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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(resistanciecurrent scalég(1,) for nonlinearity were found to scale with the linear resistaRgeas
Is(1,)~Ry %™ where the exponent is equal to 0.80 and 0.68 in carbon wax and carbon polyethylene,
respectively, andk,~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 fo, is derived.
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The low-frequency resistance noise, also known ds 1/that the current scalk, for onset of nonlinearity in noide
noise, is a very common phenomehamnormal conductors and the associated onset exponggtcould be defined as
and is increasingly being used as a tool for studying, particubefore: |~ Rgxs. Xs was found to be larger thax :
larly, disordered systenfsWhile its origin remains contro-
versial, some of its features are well established. In particu- 0.80+0.03 (C-W),
lar, the correlation length of resistance fluctuatiogs) (is xS:[() 68+ 0.04 (C-HDP
commonly assumed to be of the order of microscopic ' 04 (C- B.

l . . . . . _
lengths. This implies that the noise power should be in (ii) The noiseS of a sample as a function of resistance in-

versely proportional to the number of fluctuators or the sys- -
: ) . . creased tremendously compared to that caused by varyin
tem volumelLY, d being the system dimensionality. But there y P y varying

h lativelv | . i th s | tatic disorder(i.e., compositioh It is argued that such an
are cases where relatively large increases In the noise 1eVeig.raase in noise results from additional resistance fluctua-

under certain experimental conditions have been explained s induced by thermal fluctuations which are coherent
terms of coarsening of the coherent volume with correlation,er 4 length of the correlation lengghof the underlying
lengths increasing to macroscopic scale. This, other thinggercolation structure i.ege~ &. It is shown that this assump-
remaining the same, amounts to an increase in the noise levghn leads to an expression fa:
by a factor of L/(L/&g)]%= §‘S’ with £,<L. For example, the
large increase in the noise at the onset of charge density Xs= X, + dv/4t—w,/4, 2
wave motion in certain conductors upon application of an
electric field has been ascribed to the finite coherence lengifyhere v andt are percolation correlation and conductivity
of a charge density wave domaimnalogous phenomena exponents, respectivelyandw is the noise exponefitUs-
are the well-known critical opalescence in various sysfemsing d=3, »=0.9 (Ref. 8 and experimental values &f, t,
where the static correlation length diverges as a critical poingndw; in Eq. (2) yields x;=0.83+0.10 and 0.6% 0.05 for
is approached. Interestingly, in systems in nonequilibriumc.\w and C-HDPE, respectively. These values agree well
states but not necessarily near any critical point, the correlagith the experimental ones in E().
tion length of fluctuations at equal time is also of macro-  Noise has been studied extensively in many percolating
scopm_orgieﬁ _ . . _ systems such as composites both experimentally and theo-
Earliery the resistance behavior of various compositeretically but mostly in Ohmic regimeésRecently, the bias-
samplesrandom mixtures of conductors and insulaj@s-  gependent behavior of noise near the percolation threshold
hibiting substantial Joule heating was invesigated as a fungias heen measurédA composite sample is primarily char-
tion of biasing currents. At low currents, the resistafite acterized by its conductor fractiop. Above a particular
=V/I had a bias-independent vali but increased at high vajuep,, called the percolation threshold, a continuous path
currents. It was found that the currdntat which the sample  js formed from one end of the sample to another, enabling
resistance starts increasing scaled wiRh as Ir~R; X current to flow through the system. A sample possesses a
wherex,~0.5 is the onset exponent for resistance. In thisnatural length scale which is the two-particle correlation
paper, we report on systematic measurements of lowlength ¢ given by é~(p—p.) ~*. The noise(in the Ohmic
frequency resistance noise as a function of currents in tweegime tends to diverge as the conducting fractiofp) is
composites systems of carbon wd-W) and carbon poly- reduced from large values abope. However, this diver-
mer (C-HDPE). Samples under fixed currents were in non-gence has been explained to originate entirely from the static
equilibrium steady stateghelow breakdowhwith tempera- geometrical disordéf &5 remains of the order of micro-
ture gradients. It was found thé) the relative noiseS (see  scopic scales and independenté¢p). Electrical conductiv-
below) behaved in a similar fashion as the resistance suclty of a composite sample is characterized by the expotent
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FIG. 2. Normalized relative noise powé&quaresand conduc-

FIG. 1. Plots of noise powes, (0.5 Hz) vs dc currentin five  tance(circle§ are shown as functions dffor two C-W samples
carbon-wax samples with carbon percentage by volupeas  with p=3.5% (closed symbolsand 10.0%(open symbols The
marked. The solid lines are fits to a power law with all slopes equakolid lines are fits to the functional§/S(0)=1+a4* and o/o,
to 2 and the dotted curves are only guide to the eye. For clarity, the=1—a,12 where ag(a,)=2.1x 10°(400) and 1.7
data corresponding tp=3.5 and 4.5% have been shifted upward x10* A~4(8.5 A ?) for p=3.5 and 10%, respectively. The dotted
by factors of 100 and 10, respectively. lines indicate the criteria for determining the current scales for onset
. 3 . of nonlinearity(see text
defined by Ry~ (p—p.) '8 The resistancer, decreases
with increasingp. The noise exponen, is defined byS(I  ¢|ose o their respective zero-bias values at small currents but
~0)~Ry’. appear to deviate from those values as the latter is increased.

The carbon wax system is the same one as used earlier fghe currentd andl, at which the onset of nonlinearity took
noise measurements in the range=p, (Ref. 10 but place were determined by two independent methods. In the
samples used in this work were in the Joule rapgep;. first method, they were determined by adopting the criteria
The fractionp;> p, is such that the resistance of a sample inthat corresponded to the increase in noise by 100% and the
response of an applied field increasespif p;. That the decrease in conductance by 5%. These levels of changes are
increase in resistance in this rangepois indeed due to the indicated by the dotted lines in Fig. 2. The criterion of 100%
Joule heating has been confirmed by a number othange of noise level was adopted to increase the accuracy of
observation® such as the sensitivity of measured values ofthe determination of ; as the noise increased steeply by
resistances to the presence of a cooling fan near samples. Fsgveral orders of magnitude while the conductance decreased
this system,p.=0.76% by volume,p;<3% andt=2.05 only by an order of unity. AQ(R,) increaseqdecreases
+0.15M C-W samples were all disk shaped, 10 mm in di-both| andl, increase. Log-log plots of both (circles and
ameter, and 6 mm high. Connections to electrodes were sugh) (squaresvs R, in the two systems are shown in Fig. 3.
that current flowed parallel to the thickness of the disc. TheStraight lines indicate power-law fits with the slopes as indi-
preparation and characterization of C-HDPE samples haveated. In the second method, the currents for each sample
been described in Ref. 16has the value of 2:80.1 in this  was scaled with respect tQ determined by trial and error
system. These samples had dimensions 481 mn?. In  such that the curves(1)/S(0) vs!/I of all samples of each
this case, currents flowed parallel to the longest side. All
measurements were done at room temperature at constant
currents. For any constant current, sufficient tifmere than
40 min) was allowed for the sample resistance to attain a
steady value. Furthur details of noise measurements can be -
found in Ref. 10. 10 g

100 |

Let S, denote the spectral power of voltage fluctuations at g
a constant current. Figure 1 shows plotsSH{0.5Hz) vs | ~
for five C-W samples witlp as indicated. At low currents L
(ohmic regime, Sy varied ad? (solid straight lines At high :
currents S, varied faster thah? in the similar manner ag-|
curves become nonlinear. Such concurrent nonlinear behav- o1 [

ior of nois€ and resistance becomes more evident in Fig. 2 10° 10
where the normalized relative nois&, defined by S R.(Q)
=S, /V?, (squares and conductancer=1/R (circles are
shown as functions of the current for the two C-W samples FIG. 3. Plots of nonlinearity current scalés (noise, squargs
with p=3.5(closed symbolsand 10%(open symbols The  and |, (conductance, circlgsvs zero-field resistanck, for two
conductance rather than resistance was used to avoid ovefystems. Data of C-HDPE samples have been shifted down by a
lapping of data. The relative noise and the resistance of &actor of 5. The solid lines are the power law fits to the data with the
sample have similar qualitative behavior in that both remairexponents as indicated.
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10° Herea is a simple constanh is the heat transfer coefficient,
defined as the ratio between temperature rise and power gen-
erated in a conducting elemenfy,=S(0) is the relative
noise power in the Ohmic regim€igs. 1 and 2 Each solid
line through conductance data in Fig. 2 is a fit to the expres-
sion 1—a,|? according to Eq(3). Here,a,=aBhRyS,. The
current scald, for the onset of nonlinearity in resistance is
given byl,~(aBhRyS,) ~*?=a, 25 It may be noted that
the quantityh, as defined above, strives to provide, in the
o B g spirit of mean-field approach, a reasonable description of
10 10° 10° 102 heat conduction in inhomogeneous media, which otherwise
R(kQ) poses a formidable problem. Ultimately, it governs the pro-
cess of exchange of heat between the sample and the
FIG. 4. Comparision of noise in the non-Ohmic regime with thatenvironment® and hence, is quite susceptible to fluctuations.
in the Ohmic regime of a composite system. Relative noise is plot- Equation (3) formed the basis for obtaining thienear
ted againsR for two cases: for curvéb), R is the bias-dependent pgise by the so called third harmonic measurem&hitswill
resistance of a Joule samplp<10%) and for curvea), Ris the oW be used to calculate th®nlinear noise, i.e., noise in
composition-dependent zero-bias resistance. High resistance data@fa non-Onhmic regime. A small variatiodR is given by

curve (@) are taken from Ref. 10. SRIR=(1+a,12—2a21%)6Ry /Ry +a,1%(1—a,12)sh/h  af-

I q inal MeSimil q ter neglecting variation of,. Using this and assuming that
system collapsed on a single curvesimilar procedures g, ations in the Ohmic regimB, are uncorrelated with

were followed with resistance data for (see Fig. 3 of Ref. . . : —n i
6). This method yielded, = 0.53+0.02 and 0.45% 0.02 and tcr:f:fl’g o *;;;’wg{;,‘:; {L“;;i?‘g;zﬁ,;%;; gg,iioéy 0.t
Xs=0.81+0.03 and 0.680.04 in C-W and C-HDPE, re-
spectively. Averages ofs from the two methods are shown S1Sy=1+2a,12+((5h?)/h2S,—3)a?l* (4)
in Eq. (1) and averages of, were used in Eq(2). w; was
obtained from the relative noise in Ohmic regim§s Its  after keeping terms up to the order I6f According to Eq.
value in C-HDPE was found to be 0.£8.06° But, the data  (3), &7 is equal to the fractional change of a sample resis-
of C-W had large scatter. As a consequence, a power-law fignce at currenk which is of the order of Isee Refs. 6 and
yielded w;=0.11+0.2122 These values in Joule samples, 18 for_lts maximum p053|b!e valugsSince the relative
significantly smaller than those neay, were used in Eq2) noise, in contrast, increases in the same range of currents by
to obtain finally the predicted values as mentioned above. Several orders of magnitudésee Fig. 2 we must have

The most significant feature of the nonlinear noise in thel 5h?)/h?>S, so that Eq.(4) reduces to
Joule regime is, of course, the huge increase in magnitude
compared to the small change in sample resistance. This is 8/8021+(<5h2>/h280)ar2|4' (5)
further emphasized by plottingurve b the relative noise in  Fits to the noise data according to E¢5) with ag
a Joule sampléC-W, p=10%) against the bias-dependent — (( sh2)/h2S;)a? are shown in Fig. 2. The values af and
resistancer in Fig. 4 which also shows the variatidgourve a, given in Fig. 2 yield( 5h2>/h280~ 10* to 1@ in the range
a) of the relative noise in C-W with static disorder charac-of 3.5-10% ofp, much greater than 1. Goodness of fittings
terized by the linear resistange=R,(p). Let us note thatall  6yes the earlier assertion that it is the secondiaey, ther-
measqrements in this work were carried out in the steady' an,c,i‘al) source of noise that is responsible for a huge increase in
reversible statebelowbre_akdowﬁ and hence, no change in pgise |evel in the nonlinear regimes in Joule samples. The
the topology of percolatmg netV\_/orks is expected. It is thenprimary source is, of course, the one responsibleSkorLet
clear that small changes in resistances of the network elgss now consider the possible origin of such large magnitude
ments alone cannot account for the large increase of thgf the thermal noise.
noise level. Indeed we show below that temperature fluctua- The inhomogeneous nature of percolating networks give
tions which modulate resistances are responsible for thigge 1o randomly occuring “hot spots” which are the regions
phenomenon. The local rise in temperature results in arying high current densities and get heated most. Conse-
change in the local resistancedetermined by the tempera- q,ently, thermal gradients result in steady heat flows away
ture coefficient of reS|st|V|tyﬁ=_(_l/r)dr/dT. The_: fl_nal staté  from those spots, thus setting up nonequilibrium steady
under a constant current condition and a posifives deter-  giates. A percolating system according to the “Node-Link-
mined by the balance between the heat generated and thgop" picture® could be viewed as a homogeneous system on
loss of heat to the environment per unit time. _ the scale of the correlation lengtf(p). Links, i.e., singly

The electrical response to Joule heating in percola;mg N€&onnected bonds in this picture are the hot spots. With such
works has been treated in detail by several authdts! In _multiple sources within the lengti(p) and a length scale
such a network, the changed resistance due to Joule heatmég(,p), one has to deal with the question of a multitude of

s
T T T T

in the first approximation, is given by correlation length that the noise due to thermal diffusion
2o 2 normally possesses. We assume that a volumeXoivill
R=Ry+aBhR;S,l“. (3 fluctuate thermally in a coherent manner, i.e., therggadill
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simply snap onto¢. This means that sh?)/h?~ &9, Such In conclusion, we extended experimental study of noise to
coarsening of coherent length in inhomogeneous systems e®wo unusual conditions of non-Ohmigvithout any thresh-
plains the large increase in the thermal noise. It is quite inold) conduction and inequilibrium states in a disordered sys-
structive to compare thermal fluctuatig@T2)/T? in the tem of composites. The noise was shown to involve two
Joule regime with that in equilibrium. The latter at room distinct sources with different cohere_nce Iengths. In the
temperature is roughly inversely proportional to the numbePresent case, the secondary thermal noise was induced by the
of particles in a sample, i.e., 18° whereas the former is Joule heating and became dominant in the non-Ohmic re-
approximately equal tqsh?)/h2~10"8 to 1071 with S, gime due_to a_mpllflcatlon_by coarsening of the coherence
~10"12 at 0.5 Hz. From Eq(5), the current scale for non- Ieng;h. This points to possible further use of noise stqdy asa
linear noise is given byg1~((5h2>/h280)1’4ar1’2 which, tool in systems such as mangantfeshich exhibit multiple

) _ ) . hases having very likely different fluctuation properties.
upon usinge~ Ry anda, =1, 2, yields the relatior{2). Note P g very likely prop

that the latter predictg;— X, to have theoretical values of We are grateful to M. B. Heaney for the carbon-
0.34 and 0.5 in 3D and 2D, respectively, ignoring and  polyethylene samples. We acknowledge the assistance of
hence, the exponents to be more divergent in two dimensiorArindam Chakrabarti in the preparation of C-W samples.
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