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The temperature dependences of conductivity and magnetoconductance (MC) have been measured,

both parallel and perpendicular to the chain axis, in oriented polyacetylene films doped with iodine. The
evolution of anisotropy in conductivity as a function of doping time has been studied. Hydrostatic pres-

sure increases the conductivity for pressures up to 4 kbar; at higher pressure the conductivity gradually

decreases. The reduced activation-energy function [W= —T[d(1np)/dT] is temperature independent

in the intermediate temperature region ( T= 180-60 K) suggesting that the material is just on the metal-

lic side of the critical regime of the disorder-induced metal-insulator transition. However, at 8 kbar,
W( T) exhibits a positive temperature coefficient from 180 to 1.2 K, implying that the system is more me-

tallic due to enhanced interchain transport. The T' dependence of conductivity and the enhanced neg-

ative MC, at very low temperatures, indicates that the role of electron-electron interactions is significant.

MC measurements have been carried out in all the five different combinations of current with respect to
the chain axis and field directions. The sign of MC is positive (negative) when the field is perpendicular

(parallel) to the chain axis. The anisotropy in MC is attributed to the anisotropic diffusion coefficient.

This is shown by the enhanced positive contribution to the MC at 8 kbar, when the field (current) is

parallel (parallel) to the chain axis. At 1.2 K, when both the magnetic field and current are perpendicu-

lar to the chain axis, the field-induced crossover from positive to negative MC shows the subtle interplay

of weak localization and electron-electron interaction contributions to MC. The inelastic scattering

lengths, at 1.2 K, in parallel and perpendicular directions to the chain axis are found to be 1163 and 210
0

A, respectively. The T ' dependence of the inelastic scattering length at low temperatures is con-

sistent with the T' dependence of conductivity. This indicates that the inelastic electron-electron

scattering known to be of importance in disordered metals is the dominant scattering mechanism in

iodine-doped oriented polyacetylene.

I. INTRODUCTION

The recent paper regarding the logarithmic tempera-
ture dependence of resistivity in oriented polyacetylene
(CH)„, doped with iodine, has renewed the effort to un-

derstand the transport properties in heavily doped "me-
tallic" conducting polymers. ' The contributions of weak
localization and electron-electron interactions to magne-
toconductance (MC) provide a guideline for understand-

ing the scattering mechanisms and the quantitative es-
tirnation of microscopic transport parameters, e.g. , the
inelastic scattering length, etc. ' The importance of the
roles of localization and interaction in the transport
properties of polyacetylene prepared by the Shirakawa
route (density =0.5-0.6 g/cm ) has been studied in de-
tail by Thummes et al. Although resistivities as low as
10 Qcm, parallel to the draw direction (chain axis),
have been reported for oriented iodine-doped polyace-
tylene, the positive temperature coeKcient for resistivity,
typical of a metal, has not been observed. ' This shows
that the limiting factor for the typical metallic tempera-
ture dependence of resistivity is the transport perpendicu-
lar to the chain axis, which has not been considered in as
much detail as the transport parallel to the chain axis in
previous studies. ' Thus a comprehensive study of trans-
port has been undertaken in directions both parallel and
perpendicular to the chain axis. Magnetoconductance

measurements have ben performed in all five different
combinations of current with respect to the chain axis
and magnetic Geld.

From the previous transport measurements on iodine-
doped oriented (CH)„, it is known that the temperature
dependence of both the resistivity and MC depends on
the extent of disorder present in the material. For
iodine-doped oriented (CH)„samples having a room-

temperature resistivity of 10 0cm, the resistivity ra-
tio', p, =[p{1.2 K)/p(260 K)j=3. The magnitude of p,
and the sign and magnitude of the MC depend on the ex-
tent of disorder. Even though disorder in the pristine
material can be reduced considerably by tensile drawing
and thereby orienting the {CH)„chains, the doping pro-
cess introduces disorder. ' Apart from the variation of
the extent of disorder from sample to sample, the degree
of anisotropy in oriented (CH)„plays a significant role in

the transport properties, especially in the MC. In previ-
ous studies, the maximum draw ratio I/lo (1 is final

length and lo is initial length) of the oriented samples was

limited to 1 /lo =5 —10. ' Since the samples in the
present work were stretch oriented to 15 times, the aniso-
tropic features in the conductivity and MC measurements
are rather prominent.

In the present work, we have carried out an extensive
study of the electrical conductivity as a function of dop-
ing time, pressure, temperature, and magnetic field, in

0163-1829/94/49(23)/16162(9)/$06. 00 49 16 162 1994 The American Physical Society



PRESSURE DEPENDENCE OF THE CONDUCTIVITY AND. . . 16 163

directions both parallel and perpendicular to the chain
axis. The maximum room-temperature conductivity in
the parallel direction to the chain axis (o I}was 2. 3 X 10
S/cm. Although this value of conductivity is lower by a
factor of 4 compared to that reported in Ref. 1, the
values of p„are identical in both samples, which indicates
that the extent of disorder in the samples used in the
present work and in the samples studied in Ref. 1 are
similar. The anisotropy of the conductivity (oI/ot) at
room temperature in directions parallel and perpendicu-
lar to the chain axis is crt/o t = 100. Hydrostatic pressure
increases the conductivity, by a factor of 1.4, up to 4
kbar, and at higher pressures the conductivity graduaBy
decreases. At 8 kbar, the anisotropy in the conductivity
has decreased from 105 to 67, indicative of the enhanced
interfibrilar and interchain interactions. The temperature
dependences of the conductivity, for directions both
parallel and perpendicular to the chain axis, are nearly
identical. The anisotropic features in the MC are inter-
preted in terms of anisotropic diffusion coefficient,
electron-electron interactions, and weak localization.

The combination of disorder and anisotropy can lead
to a wide range of behavior in the transport properties.
This is especially true in disordered anisotropic metals,
where the importance of electron-electron interactions
and disorder-induced localization near the metal-
insulator transition (MIT) are well known. ' As will be
demonstrated, the field-induced crossover from positive
to negative MC shows the subtle interplay of weak-
localization and electron-electron-interaction contribu-
tions to the MC. From the MC data we derive the inelas-
tic scattering length as a function of temperature, and
find that inelastic electron-electron scattering in disor-
dered metals dominates the transport at low tempera-
tures.

or a concentrated solution of iodine in Quorinert. All
transport measurements used a computer-controlled
measuring system; temperature was measured with a cali-
brated platinum resistor (300—40 K) and a calibrated
carbon-glass resistor (40—1.2 K). The power dissipated
into the samples was less than 1 pW at low temperatures.

iii. RESULTS AND DiSCUSSION

A. Time and pressure dependence of the conductivity

In situ conductivity measurements were carried out
during both vapor- and solution-phase doping. For
solution-phase doping, the sample was immersed in a 5-
mM solution of iodine in hexane. The evolution of the
conductivity, parallel to the chain axis, as a function of
doping time is shown in Fig. 1. The times required to at-
tain the maximum conductivity in vapor (pressure of 1

atm at room temperature) and solution-phase doping are
approximately 3 and 8 h, respectively. Maximum con-
ductivities parallel to the chain axis (from vapor and
solution phase doping} were 23 000 and 10000 S/cm, re-
spectively. Thus the kinetics of vapor- and solution-
phase doping are not identical. In the direction perpen-
dicular to the chain axis, the maximum conductivity was
nearly 200 S/cm (vapor-phase doping}. In vapor-phase
doping, the conductivity drops after reaching a maximum
upon continued exposure to the dopant. The inset in Fig.
1 shows the anisotropy of the conductivity as a function
of doping time during solution-phase doping (using the
Montgomery method}. The maximum value of anisotro-
py is nearly 110 after 8 h of doping. Although the max-
imum conductivity (parallel to the chain axis) in vapor-
phase doping is 23000 S/cm, the value of the conductivi-

II. EXPERIMENTAL DETAILS

Oriented (CH), films (density of 1.1 g/cm ) were
prepared according to the nonsolvent method described
by Akagi et al. " and Cao, Smith, and Heeger. ' The
samples were uniaxially stretched by tensile drawing to
15 times the original length, (1/Is=15). The thickness
and width of the stretched samples were 8—15 pm and
3-5 mm, respectively. The samples were doped to max-
imum conductivity by using both iodine vapor and 5-mM
solution of iodine in hexane. In situ conductivity mea-
surements were carried out while doping.

The dc-conductivity measurements were carried out
using both collinear four-probe geometry and the
Montgomery method. ' Samples cut parallel and perpen-
dicular to the chain axis were used for the collinear four-
probe measurements, and rectangular samples were used
for the Montgomery measurements. Electrical contacts
to the samples were made by conductive carbon paint.
High-pressure conductivity measurements were carried
out in a self-clamped beryllium-copper pressure cell. ' '
After pressurizing, the cell was clamped at room temper-
ature and then cooled down to 1.2 K in a cryostat con-
taining a superconducting magnet (0—10 T). The hydro-
static pressure-transmitting medium was either Auorinert
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FIG. 1. Conductivity parallel to the chain axis vs doping
time for iodine doped (CH)„ in the direction parallel to the
chain axis: (~ ) vapor phase doping, ($) solution phase doping.
The inset shows the anisotropy in the conductivity as a function
of doping time.
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ty drops rather rapidly when the sample is removed from
the doping cell. Typically, by the time (=30 min) the
sample was loaded into the pressure cell or cryostat, the
conductivity had reduced to 10000—12000 S/cm. This
rapid decrease in conductivity is due to the loss of iodine
from the sample.

As shown in Fig. 2, the conductivity increases for pres-
sures up to 4 kbar, while at higher pressures the conduc-
tivity gradually decreases. The increase in conductivity
up to 4 kbar is reversible with pressure, whereas at higher
pressures it is not fully reversible. Similar pressure
dependence has been observed in previous studies. ' '
The pressure dependence of conductivity in potassium-
doped orientated (CH)„ is also nearly identical. ' The in-

set in Fig. 2 shows the pressure dependence of the con-
ductivity in the direction perpendicular to the chain axis.
The initial increase is attributed to enhanced interchain
transport, while the decrease above 4 kbar is not under-
stood. At 8 kbar, the anisotropy (o ~/o ~) has reduced by
a factor of 1.6, from 110 to 67, at room temperature. The
pressure dependence of the conductivity is identical in

2 4 6 8 10
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FIG. 2. Conductivity parallel (inset shows conductivity per-
pendicular) to the chain axis vs pressure for iodine doped (CH), :
(~ ) samples cut parallel (inset perpendicular) to the chain axis
for colinear four-probe technique; and (4) rectangular samples
for Montgomery technique.

The temperature dependence of the conductivity was
measured by using both the colinear four-probe technique
on samples cut parallel and perpendicular to the chain
axis, and the Montgomery method on rectangular sam-
ples. Only the colinear four-probe data are shown, since
the results obtained from both methods are similar. The
value of p, characterizes the quality of the samples; for
all samples in the present work p„=3. The temperature
dependence of conductivities are shown in Table I. Al-
though a

~~

= 10 S/cm (parallel to the chain axis) has been
reported, the positive temperature coefficient is not typi-
cal of that of a good metal, in which cr(T) is limited by
photon scattering. '

In previous studies, o ( T}of highly conducting polyace-
tylene was analyzed in terms of the fluctuation induced
tunneling (FIT} model. ' ' However, a recent study has
shown that this model is not satisfactory for highly con-
ducting polyacetylene. ' Although a log, o dependence of
p(T) was found to be satisfactory for samples having
p„= 14, the logIOT fit shows considerable deviation at low
temperatures for samples having p, =3—8. ' The plots of
p versus logzT and log, op versus log, oT (for samples with

p„=3) obtained in present study are shown in Fig. 3. In
both cases the fit deviates below 20 K. Thus the depen-
dences of p vs log&OT and logl~ vs logIOT are found to be
satisfactory only in the case of (CH)„samples with inter-
mediate disorder, and not for the best materials having

p„&4.
In the critical regime of MIT in Anderson localization,

the temperature dependence of resistivity follows a power
law [p( T) ~ T ~j. ' The appropriate method to identi-

fy the critical regime is to plot, in a log-log scale, the re-
duced activation energy function W( T) vs T, where
W=[ —Td(lnp)/dt]. 2 In such a plot, the critical re-

gime is easily identified from the temperature indepen-
dence of W: W,„;,=P. The W( T) versus T plot for
directions both parallel and perpendicular to the chain
axis for samples with p„=3 is shown in Fig. 4. Although
the anisotropy of conductivity is nearly 100 W(T) is

TABLE I. Conductivity and the anisotropy of the conductivity at 250 and 1.2 K at ambient pressure
and 8 kbar, for current parallel and perpendicular to the chain axis.

Current direction

1. parallel to chain axis (o.
~~)

2. perpendicular to chain axis (o~)
3. parallel to chain axis (o.

~~)

4. perpendicular to chain axis (a, )

Pressure (kbar) 250 K

o (S/cm)
11 050

105
8460

127

1.2 K

o. (S/cm)
3670

34.2
3880

45

5. anisotropy of conductivity
6. anisotropy of conductivity

o ~~/o. ~

105.2
66.6

0 ~I/O I
107.3
86.3
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parallel to the chain axis is much higher than Mott's
minimum metallic value, as observed commonly in
known systems near the MIT. However, the charge
transport perpendicular to the chain axis is the limiting
factor. Indeed, in the iodine-doped oriented polyace-
tylene samples, the conductivity perpendicular to the
chain axis is of order 10 S/cm, i.e., close to the Mott
value.

At high pressures, both p„and the anisotropy of the
conductivity have decreased due to the enhanced inter-
chain transport. At 8 kbar, the system exhibits more me-
tallic behavior due to the enhanced interchain transport,
as shown in Fig. 4. When the value of p„gradually in-

creases above 3, the regime where W(T) is temperature
independent extends down to lower temperatures,
whereas at high values of p„(p„)20) the temperature
dependence of W( T) becomes negative. Similar
behavior has been observed in highly doped inorganic
semiconductors as well as in doped polyaniline and
polypyrrole.

In the disordered metallic regime the conductivity at
low temperatures is expressed by '
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FIG. 3. (a) Resistivity vs log of temperature (T). (b) log-log
plot of resistivity vs temperature for iodine-doped (CH)„: (~)

parallel to the chain axis, ($) perpendicular to the chain axis.

identical in both directions. This indicates that the
interfibrilar transport is suSciently strong to produce
identical temperature dependences for conductivity in
directions both parallel and perpendicular to the chain
axis. Moreover, for both directions, W(T) is temperature
independent from 180—60 K; below 60 K at ambient
pressure, the positive temperature coeScient of W( T) in-
dicates that the transport is on the verge on the metallic
side of the critical regime. Note that the conductivity
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where the second term ( T'~ ) results from thermally in-
duced electron diffusion through states near the Fermi
energy (reduced by electron-electron scattering), and the
third term is the correction to the zero-temperature con-
ductivity due to localization effects. The value of p is
determined by the temperature dependence of the scatter-
ing rate [w '~ T~] of the dominant dephasing mecha-
nism. For electron-phonon scattering, p =3; for inelastic
electron-electron scattering, p =2 and —,'in the clean and
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FIG. 4. Log-log plot of 8'( T) vs temperature ( T) for iodine-
doped (CH)„: (~) parallel to the chain axis, at ambient pres-
sure; (0) perpendicular to the chain axis, at ambient pressure;
and (4) parallel to the chain axis at 8 kbar. The lines are drawn
to guide the eye.
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FIG. 5. (a) Conductivity vs T and (b) conductivity vs T'
for iodine-doped (CH)„: (~ ) parallel to the chain axis, ($) per-
pendicular to the chain axis.
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dirty limits, respectively.
Previous transport property measurements have shown

that a three-dimensional localization-interaction model is
valid for doped (CH)„. ' ' The T' and T' fits, for
directions both parallel and perpendicular to the chain
axis, are shown in Fig. 5. Although the anisotropy of
conductivity is nearly 100, these fits are identical for
directions both parallel and perpendicular to the chain
axis. This indicates that the anisotropic three-
dimensional model is appropriate for highly conducting
(CH)„. The linearity of the T fits is better than that of
the T' fits. This shows that the contribution from lo-
calization effects is dominant at temperatures above 3
K. ' The T fits indicates that the inelastic electron-
electron scattering (p =

—,') in disordered metals is the

dominant scattering mechanism. However, the T' fit at
very low temperatures (T (3 K) indicates that electron-
electron interactions are important. Thus localization
and interaction effects dominate, respectively, at high and
low temperatures. This has been confirmed through MC
measurements, as described below.

The temperature dependence of conductivity at 8 kbar,
both parallel and perpendicular to the chain axis, is

shown in Fig. 6. Although the conductivity decreases
above 4 kbar, the temperature dependence of conductivi-

ty at 8 kbar is substantially reduced under pressure. The
values of p, at ambient pressure and at 8 kbar, parallel
(perpendicular) to the chain axis, are 3 (3) and 2.2 (2.8),
respectively. This demonstrates that there is a substan-
tial enhancement of the interchain transport under high
pressure. Nevertheless, a positive temperature coefficient
of the resistivity, typical for good metals, has not been
observed. Thus even under high pressure the combina-

tion of interchain transport and disorder limit the mean
free path.

C. Magnetoconductance

Magnetoconductance measurements were carried out
(by the collinear four-probe method) in all five diFerent
combinations of current direction with respect to the
magnetic field and chain directions. Since the anisotropy
(in conductivity) of the samples was approximately 100,
anisotropic features could be observed in the MC. The
anisotropic diffusion coefficient and the combination of
effects from weak localization and electron-electron in-

teraction yield a wide range of MC behavior.
In previous MC measurements of oriented (CH),

[t/l&=5-10, ol/oi=25 —50, and the direction of the
current parallel to the chain axisj a wide range of
behavior including both positive and negative MC was
observed. ' The sign and magnitude of the MC was
mainly determined by the extent of disorder, the direc-
tion of field with respect to the chain axis and tempera-
ture. When p„decreases, the sign of the MC shifts from
negative to positive. ' For samples with intermediate dis-
order (p„=3—6), the sign of the MC was positive (nega-
tive) when the field was perpendicular (parallel) to the
chain axis at temperatures above 2 K. Moreover, in both
cases (whether the field is parallel or perpendicular to the
chain axis) the magnitude of the positive MC decreased
gradually as the temperature decreased from 10 to 2 K.
The previous results clearly indicate that the weak-
localization contribution (positive MC) dominates at
higher temperatures, and that the contribution from
electron-electron interactions (negative MC) dominates at
lower temperatures. When the extent of disorder is
weaker (p„~ 3), the weak-localization contribution dom-
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FIG. 6. Normalized conductivity [a(T)/o(250 K)] vs T for
iodine-doped (CH): (a) parallel to the chain axis; (b) perpendic-
ular to the chain axis; (~ ) at ambient pressure; and (4) at 8

kbar.

1.4 1.5 1.6 1.7 1.8

T I/2 (Kl/2)

FIG. 7. Conductivity vs T' ' for iodine-doped (CH)„: (a)
parallel to the chain axis; (b) perpendicular to the chain axis;
(~ ) at H =0; and (4) at H =8 T.
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inates down to lower temperatures (T&1 K}, and the
contribution from electron-electron interactions becomes
important only at temperatures of the order of 1 K. Thus
the anisotropy in both the conductivity and MC are relat-
ed to the extent of misaligned chains in the samples and
the anisotropy in the diffusion coefficient.

The T'~ dependence of o(T) is shown in Fig. 7 for
temperatures below 3 K. Although the temperature
range of the T'~ fit is rather narrow, the interaction con-
tribution at very low temperatures is clearly evident from
the enhanced negative contribution to the MC. The ex-
istence of a T' term indicates that at very low tempera-
tures, the contribution from electron-electron interac-
tions in disordered metals plays the dominant role.
Below 3 K, the temperature dependence of conductivity
can be expressed as

S/cm) exceeds that typical of systems near the M-I transi-
tion, the values of m and a are unusually large. Howev-
er, the values of m, a and conductivity in the direction
perpendicular to the chain axis are typical of systems
near the M-I transition. Thus the localization-
interaction model near the M-I transition is appropriate
for the analysis of MC data in the direction perpendicular
to the chain axis.

The MC for current parallel to the chain axis is shown
in Fig. 8. When the field {current} is perpendicular
(parallel) to the chain direction, the MC is positive; how-
ever, the magnitude of positive contribution starts de-
creasing at 1.2 K, as shown in Fig. 8{a}. This is due to
the interplay of weak-localization and electron-electron-
interaction contributions. Nevertheless, when the field
(current) is parallel (parallel) to the chain direction the
sign of the MC is always negative, and its magnitude in-
creases at low temperatures, as shown in Fig. 8(b). Thiso ( T) =o (0)+m T' (2a)

where
60-

40--I =-—t-
oo

20-
C)

Oe
0 2

I

(a)
I ~ ~ OI

m =a[(~4)—y(3F /2}) . (2b)

a is a parameter depending on the diff'usion coefficient,
and yF is the interaction parameter. In a magnetic
field,

o (H, T)=o (H, O)+m (H)T' (3)

0 'b0
o o

L
gL

L
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I TAt fields sufficiently high that gp&H &&k~ T, 0~ ~ ~ ~

0 0 0o'(H, T)=cr(H, O)+a[( —, )—y(F /2)]T 6~ -40-
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~ -80-
ft

(4) 0
L
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assuming that a, y, and F are not dependent on the
magnetic field. 9

The parameters a and yF can be estimated from the
values of m and m (H) obtained at H =0 and 8 T, respec-
tively, by using Eqs. (2) and (4). Note that for T (8 K,
g@AH )k~ T. The values of m, m (H), a, and yF are
summarized in Table II. The extrapolated values of tr(0}
to T=Oare

L

6 8
I I

~ ~ ~ ~ ~

I I0--Sr - ~ ~ ~
~ Lp op&op 00

oo6 L

-40-
'-i-H

-80-

0 0

oI~(0)=3600 S/cm,

trt(0)=30 S/cm at ambient pressure,

~ (P)=38OO S/c~, ~~(O) =40 S/em at 8 kbar .

L I(c)
I

40 2

FIG. 8. Magnetoconductance [o(H, T) cr(0, T)] vs mag—net-
ic field for iodine-doped (CH)„at 4.2 K (~), 2 K (0), and 1.2 K
(A). The current is parallel to chain axis (v): (a) field is perpen-
dicular (perpendicular) to the chain axis (current); (b) field is
parallel (parallel) to the chain axis (current) at ambient pressure;
and (c) field is parallel (parallel) to the chain axis (current) at 8
kbar.

Although the value of trI(0) exceeds the one typical of
systems near MIT, values of o (0}as large as 4135 S/cm
have been reported for F„Si& „. However, it is well
known that o(0} in disordered metals is sensitive to the
extent of the disorder and resistivity ratio. Since the con-
ductivity parallel to the chain axis (of the order of 10

TABLE II. The values of the parameters m', m (8 T},a, and yI', and the temperature dependence
of the inelastic scattering length for current parallel and perpendicular to the chain axis, and for the
Geld perpendicular to the current and chain axis directions.
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anisotropy in the MC is attributed to the anisotropic
diffusion coeScient. This is proven by the MC measure-
ments under high pressure. At 4.2 K, the anisotropy in
conductivity at ambient pressure and 8 kbar are 98 and
77, respectively. The enhancement of interchain interac-
tion at high pressures reduces the anisotropy in both the
conductivity and diffusion coeScient. The MC at 8 kbar
with the field (current) parallel (parallel) to the chain axis
is shown in Fig. 8(c). For fields below 4 T, the sign of the
MC has reversed from negative to positive at 4.2 K (8
kbar); and at higher fields, the sign remains negative due
to the dominant contribution from electron-electron in-
teractions, as shown in Fig. 8(c). Moreover, the magni-
tude of the negative MC at temperatures belo~ 4.2 K is
reduced under pressure. This shows that the sign and
magnitude of the MC in oriented (CH), depend on the
anisotropic diffusion coeScient. '

The MC for current direction perpendicular to the
chain axis is shown in Fig. 9. At 4.2 K, the MC is posi-
tive when the field (current) is perpendicular (perpendicu-
lar) to the chain direction [shown in Figs. 9(a) and 9(b)j.
This is due to the dominant contribution from weak lo-
calization at 4.2 K. Since the contribution from
electron-electron interaction increases at lower tempera-
tures and higher magnetic fields, the sign of the MC has
reversed from positive to negative at 1.2 K and H =4 T.
The MC in the case of current (field) perpendicular
(parallel) to the chain axis is shown in Fig. 9(c). The sign

of MC is negative, similar to the case when the current
(field) is parallel (parallel) to the chain direction, as shown
in Fig. 8(b). This shows that the anisotropic MC is not
caused by the direction of current with respect to chain
axis. The anisotropic MC is due to the anisotropic
diffusion coefBcient, which in turn is a function of the an-
gle between the field direction and chain axis. '

Apparently, in samples having p, =3—5, similar an-
isotropy in the MC has been observed previously (be-
tween 4.2 and 1.6 K). Although the sign of the MC did
not change for samples having p„~ 3, the magnitude of
the positive MC is nearly three times larger when the
field is perpendicular to the chain as compared to the
case when the Geld is parallel to the chain direction.
This clearly indicates that the interaction contribution to
the MC is larger in the latter case due to the anisotropic
diffusion coe5cient. Moreover, the field-induced cross-
over from positive to negative MC shown in Figs. 9(a)
and 9(b) indicates the interplay between the contributions
to the MC from weak localization and electron-electron
interaction.

The contribution to bX(H, T) =0 (H, T)—cr(0, T) from
electron-electron interactions can be written as fol-
ows:

bXI(H, T)= 0 041(—gp~. /k~) yF T ' H

(gp~H &&k~T), (Sa)

bXI(H, T)=ayF T' 0.77a(gp—~/ks)' yF H'

04'

0.2
h

k kk
~ k

0ogak

(a)

~ o a

(gp~H ))kqT) . (5b)

At low and high fields, EXI(H, T) is proportional to H
and 0', respectively.

For the low-magnetic-field regime, we follow Rosen-
baum et al. 8 and assume that the contributions to
b,X(H, T) which arise from electron-electron interaction
and weak localizations are additive. Thus the total low-
field MC is given by

O4g l I

(b)Y~ J
t

0.2-

CI ~ k

P 0 w(-I k

k k kk

-0.2
0

{)o~
ClgOO

L pClp

kO4

-9.8—

~ ~ ~ 0 ~

0 ~0
D

Og

(c)
I

FIG. 9. Magnetoconductance [o (0, T)-o.(0, T) ] vs magnetic
field for iodine-doped (CH) at 4.2 K (~), 2 K (0), and 1.2 K
(A). The current is perpendicular to the chain axis (v): (a) field
is perpendicular (parallel) to the chain axis (current); (b) field is
perpendicular (perpendicular) to the chain axis (current); and (c)
field is parallel (perpendicular) to the chain axis (current).

b,X(H, T)= — 00 14(ag pq/kq) yF T ' H

+(1/12' )(e/cubi) Go(1;„) H

where Go=(e /tit'), and 1;„ is the inelastic scattering
length. The first term on the right-hand side is the con-
tribution from electron-electron interactions (negative
MC), and the second term on the right-hand side is the
contribution from weak localization (positive MC). The
first term can be estimated by using values for a and yF
obtained above. Then, using the slope of b,X(H, T) vs Hi,
in the low-field region, the second term can be estimated.
In this way the value of the inelastic scattering length can
be calculated at each temperature. The values of inelastic
scattering length at different temperatures, for directions
both parallel and perpendicular to the chain axis, are
shown in Table II. At 1.2 K, the inelastic scattering
lengths in directions parallel and perpendicular to the
chain axis are 1163 and 210 A, respectively. The temper-
ature dependence of the inelastic scattering length is
shown in Fig. 10. The T ~ dependence of the inelastic
scattering length, in directions both parallel and perpen-
dicular to the chain axis, is typical to that of inelastic
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FIG. 10. The inelastic scattering length vs T ' for iodine-
doped (CH)„: (~ ) parallel and (4) perpendicular to the chain's
axis.

electron-electron scattering in disordered metals. ' This
is in agreement with the T dependence of the conduc-
tivity, as shown earlier in Fig. 5(a). Thus both the con-
ductivity and MC are consistent with the localization-
interaction model of anisotropic disordered metals.

IV. CONCLUSION

A comprehensive study of the conductivity and MC
has been carried out for directions both parallel and per-
pendicular to the chain axis, as a function of pressure,
temperature, and magnetic field. The room-temperature
conductivity increases up to 4 kbar, and at higher pres-
sure the conductivity gradually decreases. At 8 kbar, the
temperature dependence of the conductivity (o I) and the
anisotropy in the conductivity (cr I/o ~) have decreased by
factors of 1.4 and 1.6, respectively. 8'(T) is temperature
independent from 180 to 60 K in directions both parallel
and perpendicular to the chain axis. This indicates that
at atnbient pressure the system is on the verge of the me-

tallic side of the critical regime. However, at 8 kbar, the
system exhibits more metallic behavior due to the
enhanced interchain transport. The T dependence of
the conductivity above 3 K indicates that inelastic
electron-electron scattering in disordered metals is the
dominant scattering process. However, at temperatures
below 3 K, the T' dependence of the conductivity
arises from the residual electron-electron interaction.

The sign and magnitude of the MC is determined by
the extent of the disorder, the temperature, the degree of
orientation of the chains in the sample, and the angle be-
tween the magnetic field and the chain axis. In samples
with high anisotropy (tJI!ot~100) and less disorder
(p„3), the sign of the MC is positive (negative) when
the field is perpendicular (parallel) to the chain axis.
Whether the field is parallel or perpendicular to the chain
axis, the electron-electron-interaction contribution (nega-
tive MC) dominates over the weak-localization contribu-
tion (positive MC) at high fields and low temperatures.
The anisotropic MC is due mainly to the anisotropic
diffusion coefBcient, as confirmed by the crossover from
negative to positive MC and the reduced magnitude of
the negative MC at 8 kbar. At 1.2 K, the inelastic
scattering length for directions parallel and perpendicular
to the chain axis are 1163 and 210 A, respectively. The
T dependence of the inelastic scattering length is
consistent with the T dependence of the conductivity
at low temperatures, indicating that the inelastic
electron-electron scattering in disordered metals is the
dominant scattering mechanism.
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