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Abstract. The crossover behaviour irladimensional percolating superconductor (S)—nonlinear-
normal-conductor (N) random network is studied. The system is composed of a volume fraction
f of superconductors, and fraction-1 /' of nonlinear normal conductors with the currei
voltage ¢) relation of the formi = giv + x1v#*1, whereg; and 1 are the linear and nonlinear
response of normal conductors. As the percolating threshaitthe superconductor is approached
from below, the crossover electric fiel&;—y.| and corresponding current density,—nz.|,

defined as the field and current density at which the linear and nonlinear response of the random
network become comparable, are found to have power-law dependence. | ~ (£, — F)M®),

[Ji—ni| ~ (fe — £)N® respectively. Within the effective medium approximation (EMA), critical
exponents// (8) andN (B) are estimated to b% and—% for all spatial dimensiong and arbitrary
nonlinearity8. By means of the multifractal approach, explicit expressionsfgg) and N (8)

as a function ofg are obtained. Fo# = 2, we investigate the influence of nonlinearggyon

the crossover properties analytically and numerically; whiledfee 3, we present such special
values asM (2) ~ 0.74 andN(2) ~ —0.01; M(4) ~ 0.79 andN (4) ~ 0.04; N(co0) ~ 0.88

andN (co) ~ 0.13. Careful examination of exponernit&(8) andN (B8) gives interesting crossover
behaviour. Numerical results are also compared with previous bounds and good agreement is found.

1. Introduction

Nonlinear inhomogeneous composite materials have attracted much interest in recent years
[1-3]. Typically, such a system consists of a material with weakly nonlinear cuijero(tage

(v) characteristics of the formm = gv + xv®, embedded in a linear or nonlinear host. Two
basic questions concerning such random systems are often raised: one is the calculation of
the effective nonlinear response [4-7]; the other is critical properties and scaling behaviour of
linear and nonlinear properties near the percolation threshold [4, 8-10].

For the second question, the percolation theory [11] has been extremely useful in describing
linear properties in a superconductor—normal-conductor random network (S/N limit) and a
normal-conductor—insulator system (N/I limit) near the percolation threshold. According
to the theory of percolation, one can define the critical exponeiatr ¢) to describe the
divergence of the linear conductivity (or resistivity). Such divergence is geometrical in
nature and is related to the fractal character of the incipient infinite cluster. As to nonlinear
properties, Stroud and Hui [4] demonstrated the relation between the nonlinear-random-
network problem and the noise problem in the corresponding linear system, and obtained the
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critical exponent of the effective third-order susceptibility in a nonlinear normal-conductor—
insulator (N/I) composite; Blumenfeld and Bergman [12] pointed out that the results in [4] can
be used to derive a characteristic value of the current (crossover current) at which the linear
and nonlinear response in N/I mixtures become comparable. For superconductor—nonlinear-
normal-conductor (S/N) mixtures below the percolation threshold of the superconductor, Hui
defined the crossover current density—y, | to characterize the crossover effect from linearity

to nonlinearity within the ‘nodes-links—blobs’ (NLB) picture [13]; later, he also studied the
analogous problem and derived a value of the crossover electrid figld,; | which marks

the transition from linear to nonlinear behaviour [14]. Critical exponents of these nonlinear
physical parameters are evaluated by means of various methods including the effective medium
approximation (EMA) [8, 10, 14], numerical simulation [9, 10] and the relation to the noise
exponents [10, 14]. Allthese considerations lead to the same conclusion, that, due to geometric
effects near the percolation threshold, the linear regime in-theesponse shrinks. In other
words, the nonlinear response becomes increasingly important as the percolation threshold is
approached. Such a percolating S/N system will be of potential practical use, because it has a
high conductivity and yet is highly nonlinear [13].

To our knowledge, much work concentrates on the critical behaviour of effective cubic
nonlinearity, i.e.,8 = 2. In fact, 8 is not limited to 2 generally. For the material without
inversion symmetry, the lowest-order nonlinearitgis- 1. For example, the-v characteristic
of a carbon—wax mixture is found to be nonlinear and the leading nonlinear term is quadratic
(or 8 = 1) [15]; numerical simulation of the effective high-order nonlinearity vgita- 2, 3, 4,

6 of a random network has also been investigated [16, 17]; Fu and Resca [18] have considered
a non-integep = 2.5 to discuss the effective response; higher nonlinearity may be found in
some ceramic two-dimensional materials at low temperature [19], as in a recent experiment
on laser-irradiated polymers [20] and condensed matter to which a sufficiently strong field is
applied [12]; theoretical studies on the effective nonlinear response with arbitrary nonlinearity
have been proposed [16, 17] also. The purpose of this paper is twofold: we firstly generalize
the previous studies on the critical behaviour of effective nonlinear properties [9, 10, 14], which
is only applicable to cubic nonlinearity, to the case of arbitrary nonlinearity, i.e., the normal
conductor has the weak nonlinear forim= gv +leﬂ+l B > 0. Secondly, both the crossover
field |EL_NL| and corresponding current densltg/L_NL| are examined at the same time.
Previous work has often concentrated |a}h_NL| in a percolating S/N system with third-
order nonlinearity. The effect of nonlineariyon these crossover physical parameters in the
percolating S/N random network is examined systematically. Below the percolation threshold
f. ofthe superconductor, the magnltudes ofcrossover|ﬂQIdNL| and currentdensnML_NL|

are found to have power-law dependenBe—y, | ~ (f. — F)MB | T—yi| ~ (f. — fIN®
respectively. M (8) and N (B) are critical exponents of these crossover physical parameters
and are dependent ¢ghin general. A crude estimate can be obtained by using EMA [16],
which givesM (8) = % andN(B) = —% for all spatial dimensiong and arbitrary nonlinear
exponentg. With the multifractal approach [21], the dependence of explicit expressions of
M (B) and N(B) on the nonlinearity8 is obtained. A detailed investigation &f (8) and

N(B) as afunction of8 is made for a two-dimensional percolating S/N system, and numerical
results ford = 3 are presented for some special nonlinear orders. Theoretical predictions are
compared with previous work also [10, 13, 14].

2. Estimate of exponentsM (3) and N (3)

We consider @-dimensional superconductor—nonlinear-normal-conductor hypercubic random
network with the volume fractiorf of superconductors and with4 f of weakly nonlinear
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normal conductors. Normal conductors have a current—voltage response of thé ferm

g1v + x1v#*t, whereg, and x; are the linear conductance and the nonlinear response, while
superconductors haye = oco. Previous studies assumed third-order nonlinearity, namely

B = 2. Such cubic nonlinearity is the lowest-order nonlinearity appearing in a material
with inversion symmetry [4-8]. Throughout this work, the nonlinear term is assumed to be
weak, i.e.,x1v?/g1 <« 1. We concentrate on the regime whefe< f.. For f > f., the
superconductor forms a connected path across the system and the whole system becomes
perfectly conducting. Below the percolation threshold of the superconducter f,, the

effective nonlinear response of the whole system can be represented by

I=G,Vo+A V™ 1

whereG, andA, are the effective bulk linear conductance and nonlinear response respectively
[22], and! is the current across the whole network when the external volfaggeapplied to
the system. Equivalently, each bond is replaced by a conductor with the form

i = gVt Xevﬁ+l~ (2)
Note thatg, o« G, andy. o« A., while G, andA, are given by

Ge=nY (%)z 3)

and

V. (B+2)
w=n¥(y) @

Here the summation is performed over all the normal conductors as no voltage drop is across
the superconductor phagé; is the voltage drop in the normal conductor in the corresponding
linear random system (obtained by solving the same inhomogeneous problemy witid),
when the external voltagé, is imposed on the network. Equation (4) gives an expression for
A, to the first order in the nonlinear response

The crossover voltagé —y, is defined as the voltage at which the linear and the nonlinear
response become comparable and can be obtained by equating the two terms on the right-hand
side of equation (1); we have

G.\Y*
Vi—ni = (A_> . (5)

The corresponding crossover current then can be obtained by using the valueyefin
equation (1) and is given by

G.\Y*
Ii—np =2G. Vi1 = 2G, <A_) . (6)

We note that, in order to determine critical exponents, it is wise to us&ngt; and
I, butrather the more universal quantities which are independent of the size of the network
L, in the thermodynamic limiL. — oo. Therefore, we are interested in crossover physical
parameters such as the crossover electric figld-y;| and the crossover current density
|Jr—~r|, which are defined as

_ GV PINT
|Er—el = Vini/L=|—| /Lo |=— (7)
A, Xe

1/8
7 — 8e
vl = I—yr/L ™ o g (X_> . 8)
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_ Below the percolation threshold of the supercondugtocrossover physical parameters
|E;—n1| and|J—y | are found to behave as

|Ep—ni| ~ (fo — HMP 9)
and

(il ~ (fo = HNP (10)
respectively, wheré/ (8) and N (8) are critical exponents of crossover physical parameters.
In the following subsection, we shall show how to obtain these critical exponents and analyse
the critical behaviour ofE;—y | and|J—y. | nearf..

2.1. An effective medium approximation (EMA)

An EMA [5, 8] has been proposed for estimating the effective nonlinear response in a third-
order nonlinear random mixture. Later, itis also generalized to calculate the effective nonlinear
response for th€s + 1)th-order nonlinear mixture [16]. Here we give a brief review.

For the system we studied, the effective arbitrary order nonlinear respensan be
written as [16]

1 — Hx(vl?

Xe Vﬂ+2 (11)

where(- - -) denotes the spatial average. By means of a decoupling scheme [@{ﬁ%z]), can
be written approximately as
(VE2) ~ (vR)F (12)
As mentioned in [16], the approximation is based on the assumption that the fluctuations
in the voItage(Vf“z) <V2) within the normal conductor are small comparedt/(:f“’2
itself. This approximation will be accurate in geometries for which the voltage drop is nearly
uniform within the nonlinear normal conductors and less accurate when these fluctuations are
large as in a random mixture near the percolation threshold.
It is known that(V;?) can be expressed as [4]
1 dg.
(V2= = S8ey2
1-fdg
Substituting equations (12) and (13) into equation (11), we can arrive at a compact formula
for the effective nonlinear responge

(13)

p+2

X1 (A
o= i (i) o

The EMA is completed by calculating, from some linear approximations such as the
Maxwell-Garnett formula and linear EMA. The linear EMA is a self-consistent scheme which
is valid for the whole fraction regime and reads

DD e T TP (19)

whered is the dlmenS|on of the system whijg is the fraction of theth component. For the
S/N limit, the effective linear an¢s + 1)th nonlinear response can be obtained as follows:

g1 (1 -1
ge=g<3_f) (16)
p+2
_xa 1 (1 N7
=t (i) a7)
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Then, the crossover fieI|£L_NL| and the corresponding current den$ify_NL| are
1

|EL—v1| (%)8 ~(fe— f)% (18)
| J—nil o g (%)ﬁ ~(fo= )2 (19)

Thus within the EMA.f, = 1/d, and crossover exponem(8) = 3 andN (8) = —3 for
all spatial dimensiond and arbitrary nonlinearity, i.e., these crossover parameters behave
the same way independent of the detail of the nonlinear behaviour of individual components.
Results also show that in a percolating S/N system, the crossover field vanishes while the
crossover current diverges. This requires that we should not introduce the crossover current
density but the crossover electric field to characterize the crossover behaviour, because the
former|fL_NL| — +oo asf — f,, which cannot be easily accessed in experiments.

EMA may give the correct behaviour near the percolation threshold qualitatively but
usually predicts the incorrect exponents, because it does not take into account the full
complexity of the spatial fluctuations of the voltage to which the effective nonlinear properties
are so sensitive.

2.2. A multifractal approach

In order to describe multifractal properties of a S/N random network, one often defines the
multifractal moment of the voltage distributions for normal-conductor bonds [21]

AN
n-2(5) &

It turns out that various moments @f have different physical interpretations for differgnt
For instance, the zero momet = 0) describes the fractal dimensionality of the backbone,
the second momeiip = 1) is proportional to the bulk conductan€e and the fourth(p = 2)
is closely related to the/¥ noise exponent while the infinite moment is governed by the
so-called single disconnected bonds.

For f < f. andinthe thermodynamic lim{L. — oo), T,, depends not only oh but also
on(f. — f) and scales as a power law [21]

Ty ~ L2 (fe = fBEn 2@, @D

Heres(2) is nothing but the critical exponent of the effective linear conductivity in the S/N
system. According to the definition ¢f, andA., we have

G~ L72(fe = 7P (22)

A, ~ L= (£ 5)lsBr2-(6+25)] (23)
Thus, crossover physical parameters behave as

|Ernil = (j—:)w / L~ (fo— )7 (24)
and

Tenil = 2G| Eponi | /L2~ (fo = )57 (25)

Here we emphasize that the above relations are correét forg (¢ is the correlation length
andé ~ (f. — f)~" near the percolation threshold), i.e., in the Euclidean regime, and thus
hold in the thermodynamic limitL — oo) and f < f.. Therefore, critical exponentd (8)
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andN (B), which describe the dependence of the crossover electric field and current density
on f. — f in the S/N limit, are given explicitly as follows:
(B+Ds(2) —s(B+2)

M(B) = 26
#) 5 (26)

and
s(2)—s(B+2
—ﬂ .

In order to investigate critical properties af(8) and N(8), we must look for the
expressions fos (8 + 2).

For a finite system of size right at f = f., the correlation length diverges and the whole
system is in the fractal and self-similar region. In this casewill only depend orL because
the correlation length is limited by the finite size. and& ~ L. Then the dependence 0
andL can be obtained by puttingf. — f) ~ &~%¥ = L=V thatis

N(p) = (27)

Tp ~ L (d—2p)v—x‘()2p)+2p\'(2) (28)
On the other hand, gt = f, the voltage momerif, can also scale as [23]
T, ~L“" (29)

wherez (2p) is the moment exponent. Comparing with the above two equations, we can obtain
the relation between(2p) andz (2p)

s(2p) —2ps(2) = (d — 2p)v — ¢ (2p). (30)

Letting 2p = B + 2 and substituting equation (30) into equations (26) and (27), we can easily
obtain

M) v SEFD—CD) 1)

B
and
B+ - B+
3 .

So far, these expressions represent an exact scaling law. Here, we have formulated these
crossover exponents as a functiorgdbased on the multifractal approach. Critical exponents
of the crossover electric field and the corresponding current density can readily be analysed
and calculated by use of equations (31) and (32).

N@B)=(d—-Dv+

(32)

2.3. Numerical discussions

Crossover exponent® (8) and N(8) in a percolating S/N system become very important
when one wants to know how nonlinear properties are dependeht on

First, we analyse the properties of exponedig3) andN (B) in the two-dimensional case.
In this case, from the duality consideration, it has been shown [23t tifat 2) is consistent
with the moment exponent in a two-dimensional percolating N/l network and has the form

((B+2)=(B+2p2) —p(B+2) (33)

with p(B+2) = B+ 1+{(B+2)In(5/4) — In[1 +2-¥*2]}/In2[23].
According to equations (31)—(33), we obtain the first limit case ghat 0"

| | 2—(B+2)
im M =v— lim
FLUN B)=v
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and
ﬂlingy N(B) = (d—2)v —1(2) +ﬂ|in(1)+ M(B) = —0.19. (35)
Crossover exponents fgr= 2, on which previous work mainly concentrates [10, 14], become
MB =2 =122 and N(B =2) =-0.10. (36)
In the other limit8 — +oo, we give
5Iim M(B)=v=4/3 (37)
and
ﬂlirp N(B)=(d—1yv—¢(2 =0.01 (38)

In deriving the above results, we have used ‘5‘ ford = 2.
Perhaps the most important properties are the monotonicity
dM(B) In(5/4) —In[1+2-F+2] — BIn2/(1 + 2F*+2)

ag B2In2 '

Note that the denominator is positive and the numergt@) = In(5/4) — In[1 + 2-#*2] —

B1In2/(1 + 2#*2)) in equation (39) is always larger than zero for- 0 because (i) (8 —

0%") — 0%; (i) f(B — +00) = In(5/4) and (i) df (8)/dB = 2D 8(In 2)2/[1+2¥*2]? > 0.

We then have

(39)

dM(p)
and
dN(B) _ dM(B)
Tl T 0 (41)

for arbitrary8 > 0.

_ Equations (34), (37) and (40) mean thdts) > O for all 8 > 0, thus ford = 2,
|Er—ni| ~ (fe — f)MP — 0asf — f, thatis to say, the crossover electric field will
vanish for definitef, — f. This corresponds to an enhancement in the nonlinear response near
the percolation threshold relative to a system consisting only of the nonlinear components, and
it implies that the region of linear response shrinks and a small electric field is enough to lead
to an appreciable nonlinear response near the percolation threshold.

Because & (B)/dB > 0, M (B) increases withincreasiry This meansthatthe crossover
field |E;.—y. | vanishes faster for largét, thus for larger nonlinearity, a somewhat smaller
electric field is needed to stimulate an appreciable nonlinear response, and the larger the region
of nonlinear response may be correspondingly. In contrast, in the system withgssalh
asp — 0%, |Ei—wi| ~ (f. — f)*13 takes the maximum for definitg. — £, thus it possesses
the largest linear region. This can be well understood becay$e-a®*, the nonlinear term
x1v?*! of the nonlinear component becomeg and the nonlinear normal conductor has a

lineari—v responseé = (g1 + x1)v.
As to the critical exponentV(8), according to equation (41)V(B8) increases with

increasingp also. Combining equation (35), which give&8) < 0, with equation (38),
which givesN (8) > 0, we can predict tha¥ (8) may take negative, zero and positive values
with increasings, thus|J;—y | has

|J—n1| = +00 N@B) <0  B<B.
|J.—yi| — constant  N(B) =0 B =B
|J—vz] = O NB)>0  B>5 (42)

whereg. &~ 28 is a critical value at which the expone¥itg) = 0.
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132 | /

1.28

M(8)

12 |

1.16

1.12 ! —

Figure 1. For a two-dimensional percolating S/N system, the critical exponé() of the
crossover electric fielt£;—y . | as a function o8 based on equation (31).

Numerical results for exponentd (8) and N (8) in the two-dimensional case based on
equations (31) and (32) are shown in figures 1 and 2 respectively. We can clearly find our
analytical predictions, i.eM (8) > 0 andN (B) takes negative, zero and positive values with
increasing3; M (B8) andN (8) are monotonically increasing functions @f

Thus ford = 2, the qualitative analysis and numerical result3&f8) and N (8) show
the following. (i) For smallg(8 < B.), only |EL_NL| can describe the crossover effect.
is trivial to use|J;—y | to characterize the crossover behaviour, becaltsem diverges as
f — f7 and cannot be experimentally accessed. Such conclusions demonstrate that it is
more appropriate to conside‘E‘L_NL| than|fL_NL| in the case o8 = 2 < B. [14] (also see
equation (36)). (i) For largg (8 > B.), both|E’L_NL| and|fL_NL| vanish asf — f., and
thus can be applied to describe crossover effects also. This is an interesting and a new result,
which has not been reported because previous work only studies the cubic nonlinear response.

Then, we investigate the casedf= 3. Because of lack of the explicit expression for
Z(B+2) inthis case, we can only present some concrete numerical results SU¢ as 2) ~
0.74andN(B =2) = —0.01; M(B = 4) ~ 0.79 andN (4) =~ 0.04; M(B — +o0) = 0.88,

N(B — +00) ~ 0.13 with the aim of numerical results ¢fg + 2) [21]. According to the
above results, we predict that the critical behaviourhf_lm and|E;—y.| ind = 3 may
take on similar behaviour as thatdn= 2. However, the crossover field ih= 2 may vanish
faster than that il = 3 asf — f,~ because of its larger critical exponents, for example,
M(B = 2) = 1.22(2D) > 0.74(3D); M(B — oo0) = 1.33(2D) > 0.88(3D). Therefore the
influence of dimensionality is an important factor on crossover physical parameters also.
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-0.08

N(g)

0.12

-0.16

_0-2 . | I L | " 1

Figure 2. For a two-dimensional percolating S/N system, the critical expon&ft) of the
crossover current density;—y | as a function of3 based on equation (32).

As mentioned above, EMA can describe qualitatively the vanish of the crossover behaviour
but gives incorrect exponents. For example, the EMA predicts thgd) and N(8) are
independent of, while equations (40) and (41) give that(8) and N (8) are monotonically
increasing functions 0. The EMA predicts the divergence of crossover current density for
all 8, but equations (41) and (42) give that for laggeJ.—y; | can also vanish ag — f.
However, both EMA and equations (34)—(39) can predict the vanishing of the crossover field
|EL_NL| and the divergence q>flL_NL| for B < B.. So still EMA can be used asa first step
to estimate critical exponents and to depict crossover propertléﬁo&u and|JL_NL| near

Je.

2.4. Comparison with the bounds

Based on the so-called ‘nodes-links—blobs’ picture, Hui [13] gives the upper bounds for the
crossover exponent ¢ff;—y|. In this picture of the percolating cluster just belgiy the
conductance of the network is still finite, but typical size clusters of superconductors (TSCSs)
exist. The TSCSs can be approximately denoted by an array of nodes separated by the
correlation lengthe, each node is regarded as the centre of the superconducting cluster of
linear size of orde¢ and neighbouring clusters are linked by a thin layer of nonlinear normal
conductors. In some places, there is only one normal bond separating the superconducting
clusters. These bonds are called ‘singly disconnected bonds’ (SDBs); the number of SDBs
diverges av. ~ (f. — f)"tasf — f .
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As the voltagel, is applied to the network with volum@ = L¢, the voltage applied to
the layer of normal bonds should Be= (¢/L)V, and the current in each SDB is given by
[ = [I/(L/&)*Y]N., if we neglect the effects of multiply connected regiodsand V must
follow equation (1) [24], i.e.,

[ =0V + VP (43)
By simple deduction, we can obtain
%-d 1
7| = o1& |E| + xa (€| ENF (44)

c

Letting the magnitude of the linear part be equal to the nonlinear part, we have the crossover
electric field

- o1\
|Ep—nil = (X—1> -~ (fom HMP (45)
and the corresponding crossover current density
- N,
| Jo—nr| ~ g1 (fe—= VP (46)
with crossover exponentd (8) and N (8) given by
M@PB)=v and NB) =vd-1) —1. (47)

Itis known that the standard values of the correlation length exponarmet4/3 ford = 2 and

0.88 ford = 3. Thus, the upper bounds given by the NLB picture for the crossover exponents
areN(B) ~ L ford = 2 andN(8) ~ 0.76 ford = 3, which are independent of nonlinear
exponeng; M(B) ~ g (2D) and~0.88 (3D) for arbitraryd. The merit of the NLB picture lies

in its simplicity and the bounds can be used as a limit to check the validity of the theoretical
predictions. Comparing with them, it is not difficult to find that our results are always below
the upper bounds. However, the bounds cannot describe how the effect of nonligesity

on these crossover physical parameters. We think the upper bounds are applicable strictly for
B — +oo.

The upper and lower bounds faf (8 = 2) have been reported also [14], such as
118 < M(2) < 1.33 (2D) and 66 < M(2) < 0.88 (3D). By means of the multifractal
approach, we give/ (2) ~ 1.22 (2D) andM (2) ~ 0.75, which is in good agreement with
these bounds also.

3. Conclusions

In this work, we have studied the critical behaviour of the crossover electric field and current
density in a percolating S/N random network by means of (i) EMA and (ii) the multifractal
approach. The results are important and necessary for the investigation of the effective
nonlinear response with arbitrary nonlinear expongntBelow the percolation threshold

of the superconductor, we have shown that the magnitudes of the crossovﬁf)jt@lm and

current density J;,—y; | behave a$E;—y.| ~ (f HMB and | J—yi| ~ (f, — VD,

The EMA givesM(B) = % and N(B) = for all nonlinearity 8 and dimensiord.

By means of the multifractal approach, we gve(B) = v+ [C(B+2 —¢(2]/8 and

N(B) = (d—Dv+[¢(B+2) — (B+1¢(2)]/B. Both approximations predic¥ (8) > 0,

which means that we canintrodudg —y; | to mark the transition where the effective linear and
nonlinear response become equal in magnitude. This corresponds to the nonlinear response of
the composite becoming more pronounced as the threshold is approached, and a small electric
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field is enough to lead to a considerable nonlinear response. At the same time, the second
approximation predicts the monotonic increasa/(s), thus for larges we may predict that

a fairly small field is needed to stimulate an appreciable nonlinear respohsey; | takes

such complex and interesting behaviour as to diverge, keep invariance or vanish with increasing
pasf — f-. This implies that for3 > . we may also introduce the currejo,—y, | to
characterize the crossover behaviour, which was neglected in the percolating S/N system in
the case o8 = 2. Results are compared with those shown by the NLB picture and good
agreement is found. .

Although our discussions are only limited to a nonlinga€ relation, they can be readily
generalized to systems on the effective mechanical properties in random mixtures. In the
elastic percolation problem a ‘superconductor’ corresponds to a hard material and the nonlinear
material corresponds to a medium with a stress—strain relation exhibiting nonlinear response
for large strain. There is a linear response regime at small strain and a nonlinear regime at
large strain [25]. Asf, is approached from below, the linear response regime corresponding
to some measurable physical quantities such as bulk and shear modulus shrinks.

Our attention mainly concentrates on the crossover behaviour in a two-dimensional
percolating S/N system. It would be worthwhile to study the crossover effects above two
dimensions in which explicit expressiopgg + 2) have not yet been found. For a realistic
system, the ratio of poor conductance to good conductaneed; /g>) [9, 26, 27] may not be
zero; we can take one step forward to discuss the crossover effect and scaling behaviour in such
a system. It is interesting to perform numerical simulation on different nonlinear exponents
B to study the crossover behaviour and verify the theoretical predictions shown here. Finally,
we also hope that the present work will stimulate further experiments to observe the behaviour
we have predicted.

Acknowledgment

This project was supported by the National Natural Science Foundation of China under grant
No 19774042.

References

[1] For arecent review, see Bergm® J and Stroud D 1993olid State Physicgol 46, ed H Ehrenreich and D
Turnbull (New York: Academic) p 147
[2] ClercJ P, Giraud G, Laugieg M and Luck J M 199@\dv. Phys39191
[3] 1989Proc. 2nd Int. Conf. on Electrical Transport and Optical Properties of Inhomogeneous Media, PAysica
157
[4] Stroud D and HUP M 1988Phys. RevB 378719
[5] Zeng X C, Bergman D J, Hui P M and Stroud D 198Bys. RevB 3810970
Zeng X C, Hui P M, Bergman D J and Stroud D 1988ysicaA 15792
[6] Stroud D and Wod V E 1989J. Opt. Soc. AmB 6 778
[7] GuG Q and Yu KW 1992hys. RevB 46 4502
[8] YuKW, ChuY Cand Chan Elia MY 1994Phys. Re\B 507984
[9] Levy O and Bergman D J 199hys. Re\B 50 3652
[10] Yu KW and Hui P M 1994Phys. RevB 5013 327
[11] Stauffer D and Aharony A 199mitroduction to Percolation Theorgnd edn (London: Taylor and Francis)
[12] Blumenfeld R and BergnmeD J 1991Phys. RevB 4313 682
[13] Hui P M 1990Phys. RevB 411673
[14] Hui P M 1994Phys. RevB 4915 344
[15] Chakrabarty R K, BardmaK K and Basu A 199Phys. RevB 446773
[16] Hui P M and Chug K H 1996PhysicaA 231408 and references therein
[17] Zharg G M 1996Z. PhysB 99599



8738 L Gao and Z-Y Li

[18] FuL and Resca L 19980lid State Commui056413
[19] Niklassm G A 1989PhysicaA 157482
[20] Ball Z, Phullips H M, Callaha D L and Saverbrey R 1998hys. Rev. Let?3 2099
[21] Kolek A 1992Phys. RevB 45205
Kolek A 1996Phys. RevB 5314 185
[22] Churg K H and Hui P M 1994]. Phys. Soc. Japasi3 2002
[23] de Arcangelis L, Redner S and Coniglio A 1986ys. RevB 34 4656
[24] Note that our nonlineaiv relation is different from that of [13], but with the NLB picture the conclusion on
the crossover exponents is the same.
[25] Benguigui L and Ron P 1993hys. Rev. Let702423
[26] Tremblay R R, Albinet G and TremhjaA M S 1992Phys. RewB 45 755
[27] Snarskii A A, Morozovsky A E, Kolek A and Kusy A 199hys. RevB 535596



