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Conducting nanocomposite samples were prepared combining colloidal ferric oxide particles with
conducting polypyrrole. Three composite samples ~prepared keeping colloidal content fixed and
varying the content of the conducting polypyrrole! and the pure polymer were used in the present
investigation. Temperature dependent dc and ac conductivity and thermoelectric power for the
samples have been measured. The dc conductivity results were analyzed by Mott’s variable range
hopping mechanism. The variation of ac conductivity with the frequency shows very little change
in total conductivity up to a critical frequency, followed by a sudden jump with discontinuity and
then increases monotonically following a power law. The frequency exponent decreases with
temperature as predicted by the correlated barrier hopping theory. Above 50 K the ac component of
the conductivity increases almost linearly as predicted by the quantum mechanical tunneling model.
It is found that all the features of ac conductivity cannot be reconciled into an existing single theory.
The thermoelectric power is positive, low, and varies linearly with temperature, indicating a metallic
character and the presence of polarons and/or bipolarons as the cationic charge carriers in the
composites. The overall nature of the S(T) curves suggests that in addition to a contribution from
hopping a linear metallike component is also active for the thermopower. © 2000 American
Institute of Physics. @S0021-8979~00!04005-6#

SnO2, 8,9 BaSO4, 10 TiO2, 11 ZrO2, 12 colloidal gold,13 etc. and
structured materials namely Montmorrilonite,14 Zeolites,15
microporous membranes of polycarbonate,16 etc. have so far
been successfully combined with polyaniline ~PAn! and
polypyrrole ~PPy! in some easy chemical and electrochemical processes to give rise to a variety of such nanocomposites, morphology, and different physical properties of which
have been widely studied. Most of these materials can bring
the intractable conducting polymer in a stable colloidal form.
dc conductivity and some other physical properties have also
been improved in some reports.12
Apart from the knowledge on the physical and material
properties, a thorough understanding of the charge transport
mechanism of the ICPs and their composites is important for
successful fabrication of sophisticated devices. But no single
unanimous model is so far available that can properly describe the prevailing conduction processes occurring through
the presence of nonlinear excitations like solitons, polarons,
and bipolarons in these solids. Generally the lattices of organic systems like PAn, PPy, etc., are very soft and the electronic state can easily be altered, resulting in significant
structural and electronic rearrangements. The removal or acceptance of electrons results in p-type or n-type doping,
which distorts the polymer lattice around the injected charge.
The carriers generated in this process are known to be selftrapped by the conjugated polymeric chains in the form of
polarons or bipolarons, which are placed in the localized
states due to random electric fields near the Fermi level. If

I. INTRODUCTION

Research activity in the field of polymer science has
taken a new lead after the advent of inherently conducting
polymers ~ICPs!. Owing to their very interesting and important electrical and electronic properties, these materials have
raised a great deal of fundamental scientific interest as well
as possibilities of novel applications over the past 2 decades.
However, the inherent difficulties with these materials,
namely their lack of processability and poor mechanical
properties, have led the bulk of investigations toward some
suitable modifications of the existing polymers, so that their
applicability can be improved. This way of synthesizing
novel polymeric materials with unique electrical properties
and good processability have given birth to a large number
of blends and composites1–4 in which the conducting polymers are mixed up with some processable insulating polymers in different techniques to successfully combine the
properties of both components. In parallel with the synthesis
of the conventional composites, over the last few years, a
large number of articles have been published reporting on the
effective combination of some ultrafine particles of different
metals, metal oxides, and some structured materials with the
conducting polymers, resulting in the formation of composite
nanoparticles or nanomaterials, specifically termed polymeric nanocomposites. Inorganic particles namely SiO2, 5–7
a!
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the polarons and bipolarons are mobile with long enough
lifetime, then they may act as charge carriers. Conduction
may occur by the thermal hopping of electrons between
quantized localized states at the cost of activation energy.
The quasione-dimensional morphology produced by the covalent bonding along the polymer chain and also the weak
bonding among them helps in the charge delocalization of
the system. Up to the intermediate doping levels, the stable
ground states are confirmed to be polarons, whereas at higher
doping levels both polarons and bipolarons may be created.
Recently we have reported the synthesis and characterizations of a series of conducting nanocomposites in which
colloidal ferric oxide particles have been combined with different amount of PPy.17 In this system the PPy:Fe2O3 ratio
~w/w! is kept above the percolation threshold and the Fe2O3
particles are entrapped or encapsulated in PPy matrix, resulting in some significant improvement of the physical properties of pure polymer ~PPy!. However the detailed studies on
the nature of carriers governing the electrical transport were
awaited there. Earlier workers have studied the transport
properties in conventional composites and blends like
PMMA-PAn,18 PVA-PPy,19 PS-PAn,20 etc. following temperature dependent dc electrical conductivity and thermoelectric power ~TEP! measurements. Most of them recognized the mechanism of conduction in such systems as
hopping of carriers between localized states. Mott’s VRH
theory is applicable in general, while Jousseame et al. have
applied the Zuppiroli model to the PVA-PPy19 system. Temperature dependent data of PMMA-PAn composite21 have
revealed somewhat metallic behavior of the system over the
temperature range 10–300 K. Such studies so far are not
frequently available in nanocomposite systems. In order to
get a complete and coherent picture of the conduction
mechanism in the present PPy–Fe2O3 system we have studied these composites by temperature dependent dc and ac
conductivity and thermoelectric power measurements. ac
conductivity measurement has an added advantage of separating interchain charge transfer ~low frequency region! from
intrachain electronic conduction ~high frequency region!,
which is scarcely available in the field of conducting polymer composites/nanocomposites, especially with the heavily
doped systems. Most of the previous results relate mainly to
the pure conducting polymers ~PPy and PAn! in lightly
doped states. Therefore the present studies and the corresponding results are expected to reveal the underlying
mechanism of electrical transport in the PPy–Fe2O3 nanocomposite system and to provide an idea about the nature of
the carriers in these materials. It is worth mentioning here
that all the samples studied are heavily doped, prepared
above percolation threshold and ac measurements are carried
out in the high frequency regime.
II. EXPERIMENT

Preparation of samples is already reported in one of our
recent publications.17 However, the same is briefly described
here. Ferric oxide (Fe2O3) colloid having particles of 25–50
nm was synthesized using a standard technique. In the presence of a fixed volume ~50 ml! of the colloid, different vol-
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ume of pyrrole was polymerized with ferric chloride (FeCl3)
initiator keeping the pyrrole: FeCl3 mole ratio at 1:2.5. Black
solid precipitate formed was filtered, washed, and vacuum
dried at 50 °C.
A. dc conductivity

dc electrical conductivity was measured from pressed
pellets of the samples over the temperature range 25–300 K,
following standard four probe technique. Samples were
mounted on a cryotip and were placed inside Oxford ~model
22! closed cycle helium refrigerator. A constant current ~dc!
was passed through the samples from a Lake Shore cryotonics ~model 120! constant current source and voltage drop
across the samples was measured with a Keithley ~model
182! nanovoltmeter. Lake Shore cryotonics ~model DTC 500
A! temperature controller was used for controlling the temperature of the system.
B. ac conductivity

ac conductivities of the samples were measured over the
temperature range 14–300 K using the two probe method.
Samples were placed in an APD cryotip attached with a Lake
Shore Autotuning temperature controller. The admittance
and phase angle values were measured with a precision RCL
Bridge ~QuadTech 7600! over a frequency range 500 kHz–2
MHz. The real part of the conductivity was calculated from
the admittance and the phase angle expressed in radians.
C. Thermoelectric power

TEP of the samples was measured using the differential
technique over the temperature range 77–300 K. A temperature gradient DT across the samples using two heaters and
voltage developed DE between the hot and the cold ends of
the thermocouple formed by the samples and Cu wires were
measured. Pressed pellets of samples were mounted by pressure contact between the copper plates and the whole system
was placed in a glass Dewer, attached with a temperature
controller ~Lake Shore cryotonic, DRC-93CA!, and interfaced with a computer which records the TEP values as a
function of temperature.
III. RESULTS AND DISCUSSION
A. dc conductivity

Figure 1 presents Ln s of the samples as a function of
reciprocal temperature. The nonlinearity of this curve indicates temperature dependent activation energy and suggests
that the band conduction model is not sufficient to explain
the conduction mechanism in these composites. Semiconductor theory shows that the temperature dependent energy gap
cannot explain the experimental results since it should be
more than linear in order to account for the temperature dependent activation energy.22 Mott23,24 has investigated a conduction model considering the conduction process in terms
of phonon assisted hopping of small polarons between localized states. The dc conductivity in this model is given by

s dc5 s 0 exp~ 2W g /k B T ! ,

~1!
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FIG. 1. The natural logarithmic dc conductivity (ln s) as a function of
temperature for all the samples studied.

where s 0 is the preexponential constant, k B is the Boltzmann
constant, and W g is the activation energy for dc conduction.
This activation energy consists of the polaron hopping energy W H and an energy difference W D between localized
states due to disorder. Austin and Mott25 have shown that
W g 5W H 1W D /2
5WD

for T. u D /2,

FIG. 2. A log–log plot of W(5Td @ ln s#/dT) against T for the four samples.

s 5 s 0 exp@ 2 ~ T 0 /T ! 1/n # ,

T 0 5l a 3 /k B N ~ E F ! ,

TABLE I. Parameters obtained by fitting the dc conductivity data of the four
samples to the Mott–Austin model.

Sample

Activation
energy at high
temperature
~eV!

Activation
energy at low
temperature
(W D ) ~eV!

P0
P1
P2
P3

0.038
0.026
0.027
0.0298

0.005
0.003
0.0033
0.003

~2!

where the exponent n is 4 for three dimensional and 3 for
two dimensional hopping.
The characteristic Mott temperature T 0 and the preexponential factor s 0 are expressed as

for T, u D /4,

where u D , defined by h n 0 5k B u D is the characteristic Debye
temperature and n 0 is the phonon frequency. Now one can
consider the lowest temperature activation energy as a measure of the disorder energy W D and calculate the value of n 0
considering the limiting value h n 0 >W D /2. Calculated values
of n 0 and u D for four samples are shown in the Table I.
Parameters derived from this analysis are unacceptably low
and not very reasonable. In the temperature regime where the
electron–phonon interaction is strong enough, the static disorder energy plays a dominant role in the conduction process. Mott has suggested a variable range hopping mechanism of the polaron and in this model the temperature
dependence of the electrical conductivity due to polaron hopping is described by the relation

n 0 >W D /2h s
3.831012
2.2431012
2.5131012
2.1331012

u D 5h n 0 /k
5W D /2 K
29
17.12
19.15
16.25

~3!

and

s 0 5e 2 R 2 n 0 N ~ E F ! ,

~4!
26–29

k B is the
where l is a dimensionless constant ~;18.1!,
Boltzmann constant, a describes the spatial extent of localized wave function, N(E F ) is the density of states at the
Fermi level, and n 0 is the phonon frequency. T 0 can be considered as an effective energy barrier between localized
states and measures the extent of disorder in the disordered
region. A larger value of T 0 implies greater disorder. The
hopping distance R can be given by
R5 $ 9/@ 8 p a k B TN ~ E F !# % 1/4.

~5!

In order to explicitly determine the VRH exponent n, we
define the reduced activation energy W as
W ~ T ! 5Td @ ln s # /dT.

~6!

Combining Eqs. ~2! and ~6! we get
log10 W ~ T ! 5A2n log10 T,

21

2365

~7!

where A5n log T01log n. The slope of the plot of log10 W
against log10 T gives the value of n. In Fig. 2 we have plotted
the W(T) curve for the four samples. The value of n obtained
from the fitting of the W(T) curves are 0.24 for P 0 , 0.26 for
P 1 , 0.25 for P 2 , and 0.24 for P 3 . So this plot indicates that
the three dimensional VRH mechanism plays an important
role in the conduction process in these composites.
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FIG. 3. Variation of Ln s as a function of T 1/4 for different samples ~to
avoid clumsiness theoretical curves are not shown!.

FIG. 4. The measured total conductivity ~Ln s! of the composite P 2 as a
function of reciprocal temperature for five different frequencies.

Ln s (T) has been plotted against T 1/4 in Fig. 3. The
linear behavior of the curves show that the value of n used
here is consistent with that obtained from the log10 W against
log10 T curves. From the calculations of the energetics of
polaron and bipolaron formation on pyrrole chains Bredas
et al.30 have shown that the polaron and bipolaron length
extends over to about four pyrrole rings. Moreover, Singh
et al.31 found the polaron radius to be equal to 1.82 A0. To
analyze the data in light of Mott’s VRH theory we have
assumed that the localization length ( a 21 ) is 10 A0 ~extending up to four pyrrole rings! in one case and 1.5 A0 ~close to
polaron radius! in another. Table II presents the different
parameters of the four samples obtained by fitting with
Mott’s VRH theory.
For relatively low conducting composites, N( e F ) values
are low and the charge transport follows the hopping mechanism. But for relatively high conducting composites, N( e F )
has higher value and the mobility of polarons and bipolarons
may play a significant role in increasing the total conductiv-

ity. According to the Mott’s VRH theory the parameter T 0 is
inversely proportional to the localization length of the charge
carriers. Therefore a large value of T 0 implies strong localization of the charge carriers which result in increasing the
resistance at low temperatures, whereas a small value of T 0
implies weak localization.
B. ac conductivity

Figure 4 represents the total conductivity s tot of the
sample P 2 plotted as a function of reciprocal temperature at
different frequencies. The curve does not show any linear
behavior throughout the temperature range studied, i.e., no
activated type of behavior is observed. Other samples with
different compositions also behave similarly. It is observed
that the measured conductivities at all frequencies coincide
with s dc at high temperatures. At low temperatures, the temperature dependence of s tot is much less than s dc but increases at higher temperatures.

TABLE II. Variable range hopping parameters for bare polypyrrole and composites.
Colloid
content Volume of
Sample
specification ~ml! pyrrole ~ml!

P0
P1
P2
P3

0.0
50.0
50.0
50.0

¯
0.35
0.30
0.25

P0
P1
P2
P3

50.0
50.0
50.0

0.35
0.30
0.25

Characteristic
temperature,
T0
with a 21 510
~Å!
298250
73102
92640
159456
with a 21 51.5
~Å!
298250
73102
92640
159456

Density of
states
N(E F )
Preexponential
~eV21 cm23!
factor ( s 0 )

Hopping
distance,
R 300
~at 300 K!

Hopping
attempt
frequency
310213

979
829
1420
2696

7.0431020
2.8731021
2.2731021
1.3231021

21.0631028
14.8231028
15.7231028
18.0131028

13.59
5.70
10.99
27.37

979
829
1420
2696

20.8731022
85.1431022
67.1831022
39.0331022

3.1631028
2.2231028
2.3631028
2.7031028

2.04
0.854
1.65
4.103
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FIG. 5. ~a! Frequency dependence of the ac conductivity for the bare
polymer P 0 at several fixed temperatures ~log–log plot!. ~From top to
bottom: T5250, 225, 165, 145, 125, 105, 85, 65, 35, 14 K!. ~b! Log s ac vs
Log v curve for the composite P 2 . ~From top to bottom: T5250, 220,
190, 160, 130, 100, 70, 45, 14 K!. ~c! Variations in logarithmic ac conductivity with frequency for the composite P 3 . ~From top to bottom: T
5300, 275, 250, 200, 175, 105, 150, 125, 100, 75, 55, 35, 13 K!.

A common feature of amorphous semiconductors and
disordered systems is that the frequency dependent conductivity obeys a power law32–34 given by

s ~ v ! 5A v s,

~8!

where A is a temperature dependent constant and the frequency exponent s<1. The origin of this almost universal
behavior remains controversial and it is often thought that it
arises from the relaxation processes due to hopping or tunneling of electrons or atoms between equilibrium sites.
When ac and dc conductivity appears from completely
separate and different processes, the total conductivity can be
written as

s tot5 s dc1 s ~ v ! .

~9!

If dc and ac conduction originates from the same mechanism, then the dc conductivity equalizes the ac conductivity
in the limit v →0.
The variation of ac conductivity as a function of frequency at different temperatures is shown in Figs. 5~a!, and
5~b! and 5~c! for the samples P 0 , P 2 , and P 3 , respectively
~log–log plot!. It is seen from the figure that the logarithmic
ac conductivity varies linearly with the change of logarithmic frequency. At a critical frequency a discontinuity appears and then the conductivity increases monotonically. The
characteristic frequency at which the discontinuity appears,
decreases with the increase of temperature and in the frequency range where s ( v )@ s dc , s ( v ) attains a power law
behavior. Figures 5~a!, 5~b!, and 5~c! show that the ac con-
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FIG. 6. Temperature dependence of the frequency exponent s for the
samples P 0 and P 2 .
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ductivity value in our results at the critical frequency indicates that some form of polarization becomes active at the
critical frequency. In order to understand the origin of this
phenomenon a more detailed study is necessary.
Many models have been proposed to explain the dispersion of ac conductivity in inhomogeneous media but no
unanimous interpretation of the experimental results has
been reached. In each of the models, the relaxation processes
involved in the ac responses are assumed to be described by
the pair approximation introduced by Pollock and Geballe.39
Here the charge transfer occurs in pairs and the total response results from the sum of the individual responses of
the pair of sites randomly distributed throughout the material. It is also assumed that the clusters of more than two sites
do not contribute to the ac conductivity. In this model averages are carried out over the appropriate distribution of relaxation time parameter of a Debye-type dielectric response
function and the relaxation processes includes an activation
energy appearing due to the disordered structure of the material. Let us now summarize the predictions of the different
models relating to the temperature dependence of s~v! and s
so that they can be compared with the experimental findings
on the present system.
1. Electronic tunneling

ductivity plays a significant and dominant role at high frequencies and low temperatures. The dc conductivity can be
determined from the plateau region of the s tot vs v curve.
The s dc values estimated from s tot agree well with the value
obtained from the dc conductivity measurement. The ac conductivity s~v! was calculated by subtracting the dc contribution from s tot and calculated s~v! was fitted by the least
square method using Eq. ~8! in the frequency range from the
critical frequency to the highest frequency measured. The
variation of the frequency exponent s with the temperature is
presented in Fig. 6 for the samples P 0 and P 2 . From the
figure it is observed that s decreases with the increase of
temperature. For P 0 and P 2 , s assumes a value greater than
1 in the temperature domain below 90 K and for the sample
P 3 it lies above 1 in the whole temperature range. It should
be mentioned here that for P 3 the frequency exponent is
found to depend on the frequency, which becomes significant
at high temperatures @Fig. 5~c!#. Although there is a slight
frequency dependence of s for P 2 , no such behavior was
found in the case of P 0 @Figs. 5~a! and 5~b!#. Any deviation
from the value of s from unity discloses information on the
particular type of loss mechanism involved. The discontinuity observed in Figs. 5~a!, 5~b!, and 5~c! is both frequency
and temperature dependent. The frequency where the discontinuity appeared, decreases as the temperature increases. The
ac conductivity results35–37 published so far for polypyrrole
did not show any discontinuity. It is not possible to compare
our results with those because the measurements were performed within the frequency range less than 1 MHz for
lightly doped polypyrrole. But here the discontinuity appeared at frequencies greater than 1 MHz. In Ref. 38 the ac
conductivity of polypyrrole–poly~ethylene! oxide composite
showed discontinuity in the frequency regime higher than 1
MHz for heavily doped systems. A sudden rise in the con-

If the dielectric loss originates from the electronic relaxation, then the charge transfer may occur by the quantum
mechanical tunneling ~QMT! through a barrier. In the QMT
model40–43 the real part of the ac conductivity at a particular
frequency v can be expressed as

s ~ v ! 5 ~ p 4 /24!~ e 2 kT/ a ! N 2 ~ E F ! v R v4 ,

~10!

where the quantities have their usual meaning and the characteristic tunneling distance
R v 5 ~ 2 a ! 21 ln~ 1/v t 0 ! .

~11!

The frequency exponent is defined by
s5d ln s ~ v ! /d ln v ,

~12!

and here
s5124 ln~ 1/v t 0 ! .

~13!
4 21

13

For typical values of v 510 s and t 0 510 s, s50.8 and
is less than one. From this model s is predicted to be temperature independent but frequency dependent, decreasing
with the increase of frequency.
2. Small polaron tunneling

If the carriers become nonoverlapping small polarons, s
becomes temperature dependent in the framework of the
QMT model. The ac conductivity follow the same expression
as Eq. ~10! but the tunneling distance takes the form
R v 5 ~ 2 a ! 21 @ ln~ 1/v t 0 ! 2W H /kT # .

~14!

The frequency exponent s can be written as
s5124/@ ln~ 1/v t 0 ! 2W H /kT # ,

~15!

i.e., s is temperature dependent and increases as T increases.
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3. Large polaron tunneling43,44
43

Long has proposed a polaron tunneling model where
the polaron distortion cloud overlaps appreciably, i.e., the
potential wells of neighboring sites overlap reducing the polaron hopping energy so that
W H 5W H0 ~ 12r 0 /R ! ,

~16!

where r 0 is the polaron radius and R is a random variable.
This overlapping large polaron model predicts that s
should be both temperature and frequency dependent. With
the increase of temperature s falls from unity and approaches
the value 0.8 as predicted by the QMT model for large values of r 08 ([2 a r 0 ). For small values of r 08 ,s shows a minimum at a particular temperature and then increases with the
rise of temperature. For large values of r 80 , s ( v ) decreases
with the rise of temperature.
4. Correlated barrier hopping (CBH) of electrons

In the atomic hopping model the relaxation variable is
assumed to be independent of inter site separation. Pike45 has
removed this restriction and proposed a model of electron
transfer by thermal activation over the barrier between two
adjacent sites. The Coulomb potential wells associated with
the sites overlap and lower the effective barrier from W M to
W, which in the case of single electron transition is given by
W5W M 2e/ p ee 0 R,

~17!

where W M is the value of infinite site separation and e and e 0
are the dielectric constants of the materials and the free
space, respectively.
In this CBH model34,45,46 the ac conductivity was calculated in the narrow band limit to be

s ~ v ! 5 ~ p 3 /24! N 2 ee 0 v R v6 ,

~18!

where N is the concentration of the pair sites.
The hopping distance R v is given by
R v 5e 2 / p ee 0 @ W M 2kT ln~ 1/v t 0 !# .

~19!

The frequency exponent s is expressed as
s5126kT/ @ W M 2kT ln~ 1/v t 0 !# .

~20!

Therefore, s is both temperature and frequency dependent. s
is predicted to decrease with increasing temperature and at
low temperature ~i.e., large W M /kT) s decreases almost linearly from unity ~the value at T50). At higher temperatures,
i.e., for small values of W M /kT,s increases with increasing
frequency and for large values of W M /kT, s is close to unity
and effectively independent of frequency.
The experimental observation about the composites studied conflicts with the predictions of the electronic QMT
model, which predicts a temperature independent value of s
~50.81 for typical values of v and n 0 ). Again the QMT
model of the nonoverlapping small polaron predicts a temperature dependence of s, which increases with the increase
in temperature in contradiction to our experimental observation, which shows that the frequency exponent s decreases
with increasing temperature. According to the QMT model s
should decrease with the increase of frequency, but no such
variation is observed for the present system in the investi-

2369

gated frequency range. The large polaron tunneling is also
not a suitable relaxation mechanism because this model predicts a minimum in the temperature variation of s. This is not
observed in the case of the present composite system. The
value of s behaves as predicted by the CBH model. Such
behavior of s was found in the study of ac conductivity of
V2O5 – GeO2 glasses47 and PbO–Fe2O3 glasses.48 In sharp
contrast to all the theories described above, the value of s for
the composite P 3 is always greater than unity. According to
the QMT model the temperature dependence of the ac conductivity follows s ( v )`T n with n51. Figures 7~a! and 7~b!
depict the temperature dependence of the ac conductivity of
the composites P 2 and P 3 , respectively, for different frequencies. For the composite P 2 the temperature variation
curve of s ac shows that the ac conductivity does not change
much up to the frequency 1.2 MHz. For the frequency above
1.2 MHz the ac conductivity first decreases ~14–50 K!, then
increases ~50–200 K! with the increase of the temperature
and after 200 K slightly decreases. For the composite P 3
similar behavior was found. In the temperature range 50–200
K the ac conductivity increases almost linearly with temperature in consonance with the prediction of the QMT model.
Finally, we have presented the carefully measured experimental observations and it can be concluded that all the
aspects of the ac conductivity behavior of the present composite system cannot be reconciled completely with the predictions of any of the above theories. Maybe the over doped
composites follow some other theory which needs further
investigation.

C. Thermoelectric power

The thermoelectric power is a zero current transport coefficient and is a very useful probe to study the semiconducting and metallic behavior of the composite since it offers a
characteristic difference in the two cases. Figure 8 presents
the thermal variation of the thermoelectric power of the
samples from 77 to 300 K. The four samples exhibit similar
nature of the temperature dependence, only the absolute
value of the thermopower for different samples differs. The
thermoelectric power is positive, low, and varies linearly
with temperature. This linear contribution to the thermopower reflects the highly conductive character within the
composites and bears a signature of very high intrinsic conductivity. Moreover, because the thermopower is an intrinsic
property of the polymer chain, a similar nature of the curves
in Fig. 8 indicates that the microscopic chain structures of all
the samples studied remain similar. The sign of the thermoelectric power describes the type of majority carriers present
in the composite at a certain temperature. The positive sign
of thermopower is a signature of the hole conduction and
upholds the presence of polarons and/or bipolarons as the
cationic charge carriers in our composite samples. It should
be recalled that for all the samples studied, polypyrrole content exceeds the percolation threshold and polypyrrole exists
in a highly oxidized state in these composites. In this state
the empty bipolaronic band overlaps with the p band, giving
rise to empty states in the valance band. This will lead to a p
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FIG. 8. Variation in thermopower ~S! with temperature for the four samples
( P 0 , P 1 , P 2 , P 3 ).

tronic charge. At high temperatures the downward bending
from the linearity manifests that the variable range hopping
component is operative in this temperature regime. The overall nature of the curves in Fig. 8 implies that in addition to a
contribution from hopping, a linear metal like component is
also active for the thermopower and the composites are heterogeneous since the derivation of the Mott formula assumes
that the medium is to be homogeneous. Therefore, in these
composites we observe that the temperature dependence of
conductivity is predominantly nonmetallic and the VRH
mechanism plays an important role, but thermopower shows
metallic behavior.
IV. CONCLUSIONS

FIG. 7. ~a! Thermal variation of the ac conductivity of the composite P 2
obtained by subtracting the dc part of the total conductivity for six different
frequencies. ~b! The ac conductivity of the composite P 3 plotted as a function of temperature for six particular frequencies.

type metallic conductivity and offers low and positive value
of the thermoelectric power as is observed in our case.
Therefore, the temperature dependence of thermopower
is consistent with the characteristic diffusion thermopower of
a metal and is given by the Mott expression24
S ~ T ! 5 ~ p 2 /3!~ k B /e !~ k B T !@ d ln s ~ E ! /dT # E F ,

~21!

where E F is the Fermi energy, s (E) is the energy dependent
conductivity, k B is the Boltzman constant, and e is the elec-

To conclude we may summarize the results of the electrical transport measurements. In opposition to the present
idea that the conductivity of the composites increases with
the increase in the conducting component, here the conductivity of the composites increases with the increase of the
insulating component. From the analysis by the Mott and
Austin formula the parameters obtained are unacceptably
low. Therefore at high temperatures the temperature dependence of the dc conductivity does not follow the Mott model
of the phonon-assisted polaron hopping mechanism. The dc
conductivity data nicely fit with Mott’s VRH theory. In the
case of ac conductivity, the conductivity increases slowly
with frequency up to a characteristic frequency followed by a
sudden discontinuous rise and then it begins to increase
monotonically with the increase of frequency. In the frequency range from the critical frequency to the maximum
investigated frequency, the ac conductivity follows the relation s 5A v s. The frequency exponent s decreases with increasing temperature. This behavior is consistent with the
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prediction of the CBH model. The ac conductivity varies
almost linearly with temperature in a certain temperature
range as predicted by the QMT model of nonoverlapping
small polarons. No existing theory can explain all aspects of
the temperature and frequency dependence of the ac conductivity. The thermoelectric power varies linearly with temperature like a metal with a downward bending at high temperatures, i.e., in addition to a contribution from hopping a
linear metallike part is also active for the thermopower. The
heterogeneous model can account for the conflict between
the linear metallike behavior of thermopower and semiconductorlike behavior of conductivity. In this model highly
conducting metallic islands are interconnected by poorly
conducting barriers in a complicated fashion. The metallic
regions have a higher thermal resistance and smaller electrical resistance, whereas the barrier regions have a higher electrical resistance and smaller thermal resistance if the barriers
are thin. But no single model is found to explain all the
details of the ac conductivity behavior.
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