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Finite coherence length of thermal noise in percolating systems
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Noise has been measured in two types of conductor-insulator mixtures as a function of bias and composition.
It was marked by a huge increase in magnitude as the resistance increased only slightly due to Joule heating.
The noise~resistance! current scaleI s(I r) for nonlinearity were found to scale with the linear resistanceR0 as
I s(I r);R0

2xs(xr ), where the exponentxs is equal to 0.80 and 0.68 in carbon wax and carbon polyethylene,
respectively, andxr'0.5. It is shown that the large increase of noise in nonohmic regime as well as the
differences between the noise and resistance exponents are due to the finite-sized inequilibrium thermal fluc-
tuations whose coherence length is same as the correlation length of the underlying percolating systems. A
expression forxs is derived.
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The low-frequency resistance noise, also known asf
noise, is a very common phenomenon1 in normal conductors
and is increasingly being used as a tool for studying, part
larly, disordered systems.2 While its origin remains contro-
versial, some of its features are well established. In part
lar, the correlation length of resistance fluctuations (js) is
commonly assumed to be of the order of microsco
lengths.1 This implies that the noise power should be i
versely proportional to the number of fluctuators or the s
tem volumeLd, d being the system dimensionality. But the
are cases where relatively large increases in the noise le
under certain experimental conditions have been explaine
terms of coarsening of the coherent volume with correlat
lengths increasing to macroscopic scale. This, other th
remaining the same, amounts to an increase in the noise
by a factor of@L/(L/js)#d5js

d with js<L. For example, the
large increase in the noise at the onset of charge den
wave motion in certain conductors upon application of
electric field has been ascribed to the finite coherence le
of a charge density wave domain.3 Analogous phenomen
are the well-known critical opalescence in various syste4

where the static correlation length diverges as a critical p
is approached. Interestingly, in systems in nonequilibri
states but not necessarily near any critical point, the corr
tion length of fluctuations at equal time is also of mac
scopic order.5

Earlier,6 the resistance behavior of various compos
samples~random mixtures of conductors and insulators! ex-
hibiting substantial Joule heating was invesigated as a fu
tion of biasing currents. At low currents, the resistanceR
5V/I had a bias-independent valueR0 but increased at high
currents. It was found that the currentI r at which the sample
resistance starts increasing scaled withR0 as I r;R0

2xr,
where xr'0.5 is the onset exponent for resistance. In t
paper, we report on systematic measurements of l
frequency resistance noise as a function of currents in
composites systems of carbon wax~C-W! and carbon poly-
mer ~C-HDPE!. Samples under fixed currents were in no
equilibrium steady states~below breakdown! with tempera-
ture gradients. It was found that~i! the relative noiseS ~see
below! behaved in a similar fashion as the resistance s
0163-1829/2002/65~21!/212302~4!/$20.00 65 2123
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that the current scaleI s for onset of nonlinearity in noise7

and the associated onset exponentxs could be defined as
before:I s;R0

2xs. xs was found to be larger thanxr :

xs5H 0.8060.03 ~C-W!,

0.6860.04 ~C-HDPE!.
~1!

~ii ! The noiseS of a sample as a function of resistance i
creased tremendously compared to that caused by var
static disorder~i.e., composition!. It is argued that such an
increase in noise results from additional resistance fluc
tions induced by thermal fluctuations which are coher
over a length of the correlation lengthj of the underlying
percolation structure i.e.,js'j. It is shown that this assump
tion leads to an expression forxs :

xs5xr1dn/4t2wJ/4, ~2!

wheren and t are percolation correlation and conductivi
exponents, respectively,8 andwJ is the noise exponent.6 Us-
ing d53, n50.9 ~Ref. 8! and experimental values ofxr , t,
andwJ in Eq. ~2! yields xs50.8360.10 and 0.6760.05 for
C-W and C-HDPE, respectively. These values agree w
with the experimental ones in Eq.~1!.

Noise has been studied extensively in many percola
systems such as composites both experimentally and t
retically but mostly in Ohmic regimes.9 Recently, the bias-
dependent behavior of noise near the percolation thres
has been measured.10 A composite sample is primarily char
acterized by its conductor fractionp. Above a particular
valuepc , called the percolation threshold, a continuous p
is formed from one end of the sample to another, enab
current to flow through the system. A sample possesse
natural length scale which is the two-particle correlati
length j given by j;(p2pc)

2n. The noise~in the Ohmic
regime! tends to diverge11 as the conducting fraction~p! is
reduced from large values abovepc . However, this diver-
gence has been explained to originate entirely from the st
geometrical disorder.12 js remains of the order of micro
scopic scales and independent ofj(p). Electrical conductiv-
ity of a composite sample is characterized by the exponet,
©2002 The American Physical Society02-1
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defined by R0;(p2pc)
2t.8 The resistanceR0 decreases

with increasingp. The noise exponentwJ is defined byS(I
;0);R0

wJ .
The carbon wax system is the same one as used earlie

noise measurements in the rangep>pc ~Ref. 10! but
samples used in this work were in the Joule rangep.pJ .
The fractionpJ.pc is such that the resistance of a sample
response of an applied field increases ifp.pJ . That the
increase in resistance in this range ofp is indeed due to the
Joule heating has been confirmed by a number
observations13 such as the sensitivity of measured values
resistances to the presence of a cooling fan near samples
this system,pc50.76% by volume,pJ,3% and t52.05
60.15.14 C-W samples were all disk shaped, 10 mm in
ameter, and 6 mm high. Connections to electrodes were
that current flowed parallel to the thickness of the disc. T
preparation and characterization of C-HDPE samples h
been described in Ref. 15.t has the value of 2.960.1 in this
system. These samples had dimensions 103431 mm3. In
this case, currents flowed parallel to the longest side.
measurements were done at room temperature at con
currents. For any constant current, sufficient time~more than
40 min! was allowed for the sample resistance to attain
steady value. Furthur details of noise measurements ca
found in Ref. 10.

Let SV denote the spectral power of voltage fluctuations
a constant current. Figure 1 shows plots ofSV(0.5Hz) vs I
for five C-W samples withp as indicated. At low currents
~ohmic regime!, SV varied asI 2 ~solid straight lines!. At high
currents,SV varied faster thanI 2 in the similar manner asV-I
curves become nonlinear. Such concurrent nonlinear be
ior of noise7 and resistance becomes more evident in Fig
where the normalized relative noiseS, defined by S
5SV /V2, ~squares! and conductances51/R ~circles! are
shown as functions of the current for the two C-W samp
with p53.5 ~closed symbols! and 10%~open symbols!. The
conductance rather than resistance was used to avoid o
lapping of data. The relative noise and the resistance
sample have similar qualitative behavior in that both rem

FIG. 1. Plots of noise powerSV(0.5 Hz) vs dc currentI in five
carbon-wax samples with carbon percentage by volume~p! as
marked. The solid lines are fits to a power law with all slopes eq
to 2 and the dotted curves are only guide to the eye. For clarity,
data corresponding top53.5 and 4.5% have been shifted upwa
by factors of 100 and 10, respectively.
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close to their respective zero-bias values at small currents
appear to deviate from those values as the latter is increa
The currentsI s andI r at which the onset of nonlinearity too
place were determined by two independent methods. In
first method, they were determined by adopting the crite
that corresponded to the increase in noise by 100% and
decrease in conductance by 5%. These levels of change
indicated by the dotted lines in Fig. 2. The criterion of 100
change of noise level was adopted to increase the accura
the determination ofI s as the noise increased steeply
several orders of magnitude while the conductance decre
only by an order of unity. Asp(R0) increases~decreases!,
both I s andI r increase. Log-log plots of bothI r ~circles! and
I s ~squares! vs R0 in the two systems are shown in Fig.
Straight lines indicate power-law fits with the slopes as in
cated. In the second method, the currents for each sam
was scaled with respect toI s determined by trial and erro
such that the curvesS(I )/S(0) vs I /I s of all samples of each

l
e

FIG. 2. Normalized relative noise power~squares! and conduc-
tance~circles! are shown as functions ofI for two C-W samples
with p53.5% ~closed symbols! and 10.0%~open symbols!. The
solid lines are fits to the functionalsS/S(0)511asI

4 and s/so

512arI
2 where as(ar)52.13109(400) and 1.7

3104 A24(8.5 A22) for p53.5 and 10%, respectively. The dotte
lines indicate the criteria for determining the current scales for on
of nonlinearity~see text!.

FIG. 3. Plots of nonlinearity current scalesI s ~noise, squares!
and I r ~conductance, circles! vs zero-field resistanceR0 for two
systems. Data of C-HDPE samples have been shifted down
factor of 5. The solid lines are the power law fits to the data with
exponents as indicated.
2-2
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system collapsed on a single curve.13 Similar procedures
were followed with resistance data forI r ~see Fig. 3 of Ref.
6!. This method yieldedxr50.5360.02 and 0.4560.02 and
xs50.8160.03 and 0.6860.04 in C-W and C-HDPE, re
spectively. Averages ofxs from the two methods are show
in Eq. ~1! and averages ofxr were used in Eq.~2!. wJ was
obtained from the relative noise in Ohmic regimesS0. Its
value in C-HDPE was found to be 0.1360.06.6 But, the data
of C-W had large scatter. As a consequence, a power-law
yielded wJ50.1160.21.13 These values in Joule sample
significantly smaller than those nearpc , were used in Eq.~2!
to obtain finally the predicted values as mentioned above

The most significant feature of the nonlinear noise in
Joule regime is, of course, the huge increase in magni
compared to the small change in sample resistance. Th
further emphasized by plotting~curve b! the relative noise in
a Joule sample~C-W, p510%! against the bias-depende
resistanceR in Fig. 4 which also shows the variation~curve
a! of the relative noise in C-W with static disorder chara
terized by the linear resistanceR[R0(p). Let us note that all
measurements in this work were carried out in the steady
reversible statesbelowbreakdown6 and hence, no change i
the topology of percolating networks is expected. It is th
clear that small changes in resistances of the network
ments alone cannot account for the large increase of
noise level. Indeed we show below that temperature fluc
tions which modulate resistances are responsible for
phenomenon. The local rise in temperature results in
change in the local resistancer determined by the tempera
ture coefficient of resistivityb5(1/r )dr/dT. The final state
under a constant current condition and a positiveb is deter-
mined by the balance between the heat generated and
loss of heat to the environment per unit time.

The electrical response to Joule heating in percolating
works has been treated in detail by several authors.6,16,17 In
such a network, the changed resistance due to Joule hea
in the first approximation, is given by17

R5R01abhR0
2S 0I 2. ~3!

FIG. 4. Comparision of noise in the non-Ohmic regime with th
in the Ohmic regime of a composite system. Relative noise is p
ted againstR for two cases: for curve~b!, R is the bias-dependen
resistance of a Joule sample (p510%) and for curve~a!, R is the
composition-dependent zero-bias resistance. High resistance d
curve ~a! are taken from Ref. 10.
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Herea is a simple constant.h is the heat transfer coefficien
defined as the ratio between temperature rise and power
erated in a conducting element.S05S(0) is the relative
noise power in the Ohmic regime~Figs. 1 and 2!. Each solid
line through conductance data in Fig. 2 is a fit to the expr
sion 12arI

2 according to Eq.~3!. Here,ar5abhR0S0. The
current scaleI r for the onset of nonlinearity in resistance
given by I r;(abhR0S0)21/25ar

21/2.6 It may be noted that
the quantityh, as defined above, strives to provide, in t
spirit of mean-field approach, a reasonable description
heat conduction in inhomogeneous media, which otherw
poses a formidable problem. Ultimately, it governs the p
cess of exchange of heat between the sample and
environment16 and hence, is quite susceptible to fluctuatio

Equation ~3! formed the basis for obtaining thelinear
noise by the so called third harmonic measurements.16 It will
now be used to calculate thenonlinear noise, i.e., noise in
the non-Ohmic regime. A small variationdR is given by
dR/R5(11arI

222ar
2I 4)dR0 /R01arI

2(12arI
2)dh/h af-

ter neglecting variation ofS0. Using this and assuming tha
fluctuations in the Ohmic regimeR0 are uncorrelated with
those in h ~or thermal fluctuations!, i.e., ^dhdR0&50, it
could be easily verified thatS5^dR2&/R2 is given by

S/S0.112arI
21~^dh2&/h2S023!ar

2I 4 ~4!

after keeping terms up to the order ofI 4. According to Eq.
~3!, arI

2 is equal to the fractional change of a sample res
tance at currentI which is of the order of 1~see Refs. 6 and
18 for its maximum possible values!. Since the relative
noise, in contrast, increases in the same range of current
several orders of magnitude~see Fig. 2! we must have
^dh2&/h2@S0 so that Eq.~4! reduces to

S/S0.11~^dh2&/h2S0!ar
2I 4. ~5!

Fits to the noise data according to Eq.~5! with as

5(^dh2&/h2S0)ar
2 are shown in Fig. 2. The values ofas and

ar given in Fig. 2 yield̂ dh2&/h2S0;104 to 102 in the range
of 3.5–10% ofp, much greater than 1. Goodness of fittin
proves the earlier assertion that it is the secondary~i.e., ther-
mal! source of noise that is responsible for a huge increas
noise level in the nonlinear regimes in Joule samples. T
primary source is, of course, the one responsible forS0. Let
us now consider the possible origin of such large magnit
of the thermal noise.

The inhomogeneous nature of percolating networks g
rise to randomly occuring ‘‘hot spots’’ which are the regio
carrying high current densities and get heated most. Co
quently, thermal gradients result in steady heat flows aw
from those spots, thus setting up nonequilibrium stea
states. A percolating system according to the ‘‘Node-Lin
Blob’’ picture8 could be viewed as a homogeneous system
the scale of the correlation lengthj(p). Links, i.e., singly
connected bonds in this picture are the hot spots. With s
multiple sources within the lengthj(p) and a length scale
j(p), one has to deal with the question of a multitude
correlation lengths19 that the noise due to thermal diffusio
normally possesses. We assume that a volume ofjd will
fluctuate thermally in a coherent manner, i.e., thermaljs will

t
t-

of
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BRIEF REPORTS PHYSICAL REVIEW B 65 212302
simply snap ontoj. This means that̂ dh2&/h2;jd. Such
coarsening of coherent length in inhomogeneous systems
plains the large increase in the thermal noise. It is quite
structive to compare thermal fluctuation̂dT2&/T2 in the
Joule regime with that in equilibrium. The latter at roo
temperature is roughly inversely proportional to the num
of particles in a sample, i.e., 10220 whereas the former is
approximately equal tôdh2&/h2;1028 to 10210 with S 0
'10212 at 0.5 Hz. From Eq.~5!, the current scale for non
linear noise is given byI s

21;(^dh2&/h2S0)1/4ar
1/2 which,

upon usingj;R0
n/t andar5I r

22 , yields the relation~2!. Note
that the latter predictsxs2xr to have theoretical values o
0.34 and 0.5 in 3D and 2D, respectively, ignoringwJ and
hence, the exponents to be more divergent in two dimens
ev

th
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ea
ow

P

21230
x-
-

r

n.

In conclusion, we extended experimental study of noise
two unusual conditions of non-Ohmic~without any thresh-
old! conduction and inequilibrium states in a disordered s
tem of composites. The noise was shown to involve t
distinct sources with different coherence lengths. In
present case, the secondary thermal noise was induced b
Joule heating and became dominant in the non-Ohmic
gime due to amplification by coarsening of the coheren
length. This points to possible further use of noise study a
tool in systems such as manganites20 which exhibit multiple
phases having very likely different fluctuation properties.
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