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The transport properties of J80,-doped, tensile drawn, and oriented dplyenylenevinylenehave been
studied in the metallic, critical, and insulating regimes of the disorder-induced metal-insulator tragiition
transition. The temperature dependence of the conductiwity) and the magnetoconductan@dC) were
investigated between room temperature and 1.3 K and in magnetic fields up to 8 T, in freshly doped samples
and in samples during controlled dedopitaging. A complete set of measurements were carried out on a
single, fully doped sample that was followed during ageing from the metallic state through the critical regime
into the insulting state. The transport properties are characterized as a function of the resistivitg, jatio (
where p,=[p(1.3 K)/p(200 K)]. In the metallic regime 4,<2), o, (300 K)=10 000 S/cm andr, (300
K)=100 S/cm; forT<4 K, a T2 dependence is observed fo(T), and the MC shows positive and negative
contributions at low and high fields, respectively. The positive contribution to the MC vanishes Mt-the
transition boundaryd,=2). The behaviors of-(T)and the MC are consistent with the weak localization plus
electron-electron interaction model. Very near Mel transition, a field-induced transition from the metallic
to the critical regime was observéd(T)<T%! at 8 T}. For samples in the critical regime with<4o, <30,
o(T)=T# at low temperatures. In the insulating statg50), p(T)xexp(T,/T)* indicating variable-range-
hopping transport. Although anisotropic, the field and temperature dependences of the transport are similar
both parallel and perpendicular to the chain axis, implying that oriented conducting polymers are anisotropic
three-dimensional conductof$§0163-182807)07611-X

I. INTRODUCTION mogeneous for the interpretation of the transport data. Con-
versely, in the localization length and/or correlation length

Recent improvements in the quality of doped conductingare smaller than the crystalline coherence length, then the
polymers have enabled a clear demonstration of the achievaeystem behaves more like a granular metal. In the former
ment of the metallic state with the Fermi level in an energycase, theM-1 transition can be viewed in the context of
interval in which the electronic wave functions are disorder-induced localization. In the latter case, el
delocalized" The fundamental fact that several doped con-transition would be better characterized as a connectivity-
ducting polymer systems, including polyacetylef@H), , induced percolation transition. Detailed analysis of the trans-
poly(p-phenylenevinylene(PPV), polyaniline, and polypyr- port data have shown that all aspects of the transport data are
role (PPy), have a large finite conductivity as the temperaturein agreement with disorder-induced localization as the
approaches zero indicates that the metallic state is intrinsic tmechanism of thdl-1 transition. Moreover, the observation
these systems. The absence of long-range structural order & Mott’s In o<T~ 2 dependence of conductivity at low tem-
these disordered polymers strongly affects the electroniperatures on the insulating sideMf1 transition implies that
transport properties in the metallic state, as can be seen in tliee disorder potentials are within the homogeneous limit
negative temperature coefficient of resistiviffCR). Thus  even in this regime. The tm<T 2 dependence characteris-
doped conducting polymers are characterized as disorderdit of granular metals is observed only deep in the insulating
metals near the boundary of the disorder-induced metalregime or in blends with insulating polymers at concentra-
insulator(M-1) transition. tions below the percolation threshdid.

From previous work on doped conducting polymers, itis Because of the intrinsic quasi-one-dimensidjgalasi-1D
known that disorder causes the-1 transition. A fundamen- character of the electronic structure of conducting polymers,
tal issue is whether these systems should be viewed as hit-is of interest to compare the disorder-induddd! transi-
mogeneous or whether relatively large scale inhomogeneitieigon in these systems and in three-dimensional systems. For
are involved (a granular metal made up of “metallic example, the power-law dependence of resistiVip(T)
islands”).X® If the localization length and/or correlation «T#] near the critical regime of th&-I transition is ob-
length near théM-1 transition are larger than the crystalline served in conducting polymers over a wide range of tempera-
coherence length, then the disorder can be considered as Hores, unlike in other system®) On the metallic side of the
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M-I transition, the localization-interaction model provides anegative MC in the insulating state is also typical of that
good description of the transport properties. In the insulatingpbserved for hopping transport. Th€T) and MC are quali-
regime, the Ino<T* dependence indicates variable-range-tatively similar for transport parallel and perpendicular to
hopping (VRH) conduction. The disorder in “metallic’ chain axis, suggesting that oriented conducting polymers are
polymers arises from a combination of the sample preparaanisotropic 3D systems as a result of relatively strong inter-
tion (polymerization, the processing conditions, and the chain interactions.

doping procedures; by varying the conditions, one can to

some extent control the disorder. [l. EXPERIMENTAL DETAILS

Even within the same batch of carefully prepared . .
samples, the transport properties show some sample-to- The synthesis of PPV and other experimental procedures

sample variation as a result of slight differences in the disVere descrlpedd!n an earlier p“b:lcang)ﬁor tranzporlt mea- h
order. In order to avoid this additional complication, one cantUrements in directions parallel and perpendicular to the

study theM-I transition in a single sample by progressively chaln_aX|s, samples were cu_t parallel ant_al _perpendlcular, re-
aging the sample and following the transport from the me-Spectively, to the draw direction. Conductivity and MC mea-

tallic regime to the insulating side. Earlier Kaneko angSurements were carried out i_n a Iow-tempera’gure cryostat
Ishigurd attempted such an experimental study 0fequped with a superconducting magnet, enabling measure-

FeCk-doped (CH), samples. Sulfuric acid doped PPV ments from room temperature to 1.3 K in magnetip field
(PPV-H,S0Q,) is a much better system for such a study, be-f"_)?]1 ﬁer? t|?j 8. Thde_ N:C meaﬁsurehm_ents_were_ carried out
cause the dedoping process in this system is nearly revert ; € Ied perpendicular to the chain orlenta_mo_nas_

ible. In fact, the yellowish-orange color of pristine samples is T € dcon_ uctivity m‘?asufmg”ts. welre rlnonléom 'tﬁ.
fully recovered after dedoping the previously doped, blackdurlng oping to optimize the doping level and to achieve

samples. Thus the main focus of this work is to investigaténax'mumhconducﬁ'v'ty' bAfter each Iow;jt?mpﬁrature trans-d
the transport properties on individual samples from the mePO"t 'un. the sample probe was removed for the cryostat an

tallic state to the insulating state by gradually aging theeﬁ(posr?dhto ﬁmbyent a;mr:)sphe_zre for a sp_ecmc pelrllod. dAI'
sample during dedoping. In this way, the extrinsic contribu-t oug thec em;]stryq the aging procfess IS not wed unaer-
tions form sample-to-sample variations in structural disordefto0d, It seems that minute amounts of moisture and oxygen
are avoided. are sufficient to dedope the sample and lower the conductiv-

In a previous publicatiod we reported the transport prop- ity. During.the aging process t'he conducti\_/it_y was continu-
erties in the metallic state of PPV,80,. For tensile drawn ously monitored. Once th_e desweq conductivity was reached,
samples with draw ratio of 1G5,(300 K)=10 000 S/cm and the_ sample was quickly inserted into the cryostat where the
o, (300 K)=100 S/cm, and the resistivity ratio(p, aging process was stopped by rapid cooling to temperatures
~p(1.3 K)/p(200 K)] is as low as 1.1. A positive TCR was below 250 K. Low-temperature transport measurements were

observed in some samples below 20 K. The sign and magnf:—arrled out after each aging s.tep. . .
tude of the magnetoconductan@®dC) were found to be de- Most of the work was carried out with a single sample.

; ' - his fresh, fully doped, parallel cut sample is labeled as A
pendent on the angle between the chain and field directions. 2 .
The MC has a strong positive component when the field i (200 K)=8670 S/cn. Successive low-temperature runs on

: : his sample after each aging step are labeled in alphabetical
perpendicular to the chain axisansverse M whereas the A :
positive component is negligible when the field is parallel toOrder ffom 8(8490 Sicry _to | (280 S’C”).' eight _steps In
the chain orientation. Such strong anisotropy in MC is con-tOtal' Since this sample failed after the eighth aging ¢tp

sistent with that previously observed in tensile-drawn® newly aged sample)) from the same batckessentially

(stretch-orienter (Ch), samples doped with iodirfeThe identical to the sample in run)Avas used for carrying out

relatively large zero-temperature conductivity, the sign of thethe low-temperature runs deep on the insulating side. After

TCR at low temperatures, and the sign and magnitude of th@aximum doping, sample J was aged so that its conductivity
anisotropic MC in PPV-KS0, are all consistent with trans- at 200 K was 82 S/cm; i.e., lower than that of sample |. After

port dominated by contributions from weak localization this aging step(from maximum conductivity to sample),J

h Ry : ; : this sample was further aged in two steps for runs K and L
;\;\/ilgz)ﬁggislatggp electrofe-e) interactions in a disordered [6(200 K)=1.2 Slcr]. One perpendicular cut sample

We have extended the transport measurements oWiA’ labeledM in Ref. 3 from the same batch was also

PPV-H,S0, samples to the critical and insulating regimes. Measuredaged samplé B).

The conductivity and MC are studied in all the three regimes

(metallic, critical and insultingby aging doped samples; the lll. RESULTS AND DISCUSSION
completeM -1 transition was monitored in a single sample by
controlled aging. We present the conductivity and MC re-
sults as a function gf, , which serves as qualitative measure
of the carrier concentration and the extent of disorder. In the Although it is well known that finite conductivity as
metallic state, the TCR changes sign from positive to negal —0 K is the fundamental definition of the metallic state,
tive at p,=1.2.We have observed a magnetic-field-drivenextrapolation ofo(T) from temperatures abevl K to sub-
transition from metal to insulator via the critical regime. The Kelvin temperatures is not a straightforward procedure, es-
positive MC vanishes at th®-1 boundary. The resistivity pecially when the system is near tie | boundary*® Thus
follows a power law near the critical regime, and exhibitsthe extrapolation fromar(T) vs T plots may not be adequate
variable-range hopping in the insulating regime. The largeo identify the various regimes near tihé-I transition(es-

A. Classification of the metallic, critical,
and insulating regimes
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TABLE I. The values for parallel conductivitgwith respect to

I I chain direction o[ o(T=0 K)], a(200 K), andp, for runs A-L;m
100 F G o A C| A and my for runs in the metallic regiméA—E); B [Eq. (2)] and
r % o] + p| 1 Tmax (Upper temperature limit for power-law behavidor runs in
o % o E the critical regime; arx and T, [Eqg. (3)] for runs in the insulating
o v F regime. Runs A—Il and J-L were done on two different but identical
1:. @ e G samples. The dotted lines separate the metallic, critical, and insu-
X H lating regimes.
o I
_or - (200 K)
£ 2 IL< Sample oo(S/lcm)  (Slem) pr m* my,
% A 7330 8670 1.18 29 145
% B 7170 8490 119 -20 57
C 6720 7650 1.16 —120 25
10t b D 4510 6340 1.39 45 143
E 2020 3980 1.87 96
B Tmax
F 0 2440 4.7 0.34 30
G 0 930 27 0.78 15
10° X To
1 10 100 H 0 510 100 0.20 3310*
T(K) I 0 280 390 0.28 2200
J 0 82 750 0.35 700
FIG. 1. Resistivity vs temperature of runs C—L. For data onK 0 12 3x10° 0.41 610
these runs, see Table I. L 0 1.5  4x10 0.49 430

pecially the critical regime In order to describe the charac- _
teristic behavior ofp(T) or o(T), explicitly, we define the WhereA=xlog;o To+logex. Using Eq.(3), one can deter-

reduced activation energy as the logarithmic derivative of mine’ x from the slope of logW vs logy,T. In the case of
p(T),5 mott's VRH, x=1/4, while x=1/2 for Efros-Shklovskii

hopping® As shown below, the VRH parameters, the value

W= —T{d Inp(T)/dT}=—d(Inp)/d(InT)=d(Ine)/d(InT). of x andT, are determined as accurately as possible from the
1 slopes of theW versusT plots.
The weak temperature dependencep¥s T for parallel

cut, metallic PPV-HSQ, is shown in Fig. 1. Upon dedoping
(through aginythe samplegfrom A to L), the magnitude of
p(T) increases and the temperature dependence becomes
stronger. Data characterizing the various stages, sutéxas
trapolatedl zero-temperature conductivity-f), p, , and con-
Cductivity at 200 K are presented in Table 1. In the five first
runs (A—E), we found metallic behavior with a finite zero-
temperature conductivity. However, as noted above, such a
plot cannot unambiguously identify the various regimes near
the M-1 transition. The normalized(T) for runs A—E are
: . . - shown in Fig. 2. The differences between runs A, B, and C in
length, E is the Fermi energy anH, is the mobility edgé. terms of oy, (200 K), andp, are small. Nevertheless, in-

In this critical region| the resistivity is not activated, but teresting changes in the low-temperature transport properties

rather follows a power-law dependence on the temperature 3ere observed: run A has a negative TCR while in runs B
shown by Larkin an Khmelnitskf, ’

and C, the TCR is positive. After run C the aging of the

The temperature dependencedhdfn various regimes are as
follows: (a) In the metallic stateyV has a positive tempera-
ture coefficient(b) In the critical regimeW is temperature
independent for a wide range of temperatufes.n the in-
sulating stateW has a negative temperature coefficient. In
the disordered metallic regime, the low-temperature condu
tivity is determined by contributions from weak localization
and e-e interactions as described below. In the critical re-
gime of theM-I transition, the correlation length is large and
has a power-law dependence @ |Er—E./Eg|<1with
critical exponentr, L,=aé ', wherea is a microscopic

p(T)=(e2pg 112)(kgT/ER)  Yn=T"5, @) Z?rgz)pr)ltreu\r/]vs%,rnén’rzt(r:a.tpld, as can be seen from the values of
where pg is the Fermi momentum, and is the electron For runs F-I, no finite value fory was found. Runs F
charge. The predicted range of validity includes 4<3; and G exhibit a power-law temperature dependence of con-
i.e., 0.3<B=1/5<1. ductivity, as expected in the critical regime. The value of the

In the insulating regime, the resistivity follows the acti- exponentp [see Eq.(2)] are given in Table I. From runs
vated temperature dependence characteristic of ¥RH, H-L, the data exhibit the typical exponential dependence
In po<(To/TY%, [i.e., p(T)xexp{(To/T)}], and the reduced ac- characteristic of hopping transport in the insulating regime.
tivation energy becomes Although the data in Figs. 1 and 2 roughly define the

division into metallic, critical, and insulating regimes, the
10919 W(T)=A—X log;oT (3) vs T plots are not sensitive enough to clearly identify the
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FIG. 2. Normalized temperature dependence of resistivity

T)/p(200 K f A-Einth Ili ime. L
p(T)/p(200 K vs temperature of runs In the metallic regime FIG. 3. W vs T for (a) runs A—E on the metallic side an®)

boundaries. Thus the same data plotted\ass T plots are runs E—L on the insulting side of thd-| transition boundary.

shown in Figs. 8) and 3b). The boundaries of the metallic,
critical and insulating regime are quite obvious from the

slopes of thaV vs T plots: Runs A—E are metallic, F—G are eter (yF,>0), whereF ,=[ -2[1 - 3F/4— (1— F/2)*?]/F],

in t_he critical regime, and runs_H L are |nsu_lt|ng. The me and F=(1/x)In(1+x), where x=(2k/K)2and K1 is the
tallic character of the sample in runs A—E is clearly seen . : )

- screening length. Althougk diverges near thé-1 transi-
from the positive slope ofV at low temperatures. As the

M-1 transition boundary is approached, the plots exhibit sucyon’ F varies between 0 and 1. The value pilepends on

cessively smaller slopes. Runs F and G show constaat the band structure, whil@ is determined by temperature

. : . i
low temperatures. This value should equ@las obtained ?heepzzgqeiggﬁt(ijethr?als?r?Iarsntg:cr?;ﬁ?;?r:mgirTiieuZl;a:I:]} ){r?ﬁl
from the low-temperature data of Fig. 1. The two values . : phasing ' A K

-e interaction dominates over weak localization at the low-

agree with an accuracy of better than 5%, thus confirmin )

the existence of the power-law behavior. For runs H—L,T?,tztgyvp%ratg;ﬁm;ﬁh betlhoi;v tg zKérgferiatgr:ttu\rAée”vvtg c?b—

W(T) indicates variable-range hopping with increasing tain m aindy th P 9 h in Tabl Ipl ’ d with

The value ofx and T, are given in Table I. : To,NESE are shown In fable 1. In accord wi
previous results, we obtain best fits for=3, corresponding

to electron-phonon scattering.

The T¥2 dependence of(T), observed between 1.3 and
4.2 K, was measured at 0, 5, and 8 T. This is shown in the
The analysis of transport data for PP\V,$0, in the me-  inset to Fig. 4 for run A(at 0 and 8 J. Although the mea-

tallic regime was presented in detail in a previoussured temperature range is not very wide, ¢ fits are
publication® we focus here on features specifically related toquite satisfactory. Application of a magnetic field causes the
the M-I transition. The localization-interactidh'* model TCR to become more negative; that is, the magnetic field
for disordered metallic systems was found to be consisterincreases the magnitude afi. Within the e-e interaction
with the low-temperature conductivity:(T) is given by the  picture,m changes ton, = o[ (4/3)— yF,/2] when the Zee-
expression man splitting condition /T>kg/gug=0.7 T/K) is satis-
1o i fied. SinceyF,, is always positivemy>m, in agreement
o(T)=oo+mT+BTP%, (4 with the observed behavior. In run [Eig. 4e)], the MC
where abowe 5 T isexclusively negative and, furthermore, the tem-
perature dependence at such fields does not fifTfffede-
m=a[%—(3yF,/2)]. (5) pe_ndence._This indicates that_the sample has_ grossec_i into the
critical regime. On approaching thd-1 transition, m in-
The second termT(?) results frome-e interactions, and the crease, and the positive MC vanishes, as shown in Table I. In
third term is the correction to resulting from weak local- Fig. 4, we show tham values as a function gb, . In this

ization; a= (€?/%)(1.3/47%) (kg/2h.D)*? is a function of the
diffusion coefficient(D), and yF, is the interaction param-

B. Conductivity and magnetoconductance
in the metallic regime
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figure, we have added the value from other samples that tive TCR has been observed at low temperatsr20 K) in
were measured, including those reported in our previouseveral conducting polymer systefmsnly for PPy-PE has a
publication® The compiled data point to a crossing from systematic investigation af vs p, been carried ouf In
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sign change ofm is well known in the case of heavily doped 200 o 81| ]
inorganic semiconductorSi-P, Si-As, Si-B, Ge-Sh If F okl , ‘ \
is large(i.e., yF,>£), mis negative, and if is small,m is 0.0 0.1 1.0 105 110 115 120
positive. This might explain the sign changerafnear the O (KO

M-1 transition, where screening of theee interaction be-
comes important. For inorganic semiconductors, the dopant ,
concentration can be accurately measured, and the effect of F(IjG' 7. (@ V_Vl_o\.’ls T I]or run Ef_atl dzero field5 T and 8 T.(b)
carrier density on the sign and value wf is rather well onductivity vsT™" at the same fields.
known. However in conducting polymers this type of work is
in its early stages. contribution can be subtracted from the low-field MC since it
The MC data(up to 8 T atl.3, 2.5, and 4.2 Kfor runs is nearly temperature independent, providing an alternative
A—-E are shown in Fig. 5. This is among the first systematiovay to estimate the-e interaction contribution. The results
studies of the MC upon aging a single sample from the meebtained from the two methods are consistent, showing the
tallic to the insulating side of th#-| transition. Previously validity of our interpretation of the data. The field at which
Kanekoet al*® reported the MC in several samples of iodine the MC reaches maximunt(,,,) increases with increasing
doped (CH) across theM-| transition. Since MC is a mi- temperature. The ratidH,,5/T) at 1.3 and 2.5 K is approxi-
croscopic probe, even slight sample-to-sample variations imately constant in each case with strong positive MC, this
structure and morphology could complicate a consistent dateeing an indication of the Zeeman splitting conditidd/T
analysis. This ambiguity has been avoided by carrying out>0.7 T/K). For runs A-D, this ratio varied from 1.4 to 1.9
the MC measurements, from metal to insulator, on a singlélarger than 0.7 T/K in accord with previous resulfs.
sample. We show here, systematically, how the features described
For runs A-D, the MC consistently shows a positive con-above change as the system moves into the insulating re-
tribution at low fields; at higher field, the negative contribu- gime. Once again, the data indicate that the positive and
tion to MC starts to dominate. This is consistent with thenegative contributions to the MC result from the interplay
field dependence gb(T).The WL (e-e interaction contri-  between the WL ana-e interaction contributions, respec-
bution dominated at highgtower) temperatures and lower tively. Whenp, increases to 1.87, run E, the positive contri-
(highep fields. This similarity in behavior is expected since bution from WL becomes considerably weaker, as shown in
the value ofp, for runs A (p,=1.18) to D (p,=1.39) are Fig. 5. Also, theH,,,/T ratio moves to lower values. Al-
rather close. Quantitative analysis of the WL ame@ inter-  though theW vs T plot for this samplgsee Fig. 3 shows a
action contributions to the MC in the metallic regime is rep-metallic positive temperature coefficient, the absence of a
resented in Ref. 3. We briefly summarize this analysis. Atarge positive MC(as expected for weakly disordered metal-
low fields, theH? dependence of the MC is dominated by thelic systems implies that run E is just on the metallic side of
WL contribution. Although the MC results principally from the M-I transition. Thus the vanishing of positive MC can be
e-e interaction at high fieldsH'?> dependende WL must  considered as a sensitive indicator of the approach to the
still be taken into account in a quantitative analysis. €& M-I transition boundary from the metallic side. Moreover,
interaction contribution to the high-field MC is proportional the total MC at low field is near zero as a result of the
to (my—m),which is obtained from the temperature depen-cancellation of positivéWL) and negativée-e interaction$
dence of the conductivityg(T)=c(T)=mTY2 The WL  contributions(as in run B, another important characteristic
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gime.x is defined in Eq(3).

. L. FIG. 9. Normalized magnetoresistanse(H)/p(H=0) vs H?
of the approach to thél-1 transition. The qualitative fea- o, runs E. H. and J at 1.09), 2.5(0),and 4.2 K+).

tures of the MQand their interpretatiorfor PPV-H,SO, are
similar to those observed for Si-P, although the relative mag-
nitude of the positive MC effect is considerably larger in thestate through the critical regime and into the insulating state
polymer. In Si-P, the most thoroughly studied system neahas been observed in PP\,$0, (run E) havingp,=1.87.
the M-I transition,the positive MC due to WL was observed  The TY? dependence of(T) from run E is shown in the
only for samples well inside the metallic regime; for thosew vs T plot of Fig. 7a). The typical metallic positive tem-
closer to the boundary, the MC is negatiVe. perature coefficient aV(T) atH=0 T becomes temperature
The Ao(8 T)/o(0 T) vs p, plot for p,<6, is shown in Fig.  independent at 5 and 8 ;(T) follows a power law at high
6. Positive values foAa(8 T)/a(0 T) are observed at 4.2 K field, as shown in Fig. (®). The power law fit[o(T)
andp,<2. Furthermore, a maximum seems to exist close to«T%1] at 8 T in Fig.7(b) is in agreement with the value of
pr=2. At lower temperatureAa(8 T)/o(0 T) tends to more  3=0.1 obtained from thaV vs T plot [Fig. 7(@)]. The fit
negative values. At 1.3 K, the sign dfo(8 T)/o(0 T) is  follows a straight line and extrapolates to zero conductivity,
mainly negative, and its magnitude increases ashus confirming that the sample is insulating at 8 T. The
pr increases. As the disorder increaspsX2), the increas- same effect has been observed in another PRSy
ing (negative magnitude ofAa(8 T)/o(0 T), 5% or more, sample, withp,=1.58 anda(200 K)=6900 S/cm.
indicates that transport among localized states starts to domi- A  magnetic-field-inducedM-1 transition, sometimes
nate, as in Fig. 6. This is consistent with observations in agedalled “magnetic freeze-out,” has ben reported for doped
(CH) samples doped with iodiné. inorganic semiconductors® In these materials, the effect
was attributed to the change in the Bohr radius of the dopants
caused by the field. The extrapolated zero-temperature con-
ductivity was found to decrease linearly with the field. How-
ever, in these magnetic freeze-out effects very neaMhk
The M-I transition in conducting polymers is very inter- transition, o(T)=a+bT"3, wherea(H)—0, whenH—0;
esting in comparison with other systems because, in the critand VRH conduction occurs at very high fields. In the data
cal regime,p(T) follows a power-law temperature depen- from run E, the field-induce transition changes the tempera-
dence over a wide range of temperatures. The critical regimeure dependence frofi'’? (e-e interaction in the disordered
and the “tuning” of theM-I transition by pressure and mag- metallic regime to the power law which is expected in the
netic field have been studied in detail in several conductingritical regime.
polymer systems. Both a field-induced crossover from the Tuning the critical regime of thél-I transition in con-
critical to the insulating regime and a pressure-induced crosslucting polymers by disorder pressure, and magnetic field is
over from the critical to the metallic regime have benof considerable interest, since it enables the exploration of
observed®® A field-induced crossover from the metallic the wave functions at energies near the mobility edge. The

C. Tuning from the metallic to the critical regime
with magnetic field



6784 AHLSKOG, MENON, HEEGER, NOGUCHI, AND OHNISHI 55

0.020 50 — T
0015 | [ \ 1
10 | . g
S 0010 —e—13K
= rg -0—235K
E: @ F+—42K
T 0005 b =
= 30 . .
3 5
2
0.000 A N
S \
! o 20 F ]
o00s e L1 =) a
0 2 4 6 8 10 =
H? (Tesla?) < \U
FIG. 10. Normalized magnetoresistandg(H)/p(H=0) vs © 10 L . |
H2 for run F at low fields. The arrows indicate the field below
which there is deviation fronti?> dependence at 2.5 and 4.2 K. | . |
. . . T
ability to tune through thévi-1 transition from metal to in- +\+\+\
. . . 0 N | PRI EET | I | rt+
sulator by magnetic field at temperature as high as 10 K . 10 100 1000

suggests that the wave functions near the mobility edge in

conducting polymers are more susceptible to localization by 6(200 K) (S/cm)

the magnetic field than in conventional two- and three- FIG. 11. The low-field magnetoresistance derivative
dimensional systems. This could be the result of thedp(H)/dH? vs (200 K) for insulating runs F—K at different tem-
quasi-1D character of the electronic structure of conductingperaturesruns F-J at 1.3 K

polymers and thus to their intrinsic anisotropy.
wherel . is the localization lengthx is the exponent in Eq.

D. Transport on the insulating side of theM-1 transition (3) and\ the magnetic length. The values figrfor x=0.25,
. . . - and 0.5 are 0.0015 and 0.0035, respectively.
On the insulating side of th®1-1 transition, the conduc- The MR data for runs F, H, and J are shown in Figa),9

tivity extrapolates to zero a6—0 K. Runs F p,~4.7) and g "and gc). These figures systematically show that the
G (pr=27) follow a power lawfsee Eq.(2)] at low tem-  qjtive MR increases as the sample becomes more insulat-
peratures, as shown in Figt8. The values for the exponent i Gyalitatively the behavior of the MR is rather similar in
j are within the theoretical estimates, i.6<5<1. The X-  |'three cases. This systematic enhancement of positive MR
act values ofg3 are shown in Table I In runs F and G, 45 the system moves deeper into the insulating state is also
power-law behavior is observed below 30 ad 15 K, respecypserved in other conducting polyméfd® The MR is
tively. At lower tempe_ratgrgs in the cr?ti.cal reginlieelow 1. strongly temperature dependent, following &7 depen-
K), the sam_ple exh|p|ts finite conductivity or not depending yance at low fields, where thid? dependence extends to
on the precise location of thi-1 boundary. In general, the pigher fields at higher temperature. At 1.3 K, the MR at
system is metalli¢finite conductivity asT approaches zeJo  pigher fields tends to saturate, as expected for hopping trans-
'T the vglue of 8 is low (',8%0'33_0'5' whereas it behaves port. At 4.2 K theH? dependence is linear up to 8 T. Theo-
like ﬁn msula}tor .a§—>0 if B>OHS' h ical . retically, a crossover is predicted fror? behavior at low
The samples in runs H-L show the typical negative teMyg 45 1o 4 weaker field dependence at higher fields at a cross-
perature coefficient ofV/(T), as shown in Fig. ®). For o field (H)which is proportional tor/%
these samplep,> 100, andp(T)xexp{(To/T)* at low tem- The low-field H<3 T) MR of run F is shown in Fig. 10.
peratures. The values gfandT,, obtained directly from the At 4.2 K, there is hardly any MR at fields up to 2.2 T
Ws T p_Iots_ [Fig. Ab)], are summarized in 'I_'able l. The (marked by the arroyv The MR data in the insulating regime
exponential fits to the data from runs H-L, using the values o ¢ojiected in Fig. 11, which shows the derivative of the
of X obFa|ngd fromW vs T plots, are quite satisfactory, as MR (with respect tdH?) as a function of conductivity at 4.2,
shown in Fig. 8. 2.5, and 1.3 K. It is surprising that all the points at a given

. As the system moi\\//leRs to the_:_msuil\l/latlng f?gr:me’ thde ?}egat'emperature approximately follow a straight line, even
tlve_magnetqresstar( ) (pos_ltlve Q_vams s an the though the conductivities of the different runs vary by sev-
positive MR increases dramatically. This large positive MReraI orders of magnitude

in the insulating regime is mainly due to the reduction of the In the zero-field limit, the derivative of E7) with re-
overlap of the localized wave functions in the presence of %pect toH?2 is ’

field and its effect on the hopping transport among the local-

ized states. The general expression for the MR at low fieldg| In(p(H)/p(0))/dH2=dp(H)/dH?= constx T~ 3. 7)

in systems showing VRH is given b
y g g Y In Mott's theoryx=0.75, while Efros and ShklovsRit’ pre-

In(p(H)/p(0))=t(L/N)*(To/T)>*H?2, (6) dict x=1.5. We have plotted the derivative of all the MR
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field (@), 5 T (+), and 8 T(O). The field was perpendicular to the
FIG. 12. (a) Normalized temperature dependence of resistivitychain axis.

p(T)/p(200 K) vs temperature, perpendicular to the chain direction

for sampleM; andM7 as freshly dopedrun A) and agedrun B).

(b) m vs p, for perpendicular conductivity with respect to chain

direction in the metallic regime, where is defined in Eqs(4) and

that the charge transport in the direction perpendicular to

chain axis is as metallic as in the parallel direction, although

(5) and p, = p(1.3 K)/p(200 K) is the resistivity ratio. Values are th€ former is nearly two orders of magnitude smaller. This

given for a single sampléVl: , runs A and Bfilled squarel and ~ 292in shows that the system behaves like an anisotropic 3D
for other samplegopen squargs conductor.

The plot ofm vs p, for all the perpendicular cut samples
that we have measured is shown in Fig(td2Though there
are fewer data points, we conclude that the behavion o6
pr is similar to that observed in the case of parallel cut
samples. Specifically, the zero level crossingrobeems to
occur at the samp, value,p,=1.2.

The TY2fit for samplesM7A andM7 B are shown in Fig.
13. The fit is satisfactory & =0 and atH=8 T. The corre-

E. Conductivity perpendicular to chain axis sponding values ofn andm, are given in Table II.

In our previous publication on the metallic state in The MC for runsM7A and M{B are shown in Fig. 14.
PPV-H,SO, we demonstrated that(T) and MC behave es- Once again, as the system approachesvthetransition, the
sentially identically in directions parallel and perpendicularpositive MC becomes weaker, since the WL contribution to
to chain axis’ The effect of aging on the transport propertiesthe total MC decreases, leaving teee interaction contribu-
perpendicular to chain has not been studied. Here we brieflffion to dominate. This is consistent with observations for
summarize the effects of aging on one perpendicular cutransport parallel to the orientation axis. The normalized MC
sample, and compare the data with results obtained in that 8 T,[Ao(8T)/a(0T)] vs p, is shown in Fig. 15. The
direction parallel to chain axis. The freshly doped sampledehavior is similar to that observed for transport parallel to
M7 in run A is designated abl{A and, after agingMB.

M3 is another freshly doped sample from the same batch TABLE II. The values for perpendicular conductivifyith re-

with draw ratio equal to 10NI;and M were analyzed in  spect to chain directionog[ o(T=0 K)], 0(200 K), p,, m, and

Ref. 3. During the aging of sampl#ithe conductivity at My for runs M{A and M1B in the metallic regime. In units of
200 K dropped from an initial value of 120un A) to 53  Slcm K2,

S/cm(run B). The values are shown in Table Il. The normal-

data of insulating samples W ®*. In the insulating regime,
we found X=2+0.2. Thus the exponent in the MR
(—3x) is not in agreement with the exponent of the tempera
ture dependence-(x). This apparent discrepancy is not un-
derstood.

ized p(T) is shown in Fig. 123). The slight difference in the (200 K) . .
values ofp, for samplesM; and M3 is probably due to Sample  ao(S/cm Sfem Pr m MH
differences in the doping level. As usugl(T) shows a MmiA 91.6 120 1.30 0.56 2.53
strong change il dependence upon aging. The temperatureyig 25.9 53 1.92 1.47 3.50

independent resistivity of; at low temperatures suggests
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and 4.2 K(+) for the same samples as in Fig.(g2 behave in a manner typical of VRH systems. The positive

MR increases considerably as increases. Just on the insu-
lating side of theM-I transition (run F), the MR is nearly

the orientation direction. This again confirms that the micro-Zero at low fields, a cancellation of positive and negative
scopic transport mechanisms in parallel and perpendiculggontributions to the MC. This feature vanishes @sin-

directions are nearly identical. creases in the insulating regime.
(g) The derivative of MR dp(H)/dH?] in the insulating

regime shows a linear trend with200 K), and it is propor-
IV. SUMMARY AND CONCLUSION tional to T~ 2at low temperatures.
o All the results consistently show that oriented conducting
The temperature dependence of the conductivity and thgolymers of high quality behave as anisotropic three dimen-
MC in PPV-HSO, was studied in detail through thd-1  sjonal systems in which the charge transport mechanism is
transition. A significant part of this work was carried out on pearly identical in directions parallel and perpendicular to
a single sample by aging from the metallic to insulating re-chain axis.
gime, so that any issues arising from sample to sample varia- | the critical regime of theM-I transition, power-law
tions are ruled out. The main conclusions are the followingpehavior has been observed fo(T), o(T)=aT®, over an
(a) The qualitative behavior af(T)and MC are similarin - ynysually wide temperature range. The broad temperature
directions parallel and perpendicular to the chain axis.  range over which the power law is observed, and the ability
(b) The W vs T plots can easily identify the metallic, g tune through the transition by controlling the disorées
crit_ical, and insu[ating rggimes. ?r.he tran;ition_ from metallicquamiﬁed by the resistivity ratjpand by applying external
to insulating regimes via the critical regime is smooth andyressure or magnetic fields are special features, not typically
continuous. _ o observed in disordered inorganic semiconductors, to our
~ (0 In the metallic state(runs A-B, the localization- knowledge. Although the transport and magnetotransport
interaction model is satisfactory for explaining both gata imply that conducting polymers are three-dimensional
o(T)and MC for directions parallel and perpendicular to theconductors, the high anisotropy of oriented samples implies
chain axis. Thel? dependence of (T)at low temperatures that the quasi-one-dimensional nature of the conducting
indicates the importance of theee interaction contribution. polymer chains p|ays an important role. Unfortunate'y, how-
The sign and magnitude oh depends orp,; m changes ever, a detailed theoretical description of the metal-insulator
sign from negative to positive at=1.2, when moving from  transition in highly anisotropi¢quasi-one-dimensionaton-

the metallic state toward thel -1 transition boundary. -ductors is not available.
(d) The total MC is the sum of contributions from WL
(posmve MQ ande-e |nteract|ons(negatlve MQ@. The posi- ACKNOWLEDGMENTS
tive contribution to the MC vanishes as the system ap-
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