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Effects of pressure and magnetic field on the low-temperature conductivity of FeCT-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 FeCl 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 atop(0.37 K)/p(300 K) from 2.4 down
to 1.9. The temperature dependence of resistip{fy) ~In T at temperatures belo1 K at anbient 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-
toresistancéMR) was found to be negative, linear, and almost temperature-independent at temperatures below
2 K. The low temperature(T) and MR behavior af <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 behaypiF)oAind 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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[. INTRODUCTION have been explained in the framework of various theoretical
models, including the interaction-localization mddeand

The electrical-conductivity of heavily doped polyacety- the extended heterogeneous modeHowever, an apparent
lene(PA) has been studied intensively during recent yédrs. disagreement of experimental data obtained for highly doped
In particular, more attention has been paid to transport propconjugated polymers with both of these theories has been

erties of FeCGJ -doped and CIQ -doped PA at very low found at temperatures below 13#819Thus an exact nature
temperatured-® These studies have resulted in revealing the®f charge-carrier transport in highly doped polymers at very
ClO, -doped PA with a positive temperature coefficient of low temperatures remains a subject of intensive discussion.

resistivity (TCR) over an entire temperature range 300—-1.5 Recently, t.he ipfluence .Of strong inelastic scattering by
K.®” From another side, the application of high hydrostaticOW-€nergy vibrational excitations on the low-temperature
; ._conductivity of highly doped conjugated polymers has been

tropic, highly doped conducting polymers with relativelyopmpose&'g These excitations related to an initial chemical
" T : X ) : structure of conducting polymers, and thus they could affect
weak interchain interactions by tuning the interchain overIap[he charge-carrier transport at temperattre K. The spe-
of the m electrons. The effects of high pressure and highific feature of these excitations is their great sensitivity to
magnetic fields on the temperature dependence of conductiyternal pressure, as shown by the measurements of heat
|ty haVe been Studied intensively fOI’ Oriented PA f|ImS dope%apacity, therma' Conductivity, Optica' Spectra, éﬂﬁe, e'g.,
with iodiné’~'% and potassium} as well as for some other Ref, 20.
highly doped polymer&:~*° At present, there are no experimental data regarding the
In all the above cases, the pressure enhanced interchapressure-induced conductivity and MR in FgGldoped PA
interactions and thus induced a metallic or more pronouncedt temperatures down to mK; moreover, there is no direct
metallic temperature dependence of the conductivityexperimental evidence of the influence of hydrostatic pres-
whereas the magnetoresistarit#R) behavior was found to sure on the low-energy vibrational excitations in highly
be more complicated, and the subtle interplay between posdoped polymers at low temperature. These studies could pro-
tive and negative MR components has been found in particwride additional information for further theoretical efforts in
lar for doped PA at low temperatu?é® The obtained results this area.
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In this paper, we present the details of charge-carrier

transport of oriented polyacetylene films doped with RECI c__at~10kBar
up to a metallic state under hydrostatic pressure up to 14 1.3{ PAFeCl, |
kbar and at magnetic field up to 14 T at the temperature 300 K

region down to 370 mK.

We have found that the conductivity of oriented poly-
acetylene doped with Fefl at 10 kbar is greater than
that at ambient pressure by a factor of 1.3. Application
of pressure decreases the resistivity ratip,
=p(0.37 K)/p(300 K) from 2.4 down to 1.9. AtT
<1 K, p(T)~InT at ambient pressure and at 10 kbar. This
behavior remains almost unaltered by a magnetic field up to 114 & 3
14 T. The MR was found to be negative, linear, and almost 7 &
temperature-independent at temperatures below 2 K. We at- g’ ‘o"°°°°'/

1.2

f 120001 PA:FeCI4

o(P)/o(amb.pr)

tributed the p(T) and MR behavior observed in heavily
doped polyacetylene &t<2 K to a weak localization ef-
fect. At T>2 K, the increase of inelastic scattering due to 1.04
low-energy vibrational excitation can explain the further

o({10 kBar)/a{amb.pr.) ~ 1.285

0 2 4 6 8 10 12 14

stronger temperature behaviorgfT) and MR as a result of P (kBar)

further suppression of weak localization due to a more effec- 0 ) 5 ) 10 ) 15
tive dephasing effect. At higher temperature, the resistivity

decrease is dominated by activation to additional conduction P (kBar)

paths.

FIG. 1. Pressure dependence of the normalized conductivity
o(P)/o(ambient pressure) of Fefl-doped PA at 300 K. The
Il. EXPERIMENT inset shows the pressure dependence of the conductivity for the PA

. : aample, which has been studied at 10 kbar down to 370 mK.
The Naarmann-type polyacetylene films were synthesize

by the modified Shirakawa methdtThe samples were ori- The intrinsic nature of the conductivity maximum at high
ented by stretching with/l ;=3—-4. The FeGl™ doping was pressure in FeGl-doped PA was proved by an
done from solution by analogy with earlier publicatidtls. additional room-temperature pressure experiment with
The doping concentration was determined by measuring thenother highly doped conjugated polymer, [8ly%-
weight of the sample after the films were doped to a saturaethylenedioxythiophene (PEDOT) (sample CF1 with a
tion level equal to 7—-8 wt. %. nearly metallic temperature dependence of the conductivity,
The dc conductivity measurements were carried out usinglescribed in detail at ambient pressure in Rej. Zhe con-
collinear four-probe geometry. High-pressiug to 14 kbay  ductivity of the PEDOT sample measured at the same con-
conductivity measurements were carried out in a selfditions as the PA sample does not show any maximum at
clamped beryllium-copper pressure cell using a miniaturehigh pressure; the conductivity increases continuously with a
sample holder with platinum contact wires. Electrical con-pressure increase up to 14 kbar.
tacts to the sample were additionally improved by conduc- The typical temperature dependences of the normalized
tive carbon paint. Manganin wire was placed close to theesistivity p(T)/p(300 K) of PA doped with FeGl" at am-
sample to determine the pressure inside the pressure cell disient pressure and at 10 kbar are shown in Fig. 2. It is evi-
ing experiment. The hydrostatic pressure-transmitting meelent from Fig. 2 that application of hydrostatic pressure de-
dium was Fluorinef"(3M Co). After pressurizing, the cell creases the resistivity ratie, = p(0.37 K)/p(300 K) from
was clamped at room temperature and then cooled down ®.4 (at ambient pressuyelown to 1.9(at 10 kbay. The re-
370 mK in a®He cryostat system containing a superconductsistivity minimum—a characteristic feature of highly doped
ing magnet(0—14 T). Magnetic field was applied perpen- PA—was observed &*~280 K for the PA sample at am-
dicularly to the sample surface and current direction. bient pressure only. Application of pressure suppresses the
resistivity minimum and leads to the negative TCR at tem-
peratures from 300 K down to 370 mK in spite of the higher
conductivity of the sample at 10 kbar with respect to it at
The typical pressure dependence of the normalized corambient pressurésee the inset to Fig.)2At temperatures
ductivity o(P)/o(ambient pressure) of Fefl-doped PAis below some specific temperatug,~1 K, PA samples
shown in Fig. 1. The inset to Fig. 1 presents the pressurdemonstratep(T)~In T dependence for both ambient pres-
dependence of the conductivity for the sample, which hasure andP=10 kbar, which remains almost unaltered by a
been studied at 10 kbar down to 370 mK. As can be seemagnetic field up to 14 TFig. 2 and Fig. 3 As can be seen
from Fig. 1, the room-temperature conductivity increases byfrom Fig. 3, at temperature below 4 K thg€T)/p(300 K)
a factor of 1.3(from 9100 S/cm up to 11720 S/gnwith a  curves are being shifted as a whole by a magnetic field,
pressure increase up to 10 kbar, while at higher pressure theecording to negative MR. The slopes ofT)/p(300 K)
conductivity decreases slightly. are almost parallel at zero magnetic field and at a magnetic

Ill. RESULTS
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FIG. 2. Temperature dependence of the normalized resistivit)?
p(T)/p(300 K) of FeC} -doped PA sample at ambient pressure
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FIG. 4. Transverse magnetoresistance of Fe@oped PA
sample at ambient pressure at various temperatures.

field 14 T, whereas the resistivity ratig decreases down to
2.2 (at ambient pressureand 1.8(at 10 kba). The starting
temperature of the(T)~InT dependence shifts slightly by
a magnetic field up to higher temperatu(egy. 3). Figures 4

nd 5 show that both at ambient pressure and at 10 kbar the
transverse MR of FeGl -doped PA is negative, almost lin-

and at 10 kbar, without magnetic field and at a magnetic field 14 T€af, and in fact it is almost temperature-independent at

The inset show(T)/p(300 K) vsT for the same sample at the <2 K. As can be seen from Fig. 6, the magnitude of nega-
tive MR obtained at 14 T suppresses slighfisom 6.5% to

5.5% at 0.37 K by application of hydrostatic pressure.

temperature range 150—-300 K.
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FIG. 3. p(T)/p(300 K) vsT for the same sample at the tem-
perature range 0.37—4.0 K. Arrows indicate the starting temperature FIG. 5. Transverse magnetoresistance of Fedloped PA
sample at 10 kbar at various temperatures.

of p(T)~InT dependence.
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The observed pressure dependence of the
temperature conductivity is rather similar to that obtained in

IV. DISCUSSION
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-2 observed earlier in iodine-doped PA and gRieped
PA:FeCl polypyrrole!® At the same time, thig(T) and MR behavior
4 is similar to that in some metallic glasses, for example in
H=14T Fe,_ B, and some other alloy$:>® The behavior ofp(T)
and MR at low temperature in metallic alloys has been ex-
44 T,~2K ® plained in some different ways: in the framework of the an-
f/ isotropic exchange interaction modélby Coulomb-type
interaction?® and by momentum dependence of conduction
electron assisted tunneling using the symmetric two-level
system modet! However, as can be seen from the tempera-
ture dependences of the resistivity of FgGdoped PA, be-
low 1 K, the magnetic field up to 14 T does not affect sig-
nificantly the slope of the(T) dependencéFig. 2 and Fig.
3). This indicates that the role of localized magnetic mo-
ments is not significant at this temperature region.
—————rr . Following our approach presented in Ref. 19, we have
1 10 ascribed the negative TCR wifi(T)~In T dependence ob-
T (K) served in FeGl -doped PA at low temperatures to the domi-
nant weak-localization contributidf. The anomalous(T)

FIG. 6. Temperature dependence of the transverse magnetorand MR behavior aT<1 K seems to be similar to the one
sistance of FeGl -doped PA sample calculated at 14 T at ambientgphserved for “saturation of dephasing timeq,]i” found re-
pressure and at 10 kbar. The inset shows the double well potenti@lantly for crystalline semiconducto?$One has in mind that
with E, the interlevel splitting, which can give rise to the two-level according to the temperature dependence of resistivify at
system at low temperature. <1 K, the dephasing time,, is expected to be weakly tem-

perature dependent, so the same is expected for MR. In the
PA doped with some other dopants including iodine and al€ase of FeGl -doped PA, there is a correlation between the
kali metals®~*! The initial increase in conductivity at pres- temperature behavior of resistivity and the temperature de-
sure up to 10 kbar implies an enhancement of interchaipendence of MR, so in this regard this behavior seems to be
interactions, while the following decrease could be con-consistent with dominant weak-localization effects at this
nected to the creation of some structural defects at high hyteemperature region. The negative MR indicates that weak-
drostatic pressure. The differences in the pressure depelecalization effects with weak spin-orbit scattering dominate
dences of the conductivity of PA and PEDOT could reflecttransport. The observed linear MR behavior can be consid-
the different response to the high pressure from fibril-likeered as a composition of thed'? law expected for weak
(PA) and partly globular-like (PEDOT) macromolecular localization at high magnetic field and some different mecha-
polymeric structure. nism (positive MR for higher fields which imitates the linear

The suppression of the resistivity minimum at* law.
~280 K by a high hydrostatic pressure can be related to a At the same time, taking into account the importance of
significant spatial imhomogeneity, which is expected to existveak localization, we would like to note that the observed
in heavily doped polymers:? In this case, the mobility p(T) and MR features might also have a structural origin
edge can be spatially dependent and thus the increase of thecause at low temperatures the structure of polymers exhib-
conductivity can be ascribed to additional conduction pathsts the properties typical for glass&sThe glassy properties
activated at the elevated temperature. Hydrostatic pressutecome more pronounced in highly doped conjugated poly-
affects this spatial inhomogeneity and enhances the strengthers, where the presence of dopant atoms leads to an in-
of the interchain interactions and the total stiffness of thecrease of microscopic disorder and the weak bonding be-
system. All of these factors result in a suppression of nontween the conjugated polymer chains supporting ‘“soft”
monotonic resistivity behavior. This conclusion does notatomic potential configurations. At~1 K, various proper-
contradict with the modified heterogeneous mddakhich  ties of glasses, e.g., specific heat and thermal conductivity,
successfully describes the behavior observed foare mainly determined by the two-level systeii$S) re-
FeCl,” -doped PA samples at the relatively high temperaturdated to atoms and atomic groups, which move in double-
range® Thus we conclude that the transition to monotonouswell interatomic potentials with soft barriéfs®? (see the
behavior observed for the FeCldoped PA sample under inset to Fig. 6, whereas at higher temperatures (1<K
high pressure results from a strong macroscopic disorder at 10 K), the main contribution comes from quasiharmonic
high temperature. soft localized mode$SLM).32

Next we will focus our attention on the low-temperature  We have suggested that &at>1 K, the further much
(T=1 K) region. The logarithmic temperature dependencestronger temperature behavior of resistivity in FeGtloped
of resistivity and the almost temperature-independent, linea?A can be associated with further suppression of weak local-
negative MR at temperatures from the mK region up to somézation due to more effective dephasing by low-energy vibra-
K observed in FeGl -doped PA are rather similar to those tional excitations. Taking into account that highly doped

[p (H,T)-p (0,T)]/p (0,T) (%)
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polymers are having a strong disorder, we assumed thaure. The details of scatteringhe starting temperature of
asymmetric TLS are playing the main role in the low tem-p(T)~InT dependence, the absolute value of MR, )etan
perature inelastic electron scattering in FgGtloped PA be-  be different for different types of atonglght or heavy that
cause any disorder would lift the TLS symmetry. Accordingmove in the double-well potential, for symmetric and asym-
to the soft potential modéﬁ the soft anharmonic oscillator metric double-well potentia|3, and for strong and weak cou-
potential at ambient pressure is pling between atoms and electrons. In particular, the specific
starting temperature of the logarithmic temperature depen-
U0 =Eol n(x/a)*+ £(x/a)”+ (x/a)*], @ dence,To~1 K, correlates well with the upper limit for
where E, is the binding energy of atomic scale in glassesapplicability of the TLS model in metallic glasses. The shift
~10 eV, xis the displacement in terms of some generalizedf T, by pressure and by a magnetic field up to higher tem-
coordinatea is the distance of the order of the interatomic peratures observed in FeCtdoped PA can be related to the

spacing~1 A, n and ¢ are random parameters, amdre-  influence of the pressure- and magnetic-field-induced con-
flects the effective elastic modulus whifereflects the po- version of SLM into TLS at low temperature predicted in
tential asymmetryy, £<1. Ref. 20.

The energy scale for the low-energy excitations in glasses TLS-related transport corresponds to microscopic disor-
at ambient pressure is given by a characteristic en&gy der. We would like to note that macroscopic disorder could
=1~10 K.AtE<W, the density of state®OS) P(w,r) is influence the transport properties at high temperature in
dominated by the TLS withP(w,r)=Por (1—r)"¥2  heavily doped PA samples. This disorder leads to a relatively
=const, whera =A,/E; E=(A%+A2)*?is the TLS inter- wide spatial scatter between the mobility edge and the
level splitting; A is the atomic potential asymmetry; ang Fermi level Eg within the energy scale from some meV
is the tunneling matrix element. AZ<3W, the excitations down to zerd? In this case, according to the percolation
correspond to strongly anharmonic single-well and weaknodel, one can expect that a metallic cluster will be formed
double-well effective potentials, and BEt>3W, the excita- by regions whereEc is lower thanEg and the resistivity
tions are dominated by the SLM—quasilocal harmonic vibra-decrease can be ascribed to additional conduction paths ac-
tions with P(w) ~w?. tivated at the elevated temperature.

The effect of pressureR;,) may be described by adding
to U(x) a term linear inP,, andx: Eok P,(x/a):?°

V. CONCLUSIONS
U(x)=Eq[ n(x/a)?+ &(x/a)®+ (x/a)*+ kP, (x/a)].
2) We have studied the effects of hydrostatic pressure and
, ... magnetic field on the low-temperature conductivity of ori-
k>_0 is the parameter r(_elated_éo th(illocal compreSS|_b|I|ty,emed FeCl -doped metallic polyacetylene. It was found
which for organic solids is- 10 bag l/'zlt was shown in - q+ the conductivity at 10 kbar is greater than that at ambient
Ref. 20 that at loww<w,=(2E,/Mag)™*, whereM is the  pressure by a factor of 1.3. Pressure suppresses the resistivity
effectlye mass of SLM, an application of hydrostatic pres-minimum at 280 K and decreases the resistivity rasjo
sure gives =p(0.37 K)/p(300 K) from 2.4 down to 1.9. The tempera-
4 ture dependence of resistivity demonstrates ghi€) ~InT
P(W)~W (1= a1Ph), ©) dependence a<1 K, which remains almost unaltered by
whereo; =228k/3 (B is a positive parameterSo, an exter- application of high pressure and a magnetic field up to 14 T.
nal pressure reduces the number of DOS without changinghe transverse MR was found to be negative, almost linear,
its w# power dependence. THw) for the whole frequency and almost temperature-independenffat2 K at ambient
range i<° pressure and at 10 kbar. We attributed @) and MR
behavior observed aI<1 K in FeCl,” -doped polyacety-
P(W)~[W*Qp(1—0oPp)]/[wl+ Q3(W?—w35)?], (4) lene to weak localization. The increase of inelastic scattering
5 5 due to low-energy vibrational excitation can explain the fur-
where Wop~Wp(1+aPy), QPNQ(lJ”TlP/ZZ ther stronger temperature behavior ofT) and MR atT
—17aPy/16); 0o~ (01/2—15a/16) and a=16BKWi/9WG; =2 K as a result of further suppression of weak localization
Wo and{} are the characteristic frequency and width of theqye to a more effective dephasing effect. At higher tempera-

Lorentzian distribution function. As can be seen from theyyre, the resistivity decrease is dominated by activation to
P(w), an application of hydrostatic pressulR decreases additional conduction paths.

significantly the number of the calculated DOS of SLM with
possible conversion of SLM into TL&t low temperature
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