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1Õf or flicker noise in cellular percolation systems
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Flicker or 1/f noise is studied in a series of four composite discs, which consists of carbon black~ground and
unground!, graphite, and graphite/boron nitride, as the conducting components coating, and a common insu-
lating matrix of talc wax. The measurements were done on the conducting side (f.fc) of the critical volume
fraction (fc), within a frequency range of 1.2–1001.2 Hz. The results are analyzed in terms of Hooge’s
empirical formula with frequency and voltage exponentsg andm, respectively. Values ofg obtained are in the
range 0.97–1.2. Samples with larger (f2fc) havem'2, while those with smaller (f2fc) havem signifi-
cantly lower than 2. The normalized noise at 10 Hz (Sv10 Hz/Vm) obey the well-established relationships
Sv( f ) /Vm}(f2fc)

2k andSv( f ) /Vm}Rw, whereV is the voltage across the sample with resistanceR, while m,
k, andw are exponents. However, a change in the value of the exponentk andw was observed in the measured
systems, withk taking the valuesk1;0.75–5.23 close tofc and k2;2.23–5.54 further into the conducting
region. Values ofw1 range from 0.36–1.37, whilew2;0.99–1.59. Thek1(w1) are observed whenm,2. The
nonuniversality of thek1 andk2 regimes are interpreted as due to the superposition of the behavior that results
from the geometry~a random voidlike structure! and the behavior resulting from the presence of non-Ohmic,
intergranular contacts between the conducting grains. These exponents are tested for consistency usingw
5k/t, and compared with predictions from recent theoretical models.

DOI: 10.1103/PhysRevB.67.024207 PACS number~s!: 72.60.1g, 72.70.1m, 72.80.Tm, 71.30.1h
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I. INTRODUCTION

The transport properties of binary conductor-insula
~metal-insulator! mixtures have been extensively studied
theoretical and experimental physicists and materials sc
tists for many years. While a large number of theories
used in analysing the results,1,2 probably the most successfu
has been percolation theory1–5 and, more recently, a two
exponent phenomenological equation6–9 which has the same
parameters as percolation theory and reduces to the l
when the ratio of the conductivity of the insulating comp
nent (s i) to that of the conducting component (sc) is zero,
which is only obtainable whensc is infinite or for a perfect
insulator, at zero frequency. The parameters characteri
the structure of a system in percolation theory are the crit
volume fraction (fc), the exponentt ~which characterizes
the conductivity of the system abovefc) and the exponents
~which characterizes the conductivity and dielectric const
belowfc). Most experimental work has been focused on
dc conductivity, less on the ac dielectric constant or cond
tivity properties and 1/f noise, and very little on the magne
toresistivity and thermopower. Each of these measurem
is characterized by its own exponent~s! and theoretical rela-
tions between the exponents have been proposed.3–6 One of
the current problems is that in most previous experime
work, often only one of the above measurements, and so
times two, were performed on the same system~s!, which
makes it difficult to correlate the percolation paramet
measured on the same and different systems.

This has been rectified in Refs. 6 and 7, where meas
ments of the dc conductivity, dielectric constant, a
magnetoresistivity6 and the complex ac conductivity7 were
made on three graphite-boron nitride systems. In Ref.
0163-1829/2003/67~2!/024207~12!/$20.00 67 0242
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similar measurements on seven cellular percolation syst
are reported. This paper reports on the 1/f noise observed in
cellular systems. These results are far more complex t
any previously reported in that 1/f noise, as a function of
(f2fc), shows two distinct regions. These regions are e
characterized by its own exponents and the noise observe
the samples closest tofc is not proportional toV2, as ex-
pected from Hooge’s law.11 The noise power is also shown t
increase as the volume of the samples is reduced. The n
results are compared with previous experimental work a
the latest available theories.

The relevant theory is presented in Sec. II and the exp
mental details in Sec. III. The results are given in Sec. IV a
they are explained in Sec. V. The conclusions of this stu
are given in Sec. VI.

II. THEORETICAL BACKGROUND

When a constant ‘‘noise free’’ current is passed throug
resistor, a noise spectrum of the form

Sv( f )5aVm/~N fg!, ~1!

is observed. Equation~1! is Hooge’s11 generalized empirica
formula and gives the noise power spectrum (Sv( f )) for volt-
age fluctuations. In Eq.~1!, V is the average dc voltag
across the sample,N is the total number of charge carriers
the sample, anda is a dimensionless number of the ord
1025–1021 in small volume metallic samples and as high
103–107 in granular high-Tc materials. The exponentg is of
the order of unity, hence the term ‘‘1/f ’’ noise. If the voltage
exponentm52, then the noise is produced entirely by equ
librium resistance fluctuations and the current acts only a
©2003 The American Physical Society07-1
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C. CHITEME, D. S. McLACHLAN, AND I. BALBERG PHYSICAL REVIEW B67, 024207 ~2003!
probe.12,13 If the exponentmÞ2, the noise is believed to b
a driven phenomenon,13 which could imply the coexistenc
of other mechanisms.

The physical origin of 1/f noise is still an open questio
despite the intensive investigations~both theoretical and ex
perimental! that have been carried out on the phenomen
~see, for instance, the review articles14–17!. In most ap-
proaches, the noise has been modeled in terms of ran
resistor networks.18

1/f noise has been used to study percolation systems
possible means of probing the microstructural inhomoge
ities of the composites, especially close to the percola
threshold. Bergman19 noted that the microgeometry of th
composite plays a much more important role in the deter
nation of 1/f noise than previously thought. This is becau
in real continuum systems, the bond resistances usually o
a power law distribution and the noise enhancement is p
duced mainly by the small narrow regions of conducti
material or the links of the links, nodes, and blobs~LNB!
model,20,21 where the electric field or resistance is abn
mally large. Using the LNB model20 as described below, th
effect of such high resistors can be accounted for,21 yielding
the well known non-universal behavior of the exponents.

Wright et al.22 explained the divergence of 1/f noise on
approaching the percolation threshold in terms of the dilut
of the backbone of the percolation network. When the c
ductor volume fraction in the sample is well above the p
colation threshold, current flows through a large number
interlinked backbones, so that the independent fluctuation
different paths tend to average out and decrease the fluc
tion in the total resistance. However, as the conductor fr
tion approaches the percolation threshold~from the conduct-
ing side!, the tenuous connectivity of the conductin
backbone restricts current flow to a small number of tortu
paths or backbones, which minimizes cancellations of in
pendent fluctuations, resulting in an increase of the no
amplitude.

In 1985, Rammal, Tannous, Breton and Tremblay23 intro-
duced a new scaling exponentk to describe the divergence o
the normalized power spectrumSv( f ) /Vm ~expressed here in
terms of voltage fluctuations!, close to but on the conductin
side of the percolation threshold, through the power law

Sv( f ) /Vm}~f2fc!
2k. ~2!

The other formula forSv( f ) /Vm used to describe the exper
mental results is23

Sv( f ) /Vm}Rw, ~3!

wherew5k/t. Experimental results are usually given as
plot of Sv /Vm against dc resistanceR as it eliminates the
statistical fluctuations insm ~the conductivity of the compos
ite! observed when the latter is plotted against (f2fc).
Note also that for samples close tofc , the small errors inf
are amplified in the (f2fc) term. The critical volume frac-
tion (fc) in this paper is obtained from dc conductivi
measurements.10 Problems can arise if Eq.~2! is used andfc
deduced from noise measurements only, as the
conductivity6,10 gives the most accurate values offc . Equa-
02420
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tions ~2! and~3! are usually written withV2 rather thanVm,
as most previous results reported values ofm.2.

The most useful approach to consider the electrical pr
erties of continuum percolation systems is the links no
and blobs~NLB! model.17,20 For simplicity, assuming first
that all the resistors in the system are of the same value
basis for this model is approximating the real system of
percolation backbone by a three-dimensional~cubic! net
such that its members, the links, have a length that is ab
the correlation length of the system~the diameter of the larg-
est but finite clusters!. Each link connects to other links a
the nodes, and it consists of two types of resistors. Th
individual resistors through which the entire current of t
link does flow~the ‘‘singly connected bonds’’! and those that
are made of a collection of resistors, the blobs, that are
sentially some parallel connection of individual resistors,
that the current through each of them is only part of t
link’s current. As the percolation threshold is approach
from above the network becomes sparse, and the elect
properties of the system can be evaluated as if it cons
only of singly connected bonds. In the simple-universal p
ture the links are all assumed to be statistically equival
thus having the same resistance. If there is some reg
value distribution of the individual resistors in the syste
the average~or the effective! resistance of each link can b
calculated and each link can be assumed to be made
chain of individual equal or effective resistors, such that
effective value of the resistance of these resistors, is indep
dent of the proximity to the percolation threshold. Howev
if one assumes21 a diverging~though normalizable! distribu-
tion for the higher-value resistors the average resista
value of the effective resistor of the link will increase, as t
percolation threshold is approached. This is simply due to
fact, that in that approach, the system becomes sparse
fewer resistors, thus yielding a diverginglike average res
tance value. Hence, as the threshold is approached, in a
tion to the reduction of the number of current paths, tha
manifested by the universal behavior, through the conduc
ity and noise universal exponentstun and kun , there is an
increase in the average value of the effective resistor in
sample that is manifested by the nonuniversal behav
through the values oft2tun andk2kun .17,22–24

Following the above ideas it was shown theoretically24–26

and confirmed experimentally,25,27–29that such a nonuniver
sal behavior can be observed. There were two basic mo
that provided the resistor-value distributions that could
count for the observation of a nonuniversal behavior. T
first was a geometrical model26,30,31in which the high-value
resistors result from the narrow conducting-phase neck
systems of insulating particles.26,31 In the models discusse
in Refs. 24 and 26 the conducting phase was assumed t
continuous and homogeneous, but of course a granular
ducting phase that consists of particles that are much sm
than the insulating particles can be described by the s
picture @provided there is a continuous electrical contact b
tween the small conducting grains in the ‘‘necks’’ equivale
of the random void~‘‘Swiss cheese’’! models, see below#.
The other was a physical-tunneling model in which the hig
value resistors result from the more widely separated nea
7-2



bl
ng
e

ne

he

di

tu
in
th
en
,
e,
c

di
le

s

l
ed

w

rs
c
th

n

a
-

n
th

th

is

-
be-
-

s
,

al

re
hick
s of
ge
eter
wn
in

sing

was

cur-
and
sing
at-
all

mp-
All
and
de-
xpo-
ion

d

,
e

f
for

l,

1/f OR FLICKER NOISE IN CELLULAR . . . PHYSICAL REVIEW B 67, 024207 ~2003!
neighbor conducting particles.25 The first system~that re-
sembles a conducting liquid in a sedimentary rock! is known
as the random void~RV! model, and its mirror image~a
system of insulating liquid and conducting particles! is
known as the inverted random void~IRV! model. Consider-
ing these definitions the cellular composite at hand resem
very much an RV system, but the possibility of tunneli
between adjacent conducting particles suggests that th
fect of this transport mechanism cannot be,a priori, ignored.
Originally, the RV and IRV models were considered for o
type of a neck-width distribution26 but more recently these
models have been extended30 to other possible neck-width
distributions. The latter non-random distributions can be p
nomenologically characterized by an exponentv8 that de-
fines the distributionh(«), of the neck widths«, by the

relationh(«)}«2v8.30 In the tunneling model25 one consid-
ers the exponential distribution of the nearest-neighbor
tances in the case of conducting~spherical-like! particles in a
random system, as well as the exponential nature of the
neling conductance. The key parameter that then determ
the non-universal behavior of the electrical resistance is
ratio a/d wherea is the average distance between adjac
conducting particles andd is the typical tunneling distance
such thatt5tun1a/d21. On the other hand in this cas
independent of the particular system parameters, the ele
cal noise exponentk is simply given bykun11.

Since both, the corresponding theories and their pre
tions, have been given in detail in the widely availab
literature24–26,30,31we will mention here only the prediction
that are relevant to the present work. First, the value oft was
found31 to be tun11/2 in the three-dimensional RV mode
andtun in the three-dimensional IRV model. In the extend
model30 the corresponding plausible values oft were found
to be any value larger thantun . The particular value oft also
then depends on the above defined value ofv8. On the other
hand, this extended theory predicts that the ratiow5k/t is
limited to the interval 0.78<w<2.1 for the RV model and to
0.78<w<3, for the IRV model. In contrast, as we sa
above, the theoretical value oft in the tunneling model is
limited by the value ofa/d which in systems such as ou
can, in principle, be of the order of 100. However, in pra
tice, due the nonideal distribution of the separations of
conducting particles, the highest value found25 so far, experi-
mentally, fort was only 6.4. On the other hand, the consta
value ofk under this mechanism (k5kun1152.56) sets the
upper limit of the normalized noise exponentw, to be
2.56/(tun1a/d21). The interesting observation25 regarding
the value ofw is that it can be smaller than the univers
value of w5kun /tun51.56/2.0050.78. These results ac
count well for other experimental results.25 We further point
out that in view of the fact that, experimentally, the depe
dence of the electrical-noise power on the resistance of
sample, is more accurately derived25,27–29 than the depen-
dence of the electrical noise on the conducting content of
composite, it is more common that the exponentw5k/t,
rather than the independently predicted exponentk, is the
reported quantity.
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In summary, while in the above models the conductivity
determined by the geometric structure~e.g., the necks in the
random void model26,31!, in the cellular structures the con
ductivity can also be determined by contact resistances
tween the conducting grains~e.g., tunneling resistances be
tween the particles17,25!. When tunneling dominates, it ha
been shown thatt>2 and that its value can be, in principle
as large as 100 whilew can be smaller than the univers
value of 0.78.25

III. EXPERIMENTAL METHODS

The four cellular systems measured here@raw carbon
black ~RCB!, ground carbon black~GCB!, graphite~GG!,
and graphite boron nitride~GBN!# were made by coating
large (300mm) wax coated talc spheres with fine~approxi-
mately 10mm) conducting powders. The resultant mixtu
was compressed into 26 mm diameter and about 3 mm t
discs. Electrodes were made by coating each of the face
the discs with silver paste into which the current and volta
terminals were embedded. Subsequently 10 mm diam
discs were drilled out of the larger discs and polished do
to a thickness of about 1.5 mm. More details can be found
Ref. 10.

The measured noise spectra were characterized u
Hooge’s empirical formula@Eq. ~1!, Hooge11#, therefore, the
frequency and voltage dependence of the noise (Sv) were
first examined. The noise dependence on the dc voltage
investigated by passing several currents~at least five!
through each sample so that a plot ofSv versus the dc volt-
age across the sample could be made. The appropriate
rent was obtained using a combination of alkali batteries
wire wound resistors. The noise voltage was measured u
a Stanford SR530 Preamplifier operating on its internal b
tery. The sample, current source and preamplifier were
placed in a closed steel container. The output of the prea
lifier was monitored using a HP3562a spectrum analyzer.
measurements were done in the linear or Ohmic range
within a frequency range of 1.2–1001.2 Hz. The noise
pendence on the dc voltage was studied to obtain the e
nentm @Eq. ~1!#. The resistance and conductor concentrat
dependence of the normalized noise (Sv /V2 andSv /Vm, us-
ing the experimental values ofm) were then investigated an
analyzed using Eqs.~2! and ~3!.

IV. EXPERIMENTAL RESULTS AND THEIR ANALYSIS

In order to investigate the 1/f nature of the noise spectra
the measured noise (Sv) was plotted on a log-log scal
against the frequency~f! in order to determine the slopeg
from Hooge’s formula@Eq. ~1!#. The values ofg ~obtained
by linear fitting! for all the samples measured in all four o
the fully investigated systems were in the range 0.97–1.2,
both small and large samples.

Previous experiments6,12,13,28,29,32,33have reported various
ranges of the exponentg. The values ofg obtained in this
study ~0.97–1.2! are all well within this range. In genera
the accepted values ofg reported in the literature for 1/f
noise are in the range 0.8,g,1.4. Note that in most of
7-3
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C. CHITEME, D. S. McLACHLAN, AND I. BALBERG PHYSICAL REVIEW B67, 024207 ~2003!
these experiments, no correlation between the values og
and the sample resistances or voltages were reported. H
ever, Pierreet al.,29 whose results will be further discusse
obtainedg values between 1.0 and 1.4 for all the samples
the copper-polyethylene composites that they studied,
noted that for their high resistance samples (.106V) the
exponentg tended to be closer to 1 (g51.0060.01). No
such correlation was found in the cellular systems, in agr
ment with most of the previous studies.

The voltage dependence of the noise power was exam
using a log-log plot of the noise at 10 Hz (Sv10 Hz) versus the

FIG. 1. A log-log plot of the noise measured at 10 Hz (Sv10 Hz)
versus the voltage~V! across the sample for two samples from t
raw carbon black system@f50.0135(s),f50.0249(n)#. The
solid lines are linear fits to the data which yield them values, as
shown on the graph.
02420
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dc voltage~V! across each sample, resulting from the vario
constant currents. Figure 1 shows such plots for two sam
from the raw carbon black system. Similar plots were do
for all the samples upon which the measurements were m
in order to obtain a value ofm for each sample fromSv
}Vm @Eq. ~1!#. The values ofm obtained for each sample
characterized here by (f2fc), of the four systems studied
are shown in Table I. The values shown here are for
larger 26 mm diameter samples. Comparing with known p
vious work, this is the first time that the noise dependence
the voltage has been investigated across such a wide ran
sample resistance. The values offc and t, as measured in,10

are also included in this table. These values can be obta
from either the percolation equations or Eq.~1! in Ref. 10.
The resultant parameters are the same within the experim
tal error. As discussed in Sec. V, these parameters are im
tant in characterizing the systems under study.

The errors infc and t(texp) are shown in Table II. The
abbreviations GCB, RCB, GG, and GBN represent grou
carbon black, raw carbon black, graphite, and graphite bo
nitride systems, respectively.

The values ofm were found to lie between 1.00 and 2.1
with the lower resistance and larger (f2fc) samples gen-
erally giving higher values of the exponent. This observat
is further confirmed by the decrease inm with sample vol-
ume ~which is equivalent to an increase in sample res
tance!. As the samples close to the percolation threshold g
values ofm lower than 2, this implies that the noise here
not solely generated by equilibrium resistance fluctuation12

close tofc , but rather by a voltage dependent conducti
mechanism that will be discussed in Sec. V. However, as
resistance of the samples decreases,m approaches 2, giving
the expected quadratic dependence of the noise on th
voltage.12,13,23,28,29According to the criteria used by Nand
5
5
8
0

7
3
4
8

TABLE I. Variation of the exponentm @Eq. ~1!# with f2fc for the cellular systems.

GCB GCB RCB RCB GG GG GBN GBN
fc50.0122 t52.06 fc50.0131 t52.26 fc50.035 t51.93 fc50.033 t52.51

f2fc m60.04 f2fc m60.02 f2fc m60.06 f2fc m60.05

0.00045 1.28 0.00024 1.03 0.0002 0.92 0.00058 1.1
0.00112 1.60 0.00033 1.33 0.0003 1.49 0.00147 1.4
0.00140 1.66 0.00041 1.36 0.0004 1.19 0.00201 1.3
0.00188 1.88 0.00045 1.25 0.0010 1.51 0.00209 1.5

0.00137 1.35 0.0011 1.66

0.00200 1.94 0.00165 1.66 0.0015 1.76 0.00278 1.6
0.00336 1.80 0.00173 1.76 0.0017 1.70 0.00696 2.0
0.00580 2.05 0.00275 1.82 0.0018 1.80 0.00709 2.0
0.00960 2.13 0.00382 1.83 0.0019 1.90 0.00843 1.9

0.00529 1.87 0.0038 2.05
0.00997 1.92
0.01019 2.13
0.01180 2.00
0.01418 2.05
7-4
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TABLE II. The exponentsk @Eq. ~2!# andw @Eq. ~3!# for the cellular systems

Exponent GCB RCB GG GBN

k1 2.8060.08 5.2360.12 0.9260.03 1.9060.31
k1m 3.5160.01 2.2760.19 2.1860.02 2.8660.14
k2 2.7160.11 3.2960.12 2.5860.05 3.6060.08
k2m 2.9160.10 2.8360.04 2.5760.07 4.0260.09
k18 1.0760.21 0.7560.08 0.8360.07 1.3760.05
k1m8 1.2860.20 1.2760.12 1.7360.14 2.2360.07
k28 2.2360.17 2.5260.08 2.7660.11 5.5460.13
k2m8 2.2760.16 2.4760.13 2.7660.11 5.3360.32
kcalc 4.3360.21 4.6660.24 4.1160.13 5.0860.25
w1 1.1060.10 0.9360.05 0.3660.01 0.7460.13
w1m 1.3760.02 1.2460.10 0.5760.09 0.9360.22
w2 1.2860.11 1.3860.03 1.3060.06 1.3660.09
w2m 1.3460.07 1.4660.05 1.2060.07 1.5960.08
w18 0.8960.14 0.6860.03 0.4260.08 0.5760.03
w1m8 1.0560.12 1.2460.02 0.8660.15 0.9560.03
w28 0.9960.14 1.1060.06 1.4060.13 1.4260.04
w2m8 1.0060.12 1.0960.08 1.4060.13 1.3760.02
wcalc 2.1060.10 2.0660.11 2.1360.07 2.0260.10
fc 0.012260.0007 0.013160.0006 0.03560.002 0.03360.001
texp 2.0660.10 2.2660.11 1.9360.06 2.5160.12
tn25k2 /w2 2.1260.27 2.3860.08 1.9860.13 2.6560.23
tn2m5k2m /w2m 2.1760.19 1.9460.09 2.1460.18 2.5360.18
tn28 5k28/w28 2.2560.49 2.2960.20 1.9760.15 3.9060.20
tn2m8 5k2m8 /w2m8 2.2760.43 2.2760.29 1.9760.26 3.8960.29
tn15k1 /w1 2.5460.30 5.6260.43 2.5660.15 2.5760.87
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et al.,13 m52 is given by systems in which equilibrium re
sistance fluctuations are the sole source of the noise. Va
of m greater or smaller than 2 would therefore imply t
coexistence of other mechanisms. Note that the
1Pt-TFE composite samples, studied by Rudmanet al.,28

show that for over three decades of voltage change the n
scales approximately asV2 with an mean exponentm
52.0160.05. In the graphite-boron nitride disc sampl
studied by Wu and McLachlan,6 a mean value ofm51.96
60.01 andm51.9360.02 were measured in the axial~com-
pression! and transverse directions respectively, in reas
able agreement with the expected quadratic dependence
lowest m values observed were 1.8760.04 and 1.8160.07,
for the samples closest tofc , in the axial and transvers
directions, respectively.

To the best knowledge of the authors, the only study
have reported values ofm much lower than 2 is Ref. 12
where the 1/f noise on single component conducting po
mer 2D thin film resistors was measured. In spite of th
single component nature, the samples were also foun
give different values ofm at four different frequencies. Br
uschi et al.12 obtainedm values of 1.38~62.5 mHz!, 1.54
~109 mHz!, 1.73~0.5 Hz!, and 1.73~1 Hz!, from which they
concluded that equilibrium resistance fluctuations do
completely explain the noise spectra in their samples. N
that the values ofm are similar to those obtained, for sampl
close to the percolation threshold, at 10 Hz in all four cel
02420
es

g

ise

-
he

o

ir
to

t
te

-

lar systems studied in this paper. Bruschiet al.12 attributed
the values ofm much lower than 2 to the presence of a sh
noise component, as the noise level corresponding to th
values were only an order of magnitude above the ba
ground noise. However, this argument does not apply in
cellular systems, because the noise level measured in
samples with values ofm lower than 2 was at least thre
orders of magnitude above background noise. In addit
the values ofm quoted in Ref. 12 were measured at differe
frequencies, whereas the measurements reported in this p
were analyzed only at 10 Hz.

The log-log plots of the normalized noise (Sv10 Hz
/V2) as

a function of concentration (f2fc) are shown in Figs. 2
and 3 for the raw carbon black and graphite systems, res
tively. These plots were made in order to obtaink from Eq.
~2!. From the graphs, two regions of different slopes can
identified, yielding the exponents labeled ask1 and k2 for
samples close to and further away from the percolat
threshold (fc), respectively. The only exception is th
ground carbon black system, where the change in slope is
very distinct. Note that the fact that the exponentk1 is ob-
tained from samples with the lower values ofm, while k2
arises from samples withm'2, is important~see Sec. V!.
The values ofk1 and k2 obtained for all the systems ar
summarized in Table II. The exponentsk18 and k28 are from
the smaller~10 mm diameter! samples. Figures 4 and 5 sho
7-5
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the corresponding plots to Figs. 2 and 3 forSv10 Hz
/Vm ~ob-

tained through normalizing the measured noise by the
perimental values ofm). The corresponding exponents a
k1m and k2m ~as well as k1m8 and k2m8 for the smaller
samples!, also shown in Table II. These are the first repor
results that show the occurrence of two values of the ex
nent k in any system. Note that a wide range ofm values
have also been measured and then used to normalize
noise results to obtain thekm values. However, aw1 and
w2 ~to be presented below! have been observed twic
before.28,29 The reason for the occurence of the two exp
nents closer to the percolation threshold will be discus
in Sec. V.

FIG. 3. A log-log plot of the normalized noise (Sv10 Hz/V2)
versus (f2fc) for two sets of samples from the graphite syste
@10 mm dia.~s!, 26 mm dia.~n!#. The solid lines are linear fits to
the data which yield the exponentsk, as shown on the graph.

FIG. 2. A log-log plot of the normalized noise (Sv10 Hz/V2)
versus (f2fc) for two sets of samples from the raw carbon bla
system@10 mm dia. ~s!, 26 mm dia.~n!#. The solid lines are
linear fits to the data which yield the exponentsk, as shown on the
graph.
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The experimental values ofk in Table II cover a wide
range~0.74–5.60!. The smallest value ofk was measured in
the raw carbon black system. The graphite/boron nitride s
tem gives the highest values of thek exponents, except fork1
andk1m . The values ofk1 all decrease markedly with samp
size, while the values ofk2 for the graphite systems increas
with decreasing sample size. Normalizing the noise by
measuredm values has a larger effect on thek1 exponents
~an increase ink1) thank2 as them values are very differen
from 2 in the region close to the percolation threshold. T
values ofk2 are marginally affected by them normalization
as them values in this region are close to the expected va
of 2. For the larger samples, the carbon black systems h

FIG. 5. A log-log plot of the normalized noise (Sv10 Hz/Vm)
versus (f2fc) for two sets of samples from the graphite syste
@10 mm dia.~s!, 26 mm dia.~n!#. The solid lines are linear fits to
the data which yield the exponentsk, as shown on the graph.

FIG. 4. A log-log plot of the normalized noise (Sv10 Hz/Vm)
versus (f2fc) for two sets of samples from the raw carbon bla
system@10 mm dia.~s!, 26 mm dia.~n!#. The solid lines are linear
fits to the data which yield the exponentsk, as shown on the graph
7-6
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TABLE III. Noise exponents from previous experiments. G-BN: graphite-boron nitride, C-WX: car
wax, C-PO: copper-polymer, Ag/Pt-TFE: silver/platinum-tetrafluoroethylene. Stars denote values calc
from other measured exponents. Note thatk andw from previous studies are comparable tok2 andw2 in the
present study probably because they were measured in the region well abovefc .

System t* k* (k2* ) w1* w* (w2* )

G-BN ~Ref. 6! 2.6360.07 !3.8760.07 1.4760.05
C-WX ~Ref. 13! !1.88 !3.60 1.760.2
C-PO ~Ref. 29! 1.060.3 1.560.2
Ag/Pt-TFE ~Ref. 28! 3.0 1.0
C-WX ~Ref. 27! 2.360.4 5.061.0 !2.260.8
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k1 values greater than the correspondingk2 exponents
whereas the reverse is true for the graphite-containing
tems. However, for the smaller samples,k18 andk1m8 are con-
sistently lower thank28 andk2m8 , as shown in Table II.
The exponents with the subscriptm were obtained from nor-
malizing the voltage@in Eqs. ~2! and ~3!# with the experi-
mentally determinedm values. The primed exponents we
obtained from measurements done on the smaller~10 mm
diameter! samples. Exponentskcalc andwcalc were calculated
using the experimental values oft (texp) in Eqs.~3!, ~8!, and
~9! from Ref. 30.

We note in passing that apart from the work of Chen a
Chou27 on carbon-wax mixtures, very few experiments ha
reported direct measurements of the exponentk in real 3D
continuum systems~refer to Table III!. However, in a num-
ber of experiments,6,13,28 values oft and w have been mea
sured and values ofk calculated from the relationshipw
5k/t introduced by Rammalet al.23

As can be seen from Table III, in most experiments, a
of exponents (t, w, andk) was never measured directly i
the systems in order to check the relationshipw5k/t, as
done in this paper, which appears to be the first work

FIG. 6. A log-log plot of the normalized noise (Sv10 Hz/V2)
versus dc resistance~R! for two sets of samples from the raw carbo
black system@10 mm dia. (3), 26 mm dia. (L)]. The solid lines
are linear fits to the data which yield the exponentsw, as shown on
the graph.
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noise measurements in which the exponentst,k, w, andfc

have all been determined experimentally. Note too thatcor-
rect values ofk andt need a good identification offc , using
dc conductivity measurements done below and abovefc .6,10

The normalized noise power at 10 Hz (Sv10 Hz/V
2 and

Sv10 Hz/V
m) was also plotted on a log-log scale against t

sample resistance, as shown in Figs. 6–9, for the raw car
black and graphite systems. The values ofw for all the sys-
tems studied here are given in Table II. As before, the res
for all the cellular systems again clearly show two line
regions, corresponding to the two exponents given asw1 and
w2 ~see the graphs!. The exponentsw18 and w28 refer to the
exponents measured in the smaller~10 mm diameter!
samples. Thew1m (w1m8 ) andw2m (w2m8 ) are the correspond
ing exponents obtained from normalizing the noise results
the measured values ofm ~as opposed to the expected val
of m52).

The values ofw from the cellular systems are in the rang
0.35–1.68, with the lowestw (w150.3660.01) measured in
the graphite system. The highest value ofw (w2m51.59
60.08) is found in the graphite/boron nitride system. W
the exception of the graphite system, thew1 values decrease

FIG. 7. A log-log plot of the normalized noise (Sv10 Hz/V2)
versus dc resistance~R! for two sets of samples from the graphi
system@10 mm dia. (3), 26 mm dia. (L)]. The solid lines are
linear fits to the data which yield the exponentsw, as shown on the
graph.
7-7
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C. CHITEME, D. S. McLACHLAN, AND I. BALBERG PHYSICAL REVIEW B67, 024207 ~2003!
with sample volume. As withk1, thew1 values are also the
most affected by them normalization, while thew2 are only
marginally altered, since them values in this region are
closer to the expected value ofm52. Thew2 andw28 values
for all the systems are very close~Table II!, indicating the
dominance of the same noise process in all of them~see Sec.
V!. Note that Nandiet al.13 showed theoretically that th
addition of a single resistor~or in the present case link! in
parallel to an existing network leads to a decrease in the t
noise of the network. Thew2 results also show better agre
ment than thew1 with the limits of 0.78,w,2.10.30 The
above results appear to indicate that the RV models are m

FIG. 8. A log-log plot of the normalized noise (Sv10 Hz/Vm)
versus dc resistance~R! for two sets of samples from the raw carbo
black system@10 mm dia. (3), 26 mm dia. (L)]. The solid lines
are linear fits to the data which yield the exponentsw, as shown on
the graph.

FIG. 9. A log-log plot of the normalized noise (Sv10 Hz/Vm)
versus dc resistance~R! for two sets of samples from the graphi
system@10 mm dia. (3), 26 mm dia. (L)]. The solid lines are
linear fits to the data which yield the exponentsw, as shown on the
graph.
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applicable to thew2 and k2 values thanw1 or k1, i.e., to
systems whereSv}V2. The same trend is also shown by th
exponentsw18 andw28 .

The three-component system consisting of graphite, bo
nitride, and talc wax shows an interesting pattern in its no
exponents when compared with the system containing o
graphite and talc wax. Similar to thet exponent, all thek and
w values of the three-component system are larger than
corresponding exponents in the plain graphite system.
only exception is in thew2m8 values, which are equal within
experimental uncertainty. In some cases, the exponents
markedly different~see, for instance,k28 , k2m8 , and w1 in
Table II!, with the plain graphite giving a value about ha
that measured in the three-component system. Note that,
commonf2fc (f2fc50.0005),Sv10 Hz/V

2 for the three-
component system was found to be an order of magnit
higher than that of the graphite and carbon black syste
The results given in Table II show that there is also a cor
lation between the magnitudes of the noise exponents and
t exponent in the two graphite systems. The reason why
does not show clearly in the carbon black systems is pr
ably because thet exponents in the latter are very close. No
that the difference between the two graphite-containing s
tems is the manner in which the graphite particles are
tributed on the talc-wax particles as the systems have
same critical volume fraction~within experimental error! ob-
tained from dc conductivity measurements.10

Examination of Table II shows that some of the noi
exponents indicate a possible correlation with thet exponent.
The exponentsk2 andk2m show a definite trend of increasin
with t, while k28 and k2m8 appear to increase witht but with
more scatter. The exponentskcalc and wcalc were calculated
from the modified RV model@Eqs. ~3!, ~8!, and ~9! in Ref.
30#, using the experimental values oft (texp). As expected
from theory,kcalc increases linearly witht. However, as ex-
pected, both the experimentalw andwcalc values appear to be
independent of thet exponent.

Unlike k1 andk2, two values of thew exponent have been
observed in previous studies on two continuum syste
Pierre et al.29 studied 1/f noise in copper particle-polyme
composites as a function of frequency (10222104 Hz) and
resistance (1012109 V). They observed two values ofw;
with w1* 51.060.3 for the high resistance (1052109 V) and
w2* 51.560.2 for the low resistance (1012106 V) samples,
in qualitative agreement with the results obtained from
cellular systems. Pierre and his colleagues29 attributed the
Sv;R1.5 behavior to conduction in the Sharvin limit an
Sv;R1.0 as arising from a noisy contact limited by intrins
conduction through a dirty oxide layer, given the high ox
gen affinity of the copper powder. Pierreet al.29 were the
first to propose the dependence of the noise exponents o
different types of contacts existing above the percolat
threshold in real continuum systems. However, the mec
nism of intrinsic conduction through a dirty oxide layer do
not apply to the cellular systems, as none of the conduc
used~carbon and graphite! have an oxide layer. Based on th
interpretation of Pierreet al., thew2 values in Table II could
be explained by conduction in the Sharvin limit, which o
7-8
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1/f OR FLICKER NOISE IN CELLULAR . . . PHYSICAL REVIEW B 67, 024207 ~2003!
curs when the mean free path is much smaller than the
tact radius between two contacting metallic and spher
particles and gives rise to a 3/2 law (w51.5) dependence o
the noise power on contact resistance.29,34 How relevant this
is to our carbon black and flaky graphite is not clear, but n
that the raw carbon black and graphite/boron nitride syste
havew2m values (1.4660.05 and 1.5960.08, respectively!
close tow* 51.5.

Rudmanet al.28 obtainedw1* ;3 and w2* ;1 ~i.e., w1*
.w2* ), at a frequency of 10 Hz, closer to and further aw
from fc , respectively, in a Ag1Pt-TFE composite and pro
posed that the transition observed in thew exponent was due
to volume fraction dependant changes in the distribution
the interparticle conductances. The samples used in thei
periments had resistance values in the range 0.5V to 30kV.
The most obvious difference between this result and th
obtained in the cellular systems studied here is the fact
w1* .w2* in the Ag1Pt-TFE composite as opposed tow1

,w2 observed in the cellular systems.
Rammalet al.23 showed theoretically that the exponentw

should be related to the noise and conductivity exponent
t 5 k/w. Using the experimental values ofk andw, values of
t were calculated based on this relationship. These values
denoted astn and are shown in Table II. It is important t
note that most of thetn values obtained from thek2 andw2
exponents are very close to the correspondingt exponents
obtained from dc conductivity measurements in the four c
lular systems.10

As already indicated in the results above, the volume
pendence of the magnitude of the noise was also investig
using large and smaller samples from the same series.
ratio of the volume of the bigger samples to that of t
smaller samples varied from between 10 and 20. From
~1! and the discussion at the end of Sec. II, the noise is
expected to change by the same ratio~s!. Instead, the ratio of
the noise in the two sets of samples from the cellular syst
was observed to vary between 10 and 1000. The higher
ues of the ratio could be due to a relatively small number
links in the smaller samples and the resultant statistical
certainties. Unfortunately, there are no previous results av
able for comparison.

V. DISCUSSION

In the absence of a systematic theory for cellular comp
ites, such as those described here, we try now to explain
main features of the data, as given in Sec. IV, within t
framework of the two existing theories. These theories c
sist of the geometrical model~the RV model! and the physi-
cal ~the tunneling! model as outlined in Sec. II. The mai
challenge in such an explanation is that, while there i
single t value found for each composite, there are two d
tinguishable regimes of the noise exponentsk ~or w) as the
threshold is approached. In particular, we note that there
two groups of exponents k1(k1m ,k18 ,k1m8 ) and
k2(k2m ,k28 ,k2m8 ) as well as w1(w1m ,w18 ,w1m8 ) and
w2(w2m ,w28 ,w2m8 ). In these systems it is necessary to co
sider the combined effects of geometric structures, such
02420
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those upon which the random RV and IRV~Ref. 17,26 and
31! models are based, as well as the intergranular tunne
in the conducting phase.25 Recall that the geometries of th
RV and IRV models lead to a large distribution of res
tances, due to a large distribution in the effective electri
geometric contacts in the continuous conducting phase
the RV or Swiss cheese model, this means that the the re
tance of the system is dominated by a series of narrow ne
which connect the more substantial and/or more conduc
regions of the conducting phase.

In the structure of the cellular composites, as illustrated
Fig. 10, the small particles cover the larger insulating p
ticles in a manner similar to the water coverage of the gra
in sandstone rocks35 and in composites such as ours36 the
conduction of the sandstone rocks can be described in te
of the RV model26,31 and the very lowfc ~about 1%! ob-
served in the sandstone rocks, is well understood in term
the excluded volume theory.35–37 However, there is a very
important difference between the sandstones and the cel
composites studied in this paper in that in the sandstones
conducting phase is continuous, whereas in the cellular
tems the powders have, in addition to their RV-like geome
structure, interparticle contact resistances between the gr
which changes or even dominates the conducting beha
The modeling of the very lowfc observed for these cellula
systems in terms of the ratio of the diameter of the insulat
to the conducting particles is discussed in Ref. 10.

As fc is approached from above in granular percolati
systems, when the particles size is independent off as in the
present case, the spacing between the conducting gr

FIG. 10. An illustration of the structure of cellular composite
The small conducting particles are embedded on and between
surfaces of the larger insulator particles.
7-9
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C. CHITEME, D. S. McLACHLAN, AND I. BALBERG PHYSICAL REVIEW B67, 024207 ~2003!
tends to increase,25,37which leads to the lowering of the con
tact pressure between grains and the formation of tunne
resistors in the system. Considering the LNB model t
would also mean that relatively more of the singly connec
bonds that form part of the links will be tunneling resisto
Therefore, close tofc , a limited number of unavoidable
non-Ohmic and noisy interparticle contacts will be form
on the current carrying links. Furthermore, very close tofc

the strands on the fisherman’s net, which consist of a se
of current carrying links and blobs connecting the nodes,
few and separated byj}(f2fc)

2n. Therefore close tofc ,
where there are few blobs, the current is forced to fl
through an ever increassing number of non-Ohmic and n
contacts, which then dominate the noise. It is these cont
which give rise to themÞ2 noise nearfc , which is char-
acterized by thek1(k1m ,k18 ,k1m8 ) exponents. As (f2fc) in-
creases, the number of nodes and current carrying path
well as the number of blobs on them, increases, while
number of non-Ohmic and noisy contacts~per unit length!
decreases, so that the LNB structure of the granular pow
eventually behave as if it were a continuous conduc
Therefore, one can expect thek2(k2m ,k28 ,k2m8 ) exponents to
be closer to those predicted for a RV system.

Using the data given in Table II, the evidence that t
exponents in region 2 are caused primarily by the RV nat
of the microstructure must now be examined. Note that
conductivity exponentst, which are valid in regions 1 and 2
are in the range 1.93 to 2.51, which are consistent with b
the RV model and the tunneling model, which essentia
predict t.tun52 values.25,30 The generalized RV model30

predictsk2 values larger than the universal 1.56 value, wh
the tunneling model predictsk2 values between the univers
value~in the case of low resistance contacts25,37! and 2.56~in
the case where tunneling contacts dominate17,25!. The fact
then that thek2 , k2m , k28 , andk2m8 values as a group fit the
RV model much better than thek1 , k1m , k18 , andk1m8 expo-
nents supports the suggestion that the RV model is the
propriate one for region 2. However, the most important d
ference between the predictions of the RV and the tunne
model, is that the value ofk2 should be larger the larger th
value oft, in the RV model, but constant, independent oft, in
the tunneling model. The fact that the variousk2 values, as
seen in Table II, increase witht support the dominance o
geometric or RV determined electrical properties in region
One should also note that, the fact that the varioustn2
5kn2 /wn2 values in Table II are consistent with the me
sured values oft ~for GBN, the largesttn2 also corresponds
to the largesttexp), which is an indication that the mechanis
controlling the electrical resistance and the electrical no
are the same. Hence, the behavior of all the systems in re
2 is consistent with the picture of percolation in a geome
or RV dominated electrical system.

The situation in region 1 appears more complex. The f
that the value oft is the same as in region 2, in spite of bein
closer to the percolation threshold, is an indication that
basic conduction mechanism is the same as the one foun
region 2, i.e., the geometrical conduction mechanism as
scribed by the RV model. However, the observation of
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two k values per composite supports a model where thek1

and k18 values are not dominated by a geometrical or R
structure. The three most significant facts are as follo
First that there is little or no correlation between thek1 or k18
values andt. Second that some of the interparticle resistan
contacts are non-Ohmic~compare the values ofk1 andk1m).
Third that the k1(k1m ,k18 ,k1m8 ) values are spread over
much wider range than any of the other percolation ex
nents determined for the cellular systems10 ~Note that the RV
geometry of all four systems being studied in this paper
the same!. It can therefore be assumed that a mechani
other than a ‘‘geometrical-RV’’ conduction mechanism dom
nates the behavior of the noise in region 1.

The possibility that the noise behavior is dominated
tunneling, which gives rise to a single noise exponent va
of 2.56,17,25 is now examined. The strongest evidence for t
importance of this mechanism for the noise here comes f
the fact that~except for one! seven values ofk1m andk1m8 ,
where the noise is normalized byVm and notV2, are closer
to this single value than thek1 and k18 exponents; i.e., the
interval of thek1 and k18 values shrinks from 0.75–5.23 t
1.27–3.51 fork1m and k1m8 . The other observation is tha
there is little or no correlation betweenk1 and t, which is in
agreement~within the framework of available models! only
with the predictions of the ‘‘tunneling’’ model.17,25Therefore
it can be concluded that very close tofc , the noise is domi-
nated by tunneling and other non-Ohmic contact resistan
which give rise to the anomalousk1(k1m ,k18 ,k1m8 ) exponents.
It should also be noted that in region 1 there is not mu
meaning to the quantityw1 since thek1 value is determined
by the effect of the mixture of the two conduction mech
nisms, while the value oft is still determined only by the
geometrical-RV contribution to the global resistance. T
fact that a singlet value characterizes all the conductivi
results but twok values are necessary for the noise is pro
ably due to the fact that as the noise measures the fo
moment of the current distribution and the conductivity t
second, the noise is therefore more sensitive to the comb
tion of geometric and non-Ohmic contacts described abo

Since usually the electrical noise power is proportional
the square of the resistance involved, one would gener
expect that when the resistance is determined by a g
mechanism, the corresponding noise would be determine
the same mechanism. This is not the case when there
more than one mechanism that controls the electrical tra
port. For example, it was found years ago38 that for granular
metals, in the vicinity of the percolation threshold, the co
tribution of the tunneling mechanism dominates the noise
the connected metallic network, while the overall electric
conduction is still dominated by the conduction of that n
work. The physical explanation given then was that the
plied bias opens more conduction channels, that, while c
tributing little to the relatively low overall metallic network
resistance, decreases the ‘‘resistance’’ of the relatively la
‘‘tunneling resistors,’’ yielding a significant reduction of th
relative overall resistance noise. A more recent work on
rous silicon,39 in which the silicon crystallites play the sam
role as the metal grains in the granular composite, did c
7-10
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1/f OR FLICKER NOISE IN CELLULAR . . . PHYSICAL REVIEW B 67, 024207 ~2003!
firm the same behavior and provided additional evidence
support this picture. We stress in particular, that in that wo
it was shown that the hardly noticeable variations in the g
bal electrical resistance of the system, due to the para
contribution of the tunneling current, were accompanied
relatively large changes in the electrical noise. In fact t
expected difference was the motivation for the application
the electrical-noise measurements in that work. In the pre
work the parameter that is varied is not the applied bias
rather the concentration of the conducting phase, i.e.,
microstructure. This yields that, as in the above examp
we have two electrical conduction channels. When adjac
particles touch they can be described as ‘‘in contact’’ wh
when they separate they can be described as connecte
tunneling. It is clear that the more sparse the system the m
important the contribution of the latter mechanism to t
overall electrical behavior. As in the above systems it
pears then that as the percolation threshold is approac
while the global conduction is still dominated by the ‘‘co
tact network,’’ the electrical noise is already controlled
the ‘‘tunneling network’’ of higher resistors. Hence, whi
this ‘‘crossover’’ is already manifested by the resistan
noise it is not manifested yet by the electrical resistance.
expect such a manifestation to be revealed with a furt
approach to the percolation threshold. In fact the presen
sults yield further support of an independent nature for
mechanisms proposed in Refs. 38 and 39.

In passing we should also note that at present there ar
other comprehensive experimental results where eithem
Þ2 or two noise exponents have been reported, which wo
support the observations and arguments made in this pa
Nandiet al.13 measured the noise in a carbon-wax compo
in both the linear~Ohmic! and nonlinear~non-Ohmic regions
or mÞ2) regions but did not report separatek1 and k2 ex-
ponents. However, Nandiet al. did note that their noise re
sults could not be explained by equilibrium resistance fl
tuations only. On the other hand, Rudmanet al.28 and Pierre
et al.29 did observe bothw1* and w2* exponents in Ag
1Pt-TFE and copper-polymer composites, respectively,
did not reportmÞ2.
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The model outlined here of necks, with a LNB structu
but consisting of a granular material with a large range
intergranular contact resistances could also be the reaso
the occurance of the very hight values observed in the
Fe3O4 and NbC cellular media described in the previo
paper.10 The sharp edged granular nature of the Fe3O4 and
NbC is expected to lead to a larger range of high resistiv
contacts and point tunneling junctions than in the carb
black and graphite systems.

VI. CONCLUSIONS

The noise measurements presented in this study appe
be the only work to have fully determined the different noi
exponents (k andw) and the related conductivity paramet
~t! on the same series of samples. This is borne out by
results shown in Table II, in comparison with the very lim
ited results from some of the most referenced noise arti
~Table III!. Using the measured values ofm to normalize the
noise results has a very pronounced effect on the expone
especially close to the percolation threshold. The very w
range of thek and w exponents measured in the cellul
composites show that the links, nodes, and blobs and t
interconnects structure and/or the range of interparticle~clus-
ter! conductances in these systems is far more complex
the idealistic RV model and its extension. Finally, we ha
shown that, in spite of the complexity of the structure of t
cellular composites, the critical behavior of their electric
properties can be qualitatively explained by a combination
the theories that exist already for simpler systems. In part
lar, it appears that the basic electrical features can be un
stood by considering the microstructure that resembles a
dom void system, but in which the contribution of th
tunneling conduction becomes increasingly important as
percolation threshold is approached.
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