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Effects of pressure and magnetic field on the low-temperature conductivity of FeCl4
À-doped

polyacetylene: The influence of scattering by low-energy excitations
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The effects of hydrostatic pressure and magnetic field on the low-temperature conductivity of oriented
polyacetylene doped with FeCl4

2 up to a metallic state have been investigated. It was found that the conduc-
tivity at 10 kbar is greater than that at ambient pressure by a factor of 1.3. Application of pressure suppresses
the resistivity minimum at 280 K and decreases the resistivity ratior r5r(0.37 K)/r(300 K) from 2.4 down
to 1.9. The temperature dependence of resistivityr(T); ln T at temperatures below 1 K at ambient pressure
and at 10 kbar, which remains almost unaltered by a magnetic field up to 14 T. The starting temperature of the
logarithmic temperature dependence shifts by a magnetic field up to higher temperatures. Transverse magne-
toresistance~MR! was found to be negative, linear, and almost temperature-independent at temperatures below
2 K. The low temperaturer(T) and MR behavior atT,1 K observed in heavily doped polyacetylene has
been attributed to weak localization. We assumed that a dramatic increase of inelastic scattering due to
low-energy vibrational excitation can ascribe the stronger temperature behavior ofr(T) and MR atT.2 K as
a result of further suppression of weak localization due to a more effective dephasing effect. At higher
temperature, the resistivity decrease is dominated by activation to additional conduction paths.
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I. INTRODUCTION

The electrical-conductivity of heavily doped polyacet
lene~PA! has been studied intensively during recent years1,2

In particular, more attention has been paid to transport pr
erties of FeCl4

2-doped and ClO4
2-doped PA at very low

temperatures.3–5 These studies have resulted in revealing
ClO4

2-doped PA with a positive temperature coefficient
resistivity ~TCR! over an entire temperature range 300–1
K.6,7 From another side, the application of high hydrosta
pressure can increase and control the conductivity of an
tropic, highly doped conducting polymers with relative
weak interchain interactions by tuning the interchain over
of the p electrons. The effects of high pressure and h
magnetic fields on the temperature dependence of condu
ity have been studied intensively for oriented PA films dop
with iodine8–10 and potassium,11 as well as for some othe
highly doped polymers.12–15

In all the above cases, the pressure enhanced interc
interactions and thus induced a metallic or more pronoun
metallic temperature dependence of the conductiv
whereas the magnetoresistance~MR! behavior was found to
be more complicated, and the subtle interplay between p
tive and negative MR components has been found in part
lar for doped PA at low temperature.9,10 The obtained results
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have been explained in the framework of various theoret
models, including the interaction-localization model16 and
the extended heterogeneous model.17 However, an apparen
disagreement of experimental data obtained for highly do
conjugated polymers with both of these theories has b
found at temperatures below 1 K.5,18,19Thus an exact nature
of charge-carrier transport in highly doped polymers at v
low temperatures remains a subject of intensive discussi

Recently, the influence of strong inelastic scattering
low-energy vibrational excitations on the low-temperatu
conductivity of highly doped conjugated polymers has be
proposed.19 These excitations related to an initial chemic
structure of conducting polymers, and thus they could aff
the charge-carrier transport at temperature;1 K. The spe-
cific feature of these excitations is their great sensitivity
external pressure, as shown by the measurements of
capacity, thermal conductivity, optical spectra, etc.~see, e.g.,
Ref. 20!.

At present, there are no experimental data regarding
pressure-induced conductivity and MR in FeCl4

2-doped PA
at temperatures down to mK; moreover, there is no dir
experimental evidence of the influence of hydrostatic pr
sure on the low-energy vibrational excitations in high
doped polymers at low temperature. These studies could
vide additional information for further theoretical efforts
this area.
©2001 The American Physical Society09-1
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In this paper, we present the details of charge-car
transport of oriented polyacetylene films doped with FeC4

2

up to a metallic state under hydrostatic pressure up to
kbar and at magnetic field up to 14 T at the temperat
region down to 370 mK.

We have found that the conductivity of oriented pol
acetylene doped with FeCl4

2 at 10 kbar is greater tha
that at ambient pressure by a factor of 1.3. Applicat
of pressure decreases the resistivity ratior r
5r(0.37 K)/r(300 K) from 2.4 down to 1.9. AtT
,1 K, r(T); ln T at ambient pressure and at 10 kbar. Th
behavior remains almost unaltered by a magnetic field u
14 T. The MR was found to be negative, linear, and alm
temperature-independent at temperatures below 2 K. We
tributed the r(T) and MR behavior observed in heavi
doped polyacetylene atT,2 K to a weak localization ef-
fect. At T.2 K, the increase of inelastic scattering due
low-energy vibrational excitation can explain the furth
stronger temperature behavior ofr(T) and MR as a result o
further suppression of weak localization due to a more eff
tive dephasing effect. At higher temperature, the resistiv
decrease is dominated by activation to additional conduc
paths.

II. EXPERIMENT

The Naarmann-type polyacetylene films were synthesi
by the modified Shirakawa method.21 The samples were ori
ented by stretching withl / l 053 –4. The FeCl4

2 doping was
done from solution by analogy with earlier publications.6,7

The doping concentration was determined by measuring
weight of the sample after the films were doped to a satu
tion level equal to 7–8 wt. %.

The dc conductivity measurements were carried out us
collinear four-probe geometry. High-pressure~up to 14 kbar!
conductivity measurements were carried out in a s
clamped beryllium-copper pressure cell using a miniat
sample holder with platinum contact wires. Electrical co
tacts to the sample were additionally improved by cond
tive carbon paint. Manganin wire was placed close to
sample to determine the pressure inside the pressure cell
ing experiment. The hydrostatic pressure-transmitting m
dium was FluorinertTM(3M Co). After pressurizing, the cel
was clamped at room temperature and then cooled dow
370 mK in a3He cryostat system containing a supercondu
ing magnet~0–14 T!. Magnetic field was applied perpen
dicularly to the sample surface and current direction.

III. RESULTS

The typical pressure dependence of the normalized c
ductivity s(P)/s(ambient pressure) of FeCl4

2-doped PA is
shown in Fig. 1. The inset to Fig. 1 presents the press
dependence of the conductivity for the sample, which
been studied at 10 kbar down to 370 mK. As can be s
from Fig. 1, the room-temperature conductivity increases
a factor of 1.3~from 9100 S/cm up to 11 720 S/cm! with a
pressure increase up to 10 kbar, while at higher pressure
conductivity decreases slightly.
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The intrinsic nature of the conductivity maximum at hig
pressure in FeCl4

2-doped PA was proved by a
additional room-temperature pressure experiment w
another highly doped conjugated polymer, poly~3,4-
ethylenedioxythiophene! ~PEDOT! ~sample CF1 with a
nearly metallic temperature dependence of the conductiv
described in detail at ambient pressure in Ref. 22!. The con-
ductivity of the PEDOT sample measured at the same c
ditions as the PA sample does not show any maximum
high pressure; the conductivity increases continuously wit
pressure increase up to 14 kbar.

The typical temperature dependences of the normali
resistivity r(T)/r(300 K) of PA doped with FeCl4

2 at am-
bient pressure and at 10 kbar are shown in Fig. 2. It is e
dent from Fig. 2 that application of hydrostatic pressure
creases the resistivity ratior r5r(0.37 K)/r(300 K) from
2.4 ~at ambient pressure! down to 1.9~at 10 kbar!. The re-
sistivity minimum–a characteristic feature of highly dop
PA–was observed atT!;280 K for the PA sample at am
bient pressure only. Application of pressure suppresses
resistivity minimum and leads to the negative TCR at te
peratures from 300 K down to 370 mK in spite of the high
conductivity of the sample at 10 kbar with respect to it
ambient pressure~see the inset to Fig. 2!. At temperatures
below some specific temperatureT0;1 K, PA samples
demonstrater(T); ln T dependence for both ambient pre
sure andP510 kbar, which remains almost unaltered by
magnetic field up to 14 T~Fig. 2 and Fig. 3!. As can be seen
from Fig. 3, at temperature below 4 K ther(T)/r(300 K)
curves are being shifted as a whole by a magnetic fie
according to negative MR. The slopes ofr(T)/r(300 K)
are almost parallel at zero magnetic field and at a magn

FIG. 1. Pressure dependence of the normalized conduct
s(P)/s(ambient pressure) of FeCl4

2-doped PA at 300 K. The
inset shows the pressure dependence of the conductivity for the
sample, which has been studied at 10 kbar down to 370 mK.
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FIG. 2. Temperature dependence of the normalized resist
r(T)/r(300 K) of FeCl4

2-doped PA sample at ambient pressu
and at 10 kbar, without magnetic field and at a magnetic field 14
The inset showsr(T)/r(300 K) vs T for the same sample at th
temperature range 150–300 K.

FIG. 3. r(T)/r(300 K) vs T for the same sample at the tem
perature range 0.37–4.0 K. Arrows indicate the starting tempera
of r(T); ln T dependence.
23520
field 14 T, whereas the resistivity ratior r decreases down to
2.2 ~at ambient pressure! and 1.8~at 10 kbar!. The starting
temperature of ther(T); ln T dependence shifts slightly b
a magnetic field up to higher temperatures~Fig. 3!. Figures 4
and 5 show that both at ambient pressure and at 10 kba
transverse MR of FeCl4

2-doped PA is negative, almost lin
ear, and in fact it is almost temperature-independent aT
,2 K. As can be seen from Fig. 6, the magnitude of ne
tive MR obtained at 14 T suppresses slightly~from 6.5% to
5.5% at 0.37 K! by application of hydrostatic pressure.

IV. DISCUSSION

The observed pressure dependence of the ro
temperature conductivity is rather similar to that obtained

ty

.

re

FIG. 4. Transverse magnetoresistance of FeCl4
2-doped PA

sample at ambient pressure at various temperatures.

FIG. 5. Transverse magnetoresistance of FeCl4
2-doped PA

sample at 10 kbar at various temperatures.
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PA doped with some other dopants including iodine and
kali metals.8–11 The initial increase in conductivity at pres
sure up to 10 kbar implies an enhancement of interch
interactions, while the following decrease could be co
nected to the creation of some structural defects at high
drostatic pressure. The differences in the pressure de
dences of the conductivity of PA and PEDOT could refle
the different response to the high pressure from fibril-l
~PA! and partly globular-like ~PEDOT! macromolecular
polymeric structure.

The suppression of the resistivity minimum atT!

;280 K by a high hydrostatic pressure can be related t
significant spatial imhomogeneity, which is expected to ex
in heavily doped polymers.19,23 In this case, the mobility
edge can be spatially dependent and thus the increase o
conductivity can be ascribed to additional conduction pa
activated at the elevated temperature. Hydrostatic pres
affects this spatial inhomogeneity and enhances the stre
of the interchain interactions and the total stiffness of
system. All of these factors result in a suppression of n
monotonic resistivity behavior. This conclusion does n
contradict with the modified heterogeneous model,17 which
successfully describes the behavior observed
FeCl4

2-doped PA samples at the relatively high temperat
range.6 Thus we conclude that the transition to monotono
behavior observed for the FeCl4

2-doped PA sample unde
high pressure results from a strong macroscopic disorde
high temperature.

Next we will focus our attention on the low-temperatu
(T<1 K) region. The logarithmic temperature dependen
of resistivity and the almost temperature-independent, lin
negative MR at temperatures from the mK region up to so
K observed in FeCl4

2-doped PA are rather similar to thos

FIG. 6. Temperature dependence of the transverse magne
sistance of FeCl4

2-doped PA sample calculated at 14 T at ambie
pressure and at 10 kbar. The inset shows the double well pote
with E, the interlevel splitting, which can give rise to the two-lev
system at low temperature.
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observed earlier in iodine-doped PA and PF6-doped
polypyrrole.18 At the same time, thisr(T) and MR behavior
is similar to that in some metallic glasses, for example
Fe12xBx and some other alloys.24,25 The behavior ofr(T)
and MR at low temperature in metallic alloys has been
plained in some different ways: in the framework of the a
isotropic exchange interaction model,24 by Coulomb-type
interaction,26 and by momentum dependence of conduct
electron assisted tunneling using the symmetric two-le
system model.27 However, as can be seen from the tempe
ture dependences of the resistivity of FeCl4

2-doped PA, be-
low 1 K, the magnetic field up to 14 T does not affect si
nificantly the slope of ther(T) dependence~Fig. 2 and Fig.
3!. This indicates that the role of localized magnetic m
ments is not significant at this temperature region.

Following our approach presented in Ref. 19, we ha
ascribed the negative TCR withr(T); ln T dependence ob
served in FeCl4

2-doped PA at low temperatures to the dom
nant weak-localization contribution.28 The anomalousr(T)
and MR behavior atT,1 K seems to be similar to the on
observed for ‘‘saturation of dephasing time (tw)’’ found re-
cently for crystalline semiconductors.29 One has in mind that
according to the temperature dependence of resistivity aT
,1 K, the dephasing timetw is expected to be weakly tem
perature dependent, so the same is expected for MR. In
case of FeCl4

2-doped PA, there is a correlation between t
temperature behavior of resistivity and the temperature
pendence of MR, so in this regard this behavior seems to
consistent with dominant weak-localization effects at t
temperature region. The negative MR indicates that we
localization effects with weak spin-orbit scattering domina
transport. The observed linear MR behavior can be con
ered as a composition of theH1/2 law expected for weak
localization at high magnetic field and some different mec
nism~positive MR! for higher fields which imitates the linea
law.

At the same time, taking into account the importance
weak localization, we would like to note that the observ
r(T) and MR features might also have a structural orig
because at low temperatures the structure of polymers ex
its the properties typical for glasses.19 The glassy properties
become more pronounced in highly doped conjugated p
mers, where the presence of dopant atoms leads to an
crease of microscopic disorder and the weak bonding
tween the conjugated polymer chains supporting ‘‘so
atomic potential configurations. AtT;1 K, various proper-
ties of glasses, e.g., specific heat and thermal conductiv
are mainly determined by the two-level systems~TLS! re-
lated to atoms and atomic groups, which move in doub
well interatomic potentials with soft barriers30–32 ~see the
inset to Fig. 6!, whereas at higher temperatures (1 K,T
,10 K), the main contribution comes from quasiharmon
soft localized modes~SLM!.32

We have suggested that atT.1 K, the further much
stronger temperature behavior of resistivity in FeCl4

2-doped
PA can be associated with further suppression of weak lo
ization due to more effective dephasing by low-energy vib
tional excitations. Taking into account that highly dop
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polymers are having a strong disorder, we assumed
asymmetric TLS are playing the main role in the low te
perature inelastic electron scattering in FeCl4

2-doped PA be-
cause any disorder would lift the TLS symmetry. Accordi
to the soft potential model,32 the soft anharmonic oscillato
potential at ambient pressure is

U~x!5E0@h~x/a!21j~x/a!31~x/a!4#, ~1!

where E0 is the binding energy of atomic scale in glass
;10 eV, x is the displacement in terms of some generaliz
coordinate,a is the distance of the order of the interatom
spacing;1 A, h and j are random parameters, andh re-
flects the effective elastic modulus whilej reflects the po-
tential asymmetry,h,j,1.

The energy scale for the low-energy excitations in glas
at ambient pressure is given by a characteristic energyW
51;10 K. At E,W, the density of states~DOS! P(w,r ) is
dominated by the TLS withP(w,r )5P0r 21(12r )21/2

5const, wherer 5D0 /E; E5(D21D0
2)1/2 is the TLS inter-

level splitting;D is the atomic potential asymmetry; andD0
is the tunneling matrix element. AtE,3W, the excitations
correspond to strongly anharmonic single-well and we
double-well effective potentials, and atE.3W, the excita-
tions are dominated by the SLM–quasilocal harmonic vib
tions with P(w);w4.

The effect of pressure (Ph) may be described by addin
to U(x) a term linear inPh andx: E0kPh(x/a):20

U~x!5E0@h~x/a!21j~x/a!31~x/a!41kPh~x/a!#.
~2!

k.0 is the parameter related to the local compressibil
which for organic solids is;1025 bar21. It was shown in
Ref. 20 that at loww!w15(2E0 /Ma0

2)1/2, whereM is the
effective mass of SLM, an application of hydrostatic pre
sure gives

P~w!;w4~12s1Ph!, ~3!

wheres1522bk/3 (b is a positive parameter!. So, an exter-
nal pressure reduces the number of DOS without chang
its w4 power dependence. TheP(w) for the whole frequency
range is20

P~w!;@w4VP~12s0Ph!#/@w61VP
2 ~w22w0P

2 !2#, ~4!

where w0P
2 ;w0

2(11aPh), VP;V(11s1P/2
217aPh/16); s0;(s1/2215a/16) and a516bkw1

2/9w0
2;

w0 andV are the characteristic frequency and width of t
Lorentzian distribution function. As can be seen from t
P(w), an application of hydrostatic pressurePh decreases
significantly the number of the calculated DOS of SLM wi
possible conversion of SLM into TLS~at low temperature!
and shifts the DOS to higher frequency.

This phenomenon may affect the inelastic scattering
electrons by TLS and SLM at low temperatures, leading~to-
gether with reduced interatomic spacing, enhanced stiffn
of vibrating systems, and enhanced interchain interaction
PA fibril-like structure! to higher metallic conductivity of
glassy and polymeric systems under high hydrostatic p
23520
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sure. The details of scattering„the starting temperature o
r(T); ln T dependence, the absolute value of MR, etc.… can
be different for different types of atoms~light or heavy! that
move in the double-well potential, for symmetric and asy
metric double-well potentials, and for strong and weak co
pling between atoms and electrons. In particular, the spe
starting temperature of the logarithmic temperature dep
dence,T0;1 K, correlates well with the upper limit for
applicability of the TLS model in metallic glasses. The sh
of T0 by pressure and by a magnetic field up to higher te
peratures observed in FeCl4

2-doped PA can be related to th
influence of the pressure- and magnetic-field-induced c
version of SLM into TLS at low temperature predicted
Ref. 20.

TLS-related transport corresponds to microscopic dis
der. We would like to note that macroscopic disorder co
influence the transport properties at high temperature
heavily doped PA samples. This disorder leads to a relativ
wide spatial scatter between the mobility edgeEC and the
Fermi level EF within the energy scale from some me
down to zero.19,23 In this case, according to the percolatio
model, one can expect that a metallic cluster will be form
by regions whereEC is lower thanEF and the resistivity
decrease can be ascribed to additional conduction paths
tivated at the elevated temperature.

V. CONCLUSIONS

We have studied the effects of hydrostatic pressure
magnetic field on the low-temperature conductivity of o
ented FeCl4

2-doped metallic polyacetylene. It was foun
that the conductivity at 10 kbar is greater than that at amb
pressure by a factor of 1.3. Pressure suppresses the resis
minimum at 280 K and decreases the resistivity ratior r
5r(0.37 K)/r(300 K) from 2.4 down to 1.9. The tempera
ture dependence of resistivity demonstrates ther(T); ln T
dependence atT,1 K, which remains almost unaltered b
application of high pressure and a magnetic field up to 14
The transverse MR was found to be negative, almost lin
and almost temperature-independent atT,2 K at ambient
pressure and at 10 kbar. We attributed ther(T) and MR
behavior observed atT,1 K in FeCl4

2-doped polyacety-
lene to weak localization. The increase of inelastic scatter
due to low-energy vibrational excitation can explain the fu
ther stronger temperature behavior ofr(T) and MR atT
.2 K as a result of further suppression of weak localizat
due to a more effective dephasing effect. At higher tempe
ture, the resistivity decrease is dominated by activation
additional conduction paths.
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