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Modulation of small tunneling barriers by thermally activated voltage fluctuations is
observed in the composite material carbon polyvinylchloride consisting of large conduct-

ing carbon chains and aggregates separated by narrow insulating gaps. The eA'ect is ex-

perimentally determined by applying an ac stress to the sample and measuring the change
in resistivity per unit strain as a function of temperature. After determining the tunneling

parameters To and Tl from the temperature dependence of the resistivity, the temperature
dependence of the change in resistivity per unit strain is calculated based on the
fluctuation-induced tunneling theory in which the tunneling barrier is lowered and nar-

rowed by thermally activated voltage fluctuations. Good agreement is obtained between

the experimental results and the fluctuation-induced tunneling theory.

We have studied the effect of modulation of tun-
nel junction width on the conductivity of a compo-
site material consisting of large conducting chains
and aggregates separated by narrow insulating

gaps. Carbon polyvinylchloride (C-PVC) consists
of graphitic carbon spheres, 100—400 A in diame-
ter, embedded in a PVC-based resin. The carbon
spheres cluster into filaments and aggregates -1
pm in size randomly oriented with small gaps of
PVC between aggregates. ' The conductivity of the
C-PVC has been shown to be due to fluctuation-
induced tunneling through the gaps between carbon
aggregates. ' In this paper we present evidence
that due to their small dimensions the tunneling
barriers in the C-PVC composites are modified by
thermally activated voltage fluctuations across the
gaps. The effect is demonstrated by pressure
modulation of the tunneling gap.

The temperature dependence of the resistivity of
C-PVC composites can be expressed as

T]
P=Pp P + p

where Ti is a measure of the energy required to
move an electron across the insulating gap and Tp
is the temperature much below which the resistivi-
ty reduces to temperature-independent tunneling.
Temperature fluctuations generate voltages
V-(kT/C)'~ across the insulating gaps of capaci-

ty C which lower and narrow the potential barrier.
In the case of small junction capacity, the thermal
fluctuations give rise to large voltage fluctuations.
For the samples studied in this work, the values
w-75 A, junction area A -380 A, and the height
of the potential barrier Vp-0. 092 eV are con-
sistent with the values of Tp and T& found to fit
Eq. (l). The values of T, and To depend on the
tunneling parameters but cannot by themselves

give information about the dependence of the tun-

neling on any particular parameter. We have
designed an experiment which can determine the
dependence of the tunneling on the single parame-
ter w, the junction gap width, and thus make de-

tailed comparisons with the tunneling theory.
The junction width w was modulated by apply-

ing an ac mechanical stress at 25 Hz to the C-
PVC. The sample was mounted in a stainless steel

yoke with a piezoelectric transducer, and the yoke
was tightened until the stress applied to the sample
and transducer produced a static strain of about
0.5%, measured with a strain gauge glued to the
sample, a cube of about 7 mm on a side. A small
dc bias current was passed through the sample, and
the dc voltage developed across potential leads on
the sample face was used to measure the resistance;
the ac voltage developed when the transducer was
driven at 25 Hz was used to measure the piezo-
resistance. Similarly, the dc voltage in the strain
gauge measured gauge resistance and therefore the
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static strain; the ac voltage across the strain gauge
was used to measure the rms strain on top of the
static strain.

At each temperature Rd, and (bR )„were mea-
sured for both the sample and strain gauge resis-
tances with a four-lead method. The small static
strain was not sufficient to alter measurably the
distribution of junction widths as measured by T~
and To. This can be seen in Fig. 1 where p(T)
curves are shown for a sample with and without
static stress.

The transducer was energized to provide an al-

ternating strain hl jl of 1.1 —1.3)& 10 along the
axis of the dc current flow and the static strain.
The sample resistance and the strain gauge resis-

tance were thus modulated at the driving frequency
and the ac components of the sample and strain

gauge voltages were detected with a lock-in amplif-
ier (PAR 124). The entire yoke assembly was im-

mersed in a helium bath for temperatures less than
4.2 K and suspended in helium vapor for tempera-

tures above 4.2 K. Care was taken to assure that
the samples were Ohmic at all currents and tem-
peratures and to assure negligible joule heating.

The samples used in this study were 15-wt. %
type-A carbon black and 35-wt. % type-8 carbon
black. Type-A carbon black is a carbon composed
of hollow spheres approximately 350 A in diameter
with 10—15-A-thick walls. Type-8 carbon black
is a solid carbon sphere 180 A in diameter. It is
interesting that the parameters To and T& for the
two carbon composites are almost the same (see
Fig. 1). It is not surprising that the weight percent
loadings of the two samples (15% and 35%) are
different, while To and Ti are similar because it
has been shown by Coutts that PVC penetrates
the hollow type-3 carbon black. The eAective
volume percent of PVC outside the spheres is simi-
lar for the two carbon samples studied here.

The ac strain is a measure of the junction width;
the rms change in resistivity per unit rms strain
(AS=El jl) was measured as a function of tem-
perature. It has been shown that

io'-
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where (1/pe)(dpo/dS) can be regarded as a con-
stant. Ti and To are functions of tunnel junction
parameters. In order to calculate dT& /dS and
dT&/dS, it is necessary to examine the change in
the tunneling barrier with respect to the variation
of the junction width m The potential barrier we
consider is the image-force —corrected rectangular
barrier V(u ):

V(u)=VO 1—
u(1 —u)

(3)
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where Vo is the height of the rectangular barrier in
the absence of image-force correction, u =x lw, x
being the spatial coordinate in the tunneling direc-
tion, and

FIG. 1. Electrical resistivity as a function of I /T for
15-wt. % type-A carbon black (open circjes) and 35-
wt. % type-8 carbon black (triangles) in PVC-based resin
with no applied stress. Also shown is the difference be-
tween p of type-A carbon black with (solid circles) and
without (open circles) a static strain of 0.5%. The
difference is so small it can barely be seen on the scale
of the figure. The variation of To and Ti under stress is
within the con6dence limits of To and T&. Similar
results were obtained for type-8 carbon black.

0.795e'
4-EV.

where e is the electronic charge and E is the dielec-
tric constant of the insulating barrier. In Eq. (3)
the zero of the potential is defined as the Fermi
leve1 of the conducting particles. It can be shown
that the parabolic barrier, from which Eq. (1) is
derived, is an-excellent approximation to V(u )
with A, =0.07. As a result, almost identical tern-
perature dependences can be obtained by consider-
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T) ——aeo/k,

Tp =T i /2Xwgo,

(5a)

(Sb)

where a =wA /8m, 2 being the area of the junction,
X=(2m Vo/fi )'/, k is Boltzmann's constant, and

' 1/2

(6)

where u
~

and uz ( & u~) are the two roots of
V(u )=0 ep can. be expressed in the form Ep=EUEp,

where E„=Vp/ew, and ep is a dimensionless quan-

tity which depends only on A,. Since dS=dw/w,
we get

ing either the parabolic potential barrier or the
image-force —corrected barrier with A, =0.07.
However, because in the parabolic barrier approxi-
mation the barrier shape is rigidly fixed regardless
of the junction width, V(u ) would be a more realis-
tic basis for the calculation of dT&/dS and
dTp/dS.

V(u) is a peaked function of u. In the presence
of an electric field, the maximum of V(u), V,
would decrease in magnitude. If we denote ep as
the field strength at which V~ =0, then the param-
eters T~ and Tp are defined as

data.
In Fig. 2 the results for two C-PVC samples of

different carbon type and weight percent of carbon
are shown. The smooth curve is the fit to Eq. (8)
using the values of Tp and T~ determined from

Fig. 1 and treating the additive constant as an ad-
justable parameter. The values of Tp and T& are
almost the same for the two different carbon types
and, as predicted by Eq. (8), the values of
(1/p)(dpldS) versus T for the two carbons differ

only by a constant value. In view of the good
agreement between theory and the experimental
results, the decreasing trend of (1/p)(dpldS) has a
simple physical interpretation. It is easy to verify
that if the conduction were by simple tunneling,
p- exp(BXw ) and ( 1 lp)(dp ldS ) =BXw, B being
some numerical constant. The product Xw is
dependent only on the height, shape, and width of
the tunneling barrier so the present observed de-
crease of (1/p)(dpldS) as T increases can be re-

garded as a decrease of Xw due to the effective
lowering and narrowing of the barrier by thermally
activated voltage fluctuations.

In conclusion, we have demonstrated that the

50

dT& d ~~o 1~ w dA, d~o
=W Ep = 2 —1 Ti

dS dw gee w ~p dw dA,

g de
2— +1 Ti, (7a)

dTp g dip g dÃp
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Numerical calculation shows that

A, d&o A, dko= —1.24, — = —0.4605
pp dk, gp dk

for A, =0.07. Substituting these values into Eqs. (7)
and (2) yields
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From Eq. (8) it is seen that besides the additive
constant, the temperature dependence of
(1/p)(dpldS) is completely determined once the
values of Tp and T& are fixed from the p versus T

FIG. 2. (1/p)(dp/dS) as a function of temperature
for 15-wt. % of type-A carbon black (circles) with a stat-
ic strain of 0.5% and for 35-wt. % type-B carbon black
(triangles) under a static stress of about 0.3%.
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conductivity of chains and aggregates of carbon
embedded in a PVC-based resin is limited by tun-

neling across minute gaps of small capacity. The
tunnel barrier is lowered and narrowed by thermal-

ly activated voltage fluctuations. In this experi-

ment we have singled out the tunneling parameter
w and obtained direct experimental evidence that
the dependence of the conductivity on gap width is
a function of temperature as predicted by the
fluctuation-induced tunneling model.
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