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Transport phenomena in polymer-graphite composite materials

A. Quivy* and R. Deltour

The dc electrical resistance of a polymer-graphite composite has been studied in high magnetic
fields ( & 10 T) and at low temperatures for diff'erent concentrations of graphite. The resistivity of
the composites for the high graphite concentrations v as much greater (& 10") than that of pure
graphite, and above a critical concentration of graphite a percolative behavior occurred. In addi-
tion to the ordinary positive magnetoresistance, an anomalous negative magnetoresistance at low

fields was observed in the composite, but not in pure graphite. The data are explained in terms of
contact resistances between adjacent graphite particles, with a special emphasis on the bidimension-
al aspect of graphite.

ducting coil. To characterize the starting material, we
also did resistivity measurements on pressed pellets of
pure graphite.

In Fig. 1 we have plotted the electrical resistivity of the
samples as a function of the volumetric concentration of
graphite. The resistivity shows a percolation transition
with an infinite value at low concentrations of graphite
where the particles form small isolated clusters, and with
finite values at higher concentrations due to the oc-
currence of conducting paths. The percolation transition
is a phase transition and, hence, has its own critical ex-
ponents. Close to the transition the resistivity p can be
written as

The interest in composite materials has grown for a
few years because of the large diversity of their physical
properties and their applications in many domains.
Among them, polymer —carbon-black composites are
used widely in electronics, antistatic materials, records,
magnetic shieldings, etc. ' A few studies have already
been done on systems like granular metals ' and
polymer —carbon-black composites ' where the tempera-4, 5

ture dependence of the resistivity was explained in terms
of hopping or thermally assisted tunneling between the
conducting particles. We have investigated a composite
material containing graphite, which is much purer and
crystallographically better defined than carbon black.
The magnetoresistance measurements have been used to
study the electrical-transport problem of conducting par-
ticles (graphite) dissolved in an insulating medium (polys-
tyrene). The resistance is determined not only by the per-
colation path through the sample, but also by the con-
tacts between particles. It will be shown that the magne-
toresistance data give information about the type of con-
tact between particles. Pierre and Deltour have studied
a composite made up of a polymer {polystyrene) and
copper particles, and have also found that the contacts
between the particles are determinative in the transport
properties.

The samples investigated were made of a polymer ma-
trix (polystyrene) containing dispersed graphite particles
(KS6, Lonza A.CJ. , Siens CH5643, Switzerland) ranging
from 1 to 8 p,m in size, with an average of 3 p, m. Each
particle consisted of a few Hakes of graphite (mean size
1X1X0.1 pm ) held together by van der Waals forces,
and each Aake contained single-crystalline domains larger
than 60 nm. The samples were prepared by dissolving
the polystyrene in xylene and then mixing in the graphite
powder. This solution was poured onto a glass slide; eva-
poration of the solvent left films with a thickness of about
250 pm. All resistivity measurements were done at
liquid-helium temperature using the four-probe method.
The magnetic field was generated by a 10 T supercon-

p(c) =a(c —c, ) ~ (c ~ c, ),
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FIG. 1. Resistivity p of polystyrene-graphite composites as a

function of the volumetric concentration c of graphite. A per-

colation transition occurs at cp 0.02. The inset shows the

resistivity p vs c —cp on a double-logarithmic scale. The

straight line has a slope with Q =3.5 [see Eq. (1)].
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where c is the concentration of metallic particles in the
insulating matrix and co the concentration at the percola-
tion threshold. Q is the critical exponent for the resistivi-
ty and lies between 1.6 and 1.7 in a three-dimensional sys-
tem. In the inset of Fig. 1, the resistivity data are plotted
on a double-logarithmic scale, yielding g=3.5+0.3 ac-
cording to Eq. (l) with co-0.02. This is not the theoreti-
cally expected value for a percolation problem. Obvious-
ly, more data points close to the threshold have to be tak-
en into account for a proper estimation of the critical ex-
ponent. Moreover, the contacts between particles play an
important role in the measured resistance. This can be
seen in the high-concentration domain of Fig. 1, where
the resistivity is 10 times that of pure graphite which, in
our case, has a resistivity of 5.9 X 10 0, m at 4.2 K. The
increased resistance of concentrated samples is explained
by contact resistances (tunneling or metallic constriction)
between the particles. In the high-concentration region
(far beyond the critical threshold where percolation can
be neglected) the value of this contact resistance will be
roughly 10 times greater than the resistance R& of a sin-

gle graphite particle. From the measured resistance of
the pure-graphite pellet, we get R& -0.2 0 for a particle
size of 3 pm. The contact resistance R„„„„is then of
the order of 2 kB. These contact phenomena depend on
the volumetric concentration and are dificult to include
in a theory of percolation.

In view of the following magnetoresistance data, let us
briefly discuss the various types of contacts that can take
place between two graphite particles in the composite.
To give a quantitative estimate of the contact dimensions,
we will consider the most concentrated samples, where
the contact resistance is of the order of 2 kQ. The trans-
port of current between particles can occur via a tunnel-
ing (or hopping) process or through a metallic constric-
tion. Both contact phenomena will have a different be-
havior in a magnetic field. A tunneling resistance is not
expected to be dependent on the magnetic field, whereas
the resistance of a metallic constriction can depend on
the magnetic field because of the resistivity of the materi-
al forming the contact. The relevant expression for the
resistance of a metallic contact depends on the values of
the mean free path l of the electrons and the contact di-
mension (radius a for a circular contact) with respect to
each other. For a contact in the dirty limit (1 «a ), the
resistance RM is obtained from the Poisson equation,
yielding RM=p/2a. For a clean contact (1)&a), the
resistance Rz is given by the Sharvin formula
R&-pl/a . For a contact resistance of 2 kA and with
pl =3 X 10 ' 0 m for pure graphite, we obtain, with the
latter expression, a contact radius a =4 nm. As the mean
free path of the electrons in the graphite is greater (50
nm) than this value, only the Sharvin term is of impor-
tance for the contacts between graphite particles, and the
Maxwell term can be ignored. The Sharvin expression is
independent of the electronic scattering (p~1 ') and,
therefore, is independent of the magnetic field. The resis-
tance of both a metallic contact in the clean limit and of a
tunneling contact is constant in a magnetic field. Howev-
er, it must be remembered that the conductivity in crys-
talline graphite is highly anisotropic. Indeed, due to the
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FIG. 2. Resistance of a point contact between a gold point
and a HOPG single crystal as a function of the piezovoltage for
adjusting the contact. The plateau is in the kQ range. For a
gold sample the plateau is in the Q range.

layered structure of graphite, ' the conductivity is rough-
ly a factor 10 greater in the planes than perpendicular to
the planes. Near a small contact on a graphite sample,
the pattern of the current is very anisotropic with most of
the electrical current flowing only in the first layer of
graphite. In such a situation, the contact resistance can
be modeled by the resistance of a thin slab with one con-
tact in the middle of the slab and another at the bound-
ary. For such a Corbino geometry, " the resistance is of
the order of the square resistance R, =p/d. The
relevant thickness is given by the interplanar distance
d=3.35 A. With the measured bulk resistivity (mainly
determined by the in-plane conductivity for the polycrys-
talline graphite) we obtain R, =-2 kQ. The occurence of
this two-dimensional contact phenomenon is especially
important for contact dimensions smaller than 300 nm
(interplanar distance times conductivity anisotropy).
This quantitative analysis to model the contact between
graphite particles in the composite is only a rough esti-
mate. The total metallic contact resistance will be a com-
bination of a Sharvin resistance and a square resistance.
In the composite, a graphite particle can have more than
one contact with the other particles, which can be tunnel
junctions or metallic contacts, or even a combination of
both. The measured (magneto)resistance of the samples
is an average of the whole composite system (which de-
pends on the concentration of graphite particles) with, in
addition, a percolative problem. However, even for a
tunneling junction between particles, the contact resis-
tance includes a series resistance given by the square
resistance R,q.

The existence of this square resistance has been experi-
mentally observed with the following point-contact set
up. We mounted an electrochemically edged gold point
on a piezoelectric ceramic and, using a differential screw
system, brought the point close to the surface of a highly
oriented pyrolytic graphite (HOPG) sample (with axis of
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the point perpendicular to the graphite planes). Upon
varying the piezovoltage, we could make a slight contact
between the point and the sample in controllable way.
By measuring the resistance as the point approached the
sample, we found that it changed from an infinite to an
intermediate value, and finally reached a constant value
in the kQ range (see Fig. 2). We ascribe this value to the
square resistance R, . With a gold sample, the resistance
of this plateau was in the 0 range (though p1 was only 10
times smaller than in the case of graphite) and was due to
a metallic constriction of the Sharvin type.

In Figs. 3 and 4 we have plotted the relative change of
resistance b,R(H)/Ro versus magnetic field for samples
with diA'erent concentrations of graphite. In the high-
field region of Fig. 3 the magnetoresistance is linear. The
relative change in the magnetoresistance is maximal for
the pure-graphite sample (solid circles) and decreases
with decreasing concentration. At low fields ( (3 T), a
negative magnetoresistance is observed (Fig. 4), which is

absent in the pressed-graphite sample.

We will discuss first the positive component in the
magnetoresistance data. Because of the similar behavior
of the composite material and pure graphite, the observed
positive magnetoresistance in the composite materials
must be due to the magnetic field dependence of the resis-
tivity of the graphite particles themselves. Linear behav-
ior is typical of polycrystalline materials and, in our case,
is related to the randomly oriented graphite cristallites.
Moreover, the observed magnetoresistance is isotropic
and does not depend on the orientation of the sample
with respect to the magnetic field. Upon dilution, the ab-
solute resistance of the composite varies by 7 orders of
magnitude with respect to the pure-graphite pellet (Fig.
1), but bR (H)/Ro is of the same magnitude for all sam-
ples. Because the ratio AR(H)/Ro for the relative mag-
netoresistance is independent of the percolation problem,
the magnetoresistance of the whole sample can be con-
sidered on the basis of the magnetoresistance of the parti-
cles themselves, including the contact phenomena. We
can then separate AR(H)/Ro into twc parts:

5R(H)
Ro

ERG(H)+BR„„„„(H)
(R G )o+ (R„„„„)o

~R, (H)+ &R,(H)+ aR „(H)
(Rg)o+(R~)o+(R, )o

(R„), ~R„(H)
(Rq) +(R, ) (R ) +(R, ) (R, )

bR, (H)=a(c)
(R,„)o

(2)

where RG and R„„„„referto the intrinsic resistance of
one graphite particle and the contact resistance, respec-
tively, and the index 0 is given for the zero-magnetic-field
values. R & is the magnetic-field-independent contact
resistance (Sharvin or tunneling type). The factor
a(c) = (R,

&
)o/[(R,„)o+(R& )o] depends on the graphite

concentration. Since R„„„„&)RG,the relative magne-
toresistance would be very small for a magnetic-field-
independent contact resistance and not at all comparable
to bp(H)/po for the pure-graphite sample (Fig. 3). As-
suming a large contribution to the contact resistance
from the square resistance Rsq of the graphite planes, the
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FIG. 3, Relative magnetoresistance of polystyrene-graphite
composites with different graphite concentrations c. The solid
circles represent the magnetoresistance of pure graphite, which
is always positive.
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FIG. 4. Enlarged view of the low-Beld region of Fig. 3, show-
ing the negative magnetoresistance of the composite for all con-
centrations (same symbols as in Fig. 3).



39 TRANSPORT PHENOMENA IN POLYMER-GRAPHITE. . . 1029

magnetoresistance data of Fig. 3 can be understood quan-
titatively. The decrease in the linear term of the magne-
toresistance upon dilution can be explained by an addi-
tional contact resistance Rz from a Sharvin constriction
(or from tunneling), the value of which increases with de-
creasing graphite concentration.

The observation of the negative magnetoresistance in
the composite at low fields is clearly related to the con-
tact dimension between particles. In the composite, the
magnetoresistance is always negative at low fields, but is
weakened as the graphite concentration increases. For a
pellet of pressed graphite particles, the magnetoresistance
is always positive as seen in Fig. 3 (solid circles). Howev-
er, if a sharp gold point is brought into contact with this
pellet, the negative effect in the magnetoresistance reap-
pears. In the case of pure graphite, the particles are
compressed against each other with large contacts be-
tween particles. For the composite, the contact dimen-
sion is of the order of 10 nm and decreases with decreas-
ing graphite concentration. The very small size of the
contacts between particles emphasizes the bidimensional
structure of graphite via the additional square resistance
R due to one or a few layers of graphite. The negativesq~

behavior of the magnetoresistance has already been ob-
12—14served in pure or intercalated graphite fibers, where

it was attributed to weak localization. ' Weak localiza-15, 16

tion is due to a quantum interference in the elastic
diffusion of the conduction electrons on the impurities (or
defects) in the system. ' ' This process amplifies the
backscattering of the electrons, giving a decreased con-
ductivity with respect to the classical case. The inelastic
collisions destroy the quantum interference, and an in-
crease in conductivity is observed with increasing tem-
peratures. For the two-dimensional (2D) case, this results
in a logarithmic temperature dependence of the conduc-
tivity at low temperatures. ' ' In a sample with a
volumetric concentration c=0.17 (thus, far from the
threshold value co -0.02), we indeed observed an increase
of conductivity between 1 and 70 K with a logarithmic
temperature dependence. At higher temperatures the
conductivity decreased again (metalliclike), as expected
for pure graphite. If we apply a magnetic field, we intro-
duce an extra phase which suppresses the quantum in-
terference and the conductivity again increases; we then
have a negative magnetoresistance. The magnetic field
dependence of the 2D weak-localization eftect can be de-
scribed' by

b,R(H)
Ro

[~ sq(H)]classical [~ sq(H)]quantum

(R, )o+(Rs)o

=a(c) —a(c)R,qF(H, r),6 (H)
Po

(4)

Q c - 0.31

C)

CC

0. 05
CZ

I

LC

where a(c) =(R, )o/[(R, )o+(Rs)o] depends on the con-
centration. In Fig. 5 we have plotted the experimental
data with the classical and quantum-mechanical contri-
butions to the magnetoresistance for two difterent con-
centrations of graphite in the composite. The classical
magnetoresistance was taken from the pressed-graphite
sample (solid circles in Fig. 3) using a corresponding mul-
tiplication factor a(c) such that the high-field slopes of
the composite and pure graphite coincide. From the
difference between the experimental data and the deduced
classical contribution to the magnetoresistance, we can
find the quantum-mechanical contribution. We observe
(Fig. 5) that the classical magnetoresistance decreases
with decreasing graphite concentration, whereas the
quantum-mechanical contribution increases slightly.
From Eq. (4) we should expect that both contributions
should decrease by the same factor a(c)= (R,q )o/
[(R,q)o+(Rs)o]. It is possible that, with dilution of the
composite, there is not only a decrease in the factor a(c),
but also an increase in the averaged value of R, (the
number of graphite planes contributing to R, decreases),
yielding a different factor for the classical [a(c)] and the
quantum-mechanical [a(c)R, ] contributions to the mag-
netoresistance.

We have studied the magnetoresistance of
polystyrene-graphite composites and discussed the exper-
imental results in terms of small contacts between graph-

bR q(H) (R )oF(H w) (3)

-0. 05

where the function I' depends on the magnetic field H
and on the various collision times ~ for elastic and inelas-
tic electron scattering. From Eq. (3) it is obvious that the
square resistance between two particles in the composite
increcreases the localization compared to bulk graphite.

fThe experimental magnetoresistance data are the sum o
a positive classical contribution discussed above and a
negative quantum-mechanical contribution due to the lo-
calization effect:

MAGNETIC FIELD (Tj

FIG. 5. Experimental magnetoresistance for two different
concentrations of graphite in the composite (data points are for
c=0.31 and 0.08). The solid lines show the positive classical
contribution obtained from the pure graphite data and the
dashed lines show the negative quantum-mechanical contribu-
tion, which is the difference between the experimental data and
the classical effect.
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ite particles. The magnetoresistance data are explained
by a balance between a positive classical contribution
similar to the bulk graphite and a negative quantum-
mechanical effect due to a 2D localization of the elec-
trons in the graphite planes. Both effects are enhanced
by the small size of the contacts between graphite parti-
cles, because the square resistance R, of one (a few)
graphite plane(s) has a dominant contribution to the total
contact resistance between the graphite particles in the
composite. For the graphite concentrations studied (rela-

tively far beyond the percolation threshold) the contacts
seem to be metallic and not of the tunneling type.
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