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The room-temperature electrical conductivity of tensile-drawn and oriented poly~p-phenylenevinylene!,
PPV, doped with sulfuric acid~H2SO4! is approximately 10

4 S/cm for current along the draw direction; the
anisotropysi/s''100 wheresi ands' refer to the conductivity parallel to and perpendicular to the axis of
orientation. The resistivity,r(T), is nearly temperature independent with a weak negative temperature coeffi-
cient, rr[r~1.3 K!/r~200 K!'1.07–1.3. A positive temperature coefficient~resistivity! appears below 20 K.
The magnetoconductance~MC! is anisotropic and dependent on the direction of the applied magnetic field with
respect to the chain axis. When the field is perpendicular to the chain axis, the MC is positive and nearly
independent of temperature at low fields; at high fields, the MC gradually decreases as the temperature is
lowered from 4.2 to 1.3 K. When the field is parallel to the chain axis, the MC is negative. The MC is nearly
identical, however, when the current direction is parallel and perpendicular to the chain axis. The temperature
dependence of the conductivity and the rich interplay of positive and negative MC arises from the importance
of weak localization~WL! and electron-electron (e-e) interactions. Specifically, the anisotropy of the MC is
shown to result from the anisotropy of the WL contribution. The contributions from WL ande-e interactions
were verified from [Ds(H,T)/T1/2] vs (H/T) plots. @S0163-1829~96!03822-2#

I. INTRODUCTION

During the last few years, metallic properties have been
observed in a wide range of novel materials.1 Among these
the ‘‘metallic’’ state has been consistently observed in vari-
ous high-quality conducting polymers. These doped conju-
gated polymers are disordered metals; the temperature de-
pendences of conductivity, thermopower, susceptibility and
magnetoconductance in doped polyacetylene~CH!x , poly-
pyrrole ~PPy!, and polyaniline~PANI! are characteristic of
disordered metals near the boundary of the metal-insulator
transition.2 The quasi-one-dimensional~1D! nature of such
linear chain systems, the competing roles of interchain inter-
actions and disorder, the interplay of band and diffusive
charge transport, the importance of localization and correla-
tion effects, and the anisotropic transport parameters in ori-
ented systems have provided an opportunity to observe
unique features in the metallic state in conducting polymers.
Among the various transport properties, magnetoconduc-
tance~MC! is a particularly sensitive probe of the transport
mechanism in disordered metallic systems. MC measure-
ments in oriented metallic polyacetylene@~CH!x# have shown
the importance of weak localization~WL! and electron-
electron~e-e! interactions to the low-temperature transport.3

It is of considerable importance to confirm these results in
other metallic conducting polymers.

Ohnishi et al.4 reported that the room-temperature con-
ductivity, s~300 K!, of tensile-drawn and oriented PPV
doped with H2SO4 is of the order of 104 S/cm. Previously
Madsenet al.5 reported metallic conduction in arsenic pen-
tafluoride~AsF5!-doped, oriented PPV samples, with a room-
temperature conductivity of 2400 S/cm. However, more ex-
tensive measurements of the transport properties are lacking.

We have carried out measurements of the temperature depen-
dence and magnetic-field dependence of the anisotropic con-
ductivity in oriented samples of PPV-H2SO4; the results are
reported here. Detailed analysis ofs(T) in directions parallel
and perpendicular to chain axis indicates that the
localization-interaction model is consistent with the data in
both cases, although the conductivities@si vs s'# differ by
two orders of magnitude. This is similar to the results ob-
tained from oriented metallic polyacetylene3~a! and
polypyrrole.6 Thus the bulk transport properties of oriented
metallic conducting polymers imply that these systems are
anisotropic three-dimensional~3D! conductors. This is in
agreement with theoretical arguments which indicate that in-
terchain interactions7 and polymer chain-dopant interactions8

are substantial in conducting polymers. In this sense, con-
ducting polymers appear to be rather different from other
quasi-one-dimensional systems~e.g., the charge-transfer
salts!. We find that thee-e interaction contribution to the
low-temperature conductivity is important in metallic
samples. In particular, the good fit tos(T)}T1/2 below 4.2 K
~at 0 and 8 T! is consistent with the interaction contribution.
A positive temperature coefficient of the resistivity~TCR!
has been observed in some samples, as in PPy doped with
phosphorous pentafluoride~PF6!.

6 We present here a detailed
study of the MC in oriented metallic PPV-H2SO4. In general,
the MC is positive at low fields and negative at higher fields
when the field is perpendicular, while it is exclusively nega-
tive when field is parallel to the chain axis. The positive and
negative MC are attributed to WL ande-e interaction con-
tributions, respectively.9 A similar anisotropic MC has been
observed in oriented metallic iodine-doped polyacetylene
@I-~CH!x#.

3~a!
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II. EXPERIMENTAL PROCEDURES

Free standing films of PPV were prepared from a precur-
sor polymer containing cyclic sulfide as described by
Ohnishiet al.4 Film thicknesses were in the range from 3 to
5 mm. All measurements are carried out on tensile-drawn
samples with draw ratio 10:1. Because the spin concentration
in carefully prepared PPV is only about 1 spin per 106 PPV
monomer units, sp3 defects are unimportant in these
samples.10 Measurements of the dichroic ratio at 1520 cm21

gives values for the optical anisotropy of 40–50 indicating
that the PPV chains are highly oriented after tensile drawing.
The typical length and width of samples prepared for con-
ductivity measurements are 8 and 1 mm, respectively.

The samples were immersed in 96% H2SO4 for approxi-
mately 1 h for doping. The conductivity of each sample was
optimized byin situconductivity measurements as a function
of doping time. When the conductivity reached the maxi-
mum, the samples were cooled immediately to prevent deg-
radation. Since the presence of any residual sulfuric acid in
the sample could induce small variations in conductivity at
temperatures above 200 K the data are shown only below
200 K at which all the chemistry associated with the doping
process and all ionic motion are frozen.

For measurement ofsi ands' , the samples were cut with
the long axis parallel and perpendicular to the draw axis
~chain axis!. Conductivity measurements used the standard
four-probe method with platinum pressure contacts; the con-
tact resistance was typically less than 10V. The MC mea-
surements were carried out by the standard four-probe
method by using platinum pressure contacts; typically, the
contact resistance was less than 10V. The measurements
were carried out in a superconducting magnet cryostat~8–10
T! with the samples immersed in liquid helium for measure-
ments below 4.2 K.3~a! The directions of field and the current
with respect to the chain axis for various samples are shown
in Table I. Temperature was measured with a calibrated Cer-

nox™ sensor. The power dissipated in the sample was less
than 1mW at low temperatures. The temperature dependence
s(T) was reproducible during thermal cycling.

III. RESULTS AND DISCUSSION

A. Temperature dependence of conductivity

The temperature dependences of the conductivities of two
samples~M 1

i andM 2
i ! cut with the long axis parallel to the

chain axis and one sample~M 2
'! cut with the long axis per-

pendicular are shown in Fig. 1. The resistivity ratios,
rr'r~1.3 K!/r~200 K!, of the three samples are shown in
Table I; therr values are even lower than obtained from the
best polyacetylene samples. Thus, based on the transport
properties, PPV-H2SO4 can be considered the ‘‘most metal-
lic’’ conducting polymer.

The values ofrr are rather similar for transport parallel
and perpendicular to the chain axis. Thus, an anisotropic 3D
model is appropriate for describing the transport properties.
Althoughsi is much higher than the typical value of Mott’s
minimum metallic conductivity in systems near the metal-
insulator transition,s' is rather close to the Mott value. This
implies that interchain transport is the limiting factor for ob-
serving metallic transport in these systems.

Slight differences ins(T) at low temperatures are seen in
different samples as shown forsi(T) in Fig. 2. Similar varia-
tions from sample to sample are observed ins'(T). The
sample-to-sample variation is common in doped conducting
polymers where these differences arise from slight variations
in the doping level and/or the degree of disorder.2 In heavily
doped inorganic semiconductors a similar variation of the
sign of the TCR is observed close to the metal-insulator
boundary, and can also be quantitatively related to the dop-
ing concentration.11

The presence of large finite conductivity for bothsi(T)
ands'(T) asT→0 and the positive TCR forM 2

i ~below 20

TABLE I. The values ofs~200 K!, s0@s~T50 K!#, rr ,m, andmH @Eqs.~2! and~3!# for metallic PPV-H2SO4 samples and the parameters
obtained from the data analysis using the localization-interaction model for magnetoconductance~MC!. To the right are the ratios of the field
of maximums of MC,Hmax, with the corresponding temperature. In the lower section are the configurations of the current and field
directions with respect to chain axis for the different samples.

Sample s~200 K!a s0
a rr

d mb mH
b BEEa

c BEE
c

Hmax/T
1.3 K

Hmax/T
2.5 K

M 1
i 15 200 12 530 1.21 54 180 2130 2112 1.6 1.6

M 2
i 9 540 9 050 1.07 2100 248 253 246 >2 >2

M 1
' 120 91.6 1.30 0.56 2.53 21.53 21.83 0.8 0.8

M 2
' 109 96.0 1.13 0.01 1.09 20.97 20.96 >2 >2

M 3
i 6 860 5 420 1.25 42 140 281 285

M 1
i , M 2

i : H'chainij
M 1

' : H'chain, j'chain,H'j
M 2

' : H'chain, j'chain,Hij
M 3

i : Hichainij

aIn S/cm.
bIn S/cm K1/2.
cIn S/cm T1/2.
drr5r~1.3 K!/r~200 K!.
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K! suggests that the usual expression fors(T) for disordered
metallic systems can be used for PPV-H2SO4, although one
must take into account the anisotropy in microscopic trans-
port parameters~diffusion coefficient, etc.!. The conductivity
of disordered metallic systems is given by9,11

s~T!5s01mT1/21BTp/2 ~1!

with

m5a@~4/3!2~3gFs/2!#. ~2!

The second term~T1/2! results frome-e interactions, and the
third term is the correction tos0 due to localization effects.
The value ofp is determined by the temperature dependence
of the scattering rate@t21}Tp# from the dominant dephasing
mechanism. For electron-phonon scattering,p53; for inelas-
tic e-e scattering,p52 in the clean limit orp53/2 in
the dirty limit. The Hartree factor (F) is the screened
interaction averaged over the Fermi surface;
a5(e2/\)(1.3/4p2)(kB/2\D)1/2 is a parameter depending
on the diffusion coefficient (D), andgFs is the interaction
parameter~gFs.0!. The value ofg depends on the band
structure.9,11 The prefactorm in the interaction term depends
on the magnetic field. When the field exceeds the limit for
Zeeman splitting~gmBH.kBT, whereg is theg value of the
electron andmB is the Bohr magneton! the value ofm
changes to

mH5a@~4/3!2~gFs/2!#. ~3!

Although the interplay of weak localization ande-e inter-
action contributions is sensitive to the extent of disorder
present in the system, generally the former is dominant at
higher temperatures and lower fields and the latter is domi-
nant at lower temperatures and higher fields, as we will show
in the next section with the MC measurements.

In order to check the validity of this model, Eq.~1! was
fitted to the data for all samples; the fitting parameters are
given in Table II. The fits were done by first determining the
zero-temperature conductivitys0 from T1/2 plots of the con-
ductivity below 4 K, assuming the last term in Eq.~1! can be
omitted in the zero-temperature limit since usuallyp.1. The
m ~andmH! values thus obtained are shown in Table I. Then
thep values were fixed andm andB allowed to vary freely.
This was repeated for severalp values until the best fits were
found. The best-fit curves fall quite well on the data points
~T,20 K! as shown in Fig. 2. The agreement spans a suffi-
ciently wide temperature range that the weak localization
and interaction contributions are both important. The fits
yield p'360.5, implying that electron-phonon scattering~p
53! is the dominant dephasing mechanism. The sign ofm is
negative for sampleM 2

i ~m,0 is the origin of the positive
TCR!, implying thatgFs.8/9, and positive for sampleM 1

i .
The magnitude ofgFs ~and therefore the sign ofm! is
known to be sensitive to the degree of disorder.8 As shown in
Table I,M 2

i has a smaller resistivity ratio, implying that this
sample is slightly more ‘‘metallic.’’ Among the perpendicu-

FIG. 1. Conductivity vs temperature for metallic PPV-H2SO4
samples:~j! for M 1

i , ~h! for M 2
', and~s! for M 2

i .

FIG. 2. Conductivity vs temperature~T,20 K! for metallic
PPV-H2SO4 samples:~j! for M 1

i , ~s! for M 2
i , and ~h! for M 2

' :
The fit to Eq.~1! [s(T)5s01mT1/21BTp/2] is shown by the solid
line and the fitting parameters are shown in Table II.

TABLE II. The values of fitting parameters in Eq.~1!.
[s(T)5s01mT1/21BTp/2] for metallic PPV-H2SO4 samples~M 1

i ,
M 2

i , andM 2
'!.

Sample m B p

M 1
i 18.5 14.8 2.5

M 2
i 2116 2.1 3

M 2
' 20.04 0.009 3.5
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lar cut samplesm is very small forM 2
' and negative forM 1

' ,
again showing the variation in low-temperature conduction
properties that follow from subtle differences in the doping
conditions. Them values obtained from the fitting~Table II!
and those obtained if the weak localization termBTp/2 is
omitted ~Table I! are not in precise agreement. Indeed, the
fitting suffers from the lack of data obtained below 1 K.
However, even when such data are available, e.g., for other
materials, the determination of the parametersm andB from
s(T) alone is somewhat crude. For accurate insight into WL
and e-e interaction effects magnetoconductance measure-
ments are necessary.

The validity of the model was verified by the following
suggestion of Mo¨bius12 who noted that in the disordered me-
tallic regime, the logarithmic derivative,w(T)5d lns/d lnT,
is far more sensitive thans(T) itself as expressed by Eq.~1!.
The logarithmic derivative of Eq.~1! is given by

w~T!5@0.5mT1/21~p/2!BTp/2#/s~T!. ~4!

Equation~4! implies thatw(T) vanishes asT→0 for metallic
samples. Using the parameters obtained from Fig. 2~see
Table II!, Eq. ~4! provides an excellent fit to the data, as
shown in Fig. 3. The excellent agreement shown in Figs. 2
and 3 implies that the localization-interaction model devel-
oped for disordered metals on the metallic side of the metal-
insulator transition provides a good description of the trans-
port in metallic PPV.

Although this analysis of s(T) shows that the
localization-interaction model is appropriate, other models
for charge transport might also satisfactorily explain the

same data. It is well known that the localization-interaction
contributions to conductivity are quite sensitive to magnetic
field. Therefore, we have tested the validity of the
localization-interaction model by measuring the field depen-
dence of conductivity.

The temperature dependences of conductivities of all the
samples below 4.2 K and at zero field and 8 T are shown in
Fig. 4 as a function ofT1/2. We also measured the tempera-
ture dependence at 5 T; for visual clarity the 5 T data are
shown only in Fig. 4~c!, as a representative example. Both
parallel ~a,b,e;M 1

i , M 2
i , andM 3

i , respectively! and perpen-
dicular ~c,d; M 1

' ,M 2
'! cut samples are shown. In all cases

the TCR becomes more negative, independent of the direc-
tion of the field with respect to the chain and current direc-
tions. Furthermore, within this temperature regime the data
are consistent withT1/2 behavior, implying that thee-e in-
teraction term@mT1/2, Eq. ~2!# dominates the temperature
dependence in this temperature regime. In Figs. 4~a!–4~d!,
the MC is positive at higher temperatures, implying WL ef-
fects. However, as we will show below, the temperature de-
pendence is still dominated bye-e interaction since the WL
magnetoconductance is rather temperature independent.13

Thus, within thee-e interaction picture, the temperature de-
pendence is easily explained by the Zeeman splitting which
causes the change of the prefactorm @Eq. ~2!# to mH @Eq.
~3!#. SincegFs is always positive,mH.m, in agreement

FIG. 3. w „where,w(T)5[0.5mT1/21(p/2)BTp/2]/s(T)… vs T
for metallic PPV-H2SO4 samples:~j! for M 1

i , ~s! for M 2
i , and~h!

for M 2
' . FIG. 4. Conductivity vsT1/2 for metallic PPV-H2SO4 samples at

zero field~d! and 8 T~s! fields @5 T also in~c!#: ~a! M 1
i , ~b! M 2

i ,
~c! M 1

' , ~d! M 2
' , and ~e! M 3

i . The direction of the field~H! with
respect to the chain direction are indicated in the figures. The full
configuration~H, current, chain! is shown in Table I.
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with the observed behavior. The prefactor changes tomH
when the Zeeman splitting is greater thankBT, i.e.,H/T@0.7
T/K. At 8 T and below 4.2 K this condition is quite well
satisfied, while at 5 T the limit is approached close to 4.2 K.
Indeed, slight bending of the 5 T temperature dependence
data towards the slope of the zero-field data may be dis-
cerned, as shown in Fig. 4~c!.

B. Magnetoconductance

In Fig. 5 we show the MC data obtained with the field
either perpendicular~a–d, transverse MC! or parallel~e, lon-
gitudinal MC! to the chain axis. In the transverse MC the
direction of the currentj varies as shown in Table I. At low
fields the positive MC dominates the transverse case while at
higher fields the MC turns to negative. At low fields, the
positive MC is nearly temperature independent. As noted in
Sec. III A, the principal difference between samplesM 1

i

@5~a!# andM 2
i @5~b!# is that the TCR below 4.2 K is negative

for M 1
i and positive forM 2

i . Nevertheless, the general behav-
ior of the MC is essentially identical and characteristic of the
field perpendicular configuration.

We emphasize again that the behavior of the transverse
MC when the current is perpendicular to the chain axis
~samplesM 1

' ,M 2
'! is rather similar to the case when the

current is parallel to the chain axis (M 1
i ,M 2

i ), although
si/s''102 ands'~300 K!'102 S/cm ~near the Mott mini-
mum metallic conductivity!. The positive MC in sampleM 1

'

is weaker than in other samples. This lower value is probably
related to its slightly higher resistivity ratio~Table I! which

shows it to be closer to the metal-insulator transition, where
the positive MC vanishes.14 Thus, both the temperature de-
pendence of conductivity and the behavior of the MC are
similar whether the current is parallel or perpendicular to
chain axis, indicating that the transport mechanism is similar
in directions parallel and perpendicular to chain axis. High-
quality oriented metallic conducting polymers behave like
anisotropic 3D metals.

A dramatically different behavior is observed when both
field and current are parallel to chain axis~sampleM 3

i ! as
shown in Fig. 5~e!. In this case, the MC is negative at all
temperatures and field strengths; the positive MC is appar-
ently absent. This anisotropic behavior of the MC~when the
field is parallel or perpendicular to chain axis direction! is
fully consistent with that observed in oriented metallic
I-~CH!x .

3~a!

Following the discussion on the temperature dependence,
we analyze the MC as an interplay between the WL ande-e
interaction effects. The former yields positive MC~in the
absence of spin-orbit effects! while the latter gives negative
MC. Both effects are apparent in the case of transverse MC,
in samplesM 1

i ,M 2
i ,M 1

' ,M 2
', @Figs. 5~a!–5~d!#, while the

longitudinal MC of sampleM 3
i @Fig. 5~e!# displays different

behavior. We will therefore analyze the two cases separately.
The WL ande-e interaction contributions to the MC are

considered as additive. Thus, the total low-field MC
~gmBH!kBT, for e-e interaction! is given by the following
expression:3~a!,9,11

DSL~H,T!5~1/12p2!~e/c\!2G0~ l in!
3H2

20.041~gmB /kB!2agFsT
23/2H2, ~5!

where the first and second terms on the right-hand side result
from WL and e-e interactions, respectively;G05(e2/\),
and l in is the inelastic scattering length.

At high fields, the positive~negative! MC due to WL~e-e
interaction! is proportional toH1/2. Thus, the total high-field
MC is given as3~a!,9,11

DSH~H !5BWLH
1/21BEEH

1/2, ~6a!

where

BEE520.77~gmB /kB!1/2agFs ~gmBH@kBT!. ~6b!

The first term on the right-hand side of Eq.~6a! describes the
contribution form WL~BWL is a numerical constant at high
magnetic fields!, and the second term the contribution from
thee-e interaction.

The characteristic behavior of the transverse MC provides
an indication of the crossover fields~low- to high-field re-
gimes, positive to negative MC!. All the ~transverse! MC
data at 1.3 or 2.5 K exhibit a maximum in positive MC at
Hmax, although this is broadened considerably when the
positive component is strong. This maximum depends on the
temperature. The ratio ofHmax/T at both 1.3 and 2.5 K are
shown in Table I;Hmax/T is roughly constant for each trans-
verse MC sample, and quite accurately so for samplesM 1

i

andM 1
' whereHmax can be unambiguously determined. For

the e-e interaction contribution, the high-field limit@Eq.
~6b!# is valid when the Zeeman splitting is greater thankBT;
i.e., H/T@0.7 T/K. The constant value ofHmax/T for each

FIG. 5. Magnetoconductance vs field at 4.2 K~1!, 2.5 K ~h!,
1.3 K ~d! for the same samples as in Fig. 4.
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sample, together with the fact that in all casesHmax/T.0.7
T/K indicates that the peaks in the MC data@Figs. 5~a!–5~d!#
follow from the onset of high-field behavior for thee-e in-
teraction contribution@Eq. ~5b!#. Figure 6 shows the MC of
sampleM 1

i in aH1/2 scale, illustrating the high-field limits of
bothe-e interaction and WL. TheHmax values are indicated
for the 1.3 and 2.5 K data. At 4.2 K theHmax/T ratio would
suggestHmax to be at 7–8 T for this sample. Indeed, the MC
at 4.2 K clearly levels off at these fields. Generally, however,
our measurements were not performed at high enough fields
to get theHmax/T ratio at 4.2 K. The slopes of the negative
MC at higher fields~1.3, 2.5 K! are nearly parallel at differ-
ent temperatures as shown in Figs. 5 and 7~b!, in agreement
with e-e interaction theory.

At fields belowHmax the data roughly overlap at different
temperatures, as in Fig. 6, indicating that the positive MC
contribution is nearly temperature independent at low fields.
For the WL contribution, the high-field limit9 @Eq. ~5!# is
defined byH.F0/ l in

2 , whereF0 is the flux quantum~\/2e!.
From the data in Fig. 6, one can estimate the lower limit of
the field~Hhf , indicated with solid vertical line! at which the
positive MC due to WL follows theH1/2 dependence;
Hhf'0.660.2 T. Thus, sinceHhf<F0/l in

2 , this gives as the
lower limit for l in 240 Å, in reasonable agreement with the
value estimated for polyacetylene.3~a!

The importance of thee-e interaction contribution was
shown in the previous section by theT1/2 dependence of
conductivity, at zero field and at 8 T, where the prefactors of
the T1/2 term werem andmH , respectively. These data can
be related to the observed MC as follows. Since
agFs5(mH2m), Eqs. ~2! and ~3!, the values ofBEE @Eq.
~6b!# can be obtained from the temperature dependence of
conductivity at 0 and 8 T~see Table I!. These values ofBEE
were cross checked from those obtained from the MC data at

1.3 and 4.2 K~BEE*!, which have aH
1/2 dependence at high

fields @Eq. ~6b!#. Since the weak localization contribution
BWL is temperature independent, it is cancelled out by sub-
tracting the values ofDSH(H) at 4.2 K from those at 1.3 K.
Therefore, the resulting values@BEE*5DSH~H,T51.3
K!2DSH~H,T54.2 K!#, result only from thee-e interaction
contribution. The consistency of the values ofBEE ~from T1/2

dependence ofs(T)# and BEE* ~from H1/2 dependence of
DSH(H)# is shown in Table I. The most serious disagree-
ment comes from sampleM 1

' , which has a weak positive
MC and thus is difficult to analyze accurately. If the WL
contribution at high field@H1/2 dependence in Eq.~6!# is not
taken into account, then the values ofBEE andBEE* are in
gross disagreement for all samples. This analysis quite satis-
factorily explains the behavior of the transverse MC in any
of the configurations used for samplesM 1

i , M 2
i , M 1

' , and
M 2

' . The values of various parameters obtained from the
analysis are summarized in Table I.

Since only negative MC can be discerned in the longitu-
dinal MC of sampleM 3

i , the dominant contribution to the
MC results from thee-e interaction. TheH2 dependence of
the low-field MC forM 3

i is shown in Fig. 7~a!. The slope of
theH2 dependence increases, and the upper limit of the field
for the H2 dependence is reduced when the temperature is
lowered from 4.2 to 1.3 K, consistent with the temperature
dependence of thee-e interaction contribution which results
from Zeeman splitting.9,11The values of the slopes are23 4,
21.9, and20.85 S/cm T2 at 1.4, 2.5, and 4.2 K, respectively,
in reasonable agreement with those obtained~24.44,21.86,
and20.85 S/cm T2 at 1.4, 2.5, and 4.2 K! from the tempera-
ture dependence data, calculated fromm andmH . Thus, the
principal contribution to the negative MC at low field forM 3

i

results from thee-e interaction.
At higher fields the MC follows theH1/2 dependence@Eq.

FIG. 6. Magnetoconductance of sampleM 1
i in aH1/2 scale. The

vertical solid line shows the lower limit,Hhf, to H
1/2 dependence.

The dotted lines show the fieldsHmax at maximum positive magne-
toconductance at 1.3 and 2.5 K.

FIG. 7. Magnetoconductance vs field for current and field par-
allel to chain axis; sampleM 3

i , ~a! H2 dependence at low field;~b!
H1/2 dependence at high field.
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6~b!#, as shown in Fig. 7~b!. Since the slopes ofH1/2 depen-
dence are nearly temperature independent; these data directly
yield the values ofBEE*. This value was again cross checked
with that obtained~BEE! by substituting the values ofagFs
~from the temperature dependence of conductivity at 0 and 8
T! in Eq. ~6!. The values ofBEE andBEE* are in excellent
agreement as shown in Table I.From the analysis above we
may conclude that the WL contribution is negligible when
the field is parallel to chain axis. Thus the consistency of the
data analysis for all samples is in accord with the
localization-interaction model.

C. Electron-electron interaction contribution:
Scaling of magnetoconductance

Recently, Bogdanovichet al.15 reported a universal scal-
ing behavior in the MC that results from thee-e interaction
contribution and presented an elegant method to distinguish
the contributions from WL ande-e interactions. They have
observed that thee-e interaction contribution to MC follows
an universal scaling behavior given by

Ds~H,T!5s~H,T!2s~0,T!}T1/2f ~H/T!, ~7!

where f (H/T) is consistent with that predicted by the inter-
action theory@see Eq.~3.44b! in Ref. 9#. Equation~7! fol-
lows the general formula for conductivity in a magnetic field.
The [Ds(H,T)/T1/2] vs (H/T) plots for the conductivity
data as a function of temperature and field for samplesM 1

i

andM 3
i are shown in Figs. 8~a! and 8~b!, respectively. The

difference in the behavior ofDs(H,T) when the field is per-

pendicular~M 1
i , transverse MC! and parallel~M 3

i , longitudi-
nal MC! to the chain axis is obvious. The expected universal
scaling behavior in MC due to the dominant contribution
from e-e interaction is clearly shown in Fig. 8~b! up to 8 T
in the temperature range 4.2–1.3 K in the case of longitudi-
nal MC ~sampleM 3

i !. However, in the case of transverse MC
~sampleM 1

i !, the deviation from the scaling behavior is
shown in Fig. 8~a!, which indicates the importance of WL
contribution when the field is perpendicular to chain axis.
For the configuration of sampleM 3

i , all the data over the
entire temperature and field range follow the expected uni-
versal behavior showing that the WL contribution is negli-
gible; thee-e interaction contribution is dominant when the
field is parallel to chain axis. This is again consistent with
the observations in Fig. 5. The range ofH/T values in Fig. 8
is small compared to that in Ref. 15 where millikelvin data is
available. However, since in this material rich MC behavior
appears in the temperature range where our measurements
were done our use of this method should be justified.

D. Weak localization contribution:
Anisotropic magnetoconductance

The accumulated data from various works on electronic
transport in oriented conducting polymers indicates that the
anisotropy of conductivitysi/s' is not a function of vari-
ables such as temperature or hydrostatic pressure. This sug-
gests that the observed anisotropy,si/s'>100 in our case,
does not result simply from the microscopic structure, or
intrinsic factors of the polymer. However, the anisotropic
behavior of MC presented in this work should be a tool that
probes transport at the microscopic level. The same subtle
interplay of WL ande-e interaction contributions to the MC
was also observed in iodine doped oriented polyacetylene
films,3~a! where the directional dependence of the MC was
also extensively investigated. From this and the present work
we may conclude that the MC is determined by the orienta-
tion of the chain axis with respect to the field. A similar
weak contribution to positive MC has been observed in other
studies on oriented conducting polymers3~b!,16 and also in
carbon fibers when the field is parallel to the fiber axis.17

These, and other systems that may exhibit similar phenom-
ena@e.g., SNx ~Ref. 18!# have in common the uniaxial sym-
metry.

We have argued in this work~Sec. III B! that the anisot-
ropy is specifically due to the anisotropic behavior of weak
localization. Previously the orbital character of the scattering
that leads to WL has been utilized in two different systems to
measure the effect on the MC. The underlying principle be-
hind these experiments is that some dimension of the system
is less than the inelastic scattering lengthl in . By measuring
MC along thin cylinders where the radius is less thanl in and
thus the charge carriers confined to paths around the cylin-
der, the MC has been found to weakly oscillate as a function
of the field parallel to the cylinder axis, with the flux quan-
tum F0 as the period~Ref. 9 and references therein!. More-
over, in case of 2D metal films, with a thickness less thanl in ,
the positive MC is nearly absent when the field is parallel to
the plane of the film and the MC is positive when the field is
perpendicular to the plane of the film@Ref. 19 and refs.
therein#. ~In the presence of spin-orbit interaction the situa-
tion is more complicated.!

FIG. 8. The [Ds(H,T)/T1/2] vs (H/T) plots: ~a! For current
~field! parallel ~perpendicular! to chain axis, sampleM 1

i ; ~b! For
current and field parallel to chain axis, sampleM 3

i . The data come
from the temperature dependence~1.3–4.2 K! at 5 and 8 T and from
magnetoconductance~0–8! at 1.3, 2.5, and 4.2 K.
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In a simplified picture the WL effect on MC is determined
by the fluxF enclosed by a typical backscattering path of the
charge carrier~analogous to the Bohm-Aharonov effect!.
This flux is F}H* l in

2 in a normal isotropic medium. The
directional effects imposed on the WL magnetoconductance
described above were due to geometrical constraints to the
backscattering paths that affect the flux in a way that de-
pends on the direction of the field. In the case of anisotropic
conductors with a uniaxial symmetry such as in our case we
propose that the anisotropy of WL is due to very unequal
fluxes F that a certain magnetic-field intensity produces
when the field is parallel to the chain axis~Fi, longitudinal
MC! and when it is perpendicular to it~F', transverse MC!.
The unequality arises from the inelastic scattering length
which in a anisotropic conductor with uniaxial symmetry
may be considered the geometrical mean of a longitudinal
scattering lengthl in

i ~along the chain direction! and a trans-
verse l in

' ~perpendicular to chain direction!. The flux F is
determined by the normal cross section of the charge carrier
backscattering paths with respect to the field direction. In the
longitudinal case the fluxFi is then proportional tol in

'2,
while in the transverse caseF'}l in

'* l in
i . Numerical values

for l in is not available since the macroscopic transport is not
entirely determined by it, as noted above. It is, however,
clear thatl in

i
.l in

' , and thusF'.Fi. This result then roughly
explains the reduced WL contribution in the longitudinal MC
as compared to the transverse case.

We noted above that the anisotropy of MC has been ob-
served previously in other conducting polymers. However,
except for iodine-doped, equally anisotropic, oriented poly-
acetylene films,3~a! no other polymer has to our knowledge
exhibited as highly anisotropic MC as PPV-H2SO4, testify-
ing to the quality and the high degree of orientation of this
material.

IV. CONCLUSION

Doped oriented PPV can be considered as one of the best
metallic conducting polymers with values ofs~300 K! andrr
which are similar to those of metallic~CH!x . In fact, for the
best PPV-H2SO4 samples,rr;1.07 is slightly lower than ob-
tained in the best~CH!x samples~rr;1.2!. In both cases, the
low-temperature conductivity is consistent with the
localization-interaction model but with different parameters
~consistent with the high anisotropy!; d ln s/d ln T vanishes

asT→0 as expected for disordered metallic systems on the
metallic side of the metal-insulator transition. The observa-
tion of a positive TCR~below 20 K!, which decreases in
magnitude in a magnetic field, confirms the importance of
interaction contribution in the metallic regime. The enhance-
ment of conductivity in a transverse magnetic field at tem-
peratures above 2.5 K and the gradual suppression of this
effect at lower temperatures shows the dominance of weak
localization ande-e interaction contributions, respectively,
at different temperatures. The behavior of MC in oriented
metallic PPV-H2SO4 samples shows strongly anisotropic fea-
tures. When the field is perpendicular to chain axis~M 1

i !, the
positive MC resulting from weak localization is nearly tem-
perature independent at low fields; a negative contribution
from thee-e interaction appears at high fields. The crossover
is related to theHmax/T ratio, due to the Zeeman splitting
which accounts for the MC in thee-e interaction contribu-
tion. Althoughsi/s' is nearly 100, the behavior of MC is
nearly identical for current parallel (M 1

i ,M 2
i ) and perpen-

dicular (M 1
' ,M 2

') to the chain axis. When the field is par-
allel to chain axis~M 3

i !, the MC is negative at all tempera-
tures~4.2–1.3 K! for H<8 T. This negative MC exhibitsH2

andH1/2 dependences at low and high fields, respectively.
This implies that thee-e interaction contribution is dominant
and that the WL contribution is negligible when the field is
parallel to the chain axis. The universal scaling behavior of
negative MC due toe-e interaction is observed when the
field is parallel to chain axis~M 3

i ! from the [Ds(H,T)/T1/2]
vs (H/T) plots. When the field is perpendicular to chain axis
~M 1

i !, the deviation from the universal scaling results from
the importance of the WL contribution at low fields. Thus,
the anisotropy in MC in oriented polymers with uniaxial
symmetry provides another opportunity to separate the WL
and e-e interaction effects. Furthermore, this anisotropy in
MC is a valuable tool since it probes the anisotropy at the
microscopic level which is masked by the morphological
structure in the macroscopic conductivity.
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