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Effect of magnetic dopant on the metallic conductance of polyacetylene at low temperature
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The low-temperature metallic conductance in FeCl4
2- and ClO4

2-doped polyacetylene has been studied
with the aim to probe the conduction electron-dopant interaction. A different behavior ascribable to the
magnetic moment at the dopant site was found below;1 K under a magnetic field of less than;1 T. The
result is discussed with respect to the effect of scattering by localized spins at the FeCl4

2 site. The logarithmic
temperature dependence and the negative magnetoresistance are examined in relation to spin scattering at the
magnetic dopant and at the carbonyl basis, and to pseudospin scattering due to dynamic chain distortion. The
effect of inhomogeneity is discussed also.@S0163-1829~98!00631-6#
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I. INTRODUCTION

The metallic phase in doped polyacetylene has been
vealed by the study of high electrical conductance with we
temperature dependence at very low temperature down to
mK region.1–4 Since the length of a polyacetylene chain is
the order of 102 nm and is much less than the sample size3,5

the metallic conductance in such a quasi-one-dimensio
electronic system is not understandable unless the ap
ciable role of interchain transfer is taken into account in
conductance processes. In other words, provided that
chains are not bypassed through interchain transfer,6–8 the
charged carriers are hindered from transferring between
polymer chains at the terminals.

The undoped polyacetylene with quasi-one-dimensio
electronic structure is insulating due to the strong electr
lattice and electron-electron interaction.9,10 The conduction
carriers are produced by doping. In this case the addition
dopants enlarges the interchain spacing and inevitably m
fies the structure according to the size and shape of
dopants.11,12 The expansion may work to reduce the inte
chain interaction. Then we take into account the roles of
dopants in the interchain electron transfer. It has b
thought that the dopants are inactive electronically beca
most of the dopant species have a closed-shell structure
thereby do not play a dominant role in interchain transf
However, Yamashiroet al. showed that an alkali-metal dop
ant with a closed shell can mediate the interchain elec
transfer via the extended wave function ranging over sev
carbon atoms aligned in adjacent chains.13 The resultant
electron transfer was estimated to be comparable to the e
tron transfer within the chain. Then it is interesting to stu
the effect of the dopant to the conduction process.

The characteristics of low-temperature metallic cond
tance have been studied extensively using I3

2-doped or
FeCl4

2-doped polyacetylene.1,2,14,15 When the dopants ar
supplied into aligned polyacetylenes up to saturation poin
high level of electrical conductance, well exceeding 14

S/cm with very weak temperature dependence, is realize
the fresh state. However, since it is considered that the d
PRB 580163-1829/98/58~8!/4352~10!/$15.00
e-
k
he
f

al
re-
e
he

he

al
-

of
i-
e

e
n
se
nd

r.

n
al

c-

-

a

at
p-

ing does not proceed uniformly, the resultant inhomogene
brings about a mixture of metallic and nonmetallic parts d
pending on the degree of disorder and hinders us from
plying a simple model to the behavior.8,16,17The conductance
is affected by localization caused by disorder.18,19 At very
low temperature only the metallic phase with negligible co
tribution of the localization serves for conductance and
conducting system can be significantly simplified.

As a means to probe the conduction electron-dopant
teraction serving metallic conductance, we have investiga
the difference in the conductance between FeCl4

2-doped and
ClO4

2-doped polyacetylene at very low temperature.3,15,20In
this study it is essential that FeCl4

2-dopant possesses th
localized magnetic moment of52 mB ,21–23 in contrast to the
nonmagnetic ClO4

2-dopant. Due to similarities in the dopan
structure with tetrahedral symmetry, the resultant structu
of the doped polyacetylene are expected to be similar11,24and
the effect of the structural difference is not significant. T
difference observed under magnetic field can be ascribe
the effect of the carrier-dopant interaction under the infl
ence of the localized moment. We recall that the effect
FeCl4

2 dopant to thermo-electric power above liquid-H
temperature was studied in comparison with I3

2-doped and
AsF6

2-doped.25 However, the significance of the spin effe
for the metallic conduction to be studied at very low tem
perature was not touched upon.

II. SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURE

High-density polyacetylene films were synthesized incis-
form from six-nine grade acetylene monomer gas.26 The
catalyst used was tetrabuthoxy titanium/triethyl aluminu
@Ti(OBu)4 /AlEt3# with an Al/Ti ratio of 2.0, which was
aged around 200 °C for 30 min in decaline with a Ti(OBu4
concentration of 1.0 mol/l. Polymerization was carried o
for several hours at270 °C under ambient pressure. Afte
polymerization, the film was washed in toluene and a hyd
chloric acid/methanol solution. The prepared film had an
4352 © 1998 The American Physical Society
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erage thickness of 5210 mm and a shiny silvery luster. Th
film was uniaxially drawn by hand in air to a stretching ra
of 5–10, and preserved in sealed glass tube at;230 °C
before it was used. For the conductivity measurement,
film was cut to the dimension of about 0.5 mm310 mm
with a thickness of 1mm and was mounted on a Kapto
film. Electrodes were formed by folding the film with P
strips with a thickness of 10mm to which carbon paste wa
added. The contact resistance was less than 10V. The ex-
posure time in air before doping was restricted with seve
minutes. The paste was dried in vacuum.

The FeCl4
2 doping was carried out by immersing th

polyacetylene film in 0.04M FeCl3/nitromethane
solution.22,23 During the course of the doping the conducti
ity was monitored, and an example of the conductance
crease is shown in Fig. 1. After the doping procedure,
sample was washed with solvent five times and dried
vacuum for 2 h. Finally, the sample was taken out of
apparatus and quickly covered with Apiezon-N grease to
prevent oxidation by air.

The ClO4
2 doping was carried out by immersing in sol

tion, 0.1M Cu(ClO4)2/acetonitrile.27 The solution was pre-
pared by dissolving Cu(ClO4)2• 6H2O with molecular sieves
~hole size 3 Å, grain diameter18 ) in acetonitrile, and kept for
10 days to remove water. During ClO4

2 doping, the conduc-
tivity was not monitored in this case, because the solut
was conductive, but it was evaluated with a calibration cu
of conductivity versus doping time prepared by a series
dopings. After doping, the sample was washed, dried,
taken out similar to the method used in the case of FeC4

2

doping. We found that the ClO4
2-doped sample was influ

enced by air at a much faster rate than the FeCl4
2-doped

sample. The room-temperature resistivities on comple
the preparation and at the start of the measurements are
e

l

-
e
n
e

n
e
f
d

g
ted

in Table I. Differences between the successive measurem
can be ascribed to the room-temperature aging effect.

The measurements were carried out with a dilution refr
erator. The sample was mounted in an epoxy mixing cha
ber and immersed in3He-4He solution during measuremen
in order to ensure good thermal contact below 1 K. A Ru2
resistance thermometer was used to monitor the sample
perature. The resistivity was measured by ac four-term
method at frequencies of 12.5 or 23 Hz with an AC res
tance bridge or a lock-in amplifier. The linearity of the me
sured resistance was checked intermittently at some temp
tures. Magnetoresistance measurements were mainly ca
out by sweeping the temperature under a constant field
order to avoid heating due to eddy current loss. The field w
applied in the transverse direction. Previous works15,18,28,29

FIG. 1. The doping time dependence of conductivity for FeCl4
2

doping.
ence of

hose

s

TABLE I. Room-temperature resistivity of measured samples. The samples are numbered in sequ
measurement. For example,F1 was measured after preparation,F2 andF3 were measured keepingF1 at
room temperature;2 and;8 days, respectively. The conductivity at room temperature is higher than t
reported for S-~CH!x by two orders of magnitude~Ref. 19!.

Dopant
and Resistivity after doping Resistivity before measurement Thicknes

sample code (1025 V cm) (1025 V cm) (mm)

ClO4
2 C1 2.1 3.4 0.7

C2 2.1 12 0.7
D1 2.0 2.8 0.6
D2 2.0 4.1 0.6
D3 2.0 5.0 0.6
D4 2.0 6.4 0.6

FeCl4
2 F1 2.3 2.7 0.7

F2 2.3 3.6 0.7
F3 2.3 4.7 0.7
F4 2.3 9.9 0.7
F5 2.3 12 0.7
G1 1.1 1.1 0.6
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have shown that the direction of the field does not resul
significant differences.

III. RESULTS

A. Temperature dependence of resistivity

The temperature dependence of the resistivity for a se
of FeCl4

2-doped samples denoted byFn (n51,2,3! is
shown in Fig. 2. The freshest sample giving the lowest re
tivity is denoted withF1, and those obtained after success
agings are denoted withF2 andF3. The characteristics o
the samples are listed in Table I. The sample denoted w
C1 is the freshest ClO4

2-doped sample. The samplesF1
andC1 were prepared from different parts of the same p
tine film.

The resistivity of sampleF1 increases gradually by coo
ing from 300 K to 40 mK. However, as displayed in the ins
figure of Fig. 2, the temperature dependence is somew
different for 300 to 200 K, 150 to 20 K, and below 1 K. Th
resistivity decreases on cooling from room temperature
200 K, as reported in Ref. 15. The resistivity then increa
with a high slope in the logarithmic temperature scale fr
150 to 20 K, followed by a weak temperature depende
below 1 K. With increases in the room-temperature resis
ity, as inF2 andF3, the resistivity minimum appearing nea
200 K and above is suppressed and the slope of the resi
increase is enhanced in accordance with the prev
report.15

Concerning the ClO4
2-doped sampleC1, the general fea-

tures appear to be similar to the series of FeCl4
2-doped

samples, and the temperature dependence seems to be a
scaled with the room-temperature resistivity. We confirm
that with further aging, the nonmetallic behavior of th
doped polyacetylene is enhanced due to strong localiza
by induced imperfections as has been reported in Refs
and 18.

The samplesD1 andG1 shown in Fig. 3 were also pre
pared from different parts of one pristine film. In order to s

FIG. 2. The temperature dependencies of the resistivity
FeCl4

2-doped~denoted withF1, F2, andF3) and ClO4
2-doped

(C1) polyacetylene. The specifications of the samples are give
Table I. The inset is given to magnify the resistive change forF1.
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the dependence of the dopant species and to avoid the ef
of differences ascribable to the pristine polyacetylene fi
we doped different species to pieces of one film. The te
perature dependence appearing above 10 K in Fig. 3 is s
lar to the cases shown in Fig. 2. On the other hand,
FeCl4

2-doped sampleG1 shows a logarithmic temperatur
dependence below 10 K, while the ClO4

2-doped sampleD1
exhibits almost temperature-independent resistivity be
1 K.

B. Effects of magnetic field

The magnetic fieldH dependence of the transverse ma
netoconductanceDs(H) @5s(H)2s(0), where s(H) is
the conductivity under magnetic fieldH] is shown in Figs. 4
and 5, for the FeCl4

2-doped and ClO4
2-doped polyacety-

lene, respectively. The measurements were carried ou
varying the temperature under a constant field, which w
applied perpendicular to the current direction, in order
avoid heating due to eddy currents on the field sweep.
data are given as the magnetoconductance incrementDs(H)
„5@r(0)2r(H)#/r(0)2, wherer(H) is the resistivity…. The
observed magnetoresistance is negative.Ds(H) increases
with H, with a larger increasing ratio below 1 T than above
2 T as shown in Figs. 4~a! and 4~c! for F1 andG1, respec-
tively. With increases in the resistivity due to aging, the lo
field increment is suppressed as shown in Fig. 4~b!. With
regard to the temperature dependence, in the case of
FeCl4

2-doped sample, the value ofDs(H) continues to in-
crease by cooling down to 40 mK.

In the case of the ClO4
2-doped sample shown in Fig. 5

the Ds(H) increases withH, but the rise in the low-field
region is not so obvious as in the case of the FeCl4

2-doped
sample. It is noteworthy thatDs(H) is almost temperature
independent in the region below 1 K, in contrast to the c
for the FeCl4

2-doped samples, althoughDs(H) decreases
when heated above 1 K asshown in Fig. 5~b!.

Here we discuss the relationship between the presen
sults and the reported results of the low-temperature mag

f

in

FIG. 3. The temperature dependencies of the resistivity
FeCl4

2-doped (G1) and ClO4
2-doped (D1) polyacetylenes. The

samples were prepared from the same film, but this was diffe
from the film used for samplesF1 andC1. The specifications of the
samples are given in Table I.
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PRB 58 4355EFFECT OF MAGNETIC DOPANT ON THE METALLIC . . .
toresistance in I3
2-doped highly conducting polyacetylene.29

In the previous report, the magnetoresistance measurem
were carried out up to 14.5 T in the temperature reg
above 0.55 K. The magnetoresistance for the most con
tive sample~denoted sampleD in Ref. 29! becomes negative
and almost proportional to the magnetic-field. The measu
ment carried out down to 0.55 K under the longitudin
magnetic-field configuration shows that the magnetocond
tance incrementDs(H) becomes insensitive below 0.9 K
which is consistent with the ClO4

2-doped sample in the
present study. The difference between the transverse an
longitudinal configurations is characterized by the enhan
ment in the former by a factor of;2.

FIG. 4. The magnetic field dependence of the transverse m
netoconductances(H)2s(0) for FeCl4

2-doped samplesF1, F3,
andG1 in ~a!, ~b!, and~c!, respectively. Lines are a guide for th
eyes.
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IV. DISCUSSION

A. Inhomogeneous structure

The doped polyacetylene samples adopted in this st
were refined ones, as evidenced by a conductivity well
ceeding 104 S/cm at room temperature. The doping up to t
saturation level can minimize inhomogeneous dopant dis
bution. Even in this case, however, inhomogeneity canno
ruled out, due to the higher-order structure characterized
assembly of fibrils with;5 nm diameter.3

It is remarkable that bond alternation was observ
through the infrared and the Raman spectra even in
heavily doped polyacetylene with metallic conductance.30,31

Provided that the material is uniform, this observation m
mean the presence of an anomalous phase in which the
alternation accompanied with an energy gap coexists w
the metallic state possessing the finite density of states a
Fermi level.32 However, because the samples consist of po
mer chains of higher-order structure, even in highly cond
tive polyacetylene, there is no reason to assert that the
tem should be homogeneous. A possibility that the cen
and terminal parts of the chains have different electro
structures cannot be ruled out. In other words, even whe
central portion of the chain serves the metallic conduction
terminal part of the chain may still be nonmetallic with
bond-alternating structure. This supports the idea that
metallic parts and the bond alternation coexist in a spati
separated fashion in the chain.

g-

FIG. 5. The magnetic field dependence of the transverse m
netoconductances(H)2s(0) for ClO4

2-doped samplesC1 and
D1 in ~a! and ~b!, respectively. Lines are a guide for the eyes.
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The residual conductance at very low temperatures, t
cally below 1 K, is considered to represent the nature
metallic portions connected bypassing the nonmetallic pa
the observation of the metallic conductance proves the e
tence of a genuine metallic phase, in the sense that car
can be excited with infinitesimally small energy. Recent
the inhomogeneous coexistence of different electro
phases has been recognized in doped polypyrroles
polyanilines.33–35 Their metallic conductance at very low
temperatures is ascribed to percolation through the met
portions.

Prior to discussion of the metallic nature, we try to d
scribe the temperature dependence of the conductivity
terms of weak localization.36,37For this purpose, the conduc
tivity is plotted againstT0.5 as shown in Fig. 6, while its
increment by the magnetic field is plotted againstH0.5 in Fig.
7. Then we find that the relationship expected for the we
localization is not fully satisfied in the low-temperature sid
We remember that the general feature from 100 to 1 K can
be represented fairly well on the basis of the localizat
model modified by taking into account the lo
dimensionality.29

FIG. 6. The temperature (T) dependencies of the conductivit
plotted versusT0.5.

FIG. 7. The magnetic field (H) dependencies of the magnet
conductance@s(H)2s(0)# versusH0.5 at 100 mK. Lines are a
guide for the eyes.
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B. Effect of spin scattering

The magnetoconductance incrementDs(H) for the
ClO4

2-doped samples is rather insensitive to temperatu
below 1 K as shown in Figs. 5~a! and 5~b!, in accordance
with the I3

2-doped polyacetylene.29 On the other hand,
Ds(H) for FeCl4

2-doped samples continues to increase d
to cooling below 1 K, as displayed in Figs. 4~a!, 4~b! and
4~c!. The difference can be seen alternatively if we plot t
temperature dependence below 1 K, as shown in Figs.~a!
and 8~b!. The slopes in the temperature dependence belo
K for the FeCl4

2-doped samples change with fields up to 1
@Fig. 8~a!#, while the slopes for the ClO4

2-doped samples
are rather independent of the magnetic field@Fig. 8~b!#. We
ascribe theDs(H) below 1 K for the FeCl4

2-doped samples
to the role of the localized magnetic moment as follows.

The electron spin resonance~ESR! measurement carried
out for a part of sampleG1 indicated the presence of loca
ized spins in the FeCl4

2-doped samples. The signal was se
at g;2, with the peak-to-peak width of about 500 Oe, whi
can be partly ascribed to the orientational averaging of
anisotropic fine structure coming from the Fe31 ions.38 The
signal coming from conduction electrons could not be e
tracted. Figure 9 shows the spin susceptibility as a funct
of inverse temperature. The temperature dependence ca
represented roughly as a sum of Curie and Pauli-like pa
indicating that the localized paramagnetic spins exist do
to low temperature. By comparing the coefficient of the C

FIG. 8. The temperature dependence of conductivity under m
netic fields.~a! and ~b! represent results for samplesF1 andC1,
respectively. Lines are a guide for the eyes.
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rie part with the standard sample~DPPH!, we obtain spin of
;3.4mB per dopant. The reason for getting the larger va
compared to5

2 mB for Fe31 is not known but this means tha
the localizedd orbitals are not hybridized withp electrons
due to the spatial separation of the Fe31 ion from the poly-
acetylene chain by holding Cl ion between them. It is wort
to note that the Zeeman splitting energy under 1 T corre-
sponds to 1.4 K wheng52. It is suggestive that the differ
ence in the magnetic field dependence between the FeC4

2-
and the ClO4

2-doped samples appears below;1 K. The
coincidence with regard to the ranges of the field and
temperature implies that the electrons interact with the lo
ized spin below;1 T for the FeCl4

2-doped samples. The
enhancement ofDs(H) by the magnetic field can be unde
stood by considering the suppression of spin scattering
to the spin polarization by a magnetic field.

Assuming that the present system can be modeled b
metal with localized magnetic moments, thes-d interaction
model of an electron with localized spin brings about t
resistivity in the Born approximation as

RB5
3

2

mpVc

zNe2\

J2

eF
S~S11!, ~1!

wherem is the effective electron mass,zN is the number of
conduction electrons,c is the concentration of impurity at
oms,V is the volume of the system,S is the quantum numbe
for the spin at the impurity site,J is the exchange integra
and eF is the Fermi energy.39 The second-order Born ap
proximation provides the Kondo scattering. In the pres
case withS> 5

2 , however, the applicability of the result
based upon thes-d model is not guaranteed due to comple
ity related to the orbital degeneracy. Nevertheless, when
assume that the suppression of the spin scattering above;1
T is due to spin polarization by the Zeeman effect,J2/eF is
given as 231024 eV by RB51/Ds at H51 T. It is pre-
dicted that the magnetoresistance at sufficiently small fiel
proportional to the square of the magnetization, that is, p
portional toH2. This tendency is found in the experiment
results, although we should note that the effect of elect
interaction in weakly disordered metallic systems also p
videsH2 dependence.37

FIG. 9. The spin susceptibility of sampleG1, obtained from
ESR measurement. The line is a guide for the eyes.
e
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It is noteworthy that the spin concentration reaches
per CH in the present system. In this situation, the interac
between the localized spins, the Ruderman-Kittel-Kasu
Yoshida ~RKKY ! interaction via conduction carriers, ma
work, resulting in the suppression of spin scattering at l
temperatures. In the polyacetylene with inherent quasi-o
dimensionality, the screening effect can be reduced and
RKKY interaction becomes so weak as not to form a sp
glass state. On the other hand, the magnetic-field depend
appearing above;1 T is observed not only in FeCl4

2-doped
but also in ClO4

2-doped samples, implying that it cannot b
ascribed to the localized spins as will be discussed in S
IV E.

C. Effect of dopant on carrier transport

On considering the conduction electron-dopant inter
tion, we have to take into account the effect of the mixing
the wave function of dopants and that of conduction elect
as well as the influence to the potential field. The cha
transfer between dopants and polyacetylene chains not
modifies the conduction band as demonstrated for alk
metal-doped polyacetylene.40 With regard to FeCl4

2 and
ClO4

2 , possessing the similar structure, the degree of
charge transfer is at the same level. For the case of FeC4

2,
the central Fe31 interacts with CH chains, holding Cl2 be-
tween them, and the direct mixing of the wave function
Fe31 to that of conduction band is considered to be we
Therefore, although we cannot thoroughly rule out a pos
bility of spin scattering for conduction electron in CH cha
via the direct mixing, it is probable that the conduction ca
rier gets close to the Fe31 site and are scattered by the lo
calized spins.

On the other hand, it is noteworthy to see the results in
aged sample. The resistive increase by aging is ascribe
induced disorder in CH chains rather than dopant sites,
cause the aging effect is found in general, irrespective
dopant species. As shown in Figs. 10~a! and 10~b!, the mag-
netoconductance appearing below 1 T remains for the
FeCl4

2-doped as in the case for the fresh sample. This
understandable if we can consider that an interchain tran
path involving the dopant that is less affected by ag
serves to the conductance.

D. Magnetoresistance in aged samples

As aging progresses, the metallic percolation path
conduction is narrowed. The sign of magnetoresista
changes from negative to positive with aging.18,29,41 In the
case of I3

2 and FeCl4
2-doped polyacetylene, the depe

dence above 0.6 K was well explained by variable ran
hopping in a system with intrastate Coulomb correlation42

Under a magnetic field, the spins of carriers tend to orien
the same direction. As a result, since the occupation of
site by two spins of the same orientation is inhibited, t
hopping conduction is suppressed, resulting in the posi
magnetoresistance exhibiting a saturating behavior at h
magnetic field. In this case, the appearance of the resist
maximum is determined by the influence of Zeeman ene
on the localization. It is also dominated by the differen
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between the Fermi energy and the mobility edge.
FeCl4

2-doped samples, the carriers are delocalized by
Zeeman energy, but this is not the case in I3

2-doped
samples.41 It should be noted that the magnetoresistance
scribed here can be ascribed to the carrier hopping among
localized sites in the CH chain. This contrasts to the effec
the spin scattering discussed in Sec. IV C.

The magnetoconductance of the aged samples such aF5
andD4 is presented in Figs. 11~a! and 11~b!, respectively. In
the ClO4

2-doped case~sampleD4), the feature is very simi-
lar to that of the I3

2-doped case. In the FeCl4
2-doped case

~sampleF5), however, the tendency above;0.6 K is similar
to that reported in Ref. 41, but a new feature is seen be
0.6 K. The conductance minimum vanishes and posi
magnetoconductance emerges. The increase in conduc
is further enhanced at low field below;1 T being consisten
with results shown in Figs. 10~a! and 10~b!. This is in accor-
dance with the effects of spin scattering observed in a fr
sample, implying that some conduction paths remain at v
low temperature in the aged sample.

E. Logarithmic dependence

The temperature dependence of the resistivity in
doped metallic polyacetylene is characterized by a com
nent proportional to lnT,43,44 although it may be separate

FIG. 10. The temperature dependence of resistivity for a
samples under magnetic field.~a! and ~b! represent results fo
samplesF4 andD2, respectively.
n
e

e-
the
f

w
e
nce

h
ry

e
o-

into two parts, depending on temperature, from 150 to 20
and below 1 K. By aging at room temperature, the tempe
ture dependence appearing in the higher-temperature re
is smoothly expanded to lower temperatures, and the rat
the temperature dependence is enhanced.

To explain the logarithmic temperature dependence
conducting polymers, there have been three proposals as
lows. The first describes this temperature dependence a
effect of localized magnetic moment as in the case of dil
magnetic alloys.39 The second points to the effects of carb
nyl defects formed in polyacetylene chains, which have lo
electrons and act as an AndersonU impurity with a spin
degree of freedom.45 The third explanation suggests that th
effect of a two-level system associates with disorder in we
interchain binding among polymers, as in the case of am
phous metals.46,47

With regard to the effects of localized magnetic mome
at Fe31, we found that the metallic conductance in th
FeCl4

2-doped samples showed more variation with tempe
ture than that of ClO4

2-doped samples, as demonstrated
Fig. 2 with samplesF1 and C1, and also in Fig. 3 with
samples G1 and D1. We attempted to measur
ClO4

2-doped samples in their fresh state, but we could
suppress the aging prior to our measurements, as evide
by the higher room-temperature resistivity compared to
FeCl4

2-doped samples. Since theF1 andC1 samples were
prepared from the same film, the pristine structure of
polyacetylene film was identical. The difference in the res

d
FIG. 11. The magnetic-field dependence of conductance

aged samples.~a! and~b! represent results forF5 andD4. Lines are
a guide for the eyes.
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tivity can be ascribed to the difference in the dopant spe
and the defect structure. The systematic variation of the t
perature dependence from sampleF1 to F3 and the similar
dependence of sampleC1 displayed in Fig. 2 supports thi
view. In this case, it is noteworthy that the variation
sampleF1 is larger than that in sampleC1 below 1 K,
where the metallic conductance dominates. In order to sh
that the resistivity of sampleF2 have a component propo
tional to lnT in contrast to that ofC1, we processed the dat
in the following way. First the magnetic-field dependence
r(H)2r(8 T) for sampleF2 andC1 at different tempera-
ture was derived as shown in Fig. 12. This enables us
extract the effect of the spin scattering at low fields.~The
magnetic field was scaled withAH, since the field depen
dence above 1 T can be represented in a simple fashion.! It is
noteworthy thatr(H)2r(8 T) for sampleF2 varies with
temperature in the low-field region while that for sampleC1
is rather independent of temperature. Then we get theDr(T)
at H50 for sampleF2 is proportional to lnT as shown in
Fig. 13.

The logarithmic temperature dependence seems to be
sistent with differences in the magnetic-field dependence
discussed in Sec. IV B. In this case we are tempted to re

FIG. 12. The magnetic-field dependencies ofr(H)2r~8 T! for
samplesC1 andF2, at different temperatures. Lines are a guide
the eyes.

FIG. 13. The temperature dependence ofDr(T)2Dr~1 K!,
whereDr(T)5r(0)2r~8 T! for sampleF2. The line is a guide for
the eyes.
s
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the result to the logarithmic temperature dependence der
from the second Born approximation. However, we sho
note that in the present case, the theoretical result giving
logarithmic temperature dependence of the resistivity can
be applied directly because the localized moment has5

2 spin
and can have orbital degeneracy. In this respect, although
influence of the magnetic dopant cannot be directly int
preted in terms of the Kondo theory, the temperature dep
dence shown in Fig. 13 is considered to be related to so
thing similar to that. We also point out that because thed
orbital is not fully mixed with thep electrons, it is difficult
to form the hybridized state.

In the case of the carbonyl impurity that can appear
both FeCl4

2-doped and ClO4
2-doped samples due to agin

in atmosphere, the localized states are buried in the con
tion path and hence can be hybridized with thep electrons as
described by the Anderson model. Cruzet al. have claimed
that in this case Kondo resonance can appear, resulting
unitary state at low temperatures where the logarithmic te
perature dependence tends to be suppressed. In ord
check the validity of the model, we refer to the magneto
sistance measured up to 8 T. As shown in Figs. 10~a! and
10~b!, the logarithmic dependence in aged samples such
F4 and D2, is not suppressed even under high magne
field, which is enough to polarize the localized spins. T
implies that the scattering is not of magnetic origin.

The third model related to the structural freedom due
distortion in the loosely bound polymer chains can be in
pendent of the magnetic field. We note that the effect may
subtle since the scattering giving the logarithmic temperat
dependence is ranked to a higher-order process.47 Previously,
Kanekoet al.48 have ascribed the temperature dependenc
the intermediate temperature region to the localization ef
in the restricted dimensional system. One problem to
solved, however, is that the high field reaching 10 T s
strongly influences the conductance as shown in Fig.
With regard to the magnetic-field dependence of the meta
conductance appearing below;1 K in FeCl4

2-doped fresh
samples such asF1 and G1, we cannot dismiss the
magnetic-field dependence appearing above;1 T. Since the
similar magnetic-field dependence is seen as well in
ClO4

2-doped samples, this cannot be ascribed to the m
netic origin but may be related to the electronic structu
appearing at the boundary between the metallic and non
tallic parts.

V. SUMMARY

The electrical conductance of heavily FeCl4
2- and

ClO4
2-doped polyacetylene shows similar temperature

pendence from room temperature down to the mK regi
except for differences found in the low-temperature mag
toresistance below;1 T and the somewhat enhanced log
rithmic temperature dependence of the resistivity in
former.

The difference in the magnetoresistance can be ascr
to spin scattering by the magnetic dopant. The enhan
magnetic-field effect in aged samples implies that the c
ductance along the chain is suppressed by disorder pres
ably due to oxidation of polyacetylene, while the effect

r
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the spin scattering is less influenced. These facts sugges
the carriers can transfer via the dopant site in interch
transfer process.

The logarithmic temperature dependence observed ge
ally in heavily doped polyacetylene is examined in relati
to spin scattering at the carbonyl defect, which is formed
oxidation and predicted to work as AndersonU impurity,
and pseudospin scattering through the dynamic distortio
polymer chains. The influence of the magnetic field up
more than 10 T suggests that the spin scattering canno
the origin of the logarithmic temperature dependence, si
it is expected to be saturated by polarization at rather
.
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field. As the origin we cannot rule out the effects of loca
ization in an inhomogeneously disordered system and
effect of the electronic state varying between the meta
and nonmetallic regions at their spatial boundary.
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