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Charge transport of the mesoscopic metallic state in partially crystalline polyanilines
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Charge transport properties, including temperature-dependent dc conductivity, thermoelectric power, elec-
tron paramagnetic resonance, microwave frequency dielectric constant and conductivity, and electric-field-
dependent conductance of partially crystalline~‘‘physically’’ cross-linked! HCl-doped polyaniline correlated
with x-ray structure studies, demonstrate that charge delocalization in physically cross-linked polyaniline
systems is structurally controlled. Further, we observe a positive dielectric constant at room temperature which
increases~to values>104) with increasing percent crystallinity, the size of crystalline regions, and polymer
chain alignment in the disordered regions, supporting the establishment of mesoscopic metallic regions. We
propose an inhomogeneous disorder model for this system in which ordered~crystalline! regions, described by
three-dimensional metallic states, are connected through amorphous regions of polymer chains where one-
dimensional disorder-induced localization is dominant. We utilize the metallic box, interrupted metallic
strands, and Nakhmedov’s phonon-induced delocalization models to account for the temperature dependence
of charge transport properties of the various partially crystalline polyanilines. Analyses for the sample and
temperature-dependent electron paramagnetic resonance linewidth and thermoelectric power are presented.
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I. INTRODUCTION

Conducting polymers such as doped polyacetylene, p
aniline, and polypyrrole have generated considerable inte
in fundamental and applied research after the first repor
doped polyacetylene in 1977.1,2 Mobile charged defects
~solitons, polarons, and bipolarons! in lightly doped one-
dimensional chains,3–9 and disorder-induced charge localiz
tion in heavily doped systems,10–16 have attracted much at
tention. Transport models for three-dimensional amorph
semiconductors17 often have been used to account for t
charge delocalization phenomena in conducting polym
despite fundamental differences. In conducting polymers
dopant ions are positioned interstitially between chai
where as in conventional semiconductors they are usu
substituted directly into the host lattice. Further, coval
bonding along polymer chains, and weak bonding betw
them result in a quasi-one-dimensional morphology wh
has important roles in the charge delocalization of th
systems.18–23 In almost all cases, the conductivities of the
materials decrease with decreasing temperature unlike
ventional metals, even though their conductivities at ro
temperature may be as high as;104 S cm21.
570163-1829/98/57~16!/9567~14!/$15.00
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A common goal in charge transport studies of conduct
polymers is the determination of the nature of the intrin
metallic state, where conductivities (s) at room temperature
comparable to standard metals (sdc;104– 105 S cm21! and
negativeds/dT (T is the temperature! have been observed
However, there have been many controversial issues c
cerning the absolute conductivities and details of the cha
transport mechanisms. A central issue is whether the met
states are predominately one dimensional~1D! ~Ref. 24! or
three dimensional~3D!.15,25 For example, the 1D random
dimer model using resonance tunneling has been propose
explain the charge delocalization.24 On the other hand, both
theoretical18,26–28 and experimental15,25,29–31 studies have
emerged emphasizing the importance of interchain inte
tion. A second controversy is whether the origin of the
calization phenomena is passage of 1D chains through d
dered regions~based on the inhomogeneous disorder mod!
~Refs. 19, 20, 22, 25, and 30! or 3D homogeneous
disorder.12,31A third controversy is whether charge transpo
is due to variable range hopping~VRH! ~Refs. 15 and 29!,
with emphasis on interchain hopping in disordered regions
charge energy limited tunneling based on the granular me
lic model ~GMM!.11,32,33The quasi-1D VRH model empha
9567 © 1998 The American Physical Society
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9568 57JOO, LONG, POUGET, OH, MacDIARMID, AND EPSTEIN
sizes nearest-neighbor interchain hopping in disordered
gions, while the GMM uses charge tunneling betwe
metallic islands. The fundamental assumption of the GMM
that the metallic islands are embedded in an insulating ba
ground, and that there is distinct phase segregation betw
the two states. All of these controversial issues origin
from the complex morphology associated with conduct
polymers.

The highly conducting state of the emeraldine salt form
polyaniline ~PAN-ES! doped with hydrochloric acid~HCl!
has been intensively studied for the pa
decade.2,11–13,15,19,21,24,25,29–40PAN-ES is obtained by addi
tion of protons to the insulating emeraldine base form
polyaniline ~EB! through treatment with acid. Thus there
no addition or removal of electrons to form the conducti
state.35 With the recent advances in chemical processing
crystallinity and intrinsic transport properties, such as c
ductivity, have been improved. For example, the dc cond
tivity of HCl-doped PAN-ES was reported to be;0.1 in
1986,34 ;1 in 1989,36 ;20 in 1991,15 and in excess of 100
S cm21 in 1993.38 Recently,sdc of camphor-sulfonic-acid-
doped polyaniline processed fromm-cresol solvent@PAN-
CSA (m-cresol!# was reported to be;400 S cm21 at room
temperature.19,39 The microwave dielectric constant (emw)
and its temperature dependence changed dramatically a
quality of polyaniline materials was improved.15,19,25,36For
example, at room temperature the values ofemw increased
from ;10 to ;100 to ;40 000 then decreased t
;280 000 as the conductivity increased from;0.1 to ;1
to ;100 to;400 S cm21, respectively.

In this paper, we apply the experimental methods of x-
diffraction, charge transport, and electron paramagnetic r
nance~EPR! to study charge delocalization in partially cry
talline HCl-doped PAN-ES samples with differing degrees
crystallinity. The quasi-1D VRH model,15,29 applied to
charge transport in the disordered regions is shown to
count for the temperature-dependent dc conductivity, th
moelectric power, and high-electric-field-dependent cond
tance. Also, from the correlation between the lo
temperature microwave dielectric constant and
crystalline coherence lengths obtained from x-ray diffracti
a 3D metallic state is identified. Transport results show t
the scale of charge delocalization in the highest crystal
materials is mesoscopic rather than microscopic. It is de
onstrated that the charge delocalization is structurally c
trolled.

In Sec. II of this paper, the charge transport properties
quasi-1D disordered systems are reviewed. Also in Sec
the metallic box, interrupted metallic strands, and the mo
of Nakhmedov, Prigodin, and Samukhin are introduc
which later are used to account for the temperature dep
dence of the microwave dielectric constant and the cond
tivity of polyaniline with various degrees of crystallinity
The experimental principles and techniques for x-ray diffr
tion, charge transport, and EPR are described in Sec. III.
materials and experimental results are presented in Sec
followed by a discussion in Sec. V. Finally, we summari
this study in Sec. VI.
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II. THEORETICAL BACKGROUND

A. Charge transport properties
of quasi-1D disordered systems

The quasi-1D VRH model emphasizing nearest-neigh
interchain hopping has been used to account for the ma
scopic dc charge transport of polyanilines.15 For this model,

sdc}expF2S T0

T D 1/2G , ~1!

where T0516/(kBN(EF)L iL'
2 ), N(EF) is the density of

states at the Fermi level, andL i(L') is the localization
length in the parallel~perpendicular! direction.15,25,29T0 can
be interpreted as an effective energy barrier between lo
ized states, and is a measurement of the degree of disord
disordered regions. For example, polyaniline samples w
relatively largerT0 have greater disorder in the disorder
regions, where the charge cannot effectively delocalize.
granular metallic model of Sheng, incorporating chargin
energy-limited tunneling, predicts the same temperature
pendence of dc conductivity, i.e.,sdc}exp@2(T0 /T)1/2#.32,33

The generalized formula for the electric-field-depend
conductivity @s(E)# for disordered systems in low electri
fields @E is approximately less than or equal to 103 V cm21

~Ref. 17!# is s(E)}exp(eRE/kBT), whereR is the most prob-
able hopping distance. However,s(E) at high electric fields
@E@Et[kBT/(eR); i.e., the energy gained by an electron
the electric field,eRE, is larger than the average hoppin
energy, allowing the electron to move by hopping to lowerE
while emitting a phonon17# can distinguish quasi-1D VRH
and tunneling. When the appliedE field significantly ex-
ceeds the threshold fieldEt , s(E) is described by

s~E!5s0expF S E

E0
D 1/~d11!G , ~2!

where d50, 1, and 3 correspond to the GMM,32,33 the
quasi-1D VRH model,29 and the 3D VRH model,17 respec-
tively, andE0 is a constant.

There are several theories for the thermoelectric po
(S) of inhomogeneous media. For example, effectiv
medium and percolation models can account for the varia
of S with the relative volume fraction of the metallic com
ponent in a binary system.41,42 In conducting polymers, the
thermoelectric power is more complicated than in binary s
tems, because metallic islands~corresponding to crystalline
domains! are interconnected by disordered polymer chains
a complex manner, and because paracrystallinity exists in
metallic regions.43 Contributions, distinguishable by the
temperature dependence, to the thermoelectric power in
ducting polymers are expected from~a! metallic crystalline
domains and relatively well-organized chains in the dis
dered regions,Sm(T)}T;17 ~b! 3D VRH between metallic
islands and between localized states,S3D(T)}AT;17 and ~c!
quasi-1D VRH in the disordered regions,S1D(T)}1/T
1const.29

Commonly one of these contributing terms will be dom
nant for a given sample crystallinity and temperature ran
For example, in highly crystalline samples, contributions
S from the metallic domains are expected to dominate
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57 9569CHARGE TRANSPORT OF THE MESOSCOPIC METALLIC . . .
high temperatures; on the other hand, in less crystalline o
the quasi-1D VRH term should dominate at low tempe
tures. Thus a generalized formula forS(T) in conducting
polymers of various crystallinity is a weighted summation
the above terms:

S~T!5
s1Df 1DS1D~T!1s3Df 3DS3D~T!1smf mSm~T!

s1Df 1D1s3Df 3D1smf m
,

~3!

where f is the volume fraction ands the conductivity as-
suming a constant thermal conductivity. The nonlinear th
moelectric power therefore can be fit by

S~T!5~A11A2 /T!1A3AT1A4T, ~4!

whereA1, A2, A3, andA4 are effective coefficients related t
the volume fractions and relative electrical conductivities
the material domains.

B. Microwave dielectric response of quasi-1D systems

The near-zero and room-temperature values of the mi
wave dielectric constant are important for estimates of
localization length and delocalization length scales
quasi-1D systems. The temperature dependence of the
crowave conductivity and dielectric constant provides inf
mation about the charge delocalization mechanism in di
dered systems. In this section, we introduce sev
theoretical models used for analysis of the microwave die
tric response.

1. Metallic box and interrupted metallic strands models

The metallic box model~MBM ! ~Refs. 29 and 44! and the
interrupted metallic strands model~IMSM! ~Ref. 45! repre-
sent the dielectric response of a quasi-1D metallic materia
a finite frequency. Both models were developed in terms
linear metallic strands interrupted by insulating lattice d
fects. In the MBM these metallic strands are considered
bundles and treated as a metallic box. Near zero tempera
the localization length (L) is the dimension of the metallic
box, which we take as corresponding to the crystalline
herence length.25 This model is useful to estimateL from the
near-zero-temperature dielectric constant. For highly orde
materials~i.e., greater chain alignment in disordered regio!
the model is applicable only at low temperatures. At high
temperatures phonon-induced delocalization present in
disordered regions can increase the size of the deloca
regions. Also, thermal energy can overcome the poten
barriers in the disordered regions.

In the MBM the real part of dielectric constant (e r) is
described as29,44

e r5e`1S 29/2

p3 D e2N~EF!L2, ~5!

wheree` is due to core polarization,e is the electron charge
andN(EF) is the density of states at the Fermi level. Equ
tion ~5! can be used to estimateL at zero temperature. As
suming thatN(EF) is temperature independent, one can
timate the scale of the charge delocalization as a functio
temperature.
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From the IMSM, the frequency and temperature dep
dence of the dielectric response can be predicted. The t
sient current in the IMSM, due to the response to an elec
field E(t)5E0u(t), is45

I ~ t !5u~ t !s0E0F12expS 2
t

t0
D GexpS 2

t

tR
D , ~6!

wheres0 is the intrinsic metallic conductivity,t0 is the re-
laxation time without defects, andtR is the mean free time
for the buildup of space-charge polarization effects at a c
stricting defect. The complex conductivity at a finite fr
quency is given by45

s~v!5
1

E0
E

0

`

dt exp~ ivt !
]I ~ t !

]t

5 ivs0F 1

~12 ivt!
2

1

~12 ivtR!G , ~7!

wheret[t0tR /(t01tR)[ltR . In the low-frequency limit
(vtR!1), the real and imaginary parts of the complex d
electric constant are approximated as45

e r.11lvp
2tR

2 ~8!

and

e i~}s!.l~11l!vp
2vtR

3 , ~9!

respectively. Herevp is the plasma frequency defined a
vp

254pne2/m* eb wheren is the carrier density,m* is the
effective mass, andeb is the background dielectric constan
Assuming thattR has a linear temperature dependence~such
as tR}@VT1j#, where V is the increase of localization
length per increase in temperature andj is a constant corre-
sponding to the crystalline coherence length, i.e., ze
temperature localization length! the temperature dependenc
of e r and s at low frequency will differ depending on th
degree of disorder. For more ordered samples, theVT term
in tR dominates, ande(T) and s(T) at low temperatures
~roughly T<100 K! are

e r~T!}tR
2}T2 ~10!

and

s~T!}tR
3}aT31bT2, ~11!

wherea and b are the proportionality constants. For mo
disordered samples, the conduction electrons are not e
delocalized, ande r(T) ands(T) are weakly temperature de
pendent and described as

e r~T!}T ~12!

and

s~T!}cT21dT, ~13!

wherec andd are the proportionality constants.

2. Model of Nakhmedov, Prigodin, and Samukhin

At high temperatures the conduction electrons become
localized with increasing chain alignment in the disorder
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9570 57JOO, LONG, POUGET, OH, MacDIARMID, AND EPSTEIN
regions. The interchain interaction is important for this de
calization. Nakhmedov, Prigodin, and Samukhin studied
dielectric response at a finite frequency, including the effe
of interchain hopping.46 This model considers more than on
hop within the disordered regions. The complex conductiv
in a quasi-1D conductor is described as46

s~v,W'!5s0FW'~T!2 iv

n G122g

, ~14!

wheres0 is the intrinsic conductivity,v is the frequency,
W'(T) is the temperature-dependent interchain transfer r
n is the phonon frequency, andg is the exponent defined
below. The conductivity and dielectric constant in the lim
of v!W'(T) are

s.s0S W'

n D 122g

}e i ~15!

and

e r.
1

vFs0S W'

n D 122g

~122g!S v

W'
D G.

s0

n S n

W'
D 2g

,

~16!

where g[(T/T0)ln@n/W'(T)#!1 and T0 is from the
quasi-1D VRH model, i.e.,s(T)}exp@2(T0 /T)1/2#.46 The in-
terchain transfer rateW' can be written as

W'5n~ t't'!2expF2S T0

T D 1/2G , ~17!

where t' is an interchain transfer integral andt' is the in-
terchain hopping time. Therefore the temperature-depen
e r is deduced to be

e r}expH T

T0
F lnS 1

t't'
D G2J . ~18!

As the slopeT0 decreases~i.e., increasingly ordered chain
in the disordered regions!, the temperature dependence ofe r
exponentially increases. On the other hand, asT0 becomes
larger, the temperature-dependente r is approximately that of
a power law.

III. EXPERIMENTAL PRINCIPLES AND TECHNIQUES

The photographic method, which has the advantage
recording simultaneously the scattering intensity from s
eral directions, was used to obtain the x-ray data. The cy
drical film, with the sample at its center, was placed in
evacuated chamber to reduce air scattering in order to
form long exposures. CuKa (l51.542 Å!, monochromatic
radiation, was used after~002! reflection of the incident x-ray
beam on a doubly bent graphite monochromator. The ph
graphic films were read using a microdensitometer in or
to extract quantitative information on the x-ray percent cr
tallinity and coherence lengths of crystalline regions. T
crystalline domain size or coherence lengthj is estimated
from the ring’s angular widthD(2u) ~full width at half
maximum! using the Scherrer equation43,47
-
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0.9l

D~2u!cosu
, ~19!

where l is the x-ray wavelength andu is the diffraction
Bragg angle.

A four-probe technique was used to measure the dc c
ductivity in order to eliminate contact resistance. Four th
gold wires~0.05 mm in diameter! were attached in parallel to
the sample surface with graphite paint~Acheson Electrodag
502! to ensure good electrical contact. The dissipative pow
was kept under 1027 W to eliminate self-heating effects.

A two-probe method with a sandwich configuration w
used to measure the variation of conductance at high ele
fields,s(E). A HP214B pulse generator was used to gen
ate high-voltage pulses with a maximum amplitude of 100
Considering the typical sample thickness was;20– 30mm,
the highest electric field applied to the sample w
;5.0– 3.33104 V/cm. Thin gold films were evaporated o
the sample surfaces for electrical contact. Heating effects
detected by monitoring current variations within the durati
of the voltage pulse. If time dependence occurred~caused by
heating!, the voltage pulse width or amplitude was reduc
to eliminate these heating effects. The estimated tempera
fluctuation at the sample was60.2 K.

For measuring the thermoelectric power, a modified v
sion of Chaikin’s two-probe technique48 was used. The free
standing films were attached between single crystal qu
blocks separated by;3 mm. The sample chamber was ke
under vacuum during the experiment to prevent heat cond
tion. The temperature difference across the sample durin
measurement was typically<1 K.

Microwave cavity perturbation29,49 at 6.5 GHz and
X-band ~8.2–12.4 GHz! microwave impedance bridg
techniques50 were used for measuring the microwave diele
tric constant (emw) and conductivity (smw). Advantages of
the cavity perturbation method include its usefulness e
when only small samples are available, and elimination
electrical and mechanical contact problems. When a sm
perturbation due to the insertion of a sample into the cavit
made, a small portion of microwave energy is absorbed
the sample, causing a change in the frequency and widt
the cavity resonance. The resonance frequency shift and
are d5u f out2 f inu/ f out and D5(Win2Wout)/ f out, respec-
tively, where f is the cavity resonance frequency,W is the
cavity resonance width at half maximum, and the subscr
in and out correspond to the cavity with and without t
sample, respectively.51 The dielectric constant and condu
tivity are given by

emw511
@d~a/N2d!2~D/2!2#

N@~D/2!21~a/N2d!2#
~20!

and

smw5e0v
a~D/2!

N2@~D/2!21~a/N2d!2#
, ~21!

whereN is the depolarization factor,v is the angular reso-
nance frequency, anda is the filling factor. The cavity
method requires an accurateN when a rectangular sample
used. The results using the microwave impedance bri
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57 9571CHARGE TRANSPORT OF THE MESOSCOPIC METALLIC . . .
method are well suited for an independent determination
the depolarization factor of a rectangular sample for use
the analysis of the cavity perturbation results.50 A detailed
description of the bridge method used to determinesmw and
emw is given in Ref. 50.

The EPR spectra were obtained using a Bruker Ins
ments ESP300 (X-band! electron paramagnetic resonan
spectrometer fitted with a TE102 resonant cavity. Tempe
ture control from 5 to 300 K was achieved using an Oxfo
900 continuous flow helium cryostat. Samples were loa
unoriented52 into sealed quartz EPR tubes with helium g
for thermal exchange.

IV. MATERIALS AND EXPERIMENTAL RESULTS

A. Physically cross-linked polyaniline materials

For the present work four partially crystalline film
~samples A, B, C and D; see Table I! and one ‘‘amorphous’’
film ~sample E! of fully HCl doped ~Cl 2/N.4962%! em-
eraldine salt form of polyaniline~PAN! were studied.
Samples~A, B, and C! were prepared using a gel proces
described below, which resulted in varying degrees
‘‘physical’’ cross-linking; these samples are denoted
XPAN-ES. Samples D~data previously reported by Wan
et al.29! and E were prepared using processes where gela
did not occur; these samples are denoted as PAN-ES.

XPAN-ES films, samples A and B, were prepared us
high molecular weight~MW! (;120 000 g mol21) EB.38

This high-MW EB was dissolved in N-methylpyrrolidinon
~NMP! and filtered to make a 3-wt % solution and subs
quently cast onto glass substrates. The differences in the
gree of ‘‘physical’’ cross-linking observed between samp
A and B were due entirely to conditions under which t
films were dried. For sample A, the EB-NMP solution w
cast onto a glass substrate and subsequently placed ins
convection oven at;50 °C and allowed to dry for;15 h.
For sample B, the same EB-NMP solution was cast ont
glass substrate and placed inside a plastic reservoir seal
control evaporation of NMP and allow gelation. After on
week the film was removed from the plastic reservoir, plac
in an oven at;60 °C, and dried under a constant flow
nitrogen gas. This resulted in a highly cross-linked PAN-E
film. Sample C was prepared in a manner similar to sam

TABLE I. X-ray coherence lengthj of the various emeraldine
hydrochloride~PAN-ES! and ‘‘physically’’ cross-linked emeraldine
salt ~XPAN-ES! films. Note thatj'

a , j'
b , andj i are obtained from

D(2u) of ~200!, ~010!, and~002! ES-II reflections, respectively.H
andL refer to high and low molecular weight samples, respective
The stretching ratio (l / l 0) is given in parentheses~e.g., 3.53). Also
shown is the percent of crystallinity determined in the equato
direction (Xc

').

Materials j ~Å!

j i j'
b j'

a Xc
'

A: Intermediate XPAN-ESH ~3.53) 73 57 31 0.4660.10
B: High XPAN-ESH ~3.53) 64 47 25 0.4060.10
C: High XPAN-ESL ~5.53) 57 45 24 0.3760.10
D: PAN-ESL ~43) 52 43 28 0.3060.10
E: ‘‘amorphous’’ PAN-ESL ~13) ;15 <0.10
of
in
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d
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f
s
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g
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e-
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e a

a
to

d
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B using a 3-wt % solution in NMP although using a low
MW (<70 000 g mol21) EB. These samples~A–C! were
stretched using a zone drawing method53 where the film was
stretched between two heated copper wires (T.140 °C!. The
stretch ratio was controlled by the temperature and force
plied by the copper wires. The emeraldine salt form of poly
niline was obtained by immersing stretched EB films in H
(pH.0) for ;48 h. The term ‘‘physically crosslinked’’ re-
fers to increased structural local order among the chains,
covalent chemical bonding. The degree of ‘‘cross-linking’’
controlled by the appropriate choice of the MW, gelati
time, and concentration of the EB-NMP solution.

The ‘‘partially’’ crystalline PAN-ES films, sample D
was prepared from low molecular weight~MW<70 000
g mol21) emeraldine base. Films were cast from solutions
EB dissolved in NMP on glass, dried in a vacuum oven
;50 °C for ;24 h, and removed from the glass by imme
sion in distilled water. Subsequently, the films were stretch
up to four times using a uniaxial web stretching device. T
technique uses two rollers in series where stretching ta
place at the first roller held at 148 °C and the second ro
held at 100 °C is used to anneal the film.

The ‘‘amorphous’’ PAN-ES films, sample E, was pr
pared from low molecular weight~MW<70,000 g mol21)
emeraldine base~EB!. This low-MW EB was dissolved in
NMP and filtered to make a homogeneous 1–3-wt % so
tion. The solution was then cast on a glass substrate and
solvent removed quickly, to prevent gelation, by a rap
stream of room temperature air. Approximately 15 wt %
NMP was permitted to remain in the films to act as a pla
cizer. The resulting PAN-EB films were completely solub
in NMP and essentially amorphous with no cross-linki
present. In addition to the unstretched PAN-ES film~sample
E!, a 12.5 times stretched version was prepared by z
drawing at 180 °C. The doped PAN-ES form of these film
was obtained by immersion in aqueous HCl (pH'0) for
;48 h.

B. X-ray structure

Figures 1~a!–1~e! show x-ray patterns from stretche
XPAN-ES ~samples A, B, and C!, stretched PAN-ES
~sample D!, and unstretched PAN-ES~sample E!. A mi-
crodensitometer reading of these x-ray patterns in the eq
torial ~i.e., within the plane perpendicular to the stretchi
direction! is shown in Fig. 1~f!. Samples A–D are partially
crystalline with the degree of crystallinity decreasing fro
sample A–D. Listed in Table I are the percent of crystallin
in equatorial directions (Xc

') estimated from the ratio of the
integrated intensity of the sharp reflections above the am
phous halo to the total scattered intensity using the
crodensitometer readings of Fig. 1~f!. Xc

' decreases from
sample A to sample E, where E is essentially amorphou

The crystalline regions of samples A–D have the ES
structure, while the quasi-amorphous sample, E, exhibits
ES-I local order.54 The x-ray patterns of samples A–D
~shown in Fig. 1! can be completely indexed using the ES
structure. The x-ray pattern of sample A is indexed in F
6~b! of Ref. 55. The ES-II indexation also is given on th
microdensitometer reading for the equatorial directions
sample A, Fig. 1~f!.

.

l
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FIG. 1. ~a!–~e! X-ray patterns from samples A, B, C, D, and E, respectively (l51.542 Å!. The stretching direction of samples A–D
vertical. ~f! The x ray from diffraction intensity vs 2u microdensitometer readings of samples A–E in the equatorial direction.
microdensitometer reading of sample A has been indexed with the ES-II orthorhombic frame. The arrows point toward the positio
two broad peaks characteristic of ES-I local order, for the microdensitometer reading of sample E.
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The ES-II chain array can be accounted for by the Pc2a or
B m2m orthorhombic space groups, where for sample A
lattice parameters area57.0 Å andb58.2 Å in the equato-
rial directions, andc510.4 Å in polymer chain direction
The lattice parameterb is slightly sample dependent, bein
8.05 Å for samples B and D and 7.9 Å for sample C. T
ES-I structure is less accurately known and has a lo
~monoclinic or triclinic! symmetry. In the case of sample
the ES-I local order can be easily identified by the prese
of two broad reflections at small Bragg angles, i.e.,u
;9.5° and;15° or d;9.3 and;5.9 Å, respectively@ar-
rows, Fig. 1~f!#.

Figure 1~f! shows that the~010!, ~020!, and ~200! ES-II
reflections progressively broaden and decrease in inten
from samples A to D. Also, it is evident that the change
less important for the strongest~200! reflections. The x-ray
patterns of samples C and D are very similar. The crystal
domain size or coherence length (j) can be estimated from
the angular widthD(2u) of some of the well-defined reflec
tions using the Scherrer equation~19!.

The coherence lengthsj'
a , j'

b , and j i of samples A–D
have been deduced from the width of the~200!, ~010!, and
~002! ES-II reflections, respectively. For sample E, an isot
pic j was estimated from the width of the two broad halos
smallu shown by arrows in Fig. 1~f!. These values are liste
in Table I ~error estimated at65 Å! and showj basically
decreasing from sample A to E.

The wide range of local order or crystallinity in poly
aniline depends upon the details of the chemical process
such as the degree of crosslinking, molecular weight
e

r

e

ity

e

-
t

g,
d

stretch ratio. With this in mind high molecular weigh
XPAN-ES samples can be divided into two categories:~a!
those doped in the unstretched form are poorly crystalliz
which exhibit the ES-I local order;56 and ~b! those doped in
the stretched form, which show improved crystallinity a
the ES-II chain array. Samples A and B belong to the sec
category. However, it is evident~Table I! that the crystallin-
ity of the highly cross-linked sample B is less improved
stretching than is the intermediate cross-linked sample
This probably results from the greater rigidity of the polym
chains in the highly crosslinked material. In contrast, the l
molecular weight XPAN-ES sample, doped in the u
stretched form exhibits a medium crystallinity and the ES
chain array structure.57 However, its crystalline features wer
not substantially improved by doping in the stretched fo
~sample C!. Table I shows that in spite of a higher degree
stretching the highly cross-linked sample C is slightly le
crystalline than the highly cross-linked sample, B, which h
a higher molecular weight. Also from Table I the low mo
lecular weight standard PAN-ES~sample D! is slightly less
crystalline than the low molecular weight high XPAN-E
~sample C!. However, these two families have quite differe
crystallinity in their doped unstretched form: while un
stretched XPAN-ES exhibits a medium crystallinity and t
ES-II chain array structure, the unstretched PAN-ES
strongly disordered with the ES-I local order. The low m
lecular weight PAN-ES unstretched material sample E als
strongly disordered~nearly completely amorphous! with
only very limited ES-I local order. However, it differs from
the other samples in that this strongly disordered state
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maintained in the doped 12.53 stretched form in spite of a
change from ES-I to ES-II local order.

C. Direct current and high-electric-field-dependent
conductivity

The temperature dependence of the dc conductivit
sdc(T), for the XPAN-ES and PAN-ES samples is shown in
Fig. 2 plotted as log10 s vs T21/2 for comparison with the
quasi-1D VRH model. The inset in Fig. 2 is a schemati
representation of the inhomogeneous disorder model f
polyaniline, where 3D crystalline regions are coupled t
form a 3D network by single chains passing through th
disordered regions. The values ofT0 based on fits to the
quasi-1D VRH model are listed in Table II. Note that for
samples A(i), B(i), and C(i), the model holds for tempera-
tures below ;100 K, while for samples D(i) and un-
stretched E it provides the best fit over the entire temperatu
range.As the crystallinity or coherence length increases, T0,

FIG. 2. lnsdc vs T21/2 of dc conductivity of HCl doped
XPAN-ES and PAN-ES samples in both parallel and perpendicul
directions. Data for sample D(i) are from Ref. 29. Inset: Schematic
representation of inhomogeneous disorder model for polyanilin
3D crystalline regions are coupled into a 3D network by singl
chains passing through the disordered regions~from Ref. 25!.

TABLE II. Slope T0 @fit to Eq. ~1!# of the temperature-
dependent dc conductivity of the various XPAN-ES and PAN-E
samples in parallel and perpendicular directions. Note that samp
E, used for theT0 measurement, was stretched 12.5 times.

Materials A B C D E

T0(i) ~K! 700 900 1000 4300 3800
T0(') ~K! 870 990 not measured 5200 9800
y,

or

e

re

the effective energy separation between localized states
creases. This implies that polymer chains in disordered
gions also are more coherently aligned in accordance w
the results of the x-ray scattering experiments.This suggests
that in the samples with the highest crystallinity the localiz
charges in the disordered regions can more readily deloca
over several metallic islands. This may cause the devia
of sdc(T) from the quasi-1D VRH model observed i
samples A(i), B(i), and C(i) above;100 K. Also the an-
isotropy in the conductivity of the stretched samples w
sdc(i)/sdc(')> 5 over the measured temperature range.

The T-dependent parallel and perpendiculars(T) of HCl
doped 12.5 times stretched sample E was also studied~Fig.
2!. While log(s i) is still proportional toT21/2 over the entire
temperature range withT0,i;3800 K, essentially unchange
from the isotropic value (T0,isotropic;3800 K!, the conductiv-
ity s i~300 K! has increased approximately twofold com
pared to the room-temperature conductivity of the u
stretched sample. Similarly, log(s') above;100 K is also
proportional toT21/2; however,T0,' is approximately 9800
K, consistent withs'~300 K!, almost four times smaller than
the conductivity at room temperature of the unstretch
sample, and roughly one order of magnitude smaller th
s i~300 K!.

The electric-field-dependent conductanceG(E) of sample
B at a constant temperature of 62 K in the region of quasi-
VRH was measured. The data are plotted in Fig. 3 as ln(G)
vs E1/2 @ ln(G) vs E andE1/4 are inset in Fig. 3 for compari-
son to Eq.~2!# where the conductance is related to the co
ductivity by geometric factors, i.e.,G5As/ l , where A is
area andl is length. The data in Fig. 3 is nearly linear fo
1/(11d)5 1

2 , consistent with the quasi-1D VRH mode
However, compared to the linear regression line~dashed line
in Fig. 3! the data show a slight negative concavity. The b

r

e;

le

FIG. 3. Electric-field-dependent conductance of sample B at
K measured using a two-probe method. The data are plotte
ln(G) vs E1/2, whereG5As/ l and A and l are dependent on the
sample geometry. Insets are plots of ln(G) vs E and ln(G) vs E1/4

for comparison to Eq.~2!.
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9574 57JOO, LONG, POUGET, OH, MacDIARMID, AND EPSTEIN
fit of the data to Eq.~2! gives 1/(11d)50.67 still in good
agreement with the quasi-1D VRH model.

D. Thermoelectric power

The temperature dependence of the thermoelectric po
S(T), for the two most highly crystalline samples, A(i) and
B(i), and the least crystalline sample, E, are shown in Fig
The positive thermoelectric power observed in samples Ai)
and B(i) imply a netp-type conduction mechanism. Also fo
these two samples,dS(T)/dT continuously increases abov
;150 K, which may reflect phonon induced charge deloc
ization. For the most disordered sample E,S(T) is negative
except at temperatures<80 K. Also,S(T) shows a complex
temperature dependence with a positive slope,dS(T)/dT,
for T>200 K, and a minimum at;200 K. For sample E, the
percent crystallinity and crystalline domain size are negl
bly small compared with the more crystalline samples. Th
contributions to the thermoelectric power from the dis
dered regions will dominate, possibly accounting for the
ducedS above;200 K and the change in sign. The impo
tant result is that the temperature-dependent thermoele
power becomes increasingly metal-like (Sm}T) as the crys-
tallinity increases.

Shown in Fig. 4 as the solid curves are the fits of Eqs.~4!
to the experimentalS(T) for samples A(i), B(i), and E.
Good fits over the entire measured temperature range
obtained for all three of these samples. The coefficientsA1,
A2, A3 andA4 are listed in Table III. Comparing these coe
ficients, the sign of each term in Eqs.~4! is the same acros
all three samples. The contribution to the thermoelec
power in sample E from quasi-1D and 3D VRH are re
tively large compared to that of the two more crystalli
samples, indicating that in less crystalline materials the th
moelectric power is dominated by contribution from the d
ordered regions.

FIG. 4. Thermoelectric power of selected XPAN-ES samples
a function of temperature. The solid lines are guides to the eye
comparison with Eq.~4!.
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It is noted that the ratio ofA2 to A1 is nearly the same for
samples A(i), B(i), and E~see Table III! implying that the
ratio of intrachain to interchain contributions to the therm
electric power is approximately constant for regions of the
samples, where quasi-1D VRH dominates. The largest lin
~‘‘metallic’’ ! contribution for the least conducting samp
~E! may reflect the proportionality of the metallic contribu
tion to

d lns~E!

dE
5

1

s

d~nem!

dE
5

1

sFneS ]m

]ED1meS ]n

]ED G .
~22!

Heren is the charge carrier density,m their mobility, andE
the energy. The narrower bandwidth for the more disorde
samples would then lead to larger]m/]E and]n/]E terms
and therefore a larger ‘‘metallic’’ thermoelectric power.

E. Microwave conductivity and dielectric constant

Figure 5 shows the temperature dependence of the
GHz dielectric constant,emw(T), for the XPAN-ES and
PAN-ES samples below 100 K. The value ofemw at 100 K
increases with increasing sample crystallinity. In samp
A( i), B(i), and C(i), emw(T) is approximately}T2 and for
samples D(i) and E it is roughly}T ~for T<100 K!. In this
regime we apply the IMSM in the low-frequency limit@Eqs.
~8! and ~9!#, assuming the charge motion is confined to is
lated metallic islands and the energy is insufficient to ov
come the disordered potential barriers between meta

s
or

TABLE III. Effective temperature coefficientsA1, A2, A3 , and
A4 of thermoelectric power of XPAN-ES samples.

Materials A1 (mV K21) A2~mV! A3 (mV K23/2! A4 (mV K22!

A~i! 20.2 2247 22.87 0.126
B~i! 14.2 2147 22.23 0.103
E 56.8 2738 27.72 0.261

FIG. 5. Temperature dependence of the microwave dielec
constantemw of XPAN-ES and PAN-ES samples at low temper
ture (T<100 K!. The solid curves are guides to the eye.
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islands. AssumingtR}(j1VT), the IMSM predictsemw

}T2 for highly crystalline materials@samples A(i), B(i),
and C(i)], andemw}T for less crystalline materials@samples
D(i) and E#. This is in agreement with the low-temperatu
emw(T) data, and directly demonstrates the central role
processing-induced local order in developing the meta
state. Based upon the MBM,44 the increase inemw asT→0
implies that the size of the metallic islands~or localization
length,L) increases in accord with the x-ray diffraction r
sults. The expansion of the metallic regions with increas
temperature is consistent with the presence of more co
ently organized chains between metallic islands.

A logarithmic plot of the temperature dependent mic
wave conductivity,smw(T), of samples A–E forT<100 K,
is shown in Fig. 6. The slopes are.2.0, .2.1, and.2.4
S K cm21 for more ordered samples A(i), B(i), and C(i),
respectively, and;2.1 S K•cm21 for the least ordered
samples~sample E! showing that theT2 term dominates,
consistent with the IMSM. However, for sample E above
K and sample D above 15 K, the slopes are;2.3 and;3.0,
respectively. These values are larger than expected for
IMSM, and suggest that for poorly conducting samples a f
well ordered chains with largeV may make a large contri
bution to the observed temperature dependence of the m
wave conductivity.

The temperature dependence (<300 K! of the microwave
dielectric constant for the XPAN-ES and PAN-ES samp
are shown in Figs. 7 and 8 for orientations parallel and p
pendicular to the chain direction. The anisotropy in the m
crowave dielectric constant,emw(i)/emw('), at room tem-
perature is;10 for samples A, B, and C. The room
temperature value ofemw(i) dramatically increases from
;800 for the most disordered sample~E! to ;3.33104 for
the highest crystalline XPAN-ES. The room-temperature v
ues ofemw(i) for samples A, B, and E were confirmed usin
a microwave impedance bridge method. For example

FIG. 6. Temperature-dependent microwave conductiv
smw(T) of XPAN-ES and PAN-ES materials at low temperatu
(T<100 K!. The solid lines are curves for comparison with t
interrupted metallic strand model~IMSM!.
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sample B at room temperatureemw(i) was .23104 to 3
3104 from the X-band ~8.2–12.4 GHz! impedance bridge
experiments. As the crystallinity increases,emw(T) changes
from a power law to a nearly exponential temperature dep
dence.

The model of Ref. 46, which considers more than one h
at a finite frequency, has been used to interpretemw at high
temperatures (T roughly >100 K!. This theory predicts
emw}exp„T/T0@ ln(1/t't')#2

…, whereT0 is the slope of the
temperature-dependent dc conductivity,t' is the interchain
charge transfer integral, andt' is the interchain hopping
time. Because of the smallT0 in samples A(i), B(i), and
C(i), emw has an exponential temperature dependence. F
the inset in Fig. 7, which is the extended scale ofemw(T) for
T>200 K, the interchain hopping timet' is determined to
be ;10215 s for both samples A(i) and C(i), assumingt'
50.3 eV. It is noted that this value oft (10215 s! is the same
order ast determined in fitting the optical conductivity fo
the more localized charge carriers of camphorsulfonic-ac
doped polyaniline.22 However, in the lower crystalline
samples with largeT0, emw(T) can be approximated by
power law. The previous and present measurements
emw(T) for sample D(i) show aemw(T)}T2 behavior.29 The
exponential increase inemw(T) and its large positive value
(.104) at room temperature support the increase in size
the metallic regions and more coherent chain alignmen
the disordered regions. In less crystalline materials,
charge delocalization is not effective because the irreg
and high potential barriers interrupt the charge delocali
tion.

F. Electron paramagnetic resonance

In this section we report measurements of the EPR te
perature dependence for samples A and E, the highest~3.5
times stretched! and lowest~unstretched! crystalline samples,

y
FIG. 7. The comparison of microwave dielectric consta

emw(T) in the parallel direction for XPAN-ES and PAN-ES
samples. Inset: ln(emw) vs T for T>200 K; the linear regression
lines ~dashed lines! for samples A and C are shown for comparis
to t' of the model of Ref. 46.
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respectively. Theg values of both samples are;2.0032
from room temperature to 30 K. The susceptibility
samples A and E have been estimated from the E
integrated intensities calibrated against a CuIISO4 5H2O
standard, and are plotted in Fig. 9 asxT vs T. Assuming the
total susceptibility (x) is composed of a Pauli (xP) and Cu-
rie (xC5C/T where C is the Curie constant! component,
linear fits toxT ~Fig. 9, dashed lines! over the temperature
range for which the linewidth increases linearly withT ~20–
300 K for sample A, 150–300 K for sample E! give xP@A#
53.7731025 emu mol21, xP@E#51.231025 emu mol21,
C@A#50.0162 emu K mol21, and C@E#50.035 emu K
mol21. A molecular weight of 250.72 g mol21 is used cor-

FIG. 8. ~a! The comparison of microwave dielectric consta
emw(T) in the perpendicular direction for XPAN-ES samples.~b!
emw(T) in the parallel and perpendicular directions for doped 1
times stretched sample E.
-

responding to a two ring unit of PAN-ES, and includes
15-wt % NMP content. FromxP the average density of state
at the Fermi energy for the two samples is estimated to
N(eF)@A#51.17 states~eV per two-rings! 21 andN(eF)@E#
50.37 states~eV two-rings! 21. Similarly, the density of Cu-
rie spins is estimated to be 0.043 and 0.092 spins per t
rings for samples A and E, respectively.

In general EPR line shapes~i.e., linewidths! are deter-
mined by spin-spin~hyperfine, dipolar, etc.! interactions,
narrowing mechanisms~spin diffusion, rotation, and ex
change! and spin-lattice relaxation. In systems that do n
have complicated line shapes, i.e., homogeneously bro
ened~Lorentzian! lines, the spin-spin interactions and effec
of any narrowing mechanisms can be described in term
an effective spin-spin relaxation timeT2. For an EPR spec-
trum with a Lorentzian line shape, the half-width at ha
maximum linewidth can be written

DH5g21S 1

T2
1

1

2T1
D , ~23!

whereg is the gyromagnetic ratio andT1 is the spin-lattice
relaxation time.58 In conducting polymers the hyperfine an
dipolar broadening of a resonance will be limited by narro
ing due to spin diffusion.59 Thus increases in conductivit
will increase the effectiveness of spin diffusion to narrow t
EPR linewidth. This is reflected as a decrease inT2

21.
The conductivity at room temperature of sample A(i) is

roughly an order of magnitude larger than in sample E an
low temperatures roughly two orders of magnitude larg
Assuming the hyperfine and dipolar interactions in the
samples are the same, it follows that the 1/T2 contribution to
the total linewidth will be smaller in sample A than i
sample E. However, the experimental linewidths of sam
A are 3–8 times larger than those of sample E for the en

5

FIG. 9. Plots ofxT vs temperature for samples A and E, whe
x is estimated based on the EPR-integrated intensities referenc
a CuIISO4 5H2O standard. The dashed lines estimate the aver
slope over the temperatures range where the linewidth incre
linearly with T, ;20– 300 and;150– 300 K, for samples A and E
respectively.
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temperature range~Fig. 10!. Further, froms(T) the 1/T2
linewidth contribution for both samples should decrease w
increasing temperature. However, only in sample E be
150 K is the linewidth’s temperature dependence consis
with a 1/T2-dominated linewidth. In sample A above 40 K
and in sample E above 150 K, we observe a linewidth wh
increases roughly linearly with temperature consistent wit
(1/2T1)-dominated linewidth. In Fig. 10, the estimate
slopes ~dashed lines! of DH(T) are 7.731023 and 6.7
31024 G K 21 for samples A and E, respectively. The lin
shapes for both samples are Lorentzian consistent with
spin diffusion as opposed to lower-dimensional line sha
reported for lower conductivity polyaniline and polyanilin
derivatives.29,60,61

A possible explanation is that the faster relaxation tim
T1, in sample A relative to sample E, and its Lorentzian li
shape, may be explained in terms of spin-spin interac
between theconduction electronsof the metallic islands and
the localized spins oflocalized polaronsin the surrounding
disordered regions giving rise to added relaxation rou
Earlier coordinated magnetic and x-ray-diffraction stud
showed the localized states in the disordered regions of
tially crystalline HCl-doped polyaniline were primarily spin
less bipolarons.43 Therefore, in the higher crystalline mater
als, such as sample A, a few localized polarons in
disordered regions may dominate the magnetic relaxat
Thus a modest density of localized polarons~0.043 and
0.092 spins per two rings for samples A and E, respectiv!
would dominate the relaxation process in these mater
The dynamical properties for systems containing magn
ions in metals where localized spins and conduction e
trons interact via exchange have been studied in terms o
modified Bloch equations of motion proposed
Hasegawa.62 Assuming the isothermal limit,63 the effective
spin-lattice relaxation is roughly given by the Korringa r
laxation rate. ThusDH}N2(EF)T, whereN(EF) is the den-
sity of states at the Fermi energy, and the linewidth is
pected to increase linearly with temperature in this reg

FIG. 10. Plots of the half-width at half maximum linewidth v
temperature for samples A and E. The dashed lines are draw
emphasize the linear temperature dependence.
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consistent with Fig. 10. Further, using theN(EF)@A# and
N(EF)@E# values obtained from Fig. 9 andd(DH)/dT
}N2(EF), it follows that

dDH@A#

dT S dDH@E#

dT D 21

5S N~EF!@A#

N~EF!@E# D
2

;10. ~24!

This is roughly consistent with the ratio of the slopes
DH(T), obtained from Fig. 10, of

dDH@A#

dT S dDH@E#

dT D 21

511.5. ~25!

Summarizing the EPR study, the density of states a
density of Curie spins determined for samples A and E ar
agreement with the earlier studies showing metallic Pa
susceptibility in the ordered regions and predominantly sp
less bipolarons with occasional polarons in the disorde
doped polyanilines. At low temperatures (,40 K for sample
A and ,140 K for sample E!, T2 processes appear to dom
nate due to EPR linewidth narrowing with increasing te
perature. For higher temperatures a Korringa relaxat
mechanism between conduction electrons and localized
larons could account for the linear increase in linewidth w
increasing temperature and the anomalously larger linew
for the more conductive sample. Further, the known thr
dimensional delocalization of the conduction electrons19,25 is
in agreement with the Lorentzian line shape observed.

V. DISCUSSION

In this section, we discuss the mesoscopic metallic sta
of the highest crystalline HCl-doped polyanilines based up
the nature of the metallic states of the ordered~or metallic!
regions and the charge transport properties in the disord
regions. The x-ray-diffraction studies of Fig. 1 show th
these materials are structurally inhomogeneous. The m
of disorder required to describe the charge transport depe
upon the relative values of the temperature-dependent ch
delocalization length and of the temperature-independ
structural coherence lengths. Low-temperature meas
ments of the microwave dielectric constant show that
charge delocalization length is the same as the structura
herence length of the ‘‘crystalline’’ regions for all sample
studied here. In contrast, at ambient temperatures the ch
delocalization length is approximately one order of mag
tude larger~compare Tables I and IV! than the structural
coherence length. Therefore, at ambient temperatures the
localization length encompasses several ‘‘crystalline’’

to

TABLE IV. Room-temperature effective delocalization leng
Leff(RT) of XPAN-ES and PAN-ES samples determined fro
emw(RT).

Materials L i ,eff(RT) ~Å! L',eff(RT) ~Å!

A 1200 350
B 1200 330
C 880 300
D 300 120
E 210
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9578 57JOO, LONG, POUGET, OH, MacDIARMID, AND EPSTEIN
gions. Hence the role of inhomogeniety is central to the
havior of these materials.

The low-temperature microwave dielectric response
various crystalline polyaniline materials provides inform
tion about the intrinsic properties of the metallic~‘‘crystal-
line’’ ! regions. At low temperatures, the microwave diele
tric constant of each sample asymptotically approache
unique valueemw(T→0), which increases with increasingj
~Fig. 5!. Using Eq.~5! in the MBM and assumingL;j, the
plot of emw(T→0) vs j2 as shown in Fig. 11 yields the
density of statesN(EF); 1.23 states~eV two rings! 21. This
value is close to that obtained from this and earlier magn
studies.35,64 The fact thate i}j i

2 and e'}j'
2 with the same

proportionality constant demonstrates the 3D nature of
metallic state in the crystalline regions of XPAN-ES syste
That j;L shows that the metallic island size is directly r
lated to the crystalline domain length as temperature
proaches zero. This is in marked contrast to the smallemw
reported15,29 for the poly~o-toluidine! HCl-doped system
~POT-HCl! despite its apparent crystalline coherence leng
similar to those of PAN-ES. However, the structural dat65

demonstrate that there is substantial paracrystalline diso
within the POT-HCl ‘‘crystalline’’ regimes~due to two pos-
sible positions for the substituent methyl group!, substan-
tially reducing the coherence of the interchain interact
and hence substantially reducing conduction electron d
calization.

A positive ds/dT and positive dielectric constants in th
PAN-HCl and XPAN-HCl samples imply the presence
localization effects in these systems, similar to the beha
of amorphous semiconductors.17 However, conducting poly-
mers have a very different structural unit, i.e., 1D polym
chains, as compared to 3D bonding of amorphous semic
ductors. When polymer chains are coherently aligned, me
lic bundles are formed, and the electronic wave functions
three dimensionally delocalized in these metallic bundles
these regions, one can expect 3D metallic response as
traditional metals. From our study of charge transport a
function of crystallinity in polyaniline materials, the diso

FIG. 11. Plot ofemw(T→ 0! vs the square of crystalline cohe
encej2 for various XPAN-ES and PAN-ES samples. Thej'

2 is
assumed to bej'

a 3j'
b ~from Ref. 25!. Note that the lowest value o

the three points labeled E corresponds to unstretched material~from
Ref. 25!, while the next two higher points correspond to the 12
times stretched sample E in the perpendicular and parallel d
tions, respectively.
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dered regions between the metallic islands play an impor
role in the charge localization as ‘‘bottlenecks.’’ It is we
known that in a metallic chain the localization of carrie
arises even for weak disorder because of quantum inte
ence of static scattering.17 In contrast, if the disordered re
gions behaved as 3D homogeneously disordered mater
the Ioffe-Regel criterion66 would require a degree of disorde
such that the mean free path is comparable with the Fe
wavelength, i.e., small transport time. For standard met
this criterion corresponds to very strong disorder and he
very low sdc at room temperature. This mechanism is u
likely for the chain-structured conducting polymers.

The data presented here support that the localization
fects in the inhomogeneously disordered conducting po
mers originate from the 1D disordered chains in the dis
dered regions. A detailed description for 1D localizati
effects was presented in Ref. 19. If the degree of order in
disordered regions increases~representing the existence o
more ordered~larger radius of curvature! chains between the
metallic regions! the hopping contribution to the charg
transfer within the disordered regions with an active int
chain interaction is dominant as compared to direct tunne
between the metallic regions. The results of the high-elect
field-dependent conductivity of sample B„i.e., s(E)
5s0exp@(E/E0)

1/2#… and the existence of the anisotropy
sdc(i)/sdc(') andemw(i)/emw(') support the applicability
of the quasi-1D VRH model. It is pointed out that som
samples of PAN show nearly no spatial correlations in
disordered regions,67 leading to very short localization
lengths. This may account for the possible dominance
direct charging energy limited tunneling between the orde
regions33 in some samples.

The nearly exponential increase of the microwave diel
tric constant as temperature increases is accounted for b
model of Ref. 46, which emphasizes the importance
quasi-1D interchain interaction in anisotropic systems. T
value of T0 based on the quasi-1D VRH model becom
small, and the temperature dependence of the thermoele
power becomes metallic as the order increases. This supp
that the polymer chains in the disordered regions are m
aligned and contribute to the charge delocalization betw
the metallic islands.

The exponential increase ofemw with temperature for the
more crystalline samples A–C indicates that the charge
be easily delocalized through well-ordered polymer chai
The range of charge localization is no longer microscopic
those materials. The effective delocalization lengthLeff(RT)
using the room-temperature dielectric constant and the M
model is estimated assuming thatN(EF) is independent of
temperature~Table IV!. Leff(RT) on the order of;103 Å
represents a mesoscopic scale for charge delocalization.The
volume Vc of the crystalline region is estimated as;1.3
3105 Å 3 utilizing j i , j'

a , andj'
b in Table I. Using the 50%

crystallinity of sample A obtained from x-ray-diffraction ex
periments, the volume per crystallite surrounded by its d
ordered ‘‘shell’’ is approximatelyVt52Vc;2.63105 Å 3.
The volumeVd of delocalization at room temperature ca
also be calculated as;1.63108 Å 3 using L i ,eff(RT) and
L',eff(RT). The ratioA3 Vd /Vt is ;8, which implies that
charge delocalization extends over;8 metallic islands in
any direction assuming isotropic delocalization. Similar co
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clusions are obtained for samples B and C. However,
samples D and E,T0 is relatively large compared to sample
A–C, indicating increased disorder for the polymer cha
connecting metallic regions, and the metallic island size
smaller than that of samples A–C@i.e., the values of
emw(T→0) and j in samples D and E are smaller#. For
sample D, the crystallinity is;30% andVc.6.23104 Å 3.
The total volume of an average crystallite and its associa
disordered region (Vt5Vc/0.3) is ;2.13105 Å 3, and the
delocalization volume obtained is;4.33106 Å 3 using
Leff(RT). The ratioA3 Vd /Vt is smaller than three metallic
islands. This indicates that charges remain within the vicin
of one or two metallic islands due to the relatively small si
of the metallic islands and the presence of greater disorde
the disordered regions. The models for the anomal
sample and temperature-dependent thermopower and
susceptibility and linewidths agree with the model.

VI. SUMMARY

Physically cross-linked HCl-doped polyaniline system
are shown to be inhomogeneously disordered with cha
delocalization of the doped polyaniline structurally co
trolled by chemical processing. The three-dimensional ‘‘m
tallic islands’’ ~associated at low temperatures with cryst
line regions! are connected through the disordered polym
chains. The linear dependence ofemw(T→0) on j2 in both
parallel and perpendicular directions shows that the meta
state of crystalline regions in polyaniline has a 3D natu
and demonstrates the generality of the results for the var
or
s
s
is

ed

ty
e
r in
us
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s
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-
e-
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crystalline samples. As the size of the crystalline regio
increases and the chains in the disordered regions are m
aligned, the conductivity and microwave dielectric consta
increase, and the temperature dependence of the thermo
tric power approaches a nearly metallic behavior. Similar
the delocalized electrons affect the EPR linewidth throug
conduction-electron-localized polaron relaxation mechanis
The very large positiveemw of the highest crystalline mate
rials at room temperature is interpreted as the response
mesoscopic metallic state due to the relatively large effect
size of the ‘‘metallic islands’’ and the relatively easy charg
transfer through the well ordered chains in disordered
gions. The model of Ref. 46 was applied to account for t
exponential temperature dependence ofemw for the highest
crystalline materials at high temperatures. The quasi-
VRH model, emphasizing a nearest-neighbor chain hopp
was used to account for the charge transport mechanism
the disordered regions. Furthur improvements in structu
order would then lead to full delocalization of a~processing
dependent! fraction of conduction electrons.
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