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It is an open question if “metallic” polymers have one-dimensional or three-dimensional conduction
states. We investigate this issue by studying a model polymer, the HCl-doped emeraldine salt form of
oriented polyaniline (PAN-ES) through the temperature dependence of the dc conductivity, thermoelec-
tric power, complex microwave dielectric constant, electron paramagnetic resonance (EPR), and
electric-field dependence of conductivity. The thermopower, microwave dielectric constant, and EPR
data suggest that the electrons are three dimensionally delocalized. We propose that oriented PAN-ES
consists of coupled parallel chains that form “metallic” bundles. These bundles are the “crystalline” re-
gions of the polymer in which the electron wave functions are three dimensionally extended. This is in
contrast to conventional quasi-one-dimensional conductors (many ‘“metallic” charge-transfer salts) in
which conducting chains are essentially isolated. However, between bundles are the amorphous (less-
ordered) regions in which charge hopping dominates the macroscopic conductivity. The formation of
the “metallic” bundles is proposed to be the result of a significant charge-interchain-transfer rate inside
the crystalline regions. The implications of the results for the improvement of conductivity are ad-
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dressed.

I. INTRODUCTION

Disordered quasi-one-dimensional (quasi-1D) conduc-
tors have been extensively investigated in the past three
decades.!~® Among examples of the quasi-1D conductors
are various charge-transfer salts of tetracyanoquinodi-
methane (TCNQ). The common feature of these materi-
als, among others, is that electrons transport mainly
along one-dimensional chains, with resultant large aniso-
tropy of conductivities,"? (positive) dielectric con-
stants,>*  thermoelectric  powers,” and  optical
reflectance.”® In these materials “metallic” behaviors
were found only along the highly conducting axis. For
example, the low-temperature microwave dielectric con-
stant of tetrathiofulvalene TCNQ, or TTF TCNQ, was
found to on the order of 10° along the highly conducting
axis, while only approximately 6 in the transverse direc-
tion.* Metallic thermoelectric power>* and “Drude”
absorption’® only exist in the highly conducting direc-
tion. Therefore, these materials are believed to be com-
posed of many essentially isolated metallic chains and
electrons transport along the chains with interchain hop-
ping as a necessary secondary step.

Heavily doped conducting polymers are another class
of quasi-1D materials. It is generally assumed that elec-
trons are also transporting primarily along the polymer
chains’ and it has been observed that the conductivity,?
optical reflectance,” and magnetoconductivity'® of the
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oriented ‘“‘metallic” polymers are highly anisotropic.
Models based on the assumption that each polymer chain
is an isolated one-dimensional conductor have been pro-
posed to account for many experimental observations'!
while the important role of interchain charge motion has
been noted.?

However, it is still not clear if these metallic polymers
are 1D conductors. There are two intrinsic phenomena
associated with a one-dimensional system. One is the
electron localization in a strictly 1D-disordered system
with any weak disorder.>!> This phenomenon plays an
important role in many 1D conductors, including some
TCNQ salts.® Since there is extensive disorder and large
amounts of dopants or impurities in the polymers, 1D lo-
calization is expected to have dramatic impact. This,
however, is not the case for some conducting polymers.
For example, doped polyacetylene has conductivity as
high as ~10°> S/cm, close to that of copper at room tem-
perature.® 416 The electron states are obviously extend-
ed since the mean free path /; of electrons is estimated to
be as long as 600 A,%1%16 a4 well-defined extended state.
Another phenomenon is the Peierls instability at low tem-
peratures;! a one-dimensional system is not stable against
periodic lattice distortion which opens a gap, known as
“Peierls gap,” at the Fermi energy at low temperatures.
The 1D system thus becomes an insulator.! This is the
case for many TCNQ salts and other similar one-
dimensional conductors.”? For some charge-transfer
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salts there is sufficient 3D coupling to suppress the
Peierls transition and even stabilize a superconducting
state.! In contrast to the TCNQ and similar quasi-1D
charge-transfer salts, the metallic state of conducting po-
lymers seems stable at any temperature. Experiments
have been performed to as low as 10 mK for doped po-
lyacetylene without observing any Peierls instability.® !
Thus Kivelson and Heeger suggested, among other
things, that the interchain coupling could be important
for heavily doped polyacetylene in suppressing the Peierls
instability and avoiding the 1D localization.!® Javadi
et al. further pointed out, based on their magnetoresis-
tance studies, that 3D metallic states may be formed in
metallic polyacetylene.! Others proposed that polyace-
tylene fibrils observed by electron microscopic are the
“metallic” conductors based on which they analyzed the
transport data of polyacetylene.!” However, these sug-
gestions are principally conjectures. Until now experi-
mental studies of conducting polymers have been inade-
quate to determine the dimensionality of their conducting
states with results being ambiguous even for
(CH),.”"'214-18 Detailed studies of the anisotropy of the
conducting polymers are essential to the determination of
the dimensionality of the conducting states and hence the
origin of their high conductivity as well as the mecha-
nism for stabilization of their ‘“metallic” states.

In this paper we present the transport and magnetic
studies of one model “metallic’ conducting polymer, the
HCl-doped emeraldine salt form of oriented polyaniline
(PAN-ES), including temperature dependence of its dc
conductivity, microwave frequency conductivity and
dielectric constant, thermoelectric power, electric-field
dependence of conductivity, and electron paramagnetic
resonance (EPR). Some results have been briefly reported
previously.!®

Polyaniline is selected as a model system because (1) it
is stable in both pristine emeraldine base (PAN-EB) and
fully doped emeraldine salt (PAN-ES) forms; (2) the
relevant polyaniline chemistry for doping is understood.?
The conclusions we draw from study of the polyaniline
system are general and likely applicable to other metallic
polymers. PAN-ES itself is a controversial polymer with
respect to the nature of its electron states (metallic or lo-
calized).?! Based on earlier transport and magnetic stud-
ies of PAN-ES which showed thermopower S(T)x T,
conductivity o(T)xexp[ —(T,/T)'”?], and linearly in-
creasing Pauli-like susceptibility with doping concentra-
tion, PAN-ES was proposed to be a (3D) granular met-
al.22 However, Lundberg, Salaneck, and Lundstrom sug-
gested,? from the electric-field and pressure dependences
of conductivity, that the electron states in PAN-ES are
localized and that the conductivity is due to quasi-1D
variable-range hopping (VRH). Wudl et al. considered?
PAN-ES as a Fermi glass system motivated by its rela-
tively high-Curie spin concentration. A more detailed
study was performed by Mizoguchi, Nechtschein, and
co-workers utilizing frequency-dependent EPR and
NMR measurements of PAN-ES.?’ They found, on the
one hand, that the intrachain spin diffusion rate of PAN-
ES is independent of doping concentration. This they
considered in terms of a granular metal model, although
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they proposed that the metallic grains are isolated “single
conducting chains.” On the other hand, the value of in-
trachain diffusion rates is too low to be metallic at all.
Therefore, it is still an open question whether the conduc-
tion states of PAN-ES are metallic or localized.

We propose that oriented PAN-ES represents a class of
quasi-1D disordered conductors consisting of bundles of
well-coupled chains in which electron states are three-
dimensionally (3D) extended, different from conventional
1D conductors which consist of essentially isolated
chains.!~¢ These 3D metallic bundles correspond to crys-
talline (or more ordered) regions of the polymer?® and are
separated from one another by the amorphous (or less-
ordered) regions (more than 50% of samples is amor-
phous) of the polymer. The data suggest that the macro-
scopic conductivity of PAN-ES is dominated by quasi-1D
VRH (Refs. 28-30) either in the amorphous regions or
between the bundles. Compared with the properties of
polyaniline derivative, poly(o-toluidine), where interchain
coupling and coherence are suppressed,?® it is demon-
strated that the interchain coupling is a key factor in the
formation of true metallic polymers. Our experimental
results contradict the single conducting chain models.?
The results also suggest that the improvement of inter-
chain coupling is an important strategy to achieve high
conductivity.

This paper is organized as follows: In Sec. II, relevant
theoretical models are briefly reviewed. The experimen-
tal techniques and results are presented in Sec. III, fol-
lowed by discussion of the results in Sec. IV. Finally, we
conclude our studies in Sec. V.

II. THEORETICAL BACKGROUND

A. 1D localization versus 3D delocalization

It is well known that electron states in a strictly one-
dimensional disordered system (1D-DS) are localized
with any weak disorder.»* The physical reason for the
localization originates from the interference of
backward-scattered electron wave functions with
forward-electron wave functions forming standing waves
and hence localizing the electron states.

The situation for a quasi-one-dimensional disordered
system (quasi-1D-DS), where electrons can transfer be-
tween the chains, may be quite different. If the electrons
can move off the chain before they encounter impurities,
the electrons can effectively avoid backward scattering
and hence become delocalized. In this case the electrons
can transport three dimensionally in the systems.

The interchain transfer rate is a very important param-
eter in controlling the electron localization in a quasi-
1D-DS. Assuming the mean free time of an electron
moving along a chain is 7 and the interchain transfer rate
is w, the condition for an electron to avoid 1D localiza-
tion is approximately w >1/27 (see below). Therefore,
there exists a threshold value of w, w, ~1/7, above which
(w > w, ) electron states are extended three dimensionally,
below which (w <w,) they are localized to a single chain.

The interchain transfer rate w is a function of the fol-
lowing parameters: interchain exchange integral ¢, T,
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and interchain mean free time 7,. The rigorous relation-
ship between w and these parameters depends on whether
the interchain transfer is coherent or not. Let us consider
a simple model. Assuming all the chains are perfectly
packed with the principal axis along the z direction and
tetragonal in the perpendicular (x,y) directions, the
dispersion relation can be written as

E(k)=E(k,)+2tycos(k,c) ,
E(k )=2t cos(k.,a)+2t cos(k,b),

(1)

where E is the electron energy, ¢,(¢,) is the in-chain (in-
terchain) transfer integral, (a, b, c¢) and (k,, ky, k,) are
lattice constants and wave vectors in the x, y, z direc-
tions. The electron transverse velocity, say v,, is then
given by

b= dfk(f’ - 22“ sin(k,a) . )
For a half-filled band, k, =7 /a and we obtain
2t a
V= (3)
The mean free path /; is then
2t 7
L=v, 7= PR 4)

If I;>a, the electron can move from one chain to its
nearest-neighboring chains without being scattered; the
interchain motion is coherent. On the other hand, if
I; <a, the interchain motion is incoherent. So 2t T=*# is
the boundary between coherent and incoherent inter-
chain transfer. A similar conclusion has been reached by
Jerome and Schulz.! For coherent motion, the interchain
transfer rate w is

w=v,/a=2t /% . (5)
For incoherent motion (diffusion)
w=D,a*=lv, /a’*=4t}r/#, (6)

where D, is the perpendicular diffusion coefficient.

Let us now consider the condition for 3D delocaliza-
tion. The electrons moving along a chain will be scat-
tered in time 7 and move back to the initial position in
time 27. In this period if the electrons are still on this
chain, forward and backward electron waves will inter-
fere and localize the electrons. Therefore, the approxi-
mate condition for 3D delocalization is

w>%. (7)

For coherent interchain motion, we get by inserting Eq.
(5) into Eq. (7)

t, 7>#%/4=0.25% . (8)
For incoherent motion, the condition becomes
t,7>%/232=0.35% . 9)

We can see that the 3D delocalization condition is more
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easily fulfilled for coherent interchain motion.

If the polymer chain packing is not perfect, interchain
disorder will reduce w and hence probably localize the
electron wave functions. Assuming interchain mean free
time 7,, we obtain

4ei7
= p
where (/)" 1=(7)"1+(r) "L

A more realistic model for a heterogeneous system like
the polyaniline emeraldine hydrochloride polymer is N
coupled chains packed into a bundle. The bundles could
be the polymer fibers or crystalline regions of the poly-
mers in which chains are well ordered. This system has
been studied by Firsov and co-workers theoretically.'?
Their main conclusions are (1) the transverse energy spec-
trum for interchain motion is discrete: (2) when w >w,,
there exists a “zero mode” state (ground state) which cor-
responds to a homogeneous distribution of electron wave
functions over the N chains. The interchain localization
length becomes L, ~Na and the in-chain localization
length will be enhanced such that L~ NI where [ is the

localization length for a strictly 1D chain. A state is
called 3D metallic state if L, >>a and L >>c. This 3D
anisotropic metallic state is similar to the states in thin
metallic wires where Thouless localization plays an essen-
tial role.’!

w ) (10)

B. Transport properties of quasi-1D
disordered systems

For 1D localized states, e.g., w <w,, charge transport
is dominated by quasi-1D VRH at low temperatures.?$-%
For weak interchain coupling where only the nearest-
neighbor chain hopping is considered, interchain conduc-
tivity is determined by

o,=0o.exp[—(Ty/T)?], (11

where kzT,=16/L N(Ep)z [N(Eg) is the density of
states at the Fermi energy E for both signs of spin and z
is the number of nearest-neighbor chains]. The in-chain
hopping is dominated by the most difficult nearest-
neighbor hop which results in a conductivity of the form
o,~exp(—T,/T). However, since the pure in-chain
motion is more difficult, interchain motion around the
most difficult barriers is expected to dominate the tem-
perature dependence of the macroscopic conductivity.
Hence the macroscopic o is expected to also have the
temperature dependence of o, ~exp[—(T,/T)'/?], with
some differences in the T, for o and o,. Note that Eq.
(11) could be applied to the interbundle quasi-1D VRH if
the metallic bundles are formed (e.g., w >w,), since a
bundle may be considered as a large-scale chain.

The hopping conductivity is expected to depend on
electric field F. At moderate electric field eRF~kgT
(Ref. 29) where R is the hopping distance, we have

o(F)«exp(eRF /kyT) . (12)

If F is in the chain direction and R is the most probable



45 TRANSPORT AND EPR STUDIES OF POLYANILINE: A ...

hopping distance in the presence of interchain hopping,

then?®

172

r=t
I 4

T,

T (13)

If F is perpendicular to the chain direction, R =a for the
hopping to the nearest-neighboring chains or R =L for
nearest interbundle hopping. At higher F (eRF>>kyT),
the electric-field dependence of o(F) is not thermally ac-
tivated and o ~exp[ —(F,/F)!/?] for quasi-lD VRH
where F, is a constant.

The thermoelectric power S in the 3D metallic states is
proportional to T/Ey [S(T)x<T/Er]. However, in the
localized states, the conduction is due to charge hopping
and S (T) is determined by?®%

kg w2 | d w?

S(T)sz dElnf(E)g(E),u(E) EF“T, (14)

where W is the range of energy contributing to the con-
duction, f(E) is the distribution function, and u(E) is the
mobility. According to Mott and Davis,?® W is assumed
to be the hopping energy. For the interchain hopping in
quasi-1D VRH, W ~kg(T,T)"/? (Ref. 28) and thus

S(T), <(TyT)/T ~const , (15)
and for the intrachain hopping, W ~ kz Ty =const so that
S(T)y«=1/T . (16)

The total thermopower is contributed by both inter-
chain and intrachain hopping so that the T dependence is

S(T)=S,+B/T, (17)

where S, and B are only weakly T dependent.

The dielectric constant € is a parameter sensitive to lo-
calization. In general € < N(E;)L?% If the metallic bun-
dles are modeled by a rectangular box of side lengths L;,
we obtain a more accurate formula™

29/2
€,=€,,+=5e’N(Ep)L}, (18)
T

where ¢; , is from anisotropic core polarization. In prin-
ciple, this formula can be applied at any temperature.

C. EPR properties of quasi-1D spin diffusion

EPR is a powerful probe of spin localization and
dimensionality. One can get the information through the
measurement of susceptibility, g factor, linewidth, and
line shape. The EPR linewidth is determined by spin-
spin relaxation time (7T,). There are several relaxation
processes which cause the shortening of T, and hence the
broadening of an EPR line. One of them is the spin-
lattice relaxation, which shortens the lifetime of a spin
state and broadens the line. The spin-lattice relaxation is
characterized by a time T,. If we, represent all the other
relaxation processes by a time T, we can write AH, @
the half linewidth of a Lorentzian line at half power, as 3
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1,
T, 2T,

1 _
AH, ,=y '—=y7!
172 T,

) (19)

where y =ge /2mc ~1.7588 X 107 (Hz/G) is the gyromag-
netic ratio.

For an isolated spin, there are mainly two contribu-
tions to 1/T%: spin dipole-dipole interaction w;=yHj,
where

H2=5.1(gugn)’S(S +1) (20)
and hyperfine interaction w, =y H, where
H,=1A4(I+1). @1

Here g is the g factor, up is the Bohr magneton, n is the
spin concentration, A is the hyperfine constant, and I is
the nuclear spin.>* However, if the spin is movable or
there exists exchange interaction w, =y H, between the
spins, the lines will be narrowed (motional narrowing or
exchange narrowing) such that?*’
10,2 + 2
1Ty =224 22)

e

if w, >wy,0,.

The EPR line shape due to dipole or hyperfine
broadening is normally Gaussian. The spin motion or ex-
change will alter the EPR line shape. For a 3D motion
or exchange, the line shape becomes close to Lorentzian
shape, corresponding to an exponential decay of trans-
verse magnetization with time ¢, ®(z)~exp(—nt); for a
1D spin motion, ®(t)~exp[ —(Bt)3/?].36 Here 1 and B
are constants. For a quasi-1D spin motion, we have*®

D(t)=exp[ —¢(2)],

2
¢(z)zﬁ\wz/zc) , (23)

t/tc
West)= [ Le/t)—xlx
Xexp(—4x32)I3(2x3?)dx ,

where (w?) is the second moment of an un-narrowed
line, J' is the spin interchain coupling, I, is the modified
zero-order Bessel function, and ¢~ ! is the interchain hop-
ping rate®®

t7 ' =TIV 24)

Here J is the spin in-chain coupling. The function
W(y)~y3/? when y <<1 and ¥(y)~y when y >>1. If the
interchain coupling is weak, i.e., (J'/#)? <<{w?), ®(t)
will decay very rapidly and become negligibly small by
the time ¢/z, ~1. In this case ®(¢)~exp[—(Bt)*"?], re-
sulting in a 1D spin-diffusion EPR line shape. On the
other hand, if interchain coupling is significant, there is
considerable contribution from long-time decay, i.e.,
when ¢ /t. > 1. Hence ®(t)~exp(—nt), resulting in a 3D
spin diffusion EPR line shape. Figure 1 shows how the
line shape depends on the ratio R =(J' /#%){w?)!/%

It is noted that the above approach is based on the as-
sumption J/#>>(w?)!? so that in-chain motion is
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FIG. 1. Theoretical EPR line shapes for quasi-1D spin

diffusion with R =(J'/#){@?)'/?=0, 1, and 10. The 3D spin
diffusion gives Lorentzian line shape (L) and localized spin
gives Gaussian line shape (G).

coherent. Were it not satisfied, the EPR line shape would
deviate from the Lorentzian line shape in the wings and
approach a Gaussian distribution. Thus the depletion
from Lorentzian line shape at wings may not necessarily
indicate the quasi-one-dimensionality of spin diffusion.

III. EXPERIMENTAL METHODS AND RESULTS

The emeraldine base of polyaniline (PAN-EB) (Fig. 2)
was prepared by chemical meansm and cast into films
from N-methly-2-pyrrolidinone.’” The films are partially
crystalline with coherence lengths up to a maximum of
~50 A.2® The crystalline percentage varies from a few to
a few tens percent. The films were stretched up to
1/1,=4 through a uniaxial web stretching device where it
contacts two heated rollers.” The stretching takes place
at the first roller, which is set at 148 °C. Upon stretching,
crystalline coherence length increases up to approximate-
ly as high as 100 A in the longitudinal direction and

WegeNeogol]

FIG. 2. Schematic structure of (a) emeraldine base form of
polyaniline (PAN-EB), and (b) fully doped emeraldine salt form
of polyaniline in the polaron lattice state (PAN-ES).
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remains approximately the same in the transverse direc-
tion.?® The crystalline percentage increases somewhat,
varying from sample to sample up to 50%. The bulk
density is about 1.0 g/cm? for unoriented PAN-EB films
and 0.9 g/cm’ for 1:4 stretched films, compared with 1.34
g/cm® obtained by flotation techniques. Note that this
latter value is approximately the same as the calculated
value from crystal structure. Thus the compactness of
the films is roughly 0.7+0.1 depending on the stretching
ratios. The free-standing films were doped approximately
o [CI]/[N]=0.124+0.05, 0.37%0.03, and 0.49+0.02 by
equilibrating with HCI solution of pH=2.5, 1.5, and 0.0,
respectively, for 48 h (Ref. 38) and subsequently drying
under dynamic vacuum for one day. The crystalline per-
centage slightly decreases and the coherence length shor-
tens (20-25 A) upon doping.?®

A. dc conductivity

The four-probe conductivities o 4.(T) for 1:4 stretched
samples at different doping levels are plotted in Fig. 3.
The room-temperature values of o are sensitive to the
moisture concentration and can vary by a factor of 5-10.
The highest o value for 1:4 stretched samples (un-
pumped) is 400 S/cm. The temperature dependence of
o(T),

04(T) xexp[ —(Toy/T)V?], (25)

is the best fit to the data for samples at all of the doping
levels. We can easily distinguish the exponent 1 from 1
or ; using o4, data within the temperature range of the
experiment (30-300 K). The values of T, decrease as the
doping levels increase and are slightly different for paral-

e e I B B N

10 | -
10°
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10-°

Y
o)
107 o%b‘.‘b

%

1051 5 —
OO
|

o (S/cm)

ol 1 1 L1 1
0.04 006 008 010 0.2 014 016 0.18 020

T/3(K'/%)

FIG. 3. Temperature dependence of dc conductivity of
x =[Cl]/[N] 0.12 (0), 0.37 (+), and 0.50 (@) doped 1:4
stretched PAN-ES (HC)) films in the directions parallel and per-
pendicular to the stretching axis. The samples have been
pumped overnight before the experiments.
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lel and perpendicular directions at the same doping levels
(Fig. 3). They decrease with increasing moisture concen-
tration.”’ The values of T, for vacuum-dried samples are
listed in Table I.

B. Thermoelectric power

The thermopower was measured using a modification
of the technique of Chaiken and Kwak,?®3 in which a
temperature difference of typically no more than 1 K is
applied across the sample. In general the dc conductivi-
ties, thermopower, and electric-field-dependent conduc-
tivity were measured on the same sample bath.

The thermoelectric power S(T) of PAN-ES (x =0.50)
for different stretching ratios (1:4, 1:3, and 1:1) is shown
in Fig. 4. All the data show aspects of a “U-shaped” or
partially U-shaped T dependence. This feature is
preserved for all the polyaniline derivatives as well. In
Fig. 5 we compare S (T) of unoriented PAN-ES with that
of the derivative POT-ES [poly(o-toluidine) salt]*® and
SPAN (sulfonated polyaniline).** These U-shaped curves
show different shifts in the y axis, reflecting a constant
contribution to S(7T) for all the polymers. Though it
varies for different polymers and different stretching ra-
tios, this constant contribution (represented by S;) is al-
ways more negative for S, the transverse component of
S(T), compared with that of S|, the parallel component
of S(T).

At high temperatures, S(7T) of PAN-ES is approxi-
mately proportional to T, i.e., S(T)=CT except for the
additional constant S,. Note that S, is negative for all
samples. The proportionality coefficient C is positive and
independent of orientation and stretching ratios of sam-
ples. This feature reveals itself more rigorously at lower
doping levels as shown in Figs. 6 and 7. We can see that
S(T)=CT and C is essentially the same for both parallel
and perpendicular directions. However C is increased as
doping levels decrease, as shown in Figs. 4, 6, and 7. For
one of the derivatives of polyaniline, poly(2-ethoxy-
aniline) (PEA-ES), the slope increases with increase of
stretching in contrast to the behavior of PAN-ES.*!

At lower temperatures, the relation S(7)=S,+B /T is
followed by all of the samples. In Fig. 8 the values of
S(T) for both POT-ES and SPAN are replotted versus
1/T. From Fig. 8 we can see that B is positive and S, is
negative as is mentioned previously.

The minimum of the U-shaped curve occurs at
different temperatures for different samples. For PAN-
ES, it occurs below 100 K for SN and between 100 and
200 K for S|, depending on the degree of orientation.
For polyaniline’s derivatives, it often takes place between
250 and 300 K.

The T dependence of S is then expressed approximate-
ly as

TABLE 1. Dependence of T, (K) on doping levels for con-
ductivity parallel and perpendicular to the stretching direction.

Doping 0.12 0.37 0.49
Ty, || 19 000 6000 4300
To, L1 21400 8300 5200
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FIG. 4. Comparison of temperature dependence of ther-
moelectric power of PAN-ES (x =0.50) at stretching ratios 1:4
(0), 1:3(V), and 1:1 (O).

S(T)=S,+B/T+CT , (26)

with Sy, B, and C only weakly T dependent. Though this
formula represents a general feature of S(7T), we found
that the transition from S(T)<T to S(T)x1/T is
sharper than the simple summation of the two terms.
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g 0} |
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e (e}
3 SPAN O 0 o
@
-10 1 I 1 1 ® e |
0 50 100 150 200 250 300 350
T (K)

FIG. 5. Thermoelectric power of PAN-ES (x =0.50) (D),
POT-ES (x =0.50) (O), and SPAN (0). All the samples are
unoriented.



4196

25 T T T T T |

9 n
m] o B
\ 20 + DDD
>
3 vl .
~ 15 [m] —
o
o o
(w]

10 - a” .
: e ,
o) &DDDDD vV
0 v¥

5 - _
: v
~ v
] vgv
L 0F Wogoww v =
B

-5 | | l l l |

0 50 100 150 200 250 300 350

T (K)

FIG. 6. Thermoelectric power of PAN-ES at x =0.37 doping
level. Sample is 1:4 stretched.

C. Microwave dielectric constant

A cavity perturbation technique is used for the mi-
crowave dielectric constant € and conductivity o ,,, mea-
surement.*>** The values of € and o,,, can be obtained
by measuring the sample induced-cavity resonance fre-
quency shift 8=(f —f,)/f, and loss A=(F —F,)/F,
where f and F (f, and F,) are resonance frequency and
linewidth at half power with (without) a sample. The €
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FIG. 7. Thermoelectric power of PAN-ES at x =0. 12 doping
level. Sample is 1:3 stretched.
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FIG. 8. Thermoelectric power of POT-ES (x =0.50) (O) and
SPAN (0O) doping as function of 1/T where T is the tempera-
ture.

and o, can then be evaluated such that

8(a/N —8)—(A/2)?
(A/22+(a/N —8)?

5 A/2
(A/22+(a/N —8)?

and o0, =weye" (o is the angular frequency and ¢, is the
vacuum dielectric constant) where « is the filling factor
and N is the depolarization factor.*>*3

The values of € at the zero-temperature limit for
x =0.50-doped PAN-ES with different stretching ratios
are shown in Fig. 9. The error bars account for uncer-
tainties in geometric factors and compactness of the sam-
ples. The values of ¢, (parallel component of €) increase
significantly with stretching ratios. For 1:4 stretched
samples, anomalously large €, (~1500+500 at 295 K and
~100£10 at T—0) was obtained (Fig. 10). However,
the low-temperature values of €, (perpendicular com-
ponent of €) are approximately equal to 26, independent
of stretching ratios within the experimental uncertainties.

Both €, and €, increase with temperature as shown in
Fig. 10. The temperature dependence of € is approxi-
mately represented by

€(T)~e(0)+KT?, (28)

where the coefficient K ~1.4X107%K ~?) for €, and
K, ~2.0X1073(K ~?) for €.

€—1=1/N
(27)

€'=a/N

D. Electric-field dependence of conductivity

A high electric field is applied to the samples by a pulse
generator with a maximum voltage of 100 V. Both two-
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probe and four-probe techniques are used in the measure-
ments.* In the two-probe measurement, a sandwich
configuration is adopted. The typical electric-field depen-
dence of PAN-ES is shown in Fig. 11. The film has a
thickness of 20 um and, hence, the electric field is as high
as 10* V/cm. We can see that the electric-field depen-
dence of conductivity roughly follows Eq. (12) and R in-
creases with a decrease of the temperature.
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FIG. 10. Temperature dependence of the dielectric constant
for a 1:4 stretched sample in the electric field F parallel (<) and
perpendicular (O) to the stretching direction. Sample is doped
to x =0.50.
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FIG. 11. Electric-field dependence of conductivity o(F) at
temperature 13.5 K (0) and 16 K (I>) by two-probe technique.
A sandwich configuration is used and the field is perpendicular
to the plane. The sample is 1:4 stretched PAN-ES at x =0.50
doping level.

Since contact resistance and space-charge limited injec-
tion may play a role in o(F) in the two-probe measure-
ment, we also employed a 4-probe technique. In this case
two gold electrodes were coated on both sides of the sam-
ples with a narrow gap in between. The current was ap-
plied through the two electrodes on one side and voltage
was measured between the two electrode on other side.
The results for 1:4 stretched samples are plotted in Fig.
12. The relation Eq. (12) still holds. When the electric
field is in parallel to the stretching direction, the electric-
field dependence of o is stronger than that for the per-
pendiculag direction, i.e.o, R|| >R,. At 25 K, we obtain
R, =110 A and R =20 A by fitting the data to Eq. (12).

E. Electron paramagnetic resonance

Electron paramagnetic resonance (EPR) has been per-
formed on unoriented PAN-ES. The EPR peak-to-peak
linewidth AH , varies from 0.29 to 0.6 G at room tem-
perature, depending on oxygen concentration. Its T
dependence is presented®’ in Fig. 13. At high tempera-
tures (T > 100-200 K), AH pp & T. At low temperatures,
however, AH op increases while T decreases. A minimum
occurs between 100 and 200 K, depending on the oxygen
concentration. There is a sudden decrease of AH, at
~10 K. However, this drop, though it occurs quite
often, is not reproducible.

The spin-lattice relaxation time T'; is measured by sat-
uration methods. Assuming homogeneous broadening
with an EPR line shape I(v) [ [I(f)df =1], the EPR
absorption signal Y (single integral) is given by*®
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FIG. 13. EPR peak-to-peak linewidth of unoriented PAN-ES
(x =0.50) as a function of temperature [P. Vaca et al. (unpub-
lished)].
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where H,=KP'!/? and P is the microwave power. The
coefficient K is obtained by measuring the microwave fre-
quency shift (f,— f) induced by a metallic sphere with
radius a according to*’

=5 10

Hi=
: f5  wAval

P=0.628P , (30

where mks units are used except for H, (in G) and Av is
unloaded full half-power width of the EPR cavity.

The EPR saturation results for one sample with AH
(295 K)=0.58 G is shown in Fig. 14. The linear relation
indicates that EPR line broadening is homogeneous.
From the slope we obtain T,(295 K)=0.98X 1077 sec
and T,(10 K)=2.2X 107" sec.

The EPR low-temperature line shapes of PAN-ES and
of POT-ES are analyzed in Fig. 15. Here the y axis is the
reciprocal intensity (single integral of EPR derivative sig-
nal) normalized to its central value and the x axis is the
square of the static magnetic field measured from the
center of the EPR line and normalized to the half-power
linewidth. It is seen that the line shape of PAN-ES is
very close to a Lorentzian shape while that of POT-ES is
close to a 1D line shape.

IV. DISCUSSION

The temperature and electric-field dependence of con-
ductivity (Figs. 3, 11, and 12) suggest that the quasi-1D
VRH model?®~*° may be a proper model for charge con-
duction. The relation o(T)~exp[ —(T,/T)"/?] suggests
the relevance of three models: quasi-1D variable-range
hopping between the nearest-neighboring chains,?®*

3.0 T T T T T
B .
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g 25} i
]
. n
a
~
L0} . .
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® [ ]
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D5 b . i
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n »
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AN o
N [ ]
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0.5 ! I ! | I
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1

FIG. 14. The saturation dependence of the EPR signals at 10
and 295 K for unoriented PAN-ES (x =0.50). The slope is pro-
portional to T',.
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FIG. 15. Analysis of EPR line shapes of PAN-ES and POT-
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shapes for quasi-1D diffusion.

hopping in granular metals,’>*® and 3D VRH with the
presence of a Coulomb gap at Fermi level.** The last
model is unlikely to be relevant due to the presence of
finite density states at Fermi energy’®*® and the T-
dependent thermopower.?® The electric-field dependence

o(F)xexp(—eRF /kyT) favors the quasi-1D VRH mod-
el [Eq. (12)]; granular metal systems show the electric-
field dependence o (F) < exp(—F,/F).** From T0=5000
K and N(Ef)=1.6 states per eV per 2 rings,® we esti-
mate le— 50 A. This is similar to crystalline coherence
length,? mdlcatmg that electrons are delocalized within
the crystalline regions. From Eq. (12) we estimate a hop-
ping distance R ;=110 A at 25 K. This is self-consistent
with the most probable hopping distance from Eq. (13)
where R =(L /4)(Ty/T)?=130 A, supporting quasi-
1D VRH as a proper model for charge conduction. The
transverse o (F) data give R | =20 A. This value is much
larger than the interchain separation (3.5-5 A), probably
due to the contribution from misaligned chains. It may
also suggest that the effective 1D unit is not a single poly-
mer chain but a bundle of polymer chains with effective
transverse dimension on the order of 20 A.

The thermopower data (Figs. 4-7) support the above
analyses and further suggest that there exist three-
dimensional metallic regions in the samples. First we
note that thermopower data of PAN-ES and its deriva-
tive [POT-ES (Ref. 28)] and SPAN (Ref. 40)] are similar
(Fig. 5) and that the relation S(T)=S,+B /T is followed
by the polyaniline’s derivatives, where .S, is always nega-
tive and B /T is always positive?®* (Fig. 8). This behavior
is in accordance with quasi-1D VRH [Eq. (17)]. The
similarity of S(7T) between PAN-ES and its derivatives
leads us to apply the expression S(7T)=S,+B /T to the
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thermopower of PAN-ES at low temperatures. Although
the temperature range is too small for this application to
be unambiguous, this is supported by the following con-
sideration. Since S;<0 and B/T >0 are contributions
from interchain and intrachain VRH, respectively [Eqgs.
(15) and (16)], it is expected that S| is more negative than
S|, as confirmed by the experiment (Fig. 4). Also, it is
noted that S| should not contain a 1/T term which is due
to the intrachain quasi-1D VRH. Thus, one expects that
the 1/T contribution to S, at low T should decrease as
the degree of orientation increases. This is in accordance
with a comparison of S(T), of 1:3 and 1:4 stretched poly-
mers (Fig. 4). For the higher temperatures, S(7) « T ex-
cept for a constant. This constant component indicates
interchain hopping still plays a role in the conduction. It
is well known that S(7T)x T /E for free electrons. For
the high-T regime, since the linear T dependence is in-
dependent of orientation, we propose that this is due to
the contribution of nearly-free-electrons transporting in
3D “metallic” regions of the polymer. The decrease of
the linear slope of S(7T) vs T with the doping level may
reflect effective medium effects>* as well as the change in
the PAN-ES unit cell with doping affecting the E. and
1D localization length. In contrast to PAN-ES, the slope
of oriented PEA-ES strongly depends on the orientation
degree, a signature of one dimensionality. In summary,
S(T) can be decomposed into three components: a nega-
tive constant due to interchain quasi-1D VRH, a positive
component < 1/T due to intrachain 1D VRH, and a pos-
itive component « T due to free charge carriers in 3D
“metallic” regions. The first two components are likely
contributed from amorphous regions.

The dielectric constant data support the existence of
these 3D metallic regions. It is noted that giant dielectric
constants were also observed in many TCNQ salts* (along
the highly conducting axis) and IrCls-doped polyace-
tylene.’! The major difference between PAN-ES and
TCNQ salts is that PAN-ES has a much larger transverse
dielectric constant €, (=~26; see Fig. 9) at low T (for
TTF-TCNQ, €,=6). Since €, is independent of stretch-
ing ratio, it is unlikely to be due to the contribution of
misaligned chains. Also, the mosaic spread of 1:4
stretched polymer chains is +7° for crystalline regions,?®
too small to account for the observed €,. We thus suggest
that €, is mainly due to the transverse polarization of
electrons. Four origins were proposed for large €, in
TCNQ salts: pinned charge-density-wave (CDW)
states,’? small single electron bandgaps,* (quasi-1D) con-
ductors with large localization lengths,>** and the pres-
ence of mobile charge bipolarons.>> The T dependence of
o, the susceptibility,’®® and the optical absorption spec-
tra>’ do not support the existence of band gaps, CDW, or
mobile bipolaron states in PAN-ES. Assuming that the
large €, is the signature of a conductor with large locali-
zation lengths, the relatively large €, in PAN-ES supports
the fact that the electron wave functions extend beyond a
single chain, since e<L? [see Eq. (18)]. To estimate L
quantitatively, Eq. (18) is used. The core polarization
contributions €, are estimated from PAN-EB. For 1:4
stretched PAN-EB, €,=10 and €, =4. Hence, we obtain
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L,=40 A for 1:4 stretched PAN-ES using €,—¢,, ~ 100
and L, =20 A for €, —€,~22. Since the value 20 A is
much larger than the interchain separation of polymer
chains [3.5 A (Ref. 26)], it is confirmed that the conduc-
tion electrons are delocalized transversely beyond a single
conducting chain. In contrast, the €, of TTF-TCNQ at
low T is 6 (Ref. 4) and POT-ES has €, =7.? In these ma-
terials the contribution of conduction electron to €, is
small (€, is mainly from the core polarization), apparent-
ly due to the limitation of electrons to single conducting
chains. We thus consider PAN-ES as a quasi-1D conduc-
tor consisting of bundles of N coupled parallel chains.
This result is consistent with S(T) at higher (T > 100 K)
where 3D metallic behavior was observed (Figs. 4-6).
Since the estimated sizes of the ‘“metallic”” bundles are
similar to the crystalline coherence length of crystalline
regions, it is likely that these “metallic” bundles are the
crystalline regions of the polymers. It is noted that the
values of L are underestimated since the measured € is an
average of € from the crystalline and the amorphous re-
gions. Due to the strong localization of electron wave
functions in the amorphous regions (hence small €) the
averaged € is expected to be smaller than that in crystal-
line regions.

The temperature dependence of €(T) < T'? probably re-
sults from a temperature-dependent localization length.
We assume the electrons are trapped in a well (metallic
bundles) surrounded by a disorder potential ¥ (x). To the
first-order approximation, V(x)= ¥V, + V'x where x is the
distance into disordered regions from the metallic regions
and V' is the rate of change of V with respect to x. The
localization length is determined by

_ fx exp[ —Vi(x)/kgT] _ kT

L(T)= :
fexp[—V(x)/kBT] 14

Hence e(T) < L(T)*« T2,

The conduction electrons in the amorphous regions are
expected to be localized to single chains. The amorphous
regions likely give rise to the Curie spins observed in
EPR. From the EPR linewidth at low temperatures we
may estimate the exchange or diffusive rate of these spins.
According to Eq. (20), and using n ~2X10% (cm™3),
we obtain H7~60 G2. The hyperfine constant of amine
nitrogen NH" is 30 G (Ref. 33) and thus H? ~600 G?
[see Eq. (21)]. Assuming the linewidth AH,,(T—0)
=0.2 G (from the low-temperature data) and Eq. (22)
(the contribution from 7 is negligible)) we obtain
H,~4000 G or exchange (diffusive) rate ~7Xx10'° Hz.
This rate is much smaller than the scattering rate
(1/7~vg/1;~ 10" Hz). Therefore, in the amorphous re-
gions electrons are in the localized regime and hopping
conduction is expected.

To summarize the previous discussions, PAN-ES is a
heterogeneous quasi-1D DS composed of 3D “metallic”
crystalline regions and 1D localized amorphous regions.
Due to the crystalline order, interchain transfer w > w, in

the crystalline regions and 3D “metallic” bundles are
formed. These regions give rise to S(T) < T, independent
of orientation. In the amorphous regions, the disorder
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reduces the interchain transfer rate so that w <w,. Thus,
electrons are localized to a single chain and hopping is
the dominating conduction mechanism. The electron
hopping gives rise to S(T)=S, (interchain quasi-1D
VRH) and S(T)« 1/T (intrachain quasi-1D VRH). Mac-
roscopic o is dominated by the most difficult transport
component, that is, the interchain hopping in the amor-
phous regions. It is possible that the observed o(T) is
due to interbundle hopping since the observed transverse
hopping range R, ~20 A is the same as the bundle size.
However, as we pointed out before, the misaligned chains
may play a role as well.

The origin of the formation of the “metallic”’ bundles
in PAN-ES is attributed to the significant interchain cou-
pling and coherence in the crystalline regions. We can
see this by comparison of PAN-ES and its nonmetallic
derivative POT-ES. PAN-ES has Lorentzian line shape,
suggesting J' /% >>{w?)'/? (Fig. 15). However, POT-ES
has a line shape closer to those of 1D spin diffusion such
that J'/#%~(w?)!2. The reduced J’' or interchain
transfer rate o~ ! [see Eq. (24)] is caused by the reduc-
tion of the interchain coupling and interchain coherence
in POT-ES.%® Hence, even within the crystalline regions
the condition w>1/27 may not be fulfilled for POT-ES
so that the electron states are still in the 1D localized re-
gime.

The difference of PAN-ES and its derivatives in elec-
tron localization can be understood in terms of dimen-
sionality of electron states. The metallic bundles in
PAN-ES are similar to 3D thin metallic wires where
Thouless localization plays important roles. Given the
magnitude of disorder, Thouless localization is much
weaker than Mott’s 1D localization. The difference of
Thouless localization and Mott’s 1D localization may be
the origin of the difference in electron localization of
PAN-ES and its derivatives.

The 3D character of the “metallic” states in conduct-
ing polymers may stabilize the “metallic” states against
the Peierls instability. It is shown that when interchain
coupling is comparable with the Peierls gap, Peierls insta-
bility is suppressed.! As we know, Peierls ground states
exist in many undoped polymers. The doping processes
likely increase the interchain coupling and eventually
suppresses the Peierls instability. On the contrary,
TCNQ charge-transfer salts have much weaker inter-
chain coupling so that the electron states are still 1D
states and the Peierls instability plays an essential role at
low temperatures.

One remaining question is the nature of a transition
taking place between 100 and 200 K. The temperature
dependence of thermopower changes from S(7T)x T at
high temperatures to S(7)x1/T at low temperatures.
The temperature of this transition 7, ~100-200 K. A
similar change takes place for the T dependence of EPR
AH,(T) (Fig. 12) in this temperature range. From the
measured T(295 K)=0.98X 107" sec for a sample with
AH,,=0.58 G, we calculate the contribution of T’ to the
EPR linewidth at 295 K utilizing Eq. (19). We obtain
AH,;,;=0.25 G corresponding to AH,,=0.29 G. This
value is in good agreement with the experimentally mea-

sured AH ,, suggesting that EPR linewidth at high tem-



45 TRANSPORT AND EPR STUDIES OF POLYANILINE: A ...

peratures is dominated by spin-lattice relaxation; motion-
al narrowing causes 1/T to be negligible. The linear T
dependence of AH ,,(T) is thus due to 1/T; « T for direct
process involving single-phonon absorption. As tempera-
ture decreases below T, the EPR linewidth starts to in-
crease, suggesting the start of spin localization and,
hence, the reduction of motional narrowing. This same
localization process also changes S(7) from metallic
[S(T)=T] at high T to localized [S(T)x1/T] at low T.
Therefore, this transition, reflected in both S(7) and
AH,,, is probably a localization-delocalization transition
within the metallic bundles.

V. CONCLUSION

The electron states of PAN-ES are three-dimensional
metallic states in the ordered crystalline regions. PAN-
ES represents a class of quasi-1D disordered conductors
which consist of bundles of well-coupled chains instead of
isolated chains as in the conventional quasi-1D conduc-
tors. Within these bundles, the electrons are three di-
mensionally delocalized. These 3D metallic bundles are
responsible for the large transverse dielectric constant,
linear temperature dependence of thermopower, and its
independence of orientation. From €, =26, we obtain a
transverse localization length 20 A. The longitudinal lo-
calization length is obtained, L ~40-50 ;\, independent-
ly from o04(T) and €,(7T—0). The bundles of PAN-ES
can be compared to thin metallic wires where Thouless
localization plays an important role. These metallic bun-
dles are surrounded by amorphous regions in which the
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interchain hopping dominates the conductivity.

The formation of the metallic wires in PAN-ES is attri-
buted to the significant interchain transfer rate in the or-
dered crystalline regions, which avoids 1D localization.
However, in the amorphous regions the interchain
transfer rate is suppressed by disorder so that electrons
are still localized in essentially isolated chains. In con-
trast, the polyaniline derivatives, in which interchain
coupling and coherence are suppressed due to the pres-
ence of side groups, are nonmetallic even within the crys-
talline regions.

Our results suggest an important role played by inter-
chain coupling and three dimensionality in stabilizing the
metallic states against the Peierls instability, as well as
avoiding 1D electron localization in conducting poly-
mers. Increasing the interchain couplings of the polymer
is a critical strategy in improving conductivities and
forming true metallic polymers.
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