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Metallic conductivity at low temperatures in poly(3,4-ethylenedioxythiopheng doped
with PFg
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The temperature dependences of the conductivity and magnetoconductivity of(3,pely
ethylenedioxythiophenedoped with PE (room-temperature conductivity of 200—300 Sjchave been stud-
ied; o(T) is weakly temperature dependent with the characteristic resistivity patigp(1.4 K)/p(291 K)
=1.5-2.8. The sign of the temperature coefficient of resistiiigR) changes below 10 K from negative to
positive for metallic samples with,<2.1; the temperature of the resistivity maximum,, decreases with
increasingp, . High magnetic fields induce the transition from positive to negative TCR for all samples with
p;,<2.1 and decrease the low-temperature conductiriggative magnetoconductander samples withp,
>2.1. The conductivity at low temperatures is well described Byadependence in both casgegative and
positive TCR in a magnetic field and with the magnetic field equal to zero. The magnetoconductance is
negative, isotropic, and exhibits ah’ dependence at low magnetic fields andHt? dependence at high
magnetic fields. These results are successfully explained as resulting from the influence of electron-electron
interactions on the low-temperature conductiv[i$0163-18207)00532-§

I. INTRODUCTION Poly(3,4-ethylenedioxythiophemneg(PEDOT) is a conju-

. . . ated polymer which has a maximum in the optical absorp-
~ The synthesis of stable metallic materials has been aﬁon at around 2 eV, in the middle of the visible spectrum.
important research goal in the field of conducting polymers atter doping, PEDOT becomes highly conducting with elec-
In parallel with the development of stable conducting poly-trical conductivities up to 200 S/cm; PEDOT shows good
mers, charge-carrier transport in the metallic state in sucktability.>~*4The details of charge-carrier transport in doped
polymers has been the subject of intensive reseatdba- PEDOT films have not previously been thoroughly studied.
surements of the temperature dependence of the conductiv- We present the results of transport studies of PEDOT
ity, thermopower, magnetic susceptibility, and magnetoconfilms doped with Pf (PEDOT-PF) with room-temperature
polyacetylene [(CH),], polyaniline (PANI), polypyrrole denceos(T) of PEDOT- Pk films is very weak with charac-

(PPy. and polypherylene vinylene (PPV) have demon- ‘T, ;esixs\'/tg/i%/orgg;éfaa) aetor et '?h?/pézE%o}%-PF
strated properties that are characteristic of disordered metajs’ = " " G side of the metal-insulator transi-

near the metal-insulator transitidralthough relatively high ion"The temperature coefficient of resistivity is negative for
values of the room-temperature conductivity have been oby)| samples down to 10 K, but becomes positive below 10 K
served in heavily doped (Cif)and in heavily doped PPV, for samples withp,<2.1. Asp, becomes smaller, the resis-
the negative temperature coefficient of resistivilfCR)  tivity maximum shifts to higher temperatures. Application of
found in such polymers indicates that disorder plays an ima high magnetic field induces the transition from positive to
portant role in limiting the metallic transport. Only recently negative TCR for samples with,<2.1 and increases the
has a positive TCR been found in heavily doped conjugatetbw-temperature resistivitfnegative magnetoconductance
polymers: for FeGH(CH), in the temperature range 220— for samples withp,>2.1. The low-temperature conductivity
300 K (Refs. 2 and Band for PANI-CSA(comphorsulfonic  is well described byr(T) proportional toT*? in both cases
acid) from room temperature down to 160“%A crossover (negative and positive TORboth in a magnetic field and
from negative to positive TCR below 20 K has been reportedvith the magnetic field equal to zero. The resistivity in-
for several polymers: PPy-RES® PPV-Ask,’ PPV- creases asl® at low magnetic fields, saturating to &ht’?
H,S0,,8 K- (CH),,° ion-implanted PANE? and Pk doped ~ dependence at high magnetic fields. The results are explained
poly(3-methylthiophene  (PMeT-PR).X  This low- In terms of the influence of electron-electron interactions in

temperature crossover in TCR was interpreted in terms of the disordered metallic regime which characterizes the trans-
competition between disorder and screening in the presen®®rt of PEDOT-PE films.

of electron-electron interactions in the regime of weak

localization! However, the physical origin of the TCR cross- Il EXPERIMENT
over at low temperatures in conducting polymers is not yet PEDOT-PFK films were prepared by anodic oxidation of
clearly understood. 3,4-ethylenedioxythiophendEDOT). An electrochemical
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FIG. 1. Temperature dependence of the resistivity(T) FIG. 2. Conductivity vsTY2 at low temperatures for metallic

=p(T)/p(291 K) for metallic PEDOT-PF samples. The numbers pgpoT- PE; sample 2 p,=1.67 and sample 6 p,=2.76) at zero
on the curves refer to different samples with differgnf0) as  fie|d and 8 T.

listed in Table I. The data indicated with’,12’, etc. indicate
pr(T,H) a dependences for the corresponding samples at 8 T. Theamples withp, <3, p,(T) exhibited a negative TCR in the

inset showsT ,, as function ofp, . temperature range 290-10 K, as in disordered metals. For
more highly conducting samples with,<2.1, the TCR
cell containing a solution of 0.081 of EDOT, and 0.06M changed sign from negative to positive below 10 K, whereas

of tetrabutylammonium hexafluorophosphate in propylendor samples withp,>2.1 the sign of the TCR remains nega-
carbonatgPC), was thoroughly purged with dry argon prior tive over the entire temperature range. For samples wjith
to use. PC and EDOT were freshly distilled prior to using.<2.1, the temperature of the maximumdp(T), T,,, shifts
Tetrabutylammonium hexafluorophosphate was crystallizetb higher temperature§rom 5.8 to 7.8 K asp, decreases
from ethanol and dried under vacuum at boiling toluene tem{see inset to Fig. )L The observed increase in conductivity
perature for 3 days. A glassy carbon electrode and platinurbelow T,, was about 2—-3 % of the room-temperature con-
foil were used for the working and counter electrodes, reductivity. Such “metallic” positive TCR is observed only
spectively. A constant current was applié@l01-0.06 mA/  for PEDOT-PE samples with room-temperature conductiv-
cn?) and the polymerization temperature maintained aity o,q; «=130—300 S/cm and witp,<2.1. These features
—30 °C. Black, lustrous films with thicknesses from 10 toare similar to those observed earlier in films of PPy-PF
300 um were peeled from the electrode, washed twice in(Refs. 1, 5, and 6and PMeT-PE*!
acetonitrile, and drieéh vacuumfor 72 h at room tempera- Figure 2 shows that the low-temperature conductivity of
ture. PEDOT-PF films is well described by &2 law in both
The four-probe method was used for the conductivitycases: positive and negative TCR. The application of mag-
measurements. Electrical contacts were made in planar geetic fields up & 8 T leads to crossover from positive to
ometry with conductive graphite adhesive. A computer-negative TCR in the samples with<2.1; for samples with
controlled measuring system, including a helium cryostal >2.1, the TCR becomes more negative at high magnetic
with a superconducting magné T), was used to obtain the fields, independent of the direction of the field with respect
dc conductivity data. To avoid any sample heating, theo the current direction.
power dissipated in the samples at low temperatures was less The transport properties of PEDOT-Pfifms can be sum-
than 1uW. The temperature was measured with a calibrategnarized as follows{i) the resistivity ratios are smallp(

Cernox™ resistor(T=300-1.3 K. Magnetoconductance < 3), (ii) the conductivity remains finitéand relatively high
measurements were carried out with the magnetic fields botgs T— 0, (iii) a positive TCR is found for the most highly
parallel and perpendicular to the film surface and currentonducting samples below 10 K, afig) the magnetoresis-
direction. tance is isotropic. These features, typical for doped crystal-
line semiconductors and for highly conducting polymers,
IIl. RESULTS AND DISCUSSION suggest that the three—dimension&Bp) localization-
interaction model for disordered metallic systems near the
Figure 1 shows the temperature dependence of the nometal-insulator transitidfi'® can be used for an explanation
malized resistivity p,(T)=p(T)/p(291 K) for typical of low-temperature metallic transport in PEDOTHHmMSs.
PEDOT-PRK samples of various thicknesses wijthless than According to this model, the conductivity of disordered
3, prepared under different polymerization conditions. For almetallic systems is generally fitted by the fdrfm®
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TABLE I. Properties of PEDOT-PE p,=p(1.4 K)/p(291 K).

oo(H)
091 K oo (Slcm my MR %
Sample (Slcm Pr (Slcm m at8 T at8 T at8 T
1 131 1.45 93.67 —-2.90 82.30 1.5 7.65
2 230 1.67 141.53 -3.10 118.50 5.77 9.60
3 205 1.92 110.24 -3.02 85.65 7.03 13.25
4 300 2.06 123.30 -1.37 98.52 8.24 8.31
5 100 2.64 29.40 0.34 21.15 3.44 17.73
6 11 2.78 3.76 0.15 2.58 0.61 18.38
o(T)=0y+mT¥2+BTP?, (1) of the conductivity at 0 and 8 T. Since=3/8(3my—m)

h h d he riaht sid Its f | and yF = (my—m)/a, the corresponding values farand
where the second term on the right side results from e (lactron}-/FU are 7.66 and 1.56, respectively, for sample 2 with posi-
electron interactions and the third term is the correction t

. L Qive TCR and 3.74 and 0.83, respectively, for sample 5 with
o resulting from localization effects. The value pfis de-

: . hegative TCR. These results are comparable to those found
termined by the temperature dependence of the scatteri

"8r PPy-PE films'® and doped semiconductors at doping
rate r TP of the dominant dephasing mechanism. This|oyels near the metal-insulator transitith.

model predicts that in disordered metals electron-electron in- | iha metallic regime, the magnetoconductafid€) of

teractions play an important_rolg in the Iow-tempgraturePEDOT_PE is negative(magnetoresistance is positjvand
transport, whereas weak localization effects are dominant als can seen from Table | increasespasncreases. Figures
higher temperatures. . ) N 3(a) and 3b) show that for both negative and positive TCR,
The electron-electron interaction contribution to the IOW'the MC fits rather well taH2 and HY2 dependences at low
temperature conductivity,(T) is given by and high magnetic fields, respectively. The slopes ottf@
o(T)= 0o+ mT2 2) lines are parallel at high fields for the various temperatures.
’ Similar results were obtained for magnetic fields both paral-
lel and perpendicular to the sample surface and current di-

— 4=
m=al3=(37F,/2)], ®) rection. This MC behavior is in agreement with the 3D
localization-interaction model for disordered metallic sys-
(@2 2 172
a=(e"/1)(1.3/4m%)(kg/2h D)™, ) tems and confirms that the electron-electron interaction con-
F.=32(1+ F/2)%2— (14 3F/4)]/3F, () tributions dominant at low temperaturé<e., in comparison

with the weak localization contribution

where the Hartree factdf is the screened interaction aver- The MC actually involves a competition between two
aged over the Fermi surface,is a parameter depending on contributions: weak localization and electron-electron inter-
the diffusion coefficienD, and yF, is the interaction pa- action effects. Weak localization leads to positive MC in the
rameter where the value of depends on the details of the absence of strong spin-orbit effects, while the electron-
scattering. The sign ah is negative when the Hartree term electron interaction gives only negative MC. Since only
in Eq. (3) dominates; i.e.yF ,>$. In the presence of a mag- negative MC has been found in PEDOTPiims within
netic field, when the field exceeds the limit for Zeeman split-temperature range 4.2-1.4 K, the dominant contribution to

ting, gugH>kgT, my is given by® MC must result from the electron-electron interaction. The

contribution to the MC in this case can be written as
my=al2—(yF,/2)]. 6 AS(H,T)=0(H,T)—0(0,T): 16

As can be seen from Fig. 2, below 4.2 (T) is well A3 (H,T)=—0.044gug/kg) ayF , T 32H?,

described by th&*? dependence for both negative and posi-

tive TCR, in a magnetic field and in zero field. The param- gupH<KkgT, (7)

etersoy and m are magnetic-field dependent; the magnetic 1 1o

field decreases, and suppresses the positive TCR at low AZ((H,T)=ayF,T7“=0.77a(gus/Kg)

temperatures, in good agreement with theoretical predictions X yF HY2  gugHskeT. ®)

for disordered systems on the metallic side of the metal-

insulator transition in which the electron-electron interactionThus at low and high field\S,(H, T) is proportional taH?
contribution is dominant at low temperatures. The fitting pa-and HY?, respectively, in agreement with the low-
rametersm, my, oo, oo(H) obtained fromT*? plots of  temperature behavior in metallic PEDOT-Jffms. As can

the conductivity below 4.2 K are summarized in Table |. Thebe seen from Fig. @), the slopes of théd? dependences
negative sign ofm found for the more metallic samplésith  increase when the temperature is decreased from 4.2 down to
p;<2.1 and positive TCRimplies thatyF,>3 in Eq. (3); 1.48 K. At the same time, the upper limit of the field for the
thus, the Hartree term dominates below 4.2 K. Following theH? dependences is decreased, consistent with the tempera-
same approach as Refs. 1, 6, and 16, the parametarsl  ture dependence of the electron-electron interaction contribu-
vF, have been estimated from the temperature dependenctien to the MC that results from Zeeman splitting of the



3662

AZ(H,T) (S/cm)

[}
o
T

-

TASET) (Sfem)

ALESHIN, KIEBOOMS, MENON, WUDL, AND HEEGER 56

b & &N

0 10 20 30 40 50 60 70
H? (T%
i 1 1

0 10 20 30 40 50 60 70

H? (T

]
[E—
T

1
N
T

1
W
T

| Sarlnple |5

T T T T T T T

4.24K Sample 5

3.03K

~

AS(H,TYTY2 (Sicm K'?)

H/T (T/K)

FIG. 4. A3 (H,T)/T¥?vs (H/T) plots for PEDOT- Pfsample
5 (p,=2.64) at various temperatures. The inset shows similar data
for sample 2 p,=1.67).

confirmed by the universal scaling behavior of the MC in
metallic PEDOT-PE films. According to this methot, the
electron-electron interaction contribution to the MC follows

a universal scaling law given b3 (H,T)=0o(H,T)
—o(0,T)cTY?f(H/T), where f(H/T)is determined by the
interaction theory® Figure 4 shows the plot of
[AS(H,T)/T¥?] versus H/T) for PEDOT-PE samples at
various temperatures. The results are in excellent agreement
with universal scaling behavior expected when the electron-

AZ(H,T) (S/cm)

electron interaction contribution is dominant.
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We have studied the temperature dependence of the dc
conductivity and the magnetoconductivity of free standing
PEDOT films prepared by anodic oxidation and doped with
PF;; the room-temperature conductivities are 200—300 S/cm.
The principal results and conclusion are the following.

(a) The temperature dependence of the conductivity was
very weak, with characteristic resistivity ratig=p(1.4 K)/
p(291 K)=1.5—-2.8. We conclude, therefore, that these films
are on the metallic side of the metal-insulator transition.

(b) The sign of temperature coefficient of resistivity
changes at low temperaturéselow 10 K from negative to
positive for metallic samples with,<2.1, and the tempera-
ture of the conductivity minimuml ,,, decreases from 5.8 to

FIG. 3. (8 Magnetoconductance Md? for metallic PEDOT-
PF; sample 5(p,=2.64) at various temperatures. The inset shows
similar data for sample 2p(=1.67).(b) Magnetoconductance vs
HY2 for metallic PEDOT- Pgsample 5p,=2.64) at various tem-
peratures. The inset shows similar data for samplg, 2 1.67).

spin-up and spin-down bands. The MC of PEDOTsRIfns
in high magnetic fields follows ai?> dependence. Using
Eqg. (8) to determine the parameteF , from the slope of the 7.8 K with increasingp, .
high-field dependencéFig. 3(b)], the values foryF, are (c) High magnetic fields induce a transition from positive
1.18 for sample 2 and 0.86 for sample 5, closely consistertb negative TCR for all samples with,<2.1 and decrease
with those obtained from the temperature dependence of thibe low-temperature conductivity for samples wjtf>2.1.
conductivity. The good agreement once again implies that (d) At low temperatures, the conductivity is well de-
the MC at high fields arises from the electron-electron inter-scribed by aT*? dependence for samples with either nega-
action. tive or positive TCR, with and without a magnetic field.

The importance of the electron-electron interaction was (e) The magnetoconductance is negative, isotropic, and
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follows H? andH'? dependences at low and high magneticelectron interaction ter(T)and to the MC, is not a feature
fields, respectively, for samples with either negative or posispecific to these systems, but a general phenomenon in
tive TCR. highly conducting conjugated polymers. Given this apparent

The results indicate that the localization-interaction model igenerallty, extension of the conductivity and magnetocon-

; L . “ductivity measurements of metallic polymers with positive
;\?(tals;ifitcr)\g f::lq[rivzx'?'lélglggdb?f:gt(;I—rzeaenlgcl\t/:gnf—oerlebcc'::gnp?nstle-racTCR to temperatures below 1.3 K should be carried out to
. €ga . . probe this phenomenon more completely.
tion contribution to the low-temperature transport is domi-
nant in PEDOT-Pf

The transition from negative to positive TCR at low tem-
peratures, and the dominance of the electron-electron inter-
action contributions tar(T) and to the MC have now been This research was supported by the MRL program of the
observed in a number of conducting polymers, includingNational Science Foundation through Grant No. NSF-DMR
PPy-PR.1>® PMeT-PR,'! and PEDOT-PE, a well as in PE-  96-32716. We thank Joe Morrison of the Bayer Corporation
DOT doped with B and CRSO,.2® We conclude, therefore, for providing a generous sample of 3,4 ethylenediox-
that the transition from negative to positive TCR at low tem-ythiophene. R.K. is indebted to the National Science Foun-
peratures, with dominant contributions from the electron-dation of Belgium(NFWO) and to NATO for support.
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