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with the voids although with much larger scatter
from sample to sample. "

In conclusion, we have shown that artificial
cylindrical voids in a simple metal can induce a
large linear magnetoresistance in quantitative
agreement with classcial theory. The directional
dependence shows clearly that indeed the influ-
ence of the voids has been studied, and not para-
sitic effects due to lattice imperfections or dis-
tortions.
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We present evidence that in carbon-polyvinylchloride composites, consisting of aggre-
gates of carbon spheres (100-400 A) dispersed in the insulating matrix, the electrical
conductivity can be ascribed to a novel mechanism of tunneling with potential-barrier
modulation by thermal fluctuations. Theoretical consideration of the tunneling-probability
modification by thermal fluctuating electric field across tunnel junctions yields expres-
sions for the temperature and the field dependences of the conductivity in excellent ac-
cord with experimental results.

In recent years hopping conduction in disordered
materials has recieved considerable attention as
the mechanism responsible for the characteristic
exp(-b/& ) form of temperature dependence of
conductivity observed in amorphous semiconduc-
tors' (n = ~) and sputtered granular metal films'

1
(& =2). There are, however, materia, ls such as
some conductor-insulator composites' and dis-
ordered semiconductors4 for which no definitive
theory has been proposed to explain their trans-
port properties. In this Letter we report the ob-
servation of a new tunneling conduction mecha-
nism for disordered materials in which the modu-

lation of tunneling barriers by thermal fluctua-
tions plays an important role in determining the
dependence of the conductivity on temperature
and electric field. In the following, the experi-
mental results for the carbon-polyvinylchloride
(PVC) composites are presented and compared
with theoretical predictions based on the above
mechanism. Application of the theory to other
disordered systems will be published subsequent-
ly.

Carbon-PVC is a conductor -insulator composite
consisting of carbon particles embedded in the in-
sulating PVC matrix. Samples of this composite
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material were prepared by milling the compound
together and injection molding. Three types of
carbon were used in this study: (1) Ketjenblack'
is a pigment composed of hollow spheres approxi-

0 0

mately 350 A in diameter with 10-15-A-thick
walls'; (2) Columbia carbon' SA40-220 is similar
to Ketjenblack but has a sphere diameter of 140
A; (3) Mogul-L carbon' is a pigment containing
carbon in the form of solid spheres with a diam-

0
eter of about 200 A. Transmission electron mic-
roscopy studies of all the specimens show the
carbon to be highly structured. ' That is, a car-
bon network is usually observed which is com-
posed of touching or nearly touching micron-
sized aggregates of graphitic spheres. Of the
three types of carbon studied, Mogul-L showed
some difference from the other two in exhibiting
less of the tendency to form clumps and chains.
As a result, samples with Mogul-L carbon gen-
erally show much higher resistivity than those
with Ketjenblack or SA40-220.

To measure the resistivity p, samples were
cut into disk-shaped pellets 2 mm thick and 4
mm in diameter. Gold, evaporated on the faces,
provided the electrical contacts. Both two-lead
and four-lead resistivity measurements were per-
formed. The results showed no perceivable dif-
ference between the two cases, indicating that

contact resistance was not a problem and the two
methods could be used interchangeably. The p(T)
data, plotted in Fig. 1, were taken at sufficiently
low electric field that the samples were Ohmic.
At higher voltages, self-heating dictated the use
of voltage pulses. The high-field behavior of the
current density j, shown in Fig. 2, was measured
with 50- and 150-ns pulses at 60-Hz repetition
rate.

Electrical conductivity of carbon-PVC compo-
sites results from percolation of electrons in the
carbon networks. When the concentration of the
carbon is large, the material exhibits graphitic
conductivity, indicating that the conduction net-
work is continuous. As the concentration is de-
creased, conduction is dominated by electron tun-
neling across small barriers separating large
conducting regions. A direct consequence of the
large size of the conducting carbon aggregates is
that the charging energy required to remove an
electron from a neutral aggregate is completely
negligible, in sharp distinction to conduction in
granular metals ' ' where charging energy plays
the dominant role. Therefore, in the present
case tunneling can be essentially regarded as be-
tween two bulk conductors. Let us consider one
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FIG. 1. Temperature dependence of the resistivity
in carbon-PVC composites. Solid circles, Mogul-L,
45 wt. %; plusses, SA40-220, 15 wt. %,. triangles,
SA40-220, 20 wt. %; open circles, Ketjenblack, 16 wt. %.
Solid curves are calculated from Eq. (6) with the val-
ues of Tp and T, given beside each curve.

FIG. 2. High-field behavior of the current density in-
carbon-PVC composites. In this case the carbon is
SA40-220, 20 wt. %. Solid lines are calculated from
Eq. (7) with values of a(T) plotted in the inset. The
solid curve of the inset is given by Eq. (7b) with val-
ues of TO=3 K and T, = 83 K obtained from the p(T)
data. Similar agreements between the theory and the
experimental results are obtained for other samples.
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7txze let
j(~) =j,exp — —-1

0
(2)

where we have neglected the small backflow cur-
rent; y = (2m Vo/@')'r' is the tunneling constant,
m is the electron mass, &,—= 4V, /e~, and j, is
the pre-exponential factor which contains all the
weak (nonexponential) temperature and electric
field variations of j. It should be noted that for
I&I & &„jis expected to have a slower, nonex-
ponential dependence on &.

There are two possible sources of the electric
field. One is obviously the externally applied
field &&. As for the second source, we observe
that since the tunnel junction is situated in a ther-
mal bath, there will inevitably be thermal fluctu-
ations leading to voltage difference across the
junction. In fact, it is well known" that the rms
thermal fluctuation voltage of a junction is given
by (kT/C)'r', where k is Boltzmann's consta. nt
and C =A/4~ur is the capacitance of the junction.
When C is small, which is the case for the inter-
nal tunnel junctions of carbon-PVC composites,
the thermal voltage fluctuations can be appreci-
able, resulting in large fluctuating electric field
&~ across the junction. Since the external field
only has the effect of shifting the zero point of the
thermal voltage fluctuations, "the total electric
field across the junction at any given instant can
be written as & =&&+&&.

A thermal fluctuating field can be either in the
forward or the reverse direction. Therefore,
for a fixed value of I& ~ I and a small applied field
&& & I &~ I, the net forward tunneling current is
given by

&j =j(~&+~,) —j (~& —&&).

A pa, rtial conductivity &(&r) can be defined in

of the tunnel barriers in the form of a plane pa-
rallel junction of area A and separation . The
barrier potential will be taken to be symmetrical
(such as the image-force-corrected rectangular
barrier) and therefore can be written in the form
V(x) = V, —p,x' —p,x' ', where x =0 is defined
as the center of the junction. For simplicity, in
this Letter we will adopt the approximation of re-
taining only the x' term":

V(x) = V, —(4Vo/ur ')x2.

When an electric field & is applied to the junction,
the potential barrier is both lowered and nar-
rowed. It is easily shown that in the WXB ap-
proximation the tunneling current density j has
the form

terms of &j as

~(, ) l,. ~a
2

di(&r)

0 C~ diaz
(4)

o =o'~exp[- T,/(T y T )j,
T, =us, '/k,

T, = 2ue, '/nauru,

(6a)

(6b)

(6c)

where in Eq. (6a) we will neglect the slowly vary-
ing temperature dependence of the pre-exponen-
tial factor and treat 00 as a constant. Equation
(6) states that at T «T, the conductivity is tem-
perature independent and reduces to the expected
form o'Oexp(-7ryur/2) for tunneling through a para-
bolic barrier. However, at high temperatures
the behavior becomes that of thermal activation"
with activation energy u&,'. The high-field be-
havior of the junction can be similarly obtained.
Neglecting the small flow of electrons counter to
the applied field and using the saddle-point inte-
gration again, we have

j„=f j (e„+e r)P(e r) der
= j exp{—a(T)[(ega ) —1] ), (Va)

(»)a(T) =T /(T+T ).
So far we have only been concerned with the be-

haviors of a single junction. In order to obtain
the conductivity of the composite, it is necessary
to consider a network of independently fluctua-
ting" tunnel junctions with different values of Tg
and T,. However, it can be shown" that with rea-
sonable distribution functions for T, and T'0, the
conductivity of the network is mell described by
single-junction characteristics. Therefore, in
Figs. 1 and 2 we will directly compare the experi-
mental results with the predictions of Eqs. (6)
and (7). Figure 1 gives the temperature-depen-
dent resistivity p for four samples. The p(T)
data are seen to be in excellent agreement with
the behavior predicted by Eq. (6). The values of
&, and T, used are given beside each curve. The
knowledge of T, and T„ though insufficient for

From Z(er) the conductivity of the junction & is
obtained by thermal averaging:

(v = f, P(e )Z(e )de .
Here the probability P(er) for observing the field
&& due to thermal fluctuations is given by" the
Boltzmann factor exp(- u& r'/0 T), and u = ur&/87r

is a measure of the junction volume. Substitution
of Eqs. (2) and (4) into Eq. (5) and the use of sad-
dle -point integration yield
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the unique determination of V„~, and A, can
nevertheless provide plausible estimates of their
values. For example, a possible set of values
for the junction parameters consistent with T,
=83 K and &0=3 K is V0=0.2 eV, M =75 A, and
A=250 A', where we have used the free-electron
mass in-the calculation of X. In Fig. 1 we also
note that two samples with different weight frac-
tions of SA40-220 carbon have different values of
Ty and To. Such difference reflects the expected
(and as-yet-undetermined) dependence of ~ and
A on the composition of the composite. The high-
field behavior is shown in Fig. 2 for the sample
with 20 wt.% of SA40-220 carbon. The solid lines
are calculated from EII. (7) with j,= 25 A/cm' and
ep =3750 V/cm. It is seen that the experimental
values of j at different temperatures tend to satu-
rate at some fixed value as predicted by the the-
ory. The & dependence of j is well described by
the form exp[ —a(T)(c„/cp —1)'j given by EII. (7).
The value of a (T) used in ea.ch fit to the experi-
mental data is plotted in the inset. The solid
curve in the inset is calculated from Eq. (7b) with
the values of T, =83 K and T, =3 K obtained from
the temperature dependence of the resistivity as
shown in Fig. 1. The good agreement between
the experimental values of a(T) and the ca,lculated
curve with no adjustable parameter demonstrates
the underlying unity of the p(7') and the j(&) be-
haviors.

It should be remarked that in Fig. 2 the non-
Ohmic behavior for the carbon-PVC composites
occurs at the very low field strength of 500-4000
V/cm. This is consistent with the material pic-
ture mentioned earlier that the tunnel junctions
are separated by large conducting regions. Since
the applied voltage will be mainly concentrated at
the junctions, the actual field strength at the junc-
tion is expected to be larger than the applied val-
ue by a factor M, where IVI can be interpreted as
the ratio between the average size of the conduct-
ing aggregate and the average junction width. By
applying the definition of &p=4Vp/e~ and taking
Vp=0. 2 eV a.nd w =75 A, we get ep=10p V/cm.
When this value is compared to &, =3750 V/cm
used in fitting the experimental results, we get
M=300. Therefore, the size of the conducting ag-
gregate is about 30~=2 pm, in order-of-mag-
nitude agreement with the value observed in trans-
mission electron micrographs.
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thank A. P. Pica and S. Bozowski for their tech-
nical assistance, and H. Kawamoto for help in ob-
taining specimens.

N. F. Mott, Philos. Mag. 19, 835 (1969); V. Am-
begaokar, B. I. Halperin, and J. S. Langer, Phys.
Rev. B 4, 2612 (1971).

P. Sheng, B. Abeles, and Y. Arie, Phys. Rev. Lett.
31, 44 (1973); B. Abeles, P. Sheng, Y. Arie, and
M. Coutts, Adv. Phys. 24, 407 (1975).

J. Dresner, K. W. Hang, J. I. Gittleman, and P. Kuz-
netsoff, J. Non-Cryst. Solids 27, 39 (1978).

4D. Redfield, Phys. Rev. Lett. 30, 1319 (1973).
5Ketjenblack is a product of Akzo Chemic, The Neth-

erlands; Columbia carbon is an experimental product
of Cities Service Co.; Mogul-L is a product of Cabot
Corp.

6M. D. Coutts, private communication.
~W. W. Tyler and A. C. Wilson, Jr., Phys. Rev. 89,

870 (1953).
P. Sheng and B. Abeles, Phys. Rev. Lett. 28, 34

(1972).
'C. A. Neugebauer and M. B.Webb, J. Appl. Phys.

33, 74 (1962),
' Inclusion of higher-order terms does not alter the

qualitative behavior of the temperature and the field
variations of the conductivity, Results on the exam-
ination of the effect of different potential-barrier
shapes will be published elsewhere.
"N. G. van Kampen, Physica (Utrecht) 26, 585 (1960).
' Thermal activation over the potential barrier is a

conduction process parallel to tunneling through the
barrier. It can be shown that thermal fluctuations
have the effect of lowering the activation energy from
Vp 'to Vp = Vp/[1 + iVp/8 Ep )], When Vp » u E'p

~ we have
Vp' —Q Ep ~ In this Letter the contribution of thermal
activation conduction is disregarded since it is neg-
ligible at low temperatures and gives behavior indis-
tinguishable from that of Eq. (6) at high temperatures.

'3Fluctuations at different junctions should be inde-
pendent since the correlation length for local electron-
density fluctuations in the conducting region is expect-
ed to be much smaller than the separations between
different junctions.

'4By regarding each tunnel junctions as a conductor,
the conductivity of the network can be obtained by the
effective-medium theory [see S. Kirkpatrick, Rev.
Mod. Phys. 45, 574 (1973); J. Bernasconi, Phys. Rev.
B 1, 2252 (1973)]. Results of the effective-medium
analysis will be published elsewhere.

1200


