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The self-assembled network of conducting polyaniline (PANI), protonated by camphor sulfonic acid
(CSA), in a matrix of insulating polymethylmethacrylate (PMMA) has a remarkably low percolation
threshold. The critical volume fraction (f) of the PANI-CSA phase segregated in PMMA is inferred
from the concentration dependence of the conductivity, f,=0.003 (0.3%). The conductivity at room
temperature near the percolation threshold is quite high, 3 X 10 S/cm. Transmission-electron micros-

copy (TEM) results are in agreement with the percolation threshold inferred from the transport data; the
TEM micrographs show that the connectivity of the PANI-CSA network decreases rapidly for

f& 0.005. Near room temperature, the positive temperature coelcient of resistivity (p), a feature typi-
cal of the intrinsic metallic nature of PANI-CSA, is retained in the networks. At lower temperatures,

p( T) exhibits a temperature-dependence characteristic of variable range-hopping transport,

p( T) ~ exp[( To /T)r ], with the exponent increasing from y =0.25 to I upon decreasing the volume frac-
tion of PANI-CSA from f=I to f, . T. his systematic increase in y results from transport on the fractal
structure and to the related superlocalization of the electronic wave functions. Below the percolation
threshold, the temperature dependence of the resistivity is like that of granular metals with y =0.5, con-
sistent with the morphology and microstructure seen in the TEM micrographs. The positive magne-
toresistance shows a maximum upon decreasing the volume fraction of PANI-CSA in agreement with
effective-medium theory. Analysis of the magnetoresistance indicates that the localization length near
the percolation threshold is approximately 25 A at 4.2 K.

I. INTRODUCTION

The transport properties of classical percolating sys-
tems have been studied in detail for many years. ' In such
systems, the critical volume fraction (f, ) for percolation
is approximately 16%%uo for globular conducting objects
dispersed in an insulating medium in three dimensions.
Experimental and theoretical studies of polymer compos-
ites filled with metal ' or carbon fiber, have shown that
the percolation threshold decreases when the aspect ra-
tion (A) of the conducting object increases, where A is
the ratio of the length (L) to diameter (5).

The study of transport properties of conducting poly-
mer blends, consisting of fibril-shaped conducting objects,
is in a relatively early stage of investigation. ' The for-
mation of self-assembled networks in conducting polymer
blends provides an alternative class of percolating sys-
tems. Because the multiply connected, phase-separated
morphology is the lowest-energy configuration, the criti-
cal volume fraction of conducting material required to
reach the percolation threshold can be quite low. ' '"

Transport on such fractal networks is of fundamental in-
terest, but poorly understood. Moreover, since the
homogeneity and processibility of conducting polymer
blends is superior to that of fiber-loaded polymer compos-
ites, these all-polymer materials are of technological in-
terest.

We have reported initial results on the transport prop-
erties of conducting polyblends of polyaniline-camphor
sulfonic acid (PANI-CSA) in polymethyl-methacrylate
(PMMA). 'o" The PANI-CSA networks in PANI-
CSA/PMMA blends exhibit an extremely low percola-
tion threshold and a continuous increase of conductivity,
o(f), while retaining the mechanical properties of the
matrix polymer. ' '" Homogenous films of any size and
shape can be easily fabricated either by codissolving the
conducting PANI-CSA and a suitable matrix polymer in
a common solvent and casting onto a substrate or by melt
processing the blend. ' The intrinsic metallic nature of
PANI-CSA (as inferred from the positive temperature
coefBcient of resistivity) is retained upon dilution to low
volume fractions (f=0.003), a feature which is not ob-
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served in other conducting polymer blends. Moreover,
the positive and linear temperature dependence of ther-
mopower remains unchanged u on dilution to 0.6%
volume fraction of PANI-CSA. ""Thus, the transport
data imply the formation of a self-assembled inter-
penetrating fibrillar network of high quality PANI-CSA
during the course of liquid-liquid phase separation. '

The implied networks were directly imaged through
transmission-electron microscopy (TEM} studies of the
PANI-CSA blends. ' '"'

The technological prospects of conducting polymer
blends for use in a variety of applications has stimulated
a more detailed study of these materials with a goal of
achieving a deeper understanding of the role of material
processing on the morphology and thus on the transport
properties. In the present work, we have extended the
temperature dependence of the resistivity and magne-
toresistance to a wider range of volume fractions of
PANI-CSA (from f =0.0005 to 1) on samples prepared
under quasiequilibrium conditions such that the percola-
tion threshold is f, =0.003, reduced from the previous
value by nearly an order of magnitude. %e have carried
out an extensive study of the temperature dependence of
the electrical conductivity and resistivity, and magne-
toresistance in such PANI-CSA jPMMA blends over the
wide range of volume factions, focusing especially on
concentrations near the percolation threshold.

Interpretation of the systematic change in y as a func-
tion of the volume fraction of PANI-CSA suggested su-
perlocalization of the electronic wave functions on the
fractal network for concentrations near the percolation
threshold. " In the present study, we have succeeded in
reducing the percolation threshold to 0.3+0.05 vol%
PANI-CSA. Again, we find that the value of y systemat-
ically increases from 0.25 (at f=0.8) to y =1 upon de-
creasing the volume fraction of PANI-CSA to the per-
colation threshold. Because of the relatively high con-
ductivity of the phase separated PANI-CSA in PMMA,
we are able to extend the measurements to blends with
concentrations well below f, . Below the percolation
threshold, we find y=0. 5, typical of that observed in
granular metals and consistent with the morphology seen
in the TEM micrographs.

II. EXPERIMENT

Polyaniline —camphor sulfonic acid solutions are
prepared by dissolving the emeraldine base form of PANI
and CSA at 0.5 molar ratio of CSA to phenyl-N repeat
unit in m cresol. ' This solution is then mixed in ap-
propriate ratio with a solution of PMMA in m cresol.
Films of thickness 20—60 pm were obtained by casting
the blend solution onto a glass plate. After drying at
50 C in air for 24 h, the polyblend film was peeled ofF the
glass substrate to form a free-standing film for transport
measurements.

The principal difFerence between the samples used in
the present and earlier studies is that the molecular
weight of the PMMA is lower in the present case. This
enables greater mobility of the macromolecules during
the process of liquid-liquid phase separation (carried out

slowly at 50 C), thereby enhancing the diS'usion of
PANI-CSA in PMMA. As a result, the blends more
closely approach the morphology associated with the
minimum-energy morphology of the PANI-CSA self-
assembled network. In this way, the percolation thresh-
old has been reduced to 0.3%, nearly an order of magni-
tude lower than observed in the earlier measurements.

Four-terminal dc resistivity and magnetoresistance
measurements were carried out from 300 K down to 1.4
K in a cryostat containing a superconducting magnet
(0—10 T) using a computer-controlled measuring sys-
tem. ' Electrical contacts were made with conducting
carbon paint. To avoid sample heating at low tempera-
tures, the current source was adjusted at each tempera-
ture so that the power dissipated into the sample was less
than 1 p%. Moreover, for measurements below 4.2 K,
the samples were immersed directly in liquid helium to
ensure excellent thermal contact. The linearity was
checked by measuring voltage vs current, and the resis-
tivity was obtained from the slope of the straight line.
Temperature was measured with a calibrated platinum
resistor (300—40 K) or a calibrated carbon-glass resistor
(40—1.2 K) and controlled by the computer.

III. RESULTS AND DISCUSSION

The previous work in PANI-CSA/PMMA blends
demonstrated clearly that the electrical transport proper-
ties of this novel percolating medium are rather difFerent
from those observed in more traditional systems. " Re-
cent theoretical models of superlocalization, ' ' mul-
tifractal localization, ' ' multiple percolation, ' and
high-field magnetotransport' near the percolation
threshold have provided additional stimulus to carefully
study the transport properties of the PANI-CSA net-
work, especially at low volume fractions near the percola-
tion threshold. Moreover, the TEM micrographs of the
samples indicate connected networks at volume fractions
well below 1%', i.e., at significantly lower PANI-CSA
content than previously reported. This is consistent w'ith

the use of lower molecular weight PMMA and slower
evaporation of the solvent at a modest temperature with
the goal of controlling the liquid-liquid phase separation
so as to allow the system to more nearly approach equi-
librium. The resulting improvements in material quality
have enabled the temperature dependence of conductivity
measurements and magnetoresistance measurements in
samples containing volume fractions of PANI-CSA as
low as 0.02%.

A. Electron microscoyy
and conductivity near percolation threshold

Transmission-electron microscopy micr ographs of
blends made from 0.5% and 0.25% PANI-CSA in
PMMA are shown in Figs. 1(a) and 1(b) [see Ref. (10b)
for details on the preparation of samples for imaging by
TEM]. The details of the PANI-CSA network can be
seen quite clearly. Figures 1(a) and 1(b} resemble the typ-
ical scenario imagined for a percolating medium' with
"links" (PANI-CSA fibrils), "nodes" (crossing points of
the links), and "blobs" (dense, multiply connected re-
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gions). The distance between the nodes and the typical
diameter of the blobs is assumed to be of the order of the
percolation correlation length (g ). ' The TEN photo-
graph of the sample containing 0.5% PANI-CSA indi-
cates that gz-400 —800 A. In the sample containing
0.5% PANI-CSA numerous links, with diameters of
about 100—500 A, are clearly visible; while for the 0.25%

sample there are rather few links between the nodes and
blobs. This indicates that the network is unstable and
tends to break up at volume fractions below 0.5%
PANI-CSA in PMMA.

The phase separation of PANI-CSA in PMMA into an
interconnected network morphology is important for ob-
taining relatively high conductivity and a low percolation

, t.
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'R FIG. 1. Transmission-elec-

tron micrographs of extracted
PANI-CSA/PMMA polyblend
films containing (a) f=0.005
and (b) f=0.0025 PANI-CSA.
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TABLE I. Room temperature conductivity and resistivity ra-
tio of PANI-CSA/PMMA blends at various volume fractions
(f) of PANI-CSA.

1

0.8
0.67
0.5
0.33
0.12
0.08
0.04
0.02
0.015
0.012
0.010
0.008
0.006
0.004
0.003
0.002
0.001
0.0005

0.(300 K) S/cm

200-400
140
110
66
21
9
4
1.8
0.7
0.4
0.22
0.17
0.12
0.074
0.014
0.003
0.0012
10-4
10

p(4. 2 K)/p(300 K)

1.3-10
11
13
18
19
30
60
210
710
1830
2200
2600

3780
5250

threshold. The network morphology is superior to a
homogeneous solution of conducting chains in the host
material; for in the case of such a solid solution, the elec-
trical conductivity of the chains would be seriously limit-
ed by the Peierls instability and by one-dimensional local-
ization.

The micrographs, Figs. 1(a) and 1(b), suggest the ex-
istence of a minimum diameter of order a few hundred
Angstrom units for the connecting links. Although the
origin of this minimum dimension is not understood in
detail, it appears that when the surface to volume ratio of
the PANI-CSA segregated regions becomes too large, the
connected network structure cannot be maintained.

The relationship between conductivity and volume
fraction of PANI-CSA is shown in Table I and in Fig.
2(a). This relationship is critically dependent upon the
nature of mass distribution among the links, nodes, and
blobs in the sample which in turn is determined by vari-
ous parameters involved in the sample preparation: for
example, the molecular weight of PANI and PMMA, the
viscosity of the polyblend solution, the solvent, the dry-
ing temperature, etc. The samples used in the present
work were prepared by optimizing some of the above pa-
rameters with the intent of allowing the system to ap-
proach equilibrium during liquid-liquid phase separation.
The morphology of the network near the percolation
threshold is sensitive to the sample preparation condi-
tions.

In order to identify the percolation threshold more
precisely, we have attempted to 6t the data to the scaling
law of percolation theory, '

o(f)=~T lf f, I', —

where o z =(r„)"g(rh ), which is interpreted as the con-
ductance for each basis unit; "t" is the critical exponent
(t =1 in two dimensions and t =2 in three-dimensions);
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FIG. 2. (a) Conductivity (log, o scale) vs volume fraction (f)
of PANI-CSA at 300 K and at 10 K; (b) log&0-log&0 plot of con-
ductivity vs (f f, ) at 300 K—(~) and 10 K (0), where

f, =0.003. The solid lines through the points correspond to
t = 1.99 at 10 K and t = 1.33 at 300 K.

gx is the resistivity scaling exponent (gx =0.975 in two
dimensions and 1.3 three dimensions); ri, is the hopping

length; (ri, ) -(To/T), which contains the infor-0g

mation about the fractal network (where y and g are the
conductivity and the superlocalization exponent, de-
scribed in more detail below).

The fit to Eq. (1) is shown in Fig. 2(b); at 10 K, we find

f, =0.3+0.05%%uo and t =1.99+0.04, in agreement with
the predicted universal value of t =2 for percolation in
three dimensions. ' At room temperature, however,
t = 1.33+0.02 (and f, =0.3). The smaller value at room
temperature arises from thermally induced hopping
transport between disconnected (or weakly connected)
parts of the network.

At 10 K and at room temperature, the values of the
electrical conductivity of PANI-CSA/PMMA samples
with f=f, are of the order of 10 S/cm and 10
S/cm, respectively; values which are quite high. For
comparison, polyaniline blends made by dispersing in-
tractable polyaniline in host polymers' show percolation
only at much higher levels, f, =8.4%. In such samples,
the room temperature conductivity at f, is Sve orders of
magnitude lower, of the order of 10 S/cm. ' More re-
cent work has demonstrated that even with high quality
soluble material, the morphology of the polyaniline can
be controlled by proper choice of the solvent, neutral ad-
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s s s s s ~ s ditives, and the dopant counterion. Although the results
of these diferent choices have been characterized for
pure polyaniline, studies of the corresponding eSects in
blends have only just begun.

Although f, =0. 1 vol% has been reported ' for
carbon-black-polymer blends the room temperature con-
ductivity near f, is nearly four orders of magnitude less
than that observed in PANI-CSA/PMMA blend. Similar
values for both the percolation threshold (0.4 wt. %)and
the critical exponent (t =1.3, at room temperature) have
been obtained from carbon-black-polyethylene-
polystyrene blends, and attributed to the two dimen-
sionality of the system. " However, the conductivity
obtained in filled polymer composites containing similar
volume fractions of carbon-black '* " or graphite
particles2~'b' near f, is of order 10 S/cm, again many
orders of magnitude below that of PANI-CSA/PMMA at

1 0 2

10 3 s s s s I

1

s s ~ s s s s I

10

T (K)

s ~ sssssl

100

FIG. 3. Log1o-log1o plot of resistivity (p) vs temperature of
PANI-CSA/PMMA blends at various concentrations (f) of
PANI-CSA (0.002 &f & 1).

B. Temperature dependence of the resistivity of the network

The temperature dependence of the resistivity for
PANI-CSA/PM MA blends is shown in Fig. 3 for
0.002&f &1. The intrinsic nature of PANI-CSA as a
metallic system near the boundary of the metal-insulator
transition is characterized by the positive temperature
coefficient of p(T). ' Although the positive temperature
coefficient is restricted to somewhat higher temperatures
upon dilution of PANI-CSA in PMMA, "' it is remark-
able that this metallic feature is observed even in samples
containing volume fractions of PANI-CSA as low as
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FIG. 4. Log1o-log1o plot of 8'= (5 lno /
61nT) vs Tfor 0.002&f&1. The values of To
and y in Eq. (2) were determined from the
straight lines using Eq. (4).
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o.(T) ~ exp[ (T—o/T)r]1, (2)

where To is the characteristic temperature that deter-
mines the thermally activated hopping among localized
states at diferent energies. In conventional VRH which
assumes exponentially localized states, y = 1/(d +1),

f=0.3%. This result indicates that even at such dilu-
tion, the PANI-CSA within the phase-separated network
is comparable in quality to that of pure PANI-CSA.

A.ccording to variable range-hopping (VRH) theory,

where d is the dimensionality of the system. For VRH on
a percolating network, y is determined by the details of
the complex connected network and the associated more
rapid fallo8'of the wave functions.

The temperature dependence of the resistivity of
PANI-CSA/PMMA blends can be classi5ed into three
separate concentration regimes.

(a) 0.01 &f & 1; in this regime, y increases systemati-
cally from 0.25 to 1.

(b) 0.006 &f & 0.01; in this regime, y = 1.
(c) 0.002 &f & 0.006; in this regime, y =—'.

0.0 0.2 0.4 0.6
T-2/3 (y -2/3)

0.8

FIG. 5. Natural logarithm of p(T) vs T
(a) y = 2 for f=0.12, 0.08, 0.04, and 0.02; (b)

y= 1 for f=0.012, 0.008, and 0.006;(c) y= —,'
for f =0.004 and 0.002.
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ty

1. Temperature dependence of conductivity
above the percolation thresholcf

We define the logarithmic derivative of the conductivi-

W( T)= T[d lno ( T)]/dT= h, lno ( T)/hlnT (3)

and plot the data as W( T) vs T. Figure 4 shows W( T) vs
T for different volume fractions of PANI-CSA. "' Us-
ing the W( T) plot, one can obtain the parameters (y and
To ); from Eq. (2),

log W( T)= 3 —y log T,
A =y logTO+logy .

(4a)

(4b)

10 s ~ i & & s i ~

— 1.0

103

— 0.8

10
— 0.6

i—i-i
— 0.4

10
10 1P

2 10-1 10'

Flax. 6. To and y vs the volume fraction (f}of PANI-CSA in
PMMA.

Pure PANI-CSA (f =1) is at the boundary of the
disorder-induced metal-insulator (M-I) transition with
p(T) dependent upon the extent of disorder. ' At the
M-I boundary, F is constant indicating a power-law
dependence for p(T) while in the insulating regime close
to the M Itransi-tion, W follows Eq. 4(a) with y= —,'.
Upon dilution of PANI-CSA in PMMA, y increases sys-
tematically from y=0.25 for f=1 to y= 1 for f f, .

The approximate fits to the ln p ~ T " dependence for
selected volume fractions of PANI-CSA below 12o%/are
shown in Figs. 5(a), 5(b), and 5(c). The results are con-
sistent with the conclusions drawn from the W versus T
plots and indicate that the exponent increases systemati-
cally upon lowering the volume fraction of PANI-CSA.
The systematic variation of To and y as a function of the
volume fraction of PANI-CSA is shown in Fig. 6; To is
practically constant, and y increases systematically over
the wide range of volume fractions above the percolation
threshold. Both To and y change dramatically when the
network becomes disconnected at concentrations f &f,

The systematic increase of y from 0.25 to 1 upon dilu-
tion of PANI-CSA (0.012 &f & 1}is not expected in the
standard VRH model. However, since electrical trans-

port in the blends takes place with in the convoluted and
multiply connected PANI-CSA network, the role of the
complex morphology must be taken into account.

Quite generally, percolating networks are known to be
fractal for f=f, . In our earlier studies of the morpholo-

gy, we demonstrated that the PANI-CSA network in
PMMA is needed fractal at concentrations close to f,
and that the fractal dimensionality decreases as f ap-
proaches f, ." At higher concentrations, the network is
a low-density effective medium; the network is complex
and full of holes, but the mass distribution varies as r,
where D equals the spatial dimension. " These changes
in microstructure with concentration must be included in
an analysis of transport on such a network.

Levy and Souillard' "have shown that in a fractal
structure, the wave functions are superlocalized, and de-
cay as P(r) ~ exp[ (r/L, )—~], where L, is the localization
length and g is the superlocalization exponent which is
greater than unity (in Anderson localization g= 1 }.
Deutscher, Levy, and Souillard' ' ' predicted that the
temperature dependence of the electrical conductivity
which results from VRH between superlocalized states
would be of the form o(T) ~exp[ —(To/T)" ]; where
y=g/(g+D)= ', . Harris —and Aharony predicted that

y is approximately 0.38 and 0.35 for two and three di-
mensions, respectively, for hopping transport in the su-
perlocalized regime. The theory of VRH among superlo-
calized states was generalized by van der Putten
et al. "b' to include the Coulomb interaction; van der
Putten et al. obtained y=0. 66 and /=1. 94 consistent
with the exjperimental results in carbon-black-polymer
composites. 'b' However, Aharony et al. argued that
g= l.36 in three dimensions and suggested that the gen-
eralized VRH equation should be used in the superlocal-
ized regime:

o (T)=o o(To/T)'exp[ —(To/T)r] . (5)

r„(T)= ( —,
' )L, ( To /T) ' ' . (6)

Substituting the appropriate values for L, and To for
the same 0.4% PANI-CSA sample, ri, =85 A at 4.2 K.
The TEM micrograph for 0.5% PANI-CSA in PMMA
indicates that the lower estimate for g~ is approximately
400 A. The value of the smallest unit (a } is the length of
unit cell along the PANI chain direction, a=10 A.
Hence, the conditions presented by Aharony et al. re-
quired for superlocalization of the electronic wave func-
tions in a material with fractal network near the percola-
tion threshold are satisfied:

However, due to the large uncertainty in the value of
"s" it is not possible to determine the values of To and y
unambiguously from Eq. (5).

Aharony et al. pointed out that a priori requisite for
applying the fractal geometry near the percolation
threshold is that the length scales satisfy the following
condition: (a «L, «rz «g ). As described below,
the localization length (L, ) can be obtained from the
magnetic-field dependence of resistivity; at 4.2 K, L, =25
A for the 0.4'%fPANI-CSA sample. The hopping length,
ri, ( T), can be estimated from the following expression:
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o(T) exp[ —(T /T)' ' +"] . (8)

Since D &d, y is larger than usual values ( —,
' for 3d, etc).

Moreover, calculations by Schreiber and Grussbach has
shown that D decreases significantly with increasing dis-
order, yielding a further increase in the exponent of
(1/T) for increasing localization. 'b' The extent of dis-
order increases upon dilution of PANI-CSA by PMMA
since the localization length decreases for concentrations
which approach the percolation threshold. '" ' However,
the presence of positive temperature coefficient of resis-
tivity near room temperature, even for samples near the
percolation threshold, indicates that the enhancement in
disorder is not drastically affecting the intrinsic metallic
properties of PANI-CSA upon dilution. Thus the change
is y as a function of f is probably dominated by the net-
work (superlocalization} rather than by changes in the
disorder in the PANI-CSA material within the network.

The cr(T}~ exp[ —( To/T)] dependence for samples
near f, containing volume fractions of PANI-CSA be-
tween 0.6% and 1%, must result from other factors,
since y=1 is outside the limits of superlocalization
theory and D is certainly greater than zero [see Eq. (8)].

Since the fibrillar links are the most resistive units in
the network near the percolation threshold, charge trans-
port through the links will dominate when the fibrillar di-

(a «L, «r„«g,)=(10&25&85&400 A) .

In our previous studies, " where the percolation
threshold was at 1.5% volume fraction PANI-CSA in
PMMA, y =0.66+0.4 was observed for
0.0065&f &0.09. This is consistent with the results
presented here; again, we find y =0.66+0.4 for
0.02&f&0.1. By decreasing f„the study of the sys-
tematic variation of y with concentration can be extend-
ed to much lower concentrations. These results, from a
wider range of concentrations, indicate that the y =0.66
dependence is not unique to superlocalization near the
percolation threshold. The experimental results shown in
Fig. 6 show that the exponent of the temperature depen-
dence of the conductivity in the superlocalized regime is
sensitive to D which in turn is determined by the mor-
phology and the volume fraction of PANI-CSA in the
system.

An alternative interpretation for this systematic in-
crease in y is possible by introducing the concept of frac-
tal character of the localized wave functions near the mo-
bility edge. In the standard VRH theory, the total
number of states involved in the hopping conduction is
assumed to be x times the density of states per unit
volume in a region of linear dimension "x"and the tem-
perature dependence of conductivity is expressed by Eq.
(2). Aoki and Schreiber have shown that near the mo-
bility edge, the localized wave functions are fractal and
that because of the fractal nature of the wave functions,
the number of states involved in the hopping conduction
behaves like x where D is the fractal dimensionality
(rather than x }. The conductivity resulting from vari-
able range hopping among such spatially fractal localized
wave functions is expressed by

ameter becomes comparable to the hopping length. As
shown above, the hopping length is nearly 100 A, which
is comparable to the diameter of the fibrillar links
observed in the TEM photographs. Thus, the
o ( T) ~ exp[ —{To /T) ] dependence for volume frac-
tions of PANI-CSA between 1% and 0.5% is probably
due to transport in the fibrillar links. The
o(T) ~exp[ —(To/T)] dependence is typically observed
when the dominant contribution to charge transport
takes place by nearest-neighbor hopping {NNH). ~s It is
not clear, however, why such a nearest-neighbor hopping
transport should dominate within the fibrillar links.

2. Temperature dependence ofconductivity
below the percolation threshold

The exponent, y(f), goes through a maximum at the
percolation threshold; for samples containing volume
fractions of PANI-CSA below 0.5%, the exponent de-
creases rapidly from 1 to 0.45+0.05, as shown in Fig. 6.
The lnp vs T '~ fits for samples containing 0.4% and
0.2% of PANI-CSA are shown in Fig. 5(c).

This major change in y at the percolation threshold,
where the connectivity of the PANI-CSA network breaks
up, is consistent with the TEM results. When the volume
fraction of PANI-CSA decreases below 0.5% the fibrillar
diameter of the links between multiconnected regions de-
creases rapidly until the connected network cannot be
sustained. At the point where the morphology changes
to isolated blobs, the charge transport undergoes a transi-
tion to that typical of granular metallic systems.

The lnp ~ T '~2 dependence observed for samples con-
taining volume fractions of PANI-CSA from 0.4—0. 1%
is typical of granular metals. Although the factors
leading to the T '~ fit for granular metals are not com-
pletely understood, recent theoretical work by Cuevas
et al. has shown that the low-temperature transport
properties could be dominated by long-range Coulomb
interaction rather than by charging effects (as previously
believed). However, more theoretical work is necessary
to understand the possible implications of superlocaliza-
tion on the conductivity in this unusual regime in which
the blobs appear to be locally self-similar but disconnect-
ed from one another.

C. Magnetoresistance in the netvrork

near the percolation threshold

Recent theoretical work has shown that experimental
studies of high-field magnetotransport in a percolating
medium can provide insight into the relationship between
microstructure and charge transport. ' The magne-
toresistance (MR}, at 4.2 K, for samples containing
volume fractions of PANI-CSA from 1.5% to 0.4% is
shown in Fig. 7. The H dependence of the positive MR
at low fields, typical of that observed in VRH transport,
is due to the shrinkage in the overlap of the wavefunc-
tions of the localized states in the presence of the magnet-
ic field. The temperature dependences of the MR for
samples containing 12% and 4% of the PANI-CSA, as
typical examples of the large difFerence in the MR
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linear fit to Eq. (9).
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behavior at higher and lower volume fractions of PANI-
CSA, are shown in Figs. 8(a) and 8(b). Finally, the varia-
tions of MR, at 4.2 and 1.4 K, as a function of the
volume fraction of PANI-CSA from 100 to 0.4% are
shown in Fig. 9.

The inset of Fig. 7 shows the field dependence of the
resistivity for a 0.4% PANI-CSA sample at 4.2 K. In

FIG. 8. Magnetoresistance [hp/p(0)= jp(H) —p(0)]/p(0)]
vs H~ at 4.2 K (~ ), 2.5 K ( A), and 1.4 K (~ ) for (a) f=0.04
and (h) f=0.12.

FIG. 9. Magnetoresistance [hp(H =8T)/p(0) = [p(H=8T)
—p(0)] /p(0)] plotted as function of the volume fraction (f) of
PANI-CSA in PMMA at 4.2 and 1.4 K for 1 &f & 0.004.
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VRH theory, the temperature and magnetic-Seld depen-
dences of this quantity can be expressed as follows:

in[p(H)/po]=t(e/Pic) L, (TO/T) ~H

where t=0.0015 for y=l/2, A is Planck constant, e is
the electronic charge, c is the velocity of light. The local-
ization length for the 0.4% PANI-CSA sample can be
calculated from the slope of the straight line in the inset
of Fig. 7 (using To-800 K as obtained from the tempera-
ture dependence of the resistivity). Thus, near the per-
colation threshold, L, =25 A at 4.2 K.

%'e note that the magnitude of the positive MR shows
a temperature-dependent maximum upon decreasing the
volume fraction of PANI-CSA. Above 4.2 K the MR is
rather low for both 100% PANI-CSA and for the blends.
At 4.2 K, the MR is maximum at 1.5% PANI-CSA; at
1.4 K, the MR is maximum at 8% PANI-CSA.

Recent theoretical work has proposed a discrete model
for magnetotransport in percolating systeIDs. ' This
model, which assumes that the conducting component
has a closed Fermi surface and that the MR saturates at
high fields, predicts a large MR in the vicinity of the per-
colation threshold. This is contrary to the predictions of
effective-medium theory in which there is no MR near
the percolation threshold. ' For insulating PANI-CSA
(100%), the MR tends to saturate at 8 T, '@"' but it is not
known whether the Fermi surface of PANI-CSA is open
or closed. In order to address this question, we have car-
ried out the MR measurements in many PANI-
CSA/PMMA samples (f=0.4—1.5 vol%) near the per-
colation threshold in which the volume fraction of
PANI-CSA varies by 0.1% from sample to sample. At
4.2 K, the MR increases systematically upon dilution
from 100% to 1.5% of PANI-CSA, while below 1.5% the
MR decreases rapidly as f approaches the percolation
threshold. However, at 1.4 K the MR is much larger
than at 4.2 K and the maximum in MR shifts to nearly
8% PANI-CSA sample.

The increase in MR upon dilution is consistent with
the VRH model since the overlap of wave functions of lo-
calized states decreases due to superlocalization of the
fractal network upon decreasing the volume fraction of
PANI-CSA. ' As noted earlier, when the volume frac-
tion of PANI-GSA decreases below 1.5% the diameter of
links decreases and the interblob distance increases; con-
sequently the hopping length and the diameter of links
becomes rather similar. At temperatures below 4.2 K the
hopping length further increases, and the maximum in
MR shifts to higher volume fractions of PANI-CSA
(larger diameter of the fibrillar links), consistent with the
observation at 1.4 K. This is also consistent with the
incr ~1/T dependence for samples containing volume
fractions of PANI-CSA from 19o to 0.5%. The rapid de-

crease in MR on approaching the percolation threshold is
in qualitative agreement with effective medium theory;
the data do not support the discrete model.

IV. CONCLUSIONS

Transmission electron microscopy studies and conduc-
tivity measurements of PANI-CSA/PMMA blends indi-
cate that the volume fraction of PANI-CSA at the per-
colation threshold is approximately 0.3%. The conduc-
tivity near percolation threshold is 3X10 S/cm at
room temperature. The formation of a self-assembled in-
terpenetrating network of PANI-CSA results in a low
percolation threshold with rather high conductivity at
threshold in comparison with other percolating systems.
The typical positive temperature coelcient of the resis-
tivity of PANI-CSA remains even at volume fractions
near the percolation threshold.

The value of y in the temperature dependence of the
conductivity, in+~ T ~, increases systematically from
0.25 to 1 upon dilution, indicating that transport of the
network depends on the morphology and connectivity
of the network. Near f„

the length scales
[(a «L, «rs «g~ ) =(10&25 & 85 &400 A)] satisfy the
criteria for applying the superlocalization theory of trans-
port on a fractal geometry. Near f„wefind y= 1. In
this regime, where the hopping length and the diameter
of fibrillar links are similar, the lnp ~ 1/T dependence is
typical of nearest-neighbor hopping. %hen the concen-
tration is decreased below the percolation threshold
where the fibrillar network breaks up, y= —,'. In this
disconnected regime below f„the r '~ dependence of
the conductivity is typical of that of granular metals.

The positive MR increases upon decreasing the volume
fraction of PANI-CSA; when the fibrillar diameter and
the hopping length become comparable, the MR de-
creases rapidly. The maximum in MR at 4.2 and 1.4 K
are at 1.5% and 8% PANI-CSA, respectively. The negli-
gible MR near threshold is in qualitative agreement with
effective-medium theory but contrary to the large MR
predicted according to the recent discrete model near the
percolation threshold.
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