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Transport properties of polyanilif®ANI)—cellulose acetat€CA) conducting blends have been investigated
at various length scales and temperatures. We report on the results of dc and ac conductivity measurements,
magnetoresistance and electron-spin resonda8&® performed on composite films with PANI weight frac-
tion p ranging from the percolation thresholgsz=0.1%—to a few percent. Three different PANI doping
agents have been tested, namely, camphor sulfonic @$®), di(i-octyl phosphate (DiIOP) and phenyl
phosphonic acidPPA). The percolative behavior af ;. resembles that of published results on PANI/PMMA
blends. The onset frequeney; of the dispersion inr,, appears to follow the scaling lave ;o with z
=1. The temperature dependence is of the form ofTh=—(T,/T)” the exponent decreasing from 0.75 to 0.5
with increasingp. The microscopic metallic character of transport is found in ESR and microwave measure-
ments. Spin-dependent conductivity is inferred from tiB#T)? universal behavior of magnetoresistance.
Those results are discussed in conjunction with the ongoing debate on the nature of disorder in conducting
polymers—homogeneous versus heterogend@®163-182008)01235-1

I. INTRODUCTION The paper is organized as follows: Sec. Il describes
sample preparation and techniques; Sec. Il presents and dis-
The processability of doped polyanilinéPANI) in  cusses the results of measurements of conductivity as a func-
m-cresol was discoverédh 1992 and has led to a somewhat tion of PANI contents, of temperature, of magnetic field, of
“new polyaniline” with enhanced conductivity o frequency and finally gives ESR data; Sec. IV contains a
=300 Scn! at room temperatuyeand metallic behavior general discussion and sums up the findings of the present
[positive temperature coefficient of resistivity at approxi- Study-
mately room temperaturéRT)]. Numerous studies are de-
voted today to the disorder-induced metal-insulator transition Il. EXPERIMENT
in this conducting polymefCP).2~* Disorder is indeed the
leading parameter of transport properties and it is in turn
dramatically influenced by processing conditidns. The preparation of the composite films used throughout
One way to influence the structural disorder at a supramothis study has been reported in detail in Ref. 7. A summary
lecular scale is to mix the CP with an insulating polymer infollows. Polyemeraldine base with relatively high molecular
a cosolvenf:” m-cresol is able to dissolve many traditional weight? (M,=21500 andM,,=71000 g/mol is mixed
polymers among which the widespread cellulose acetatwith one of the protonating agents: camphor sulphonic acid
(CA). Note that the “PANI solution” might be an improper (CSA), phenyl phosphonic acitPPA), or dioctyl phosphate
descriptior® but at least a satisfactorily low degree of ag- (DiOP), at 0.5 molar ratio of dopant molecule to PANI re-
gregation in the dispersion is reached. It shall be a necessapgat unit. From the suspension of this mixturerircresol at
condition to get a conduction threshold as low as®m 0.5 wt % PANI content, the so-called soluble patfter cen-
weight fraction of PANI. trifugation) is extracted and its concentration determined.
The purpose of this paper is to investigate transport propThis solution is mixed in various ratios wita 5 wt %
erties of conducting films of PANI blended with CA. Atten- m-cresol solution of CA and the plasticizers. Solutions are
tion has been paid probing a large range of length scalesubsequently cast onto a glass plate and the solvent slowly
Macroscopically, the percolative behavior of static conduc-evaporated at temperatures of 50—-60 °C, yielding highly
tivity shows that long-range correlations of the so-calledflexible and transparent films. Their thickness ranges from 20
PANI network do influence electronic transport. At the otherto 80 um. Thicker films are obtained for lower PANI con-
end, the independence of microscopic conductivity versugent, because the viscosity of the solution is higher and the
concentration, as probed by ESR, gives evidence that locapreading of the drop is not limited by walls.
properties of PANI chainsor fibrils) are retained in blends. It has been checked that the UV-vis-NIR spectra of the
Marks of disorder are found in the variation of conductiv- PANI solution and the solid films were quite similar, exhib-
ity versus temperature and frequency. The thermal behavidting strong absorbance at long wavelengths together with a
is correctly described by generalized hopping models, but themall polaron peak in the 800-900 nm regidhproves that
exponenty is concentration dependent and greater than (i) PPA and DOP confer to PANIn m-cresol solutioi the
This fact has been attributed to superlocalization within vari-same qualitative conformation, responsible for some delocal-
able range hoppindVRH) theory elsewherf. A careful ization of the polaronic species, as that already known for
analysis of granular conduction models provides anothe€SA} (i) the conformation is retained during the evapora-
scheme to account for those values fof%!! tion process. A significant amount of-cresol also remains.

A. Sample preparation
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For some specific ac-conductivity measurements a metatonductivity is extracted from the admittance or the reflec-
lic substrate was substituted for the glass plate. With steetjon coefficient by the Marcuvitz approximatidf.In other
the solution reacts chemically: oxidation traces are visible ortases the propagation of the electromagnetic wave in the
the substrate after the film has been peeled off and the adhsample has to be considered and Maxwell's equations solved
sive force is strong. This effect is also visible indirectly in for this geometry* Low-temperature measurements are per-
the conductivity value. In a sandwich-type measurementformed in an Oxford CF1200D continuous-flow cryostat.
very sensitive to any “insulating” layer, the apparent con- Electromagnetic waves propagate in a rigid, airtight, steel
ductivity is reduced by 1 or 2 orders of magnitude, comparectoaxial line with characteristic impedance G0 up to
to that of the films evaporated on glass. Conversely, no dis20 GHz, designed by Alpen. A one-point temperature depen-
crepancy is observed in the longitudinal measurenesmthe dent calibration is added to the standard RT short-open-load
standard four-probefor which the bulk resistance is domi- in order to take into account the influence of low temperature
nant because of the probes spacing being much larger tham the electrical characteristics of the line: reduced losses
the film thickness. The capacitative effect is also observed imnd phase rotation. A rhodium-iron resistance thermometer
ac-conductivity. If, however, the substrate is gold plated,s placed as close as possible to the measurement cell. Two
these effects vanish. The data presented and discussed dalls have been designed that are—at least partly—made of
Secs. Il D and Ill E correspond to glass substrates. brass for a better thermal contact with the sample.

B. dc conductivity and magnetoresistance measurements D. Electron spin resonance

RT CondUCtiVity values have been obtained by the four- The ESR experiments have been performed with an ER
probe method. The temperature dependence of the condugep Bruker ESR X band spectrometer. The sample in a
tivity was also measured by a four-contact device. Four parguartz tube was placed inside the cavity and connected to a
allel gold wires of 0.1 mm diameter are pressed onto ongumping line. The ESR linewidttthe full linewidth at half-

face of the rectangular sample. The voltage probes are 4 m@aximum, AH,,,, and the peak-to-peak linewidtt\H
apart. To eliminate voltage offsets, conductivity was alwayscould be recorded at various temperatures.

measured for both polarities of the current and linearity was

checked for each point. The current was supplied by a

Keithley Model 220, the potential of the two voltage contacts Il RESULTS

was measured independently by two electrometi€eithley A. Percolation at room temperature
Model 6512, input impedance2.10' Q). The probe head
was placed into a Oxford CF1200D continuous flow cryostat
permitting operation between 5 and 300 K. Sample temperd!’
ture was measured by a rhodium-iron resistance thermomet
and regulated with an Oxford ITC503 controller.

pp)

One of the most striking effects in conducting blends
ade by the codissolution process described in Sec. Il A is
e percolative behavior of the conductivity as a function of
the PANI weight fraction. It is illustrated in Fig. 1 for two

Magnetoresistance experiments were performed in thQOpantS: PPA and D'OP.' Table | sums up the f:ttmg param-
magnetic field provided by a Oxford superconducting coil. 8t€rsPc andt of the scaling lawo(p) = oo(p—pc)* for dif-
The field reaches 11.5 T and the sample can be cooled dowfrent Preparations. The lowest percolation threshpld
to 1.4 K by pumping over the helium bath. Below 4.2 K the =0.067% is obta_med for the PPA dopantz but PARRA IS
regulation was made by the equilibrium gas pressure. Th&he_least conductl'ng of the three pre_p_aratl_ons. Some var|ab|l-
temperature sensor was a Cernox, almost insensitive to tHfY IS t0 be noted in the data af priori identical samples: in

magnetic field. The probe head was identical to that of d act, this re_veals the _cr_ucial role of processing. For bIends
conductivity, except that it could be rotated in the plane ofPrepared with unplasticized cellulose acetate, the conduction

the film for the field to be parallel or perpendicular to the thréshold is, however, approximately 10 times higher.
electric current. The signal-to-noise ratio is optimized by tak- Cpmparable results havﬁe been obtained with PMMA as a
ing the highest value of current from the linear part of theMalrix and the CSA dopaiitin Ref. 6, the threshold is as-

V—1 characteristics. At very low temperatures, the sampletMed (0 bep.=0.3% despite the continuously gentle de-

heating is prevented by limiting the input power to less tharcéase ofa(p) for p<p.. Similarly, low thresholds were
1MV{,_gl b y imiting NPLE pow also observed with gelS, blends of conducting polymer

nanoparticule$® and carbon black composités.Because
their mixings seem to conduct at arbitrary low load content,
some authors prefer to exclude the percolation mechanism.
The complex conductivityor permittivity) was measured In our case, a real threshold is observed also in the low-
between 10 Hz and 18 GHz on the same sample using dnequency dielectric constant: Fig. 2 shows for PADIDP)/
impedance meter HP4192A and two vectorial network ana€A, for which p,=0.5—0.6%, thate’ and&” are low and
lyzers HP4191A and Wiltron 37241A. A 7-mm-diam disk is constant forp=<0.4%, diverging at vanishing frequency for
punched out of the polymer film and inserted at the end of =0.7% and intermediate fqy=0.5andp=0.6%.
coaxial line(APC7 standardbefore the short. Electrical con- In each case, the key point is thought to lie on particular
tacts are ensured by gold evaporation on each side of theggregation processes yielding a loose network for the
sample; for the side of the inner conductor, gold is deposited¢harge carriers to proceed. According to transmission-
only at the center of the sample in a 3-mm-diam disk. At lowelectron-microscopy(TEM) observation$;*® the solution
frequency @¢<1GHz) and small thicknessd&0.5 mm)  blending processthis work and Ref. $ also results in a
this setup is equivalent to a capacitance measurement; tiself-assembling network derived from the liquid-liquid phase

C. ac-conductivity measurements
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FIG. 1. Conductivityo vs weight fractionp of PANI'in CAfor  forward in the context of “multiple percolation®® In this
two polyaniline dopants(a) Phenyl phosphonic acidb) dioctyl  scheme, the conducting polymer percolates inside the CP-
phosphate. Insets show the percolation scaling law betweand  [jch phase, itself percolating in the sample. Depending on the
p—p. for p=p.. coexistence curve, the CP concentration in the rich phase

) ) . could reach the 16% value characteristic of the percolation of
separation. Because the TEM sample preparation conditiongsordered isotropic objecf€.Ultralow thresholds, however,

are rather severe—dissolution of the host matrix while keepgemand a very peculiar shape — strongly asymmetrical —

ing the tenuous structure of PANI — those images have to bg¢ the coexistence curve. Finally, it has also been men-

carefully interpreted but they remain_the only ones availablgjonned that viscoelastic phase separdfidfnaturally yields

to date and therefore deserve attention. a metastable network domain structure; instead of a globular
These systems unfortunately seem quite far from modedhape due to the surface tension driving forces, the viscoelas-

systems studied in the flourishing literature @lassical ic stresgmetastabilizes an anisotropic interface and the mi-

polymer blends; they are multicomponef®ANI, dopant,  nority phase develops elongated and connected structures.
host matrix, residual solvent, “compatibilizers” diluted,

i.e., highly nonsymmetric, and may involve special type of
polymer-polymer interactions due to the conjugated nature of
PANI. A thermodynamic study thus remains a challenge but The temperature dependence ayf, for PANI(CSA)/CA
would provide clues for questions such as how to reducélends is shown in Fig. 3. All of the curves have been fitted
variability between preparations or whether there is an ultiaccording to

mate threshold, and for what molecular weight of the com-

B. T-dependent dc conductivity

ponents. Equilibrium thermodynamics has already been put U(T):erxr{_<$)y | a
TABLE |. Percolation thresholgh, and scaling exponerit for . . .

different series of PANI/CA blends. which accounts for hopping conductivity in disordered sys-

tems. The fitting parameterg and T, are obtained as fol-

Sample Pe t lows: v is the linear slope of M/ versus IT, where

PANI(CSA)/CA first series 0.85% 2:90.3 dInc

PANI(CSA)/CA second series <0.1% 1.8-0.1 W= dInT"

PANI(DiOP)/CA first series 0.4% 230.1

PANI(DIOP)/CA second series 0.6% .1 Ty is extracted from the linear slope ofdnversusT™”

PANI(PPA)/CA first series 0.26% 280.1 (which is T}). The quality of these fits can be checked in

PANI(PPA)/CA second series 0.07% >D.1 Fig. 4. Slight deviations are sometimes observed W irer-

sus IrT plots atT=250 K.
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FIG. 3. Reduced conductivity(T)/c(295 K) plotted vs in-
verse temperature for various compositions of PE&NA)/CA
blends. Lines are fits to Eq1) obtained as explained in the text.

(1000 / T) (K*®)

FIG. 4. lllustration of the fitting procedure far(T): (a) log-log
plot of the logarithmic derivativeN vs T; (b) plot of Ina/oy vs

For the three PANI dopants and for various PANI con-T "
tents, the fitted parameters are given in Table Il. They all ) ) )
follow the general trendy increases from 0.5 to 0.8 upon SOMe highefT. An effective medium treatment of the same
dilution, andTj is roughly insensitive t. A similar behav- modet®**also yields the conclusion that=0.5 is submitted
ior has been described by Regaual® Note, however, that {0 conditions on the distributions; more precisely, one should
some hierarchy can be drawn: the conductivity of “pure” consider only the “efficient” part of the available conduc-
unblended PANI is the highest for the CSA dopant, then fof@Nces, i.e., the maximum values of intergrain hopping dis-
DIOP and the lowest for PPA; correspondingly, typical val-t@nce and charging energy afedependent. Moreover, the
ues forT, in the blends are the lowest for CSA, intermediate@Ctual energy of the grains contains a random part in addition
for DIOP, and the highest for PPA. to the charging part proportionnal to the size. This accounts

In the case of carbon bladiC.B) composites/ a con- for fluctuations with size and shape of energy levels in small
stant y=0.66 was attributed to superlocalization of wave grains?’**Relaxing some of those conditions leads/twal-
functions on the C.B. fractal netwofR. This exponent is U€S N the range 0:-51. As a matter of fact, the real influence
found for 3d-VRH in the presence of a parabolic gapat of electronic interactions is still a major questiotin granu-
on the percolation cluster. lar system, the potential disorder has to be large enough to

In our case we are looking for the origin of the variation Yi€ld y=0.5; in such a case this is the long-range part of
of y with p. The 0.5 value of the sample with the highest Coulomb interactioribetween charged grainghat enters the
content of PANI is similar to numerous observations in dis-ransition rate, and not the on-sitdubbard part.

- : - u
ordered CP. It has been shofrthat the granular metal Finally, we have also tried to impose the exi( *?)

o(T)=09 2

model of Sheng adapted to CP by Zuppirelial2® can ac- dependence at th_e expense ofsenalley T dependence of
count well for this behavior. It states that the local transitionth® Pre-exponential faqtoré It ath{aIIy corr.esp'onds to the
rate (or conductanderesults from the competition between complete VRH formulatiori” The fitting function is thus
intergrain tunneling and some ‘“charging” energy of the .

grains, where the granularity is related to doping heteroge- To\9 To\?2

neities. In this model, the value 8%, contains the geometri- TR T

cal parameters of the system, namely the size and distance

between the grains, and the Coulombic interaction energyBecause the exponential term is strongly varying, it is ex-
The value ofy is shown to depend on the distribution of pected that changing frony as given in Table Il toy=3
grain size. Using the critical-path method, Sheng andwvould dramatically modifyT,. As a matter of fact, we may
Klafter?® show thaty=0.5 for a wide range of intermediate correctly fit Eq.(2) to our data(see Fig. 5 with the general
temperatures and that a crossover to<0;5<1 appears at observation thal , rapidly increases fap— p_ as well agy.
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TABLE II. Fitting parameters to Eq.1) for the thermal evolution of conductivity in different series of
PANI/CA blends.

Dopant 100 o(RT)/Scm? oo/Scmt ¥ To/K

CSA first series 7.4 2.4 5.57 0.51 160
6.5 1.0 2.22 0.55 160
3.3 55102 0.15 0.54 225
2.4 2.0107? 0.046 0.61 190
1.4 1.810°3 0.005 0.71 255

DiOP first series 6.0 1.29 8.0 0.54 810
4.0 2.710° 1.14 0.63 450
1.0 46102 0.14 0.76 300
0.6 4510* 0.0014 0.79 340

DiOP second series 3.9 2.010 1.3 0.60 690
1.0 5.310° 0.02 0.70 370

PPA first series 10 0.13 9.3 0.54 3100
6.0 53107 2.1 0.58 2120
3.0 15102 0.34 0.64 1670
1.0 1.010°3 0.027 0.67 1780
0.7 4.010* 0.01 0.69 1570
0.5 7.610° 0.004 0.68 1910
0.4 1.910° 5104 0.69 1870

PPA second series 5 0.18 2.15 0.61 1380
3.0 0.15 1.75 0.64 1320
2.0 4810°? 0.7 0.66 1250
0.9 5.110° 0.22 0.73 1040
0.6 2.010°% 0.03 0.74 1010
0.4 6.210* 0.008 0.76 1020
0.28 2.410* 0.003 0.76 1110
0.13 1.0 10°

Numerical values are: for PANCSA)/CA with p percolation theory giveg= 0.5 for Mott’s three-dimensional
=7.4%,2.4%,1.4%,0.8% q=0.05,0.40,0.56,0.88 and, (3D) VRH with y=1.3° Whether such a prefactor can be
=400 K, 780 K,1640 K,3400 K, for PANPPA)/CA with p  invoked in the granular metal theory is also not known.
=5%,0.9%, q=0.71,1.89 andT,=5770 K,13950 K. But

this analysis is limited by two points. Firstly, as can be seen

in Fig. 5, fits with, and without, the preexponential term are C. Magnetoresistance

very close, and could be differentiated only at lower tem-
peratures(higher resistancesthis will guide further mea-
surements. Secondly, it is not easier to interpret the depe
dence ofg with p than that ofy. Let us recall that the

The influence of a magnetic field on the low-
ﬁgmperature resistance has been investigated on several
samples with CSA and DiOP dopants. Samples with concen-
tration very close to the percolation threshold show a too
. | | high resistance for th® dependence to be properly mea-

) sured. Data for PANDIOP)/CA with p=4% andT=7.5 K

are plotted in Fig. 6. The quadratic dependence with the field
q =056 is verified up to the highe® value, 11 T. This is a typical

y =172 behavior characteristic of all samples of the systems studied.
T,= 1636 K | More surprisingly, we found that the coefficiemtdefined by
In(RIRy)=aB?, whereR=R(B) andRy=R(B=0) depends
solely onT but neither on the concentration, nor on the type
of dopant. The thermal dependence beim@l)<T 2, we

10 3 have checkedFig. 7) that our whole set of data can be
T represented by a universal function of the paramBiér.
Chauvetet al3! have reported on an identical behavior for
0 50 100 150 200 a series of disordered polypyrroles with various doping lev-

els. Moreover, their points fall on the same universal curve,
without any scaling parameter, and the samBéT()? depen-

FIG. 5. Comparison of two fitting procedures described by Egsdence. This is recognized as a signature of spin-dependent
(1) and(2) applied to PAN{CSA)/CA with p=1.4%. conduction.

(1000 / T) (K"
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LI B B B RN The B? dependence of positive MR is predicted by the

PANI(DIiOP) / CA ) VRH theory in the intermediate regime with the following
[ p=4% { expressior>
031 775K A
| e\? To 3y
S In(R/RO)zt(g) L‘é(T) B2 ©)

In R/R

with t=0.0035 wheny=3 andL . the localization length. In
our case, the coefficient d? being proportional toT ~2

implies thatl .« TC7=2)4 which is a very weak dependence

for vy in the rang€ 3;3] (strictly vanishing aty=%). From

Eq. (3) we infer thatL,~20 A whatever the temperature
and concentration, which is quite a reasonable value, inter-
0 2 4 6 8 10 12 polating between that of amorphous semiconductors and that
B (T) of shallow impurities in crystalline semiconductdPs.
The role of the spin effect in VRH has also been tredfed.
FIG. 6. Magnetoresistance, defined asR#®,, of a PANI-  The involved mechanism is the blocking of hopping due to
DIOP/CA sample withp=4%, measured af=7.5 K. The solid  spin polarization. In this model, RiinR, should scale with
line is a quadratic fit irB. (B/kgT)INnR. We have checked that this does not correctly
account for our data.

A model has been recently proposed that takes explicity 11€ aF?p”fg‘sbi"ty of VRH to CP is nevertheless
into account the spin-flip scattering among ine|asticcontrover5|aF. “>In the case of granular materials that we

processe®? Magnetic impurities are responsible for such beh_eve may describe our materla(se_g Sec. .”I B, the .
scattering(see Sec. Ill F the rate of which decreases as shrinkage effect also occurs and a positive MR is the generic

B . rule. Negative MR seldom occurs, in that case a level cross-
.(B/T) - As a consequence the mag_netoressta(hﬂé) has .ing origin has been proposed which only takes place for
itself the same form. From the experimental data analyzed 'Parge and close conducting graffis
Ref. 32 (quasi-1D charge-transfer sathe prefactor is be- '
tween 0.1 and 0.2, comparable to our findirigee Fig. 7

and those of Ref. 31. D. Radio-frequency conductivity

In Ref. 6, MR has been analyzed within VRH theory. In peasurements of ac conductivity at RT and low tempera-
localized systems, the most commg@rbital) effect of the ;e have been performed mainly on PARPA/CA
magnetic field is to shrink the electronic wave functions,sammeS in the frequency range 10 Hz—1 GHz. For these
enhancing the localization and thus the resistance. Howevefequencies and thin films, the conductivity is directly pro-
at low field, this is in competition with a delocalization pro- hqriional to the admittance. It should be noted that the geo-
cess originating in the weakening of interference of tunneliyetrical coefficient of proportionality is not perfectly known
ing paths as the magnetic field introduces phase differencegecayse one of the electrodes is the collet of the APC7 con-
This negative MR is not observed in our case. Nor has ihector. Despite the gold deposit, the 3-mm-diam surface is
been observed in the experiments of Ref. 6. It seems thafs; equipotential, so that the application of the Marcuvitz
only “metallic” conducting polsysTers at very low tempera- formyla to a 3-mm-diam lossy capacitor with lateral leakages
ture may exhibit such effects’™ underestimates the true conductivity. This is a minor draw-
back because we are mainly interested in conductivity ratios.

RT data for variousp are presented in Fig.(8. The
traditional behavior of disordered conductors is recovered:
o(w) remains constant at low frequency up to some onset
wq Where it starts to increase with an approximate power law
E dependence om. Scaling properties are shown in FigbB

A where the same data have been redrawn in reduced units.
., ’%\}Vi o CSA1.4% 14.5K The conductivity is naturally givided by itss—0 limit

ngﬁ o v CSA 2.4% 3.5K whereas the reduced frequenay= w/wy(p) is found by
Tre ﬁg«*‘i" b . ] trial and errorwg(p) is the numerical factor by which actual

R ¢ CSATA% 1K frequencies should be divided for data points to collapse on a

A x DOP 1% 28K master curve. This procedure is thus independent on any fit-
% + DOP 4% 5K ting formula for o(w). The fit is performed afterwards and
0.1 ' displayed in Fig. &).
0.1 Y T)1 TIK 10 The same procedure has been applied to measurements at
various T (24 K<T=300K) in the case of thg=0.9%

FIG. 7. Universal scaling of the magnetoresistance, defined asample for which the onset frequency lies in the experimen-
10AR/R, with AR=R(B)—R(B=0), followed by five samples tal frequency range at each temperature. Corresponding data
with different dopant and concentration, and at various temperaturére presented in Fig. 9.
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FIG. 8. (a) Frequency dependence of the RT ac conductivity for
PANI(PPA/CA samples with PANI contert ranging from 0.13%

EPA-like scaling law.

We claim our data are best represented by the scaling;i, q=1 for heavilly dopech-type Si and ionic glassés,

g=0.6 for Au-doped amorphous Sg=0 (our casg for

amorphous Si and Ge, carbon black compositemd Pd-
based metal cluster compourfdsy=— 2 for 2d conductor
La,NiO,4, 5.* According to Hunt® this T9 dependence
arises from thé ~ 9 term in the prefactor of(0,T) (see Sec.

formula
o(w,p,T)=1+0" (4)
with
o(w,p,T)
TP D= op T
~ w
“" wo(p,T)’
ue[0.7;0.8.
This is the simplest expression containing the two

asymptotic behaviors mentioned above, which was previ-
ously derived as a general scaling law implied for ac
conductivities calculated in the extended pair approximation
(EPA) for a variety of model$? Moreover,wq(p, T) is found

to be closely related to-(0,p,T) as can be seen in Fig. 10.
The relationship is nearly that of proportionality whatever
the parametem or T. It contrasts with the findings of EPA
wherewy(T)«To(0,T). In the wide class of systems exhib-
iting the same scaling foo(w,T) one can generally relate
wo ando(w=0) by*°

wo(T)xT(0,T) ©)
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FIG. 10. Correlation between the onset frequenagyand the
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(Do(T) = Vphex4 - ( :| .

In that sensaw, is not system dependent for systems that
belong to the same-hopping model family. We have seen
(Sec. lll B) that an alternative description of our data could

involve such a prefactor. We do not observe, however, its

counterpart in thevwy— o(0) relationship.

Let us mention that for one thicker sample=200 um),
one might accepg#0 in Eq. (5). But q remains small
=—0.15 and we would not claim that this sample signifi-
cantly departs from the general rule.

It was shown in Sec. Il A thatry, was related to perco-
lation phenomena. For the percolation theavy= w, splits
two diffusion regimes: anomalous fékx ¢ or w>w, and
normal otherwise. Herk is the typical distance spanned by
the charge carrier at frequenay and ¢ the correlation
length. w, and o(0) are therefore related 0

a(0)c(p—pe),
a)gocg_dwl

goc(p— pc)_v

with [d,, =2+ (t— B/v)] the walk dimension an@ the per-
colation cluster exponent, thus

2v—pB

T

wgxo(0)* with z=1+ (6)
For the 3D values of universal exponenis-0.88 andfB
=0.4, one findgz=1.5in Eq.(6) fort=2.0 or 2.3,whichis
inconsistent with the data of Fig. 1@£1).

An alternative description of ac conductivity that tries to
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FIG. 11. Comparison of the extended pair approximation and
the random free-energy barrier model to the conductivity of
PANI(PPA/CA with p=0.13%.

E. Microwave conductivity

High-frequency complex permittivitg* has been mea-
sured on PANICSA)/CA blends for various PANI weight
fractions p. For this series, the percolation threshold was
found to be aroung.=0.1% in dc-conductivity measure-
ments. The values at= w/27=5 GHz are presented on Fig.
12.

At this frequency, the charge carrier follows short paths
inside “clusters” — what is the exact nature of a cluster in
our systems is actually not obvious, see Sec. IV — so that no
singularity is expected in the vicinity gb. on the €* (p)
curve. We do find a regular increaseedfande” with p that
can be compared with effective medium calculations.

The permittivity of pure PANICSA) cannot be reached in

go beyond the pair approximation, in order to cross over tqyr setup because of its too high value; the reflection coeffi-

the dc limit, has been proposed by Dyfestarting from the

cient is almost—1, quasi-indistinguishable from that of a

same experimental evidence that numerous data seem to agserfect” conductor. But using the cavity perturbation tech-
peal for a universal behavior, Dyre derives a scaling law

from a general random free-energy barrier model as follows:

iw

In(1+iw)’

(@)

o=

which proves to be extremely close to the Bryksin
equatiorf!®

8

In Eq. (7), the scaling factor fow is ', the smallest jump

oln(o)=iw.

frequency encountered in the system. It is the only parameter

except the “unavoidable’s(0). As for pair approximation,
Eq. (7) is equivalent too(w)xw®® for w>1. Figure 11
shows that Eq94) and(7) gives reasonably good and close
fits at least whem in Eq. (4) is not too far from 0.8.

This is not always the case. In Ref. 47, PANI/PE blends
obtained by thermal processing, follow E¢) with u=0.6,
further from 0.8. We do not know if this has to do with the

12

10}

Permittivity

0.4 06 0.8
PANI weight fraction (%)

FIG. 12. Complex permittivity(real and imaginary parntsof
PANI(CSA)/CA blends at frequency 5 GHz, RT, and for variqus

mesoscopic structure of the blends. In the latter case, they af@\e solid and dashed lines are the real and imaginary parts, respec-
bulk materials and not films; moreover, due to the quite dif-tively, of the permittivity of a mixing calculated by the Licht-
ferent process, the state of mixing between conducting angnecker formula withk=0.41 and component permittivities-,

insulating parts obviously differs.

:32_10, €EpPANI— _6 104_1 UPANIIEOw and O-PANIZBOO S Cm_l.
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nique at the single frequency 6.5 GHz, Jebal*® have . : ; ; ———r

shown that the same nominal sample PANICSA) film 16 ¢ PANI-CSA / CA 3
cast fromm-cresol] exhibit a metallic behavior with a very 14 £
high negative real pag’' = — 6 10* at RT; here and hereafter 12k
e stands for the relative permittivity, . The (rea) part of O 10¢F
conductivity is also greatly enhanced compared to its dc = g
value:o,,,=6—700 Scm? 2 6k
At these very low concentrations, all effective medium ——1.1%
approximation(EMA) models derived from the Clausius- 4F —0—3-32/0 E
Mossotti formula(Maxwell-Garnett, Bruggeman. .) have 27 = 7A%|]
the samdasymptoti¢ expression and cannot account for the O T e . :
data. In contrast, using values close to those from Ref. 48 in 0 200 400 600 800 1000 1200
Lichtenecker formula, we get the continous lines of Fig. 12.
It reads poxygen (mbar)
FIG. 13. Evolution of the peak-peak ESR linewidth with the
Eﬁ]ixmg: pe'f+(l—p)e'§, 9) gig/r?cvisg pressure for different PANI contents in PAGIBA)/CA
where ¢ are the complex valuesg;=eppy=—6 10 F. ESR
—jopani! €ow With opany=800 Scm? and e,=ecp=3.2 The origin of the ESR linewidth in the case of conducting
—jO,j=\/—_1, andk=0.41. polymers has been recently revisitddlt has been shown

Equation (9) is obtained under the mathematical con-that the major source of line broadening is the shortening of
straint of homogeneity and “recursivity” in the sense that it the lifetime of the polaron spin state during collisions with
should apply to a mixing of mixingsk is any real number fixed spin impurities, even at low spin impurity concentra-
and Eq.(9) reduces to Wiener formulas fér=+1, to Loy-  tion. In the case of PANI, adsorbédaramagneticmolecu-
enga or Landau-Lifshitz fok=3% and includes the logarith- lar oxygen can play the role of fixed spin impurity. Spin flip
mic one if xX*=0 stands for I. Let us mention thak==+1 of polarons while colliding with @ happens with high prob-
corresponds to serial and parallel arrangements of “charge‘ability (strong exchange regimeso that the line broadening
and “matrix,” whereask= 3 is obtained under the assump- is proportionnal to the polarons hopping frequerngy,,
tion of homogeneous mixingk=0.41 (found by trial and
erroi) being not too far from} allows for some confidence in AB
this description. But with such a high contrast betwegn g 7 = Pst®hogCimp » (10)
ande,, a small change ik yield a rapid modification of the
absolute value 0&xing- whereAB is the linewidth,y the gyromagnetic ratiqy; the

The applicability of EMA to conducting polymers has spin-flip probability constant, and,, the impurity concen-
been recently revisited, for optical frequenctéghe CP is tration. The hopping frequency is a measure of the polaron
considered as a mixture of anisotropic crystalline part emmobility, and then of the conductivity at microscopic scale:
bedded in an isotropic amorphous part; Maxwell-Garnetiwpo,* omicro- The major role of polarons in conduction is
(MG) formalism is applied to this mixture considering a ten-confirmed by the magnetoresistance resuBec. 1l O,
sorial permittivity (e, ,€, ,€)) for the crystalline inclusions which give evidence for a spin-dependent process. In an ex-
and a scalar oneef,s) for the amorphous host. Because periment whereciy, is varied, w,q, can be estimated from
“host” and “inclusion” are of the same naturéCP) it is Eqg. (10), which states that, in contrast to conventional mo-
natural to define host with the same internal parametggs:  tional narrowing and the Elliott mechanism for conduction
is calculated from two-component EMA with higle] and  electrons in metals, the line is broader for more mobile po-
low (€,) conductivity. It is claimed in Ref. 49 that this larons.
model is in a good agreement with PANI or polypyrrole ~ We have used this result qualitatively. The ESR linewidth
data®2showing a metal-insulator transition. As in any effec- has been measured while monitoring the pressure of O
tive medium approximation, it is necessary to consider largéAssuming that;y,, is proportional top(O,), the amount of
“volume fractions” to get a nontrivial behavior. Here, two “efficient” adsorbed oxygen molecules is proportional to the
such fractions are considered. For the MG calculation, it isamount of Q introduced in the cell. We measuréd(ciy,;)
the degree of crystallinity30—-50 %. For the EMA calcula- as a function ofp(O,) for some typical PANICSA)/CA
tion of €05, the authors introduce a measure of disorfler samples. Experiments were carried out after stringent drying
termed “connectivity” of the conducting fibers. There is of samples by long-time secondary pumping; under these
some critical connectivityheref,=3 for normal 3D EMA conditions the ESR line broadens instantaneously after O
above whicheing Shows a metallic behavior. The introduc- pressure application and remains unchanged for hours. The
tion of connectivity should be a satisfactory way to imagedata of linewidth versugp(O,) are given in Fig. 13 for
our blends too in some sense; but it is not clear now how teamples with PANI content from 7.4 to 1.4 %. It appears,
use it for modeling our data as satisfactorily as the Licht-from the slopes of the straight lines in Fig. 13, that the mi-
enecker formula does. The step from connectivitio real  croscopic conductivity remains the same, within approxi-
weight or volume fraction remains to be found. mately 30%, while in the same time the dc conductivity var-
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8 the PANKPPA)/CA blend is not understood. We infer that
” 3 x"xx XXX X xx observance of a metallic behavior at a microscopic scale re-
E ® CSA7.4% quires less drastic conditions than for the macroscopic scale.
6 Fx o CSA33% The reported values for,,, from o4, measurements are gen-
&5 5 Z‘ o CSA11% erglly beyond 150 K; her&, is I_ower than 100 K. Congid—
= 4 3 x DOP0.7% ering that ESR probes all I_:’ANI in the sar_nple_, wheregss
< : + PPA17% limited by the most resistive regions, this discrepancy does
3F reinforce the heterogeneous image of conducting polymers.
g IV. GENERAL DISCUSSION AND CONCLUSION
10020000, 00 _ _ _
ok The challenging question for a global comprehensive de-

0 50 100 150 200 250 300 scription of conducting blend films lies in the quantitative
TK) determination of lengthscales for which the dominant trans-
port mechanisms are either macroscopic and relevant to per-
FIG. 14. Evolution of the peak-peak ESR linewidth with tem- colation theory, or microscopic and relevant to semiconduct-
perature for different PANI contents and different dopants ining hopping and/or quasi-1D coherent metallic transport.
PANI/CA blends. This question — not yet solved here — also arises be-
cause conduction mechanisms in “pure” CP are not fully
ies from 2.4 to 1.& 1072 S cni L. This result is consistent understood. A heterogeneous picture is favored toddere
with the picture of a conducting segregated phase, with althe heterogeneity lies in spatially varying characters like
most constant intrinsic conductivity. doping and crystallinity and its influence is modulated by the
The temperature dependence of the ESR linewidth hagmount of disorder. When the strong disorder granular model
also been measured as a way to determine the temperatu@gplies;® the characteristic size of heterogeneities is experi-
dependence of the microscopic conductivity. The samplegientally found to bei+s=200 A, whered is the diameter
were placed into tubes, air evacuated and filled with heliunf the more conducting partgrain, island. . .) ands is the
for thermal contact. The data are given in Fig. 14 for variougypical separation(barrier for hopping This is found in
samples. They qualitatively behave the same way, except fdfansport data analy$fs as well as in structural
the PANKPPA sample. NamelyAB(T) exhibits a non- characterization> TEM micrographs of PANI/PMMA
monotonic variation with a maximum value. With the broad- blend$® show that conducting links in the PANI network
ening process as described by Et0) a very small amount may be found in the diameter range 100—-500 A, whereas the
of fixed spin impurity — typically a few tens of ppm — is typical distance between nodes is 400—-800 A. These figures
sufficient to account for the residual ESR linewidth, i.e., theare obtained fop=p. but not too far fromp,. When p
linewidth observed after pumping. It is likely that such fixed >p. (a few percent the system may be described by a 3D
spin impurities can be due to trapped residual molecular oxyarrrangement of PANI “grains,” which behaves quite simi-
gen, that cannot be removed by pumping. The different linelarly to a pure disordered CP, whence the 5 found for
widths for the different samples are attributed to differenta(T). Approachingp., the size of the grains is of the same
oxygen contaminations. Th&B(T) behavior in Fig. 14 is order of that of the linkgbundles of PANI chainswhich
the reverse of the one observed for PAMCI) and discussed might yield a different behaviory> 3.
in a previous work? In Ref. 52 a minimum ofAB was The consideration of actual lengths may be helpful in the
observed as a function of temperature. The increastRf understanding of unconventional values of the percolation
with increasingT above the minimum was explained in parameters andp. (see Sec. Ill A. Both are discussed in
terms of Eq.(10) with a hopping process for the conductiv- the two following paragraphs.
ity. The increase ofAB with decreasingl’ below the mini- From the macroscopic point of view, the system ap-
mum was explained in terms of polaron localization at lowproachingp. resembles one of the archetypes of continuum
temperature. Indeed, the minimum®B originates from the  percolation: the Swiss-cheese medium, in which the insulat-
two competing mechanisms. In the present study, the behairg matrix plays the role of large holes. Departure from dis-
ior is essentially the opposite: observance of a maximum o€rete percolation universality arises when the current has to
AB(T) instead of a minimum. Basically, we explain this flow principally through narrow “necks” with low conduc-
difference by the fact that we are dealing with PANI sampledance. It means that the conductivity distribution does not
doped by dopants that are known to yield highly conductingvanish for oc—0. If for instanceg(o)xo™ % 0<a<1, the
fims. Metallic behavior has been reported in sometransport exponent of percolation is modified to=t
PANI(CSA) films, namely a negative slopad,./dT<0) +al(1—a) wheret is the universal value for lattice
for T above the temperature of the maximumT,). Be-  percolatior2* For the Swiss cheese;= 3 thusts,=2.5; in
low the maximum, oy./dT>0) is the signature of a cross- our case generally’ =2.3, a value also found for other CP
over to the hopping regime. It is noteworthy that thB data  blends>® Carbon-black/polymer blends also yield nonuniver-
for PANI(CSA) and PANIDOP) blends in CA in Fig. 14 sal exponents® The way such a distribution appears for
reproduce the macroscopic conductivity date,§ of those —p. is depicted in Fig. 15. The bundles whose diameter
films — high-quality 100% PANI films — which exhibit a does not exceed typicald(-s) values take an increasing
metallic behavior. We thus explain theA® data as reflect- importance, so that difficult jumps, those of lagje, cannot
ing the conductivity at a microscopic scale. The behavior olbe bypassed.
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a) above p,

FIG. 15. Schematic view of the narrow “neck” concept of con-
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This allows one to map continuous systems onto discrete
lattice systemgas in the Swiss-cheese casBtrong anisot-
ropy of the conducting object can also be introduced by an
(average excluded volume/,, in which the center of an-
other object cannot be found. It is simply related to the criti-
cal number of bonds per si8; by B;=N.V,,,>® which is
only shape-characteristic — i.e., independent of size distri-
bution and orientation. Balbetfjthus wrote the generalized
expressiong.=1—exp(—BV/Vyy). It leads to ¢ xV/Vgy,
=radius/length, the aspect ratio, for chains or bundles of
chains.

In conclusion our study of several families of PANI/CA
conducting blends shows that conduction processes concern

tinuum percolation applied to PC blends. The dashed lines separapﬁany length scales. At the chain scale, ESR and microwave

PANI from matrix. Gray domains represent “graing8ee defini-
tion in the texj, whose characteristics don’t depend pnlf, ap-

proachingp,, the bundle diameter becomes comparable to typica

grain size or separatiod ands, the current is no longer able to

choose optimal paths — optimald — a necessary condition for
1

Y=2-

conductivity let intrinsic PANI metallic behavior appear
whereas static and low-frequency conductivities reveal the
‘mportance of long-range correlations and cluster effects.
The spin-dependent nature of conduction also seems to be
revealed by magnetoresistance experiments.

Work currently under progress is aimed at improving and
extending measurements of electrical properties in the neigh-

Invoking continuum percolation also permits us to giveborhood of the conduction threshold. It has proved important

some insight into the origin of the very small value mf.
For lattice site or bond percolatiop, depends on the lattice
itself. But the critical volume fractionp. is a dimensional
invariant®’ ¢.=p.f=N.V with f the filling factor of the
lattice when each site is occupied by a sphbkgthe critical
concentration of spheres anithe volume of each sphere.

to ensure precise values for percolation exponents, for low-
temperature conductivities and permittivities, in order to dis-
criminate between different formal descriptions. Deeper in-
sight into the mesostructure is needed in the meantime;
electron and near-field microscopies will be used for that
purpose.

*Electronic address: jplanes@cea.fr
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