using Cu for thé& inclusions and etched holes for the
saturating, in the direction) of each particular sample | inclusions, all the above inequalities could be satisfied

The plots of sgpL™""pe;/py vs sgnAp|HIL™"*,  without difficulty.
shown in Fig. 7, clearly demonstrate that the results obtained This is apparently the first experimentally accessible and
for pei, using different values off andL, collapse onto a technologically promising system in which anisotropic per-
single curve(for a giveni) when scaled in accordance with colation is relevant. Our numerical results for the exponents
Eq. (13). These figures constitute a quantitative graphicaly, t, s, and § are consistent with the assumption that this
representation of the scaling functioRg(Z) andF, (Z) for ~ problem belongs to the same universality class as the usual
the special casp,,=0.5. Note that these two scaling func- 2D isotropic percolation problem and confirm thais inde-
tions appear to have a similar shape, up to a constant multpendent of anisotropy.

174419-6



MAGNETORESISTANCE OF THREE-CONSTITUEN. . . PHYSICAL REVIEW B 64 174419

ACKNOWLEDGMENTS ences. This work was supported in part by NSF Grants No.

DMR97-31511 and DMRO01-04987, and by grants from the

We are grateful to Y. Kantor for providing us with the idea U.S.-Israel Binational Science Foundation and the Israel Sci-
regarding thel dependence oP; and the appropriate refer- ence Foundation.

1D.J. Bergman and Y.M. Strelniker, Phys. Rev. @, 13016 *B. Derrida and L. De Seze, J. PhyPari9 43, 475(1982.

(1999. 15p M. Castro de Oliveira, Phys. Rev. 35, 2034(1982.

2D.J. Bergman and Y.M. Strelniker, Phys. Rev. 49, 16 256 16D, Arovas, R.N. Bhatt, and B. Shapiro, Phys. Rev2& 1433
(1994; 51, 13 845(1995; 59, 2180(1999. (1983.

3M. Tornow, D. Weiss, K. von Klitzing, K. Eberl, D.J. Bergman, *’R. Fogelholm, J. Phys. @3, L571 (1980; J.-M. Normand, H.J.
and Y.M. Strelniker, Phys. Rev. Leff7, 147 (1996. Herrmann, and M. Hajjar, J. Stat. Phys2, 441(1988.

4D.J. Bergman and D. Stroud, Solid State PH6.178(1992. 18D.J. Frank and C.J. Lobb, Phys. Rev3®, 302(1988.

SP.M. Kogut and J.P. Straley, J. Phys1¢g, 1 (1979. 19p. Grassberger, Physica262, 251 (1999.

6A.K. Sarychev, D.J. Bergman, and Y.M. Strelniker, Phys. Rev. B%°S. Feng, B.I. Halperin, and P.N. Sen, Phys. Re858197(1987.
48, 3145(1993. 2A. Aharony and D. Staufferintroduction to Percolation Theory

"M.F. Sykes and J.W. Essam, Phys. Rev. L&®.3 (1963. 2nd ed.,(Taylor & Francis, London, 1992

8D.J. Bergman, Phys. Rev. &, 13 820(2000. 22p J. Reynolds, H.E. Stanley, and W. Klein, Phys. Re21B1223

°D.J. Bergman, Phys. Rev. &, 024412-1(200). (1980; M.E. Levinshtein, B.I. Shklovskii, M.S. Shur, and A.L.

10For example, in the limipy,,— 1, the RRN version of the com- Efros, Zh. Esp. Teor. Fiz69, 386(1975 [Sov. Phys. JETR2,

posite atH—o becomes a set of one-dimensional parallel 197 (1976].

“wires” composed of oy, | and o bonds. These wires will be 23].L. Cardy, J. Phys. &5, L201 (1992; J.-P. Hovi and A. Aha-
broken byo, bonds into units with average leng#éip, . These rony, Phys. Rev. 53, 235(1996; R.P. Langlands, C. Pichet,
longitudinal wires will be connected by an average of one trans-  Ph. Pouliot, and Y. Saint-Aubin, J. Stat. Ph¢g, 553(1992.
verseos bond of lengtha to neighboring wiregherea is the  ?*Indeed, application of ther-A algorithm (Ref. 18 to such a
size of a single bondAs a critical point is approached, since the  system leads to generation of intermediary bonds with rapidly

o, and og bonds appear witlequal probabilities the size of a growing exponents, both positive and negative. It is important to

critical cluster will grow in both directions in a similar fashion. keep track of such very large and very small numbers, especially
A K. Sarychev and A.P. Vinogradoff, J. Phys.1@, L681 (1979. in a system that is close to a percolation threshold: a single
121, Nakanishi, P.J. Reynolds, and S. Redner, J. Phys4,/855 replacement of a very weak bond by a bond of zero conductance

(1982. changes the topology of the network, possibly driving it from
BM.P.M. den Nijs, J. Phys. A2, 1857(1979. percolating to nonpercolating.

174419-7



