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Electronic transport in the metallic state of oriented poly(p-phenylenevinyleng

M. Ahlskog, Reghu M., and A. J. Heeger
Institute for Polymers and Organic Solids, University of California at Santa Barbara, Santa Barbara, California 93106

T. Noguchi and T. Ohnishi
Sumitomo Chemical Co. Ltd., Tsukuba Research Laboratory, Tsukuba, Ibaraki, 300-32, Japan
(Received 16 January 1996; revised manuscript received 28 February 1996

The room-temperature electrical conductivity of tensile-drawn and orientedpgphenylenevinyleng
PPV, doped with sulfuric aci@H,SQ,) is approximately 1 S/cm for current along the draw direction; the
anisotropyoj/o, ~100 whereo; and o, refer to the conductivity parallel to and perpendicular to the axis of
orientation. The resistivityp(T), is nearly temperature independent with a weak negative temperature coeffi-
cient, p,=p(1.3 K)/p(200 K)~1.07-1.3. A positive temperature coefficidngsistivity) appears below 20 K.
The magnetoconductan@C) is anisotropic and dependent on the direction of the applied magnetic field with
respect to the chain axis. When the field is perpendicular to the chain axis, the MC is positive and nearly
independent of temperature at low fields; at high fields, the MC gradually decreases as the temperature is
lowered from 4.2 to 1.3 K. When the field is parallel to the chain axis, the MC is negative. The MC is nearly
identical, however, when the current direction is parallel and perpendicular to the chain axis. The temperature
dependence of the conductivity and the rich interplay of positive and negative MC arises from the importance
of weak localizationNWL) and electron-electronefe) interactions. Specifically, the anisotropy of the MC is
shown to result from the anisotropy of the WL contribution. The contributions from WLeaadnteractions
were verified from po(H,T)/TY9 vs (H/T) plots.[S0163-18206)03822-3

[. INTRODUCTION We have carried out measurements of the temperature depen-
dence and magnetic-field dependence of the anisotropic con-
During the last few years, metallic properties have beerductivity in oriented samples of PPV,H0,; the results are
observed in a wide range of novel materialkmong these reported here. Detailed analysis«(T) in directions parallel
the “metallic” state has been consistently observed in vari-and perpendicular to chain axis indicates that the
ous high-quality conducting polymers. These doped conjulocalization-interaction model is consistent with the data in
gated polymers are disordered metals; the temperature dbeth cases, although the conductivitles vs o] differ by
pendences of conductivity, thermopower, susceptibility andwo orders of magnitude. This is similar to the results ob-
magnetoconductance in doped polyacetylé@el),, poly- tained from oriented metallic polyacetyléfié and
pyrrole (PPy), and polyaniline(PANI) are characteristic of polypyrrole® Thus the bulk transport properties of oriented
disordered metals near the boundary of the metal—insulatqheta”ic Conducting po|yme|’s |mp|y that these Systems are
transition? The quasi-one-dimension&lD) nature of such  anisotropic three-dimensiondBD) conductors. This is in
linear chain systems, the competing roles of interchain interagreement with theoretical arguments which indicate that in-
actions and disorder, the interplay of band and diffusivegrchain interactiodsand polymer chain-dopant interactiéns
charge transport, the importance of localization and correlag e sypstantial in conducting polymers. In this sense, con-

tion effects, and the anisotr_opic transport parameters in oric'iucting polymers appear to be rather different from other
ented systems have provided an opportunity to ObserVauasi-one—dimensional system.g., the charge-transfer

unique features n the metallic state in ponductlng pOIymerS'salts). We find that thee-e interaction contribution to the
Among the various transport properties, magnetocondu

: . s CI_ow-temperature conductivity is important in metallic
tance(MC) is a particularly sensitive probe of the transport . .
(MC) b y b PO S amples. In particular, the good fit &g T) < T¥2 below 4.2 K

mechanism in disordered metallic systems. MC measure: . . . , . N
ments in oriented metallic polyacetylef{€H), ] have shown (at0 a_n_d 8 7 is consistent W|t_h_the mteractlon_C(_)n_trlbutlon.
the importance of weak localizatiofWL) and electron- A positive temperatL_Jre coefficient of the r_e5|st|v(f17CR) _
electron(e-e interactions to the low-temperature transpbort. has been observed in some %amples, as in PPy doped with
It is of considerable importance to confirm these results iPhosphorous pentafluorid®F,).” We present here a detailed
other metallic conducting polymers. study of the MC in oriented metallic PPV,80,. In general,

Ohnishi et al* reported that the room-temperature con-the MC is positive at low fields and negative at higher fields
ductivity, ¢(300 K), of tensile-drawn and oriented PPV when the field is perpendicular, while it is exclusively nega-
doped with I;'}SO4 is of the order of 16 S/cm. Previously tive when field is parallel to the chain axis. The positive and
Madsenet al> reported metallic conduction in arsenic pen- negative MC are attributed to WL arele interaction con-
tafluoride(AsFs)-doped, oriented PPV samples, with a room-tributions, respectively.A similar anisotropic MC has been
temperature conductivity of 2400 S/cm. However, more ex-observed in oriented metallic iodine-doped polyacetylene
tensive measurements of the transport properties are Iackin[j.—(CH)X].S(a)
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TABLE I. The values 0fo(200 K), og[a(T=0 K)], p; , m, andmy [Egs.(2) and(3)] for metallic PPV-HSO, samples and the parameters
obtained from the data analysis using the localization-interaction model for magnetocondgkt@nceo the right are the ratios of the field

of maximums of MC,H,,,, with the corresponding temperature. In the lower section are the configurations of the current and field
directions with respect to chain axis for the different samples.

H ma>!T H ma)!T

Sample a(200 K)? o? p.8 mP my° Beg® Bee 1.3K 25K
M} 15 200 12 530 1.21 54 180 —-130 -112 1.6 1.6
M 9540 9050 1.07  —100 —48 -53 —46 =2 =2
M1 120 91.6 1.30 0.56 253 -1.53 -1.83 0.8 0.8
M3 109 96.0 1.13 0.01 1.09 -0.97 —-0.96 =2 =2
M} 6 860 5420 1.25 42 140 —-81 -85

MY, Mb: HLchairj
M1 : HLchain,jLchain,Hl]j
M3 : HLchain,jLchain,Hlj

ML Hilchairlj
4n S/cm.
®In S/cm K2,
°In Slem T2,
4o, =p(1.3 K)/p(200 K).
Il. EXPERIMENTAL PROCEDURES nox™ sensor. The power dissipated in the sample was less

Free standing films of PPV were prepared from a precur:[han 1uW at low temperatures. The temperature dependence

sor polymer containing cyclic sulfide as described byU(T) was reproducible during thermal cycling.
Ohnishiet al Film thicknesses were in the range from 3 to
5 um. All measurements are carried out on tensile-drawn lll. RESULTS AND DISCUSSION
samples with draw ratio 10:1. Because the spin concentration
in carefully prepared PPV is only about 1 spin pef B®PV
monomer units,sp> defects are unimportant in these  The temperature dependences of the conductivities of two
samples? Measurements of the dichroic ratio at 1520¢m samples(M | and M) cut with the long axis parallel to the
gives values for the optical anisotropy of 40—50 indicatingchain axis and one sampi#13) cut with the long axis per-
that the PPV chains are highly oriented after tensile drawingpendicular are shown in Fig. 1. The resistivity ratios,
The typical length and width of samples prepared for conp,~p(1.3 K)/p(200 K), of the three samples are shown in
ductivity measurements are 8 and 1 mm, respectively. Table I; thep, values are even lower than obtained from the
The samples were immersed in 96%39, for approxi-  best polyacetylene samples. Thus, based on the transport
mately 1 h for doping. The conductivity of each sample wasproperties, PPV-550, can be considered the “most metal-
optimized byin situ conductivity measurements as a function lic” conducting polymer.
of doping time. When the conductivity reached the maxi- The values ofp, are rather similar for transport parallel
mum, the samples were cooled immediately to prevent degand perpendicular to the chain axis. Thus, an anisotropic 3D
radation. Since the presence of any residual sulfuric acid imodel is appropriate for describing the transport properties.
the sample could induce small variations in conductivity atAlthough o; is much higher than the typical value of Mott’s
temperatures above 200 K the data are shown only belominimum metallic conductivity in systems near the metal-
200 K at which all the chemistry associated with the dopinginsulator transitiong, is rather close to the Mott value. This
process and all ionic motion are frozen. implies that interchain transport is the limiting factor for ob-
For measurement af; ando, , the samples were cut with serving metallic transport in these systems.
the long axis parallel and perpendicular to the draw axis Slight differences inr(T) at low temperatures are seen in
(chain axig. Conductivity measurements used the standardlifferent samples as shown fo(T) in Fig. 2. Similar varia-
four-probe method with platinum pressure contacts; the cortions from sample to sample are observedoi(T). The
tact resistance was typically less than @0 The MC mea- sample-to-sample variation is common in doped conducting
surements were carried out by the standard four-probpolymers where these differences arise from slight variations
method by using platinum pressure contacts; typically, theén the doping level and/or the degree of disortlér.heavily
contact resistance was less than @0 The measurements doped inorganic semiconductors a similar variation of the
were carried out in a superconducting magnet cryd8tal0  sign of the TCR is observed close to the metal-insulator
T) with the samples immersed in liquid helium for measure-boundary, and can also be quantitatively related to the dop-
ments below 4.2 K@ The directions of field and the current ing concentratiori:
with respect to the chain axis for various samples are shown The presence of large finite conductivity for badt(T)
in Table |. Temperature was measured with a calibrated Cerand o, (T) asT—0 and the positive TCR foM ), (below 20

A. Temperature dependence of conductivity
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TABLE 1. The values of fitting parameters in Eq.l).
[o(T)= oo+ mTY?+BTP?] for metallic PPV-HSO, samplesM |,
M), andM3).

Sample m B

14000

18.5
—116
—0.04

14.8
21
0.009

M} 25
M}

M3 35

12000

o(T) (S/em)
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FIG. 1. Conductivity vs temperature for metallic PP\,
samples(M) for MY, () for M3, and(O) for M}.

150 200

K) suggests that the usual expressiond(r) for disordered
metallic systems can be used for PPYS@),, although one
must take into account the anisotropy in microscopic trans
port parameter&iffusion coefficient, etg. The conductivity

of disordered metallic systems is given®8y
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FIG. 2. Conductivity vs temperatur€l <20 K) for metallic
PPV-H,S0, samples:(M) for M)}, (O) for M}, and () for M3:
The fit to Eq.(1) [o(T) = oo+ mT¥2+BTP?| is shown by the solid
line and the fitting parameters are shown in Table II.

o(T)=0oo+mT+BTP? @

with
m= af (4/3) — (3yF ,/2)]. (2)

The second terniT*?) results frome-e interactions, and the
third term is the correction to, due to localization effects.
The value ofp is determined by the temperature dependence
of the scattering ratpr 1TP] from the dominant dephasing
mechanism. For electron-phonon scattering,3; for inelas-
tic e-e scattering,p=2 in the clean limit orp=3/2 in
the dirty limit. The Hartree factor ) is the screened
interaction  averaged over the Fermi surface;
a=(e?/1)(1.3/47%) (kg/2hD)Y? is a parameter depending
on the diffusion coefficientd), and yF, is the interaction
parameter(yF ,>0). The value ofy depends on the band
structure®!! The prefactom in the interaction term depends
on the magnetic field. When the field exceeds the limit for
Zeeman splittindgugH>kgT, whereg is theg value of the
electron andug is the Bohr magnetgnthe value ofm
changes to

my=a[(4/3) = (yF,/2)]. )

Although the interplay of weak localization aeele inter-
action contributions is sensitive to the extent of disorder
present in the system, generally the former is dominant at
higher temperatures and lower fields and the latter is domi-
nant at lower temperatures and higher fields, as we will show
in the next section with the MC measurements.

In order to check the validity of this model, E€(l) was
fitted to the data for all samples; the fitting parameters are
given in Table II. The fits were done by first determining the
zero-temperature conductivity, from T2 plots of the con-
ductivity below 4 K, assuming the last term in Ed) can be
omitted in the zero-temperature limit since usugtyl. The
m (andmy) values thus obtained are shown in Table I. Then
the p values were fixed anch andB allowed to vary freely.
This was repeated for sevegalalues until the best fits were
found. The best-fit curves fall quite well on the data points
(T<20 K) as shown in Fig. 2. The agreement spans a suffi-
ciently wide temperature range that the weak localization
and interaction contributions are both important. The fits
yield p~3=0.5, implying that electron-phonon scatterimg
=3) is the dominant dephasing mechanism. The sigm @
negative for samplé, (m<O is the origin of the positive
TCR), implying thatyF ,>8/9, and positive for samplit} .

The magnitude ofyF, (and therefore the sign ofn) is
known to be sensitive to the degree of disoféi&s shown in
Table I,M} has a smaller resistivity ratio, implying that this
sample is slightly more “metallic.” Among the perpendicu-



15532 AHLSKOG, REGHU, HEEGER, NOGUCHI, AND OHNISHI 53

0.075 T T T T T T T 12750 T 9000 T .
(a) Hichain Q (b) .
12700} < H L chain|
I g S

5 126501 .../'?./ 8900} «.'o....Q

= A e

< 12600 ese®% 1
0.050 ©

12550

IR

] 8809

1 15 2.0 :
93 T oy 98 - .
© W (d) H.Lchain
2 0.025 § ol 1 ol . M
9 +++++ o %dzsé
& ot /@o/o°
<] ® 0T
+ 5T
9 /yf 0 1| g Fmeserttespeme it
0.000 (?.0 1.5 -2.0 1.0 1.5 2.0
X , . T2 12
(e) H llihiiyve/ ( )
5500+ o /

—_ [ Jo

8

v Q

-0.025 S & 400l ° .
0 5 10 15 20 5 5400
T (K) . .
1.0 1.5 2.0
FIG. 3. w (where,w(T)=[0.5mT¥?+ (p/2)BT*3/a(T)) vs T TV2 (K12
for metallic PPV-HSO, samples(M) for M}, (O) for M}, and(0J)
for M3. FIG. 4. Conductivity vsT*2 for metallic PPV-HSO, samples at

zero field(®) and 8 T(O) fields[5 T also in(c)]: (&) MY, (b) ML,
(c) M1, (d) M3, and(e) M}. The direction of the fieldH) with

lar cut samplesn is very small forMﬁ and negative foM{, respgct to. the chain dlrectlorll are |nd|caFed in the figures. The full
configuration(H, current, chainis shown in Table I.

again showing the variation in low-temperature conduction
properties that follow from subtle differences in the doping
conditions. Than values obtained from the fittin@able II)

. . . . /2 . . . .
and those obtained if the weak localization teB™ is  same data. It is well known that the localization-interaction
omitted (Table ) are not in precise agreement. Indeed, thecontributions to conductivity are quite sensitive to magnetic
fitting suffers from the lack of data obtained below 1 K. fig|d, Therefore, we have tested the validity of the

However, even when such data are available, e.g., for othggcalization-interaction model by measuring the field depen-
materials, the determination of the parametarandB from  jence of conductivity.
o(T) alone is somewhat crude. For accurate insight into WL The temperature dependences of conductivities of all the
and e-e interaction effects magnetoconductance measuresamples below 4.2 K and at zero fielddad T are shown in
ments are necessary. . _ Fig. 4 as a function of 2. We also measured the tempera-
The validity _of the model was verified by the following e dependence at 5 T; for visual clarityets T data are
suggesti_on of Mbius*? \_Nho _noteo! tha_lt in the disordered me- gpown only in Fig. 4c), as a representative example. Both
fcalhc regime, the_ I_ogarlthm|c _derlvatlvw(T) =d Ing/d InT, parallel (a,b,e:M}, M1, andM., respectively and perpen-
is far more sensitive than(T) itself as expressed by E€L).  gicular (c,d; M+,M3) cut samples are shown. In all cases
The logarithmic derivative of Eq1) is given by the TCR becomes more negative, independent of the direc-
_ 1/2 /2 tion of the field with respect to the chain and current direc-
w(T)=[0.5m T+ (p/2) BT )/ o (T). @ tions. Furthermore, within this temperature regime the data
Equation(4) implies thatw(T) vanishes a§—0 for metallic  are consistent witdA’? behavior, implying that the-e in-
samples. Using the parameters obtained from Figsée teraction term[mT"? Eq. (2)] dominates the temperature
Table 1), Eqg. (4) provides an excellent fit to the data, as dependence in this temperature regime. In Figa)-4(d),
shown in Fig. 3. The excellent agreement shown in Figs. 2he MC is positive at higher temperatures, implying WL ef-
and 3 implies that the localization-interaction model devel-fects. However, as we will show below, the temperature de-
oped for disordered metals on the metallic side of the metalpendence is still dominated k®¢e interaction since the WL
insulator transition provides a good description of the transmagnetoconductance is rather temperature indepehtient.
port in metallic PPV. Thus, within thee-e interaction picture, the temperature de-
Although this analysis of o(T) shows that the pendence is easily explained by the Zeeman splitting which
localization-interaction model is appropriate, other modelscauses the change of the prefacwoi{Eg. (2)] to my [Eq.
for charge transport might also satisfactorily explain the(3)]. Since yF, is always positivem,>m, in agreement
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shows it to be closer to the metal-insulator transition, where

100+ (@ N ++++++ e | 100F () g ted the positive MC vanishe¥. Thus, both the temperature de-
« P + ¥ dence of conductivity and the behavior of the MC are
E 446 og torhe T 0aB pen y . .
S ol .dﬁg.mtﬁﬂ% ‘pfhnﬂ sol fio" ol Mma similar whether the current is parallel or perpendicular to
§ i * sore, oTee T Gl chain axis, indicating that the transport mechanism is similar
T | . . in directions parallel and perpendicular to chain axis. High-
DR ). .. 08 L chin quality oriented metallic conducting polymers behave like
T e — T anisotropic 3D metals. o
5 ) o A dramatically different behavior is observed when both
(c) d it field an_d cu_rrent are parallel to chain axsampleM g) as
2 U 1 Wz@g&%ﬂn% shown in Fig. %e). In this case, the MC is negative at all
3 R N, mmpﬁw‘ efe et e, o, temperatures and field strengths; the positive MC is appar-
= 0 R op ‘ ently absent. This anisotropic behavior of the Nighen the
% "'-.,“ Dnﬂqqg . field is parallel or perpendicular to chain axis direcjias
< H.L chain “'-.,‘ | 71 o fully cogn(s)istent with that observed in oriented metallic
a)
T A R S R R R s
ollowing the discussion on the temperature dependence,
R H (Testa) we analyze the MC as an interplay between the WL ered
OM%&H . interaction effects. The former yields positive M@ the
o) et absence of spin-orbit effegtsvhile the latter gives negative
5 oy, e ] MC. Both effects are apparent in the case of transverse MC,
% ” o.f:mn in samplesM INYERYERY éﬁ [Figs. 5a)-5(d)], while the
5 . .“c:] Iong|tu_d|nal MC of sampleM ;5 [Fig. 5(e)] displays different
120 j . ‘ behavior. We will therefore analyze the two cases separately.
0 2 4 6 8 The WL ande-e interaction contributions to the MC are
H (Tesla) considered as additive. Thus, the total low-field MC

(gugH<kgT, for e-e interaction is given by the following
FIG. 5. Magnetoconductance vs field at 4.2K), 2.5 K(J),  expressiorf®:211
1.3 K (@) for the same samples as in Fig. 4.
A3 (H,T)=(1/127%)(elch)?Gy(l;n) *H?

—0.04Xgug/kg)?ayF, T 32H2 (5

where the first and second terms on the right-hand side result
from WL and e-e interactions, respectivelyG,=(e%/#),
andl,, is the inelastic scattering length.

with the observed behavior. The prefactor changesntp
when the Zeeman splitting is greater theyT, i.e.,H/T>0.7
T/K. At 8 T and below 4.2 K this condition is quite well

satisfied, while 85 T the limit is approached close to 4.2 K. a¢ high fields, the positivénegativé MC due to WL (e-e
Indeed, slight bending of &5 T temperature dependence jyieraction is proportional toH 2. Thus, the total high-field
data towards the slope of the zero-field data may be disgc is given ad@911

cerned, as shown in Fig(d.

AS(H) =By HY?+BgeH™, (6a)

B. Magnetoconductance

where
In Fig. 5 we show the MC data obtained with the field

e!the_r perpendiculaa—d, transverse MQor parallel(e, lon- Bee= — 0.7 gup/kg) ayF,

gitudinal MO to the chain axis. In the transverse MC the

direction of the current varies as shown in Table I. At low The first term on the right-hand side of Ea) describes the

fields the positive MC dominates the transverse case while atontribution form WL (B, is a numerical constant at high

higher fields the MC turns to negative. At low fields, the magnetic fields and the second term the contribution from

positive MC is nearly temperature independent. As noted irthe e-e interaction.

Sec. Il A, the principal difference between samplis; The characteristic behavior of the transverse MC provides

[5(a)] andM [5(b)] is that the TCR below 4.2 K is negative an indication of the crossover fieldlow- to high-field re-

for M| and positive foiM }. Nevertheless, the general behav- gimes, positive to negative MCAIl the (transversg MC

ior of the MC is essentially identical and characteristic of thedata at 1.3 or 2.5 K exhibit a maximum in positive MC at

field perpendicular configuration. Hmax, although this is broadened considerably when the
We emphasize again that the behavior of the transversgositive component is strong. This maximum depends on the

MC when the current is perpendicular to the chain axistemperature. The ratio dfl,,,/T at both 1.3 and 2.5 K are

(samplesM 1 ,M 3) is rather similar to the case when the shown in Table IH,/T is roughly constant for each trans-

current is parallel to the chain axisMi(j,M ), although verse MC sample, and quite accurately so for sammgs

ojlo, ~10? and o, (300 K)~10? S/cm (near the Mott mini- andM7 whereH ., can be unambiguously determined. For

mum metallic conductivity The positive MC in sampl&17  the e-e interaction contribution, the high-field limifEq.

is weaker than in other samples. This lower value is probably6b)] is valid when the Zeeman splitting is greater thafT;

related to its slightly higher resistivity ratidfable ) which  i.e., H/T>0.7 T/K. The constant value dfl,,,,/T for each

(gusH>kgT). (6b)
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FIG. 6. Magnetoconductance of sampd in aH? scale. The _ _
vertical solid line shows the lower limitd,, to H*? dependence. FIG. 7. Magnetoconductance vs field for current and field par-

The dotted lines show the fields;,., at maximum positive magne- a”ﬁ; to chain axis; sarlnplmg, (&) H? dependence at low fieldb)
toconductance at 1.3 and 2.5 K. H™* dependence at high field.

sample, together with the fact that in all casés,/T>0.7 1.3 and 4.2 K(Bge+), which have &HY2 dependence at high
T/K indicates that the peaks in the MC déEags. 5a)—5(d)] fields [Eqg. (6b)]. Since the weak localization contribution
follow from the onset of high-field behavior for thee in- By, is temperature independent, it is cancelled out by sub-
teraction contributiodEq. (5b)]. Figure 6 shows the MC of tracting the values oA3(H) at 4.2 K from those at 1.3 K.
sampleM | in aHY? scale, illustrating the high-field limits of Therefore, the resulting value§Bggx=AS(H,T=1.3
both e-e interaction and WL. Théd,,, values are indicated K)—AZ,(H,T=4.2 K)], result only from thee-e interaction
for the 1.3 and 2.5 K data. At 4.2 K the,,,,,/T ratio would  contribution. The consistency of the valuesBgf- (from T2
suggesH . to be at 7-8 T for this sample. Indeed, the MC dependence of(T)] and Bgg+ (from HY2 dependence of
at 4.2 K clearly levels off at these fields. Generally, howeverAX,,(H)] is shown in Table I. The most serious disagree-
our measurements were not performed at high enough fieldsent comes from samplsl{, which has a weak positive
to get theH ,,,/T ratio at 4.2 K. The slopes of the negative MC and thus is difficult to analyze accurately. If the WL
MC at higher fieldg1.3, 2.5 K are nearly parallel at differ- contribution at high fieldH? dependence in Ed6)] is not
ent temperatures as shown in Figs. 5 afio),7in agreement taken into account, then the values Bz and B+ are in
with e-e interaction theory. gross disagreement for all samples. This analysis quite satis-
At fields belowH,,,, the data roughly overlap at different factorily explains the behavior of the transverse MC in any
temperatures, as in Fig. 6, indicating that the positive MCof the configurations used for samplds;, M5, M1, and
contribution is nearly temperature independent at low fieldsM3. The values of various parameters obtained from the
For the WL contribution, the high-field linfit{Eq. (5)] is  analysis are summarized in Table I.
defined byH>® /12, wheredy is the flux quantunizi/2e). Since only negative MC can be discerned in the longitu-
From the data in Fig. 6, one can estimate the lower limit ofdinal MC of sampleM}, the dominant contribution to the
the field(H,, indicated with solid vertical lineat which the ~ MC results from thee-e interaction. TheH? dependence of
positive MC due to WL follows theH? dependence; the low-field MC forM} is shown in Fig. 7a). The slope of
Hy=0.6+0.2 T. Thus, sinceH,<®,/I2, this gives as the theH? dependence increases, and the upper limit of the field
lower limit for |, 240 A, in reasonable agreement with the for the H® dependence is reduced when the temperature is
value estimated for polyacetyleA@. lowered from 4.2 to 1.3 K, consistent with the temperature
The importance of thee-e interaction contribution was dependence of the-e interaction contribution which results
shown in the previous section by the"? dependence of from Zeeman splitting:** The values of the slopes are3 4,
conductivity, at zero field and at 8 T, where the prefactors of—1.9, and—0.85 S/cm T at 1.4, 2.5, and 4.2 K, respectively,
the T2 term werem andm,, , respectively. These data can in reasonable agreement with those obtaifed.44, —1.86,
be related to the observed MC as follows. Sinceand—0.85 S/cm T at 1.4, 2.5, and 4.2 Kfrom the tempera-
ayF =(my—m), Egs.(2) and(3), the values oBge [Eq.  ture dependence data, calculated fronandmy, . Thus, the
(6b)] can be obtained from the temperature dependence gdrincipal contribution to the negative MC at low field fiot}
conductivity at 0 and 8 Tsee Table)l These values 0Bg results from thee-e interaction.
were cross checked from those obtained from the MC data at At higher fields the MC follows théiY? dependencEq.
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pendicularM}, transverse MCand parallelM}, longitudi-

120 ' . ! (;) ' ' nal MC) to the chain axis is obvious. The expected universal

1007 ar 52 ST ] scaling behavior in MC due to the dominant contribution
. 80r ' .“'_'-"‘“’oo : TIK ) from e-e interaction is clearly shown in Fig.l8) upto 8 T
= 60f . *:-.°:_o°° s 25K |4 in the temperature range 4.2-1.3 K in the case of longitudi-
ST 2. -~ P voazk ] nal MC (sampleM ). However, in the case of transverse MC
= “ ankw %o I ot : P
£ 20l » oF oy o ] (sample M?), the deviation from the scaling behavior is
< Oﬁ;ﬁp Tt f’.o..o ] shown in Fig. 8a), which indicates the importance of WL

. J ) X e contribution when the field is perpendicular to chain axis.
205 1 2 3 4 5 6 For the configuration of samplil’, all the data over the

entire temperature and field range follow the expected uni-
versal behavior showing that the WL contribution is negli-
gible; thee-e interaction contribution is dominant when the

° ?ZK ] field is parallel to chain axis. This is again consistent with
o e 2sk| 1 the observations in Fig. 5. The rangeHT values in Fig. 8
= + a2k| ] is small compared to that in Ref. 15 where millikelvin data is
& 1 available. However, since in this material rich MC behavior
= ... appears in the temperature range where our measurements
< e et were done our use of this method should be justified.
g 6 D. Weak localization contribution:
H/T (Tesla/Kelvin) Anisotropic magnetoconductance

The accumulated data from various works on electronic
FIG. 8. The po(H,T)/TY9 vs (H/T) plots: (a) For current  transport in oriented conducting polymers indicates that the
(field) parallel (perpendicularto chain axis, samplé1}; (b) For  anisotropy of conductivityoj/o;, is not a function of vari-
current and field parallel to chain axis, samplg. The data come ables such as temperature or hydrostatic pressure. This sug-
from the temperature dependeri@e3—4.2 K at 5 and 8 T and from  gests that the observed anisotropy/o, =100 in our case,
magnetoconductand@-8 at 1.3, 2.5, and 4.2 K. does not result simply from the microscopic structure, or
intrinsic factors of the polymer. However, the anisotropic
behavior of MC presented in this work should be a tool that
6(b)], as shown in Fig. (b). Since the slopes dfiX2 depen- probes transport at the_ micros_copic Ie\_/el._The same subtle
dence are nearly temperature independent; these data directijje"Play of WL ande-e interaction contributions to the MC
yield the values 0Bgg+. This value was again cross checked was %Ia?o observed in |0(_j|ne doped oriented polyacetylene
with that obtainedBgg) by substituting the values afyF films,”™* where the directional dependence of the MC was
(from the temperature dependence of conductivity at 0 and §!SC extensively investigated. From this and the present work
T) in Eq. (6). The values oBge and Bge are in excellent W€ May concluqle thz_;\t th_e MC is determlned_ by the orienta-
agreement as shown in TableArom the analysis above we tion of the_chqm axis V\.n.th respect to the field. A §|m|Iar
may conclude that the WL contribution is negligible whenWeak contribution to positive MC has been observed in other

. . . 6 .
the field is parallel to chain axisThus the consistency of the Studies on oriented conducting polynits and also in
data analysis for all samples is in accord with theSarbon fibers when the field is parallel to the fiber is.

localization-interaction model. These, and other systems that may exhibit similar phenom-
enale.g., SN (Ref. 18] have in common the uniaxial sym-
metry.

C. Electron-electron interaction contribution:

] We have argued in this wortSec. Il B) that the anisot-
Scaling of magnetoconductance

ropy is specifically due to the anisotropic behavior of weak
Recently, Bogdanovicket al® reported a universal scal- localization. Previously the orbital character of the scattering
ing behavior in the MC that results from tleee interaction  that leads to WL has been utilized in two different systems to
contribution and presented an elegant method to distinguistheasure the effect on the MC. The underlying principle be-
the contributions from WL an@-e interactions. They have hind these experiments is that some dimension of the system
observed that the-e interaction contribution to MC follows is less than the inelastic scattering length By measuring
an universal scaling behavior given by MC along thin cylinders where the radius is less thgmand
thus the charge carriers confined to paths around the cylin-
Ao(H,T)=0(H,T)— o (0,T)=TY2f(H/T), (7 der, the MC has been found to weakly oscillate as a function
of the field parallel to the cylinder axis, with the flux quan-
wheref(H/T) is consistent with that predicted by the inter- tum ®, as the periodRef. 9 and references thergiMore-
action theory[see Eq.(3.44h in Ref. 9. Equation(7) fol- over, in case of 2D metal films, with a thickness less than
lows the general formula for conductivity in a magnetic field. the positive MC is nearly absent when the field is parallel to
The [Ao(H,T)/TY] vs (H/T) plots for the conductivity the plane of the film and the MC is positive when the field is
data as a function of temperature and field for samplds  perpendicular to the plane of the filfiRef. 19 and refs.
and Mg are shown in Figs. @ and 8b), respectively. The therein. (In the presence of spin-orbit interaction the situa-
difference in the behavior aka(H,T) when the field is per- tion is more complicatedl.
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In a simplified picture the WL effect on MC is determined as T—0 as expected for disordered metallic systems on the
by the flux® enclosed by a typical backscattering path of themetallic side of the metal-insulator transition. The observa-
charge carrier(analogous to the Bohm-Aharonov effect tion of a positive TCR(below 20 K), which decreases in
This flux is ®cH*12 in a normal isotropic medium. The magnitude in a magnetic field, confirms the importance of
directional effects imposed on the WL magnetoconductanceteraction contribution in the metallic regime. The enhance-
described above were due to geometrical constraints to thment of conductivity in a transverse magnetic field at tem-
backscattering paths that affect the flux in a way that deperatures above 2.5 K and the gradual suppression of this
pends on the direction of the field. In the case of anisotropi@ffect at lower temperatures shows the dominance of weak
conductors with a uniaxial symmetry such as in our case wéocalization ande-e interaction contributions, respectively,
propose that the anisotropy of WL is due to very unequaht different temperatures. The behavior of MC in oriented
fluxes @ that a certain magnetic-field intensity producesmetallic PPV-HSQO, samples shows strongly anisotropic fea-
when the field is parallel to the chain axi®', longitudinal  tures. When the field is perpendicular to chain akis), the
MC) and when it is perpendicular to @@", transverse MC  positive MC resulting from weak localization is nearly tem-
The unequality arises from the inelastic scattering lengttperature independent at low fields; a negative contribution
which in a anisotropic conductor with uniaxial symmetry from thee-e interaction appears at high fields. The crossover
may be considered the geometrical mean of a longitudinaik related to theH,,/T ratio, due to the Zeeman splitting
scattering length!, (along the chain directiorand a trans-  which accounts for the MC in the-e interaction contribu-
versely, (perpendicular to chain directipnThe flux ® is  tion. Although aj/a, is nearly 100, the behavior of MC is
determined by the normal cross section of the charge carrigrearly identical for current paralleM },M %) and perpen-
backscattering paths with respect to the field direction. In thelicular (M 1,M3) to the chain axis. When the field is par-
longitudinal case the fluxd' is then proportional td 2, allel to chain axigM %), the MC is negative at all tempera-
while in the transverse cask'«li*I!l . Numerical values tures(4.2—1.3 K for H<8 T. This negative MC exhibitsl?
for |, is not available since the macroscopic transport is noand H2 dependences at low and high fields, respectively.
entirely determined by it, as noted above. It is, however,This implies that the-e interaction contribution is dominant
clear that | >l , and thusb* >®'. This result then roughly and that the WL contribution is negligible when the field is
explains the reduced WL contribution in the longitudinal MC parallel to the chain axis. The universal scaling behavior of
as compared to the transverse case. negative MC due tee-e interaction is observed when the

We noted above that the anisotropy of MC has been obfield is parallel to chain axigM}) from the Ac(H,T)/TY
served previously in other conducting polymers. Howeverys (H/T) plots. When the field is perpendicular to chain axis
except for iodine-doped, equally anisotropic, oriented poly{M}), the deviation from the universal scaling results from
acetylene films'® no other polymer has to our knowledge the importance of the WL contribution at low fields. Thus,
exhibited as highly anisotropic MC as PP\\$0,, testify-  the anisotropy in MC in oriented polymers with uniaxial
ing to the quality and the high degree of orientation of thissymmetry provides another opportunity to separate the WL
material. and e-e interaction effects. Furthermore, this anisotropy in

MC is a valuable tool since it probes the anisotropy at the
IV. CONCLUSION microscopic level which is masked by the morphological

, ) structure in the macroscopic conductivity.
Doped oriented PPV can be considered as one of the best

metallic conducting polymers with values @300 K) andp,

which are similar to those of metalli€H), . In fact, for the

best PPV-HSO, samplesp,~1.07 is slightly lower than ob- ACKNOWLEDGMENTS
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