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Critical behavior of the electrical conductivity near the disorder-induced metal-insulator (MI) transi-
tion has been observed in polyaniline (PANI) doped with camphor sulfonic acid (CSA). The tempera-
ture dependence of the resistivity (p) depends on the degree of disorder present in the PANI-CSA films.
In the most metallic samples the resistivity is nearly temperature independent; whereas in the critical re-
gion of MI transition, p( T) is characterized by a power-law temperature dependence, p( T) ~ T . Resis-
tivity ratios p(1.4 K)/p(300 K) as low as 1.6 have been observed in the most metallic samples of PANI-
CSA. In the metallic regime, the conductivity is characterized by a.(T)=o.(0)+mT' at low tempera-
tures; the dependence of m (H) on magnetic field provides information on the role of electron-electron
interactions in the transport near the MI transition. The T dependence found for inelastic-scattering
time (~;„) is in agreement with that predicted for metallic systems near the MI transition. For the sam-
ples initially in the critical regime, a magnetic field of 8—10 T induces the transition to variable-range
hopping. The typical localization length in PANI-CSA just on the insulating side of the MI transition is

0

about 80—130 A. The magnitude of the positive magnetoresistance increases considerably as the system
moves from the metallic to the insulating regime. The magnitude and quasilinear temperature depen-
dence of the thermopower near the critical regime of the MI transition is typical of that expected for a
metal.

I. INTRODUCTION

Heavily doped conjugated polymers exhibit many
properties characteristic of the metallic state, including
relatively high electrical conductivity, Pauli temperature
independent magnetic susceptibility, linear term in the
specific heat, absorption throughout the infrared with no
energy gap, etc. Except for a few systems, ' however,
these highly conducting polymers typically do not exhibit
the traditional signatures of metallic transport: (i) Resis-
tivity (p) with a positive temperature coefIicient,
dpldT) 0; (ii) thermoelectric power (S) proportional to
the temperature. In recent years, the quality of pristine
conjugated polymers has improved substantially; howev-
er, the doping process often results in inhomogeneity or
even phase-segregated regions with large differences in
the doping level. When processed from solution or syn-
thesized by means of a precursor route, the conjugated
macromolecular chains are often disordered and structur-
ally amorphous. Although specific systems are partially
crystalline, the residual amorphous regions can dominate
the transport. Consequently, the characteristic metallic
features in the bulk transport properties are severely lim-

ited by strong disorder.
The existence of partially filled bands implies that the

electronic structure of heavily doped polymers will be
that of a metal. It is well known, however, that disorder
can result in localization of states; if the magnitude of the
disorder potential is large compared with the bandwidth,
aH states become localized, and the system will be an in-
sulator. In such an insulator, however, there is no gap in
the density of states; the insulating properties result since
the Fermi level (Et;) lies in an energy interval in which all
states are localized —the system is a Fermi glass. In a
Fermi glass, the conductivity is activated; at high temper-
atures the activation energy is a measure of the energy
difference between EF (which lies in the region of local-
ized states) and the mobility edge; at lower temperatures,
variable-range-hopping transport results from the ex-
istence of unoccupied localized electronic states near EF.
The metal-insulator (MI) transition occurs when the dis-
order is su%ciently weak that the mobility edges move
away from the center of the band toward the band tails
such that EF lies in a region of extended states.

For each specific conducting polymer, it is important
to quantify the disorder and to establish where the ma-
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terial is in parameter space relative to the MI transition.
Armed with such information, the polymer scientist can
develop a realistic strategy for improving the material to
the point where genuine metallic transport can be ob-
served.

Recently, progress in the improvement of the electron-
ic properties of conducting polyaniline (PANI) has been
made by doping with functionalized sulfonic acids. By
using surfactant counterions, PANI has been made solu-
ble in common organic solvents, in the conducting em-
eraldine salt form. As a result, solution processing of this
conducting polymer has greatly improved the homo-
geneity of solid films (cast from solution), resulting in
significant reduction in the extent of disorder. Because of
these improvements, it is possible to begin to observe the
intrinsic metallic features in bulk transport property mea-
surements.

The lowest value of the resistance ratio, p„=p(1.4
K)/p(300 K), that has been reported for iodine doped
oriented polyacetylene (with room-temperature conduc-
tivity of —10 S/cm) is p„=2.8. In spite of the fact that
the maximum room-temperature conductivity of PANI
doped by (+)-10 camphor sulfonic acid (CSA) is smaller
by more than two orders of magnitude (200 —400 S/cm),
resistivity ratios for PANI-CSA samples in the metallic
regime are as small as p, =1.6. Moreover, the resistivity
of PANI-CSA shows a positive temperature coeKcient
between 400 and 180 K; the resistivity decreases with de-
creasing temperature, as in a true metal.

The typical room-temperature conductivities for
PANI-CSA films are about 200—400 S/cm, comparable
to Mott's minimum metallic conductivity. All the
PANI-CSA samples show a temperature-independent
Paul susceptibility (g ) for temperatures above approxi-
mately 50 K; the room-temperature values are

=2 X 10 emu/mol-two rings. ' Moreover, at low
temperatures (-4 K), the Curie contribution due to the
localized spins is significantly lower than for PANI doped
by conventional protonic acids. The room-temperature
thermopower values for the PANI-CSA films are 10+2
pV; the thermopower increases approximately linearly
with the temperature.

We present the results of a comprehensive study of the
transport in PANI-CSA; we have observed three distinct
types of behavior for PANI-CSA films: metallic, critical,
and insulating, depending on the extent of disorder creat-
ed in the material while processing the films. In the me-
tallic regime the electron-electron interactions contribute
to the conductivity and magnetoconductivity, at low tem-
peratures. The power-law temperature dependence of
p(T) in PANI-CSA corresponds to the critical behavior
near the Anderson MI transition. ' Magnetic fields of
8—10 T induce a transition from the critical regime of MI
transition to the insulating region where the states near
EF are localized and the transport takes place via
variable-range hopping. PANI-CSA samples can be
made with reduced disorder; such samples have proper-
ties indicating that the material has crossed the MI
boundary onto the metallic regime. For PANI-CSA, the
thermopower exhibits the linear temperature dependence
characteristic of "metallic" behavior.

II. EXPERIMENT

PANI-CSA was prepared by mixing the emeraldine
base with camphor sulfonic acid in agate mortar and pes-
tle; the materials were handled in a glove bag filled with
nitrogen. All the PANI-CSA samples were prepared
with a molar ratio of CSA to a phenyl-nitrogen repeat
unit of 0.5. The PANI-CSA complex is soluble in various
organic solvents. For the experimental studies reported
here, the solutions were prepared by adding an appropri-
ate quantity of PANI-CSA to meta-cresol. The mixture
was stirred in an ultrasonic bath for 48 h and subsequent-
ly centrifuged. Free-standing films of PANI-CSA were
obtained by casting onto a glass plate and subsequently
drying in air for 24 h on a hot plate at 50'C. Film
thicknesses were typically 10—50 pm. The films appeared
isotropic in all respects.

The sample preparation conditions and the protonation
level for all the PANI-CSA samples used in this experi-
mental study are more or less identical. However, the
subtle changes in morphology and crystallinity in the
films are very dependent on factors like the concentration
of the solution from which the films are cast, the rate of
evaporation of the solvent, the thickness of the film, etc.
Although the room-temperature conductivities of
PANI-CSA films are not very affected by such details of
the film-casting process, the low-temperature transport
properties are quite sensitive to these factors. Slight
differences in doping level could play a role; however, all
samples were carefully prepared with a molar ratio of
CSA to phenyl-nitrogen repeat unit of 0.5. Moreover, the
fact that the room temperature values are not affected
suggests that variations in doping level and/or deviations
from stoichiometry are not significant. Scanning electron
micrographs show no major differences in morphology in
the various films, up to 0.1-pm resolution. Thus, the ob-
served differences in the transport result from microscop-
ic (molecular scale to nanoscale) changes in the disorder.

Four-terminal dc resistivity and magnetoresistance
measurements were carried out using a computer-
controlled automated measuring system. Electrical con-
tacts were made with conducting graphite adhesive. To
avoid sample heating at low temperatures, the current
source was adjusted at each temperature so that the
power dissipated into the sample was less than 1 pW.
The linearity was checked by measuring voltage versus
current, and the resistivity was obtained from the slope of
the straight line. Temperature was measured with a cali-
brated platinum resistor (300—40 K) or a calibrated
carbon-glass resistor (40 —1.2 K) by a temperature con-
troller driven by the computer.

The differential technique was used for the thermo-
power measurements. " Two isolated copper blocks were
alternatively heated and the heating current was accu-
rately controlled by computer. The temperature
difference between the two copper blocks was measured
by a chromel-constantan thermo couple and did not
exceed 0.5 K at each thermal cycle. In each thermo-
power experiment, five samples were placed across the
copper blocks using pressure contacts to ensure excellent
thermal and electrical contacts at low temperatures. The
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voltage difference across the samples was averaged for
one complete thermal cycling, after equilibrating at each
specified temperature. The temperature gradient from
the thermocouple to sample was calibrated for the entire
range of temperature, and the absolute thermoelectric
power (TEP) of the sample was obtained by subtracting
the TEP of copper wire, which was calibrated against the
absolute TEP scale for lead. ' All the parameters during
the experiment were controlled by computer.

III. RESULTS AND DISCUSSION

A. Temperature dependence of the resistivity
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FICx. 1. Log-log plot of 8'( T) vs temperature for PANI-CSA
in the metallic (e), critical (A), and insulating (f) regimes. In
the critical regime, W=P [see Eq. (2)]; in the VRH regime,
8 (T)=—'(To/T)'

The transport properties of the PANI-CSA films can
be classified in three groups according to the resistivity
ratio p„=p(1.4 K)/p(300 K): (i) Metallic side of the MI
transition; (ii) critical regime of the MI transition; (iii) in-
sulating side of the MI transition. On the metallic side of
the MI transition, p, &2; in the critical regime, 2 &p„&6;
and on the insulating side of the MI transition, p, )6. To
explicitly characterize the three regimes, we define the re-
duced activation energy,

d lnp(T)
dT

and plot 8' versus temperature. ' The results for PANI-
CSA are summarized in Fig. 1. For samples on the me-
tallic side of the MI transition, 8' decreases upon de-
creasing the temperature below 40 K, whereas for sam-
ples in the critical regime, 8' is constant from 40 to 1.4
K. On the insulating side of the MI transition, 8' in-
creases as the temperature is lowered.

For a three-dimensional (3D) conductor close to the
MI transition, the correlation length (L, ) is large and has
a power-law dependence on 5 = [ ~ EF E, i /E, ] & 1—;
L, =a5 ', where a is a microscopic length, v is the
critical exponent, EF is the Fermi energy, and E, is the
mobility edge. ' In this critical region, Larkin and

Khrnelnitskii' found that the resistivity is not activated,
but follows a power law as a function of temperature,

e pF
2

p(T)=
g2

k TB
(2)

where pF is the Fermi momentum, e is the electron
charge, and 1 & q & 3. Thus, in the critical regime [from
Eq. (1)], &=@=1/g. As shown in Fig. 1, W is constant
for samples in the critical regime (the solid line through
the data has slope zero), with values for P typically falling
in the range 0.26&P&0.4.

When the Fermi energy lies in a region of localized
states, the system is a Fermi glass insulator, and the low-
temperature transport is by variable-range hopping
(VRH). For VRH in 3D,

p(T)=poexp[(T0/T)'i ],
where

(3)

To = 16/k~N(E~ )L, , (4)

kz is the Boltzmann constant, N(Ez) is the density of
states at the Fermi level, and I., is the localization
length. ' Thus, for VRH [from Eq. (1)],
W(T)= —,'(To/T)'i, in agreement with the data present-
ed in Fig. 1 (the solid line through the data has slope
0.25).

The temperature dependence of p(T) on the metallic
side of the MI transition is shown in greater detail in Fig.
2(a). Although p(T) increases at low temperature, the
temperature dependence is extremely weak; the system
has crossed over from the power-law dependence charac-
teristic of the critical regime to "metallic" behavior. Ap-
plication of an 8-T external magnetic field increases the
low-temperature resistivity [Fig. 2(a)]. In an external
magnetic field of 8 T, the temperature dependence ap-
proaches closer to the power-law regime, implying that
the external field moves the system toward the critical re-
gime (5~0). Nevertheless, even for H=8 T, the log-log
plot shows some residual curvature. The effects of locali-
zation and interaction on conductivity and rnagnetocon-
ductance in the "metallic" regime is discussed in detail in
Sec. III B.

The power-law dependence of Eq. (2) is universal and
requires only that the disordered system be close to the
MI transition, i.e., in the critical region where 5&&1.
The power-law temperature dependence, p( T) ~ T
has been reported previously for PANI-CSA; however,
the crossover from the critical regime of the MI transi-
tion into the metallic regime (see Fig. 1) was not observed
in the earlier measurements. The power-law temperature
dependence of p( T) has also been reported for doped po-
lyacetylene and for doped polypyrrole; however, the crit-
ical regime of the MI transition in conducting polymers
was not explicitly identified previously.

The temperature dependence of resistivity for samples
in the critical region of the MI transition is shown in Fig.
2(b). Over a wide temperature range (1.4—40 K), the
resistivity follows a power-law dependence as predicted
for the critical regime. Two examples are shown in Fig.
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2(b), p(T) ~ T ' (0) where g=3.8, and p(T) ~ T
(R) where g=2. 8. The linearity on the log-log plot over
the temperature range from 1.4 to 40 K demonstrates
that p( T, O) =po ( T/To ), where po and To are
constants. The sample-to-sample variation of the ex-
ponent correlates with the resistivity ratio; samples with
smaller (larger) p„give smaller (larger) /3. The tempera-
ture range over which the dependence is a power law is
wider for samples with smaller ~13~. A value of rj ) 3 indi-
cates that the system is just entering into the metallic side
of the MI transition from the critical regime. Although
g=3.8 is slightly above the theoretical limit for the
power-law dependence, values for g as large as 4.5 have
been reported for n-doped germanium in the critical re-
gime of the MI transition. ' Application of an 8-T mag-
netic field increases the resistivity; for H = 8 T, the tem-
perature dependence is stronger than that of a power law
[see Fig. 2(b)].

Assuming the resistivity in zero magnetic field follows
Eq. (2) with rI=(0. 36) '=2. 77, one can compare the
prefactor with that obtained from the measurements. Us-
ing pF=AkF and kF=~/2c, the prefactor is given by

po =e pF/A =2X10 Qcm. From the data in Fig.

2(b) [with EF=1 eV in Eq. (2)], we obtain po =6X10
Qcm, in approximate agreement with the theoretical
value.

An example of the lnp vs T ' plot, appropriate for
samples on the insulating side of the MI transition, is
shown in Fig. 3. In Fig. 3(a), p„=10, and To =3 X 10
K. For samples closer to the MI transition from the in-
sulating side, VRH transport is observed as shown in Fig.
3(b), but with p„=12 and To =230 K. Since the temper-
ature dependence of the resistivity is characteristic of
variable-range hopping, the states near the Fermi energy
are localized. The lnp vs T ' plots for the normalized
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FIG. 2. Log-log plots of the resistivity of PANI-CSA. (a)
Metallic regime, H =0 T (0) and H = 8 T (4); (b) critical regime,
[p(T) CC T 0~6], H=O T (0), and H=10 T (4); and
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FIG. 3. p(T) vs T ' " for PANI-CSA in the insulating re-
gime. (a) Data replotted for (4) from Fig. 1. TO=2. 9X 104 K.
(b) Insulating sample close to the MI transition, To =230 K. (c)
Normalized resistivity vs T ' for PANI-CSA in the metallic
regime, H =0 T (~) and H = 8 T (Q'); critical regime:
[p(T) ~ T ], H=0 T (A), and H= 10 T (f).
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resistivity of the samples on the metallic side () of the
MI transition and in the critical regime for p(T) ~ T
(L) are shown in Fig. 3(c). The curvature is unambigu-
ous. In both cases, however, the external magnetic field
tends to localize the electronic states. A more detailed
discussion of the magnetic-field dependence is given in
Sec. III C.

B. Temperature dependence of the magnetoconductance
in the "metallic" regime

200—
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6
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0
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The quantum corrections to the conductivity and the
magnetoconductivity due to localization and electron-
electron interactions have been extensively studied in
disordered metals close to the MI transition. ' The tem-
perature dependence of the conductivity is given by the
following expression:

cr(T) =cr(0)+ m T' +BT/'~ (5)

where the second term (T' ) results from thermally in-
duced electron diffusion through states near the Fermi
energy (reduced by electron-electron scattering), and the
third term is the correction to the zero-temperature con-
ductivity due to locaIization effects. ' The value of p is
determined by the temperature dependence of the scatter-
ing rate [r '~ T~] of the dominant dephasing mecha-
nism. For electron-phonon scattering, p =3; for inelastic
electron-electron scattering, p=2 and 1.5 in the clean
and dirty limits, respectively. However, Belitz and
Wysokinski' have shown that very near the MI transi-
tion, electron-electron scattering also leads to p =1. The
coefficient of the second terms is given by'

m =a[—', —y(3F /2)],
where

a=(e /R)(1. 3/4ir )(k /2A'D)'

(6a)

(6b)

D is the diffusion constant, and yE is the interaction pa-
rameter. Note, however, that since the screening length
becomes very large near the MI transition, F is expected
to decrease toward zero. ' Thus, in the metallic regime
near the MI transition, m =4&x/3. The expression for
o'( T) in the presence of magnetic field is given by

cr(H, T) =cr(H, O)+m(H)T'~

At fields sufficiently high that gp~H ))k~ T,

o(H, T)=o(H, O)+a[4 y(F /2)]T'r—

(7)

assuming that a, y, and E are not dependent on the
magnetic field. '

The extremely weak temperature dependence of the
resistivity (p„=1.6} and the positive temperature
coefficient of 8 below 40 K [as shown in Figs. 1 and 2(a)]
are characteristic of PANI-CSA samples in the metallic
regime. The temperature dependence of the conductivity
of the sample with p„=1.6 is plotted vs T'~ in Figs. 4(a)
and 4(b). The T'r dependence is in agreement with Eq.
(5), and consistent with metallic behavior near the MI
transition [since the T'r dependence implies that p =1
in Eq. (5), we simply redefine a and y to include Bj. The
data yield o ( T)=o (0)+m T'r with m (0)= 10.8
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FIG. 4. (a) o.(T} vs T' for PANI-CSA in the metallic re-
gime at H=O, 4, and 8 T. (b) Data below 4.2 K are shown on
an expanded scale.

Scm 'K 'r . In Figs. 4(a) and 4(b), we plot o.(T) vs
T' for H=O, 4, and 8 T. The magnetic field decreases
the low-temperature conductivity (positive magnetoresis-
tance). At low temperatures [shown in greater detail in
Fig. 4(b)], the slope of cr vs T'r is field dependent, as pre-
dicted by Eqs. (6) and (7).

The parameters e and yE can be estimated by using
Eqs. (6a) and (7) for the values of m (H) obtained at H =0
and 8 T, respectively (note that for T ( 8 K,
gpii H & kii T ). From Fig. 4,

a[~ —y(3F /2)]=10. 8 Scm 'K

a[~ y(F /2)]=19—.8 Scm ' K

The corresponding values for a and yE are u = 18.3 and
yE =0.5. This relatively small value for yE is compa-
rable to that found in studies of doped semiconductors at
doping levels near the MI transition. ' The magnetic
field decreases the zero-temperature conductivity (nega-
tive magnetoconductance) and increases the slope of cr vsT'; both effects result directly from electron-electron
interactions and arise predominantly from the Zeeman
splitting of the spin-up and spin-down bands. '

The magnetoconductance b,X(H, T) = o (H, T)
cr(0, T) i—s plotted vs magnetic field in Fig. 5. The con-

ductivity is weakly field dependent at low fields (below 1

T) and then decreases with field. These data are replotted
in Figs. 6(a) and 6(b); Fig. 6(a) presents b,X(H, T) vs H2
and Fig. 6(b) presents b,X(H, T) vs H'r2.

The contribution to hX(H, T)=o (H, T)—o (0, T) from
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electron-electron interactions can be written as follows

EXES(H, T)= —0.041a(gps/ks) yF T ~ H
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FIG. 5. Magnetoconductance vs H for PANI-CSA in the me-

tallic regime at 4.2, 2.5, and 1.4 K.
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The second term on the right-hand side is the contribu-
tion due to antilocalization at weak fields; Go=(e /A')

and L;„ is the inelastic-scattering length. The first term
on the right-hand side can be estimated by using the
values for a and yI' obtained above. Then, using the
slope of b,X vs H Isee Fig. 6(a)j the second term can be
estimated. In this way, the value of the inelastic-
scattering length can be calculated at each temperature.
The results are shown in Fig. 7; I;„ is inversely propor-
tional to the square root of the temperature.

The inelastic-scattering time (r;„) can be estimated
from l;„with the relation r;„=(I;„)/D; since l;„~T
r;„~T '. The value of D calculated from Eq. (6b) (using
the known value of a=18.3) is D=1.25X10
cm sec '. We conclude, therefore, that at 4.2 K,
~;„-10 ' sec, which is the same as that reported for
potassium-doped polyacetylene~' and various other amor-
phous metals. The T ' temperature dependence of 7;„
is in agreement with the theoretical prediction of Belitz
and Wysokinski' for the systems very close to the MI
transition. The same T dependence of ~;„has been ob-
served in metallic Si:8 near the MI transition. '

C. Magnetic-field dependence of p(H, T )

in the critical and insulating regimes

Khmelnitskii and Larkin used scaling arguments to
demonstrate that in the metallic region near the MI tran-
sition, the mobility edge can be shifted by an externa1
magnetic field. When the magnetic 1ength
LH=(A'c/eH)' becomes comparable to L„ the field
causes the mobility edge (E,) shift proportional to

400-

300-

200

At low and high fields, b, XI(H, T) is proportional to H
and H', respectively. The data summarized in Figs.
6(a) and 6(b) are in agreement with Eqs. (9a) and (9b).

For small magnetic fields, we follow Rosenbaum
et al. ' and Dai, Zhang, and Sarachik' and assume that
the contributions to hX(H, T) which arise from electron-
electron interactions and from "antilocalization" (due to
spin-orbit scattering' ' ) are additive. Thus, the total
low-field magnetoconductance is given by

bX(H, T)= —0.041a(gpii/ks) yF T ~ H

1.6 1.8 2.0 2.2 2.4 2.6 2.8
Hl/2 (T 1 1/2)

FIG. 6. (a) Magnetoconductance vs H for PANI-CSA in the
metallic regime at 4.2, 2.5, and 1.4 K; the solid lines indicate H
dependence. (b) Magnetoconductance vs H' for PANI-CSA
in the metallic regime at 4.2, 2.5, and 1.4 K; the solid lines indi-
cate H' dependence.

5 6

FIG. 7. Inelastic-scattering length (I;„) vs T for PANI-CSA
in the metallic regime.
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(LH/L, )' ", where c is the velocity of light. Because of
this ability to shift E, by an external magnetic field, one
can envision a crossover from the critical behavior with a
power-law dependence for p( T) in zero field to insulating
behavior with variable-range hopping among localized
states. The Khmelnitskii-Larkin criterion for this cross-
over is the following:

LH/L, —1 .

In an earlier report, we demonstrated that it is possible
to induce the crossover from the critical regime to
variable-range hopping by application of an external
magnetic field. For i)=3.8 (0), the VRH plot for H =10
T (4) becomes approximately linear as shown in Fig. 8.
However, since g =3.8 for the data in Fig. 8, the system
is just beyond the critical region on the metallic side.
Thus, one would expect that an even stronger magnetic
field would be required to achieve complete localization.

The ln(p(T, H) vs T '~ plots for two samples with
i)=3.8 (0) and i)=2.8 (~) are compared in Fig. 8. In
both cases, high magnetic fields induce the crossover
from power-law behavior to VRH. We find
To(H= 10 T)=27 K for the sample with i) =3.8 and To
(H = 8 T) =56 K for the sample with i) =2.8.

The magnetoresistance (MR) for PANI-CSA in the
critical and insulating regimes are shown in Figs. 9(a) and
9(b). In both regimes the MR is positive, but with larger
values for the more disordered samples: at 1.4 K and
H = 8 T, bp/p is 0.25 and 1.60 in the critical and insulat-
ing regimes, respectively. In both cases, the magne-
toresistance is linear in H, up 8 T, at 4.2 K; however, for
lower temperatures, the initial linear dependence is fol-
lowed by saturation at higher fields. The qualitative
features of the magnetoresistance are identical in the crit-
ical and insulating regimes, although the magnitude of
the magnetoresistance increases dramatically as the sys-
tem moves closer to the insulating regime. The positive
magnetoresistance in the critical region (pa- T ), as
shown in Fig. 9(a), is enhanced by a factor of 2 with
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FIG. 9. (Ap/'p) vs H for PANI-CSA: (a) In the critical re-
gime; [p(T) CC T ], 4.2 K (0'), 2.5 K ($), and 1.4 K (A); (b) in
the insulating regime (TO=2. 9X10 K), 4.2 K (~), 2.5 K (11,
and 1.4 K (A).

respect to the samples in the metallic regime, since the
magnetic field induces a transition from the critical re-
gime to the insulating side of the MI transition.

The large positive magnetoresistance in the insulating
regime (VRH with To =2.9 X 10 K), as shown in Fig.
9(b) is typical of that expected for the VRH conduction
mechanism. Since the overlap of the localized state
wave functions shrinks in the presence of magnetic field,
the hopping length must correspondingly increase.
Therefore, the VRH resistivity is strongly dependent on
the strength of the magnetic field. The localization
length can be independently estimated from the expres-
sion for the magnetic-field dependence of the VRH resis-
tivity 4

0.01—
6

8-

Cl 7-

5-

0.4 0.5 0.6 0.7 0.8 0.9
T-1/4 (K-i/4)

FIG. 8. p(T) vs T ' for PANI-CSA in the critical regime:
[p( T) ~ T 0 '6], H =0 T (~), and H = 10 T 1/1; [p( T) ~ T o'36],

H=OT (~), and H=8 T (A).

L, To
ln[p(H)/p(0) ]= t

LH T (12)

where t=(S/2016), LH is the magnetic length, iIt'is
Planck's constant, c is the velocity of light, and e is the
electron charge. As shown in Figs. 10(a) and 10(b) the
plots of ln[p(H)/p(0)] vs T ~ (at constant H) are con-
sistent with Eq. (12). The localization lengths can be cal-
culated from To and the slopes of Figs. 10(a) and 10(b) by
using Eq. (12). The use of Eq. (12) requires that the trans-
port occurs via variable-range hopping among localized
states, either for samples on the insulating side of the MI
transition (where lnp vs T '~" is a straight line in zero
field) or for samples in the critical regime (where lnp vs
T ' is a straight line only at high magnetic fields). For
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( B-SH-B-XH-, where B denotes a phenyl ring in the
benzenoid form). The linear temperature depen-
dence of S ( T) corresponds to the characteristic diffusion
thermopower of a metal, or alternatively can be interpret-
ed as the entropy per carrier.

For a disordered system with a partially filled electron-
ic band, there is a finite density of states at the Fermi en-
ergy. If the disorder is suKciently weak that E~ lies in
the regime of extended states, the temperature depen-
dence can be expressed as follows:

0.4
CO~ 0.3

~ 0.2

0.1

I

0.4 0.5 0.6
7-3/4 (K-3/4)

I

0.7

S (T)=+(m /3)(ks/~e~)ksT(z/EF), (14)

where the energy dependence of the conductivity, o (E),
generally arises from both the band structure and the en-
ergy dependence of the mean scattering time. A relative-
ly large magnitude of S(T) in comparison with typical
metals suggests that a relatively small bandwidth is re-
sponsible for the linear temperature dependence,
rather than an energy-dependent scattering process. If
we assume that o(E) is a slowly varying function in the
vicinity of EF, Eq. (13) is equivalent to the free-electron
approximation result,

FIG. 10. Inrp(H)/p(0)] vs T '~ for PANI-CSA: (a) In the
critical regime tp(T) ~ T ]at H='10 T; (b) in the insulating

(Tp =2.9 X 10 K) reg1IIle a,t H =4 T.

the sample in the critical regime in Fig. 1, the slope of the
data (0) in Fig. 8 yields To (H =10 T)=27 K and L,
(H =10 T) =153 A. For the sample in the insulating re-
gime in Fig. 1, the slope of the lnp vs T '~" plot in Fig.
3(a) yields TO=2. 9X10 K, and L, (H=4 T)=80 A.
Thus even at H=10 T, L, for the sample in the critical
regime is greater than L, for the insulating sample, which
shows the critical divergence of L, at the MI transition.

Note that for H=10 T, LH=83 A. In both cases
shown in Fig. 8, therefore, the magnetic-field-induced
crossover into the VRH regime is consistent with the
Khmelnitskii-Larkin criterion [Eq. (11)]. For the sample
with g=3.8, the crossover to the T ' dependence is
not quite complete even at the 10-T field, whereas for
g =2. 8, H = 8 T is sufticient to achieve straight-line
behavior on a lnp vs T ' plot.

D. Temperature dependence of the thermoelectric power

The temperature dependence of thermoelectric power,
S(T), of PANI-CSA has been measured in the metallic,
critical (p o- T ), and insulating (VRH with
To =2.9 X 10 K) regimes. The room-temperature value
is approximately 10 /L/V/K with small variations ( 2
/MV/K) depending on the details of the sample-casting
process. The magnitude and sign of S(T) are similar to
results obtained from a number of partially doped p-type
conducting polymers. The positive sign of the ther-
mopower is consistent with the calculated band structure
of the metallic emeraldine salt, having a three-quarter-
filled ~ band with one hole per repeat unit

1 ka II s d In/V(E)
2 ~el kT dE E„' (15)

where for VRH, W, /k&T=k(TOT)'~ . Thus, in the
VRH regime, Sh, ( T) varies as T', tending to zero as T
goes to zero. On the other hand, one expects a contribu-
tion to the thermopower like that in Eq. (14) even when

where z is a constant (determined from the band structure
and the energy dependence of the mean scattering time).
The positive sign indicates that the ~ band is more than
half filled. Using z=1, E+=1 eV, ' and T=300 K,
Eq. (8) yields S (300 K)=7.5 pV/K, close to the mea-
sured value. The density of states estimated from Eq. (14)
is 1.1 —1.6 states per eV per two rings, consistent with the
value of 1 state per eV per two rings obtained from
magnetic-susceptibility measurement.

For PANI doped with conventional protonic acids,
S ( T) follows a U-shaped temperature dependence with a
negative sign for unoriented and fully protonated sam-
ples. ' ' The positive and quasilinear dependence of S(T)
were observed only in oriented (tensile drawn) polyaniline
films. ' The absence of the linear temperature depen-
dence for unorientated samples in previous studies is, evi-
dently, due to the higher degree of disorder, the inhomo-
geneous distribution of dopant ions, and the formation of
"metallic islands, " all of which suppressed the intrinsic
behavior. The thermopower of PANI-CSA (Ref. 9) is in-
sensitive to the details of the temperature dependence of
the resistivity. The linear dependence of the thermo-
power for all three regimes confirms the conclusion that
PANI-CSA processed from solution in m-cresol is near
the metal-insulator boundary.

For variable-range-hopping transport, the thermo-
power can be written as Sh p,
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the Fermi energy lies in a region of localized states (since
the entropy per carrier is determined by the low-energy
excitations). Comparing the hopping term (Sh,z) with
metallic thermopower (S ),

1/2
To

T
(16)

Three distinct and characteristic types of transport
have been identified for PANI-CSA films from the re-
duced activation energy (W) versus temperature plots:
transport on the metallic side of the MI transition, trans-
port in the critical regime, and transport on the insulat-
ing side of the MI transition. In the metallic regime, the
T' dependence of conductivity at low temperatures im-
plies the contribution of the electron-electron interaction
to conductivity and magnetoconductivity. The T
dependence of inelastic-scattering time (r;„) is in agree-
ment with the prediction for systems very near to the MI
transition. The inelastic-scattering time (r;„) of the order
of 10 ' sec is typical of that of amorphous metals. In
the critical regime near the Anderson MI transition, the
power-law temperature dependence of p( T) is in excellent
agreement with the theory of Larkin and Khmelnitskii.
Magnetic fields of 8 —10 T induce a crossover from the
critical regime into the insulating state where the states

Thus, the hopping contribution to the thermopower
would be expected to dominate the thermopower for
T « To. The thermopower data shown in detail in Ref. 9
remain linear over the entire temperature range, even for
the sample for which the resistivity follows the VRH
temperature dependence at temperatures as low as
T & T, =3X10 K. The linear temperature dependence
of S(T) implies therefore that the one-dimensional elec-
tronic structure of the PANI chains is very close to that
of a metal, even in the VRH regime close to the MI tran-
sition.

IV. CONCLUSION

near E~ are localized and the transport takes place via
variable-range hopping. The typical localization length
in PANI-CSA just on the insulating side of the MI transi-
tion (VRH transport begins to dominate) is about 80—130
A. For PANI-CSA, the thermopower exhibits the linear
temperature dependence characteristic of "metallic"
behavior. The linear dependence is insensitive to the de-
tails of the resistivity; the "metallic" thermopower is
characteristic of all samples studied with properties in
the vicinity of the metal-insulator transition.

The demonstration that PANI-CSA cast from solution
in m-cresol is on the boundary of the metal-insulator
transition provides an important fixed point. Although
improvement in material quality will quite generally im-
prove electrical properties, reduction in disorder within
the metallic regime will increase the mean free path for
carriers in extended states. That this fixed point has been
achieved in materials cast directly from solution without
subsequent processing suggests that major improvements
in electrical conductivity can be anticipated for polyani-
line protonated with surfactant counterions. This is par-
ticularly important since the counterion-induced proces-
sibility provides an opportunity for further improvement
of the structural order to achieve chain-extended and
chain-aligned material in which the elastic scattering is
sufFiciently weak to allow true metallic behavior in three
dimensions. In this limit, the room-temperature conduc-
tivity parallel to the chain direction has been previously
estimated to be greater than 10"S/cm.
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