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ac and dc conductivity, magnetoresistance, and scaling in cellular percolation systems

C. Chiteme and D. S. McLachlan
School of Physics and Materials Physics Institute, University of the Witwatersrand, Johannesburg 2050, South Africa

~Received 8 May 2002; published 29 January 2003!

Percolation phenomena, which include the ac and dc conductivity, dielectric constant, and magnetoresis-
tance, are studied in a series of seven cellular composites, consisting of small conductor particles embedded on
the surface of larger insulator particles. Carbon black~ground and unground!, graphite, graphite–boron-nitride,
niobium carbide, nickel, and magnetite (Fe3O4) powders were the conducting components with talc-wax
powder as the common insulating component. The dc conductivity results were fitted to the standard percola-
tion equations and to a two-exponent phenomenological equation, which yields the percolation parameterss i ,
sc , s, t, andfc in the ideal limits. Both universal and nonuniversal values ofs and t are measured in the
systems. Close to the percolation threshold (fc), the ac conductivity (smr) and the dielectric constant («mr)
are found to scale assmr}vu and«mr}v2v. All these exponents are examined using the most recent theories

and compared with previous studies. The dielectric constant exponent (s8), from emr}(fc2f)2s8, is shown
to be frequency dependent. The exponentsgc ~magnetoresistance! and tm ~from magnetoconductivity! in
composites are not yet clearly understood but these and previous results show thattm.t. dc scaling is shown
in a real composite comprising Fe3O4 and talc wax.

DOI: 10.1103/PhysRevB.67.024206 PACS number~s!: 72.60.1g, 72.20.My, 71.30.1h, 72.80.Tm
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I. INTRODUCTION

The properties of conductor-insulator~or metal-insulator!
composites have been extensively studied by both exp
mental and theoretical physicists for many years. At fi
mixture rules and later effective media theories1,2 were used
to analyze the data, but since the 1970s, one of the m
theoretical models has involved percolation theory and
concept of scaling. This was due to the realization that
percolation threshold in metal-insulator systems~lattice
models, model systems, and continuum composites! is a
critical point, analogous to the critical points of second-ord
phase transitions in thermodynamic systems. Major rev
articles covering ‘‘standard’’ percolation theory, scaling, a
some experimental results are given in Refs. 3–5. Mos
the experimental work has been focused on the simple
resistivity properties, less on the ac dielectric or conductiv
properties, the Hall effect, and flicker noise, and very lit
on the magnetoresistivity and thermopower. In most exp
mental papers only one or two of these properties was m
sured on the same system, which makes it difficult to co
pare and correlate the different exponents that appear in
various scaling laws, which often have the formQ}(f
2fc)

x, while the real conductivity@smr(v)# and dielectric
constant@«mr(v)# are found to scale assmr}vu and «mr
}v2v. HereQ is the physical~electrical! property measured
x, u, and v the ~in some cases universal! exponents,f the
volume fraction of the conducting component, andfc the
critical volume fraction, where the conducting compone
first forms an infinite or spanning cluster in the sample o
continuous dc conduction path across an infinite~in practice
very large! sample. This paper reports on measurements
the dc conductivity exponentss andt and the ac exponentsu
andv, together with thefc value, in seven percolation sys
tems and then tries to relate them to the theoretically p
dicted values and those measured in other percolation
tems. Studies of the power-law dependence of the dielec
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constant belowfc are made, and the exponents8 from emr

}(fc2f)2s8 is found to be frequency dependent. The
conductivity results are scaled and analyzed in a way sim
to those reported in Ref. 6 using, where possible, the ex
nents obtained from the dc results.

Up until nearly ten years ago it was widely believed th
all exponents, whether measured in a lattice model~com-
puter simulation!, a model system, or a continuum compo
ite, were universal, in that they depended on the geometr
dimension only–three dimensions~3D! in these experiments
Since then, it has been realized that there are a numbe
continuum systems in which unequivocal nonuniversal ex
nents have been observed or predicted~Refs. 6 and 7 and
references therein!. Many of the exponents presented in th
paper are nonuniversal and will be discussed using the
rently accepted models for nonuniversal exponents~see
theory section!.

II. THEORY

In analyzing the data the equation used is6–10

~12f!~s i
1/s2sm

1/s!/~s i
1/s1Asm

1/s!

1f~sc
1/t2sm

1/t!/~sc
1/t1Asm

1/t!50. ~1!

This gives a phenomenological relationship betweensc ,
s i , andsm , which are the conductivities of conducting an
insulating component and the mixture of the two comp
nents, respectively. Note that all three quantitiessc , s i , and
sm can be real or complex numbers in Eq.~1!. The conduct-
ing volume fractionf ranges between 0 and 1 withf50
characterizing the pure insulator substance (sm[s i) andf
51 the pure conductor substance (sm[sc). The critical
volume fraction or percolation threshold is denoted byfc ,
where a transition from an essentially insulating to an ess
©2003 The American Physical Society06-1
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C. CHITEME AND D. S. McLACHLAN PHYSICAL REVIEW B67, 024206 ~2003!
tially conducting medium takes place, andA5(1
2fc)/fc . Equation~1! yields two limits

uscu→`: sm5s i@fc
s/~fc2f!s#, F,fc , ~2!

us i u→0: sm5sc@~f2fc!
t/~12fc!

t#, f.fc ,
~3!

which chararcterize the exponentss andt. Note that Eqs.~2!
and ~3! are the normalized percolation equations. In t
crossover region, wheref lies betweenfc2(s i /sc)

1/(s1t)

andfc1(s i /sc)
1/(s1t),3–5 Eq. ~1! gives

sm's i
s/(s1t)sc

t/(s1t) , ~4!

in agreement with the theory given in Refs. 3–5.
The scaling functions used in this paper, based on th

given in Refs. 3–5, are

sm5sc@~fc2f! t/fc
t #F2~x2!, f,fc , ~5!

sm5sc@~f2fc!
t/~12fc!

t#F1~x1!, f.fc , ~6!

wheresm can be the theoretical result from Eq.~1! or the
experimental results. The scaling functionsF6(x6) depend
on the scaling parameters6

x25~s i /sc!@~fc
s1t/~fc2f!s1t#52 iv/vc2 , f,fc ,

~7!

with

vc25~sc /«0« i !@~fc2f!s1t/fc
s1t#

and

x15~s i /sc!@~12fc!
s1t/~f2fc!

s1t#52 iv/vc1,

f.fc , ~8!

with

vc15~sc /«0« i !@~f2fc!
s1t/~12fc!

s1t#

@}sm~f,0!(s1t)/t#.

The above expressions forvc6
assume a purely rea

sc(sci50) and imaginarys i(s i i 52v«0« i ,s ir 50), as
was done in Refs. 3–6. To ensure that curves drawn forF6

fall on top of each other for differentfc values, the normal-
ization employed in this paper differs slightly from the o
used in Refs. 3–5.

The results for the slopes of the scaling functio
ReF2 ,Im F2 and ReF1 ,Im F1 and conductivity power
laws ~exponents! from standard percolation theory, as give
in Refs. 3–5, and those from Eqs.~1!, ~5!, and~6! ~Refs. 6, 8,
and 10! are all the same whenx2 andx1.1 and so too are
the slopes of the first-order terms ImF2(x2,1) and
ReF1(x1,1). However, the second-order terms of t
complex functionsF1 ~i.e., ImF1) andF2 ~i.e., ReF2) @or
smi(f.fc) and smr(f,fc)] differ from those given in
Refs. 3–5 whenx1(v/vc1),1 andx2(v/vc2),1. This
has been shown analytically in Ref. 8, where experime
measurements ofsmi(f.fc) andsmr(f,fc), which help
02420
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to resolve this dilemma, have also been reported. The pr
ously defined crossover region now corresponds tox1 and
x2.1.

At first it was believed that simulations, based on res
tance networks, and real continuum media both belonge
the same universal class and thats and t depended on the
dimension of the system only. The most widely accep
universal dc exponents, in three dimensions, aresun'0.87
and tun'2.0, but values oft down to 1.7 are often taken to
be acceptable. All computer simulations and many c
tinuum systems supported this belief, but it was also fou
in a number of continuum systems, thatt was 3 or even
larger.

Kogut and Straley11 were the first to show that if the low
conductance~g! bonds in a percolating resistor network ha
a distributionh(g), characterized byh(g)'g2a with 0,a
,1, then the conductivity exponentt would be given by

t5tun1a/~12a!, 0,a,1, ~9!

while for a,0, t5tun where tun is the accepted universa
value. For a superconductor-normal resistor network (sc
→` ands i finite!, with the distribution of normal conduc
tances~now in the s i component! being characterized by
j (g)'g2b, the exponents would be given by11

s5sun1~22b!/~b21!, 1,b,2, ~10!

while for b.2, s5sun . Note that this model does not allow
eithers or t to be lower than the accepted universal values
sun andtun . While values oft,tun are uncommon, values o
s,sun are often observed, especially in ac dielectric expe
ments.

The first model to propose a distribution of theg2a class,
leading to a nonuniversalt in a continuum system, was th
‘‘Swiss-cheese’’ or random void~RV! model3,4,12,13 where
the narrow conducting necks, joining the larger regions
the conducting material, dominate the resistive behav
This class of system was realized by Leeet al.14 in a system
of glass spheres randomly distributed in indium and gavt
53.1. However, the inverse random void model or invert
‘‘Swiss-cheese’’ system, where lumps of the conducti
phase are separated by noncontinuous thin sheets of in
tor, gave a universal exponent.14 The upper and lower limits
of t for the RV ~Swiss-cheese! model are 2.5 and 2.00, re
spectively.

Balberg15,16 proposed a model which accounts for valu
of t higher than those allowed by the RV and the inve
random void ~IRV! model.12,13 In this model Balberg as-
sumes that the resistance distribution functionh(«), where«

is the proximity parameter, has the form«2v8 as «→0
~where2`,v8,1) and does not tend towards a consta
as in the original RV and IRV models.12,13 Using the ap-
proach of Refs. 12 and 13 and keeping the underlying no
links, and blobs model,17,18 Balberg derived an expressio
for a nonuniversalt:

t5tun1~u1v821!/~12v8!. ~11!

For v850, the expression gives the original Halperin-Fen
Sen and Tremblay-Feng-Breton models12–14 with 2.5 as an
6-2
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ac AND dc CONDUCTIVITY, MAGNETORESISTANCE, . . . PHYSICAL REVIEW B 67, 024206 ~2003!
upper limit for t. The parameteru is related to the dimen
sionality d of the system and is such thatu5d23/2 for the
RV ~Swiss-cheese! model and u5d/221 for the IRV
~inverse-Swiss-cheese! model. Different combinations ofv8
andu will give various values of the exponentt in the Bal-
berg model. There appears to be no upper limit tot in this
model.

Another model that may allowt values of somewha
greater than 2 is the Links-Nodes-Blobs~LNB! model of
Stanley19 and Coniglio,20 which supercedes the oversimplie
links-nodes model of de Gennes17 and Skal and Shklovskii,18

and provides a realistic picture of the backbone on a lat
and enables the critical exponents to be calculated or
mated. In this picture, a node is any site on the backbone
is connected to the boundaries by at least three indepen
paths and the internode spacing, abovefc , is the correlation
lengthj'(p2pc)

2n @[(f2fc)
2n in a continuum#. A link

consists of lengths of single or cutting bonds~i.e., those
which, if cut, will interrupt the current flow! and blobs
~which are multiply connected paths on the backbone, wh
each path carries a fraction of the backbone current!. The
average resistance between two sites, separated by the
colation correlation lengthj, is }(p2pc)

2d, which leads to
the expressiont5d1(d22)n.19,20 According to Refs. 20
and 21, the random resistor model givesd51.12 in 3D,
which leads tot51.95@with d51.12 andn50.83~Ref. 21!#.
To account for the largert, which is found in some con
tinuum systems,d would have to be larger than 1.12~which
implies a large fraction of blobs on the backbone!. Fisch and
Harris21 gave the limitn,d,n/ns , wherens is the correla-
tion length exponent for self-avoiding walks. Using their va
ues ofn50.83 andns50.588, this givesd an upper limit of
1.49. Note thatn values of 0.83–0.89 have been put forwa
Therefore, in its current form, the LNB model is unable
account fort values higher than about 2.35 unless the co
plexities of the links, nodes, and blobs in a system of r
grains~with the possibility of an anisotropic or shape depe
dent conductivity and a range of intergrain conductanc!
allow d to be higher than 1.49.

Balberg15,16 also proposed a model similar to the Swis
cheese model, but where the interparticle conduction met
is tunneling. This leads to a large range of interparticle re
tances and nonuniveralt values. A large range of interparticl
contact resistances could also arise from angular conduc
powders, where pointed corners make contact with more
nar surfaces. In such systems a wide range of the area
and pressures on the point contacts would lead to a w
range of resistances and nonuniversalt values. There is, in
principle, no upper limit to thet exponent which depend
only on the distances between the grains.

Note that the models discussed in Eqs.~9!–~11! and the
LNB model are for a homogeneous~nongranular! conducting
component, while the tunneling model obviously deals w
a granular conducting component. As the ‘‘macroscopic’’ g
ometry of the cellular systems discussed in this paper is s
lar to that of the RV model, the conducting powders on
insulating grains have an LNB structure and there is tunn
ing and high-resistance-pressure contacts between the gr
all these existing models have to be considered. Unfo
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nately the RV and LNB models have not been extended
media with a granular conducting component.

The phenomenon of magnetoresistance or magneto
ductivity has not been extensively studied in percolation s
tems. To the authors’ best knowledge, there has been es
tially two theoretical papers22,23 and three experimenta
studies.7,24,25Bergman22 used a scaling approach to develo
expressions for the low-field Hall effect and magnetores
tance. In systems wheresc@s i , it is predicted that the
change in conductivityDs @5s(0)2s(H)#}H2 and

Ds}~f2fc!
tm. ~12!

In addition, the relative magnetoresistance@(R(H)
2R(0)#/R(0)}H2 and

@R~H !2R~0!#/R~0!}~f2fc!
gc, ~13!

where tm and gc are critical exponents,H is the magnetic
field, andR is the sample resistance.22

III. EXPERIMENTAL PROCEDURE

Several conducting powders@graphite~G: Lonza, KS75!,
carbon black~CB: Raven 430 ultra powder, Columbia
Chemicals Co.!, niobium carbide ~NbC: 51101, 991%,
Johnson Matthey, GMBH Alfa products,;1 –3 mm), mag-
netite (Fe3O4: 97%-325 mesh, Johnson Matthey GmB
Alfa!, and nickel,~NI: CERAC, 99.9% pure,;5 mm aver-
age!# were each mixed with spherical talc-wax powder~with
an average diameter of 300mm), coated with 4% wax by
volume, which was used as the common insulating com
nent. Note that the particle sizes quoted above for the c
ducting powders are those specified by the manufactur
The conductor particles were deliberately chosen to be m
smaller than the talc-wax particles so that the conductor p
ticles formed the surfaces of ‘‘bubbles,’’ surrounding the i
sulator particles~voids!—i.e., a three-dimensional ‘‘cellular’
structure. As a result, the conductor particles had the s
macroscopic distribution in all systems. The powders w
mixed in a way that ensured even distribution of the cond
tor particles on the surface of the insulator. The graphi
boron-nitride–talc-wax system is a three-component sys
in which the talc wax is always coated by a mixture of grap
ite and boron nitride powders, whose combined volume fr
tion is fixed atfGBN50.15 and the graphite content wa
varied between 0.00 and 0.15. Note that the graphite
boron nitride powders used in the present study are the s
as those used in Refs. 6 and 7.

The powders~with the exception of the talc wax, nicke
niobium carbide, and the ‘‘unground’’ or ‘‘raw’’ carbon
black! were initially ground in a planetary mill~in an agate
crucible with agate balls! down to a mean size between 9 an
35 mm, before being examined using a JSM 840 scann
electron microscope. Images were obtained at various m
nifications in order to estimate the size and shape of
particles. The principle use of the electron microscopy
sults was not to size, but to observe the particle shapes, a
latter play a role in the determination of the percolati
threshold. A Malvern size analyzer was used to measure
6-3
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C. CHITEME AND D. S. McLACHLAN PHYSICAL REVIEW B67, 024206 ~2003!
particle size distribution of the powders. The Malvern inst
ment uses a light-scattering method to measure the var
powder particle size, using the light from a helium-neon
ser (l;0.63mm). The instrument has two ways of descri
ing the particle size: the mean diameter (Dm) and the sauter
diameter (Ds). The sauter diameter is obtained by consid
ing the surface area covered by the particle, while the m
diameter is calculated from the equivalent spherical volu
of the particle. These parameters are given and discusse
the next section.

Samples were prepared by first mixing the preweigh
conducting and insulating powders by hand. A planet
mill, without the grinding balls, was used to further mix th
soft conducting powders~carbon black, graphite, an
graphite–boron-nitride powders! for 20 min. The harder
and/or heavier powders~niobium carbide, nickel, and Fe3O4)
were mixed by putting the hand-mixed powders in a bo
~with rods running parallel to its axis! which in turn was put
in a slowly rotating drum in which the mixture was tumble
for 20 min. About 4 g of each mixture were gently poure
into a die and compressed into a pellet of 26 mm diame
and about 3 mm thickness, at a pressure of 380 MPa, for
h. This caused the coated talc-wax particles to have a
tened sphere shape, with a height typically half the diame
The porosity was determined from the measured appa
density, obtained from the actual mass and volume of
pellets, and the calculated fully compacted density. This,
gether with the conductor volume fraction, was used to
termine the volume fraction (f) of the conducting compo
nent in each sample, the porosity being added to the insu
fraction (12f). Near the percolation threshold, the condu
tor fraction was varied in 0.2% increments so as to reso
the details of the divergence of the properties under st
near fc . Resistance measurements were done in both
and a pseudo-4-probe configuration, using the two cop
wire spirals embedded in each of the silver paint ‘‘capacito
plates on the flat surfaces of the disks. Later, for the hi
frequency measurements, disks were drilled out with a dia
eter of 10 mm and polished to a thickness of about 1.5 m
for insertion in the sample holder of the high-frequency i
pedance analyzer.

Two-terminal conductivity measurements for samp
with resistances between 105 and 1013 V were made at room
temperature (22°C) using a Keithley 617 electrometer in
V/I mode, which had been calibrated using standard re
tors. All measurements were done with the sample place
a shielded Faraday box to reduce external noise. Sample
the conducting side (1023–105 V) were measured using
LR400 self-balancing four-terminal bridge, which was prec
librated using standard resistors in the appropriate ran
The measured dc resistances were divided by the approp
geometric factors to obtain the respective dc conductivit
which were then plotted as logarithmic conductivity vers
the conducting powder volume fraction (f). The results
were fitted to both the combined percolation equations
Eq. ~1! to obtains, t, sc , s i , and fc . The uncertainty in
these parameters were given by the statistics report of
Micromath Scientist fitting package. The first measureme
of the dc resistance were made within 24 h of making
02420
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sample. No significant change in the resistance was obse
after this, but to be absolutely sure all reported results
from measurements taken at least 2 months after the
measurements as was done in Ref. 7. The samples were
in dessicators, filled with silica gel, to guard against conta
nation by moisture, which would have resulted from pr
longed exposure to the atmosphere and all measurem
were done on relatively dry days.

Magnetoresistance measurements were made on the
mm-diam samples~which had been drilled out of the 26
mm-diam samples and polished to about 1.5 mm thickne!
on five of the systems@RCB, GCB, GG, GBN, and NI~see
caption to Table I for the full names!#. All measurements
were done at room temperature using a LR400 self-balan
bridge for measuring the resistance at each field setting
Hewlett-Packard 6438B supplied current to a Newport el
tromagnet whose field could be adjusted from 300 to 15 0
G, as measured using a LakeShore 450 gaussmeter
samples used in the measurements were in the condu
region (f.fc).

Low-frequency ac measurements were done using a
vocontrol Dielectric Spectrometer, in combination with a S
lartron SI1260 Impedance Analyzer. The Novocontrol D
electric Spectrometer, which is an instrument especia
designed for ac conductivity measurements and works fr
the subhertz to megahertz range, is capable of measurin
smaller loss components in the dielectric or insulating ph
~equivalent to 1014 V at 1022 Hz and 108 V at 100 kHz in
parallel with an ideal capacitor! and has a better resolution o
the loss or phase angle~a maximum of tand of .103 and a
minimum of 1023) than the instruments used in Ref. 6
any previous measurements of a similar nature. The cap
tor areas were chosen so that the capacitance and resis
of the sample were, where possible, well within the measu
ment limitations~capacitance, resistance, and tand) of the
dielectric spectrometer.

The high-frequency measurements~from 1 MHz to 1.8
GHz! were done on a Novocontrol BDS 6000 impedan
analyzer, which consisted of a HP 4291A rf impedance a
lyzer, a Novocontrol sample holder, and a NovocontrolWIN-

DETA Software package. After carrying out the calibratio
procedure, the samples were inserted between the plate
the sample holder, which placed them at the termination o
coaxial line. The experiments were carried out under the c
trol of the WINDETA package and the results could be plott
out and stored as the real and imaginary conductivity, imp
ance, or dielectric constant or tand as a function of fre-
quency.

The results from the two spectrometers overlapped in
range 1–10 MHz. As the results in this region seldom co
cided perfectly, the results from the high-frequency sp
trometer were scaled to coincide with those of the lo
frequency spectrometer in this range.

IV. RESULTS AND DISCUSSION

The results obtained from the measurements and the
cussion of the parameters obtained from the analysis of th
results are presented in the following order:~a! The dc con-
6-4
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TABLE I. Percolation parameters from the cellular systems. The abbreviations used represent GCB, ground carbon black; GG
graphite; Fe3O4, Magnetite; NI, nickel; RCB, raw carbon black, GBN, graphite/boron nitride; NbC, niobium carbide. The numb
brackets represent the corresponding statistical errors except in thesc f andscb rows where they denote corresponding powers of 10. N
also that due to space constraints, the last significant figure has been omitted in thefce values for the GCB and RCB systems, which a
0.012260.0007 and 0.013160.0006, respectively.

GCB RCB GG GBN Fe3O4 NbC NI

fcs 0.032(0.001) 0.045(0.001) 0.09(0.01) 0.034(0.001) 0.030(0.001) 0.06(0.01) 0.07(0.0
fcm 0.020(0.005) 0.028(0.005) 0.08(0.01) 0.025(0.001) 0.025(0.001) 0.009(0.001) 0.040(0.
fce 0.012(0.001) 0.013(0.001) 0.035(0.002) 0.033(0.001) 0.025(0.003) 0.065(0.003) 0.025(0.
t 2.06(0.10) 2.26(0.11) 1.93(0.06) 2.51(0.12) 4.12(0.23) 5.25(0.67) 1.52(0.1
s 1.06(0.26) 0.90(0.20) 0.66(0.15) 1.28(0.19) 0.45(0.31) 0.37(0.14) 1.11(0.6
s8 (0.01Hz) 0.71(0.04) 0.65(0.08) 0.79(0.05) 0.70(0.05) 0.14(0.01) 0.46(0.03) 0.69(0.0
s8 (1 Hz) 0.49(0.04) 0.47(0.02) 0.62(0.03) 0.62(0.05) 0.13(0.01) 0.28(0.01) 0.48(0.0
s8 (100 Hz) 0.39(0.04) 0.44(0.02) 0.54(0.02) 0.57(0.04) 0.11(0.01) 0.23(0.01) 0.40(0.0
s8 (1 kHz) 0.36(0.04) 0.43(0.03) 0.50(0.02) 0.55(0.04) 0.10(0.01) 0.21(0.01) 0.38(0.0
s8 (1 MHz) 0.23(0.03) 0.33(0.02) 0.42(0.04) 0.46(0.04) 0.07(0.01) 0.18(0.01) 0.31(0.0
sc f 3.80(100) 6.17(100) 2.51(102) 9.12(102) 2.63(1023) 1.07(102) 1.41(102)
scb 1.00(102) 1.0(102) 9.00(101) 9.00(101) 4.00(1023) 3.33(104) 1.39(105)
Ds (mm) 12.84 19.13 40.93 13.10 12.34 25.97 28.80
Dm (mm) 7.92 10.89 33.99 9.71 10.00 3.37 15.76
tm 3.31(0.10) 4.51(0.08) 2.29(0.40) 4.14(0.57) 2.13(0.27)
gc 1.08(0.02) 1.76(0.01) 0.44(0.03) 0.71(0.10) 0.29(0.06)
tm2gc 2.23(0.11) 2.75(0.06) 1.85(0.45) 3.43(0.96) 1.84(0.61)
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ductivity and the percolation threshold,~b! the dc critical
exponents,~c! the volume and frequency dependence of
dielectric constant,~d! dc scaling,~e! magnetoresistance, an
~f! ac conductivity and scaling. Table I contains the para
eters obtained from the results given and discussed in~a!,
~b!, ~c!, ~d!, and ~e!, Table II the parameters for the Fe3O4
system as a function of temperature, and Table III the par
eters obtained from ac measurements, given in~f!. For com-
parison, Table IV contains some parameters obtained f
previous measurements.

A. dc conductivity and the percolation threshold

The dc conductivity@sm(f,0)# behavior of percolation
systems is best illustrated by a plot of the logarithm of
conductivity against the volume fraction (f) of the conduct-
ing component, which gives the typical openScurve~called
the ‘‘sigmoid’’ curve by some authors!. Figures 1 and 2 show
plots for the graphite and Fe3O4 systems. Similar plots were
done for the other systems and fits to the two-exponent p
nomenological equation@Eq. ~1!# gave the parametersfc ~or
fce , which denotes the experimental value offc in this
paper!, t, ands, shown in Table I for all seven cellular sys
tems studied. Results obtained through fitting the dc cond
tivity results to the combined percolation equations@Eqs.~2!
and~3!#, with a commonfc , agree with the results given i
Table I, within the experimental errors.

The extrapolated conductivity (sc f) of the conducting
components obtained from the above fitting is always fou
to be lower than the corresponding bulk conductivity„scb
@obtained from various sources in the literature~Table I!#….
This suggests that interparticle contact resistances pla
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prominent role in determining the conducting properties
the composites, even at the highest volume fractions use
this paper (f'0.25), a fact we use in our discussion of th
results.

It should be noted that the carbon black used in
present study is the same as that used by Heaney26 in studies
of carbon black–polymer composites (fce50.17060.001,
t52.960.1). From the fitting of his experimental data to th
percolation equations, Heaney26 obtained asc f for carbon
black of 66.7 (V cm)21, which is closer to the bulk value o
100 (V cm)21 quoted in his paper and is an order of ma
nitude higher than the values shown in Table I. Note also
significant differences insc f , t, s, and s8 ~from dielectric
constant measurements! and the small difference infce for
the ground and raw carbon black systems. This implies
the interparticle contacts have been altered by the grind
which has probably decreased the sharpness of the edg
angularity of the ground carbon black particles. Note that
lower s and highert for the raw carbon black system are
little closer to the very angular NbC and Fe3O4. The high-t
NbC and Fe3O4 systems, with their hard sharp edges~point
contacts!, show the largest discrepancies between the
trapolated conductivity and the bulk value~i.e., sc f!scb).

The discrepancy betweensc f andscb is further illustrated
in three graphite-containing systems. In the compac
graphite–boron-nitride system,7 sc f was found to be 77.62
(V cm)21 compared to 912.01 (V cm)21 ~obtained from the
three-component system of graphite, boron nitride, and
wax! and 251.00 (V cm)21 ~obtained from the graphite–
talc-wax system!. Note that when treating the graphite
boron-nitride coating as an independent, compacted bulk
colation system~see later!, sc f was found to be 44.5
6-5
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C. CHITEME AND D. S. McLACHLAN PHYSICAL REVIEW B67, 024206 ~2003!
(V cm)21, reasonably close to the compacted graphi
boron-nitride system.7 The differences observed in thesc f

values for these systems seem to indicate that the insula
matrix also affects the value ofsc f . However, in all ‘‘three’’
graphite systems discussed above and a previouly meas
one,6,7 the values of thes and t exponents are fairly close
The values forfce , s, andt for some other systems are give
in Table IV and discussed later.

The various mechanisms influencing the critical volum
fraction (fc) are now reasonably understood.2,7 These in-
clude the relative sizes of the component particles27–29 and
shape of the particles.30–33While all these mechanisms cou
influencefce in the composite systems studied in this pap
it appears that the relative sizeDi /Dc ~whereDi andDc are
the diameters of the insulator and conductor compone
respectively! of the two components has the largest effect
the percolation threshold, because of the consistently
fce’s (,0.065). Therefore, the Kusy model27 is now experi-
mentally examined in detail, using ‘‘nonideal’’ conductin
powders. Note that the small conductor particles, embed
on the surface of the large insulating talc-wax particles, fo
conducting link, blob, and node arrays which, in turn, fo
the percolation paths or backbones in these 3D systems

Figure 3 shows the predicted and experimentalfc values
superimposed on the Kusy theoretical curve~the numerical
results are given in Table I!. The experimental values (fce),
which are not functions ofDi /Dc , are given as vertica
~dashed! lines and the points where they intersect the th
retical curve are examined. The predicted or calculatedfc
values were obtained from the Kusy formula@fc51/(1
1KB), whereB5Di /Dc and K is a constant27#, using the
measured values of the mean size of the particles for e
powder from the Malvern size analyzer, and are plotted
the curve. The theoretical points~denoted by subscriptsM
andS), shown in Fig. 3 and given in Table I, were obtain
by using the ratio of insulator~whose average diameter wa
measured to be 300mm) to both the mean~M! and Sauter
~S! diameters of the conductor particles for each system.
Fe3O4, ground carbon black, and GBN~15%! systemfce
values show good agreement with theory using the m
diameter. The angular, but nearly spherical, Fe3O4 and NbC
systems show good agreement using the Sauter diamete
general, thefc values calculated from the mean and Sau
diameters (fcm andfcs , respectively, in Table I! are always
greater than or equal to the experimentally determined c
cal volume fraction (fce). The only exception is the niobium
carbide system, where the mean diameter value (fcm) is
much lower thanfce . The results shown in Fig. 3 and Tab
I illustrate how the difference for the actual shape fro
spherical and size distribution of the conductor particles
give rise to the critical volume fraction of the systems, whi
differ from those predicted on the basis of spherical a
monosized particles in the Kusy model. Hence the Ku
model is only a first approximation in estimatingfc in real
systems, especially where the particles are not sphe
and/or have a wide or abnormal size distribution.

The two carbon black systems show a small difference
the fce values, which overlap within the error bars. How
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ever, thefce of the ground system is found to be slight
smaller than that obtained in the unground~raw! carbon
black system, due to the smaller radius, which would ag
with the Kusy model.27 The plain graphite and graphit
mixed with boron nitride~15%! systems also show the sam
critical volume fraction~within the error limits!, which is
quite interesting as the latter is essentially a three-compo
system.

While one may believe thatfce in the cellular systems is
primarily dependent on the relative size of the component
closer examination of the systems shows that there are o
important factors involved in determiningfce . Take, for in-
stance, the niobium carbide and graphite systems. From
mean particle sizes (;3 mm for NbC and ;30 mm for
graphite!, the niobium carbide should have a lower critic
volume fraction than the graphite system~according to the
Kusy model! but the reverse is actually true. In fact, th
niobium–carbide–talc-wax composite has the highestfce
value of all the systems. It is suggested that the heavy, h
and angular NbC particles are knocked into the surface
the soft talc-wax particles during sample preparation in
way that is likely to reduce the probability of contact b
tween the conductor particles on the talc-wax surface, le
ing to a higherfce value. The irregular geometry of th
graphite particles, which are in the form of flakes, might a
favor a low percolation threshold, as the relatively lig
graphite flakes lie flat on the talc-wax particles, without pe
etrating their surfaces, which allows more numerous in
particle contacts than for a similar volume fraction of ni
bium carbide. The nickel and Fe3O4 systems have the sam
value offce , but the reason for such a similar result is n
immediately obvious.

The extremely low percolation thresholds of the grou
and unground carbon black systems also agree well with
vious studies where carbon black particles were blended
polymers.26,30,34 Connor and his collaborators34 studied the
conductivity of a composite made of highly structured c
bon black in an amorphous polymer@polyethylene terephtha
late ~PET!# and obtainedfce50.011, which is in fair agree-
ment with the critical volume fractions obtained for th
carbon black systems in this work. The low value offce
observed in carbon black systems has been attributed to
formation of aggregates by the carbon black particles
noted by Balberg,30 Heaney,26 and Connor and co-workers.34

However, this work indicates that the carbon aggrega
probably form a cellular structure coating ‘‘polymer’’ grain
which contain no or very little carbon.

The only previous experiments directly studying the d
pendence offce on the relative size of the constituent pa
ticles of the composite seem to be studies done on R2
~conducting oxide-glass composites!, which gavefce values
in the range 0.02–0.04.28

B. dc critical exponents

The exponents shown in Table I have a range of val
falling close to, below, and above the universally accep
values ofs andt, taken as 0.87 and 2.00, respectively, for 3
percolation systems.3–5 Four classes of the exponentt have
6-6
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been identified from the results in Table I. The first categ
consists of the nickel system with at exponent well below
the universal value. Unfortunately, there is no explanation
model to account for such a lowt value, although values
below 2.00 have been previously observed.12,31

The second class oft exponents includes the graphite a
two carbon black systems, which givet values very close to
the universal value of 2.00. Recall that according to Ko
and Straley,11 systems with a narrow range of conductanc
should give universalt exponents. It is therefore probab
that the carbon and graphite grains form good or reprod
ible contacts with each other.

FIG. 1. Plot of the logarithm of dc conductivity@sm(f,0)#
results vs the volume fraction (f) of graphite for the graphite
system. The solid line is a fit to Eq.~1! and the fitting para-
meters are fc50.03560.002, t51.9360.06, s50.6660.15,
sc5251 (V cm)21, ands i51.10310214 (V cm)21.

FIG. 2. Plot of the logarithm of dc conductivity@sm(f,0)# re-
sults vs the volume fraction (f) of Fe3O4 for the Fe3O4 system.
The solid line is a fit to Eq.~1! and the parameters used in the fittin
are fc50.02560.003, t54.1260.23, s50.4560.31, sc52.63
31023 (V cm)21, ands i58.51310216 (V cm)21.
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The third class of exponent (t;2.5) appears only in the
graphite–boron-nitride–talc-wax~also referred to as the
three-component! system. The reason for especially notin
this t exponent is that it agrees well with the upper limit
the original random void model12–14 of 2.5 or of the new
Balberg model,16 with thev850 case. This confirms that, in
some systems, the original random void model can be u
as a picture, with the backbone of the percolating conduc
powder providing the necks and the insulating particles
large voids. Note that systems involving nickel, carb
black, or graphite have grains which can be assumed to h
low and/or a narrow range of contact resistances. Prev
results31,35,36where the conducting powder was carbon bla
or graphite all havet values in the range 2.0–2.8.

Previous results which givet values in the range 2.0–2.
or a little above include those of Deprez and McLachla31

who obtained various values of thet exponent in the axial
and transverse directions during powder compression exp
ments involving four different forms of graphite. Values ot
for the natural flaky graphite used in these experiments w
(taxial51.9460.05) and (t trans52.860.3), with the same
fce . For all four powders, the range oftaxial was from 1.5 to
2.7 andt trans from 2.1 to 2.8, indicating the complexity o
graphite systems. Chen and Chou35 obtainedt52.360.4 and
fc50.0076 in a carbon-wax mixture~in good agreemen
with the t value obtained in the raw carbon black syste!
while Chen and Johnson36 reported a value oft52.2 and
fc50.28 for nodular nickel in polypropylene. Wu an
McLachlan7 obtainedt values of 2.63 and 2.68 in the axia
and transeverse directions of a series of compres
graphite–boron-nitride pellets (fc50.150). These results
plus others, show that most continuum systems havet values
in the range of 2.0–2.5 or even 3.0 and that thet values are
not correlated with the critical volume fraction. Recall th
the theoretical limit for the RV model is 2.5, and the link
node and blob models give 2.35, while the mean field va
is 3.0.26 Note that Leeet al.14 measured at value of 3.1 in a

FIG. 3. The Kusy simulation curve with the experimental resu
superimposed on it: The Kusy theoretical curve~solid line!, Experi-
mental ~E! values ~dotted line!, Sauter mean diameter~S! value
(s), and mean diameter~M! value (n).
6-7
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C. CHITEME AND D. S. McLACHLAN PHYSICAL REVIEW B67, 024206 ~2003!
random-void-like system~with a presumably continuous in
dium conducting component!, which is well within the range
compatible with Eq.~11!.

The t exponents obtained in the carbon black and grap
cellular composites are well within the range predicted
the theories discussed above and will henceforth be refe
to as low-t (t,3) systems, while those witht.3 ~discussed
below! will be referred to as high-t systems.

The last category oft exponents was observed in the ma
netite (Fe3O4) and niobium carbide systems. These comp
ite systems show values of the exponentt higher than al-
lowed by the RV model. These high-t values of the niobium
carbide and magnetite systems are also associated with
of the smallests values ever reported for 3D systems. T
extreme values of thet exponents can be accommodated
the new Balberg model,16 which is an extension of the RV
model and allows for higher values of the conductivity e
ponent than any previous theories.

Extreme values oft have also been reported in previo
experiments. Wu and McLachlan7 reported values oft be-
tween 4.80~axial! and 6.10 ~transverse! in very loosely
packed graphite–boron-nitride powder composites. Wu
McLachlan attributed the abnormally larget values of the
powders to the presence of a large number of cavities
microvoids in the samples, where the actual powder mixtu
tend to coat the air cavities. Therefore the geometry of
system is similar to the Swiss-cheese or RV model. Note
the contacts between the loosely packed graphite part
are very similar to those between the NbC and Fe3O4 par-
ticles described here, all of which have a very large range
intergrain resistances. Therefore it would appear that cond
tors consisting of angular particles lead to high-t values and
low-s values.

While a considerable amount of experimental a
theoretical3–5,7 attention has been focused on the conduc
ity exponentt, very little has been done on the dc exponens.
The results presented here were taken over a wide rangef
values, below and abovefc , which enabled the simulta
neous determination of the exponentst ands as well asfce ,
sc , ands i . Values ofs given in Table I range from 0.37 to
1.28, with the upper limit given by the three-component s
tem of graphite, boron nitride, and talc wax. As mention
earlier, the NbC and Fe3O4 systems are among the system
with the smallests values ever reported in 3D continuu
systems. Values in the range 0.65–1.00, reasonably clos
sun50.87, are obtained in the GG, GCB, and RCB syste
whose t values are also reasonably close to the unive
value (tun52.00).

To the best knowledge of the authors, no previous exp
ments, in continuum systems, have reported measurem
of the exponents from conductivity measurements other th
the work reported in Ref. 7. Reference 7 reported a value
s51.0160.05 in graphite–boron-nitride disk samples a
extremely low values ofs in 50% graphite–50% boron
nitride (0.4260.01) and 55% graphite–45% boron-nitrid
(0.4760.01) powder systems. The latter two values w
obtained from measurements done in the axial~pressure! di-
rection. Note again that low-s ~and -s8) values are associate
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with high t values. No simple qualitative correlation betwe
s and t ~eg t/s5const) was found.

C. Volume and frequency dependence
of the dielectric constant

In this study, dielectric measurements were made on
samples used in the dc conductivity experiments, in the
quency range of 1022–106 Hz, as a function ofv, for f
,fce . Thes8 values were obtained from the best linear fi
to the graph of log@emr(f,v)/emr(0,v)# @the real part of the
dielectric constant, normalized by the dielectric constant
the insulator (f50 sample!# against log(fce2f), wherefce

is the critical volume fraction of the conductor, obtaine
from the dc measurements. Results for all systems are sh
in Table I, where it can be clearly seen thats8 is frequency
dependent, increasing towards its dc or zero-frequency v
~s! as the frequency is lowered. Note that 1000 Hz is
frequency used in most previous dielectric measureme
Note also that from standard percolation theory, one wo
expect that thes8 values at the various frequencies would
be the same. The results shown in Table I indicate that
exponents is usually larger thans8. Note that the larges
change ins8 with frequency is for Fe3O4. However, as NbC
shows changes similar to the other samples, the change
s8 may not be solely associated with a very angular granu
conducting phase. As these are the only results fors8 as a
function of frequency ever to be published, it is not possi
to compare them with previous results.

The results given in Refs. 8 and 9 show that the exp
mental dielectric constants, belowfc , are frequency depen
dent, in agreement with Eq.~1!. As the main thrust of Refs
8 and 9 was concerned with the dielectric hump abovefc ,
further model simulations were carried out to examine
dielectric behavior belowfc . These simulations confirm th
frequency dependence ofs8 for systems wheree0e r /sc is
finite and that fore0e r /sc tending to zero the dielectric con
stant becomes frequency independent and diverges on
sides of fc , in accordance with the predictions given
Refs. 3–5.

Percolation theory as given by various authors3–5,18 and
reviewed in Refs. 3–5 requires thats5s8. However, the
present results confirm previous results of Wu a
McLachlan,7 who showed that thes obtained from dc mea-
surements and thes8 ~obtained from dielectric measure
ments! are not the same. Wu and McLachlan measures
~from dc conductivity measurements! ands8 ~at 100 Hz and
1 kHz! in the three graphite–boron-Nitride systems d
scribed earlier. The results at 1 kHz are 0.53 for the co
pacted disks in the axial direction and 0.60~0.72! and
0.91~0.83! for the powders, with 50%~55%! graphite, in the
axial and transverse directions, respectively. Note that
two graphite–boron-nitride powder systems are the o
ones so far measured withs8 clearly larger thans. Other
experiments that have actually measured the exponens8
have always implied that it was the same as the
exponents.36,37
6-8
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D. dc scaling

In this paper dc scaling, for differents i /sc values, has
been done using a real composite system. It was inten
that the ratio (s i /sc) would decrease due to the increase
the conductivity (sc) of the Fe3O4 with temperature. How-
ever, in the Fe3O4-talc-wax composite, it was observed th
s i of the talc wax increased appreciably faster with tempe
ture thansc of the Fe3O4, which resulted in a net increas
~rather than a decrease! in s i /sc with temperature, as show
in Table II. Note that all samples for this system were a
nealed at 140 °C for 12 h prior to the measurements. T
means that the relative thermal expansions were sim
and/or any differential expansion was taken up in the s
wax.

The values ofs, t, s i , andsc , shown in Table II, were
obtained from fitting the dc conductivity data~at different
temperatures! to Eq.~1!. Unfortunately, due to the changes
both s i and sc , the ratio (s i /sc) changed by only two
orders of magnitude in the temperature range from 298
(25 °C) to 393 K (120 °C). However, this change
(s i /sc) was still sufficient to move the experimental poin
along the scaling curve, generated by Eq.~1!, as shown in
Fig. 4. The values ofs i andsc were obtained as the best fi
parameters, which also yielded new values oft but not fc
~Table II!. Note that values ofs i close tof50.00 could not
always be accurately measured, which made it impossibl
obtain reliable values of the exponents or to scale the results
below fc . The values of the parameters, given in Table
were used to both scale the experimental results and ob
the theoretical curves. The small variations in the exponet,
observed at each temperature, gave rise to slightly diffe
theoretical curves abovex151 ~the solid lines in Fig. 4!
onto which the experimental results were scaled. These
ferences are smaller than the experimental errors. The t
retical curves belowfc are shown merely for the reader
benefit, as reliable data could not be taken in this region.
scaling of the experimental points shown on the graph can
seen through their movement along the curves as the
perature increases from 298 to 393 K. Note the fact that
experimental points at different temperatures all lie on nea
the same curve. It is also interesting to observe that point
the region log$(si /sc)@(12fc)

t1s/(f2fc)
t1s#%,2, slide

smoothly along the curve. This illustrates the fact that Eq.~1!
can be used to generate valid continuous dc as well a
~Ref. 6 and this paper! scaling functions. Standard percol
tion theory does not give a scaling expression in the reg
log x1 and logx2'1. Actually, it only predicts the slopes fo
x1 andx2 much less than and much greater than 1. Note
no new experimental parameters, such as thevc1 andvc2

used later in ac scaling, are necessary to enable the dc
perimental points to be fitted onto a single scaling curve

E. Magnetoresistance

In all the systems measured in this study, the chang
resistance with magnetic field~magnetoresistance! obeys the
expectedH2 ~where H is the magnetic field! dependence
with reasonable accuracy. The graphite systems and t
previously measured show a positive magnetoresista
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while those containing carbon black show a negative mag
toresistance. The reason for the negative magnetoresist
in the two carbon black systems is unclear at this sta
Figures 5 and 6 show the combined plots of the relat
magnetoresistance and the magnetoconductivity results
spectively, for the ground carbon black and graphite syste
from which the exponentsgc andtm were obtained. Note tha
in the case of the carbon black systems~which show negative
magnetoresistance!, absolute values are plotted on they axis.
Table I shows the values oftm andgc @Eqs.~12! and~13!# for
all systems measured. Previous workers7,25 obtained agc
value around 0.30, prompting speculations thatgc might be
universal. Although some systems from the present st
havegc values close to 0.30, it is clear that the value ofgc is
not universal, as most of the systems give agc considerably
higher than 0.30. Note that the magnetoconductivity ex
nent (tm) for all the systems is always greater than the e
ponent t obtained from dc conductivity measurements,
agreement with previous results.7,25 Also included in Table I
are the values oftm2gc , which, as expected, are close~i.e.,
within the experimental errors! to the experimentally deter
mined values oft. This result is in agreement with that ob
tained on graphite–boron-nitride disk samples.7

F. ac conductivity and scaling

This subsection reports on the ac conductivity stud
made on all but the nickel system, which was too conduct
to give results in thex1 or x2>1 regime and are not pre
sented. All the parameters and exponents obtained from
measurements and some important dc ones are listed in T
III. Some of the parameters in Table III are defined later
this section. As this subsection covers a number of topic
has been divided intoac conductivity results, ac scaling an
critical exponents, properties of the critical frequencies, t
loss angle, andother topics.

The ac conductivity results. The ac conductivity results
for two representative systems~graphite–boron-nitride and
niobium carbide systems! are shown in Figs. 7 and 8, wher
the real part @smr(f,v)# of the complex conductivity
@sm(f,v)] is plotted as a function of frequency. These r
sults show clearly the difference in behavior between
insulating and conducting samples. Samples above the
colation threshold show a frequency-independent behavio
low frequency. As the frequency of the applied signal is
creased above a certain valuevc , referred to here as the
crossover frequency, the conductivity starts to increase~from
its constant dc value! due to the extra contribution from th
capacitive regions, which offer ever-decreasing impedanc
the current flow. There is also a tendency for the results
some systems~NbC and Fe3O4) to show an as-yet inexpli-
cable upward hook at high frequencies. Figure 8 shows
phenomenon in the NbC system, but the effect is even m
pronounced in the Fe3O4 system. It is not clear whether th
high-t exponents~which are 4.1260.23 for the Fe3O4 and
5.2560.67 for the NbC system! of the systems have any
thing to do with the ‘‘hooks.’’ Heaney also observed the u
ward hooks in a carbon-black–polyethylene system, witt
52.960.1.26
6-9
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The slopes of the conductivity curves for the samples
low fc ~Figs. 7 and 8! can be explained as follows. Below
fc , there are two dielectric loss terms contributing to«mi .
For zero and lowf the dominant contribution is due to th
talc-wax insulator (« ir ) and for largerf the contribution
from the conducting clusters (smr /«0v) should become vis-
ible in the Figs. 7 and 8.

Figures 7 and 8 show that the conductivity curves le
off at low frequencies, indicating a small but finite dc co
ductivity. As all necessary precautions were taken to av
moisture contamination of the samples~by storing both the
powders and compressed samples in dessicators with s
gel!, this finite conductivity is almost certainly not due
moisture. Therefore, as it is also present in thef50.00
sample, the finite dc conductivity must be a fundamen
property of the insulating component.

For low-f samples, in the frequency range 1 –105 Hz, the
dielectric loss term of the insulator~with a slope of;0.90),
as observed in most dielectric systems, is dominant. F
about 105 to just over 108 Hz, the slope drops below 0.9

FIG. 4. dc scaling in a magnetite (Fe3O4)-talc-wax composite
system for samples close to but abovefc at three temperature
25 °C (s), 80°C (n), and 120°C (h). Note thatsm on they axis
is either the experimental value or the one generated by Eq.~1! at
the different temperatures~represented by the dashed and so
lines!.
02420
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before it starts to increase again. Below 105 Hz, the dielec-
tric loss term appears to be just a scaled-up talc-wax
term, which is due to the conducting clusters enhancing
dielectric constant of the insulating components, both r
and imaginary. In this region no effects due to the conduct
component can be identified. However, as the frequency
creases above 105 Hz, the insulator has a slope considerab
lower than 0.90~curvea in Fig. 7!. This allows the loss due
to the conducting clusters to be clearly visible above 107 Hz
~curve b in Fig. 7! for the graphite–boron nitride system
Unfortunately, no quantitative information about the perco
tion loss can be obtained from this or any other syste
However, forf close tofc and at high frequency, the slope
are similar~as expected from theory! to those for the sample
abovefc . Previous results in this region, for a G-BN pow
der system, which has a very low« ir , have been modeled
with reasonable success,8 using Eq.~1!.

ac scaling and critical exponents(u andv): results and
parameters. Shown in Figs. 9 and 10 are the scaled resu
for the raw carbon black and niobium carbide systems, us
the normalizations described in Sec. II. The value ofvc1 for
each sample was determined from the point where the b
ward projection of the high-frequency conductivity curv

FIG. 5. Log-log plot of the relative magnetoresistance aga
(f2fc) for the ground carbon black (s) and graphite systems
(n). The solid lines are a linear fit to the data, which yieldsgc

51.0860.02 for the carbon black system andgc50.4460.03 for
the graphite system.
ed
ults
TABLE II. Percolation parameters from the Fe3O4 system as a function of temperature. N.B. The fitt
fc(fce) was always between 0.02560.003 and 0.02560.004 across the temperature range. The res
below fce were rather noisy, hence the large statistical errors ins.

T(K) sc(V cm)21 s i(V cm)21 s i /sc s t

298 3.21931023 3.472310217 1.079310214 1.0160.88 4.2460.28
333 4.93931023 5.458310215 1.105310212 0.8660.62 3.9160.22
353 7.99831023 1.711310212 2.140310212 1.1562.21 3.9060.25
373 1.05031022 1.615310213 1.591310211 0.8061.27 3.7660.21
393 1.41931022 1.105310212 7.784310211 0.8061.05 3.7160.21
6-10
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ac AND dc CONDUCTIVITY, MAGNETORESISTANCE, . . . PHYSICAL REVIEW B 67, 024206 ~2003!
after it had been divided bysm(f,0), intersected the
log@smr(f, v)/sm(f,0)]50 line. These values ofvc1

(1/vc1) were then used to scale the conductivity results
each sample along the logv axis, or now thev/vc1 axis,
until they coincided. The scaling exponent~u! was obtained
from a linear fit to the regions of the scaled plots whe
log(v/vc1).1. Table III gives the experimental values ofu
~denotedue) for all the systems studied. The intercluster p

FIG. 6. Log-log plot of the magnetoconductivity against (f
2fc) for the ground carbon black (s) and graphite systems (n).
The solid lines are a linear fit to the data, which yieldstm53.31
60.10 for the carbon black system andtm52.2960.40 for the
graphite system.
02420
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larization model3,4,18 predicts thatu5t/(s1t). Using thes
and t given in Table III, a theoretical exponent (ut) can be
calculated from the above expression and the values are
given in Table III. For comparison,ut8 values, obtained when
s is replaced bys8 ~as determined from dielectric measur
ments at 1 kHz!, are also included and are always found
be closer toue thanut. Note that because of the decrease
s8 with frequency in the cellular systems, the values ofut8 at
1 MHz are always found to be greater than those calcula
usings8 ~1 kHz! and, hence, show more disagreement w
ue values than the 1 kHz results.

As noted earlier, scaling laws require that the scaled
perimental results of the complex ac conductivity on the c
ducting side of the percolation threshold (f.fc) depend
only on v/vc1 . To test this, Figs. 9 and 10 show not on
the experimental results for the raw carbon black and n
bium carbide systems, respectively, but also the theore
curves for ReF1 and ReF2 . The curves were calculate
from the fitted dc conductivity parameters ofsc , s i , fc , s,
and t using Eqs.~1!, ~5!, ~6!, ~7!, and ~8!. The F1 curve
obtained usings8 ~1 kHz! and denotedF18 is also included
for comparison.

The results shown in Fig. 9 and for the other low-t (t
,3) systems have some common features. According
theory, the curves (F1) should have a slope ofu5t/(s1t)
for (v/vc1).1 and the experimental results are expected
lie on these curves. The scaled experimental results obta
from the low-t (t,3) cellular systems do lie near theF1

theoretical curves, as can be seen in the above figures
Table III. However, the experimental results are found to
closer to theF18 curves@with slopes given byt/(s81t)] than
round
de.
TABLE III. Experimental ac parameters measured in this paper. GCB, ground carbon black; GG, g
graphite; Fe3O4, Magnetite; RCB, raw carbon black; GBN, graphite/boron nitride; NbC, niobium carbi

GCB RCB GG GBN Fe3O4 NbC

fc 0.012260.0007 0.013160.0006 0.03560.002 0.03360.001 0.02560.003 0.06560.003
s 1.0660.26 0.9060.20 0.6660.15 1.2860.19 0.4560.31 0.3760.14
s8 0.3660.04 0.4360.03 0.5060.02 0.5560.04 0.1060.01 0.2160.01
t 2.0660.10 2.2660.11 1.9360.06 2.5160.12 4.1260.23 5.2560.67
ue 0.7860.01 0.8560.01 0.8460.01 0.7760.01 0.7360.01 0.7160.01
ut 0.6660.19 0.7260.20 0.7460.19 0.6660.13 0.9060.67 0.9360.47
ut8 0.8560.14 0.8460.10 0.7960.06 0.8260.10 0.9860.15 0.9660.17
ve 0.11960.004 0.07460.003 0.10660.004 0.05960.002 0.05160.003 0.04260.002
v t 0.3460.10 0.2860.08 0.2560.06 0.3460.07 0.1060.07 0.0760.04
v t8 0.1560.02 0.1660.02 0.2160.01 0.1860.02 0.02060.003 0.04060.007
ue1ve 0.9060.01 0.9260.01 0.9560.01 0.8360.01 0.7860.01 0.7560.01
qe 1.4760.09 1.4060.03 0.8460.01 0.9660.05 1.0660.04 1.6760.13
qt 1.5160.44 1.4060.38 1.3460.35 1.5160.30 1.1160.82 1.0760.54
qt8 1.1760.19 1.1960.14 1.2660.09 1.2260.15 1.0360.16 1.0460.18
z 0.9260.01 0.9160.02 0.9260.01 0.9060.01 0.8560.02 0.7960.01
dce 5.0960.15 3.6160.12 3.4560.10 4.7560.10 0.2960.05 1.1460.05
dct 0.5360.16 0.4560.12 0.4060.10 0.5360.10 0.1660.12 0.1060.05
dct8 0.2360.04 0.2560.07 0.3260.08 0.2860.05 0.0460.03 0.0660.03
dcu 0.34560.004 0.23660.003 0.25160.003 0.36160.005 0.42460.006 0.45660.006
dcv 0.18760.006 0.11660.004 0.11660.006 0.09360.005 0.08060.005 0.06660.003
6-11



nt

y

y
ip

nt

igs.
ck
f

est

tal
ns,

ar-
that

f
re

.
s.

e
re-

e
nc

1

e

re
,
ut

ed

but
e-

C. CHITEME AND D. S. McLACHLAN PHYSICAL REVIEW B67, 024206 ~2003!
theF1 curves. This shows thats8 ~1 kHz! is usually in better
agreement with scaling theory than the exponents. This ob-
servation underscores the need to measure boths and s8 in
percolation systems. The high-t systems of NbC and Fe3O4
belong to a different category, as the scaled experime
results lie further away from either theF1 or F18 curves
~refer to Fig. 10! than the low-t systems. This is immediatel

FIG. 7. A log-log plot of ac conductivity vs frequency for th
graphite–boron-nitride system over the full experimental freque
range used.@f50.0000 (h), f50.0169 (¹), f50.0270 (L),
f50.0333 (3), f50.0336 ((),f50.0345 (D), with fc50.033
60.001]. The samplesf50.0167, 0.0176, 0.0299, and 0.035
have been left out in order to avoid congestion.

FIG. 8. A log-log plot of ac conductivity vs frequency for th
niobium carbide system over the full frequency range.@f
50.0000 (h), f50.0080 (¹), f50.0653 (1), f50.0742 (s),
f50.0799 (D), f50.0831 ((), f50.0874 (3), with fc

50.06560.006]. Notice the upward hooks in the data at high f
quency for this system. The samplesf50.0187, 0.0210, 0.0329
0.0485, 0.0610, 0.0670, 0.0714, and 0.0733 have been left o
order to avoid congestion.
02420
alobvious from Table III, where the values ofue , ut , andut8
for the high-t systems are very different.

Below fc , the exponentv is obtained from the log-log
plot of the imaginary part of the ac conductivit
@v«mr(f,v)# against frequency using the relationsh
v«mr(f,v)}v12v. Alternatively, the exponentv can be ob-
tained from the log-log plot of the real dielectric consta
against frequency using the relation«mr(f,v)}v2v. Some
representative plots based on this relation are given in F
11 and 12, which show the results for the raw carbon bla
and niobium carbide systems, respectively. The values ov
for all the systems range from 0.04 to 0.12, with the low
values being obtained from the high-t and low-s systems,
containing Fe3O4 and NbC powders. These experimen
values are all lower than values obtained from calculatio
based on the intercluster polarization model.3,18 The model
also predicts thatu and v should satisfy the relationu1v
51. Using the experimental values ofu andv in Table III,
only the ground graphite, ground carbon black, and raw c
bon black have values reasonably close to unity. Note
these systems haves and t values~Table I! close to the uni-
versal values. The rest of the systems have their sum oue
andve exponents well below unity, even when the errors a
taken into account. Theue1ve results in Table III also show
a strong tendency to decrease as thet exponent increases
This may be a unique characteristic of the cellular system

Properties of the critical frequencies. The critical frequen-
ciesvc1 andvc2 display certain properties, according to th
equations given in Sec. II. The first of these is that the f

y

-

in

FIG. 9. A log-log plot of the reduced ac conductivity vs reduc
frequency for the raw carbon black system for the samplesf
50.01291 (h), f50.01343 (D), f50.01351 (L), and f
50.01334 (1). The scaling functionsF1 andF2 ~solid lines! are
obtained using the dc parameterssc56.166 (V cm)21, s i

5v8.84310213 (V cm)21, fc50.013160.0006, s50.9060.20,
and t52.2660.11. F18 is obtained using the same parameters
with s replaced bys850.4360.03. Note the close agreement b
tweenF18 and the experimental results.
6-12
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ac AND dc CONDUCTIVITY, MAGNETORESISTANCE, . . . PHYSICAL REVIEW B 67, 024206 ~2003!
quencyvc1 should scale with the dc conductivity asvc1

}sm(f,0)q,6,38 whereq is an exponent whose experiment
value is denotedqe in this paper. Figures 13 and 14 sho
log-log plots of the experimental values ofvc1 against
sm(f,0) for the graphite and Fe3O4 systems respectively
Table III gives the experimental values ofqe for all the sys-
tems studied. The intercluster polarization model gives
exponentq or qt in terms of the conductivity exponentt and
the dielectric exponentss and s8 as qt5(s1t)/t and qt8
5(s81t)/t, which show thatqt andqt8 should never be les
than unity. Values ofqt andqt8 were calculated using the d
s and t and t with s8 ~1 kHz!, respectively. The results ar
shown in Table III.

The experimental values ofq (qe) for the cellular systems
can be sorted into two categories:qe greater and less tha
unity. Theqe.1 category includes the two carbon black sy
tems, whoseqt and qe values are also in very good agre
ment. Systems withqe,1, in conflict with theory, include
the two graphite systems and the three-component~graphite–
boron-nitride–talc-wax! system.

The high-t systems of Fe3O4 and NbC also giveqe values
greater than unity, with the NbC system having the larg
value ofqe . The other high-t system (Fe3O4–talc-wax sys-
tem! has a lowerqe value which is in good agreement wit
the intercluster model for boths ands8. In addition, only the

FIG. 10. A log-log plot of the reduced ac conductivity vs r
duced frequency for the niobium carbide system for the sam
f50.0714 (¹), f50.0733 (h), f50.0742 (L), f50.0831
(1), andf50.0874~s!. The scaling functionsF1 andF2 ~solid
lines! are obtained using the best-fit dc parameterssc

5107.2 (V cm)21, s i5v8.84310213 (V cm)21, fc50.065
60.006, s50.3760.14, andt55.2560.67. F18 is obtained using
the same parameters but withs replaced bys850.2160.01. Note
the disagreement between bothF1 , F18 and the experimental re
sults.
02420
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niobium carbide system givesqe.qt , which seems to indi-
cate that this high-t system is itself unique.

Values of vc1 can also be calculated usingvct
5(sc/2p«0« ri )uf2fcu t1s and the dc experimental value
of sc , fc , s, and t. Since the relative dielectric constan
(« ri ) of the insulator or talc wax is frequency dependent,

s

FIG. 11. A log-log plot of the imaginary ac conductivit
@v«m(f,v)# against the frequency (v) for the raw carbon black
system. The solid line is a linear fit to the data from which t
value of the exponentve @from v«m(f,v)}v12ve] is found
to be ve50.07460.003 @f50.01044 (h), f50.01088 ~s!, f
50.01077 (D), f50.01134 (¹), with fc50.013160.0006].

FIG. 12. A log-log plot of imaginary ac conductivity
@v«m(f,v)# against the frequency (v) for the niobium
carbide system. The solid line is a linear fit to the data from wh
the value of the exponentve @from v«m(f,v)}v12ve] is found‘
to be ve50.04260.002 @f50.0329 (h), f50.0610 ~s!, f
50.06528 (D), f50.06705 (1), with fc50.06560.006].
6-13
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C. CHITEME AND D. S. McLACHLAN PHYSICAL REVIEW B67, 024206 ~2003!
average value of 7.00 was assumed for« ri in the frequency
range 100–106 Hz, where most of the experimentalvc1 ~de-
notedvce) values lie. It is observed that systems with lowt
exponents havevce.vct @e.g., for the raw carbon black sys
tem, vce(vct) are 1.9953104 (3.3003102), 5.012
3104 (1.0433103), and 6.3103105 (1.8923104), for in-
creasingf] whereas the opposite (vce,vct) is true for the
high-t systems@e.g., for the Fe3O4 system,vce(vct) values
are 1.0003102 (1.6403102), 7.2443102(1.0343103),

FIG. 13. A log-log plot ofvc against dc conductivity@sm(f,0)#
for the graphite system. The solid line is a linear fit to the data fr
which the value of the exponentqe @from vc1}sm(f,0)e

q] is found
to beqe50.8460.01.

FIG. 14. A log-log plot ofvc against dc conductivity@sm(f,0)#
for the Fe3O4 system. The solid line is a linear fit to the data fro
which the value of the exponentqe @from vc1}sm(f,0)e

q] is found
to beqe51.0660.04.
02420
1.0003104 (9.5733103), and 1.0003105 (1.2963105)].
No model exists for this behavior. It is also worth noting th
the calculated and experimental values ofvc1 for the high-t
Fe3O4 system are reasonably close in comparison with ot
systems studied in this paper. Note that the graphite–bo
nitride disk system6 also gavevce'vct , while for the pow-
der systems,6 vce was at least two orders of magnitud
greater thanvct .

The loss angle(d). For a material with complex ac con
ductivity, the loss angle (d) is given by the relation tand
5smr(f, v)/v«mr(f, v). Figures 15 and 16 show log-lo
plots of the loss tangent~tand) versus frequency for the raw
carbon black and Fe3O4 systems, very close to the percol
tion threshold. Similar results are observed for all six s
tems. Numerical simulations using Bruggeman symetric m
dia theory, done on the conducting side of the percolat
threshold,3 give the same qualitative result. In the prese
systems forf below fc , tand is less frequency dependen
in agreement with intercluster polarization predictions.3 The
high-t systems show a minimum in tand between 108 and
109 Hz, after which the curves show upward hooks, simi
to those observed in the ac conductivity plots in the sa
frequency range. There is no available explanation for t
result.

Above fc , tan d is highly frequency dependent for a
systems and is expected to obey tand}v2z at low frequen-
cies. From their measurements, Chen and Johnson36 postu-
lated that for a sample abovefc and in the low-frequency
regimev,vc , tand varies as tand}1/vRC, thus predicit-
ing a slope of21 ~or z51). In this calculation, it was as
sumed that the energy loss in the dielectric was only due
conduction along the backbone, which is known not to
true where there is a large« ri (v) such as in the talc wax
Results obtained in the cellular systems, for samples
above the percolation threshold, give the slopes fr
20.92 to 20.79 ~or z50.79–0.92) as shown in Table III
which do not agree with the predicition of Chen an
Johnson.36 The results from the cellular systems also sh
that the low-t systems give higher values ofz than those with
high t.

The loss angle atfc(dc) has been found experimentall
for all systems showing a minimum in tand, with dce ~ex-
perimentaldc) being taken at this point~minimum! for a
sample close to but belowfc . In systems with no minimum
in tand ~carbon black systems!, the value ofdce was taken at
105 Hz. These results are shown in Table III.

Clerc et al.3 predicted thatdc is given by the expression
dc5(p/2)(12u)5(p/2)v5(p/2)@s/(s1t)#, for v!v0
[sc/2p«0« i , which is true if the intercluster polarizatio
model were obeyed. According to Clercet al.,3 the value of
dc should depend only on the dimensionality of the syst
and has a value of 0.54 in three dimensions, whens andt are
universal. Using the experimental dc exponents, values
dc(dct) were calculated fromdct5(p/2)@s/(s1t)#. Values
of dct8 were obtained whens8 ~1 kHz! was used in place ofs
in the expression fordct . The values ofdce for the cellular
systems are all, except one, much greater than thedct anddct8
values, as well as the universal 3D value of 0.54. It is n
6-14
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ac AND dc CONDUCTIVITY, MAGNETORESISTANCE, . . . PHYSICAL REVIEW B 67, 024206 ~2003!
clear what gives rise to such a serious discrepancy betw
the present experimental and calculated results. The prev
results on graphite–boron-nitride systems studied by Wu
McLachlan6 gave dce50.2260.02, 0.1360.02, and 0.09
60.02 for the graphite–boron-nitride disks, 50% graph
and 55% graphite–boron-nitride powder mixtures, resp
tively, which were also in disagreement with but less than
calculated values ofdct (dct8 ).

FIG. 15. A log-log plot of tand againstv for the raw carbon
black system. The solid line is a linear fit to the data from a sam
abovefc which gives the value of the exponentz ~from tan d
}v2z) to be z50.9160.02 @f50.01044 (¹), f50.01290~s!,
f50.01291 (h), f50.01334 (D), f50.01343 (1), with fc

50.013160.0006].

FIG. 16. A log-log plot of tand againstv for the Fe3O4 system.
The solid line is a linear fit to the data from a samp
above fc which gives the value of the exponentz ~from
tand}v2z) as z50.8560.02 @f50.0219 (h), f50.0251 (s),
f50.0281 (D), f50.0344 (¹), f50.036 (L), f50.0485(3),
f50.0627 ((), f50.0840 (1), with fc50.02560.003].
02420
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Table III also shows the values ofdcu anddcv calculated
from the measuredue and ve , respectively, usingdc

5(p/2)(12u)5(p/2)v. These values are usually muc
lower thandce and somewhat lower thandct anddct8 in Table
III, which indicates that it is theve values which are too low
to give ue1ve51 discussed earlier. This might be a chara
teristic of the cellular systems or a result of the comp
dielectric properties of the talc-wax insulating componen

Other topics. We conclude this subsection with a few bri
observations. The first is that when the real dielectric c
stant«mr(f, v) results~below and close tofc) of the cel-
lular systems were plotted as log-log plots of«mr(f, v)
versus frequency (1022–109 Hz), the respective dielectric
constants of all systems decrease with frequency and ap
to be converging towards the same value at very high
quencies. It is concluded that the dielectric behavior bel
the percolation threshold (fc) in all seven systems~includ-
ing the nickel system! is dominated by the talc-wax insula
ing component, which is highly dispersive. Therefore no
sults or discussion is given because the results are domin
by the talc-wax dispersion and not the percolation propert

The three-component system, containing some boron
tride, shows less dispersion than the other systems, as
talc wax in thef50.00 sample is always coated by the mo
insulating and less dispersive boron nitride. Recall that
conducting graphite progressively replaces the boron nit
coating as the volume fraction of the former is increas
from 0.00 to 0.15. These results are presented in deta
Ref. 39.

For completeness and a brief comparison, the same
rameters as given in Table III, obtained from the previo
experiments6,7,35,36,38in which the largest number of param
eters were measured, are given in Table IV. Points to note
the following: In spite of the fact that some of the system
detailed in Table IV have rather differentfc values, the
range oft values is somewhat similar. Using this and oth
data no clear correlation betweenfc and t could be ob-
served. The very limited amount ofs ands8(v) data shows
a serious gap in previous experimental work. Despite
disagreements betweenue , ut , andut8 , experimental values
of u(ue) measured on the cellular systems are in reason
agreement with some previous studies on other 3D c
tinuum percolation systems as can be seen from Tables
and IV. The results for the low-t systems in Refs. 6 and 3
and the present low-t systems all show good agreement b
tweenue andut8 .

1/f noise measurements have also been made on
GCB, RCB, GG, and GBN systems.40 The results are rathe
complex, indicating a very complex LNB-type system ju
abovefc . The model given in Ref. 40 for the noise param
eters observed could also be an explanation for the higt
values observed for the Fe3O4 and NbC systems.

A number of graphs were plotted in order to find if the
are any correlations between the various exponents give
Tables I and III. No definite trends were observed in the
graphs. However, these graphs are available on request
appear in Ref. 39.

le
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TABLE IV. Parameters from previous studies on percolation systems. Thes8 values in this table, from
previous work by other workers, were measured at 1 kHz. G/BN~D!, graphite–boron-nitride disks
G/BN~50% P!, 50% graphite–50% boron-nitride powder; NI/FPP, filamentary nickel in polypropylene; N
nodular nickel in polypropylene; C/W, carbon in wax.

G/BN~D! a G/BN~50% P! a NI/FPPb NI/NPPb C/W c

fc 0.15060.001 0.12060.001 0.0860.01 0.2860.02 0.0076

s 1.0160.05 0.4260.01

s8 0.5360.07 0.6060.01 0.5560.01 0.6260.01

t 2.6360.07 4.8560.46 3.160.3 2.260.1 2.1

aReferences 6 and 7.
bReference 36.
cReference 35.
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V. SUMMARY AND CONCLUSIONS

The first objective of this paper was to measure the e
trical transport properties of a new class of percolat
systems—namely, cellular systems—and to examine the
colation parameters of these systems to try to ascertain w
microstrutural features were causing the nonuniversal ex
nents in these~and other! systems. As these cellular system
have low-fc values and very similar microstructures, a
differences in the parameters must be due to the propertie
the different conducting powders. A second objective was
check the validity and ability of standard percolation theo
and a phenomenological equation@Eq. ~1!# to fit or model the
results for various ac and dc transport properties in term
the standard percolation parameters and the scaling pro
ties of these equations. Conclusions on these objectives
given below.

The geometries chosen also allowed one to examine
Kusy equation’s ability to model the results forfc in such
systems. The conclusion on this aspect of the paper is
the Kusy equation, which is based on monosized spher
conducting powder particles, does not accurately fit the
sults for real powders. However, it does appear to work b
ter for the more spherical powders, where the grains m
good contact with each other.

As Eq.~1! was found to fit the dc data~real and first order
terms only! for all f values, in this as well as other perc
lation systems, and was shown to be a dc scaling function
varying s i /sc , it would appear to adequately describe
percolation systems. Further experiments on systems
high-fc values and high values ofs i /sc should be carried
out, to see if Eq.~1! will model such systems. The standa
power laws also fit the results and give the same expon
as Eq.~1!, in the limits in which they are valid.

The first-order ac experimental results presented in
paper and summarized in Table III are the most compreh
sive to appear in the literature and the results and expon
are in general agreement with previous studies on 3D c
tinuum systems~Table IV!. However, examination of the ex
perimental errors in the tables of results shows that the ag
ment is not always very good. The conducting samplesf
.fc) all show the expected low-frequency independent p
teau followed by a frequency-dependent conductivity at h
frequencies. A plot of the normalized real ac conductiv
02420
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@smr(f,v)/sm(f,0)# of the conducting samples close tofc

against the normalized frequency (v/vc1) show that the re-
sults can all be scaled and that the scaling exponentsue all
lie between 0.70 and 0.86 in the systems studied. There
one can conclude that, except for the systems which disp
a hook forx1.1, Eq.~1! and the standard percolation equ
tions ~for x6!1 andx6@1 only! seem adequate to mode
the experimental results, if one accepts the fitting parame
which are not yet completely understood.

As shown in Figs. 11 and 12, the first-order imagina
conductivity smi below fc also behaves as expected fro
Eq. ~1! and the percolation equations. In Ref. 6 these d
were of a sufficiently high quality to actually scale accordi
to the procedure given in Sec. II. Therefore, at first sigh
appears that the first-order ac data can be adequately m
eled by Eq.~1! and the standard percolation power laws a
obeyed. Unfortunately, as shown in Table III, there is a se
ous problem in that for some systems there are not adeq
models~the intercluster polarization or RC model! to relate
the dc exponents (s or s8, t, andfc) with the ac exponents
(u andv). Probably the most serious anomaly is that in m
of the systems studied in this work, the respective exp
mentalue andve exponents do not sum up to unity as th
should (u1v51) and are therefore in serious disagreem
with all current models. Although new experiments would
useful, new theoretical input is urgently required.

However, the frequency dependence ofemr , as evidenced
by the different slopes for different frequencies on log-l
plots of emr against (fce2f), shows that the standard pe
colation equations as given in Refs. 3–5 are correct, p
vided one accepts a frequency dependents ~Table I!. This is
a cause for great concern as a large number
experiments3–5,36,37 have presented data as ifs were fre-
quency independent and thats85s, as implied in Refs. 3–5.
Measurements of the second-order ac conductivity~dielectric
constant!, made on these cellular and other systems,7,8 re-
vealed severe problems with the predictions of the stand
percolation equations. Although not discussed in this pa
the standard percolation theory’s inability to mod
emr(f,v) above fc ~Refs. 8 and 9! shows that standard
theory is not able to fit these second-order results for r
continuum composites and that, except in the ideal lim
sc5` or s i5v«0« i50 ~i.e., for dc measurements only!,
6-16
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standard percolation theory should be replaced by Eq.~1!.9

Reference 8 has clearly shown that thev2 dependence pre
dicted for the second order conductivity~or dielectric loss!
term by standard percolation theory, belowfc , is not present
and the same is almost certainly the case here. An expres
for this conductivity term in the low-f limit, derived from
Eq. ~1!, is discussed in Ref. 8. Due to the large dielectric lo
terms in the insulating component in this and other work
has not been possible to clearly identify the contribution
the percolation clusters.

Although the data presented in this paper are the m
comprehensive ever presented and it has been shown tha
~1! more than adequately fits most of this and other perc
tion system data, it has not proved possible to fully und
stand the resulting parameters~exponents! and their interre-
lationships. Therefore, one should also explain the expon
in terms of a combination of the random void model, lin
node, and blob model, and tunneling~in this case point con-
tacts! model.

The original random void model and its extensions are
most widely used in explanations for nonuniversal expone
and are based on the geometric structure of a continu
conducting component. In our case, one must visualize in
lating spheres with filaments and blobs of the conductor
ing the spaces between them. Therefore the important di
ence for the different cellular systems is that each pow
gives rise to its own characteristic link, node, and blob p
tern, on the surfaces of the insulator. The links and no
take the place of the small conducting filaments in the RV
Swiss-cheese model. The maximumt value for the RV model
f
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is 2.5 and for the LNB model is 2.35. Table I therefore ind
cates that these models are adequate to explain thet values of
all the systems, except those containing Fe3O4 and NbC.

The fact thatsc f.scb for all systems indicates that ther
is an interparticle resistance, but where the range of th
resistances is small, the original Kogut-Straley11 model
would indicate that this would not increaset significantly.
Values of t over 3.0 can be accounted for by the Balbe
model.15,16 However, the authors believe that the high-t val-
ues over 3.0 are due to RV-type geometric factors, which
this case consist of LNB networks, plus a large range
interparticle resistances in the Fe3O4, NbC ~which have very
angular contacts!, and G-BN powders.7 Note that these are
also the systems with the hooks in the dispersion plots~Fig.
8!. Note too that the the smalls values measured in thes
systems requires an explanation, especially as the b
Kogut and Straley model does not allows values less than
sun . The range and values ofs, s8 ~1 kHz!, and t values in
Tables I and IV~which contains data from noncellular gran
lar systems! show that the mechanisms that determines, s8,
andt in the cellular systems are probably also determinings,
s8, andt in all these very complex systems, which all, exce
that in Ref. 14, involve a granular conducting componen

Finally the authors hope that this work will encoura
more experiments and, more importantly, new theoret
work to model the origin of the nonuniversal exponents a
the relationships between these exponents, which will
plain the inconsistencies that have been highlighted in
paper.
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