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Complex ac conductivity of a carbon black composite as a function of frequency, composition,
and temperature
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The complex conductivities between 10 mHz and 1 MHz of a series of disordered carbon-black-polymer
composites have been measured. The carbon black volume fractions span the percolation threshold, with dc
conductivities ranging from 10218 to 1026 (V cm)21. The room temperature results are similar to previous
measurements on other percolation systems. Conductivity measurements as a function of temperature on a
composite sample, slightly above the room-temperature percolation threshold, are consistent with the percola-
tion threshold increasing with temperature and becoming equal to the actual volume fraction at about 130 °C.
The real conductivity at different temperatures is shown to scale onto a single curve. An anomalous peak in the
real dielectric constant as a function of composition close to the percolation threshold is also observed.
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I. INTRODUCTION

The electrical conductivity and dielectric constant,
complex conductivity, of metal-insulator mixtures are t
most widely investigated physical properties of percolat
systems. Major review articles which include sections on
complex conductivity are Refs. 1–3. Good percolation s
tems are characterized by a smooth and rapid change o
dc electrical conductivity in a narrow range of conduc
volume fractions. It has been well established, both exp
mentally and theoretically, that near the percolation thre
old fc , the dc conductivitys(f,0), f being the volume
fraction of conductor, follows the power lawss(f,0)}(f
2fc)

t as fc is approached from the conducting side (f
.fc) with t as the conductivity exponent ands(f,0)
}(fc2f)2s, where the exponents describes the divergen
behavior of the conductivity, whenfc is approached from
the insulating side (f,fc). The real part of the low-
frequency dielectric constant«(f,v'0) of percolation sys-
tems is also predicted to diverge as«(f)}ufc2fu2s, where
s is the dielectric exponent, on both sides offc ~Refs. 1–5,
and the references therein!. A s and as8 are introduced in
Refs. 4 and 5 as they are found to be different for the exp
ments performed on the graphite-boron nitride syste
From early results for computer simulations, model expe
ments, and some continuum systems, the critical exponet
ands were first thought to be universal, i.e., they depend
only on the dimension of the percolation system~which
would requires5s8, which is not always observed4,5! and
not on the details of cluster geometry and intergranular c
tacts. This is now known not to be true for some continu
systems.1–5

In analyzing the data the equation used is

~12f!~f i
1/s2fm

1/s!

~f i
1/s1Afm

1/s!
1

f~sc
1/t2sm

1/t!

~sc
1/t1Asm

1/t!
50. ~1!
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This gives a phenomenological relationship betweensc , s i ,
andsm , which are the conductivities of the conducting a
insulating component and the mixture of the two comp
nents. Note that all three quantitiessc , s i , andsm can be
real or complex numbers in Eq.~1!. The conducting volume
fractionf ranges between 0 and 1 withf50 characterizing
the pure insulator substance (sm[s i) and f51 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 essentially conduct
medium takes place, andA5(12fc)/fc . For s5t51 the
equation is equivalent to the Bruggeman symmetric me
equation. Equation~1! yields the two limits

uscu→`: sm5s i

fc
s

~fc2f!s , f,fc , ~2!

us i u→0: sm5s i

~f2fc!
t

~12fc!
t , f.fc ~3!

which characterize the exponentss and t. 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,1–3

sm's i
s/~s1t !sc

t/~s1t ! . ~4!

The scaling conditions used in this paper, which are base
those given in Refs. 1–3, are

sm5H sc

~fc2f! t

fc
t F2~x2!, f,fc

sc

~f2fc!
t

~12fc!
t F1~x1!, f.fc ,

~5!

~6!
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wheresm can be the theoretical result from Eq.~1! or the
experimental results. The scaling functionsF6(x6) depend
on the scaling parameters,

x25
s i

sc

fc
s1t

~fc2f!s1t 52 i
v

vc2
, f,fc ~7!

with

vc25
sc

«0« i

~fc2f!s1t

fc
s1t

and

x15
s i

sc

~12fc!
s1t

~f2fc!
s1t 52 i

v

vc1
, f.fc ~8!

with

vc15
sc

«0« i

~f2fc!
s1t

~12fc!
s1t @asm~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. 1–3, 6. However, it is stressed that
results obtained in this section are independent of whe
the conductances and hence the scaling functionsF6 are
genuinely complex or real. To ensure that curves drawn
F6 fall on top of each other for differentfc , the normaliza-
tion employed in all the equations used in this paper diff
somewhat from the one used in Refs. 1–3.

As v is varied, the F1(x15 iv/vc1) and F2(x2

5 iv/vc2) curves with different s i /sc , v/vc1 , and
v/vc2 values, but with compensatory changes inf or fc
such as to give the samex1 and v/vc1 or x2 and v/vc2

values, superimpose for the samet ands values.8,9 It can be
shown,7–9 that the limiting slopes ofF1 andF2 againstx1 ,
x2 , v/vc1 andv/vc2 are

ReF1~x1! @and ReF1~2 iv/vc1!# 51

~ for x1 or v/v1,1!, ~9a!

Im F2~x2! @and ImF2~2 iv/vc!# 5x2~v/vc2!

~ for x or v/vc,1!, ~9b!

F1~x1! @and F1~2 iv/vc1!#}x1
t/~s1t !

„~v/vc1! t/~s1t !
…

~ for x1 or v/vc1.1!, ~9c!

F2~x2! @and F2~2 iv/vc!#}x2
t/~s1t !

„~v/vc2! t/~s1t !
…

~ for x2 or v/vc2.1!. ~9d!

All of these limits, including both the real and imagina
components ofF1 andF2 in Eqs.~9c! and ~9d!, which are
derived analytically in Ref. 8 and shown numerically in Re
7–9, are the same as for the scaling functions defined
Refs. 1–3. However, the second-order terms of the comp
functionsF1 ~i.e., ImF1! and F2 ~i.e., ReF2! @or smi(f
.fc) and smr(f,fc)# differ from those in Eqs.~9a! and
~9b! when x1(v/vc1),1 and x2(v/vc2),1. This has
been shown analytically in Ref. 8, where measurement
ll
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.
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x

of

smi(f.fc) and smr(f,fc), which help to resolve this
dilemma, have also been reported. Recall that
x1(v/v1).1 and x2(v/v2).1 there is agreement be
tween Eqs.~9c! and ~9d! and the equations given in Refs
1–3, and 6 for both first- and second-order terms. The p
viously defined crossover region now corresponds tox1 and
x2.1.

Unfortunately, analytic solutions to the complex equ
tions forF1(x1) andF2(x2) are not available for arbitrary
s and t. However, with the values ofs51 and t52 or t/s
52, F1(x1) andF2(x2) can be calculated from a comple
cubic equation.8 Any t/s value equal to an integer gives
polynomial equation, which can then be solved.8 For arbitary
t/s Eq. ~1! can be solved numerically. Note that Eq.~1! can
be solved as an implicit equation for arbitrarys and t if sc

ands i are real.9 This approach, using Eqs.~5!–~8!, was suc-
cessfully used to fit the scaled data,s r(f.fc) and s i(f
,fc), for the graphite-boron nitride system.7

In this paper we report on the experimental studies of
complex ac conductivity~dielectric constant! of carbon
black–polyethylene percolation composites. Composites
this type are manufactured by several different compan
and marketed in the form of resetable fuses and s
regulating heaters.10 Three compositions belowfc , with
nominal CB compositions of 0, 12, and 17 % and two abo
fc , nominal~and actual! compositions 17.5%~0.1789! and
18.65% ~0.1885! CB were measured at room temperatu
The 17.0% sample was very close to the percolation thre
old fc at room temperature. The 17.5% sample was m
sured between 27 and 134 °C~note the melting point of the
polymer is about 130 °C!. The real conductivity decreases a
the temperature increases asf and wc increase butw2wc

decreases.19 It will be shown that the conductivity result
can, to a good approximation, be scaled onto a single cu
using the procedures outlined above. A behavior, incon
tent with the predictions of Refs. 1–3, is observed for t
dielectric constant measured whenw*wc in that it increases
with w2wc , whereas it should decrease as (w2wc)

2s.1–3

Solutions of Eq.~1! show dielectric terms that continue t
increase withw abovewc , reaching a maximum somewha
abovewc .8

In the remainder of the paper, the experimental pro
dures are described in Sec. II. The experimental data are
discussion and analysis of the data are presented in Sec
A summary of the results and the conclusions made
given in Sec. IV.

II. EXPERIMENTAL METHODS

The samples are composed of commercial carbon b
and polymer and have been described before.11 The carbon
black resistivity is of order 1022 V cm and the polymer re-
sistivity about 1018V cm. The carbon black consists of 20
nm mean diameter aggregates composed of smaller fu
semispherical particles of 80 nm mean diameter. Car
black aggregates are known to form larger agglomera
when melt compounded with a polymer. The largest str
tures visible in a transmission electron micrograph wh
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may be agglomerates are about 1mm in diameter.12 The
polymer is high-density polyethylene with a melting point
130 °C. The preweighed carbon black and powdered poly
are mechanically mixed and then melt compounded in
Moriyama batch mixer at 150 °C. Each compound is co
pression molded into three slabs of nominal thickness 0.
cm and then cut into samples of nominal width 1.25 cm a
nominal length 18 cm. The concentration of carbon black
the composite is determined by thermogravimetric analy
of four pieces near the edges of the three slabs.11

Before applying the electrical contact, the surfaces of
samples were lightly sanded using 220 grit emery pap
Strips about 180 mm long, 12.5 mm wide, and 0.2 mm th
were used for the more conducting samples and sheets u
1803100 mm were available for the samples belowwc .
Where needed, four resistivity contacts were made by pa
ing silver current contacts onto the ends and voltage cont
about 50 mm from the middle of the appropriate st
sample. This configuration was used for dc conductiv
measurements, but two probe ac conductivity measurem
had to be made with the Novocontrol Dielectric Spectro
eter. The low-frequency ac and dc resistivities agreed w
each other within a few percent, indicating negligible curre
contact resistance.~In a trial experiment it was found that th
values of capacitances, made on 17.5% material, did
change when gold was first sputtered below the silver p
capacitor plates.! The capacitor areas were chosen so that
capacitance and resistance of the sample were, where
sible, well within the measurement limitations~capacitance,
resistance, and tand! of the Dielectric Spectrometer.

The Novocontrol Dielectric Spectrometer is an instrum
especially designed for measurements of this nature. T
instrument, working from the subhertz to megahertz range
capable of measuring far smaller loss components in the
electric or insulating phase~equivalent to 1014V at 1022 Hz
and 108 V at 105 Hz in parallel with an ideal capacitor! and
has a better resolution of loss or phase angle~a maximum of
tand of .103 and a minimum of 1023! than the instruments
used in Refs. 4 and 5 or any previous measurements
similar nature.13–18

The measurements were done in a copper chambe
which was attached a 120 W heater. The samples, coa
lead terminations, a thermocouple, and a PT100 platin
resistance thermometer were all mounted on a Teflon pla
the middle of the chamber. The temperature was control
with air as the exchange medium, using the PT100 resista
and Lake Shore DRC/93CA temperature controller. A sta
ity during the measurements of plus or minus 0.2 °C w
achieved during measurements, as determined from the
perature controller and a thermocouple.

III. RESULTS AND DISCUSSION

Extensive room-temperature dc conductivity measu
ments have previously been made on the samples desc
above and other samples in this series.11 The important re-
sults from this paper are thatt52.960.1 and that 0.1676
,wc,0.1789 for this system. Ass has not been measure
for this system, one can only assume a value of betw
about 0.5 to 0.9 from other ac dielectr
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measurements,4,5,13–18the universal value being 0.87 or eve
1 for ease of computing.

Figures 1 and 2 give the real relative dielectric const
and conductivity for the 0, 12, 17, 17.5, and 18.65 % samp
at room temperature, as a function of frequency. The die
tric measurements are only shown down to 10 Hz, as so
of the results became erratic below this frequency. Comp
ing these results with the various limiting slopes given abo
and in Refs. 1–3 and with the experimental results given
Refs. 7 and 13–18, one can conclude from the dispers
free dielectric constants and the power-law dispersion of
conductivity of the 0, 12, and 17 % samples, that the
samples are insulating. However, the slopes for the cond
tivity of the 12 and 17 % samples are almost exactly 1 a
not 2 as is to be expected from Refs. 1–3. Note that th
must be a real dielectric conductivity or loss term in t
polyethylene itself, which, from Fig. 2, has a power law
about v0.9 from the 0% sample. This loss must also be
major contributor to the conductivity observed in the 12 a
17 % samples. The dielectric loss term, as it appears in E
~1!, ~5!, and ~6!, is discussed in more detail, with« i* 5« ri

1« i i (v), in Ref. 8. From the shape of the conductivi
curves in Fig. 2 the 17.5 and 18.65% samples are cle

FIG. 1. Experimental values of the permittivity («mr) are plotted
against frequency at room temperature for all the carbon volu
concentrations.

FIG. 2. Experimental values of the conductivity (smr) are plot-
ted against frequency at room temperature for all the carbon vol
concentrations.
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conducting. The permittivity data, as a function of frequen
for these two conducting samples are not understood,
very few data of this nature exist in the literature. Howev
the dielectric constants of these two samples are increa
with w abovewc ~i.e., w2wc! for all frequencies, in clear
contradiction with the (w2wc)

2s dependence predicted i
Refs. 1–3.

Figures 3 and 4 show the real dielectric constant and c
ductivity as a function of frequency, for the 17.5% sample
the temperature range 27.1–134 °C. From the shape of
conductivity curves the sample below 130 °C havew.wc ,
but the decrease in conductivity with temperature showsw
2wc) is decreasing with temperature. This is to be expec
aswc increases more rapidly thanf with temperature.19 The
origin of the slow oscillations in the low-frequency data
not known. Note that the dielectric constant abovewc
~134 °C! is again increasing with (w2wc), as it did in Fig. 1.

FIG. 3. Experimental values of the permittivity («mr), are plot-
ted against frequency for the 17.5% sample at various temperat
@27.1 °C ~L!, 80 °C ~h!, 100 °C ~n!, 110 °C ~3!, 115 °C, ~* !,
118 °C ~s!, 120 °C ~†!, 122 °C ~l!, 126 °C ~j!, 128 °C ~m!,
130 °C ~d!, 134 °C~3!#.

FIG. 4. Experimental values of the conductivity (smr), are plot-
ted against frequency for the 17.5% sample at various temperat
@21.1 °C ~L!, 110 °C ~h!, 120 °C ~n!, 126 °C ~* !, 128 °C ~s!,
130 °C ~1!, 134 °C ~l!. The 80, 100, 115, 118, 122, and 126 °
plots have been omitted for clarity.#
,
ut
,
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d

The slope of the 122 °C curve~wheref.fc! at high fre-
quencies is 0.94, somewhat higher than is to be expec
@Note t/(s1t)52.9/(0.512.9)50.85, with s50.5, this be-
ing a reasonable minimum value.# The dielectric constan
decreases with frequency. At the lower temperatures the
electric dispersion curve is not a simple power law b
evolves into a power law as the temperature increases
122 °C there is a power-law dependence of20.1 ~s/s1t
50.15 with t52.9 and s50.5!. According to Refs. 1–3
these results for«mr should show no dispersion. Note that
Fig. 4 clearly shows the sample to be conducting, the 122
sample is not in the crossover region~v/vc1 and v/vc2

.1! where Eqs.~9c! and ~9d! are obeyed.
An alternative interpretation for the above exponents

that these composites are exhibiting mean-field behavio
their ac electrical properties. This interpretation is consist
with earlier experiments on the dc electrical properties
these same composites,11 which also found critical exponent
in excellent agreement with the predictions of mean-fi
theory. The values for the critical exponents for mean-fi
theory are identically the Bethe lattice values. Using t
mean-field values in the intercluster polarization model giv
t/(s1t)51. Using the mean-field values in the anomalo
diffusion model also givest/(s1t)51. These theoretica
mean-field values are in very good agreement with the
perimental values fort/(s1t),1 @and s/(s1t)'0# mea-
sured in this paper. These theoretical mean-field values
also in excellent agreement with the experimental va
t/(s1t)5160.05 measured in percolative gold films
room temperature in the intermediate frequency regime
Hundley and Zettl.18

The metal insulator transition occurs at about 130 °C,
exact value depending onf.17 Therefore at and near 130 °C
one might expect the sample to be in the crossover reg
where Eqs.~9a! and~9b! should be obeyed. The slopes of th
128, 130, and 134 °C conductivity curves in Fig. 4 are at fi
sight consistent with this, except for the fact that all t
slopes are again much closer to 1 than the expected valu
about 0.85. Note too that all three dielectric constants
nearly dispersion free, whereas they should have a slop
2s/(s1t), with a reasonable minimum of 0.5/~0.512.9!
50.147, if they were in the crossover region. Therefore
would appear that these samples must be classified as
lating and that the temperature range where crossover be
ior could be observed must be very narrow. dc scaling a
suggests a very narrow crossover regime.11 The increase in
the real dielectric constant and conductivity for the sample
134 °C, above those at 130 °C, is almost certainly due to
sample having melted. Samples recovered from this temp
ture were always severely distorted.~Note that as these
samples are not radiation crosslinked, they will flow abo
melting point.!

As the conductivity data curves are qualitatively similar
what has been observed before it is interesting to see if
curves can be scaled as in Refs. 5 and 7. First anF1(v/vc)
curve was calculated, using Eqs.~1!, ~5!, and ~6!, with s
50.5 and t52.9 to get the reasonable maximum slo
~0.85!. The other values used weresc56666V21 m21,11 2.1
~« r from Fig. 1! x«0xv, and wc50.17,11 v and w being
varied over a sufficient range to generate a overlappingF1 ,
as was done in Refs. 7 and 9. To obtain the experime

es.

es.
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points the results for the conductivity data at and bel
122 °C, shown in Fig. 3, were first divided by the conduct
ity at the lowest frequencies~which is very close to the mea
sured dc value!. The resulting curves were then slid along t
ln@smr(w,v)/smr(w,0)#50 axis, by a scaling facto
1/vc(expt), until the experimental curve coincided with th
calculatedF1 at v/vc51. The experimental results andF1

are shown in Fig. 5. Note that the experimental curves do
overlap particularly well and certainly not as well as tho
given in Refs. 5 and 7. Note too that the limiting slope f
largev/v1 decreases with temperature but is always lar
than one which is in conflict with Refs. 1–3 and 6 and oth
experimental results.5,7,13–18

The present experimental system differs from those
cussed in Refs. 5, 7, and 13–18 as in a CB-polymer sys
some or all of the grains may be wet and continuously coa
by the insulator~polymer!. This is not the case for the sys
tems discussed in Refs. 5, 7, and 13–18. However, w
done over an extremely large frequency range on ano
class of carbon black polymer samples,20 gives values for the
high-frequency slopes of log conductivity versus log fr
quency graphs that are less than 1. This shows that the
havior of different carbon black–polymer systems are
necessarily the same. Indeed the electron transport me
mechanism in conductor-polymer composites is still in se
ous dispute~Ref. 21, and references therein!.

In spite of this only semiquantitative agreement with t
predictions of scaling, a plot of lnvc against lnsmr(w,0) was
made and is given in Fig. 6. Note that at the highest temp
tures a straight line with slope 0.925 is obtained. Note
that Eq. ~8! predicts that the slope should beq5(s1t)/t,
which is always greater than 1. Experimental results5,6,15,17,18

give slopes both greater and less than 1 but always less
the value ofq expected from the measured values ofs, t, and
or t/(s1t). Note too that the value ofvc (calc) calculated
from Eq. ~8! at 27.1 °C, wheref2fc is known, with the
exponents given above is many orders of magnitude gre
than vc(expt). Widely different values ofvc (calc) and
vc(expt) has been noted in Ref. 22 and discussed in Re
The even lower slope obtained at lower temperatures is
understood.

The smooth increase in« r with w up to and beyondwc

FIG. 5. The scaled conductivitiessmr(w,v)/sm(w,0) plotted
against the log of the scaled frequencyv/vc1 for the 17.5% sample
at various temperatures. The origin of theF1 plot shown, displaced
to the right in the figure, is discussed in the text.
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can be clearly seen in Fig. 1, while Fig. 3, wheref.fc for
T.130 °C, shows« r increases with (w2wc), being a maxi-
mum at the lowest temperature. While the behavior of« r
shown in Fig. 3 has not been emphasized in previous wor
is consistent with the behavior of« r shown in Fig. 1. The
smooth increase in« r with w beyondwc has recently been
seen in graphite-boron nitride8 and a number of system
where fine conducting powders are impregnated on the
face of larger almost spherical grains, before the grains
compressed into a three-dimensional continuum.23 This phe-
nomenon has also been seen before for Al spheres in ep
resin24 and probably many other systems. Attention w
probably not called to, nor paid to these and other sim
results, as they are in conflict with standard percolat
theory as given in Refs. 1–3.

Figure 7 shows the experimental« r results between
w50.15 and 0.19 at 1 kHz and calculations made using
~1! with wc50.172, sc56666 (V m)21, « ri 52.1, t53.0,
ands50.6 ~dashed lines! and 1.0~solid lines! at 1 kHz.~the
more peaked curve! and 1 MHz. These parameters, exce
for s, all were obtained from previous measurements.11 Simi-
lar results for graphite-boron nitride and NbC coated insu
ing grains together with more details of the computatio
procedures are given in Ref. 8.

It is obvious that the fit is at best qualitative. Better fi
can be obtained if the parameters are varied, for insta
increasingwc , which will obviously move the plots to the

FIG. 6. The experimental values ofvc1 are plotted against the
measured dc conductivity.

FIG. 7. Experimental values of the permittivity («mr) for the 17,
17.5, and 18.65 % samples, at room temperature and 1 kHz, plo
against the volume fraction~w!. The nature of the theoretical curve
and the parameters used are given in the text.
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PRB 60 12 751COMPLEX ac CONDUCTIVITY OF A CARBON BLACK . . .
right. Theoretical plots for various combinations show th
the peaks, at a fixed frequency, broaden and the peak h
drops if iv«0« r /sc decreases ands and/or t is increased.
This combines to indicate that this ‘‘hump’’ occurs in th
crossover region@i.e., the region between wheres rm}(w
2wc)

t and « rm}(wc2w)2s hold#, the width to which it is
proportional (v«0« r /sc)

(1/s1t), also broadens. This seem
intuitively correct to the authors as in the crossover regi
the properties of both components play nearly equal role
determiningsm or «m . For f@fc , Eq. ~1! predicts that
smi}v1/s and«mr}v (12s)/s.8

IV. SUMMARY AND CONCLUSIONS

The conductivity data shown in Fig. 1 clearly show th
the 0, 12 and 17 % samples are below the percolation thr
old while the 17.50 and 18.65 % ones are above. This ag
with the range ofwcs(0.1676– 0.1789) given in Ref. 11. Th
v dependence observed for the insulating samples is in
with those seen in most previous work.7,13–18The smr lines
are fairly parallel to the pure polyethylene sample~0%! and
as pointed out in Ref. 8 the other two lines are proba
dominated by the percolation enhanced polyethylene l
The dielectric constant of the insulating samples is consis
with percolation theory1–3 but that of the conducting sample
is not, neither as a function of frequency orw. Equation~1!
does allow for an increase in«mr abovewc , but is certainly
not quantitatively correct using previously measured para
eters.

The changes in the conductivity with temperature, sho
in Fig. 4, are consistent with the model that the sample
approaching the insulating state~i.e.,wc.w! at 134 °C, aswc
increases with temperature faster thanw. From the conduc-
tivity data it is not certain if the insulating state is reach
but the almost complete lack of dispersion in the 134
y
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samples shows that this is probably the case. The permi
ity data in Fig. 3 decreases with temperature, consistent w
the data in Fig. 1 and a decrease in (w2wc) with tempera-
ture.

The conductivity data can be scaled as described in
theory section and done in Ref. 7. However, the slopes
served in the crossover region (v/vc1.1) are greater than
1 whereas the maximum value, according to percolat
theory and Eqs.~9a! and ~9b!, must be less than 1~or t/s
1t!. It is therefore somewhat of a surprise thatvc plotted
against the dc conductivity gives a straight line at the hig
temperatures, where linear« r against frequency plots are ob
tained. The value forq is consistent with previous exper
ments but not theory. The only conclusion is that scaling i
very universal phenomenon, but our ability to understan
is still limited.

The smooth increase in« r with w abovewc is at first sight
surprising, but it is found to also have been observed i
number of different systems, with both a polymer and no
polymer insulating component. An explanation must
sought. This will certainly not come from percolation theo
as given in Refs. 1–3. Equation~1! provides, at best, only a
qualitative model for the data in Fig. 7 unless paramet
~sc , s i , wc , s, andt! very different from those measured i
a function ofw experiments are used. An explanation of th
phenomenon obviously requires further thought, modeli
and experimentation.
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