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Electron localization in the methyl ring-substituted derivative of polyaniline, poly(o-toluidine), has been 
investigated by electric field dependence of conductivity u(E).  We found /nu(,!?) = K P ,  with K 
varying as square root of temperature (K c* , -I/*).  This result is in accord with quasi-one-dimensional 
variable range hopping of charge carriers localized along a one-dimensional chain, with an effective 
Coulomb barrier between adjacent sites. The measured non-ohmic conductivity is modeled by the 
Poole-Frenkel effect where the Coulomb potential between localized sites is lowered by the electric 
field. Model analysis yields an estimated effective barrier height of -0.1 eV, corresponding to an 
effective charge carrier mass of the order of that of an electron. In contrast, the charging energy limited 
tunneling model predicts Inu E - I ,  which is not consistent with the experimental results. 

1. INTRODUCTION 

Electron localization in the polyaniline (PAN) derivative poly(o-toluidine) (POT) 
(Figure 1) has been previously studied by transport and magnetic measurements.' 
Compared with the emeraldine salt form (PAN-ES) of PAN, the experiments 
showed increased electron localization in the conducting emeraldine salt form (POT- 
ES) of POT, as indicated by much smaller conductivity u and dielectric constant 
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264 Z. H. WANG et al. 

& ' 9 & y) POT-EB 

CH3 
a (\' CH3 X 

FIGURE 1 Schematic illustrations of the idealized (a) POT-EB and (b) POT-ES structures. 

e, different T dependence of thermoelectric power, much stronger temperature 
dependence of the DC conductivity uDC, smaller Pauli susceptibility xpauli and larger 
Curie susceptibility xcurie, and larger EPR linewidth with lineshape reflecting quasi- 
one-dimensional spin diffusion. ' v 2  The origin of the localization has been proposed' 
to be the decreased interchain diffusion rate3, attributed' to the CH, groups on 
the c6 rings which increase the separation between neighboring chains4 due to its 
steric effect and induce a weak disorder in chain separations within the crystalline 
regions' since the CH3 group flips randomly about the chain axis. Thus, the electrons 
are confined in segments of a chain by scattering due to limited coherence lengths 
along the chain and become localized.' At low temperatures, the electric conduction 
of these electrons has been attributed' to phonon-assistant variable range hopping 
in quasi-one-dimension (quasi-ld-VRH) .5 

The temperature dependence of uDC of POT was found' to vary as haDc a 
T-'12, similar to that of PAN-ES2 There are several models that yield this behavior, 
for example, charging energy limited tunneling model (CELT) for granular metals2.6 
and quasi-ld-VRH In order to probe the localization phenomena we 
investigated the electric field dependence of the conductivity, u(E) .  Our experi- 
mental results show In a ( E )  = KE112 and K a T-'I2. These data can be understood 
in terms of quasi-ld-VRH of electrons hopping among the localized states where 
the electrons have an effective Coulomb barrier between adjacent sites. The ef- 
fective Coulomb barriers V are lowered by the applied electric field in a manner 
similar to the Poole-Frenkel effect. From our data we estimate that V is on the 
order of 0.1 eV corresponding to an effective charge carrier mass m - me. On the 
other hand, an attempt to fit the POT-ES data to CELT model gives the size of 
the metallic grains on the order of 1 pm, too large for the self-consistent application 
of this model. In Section 2 we will briefly describe the experimental techniques. 
In Section 3 two relevant models are compared. In Section 4 we will discuss the 
results and in Section 5 we present our conclusion. 
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NON-OHMIC CONDUCTIVITY 265 

2. EXPERIMENTAL TECHNIQUES 

Poly(o-toluidine) (Figure 1) was synthesized in the base form as described earlier.8 
The polymer was doped to approximately 50% protonation (i.e., x = [Cl]/[N] = 
0.5) in 1 M HC1 solution for at least 48 hrs and dried overnight in vacuum of 
mba. Pressed pellets (under pressure of 9 Kba) from the dried powder were used 
for all measurements. Both 2-probe and 4-probe techniques were used. A sandwich 
geometry was adopted for the 2-probe measurements and co-planar geometry for 
the 4-probe studies. Sample thickness varies from 55 p to 1 mm, and width and 
length from a few mm to 1 cm. Gold wires are attached to the sample surfaces 
either directly by conducting paste (Acheson 502 electrodag) or through thin gold 
films evaporated on the sample surfaces. The differences in results between the 
two kinds of contacts were negligible. A HP 214B Pulse Generator was used to 
apply voltage on the samples and a HP 7603 Oscilloscope was used for the mea- 
surements. Maximum average input power to the sample from the Pulse Generator 
was 10 pW and maximum voltage is 100 V, thus the maximum electric field was 
E - 2 x 104 V k m  for sample thickness d = 55 p m .  The temperature was controlled 
by a Lakeshore DRC 82C temperature controller. The displayed temperature 
fluctuation was on the order of 0.1 Kelvin, but due to the large size of a quartz 
block attached to the samples the actual temperature fluctuation of the samples 
was less than that. 

To reduce sample heating effects due to the applied voltage, samples were in 
thermal contact with a block of single crystal quartz through GE 7031 varnish. The 
whole system was enclosed in a Janis DT dewar with He exchange gas. Although 
care was taken to avoid it, heating was still a serious problem in the experiment, 
especially for the small samples. During the experiment the width and the repetition 
rate of the pulses from the pulse generator were changed to monitor the heating 
effects. 

3. MODELS 

3.1 Charging Energy Limited Tunnellng 

The CELT model was proposed for application to granular metak6 This model 
predicts 

u = uo exp[ -(TdT)'12] (1) 

for modest electric fields, and 

in the high field regime, eAV > k,T, where AV is the voltage drop between two 
metallic grains. Here To, Eo, u,, u; only weakly depend on T and E. The most 
probable separation between the centers of two metallic grains w is given by2,6 

w = k,Td4eEo (3) 
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266 Z. H. WANG et al. 

or 
w = kBTleE, (4) 

where Et is the threshold electric field above which u increases rapidly according 
to Equation (2) (high field regime) and kB is the Boltzmann constant. 

3.2 Quasi-One-Dimensional Variable Range Hopplng 

The quasi-ld-VRH model5,’ also predicts a similar temperature dependence for 
the conductivity: 

( 5 )  
0 0  

T u = - exp[ - (TOIT)’”] 

where5 
8a 

To = kBN(EF)z 

where N(E,) the density of states at the Fermi energy EF, e the electron charge, 
kB the Boltzmann constant, z is the number of the nearest chains and a-l is the 
decay length of the localized state. For the case of strong localization a measure 
of a can be obtained from7 

112 

a = ?$) (7) 

where V is the effective barrier height between localized sites, m is effective mass 
of the charge carriers. Now we consider a model in which electrons are trapped 
and localized in an effective potential U(r) centered at r = 0. With the application 
of electric field E, U is changed (Poole-Frenkel effect9) as 

e2 
4ne0er U(r)  = - - - erE 

The maximum barrier height V = Urn, between adjacent sites will be lowered by 
1R 

6V = SU- = (&) E‘“ (9) 

Noting that a will change according to Equation (7), using Equation (5) and ex- 
panding V leads to 

ha rn - (To(E)/T)’” D
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NON-OHMIC CONDUCTIVITY 267 

where 

and 

where e0 is the vacuum dielectric constant. 

termine the tunneling mass of the moving charge carriers, 
The barrier height V and the effective localization length (r-l together can de- 

a2h2 
2 v  

m = -  

4. RESULTS AND DISCUSSION 

We first analyze the experimental data of POT-ES within the framework of the 
CELT model. POT-ES, similar to PAN-ES, has significant crystallinity (up to 
50%).4J0 The coherence length of the crystalline regions is approximately 50 
There is greater disorder within the crystalline regions of POT-ES than in PAN- 
ES, likely associated with random orientation of the CH, groups. Based on studies 
of PAN-ES,2Jo it is assumed that the crystalline regions are associated with highly 
conducting regions of the polymer (“metallic grains”) and amorphous regions with 
lower conducting regions (“insulating media”). Hence w, the separation of the 
center of the “metallic grains,” will be on the order of 100 A. At T = 100 K, using 
Equation (4) we estimate E, = 8.6 X 103V/cm. With maximum voltage 100 Volt 
and film thickness d = 55 pm, experiments can be carried out to a maximum 
E - 2 x 104V/cm, above the estimated threshold field so that the divergence 
predicted by Equation (2) should be observed. 

The experimental results are plotted in Figure 2 as 1nR-’ vs. 1/E. Here R is the 
measured sample resistance (applied voltagekurrent). The data were taken by a 
2-probe technique for sample of thickness 55 p. Forcing a fit of the data to Equation 
(2) yields an unrealistic small value of Eo - lo4 V/cm, or equivalently unrealistic 
high value for w (- 1 pm). This estimate of w is too large for the application of 
the CELT model. The CELT model assumes6 that the charging energy which occurs 
when an electron hops from one neutral metallic grain to another one dominates 
the conduction. This charging energy is E, - e2/Ed where d is the dimension of the 
grain size. For E - 7l and d - 1 pm, E, is negligibly small compared with kBT, 
for the temperatures at which the experiment was executed. That is, the charging 
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FIGURE 2 Electric field dependence of u(E) for a POT-ES sample at selected temperatures plotted 
as In@) vs. 1IE. The dashed Line represent a slope of Eo - l(r Mcm in Equation (2). 

energy E, is negligible" compared with thermal energy and hence cannot dominate 
the conduction. A slope 100 times larger than the dashed curve in Fig. 2 is necessary 
for consistent application of the CELT model. 

Plotting the same data as InR-1 vs. Eln, Figure 3 shows that the data fit Equation 
(10) reasonably well at the high field (E > 2000 V/cm). Calculating the slopes of 
each curve (inset of Figure 3) and assuming they vary as T-ln, we estimate K' = 
1.3 x 10-2(m/V)1nPn, using To = 35000K and e - e, = 4.51*9 for POT. This 
gives V - 0.12eV. Using this value and a-l  = 7 A, obtained from application of 
Equation ( 5 )  to 0(7'),~ we get m = me according to Equation (13). 

Figure 3 shows that Ina(E) deviates from Eln at low fields (E C l@V/cm). 
Possible origins of this effect include field dependence of barriers and space-charge- 
limited injection of charges.12 

To study the low field behavior of a(E) and to avoid space-charge injection 
effects, a 4-probe technique was utilized. Figure 4 shows a ( E )  measured by a 4- 
probe technique using either a direct current source or a pulsed source. Both curves 
could be fit into straight lines with the same slope, indicating Ina - and that 
heating is not important. However the 2-probe a(E)  in Figure (4) does not follow 
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NON-OHMIC CONDUCTIVITY 269 
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1.00 

0.10 

0 
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Y t 0 

0 

FIGURE 3 The same data of Figure 2 is plotted as Ina(E) vs. ElR. Inset is the slope K for each curve 
at high electric fields vs. temperature T. 

the same behavior at low fields. Hence the 2-probe measurement data are not 
reliable in the low field region. (The 2-probe data at high field E > 400VIcm may 
not be reliable either though we have no 4-probe data available in this regime to 
compare with). 

The 4-probe a(E)  at different temperatures T were studied and the change of 
their slopes K with T is shown in the inset of Figure 4. Assuming a linear relation 
between K and T-I", we find K' = 2.6 X 10-2(mIV)1'2K1", in good agreement 
with K' = 1.3 x 10-2(mlV)1nK1n, obtained from high field measurements by the 
2-probe technique. This value corresponds to V = 60 meV and effective mass 
m = 1 . 3 ~ ~ ~ .  Considering that the straight line in the inset of Figure 4 should go 
through the origin, we obtain a value K' = 1.6 x 10-2(mIV)1"K1R, and thus V 
= 96meV and m = 0.8me. Combining all the data together we can conclude that 
the Coulomb potential barrier height is of the order of O.leV and the effective 
charge carrier mass is on the order of electron mass me. This result suggests that 
the moving charge carriers for POT-ES act as electrons in the dense band of 
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FIGURE 4 Four-probe measurements of o ( E )  in comparison with the results for two-probe mea- 
surements. The DC and pulse measurements are also compared. The inset shows the slope K of the 
four-probe measurements as a function of the temperature T.  

localized states and hop without large c6 ring motion characteristic of the massive 
polarons in lightly doped ES, EB and leucoemeraldine base. l3 

Note that although K’ obtained from 2-probe a(E)  at high field E > 2000Wcrn 
and 4-probe a(E)  at low field are in good agreement, the K(7) are different. The 
values of K( 7) at high field are approximately one order smaller than those at low 
field. The difference may come from the contact resistance of 2-probe technique 
used in high field measurements. It is also possible that high field and low field 
data result from two different mechanisms. The qualitatively similar behavior was 
also observed in PAN-ES and other polyaniline  derivative^.'^ Also the linear re- 
lation between K(T) and T-”* is not a unique fit of the data since the large errors 
in measuring K(T) and the small temperature range covered by the experiment 
make it difficult to confirm this relation. Finally, we note that the qualitative field 
dependence of quasi-ld-VRH was also observed in PAN-ES at low temperatures 
(10K - 20K),15 where localization is also expected to be important.16 

The quasi-ld charge hopping has its origin in decreased interchain diffusion rate. 
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NON-OHMIC CONDUCTIVITY 271 

Since CH3 has larger steric effect than H, it increases the chain ~epa ra t ion .~  Due 
to the ring rotation CH3 flips about the chain axis which induces a disorder in chain 
~eparat ion.~ This in turn reduces the interchain coherence and further reduces the 
interchain diffusion rate. The latter may also induce an additional random potential 
which reduces intrachain mean free time T~ and tends to localize the electron. This 
will also decrease the interchain diffusion rate. l v 5  The optical spectra of PAN-ES 
and POT-ES in aqueous 80% acetic acid solution are ~imi1ar.l~ POT-ES spectra 
has a less than 5% shift in absorption peaks, the origin of which has been assigned14 
to a decrease of the polaron bandwidth caused by increased ring angles.*J4 There 
is no significant broadening of the shoulders of the optical  transition^.'^ Therefore 
the intrachain random potential due to varying location of the CH3 is expected to 
be small. 

5. CONCLUSION 

The electric field dependence of conductivity of POT-ES was analyzed in terms of 
two localization mechanism: charging energy limited tunneling and quasi-ld-vari- 
able range hopping. Both models predict the temperature dependence of the con- 
ductivity as Ina T-1'2 as observed.'. The a(E)  data do not support the CELT 
model because the estimated size of the metallic grains would be on the order of 
1 prn if this model were applied. This value is too large for a self-consistent 
application of this model. The u ( E )  can be understood in terms of quasi-Id-VRH 
model where the localized charges hop from one localized state to another along 
the chains. The observed In o ( E )  0~ El'* is modeled using the Poole-Frenkel ap- 
proach where intersite potentials, assumed to be an effective Coulomb potential, 
are lowered by the applied electric field. The estimated potential height is about 
O.leV, corresponding to an effective mass of the charge carriers on the order of 
me. The origin of the increase charge localization in POT-ES was proposed to be 
the decrease in the interchain diffusion rate due to the increased chain separation 
and decreased coherence between chains caused by the CH, groups. Our studies 
on the electric field dependence of the DC conductivity support this conclusion. 

Acknowledgments 

The authors thank Dr. R. K.  Kohli for preparing samples. This work is supported in part by DARPA 
through a contract monitored by US ONR and in part by NSF Materials Research Grant No. DMR- 
85- 19059. 

References 

[t] Permanent address: Department of Physics and Solid State Institute Technion-Israel Institute of 

[$] Current address: Department of Chemistry, University of Texas, P.O. Box 19065, Arlington, TX 
Technology, Haifa 32000, Israel. 

76019-OO65. 
1. Z. H. Wang, H. H. S. Javadi, A.  Ray, A. G. MacDiarmid and A .  J.  Epstein, submitted. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
51

 1
9 

Fe
br

ua
ry

 2
01

3 



272 Z .  H. WANG et al. 

2. F. Zuo, M. Angelopoulos, A. G. MacDiarmid and A. J. Epstein, Phys. Rev. B, 36, 3475 (1987); 
A. J. Epstein, J. M. Ginder, F. Zuo, H. S. Woo, D. B. Tanner, A. F. Richter, M. Angelopoulos, 
W. S. Huang and A. G. MacDiarmid, Synth. Mer., 21,63 (1987). 

3. Y. A. Firsov, in Localization and Metal Insulator Transition ed. H. Fritzsche and D. Adler (Plenum 
Press, 1985); S. Kivelson and A. J. Heeger, Synth. Met., 22, 371 (1988). 

4. M. E. J6zefowicz, J. P. Pouget, A. G. MacDiarmid and A. J. Epstein, to be published. 
5 .  A. A. Gogolin, Phys. Rept., 1, 1 (1982); Phys. Rept., 5, 269 (1988); E. P. Nakhmedov, V. N. 

6. P. Sheng and B. Abeles, Phys. Rev. Len., 28, 34 (1972). 
7. N. F. Mott and E. Davis, Electron Proc. Non-cryst. Mat. (Clarendon Press, Oxford, 1979). 
8. Y. Wei, W. W. Focke, G. E. Wnek, A. Ray and A. G. MacDiarmid, J .  Phys. Chem., 93, 495 

9. N. F. Mott, Phil. Mag., 24, 911 (1971). 
10. M. E. Jbzefowicz, R. Laversanne, H. H. S. Javadi, J. P. Pouget, X. Tang and A. G. MacDiarmid, 

11. P. Sheng, E. K. Sichel and J. I. Gittleman, Phys. Rev. Len., 18, 1197 (1978). 
12. J. M. Marshall and G. R. Miller, Phil. Mag., 27, 1151 (1973). 
13. R. P. McCall, J. M. Ginder, M. G. Roe, G. E. Asturias, E. M. Scherr, A. G. MacDiarmid and 

A. J. Epstein, Phys. Rev. B, 39,10174 (1989); J. M. Ginder, A. J. Epstein and A. G. MacDiarmid, 
Sol. Stat. Commun., 72,  697 (1989); R. P. McCall, J. M. Ginder, J. M. Leng, H. J. Ye, S. K. 
Manohar, J. G. Master, G. E. Asturias, A. G. MacDiarmid and A. J. Epstein, Phys. Rev. B, 41, 
5202 (1990). 

14. A. Ray, A. G. MacDiarmid, J. M. Ginder and A. J. Epstein, Proc. Material Research Society, 
Symposium on Electrical, Optical, and Magnetic Properties of Organic Solid State Materials, Nov. 
27-Dec. 1, 1989. 

15. Z. H. Wang et al., to be published. 
16. H. H. S. Javadi, K. R. Cromack, A. G. MacDiarmid and A. J. Epstein, Phys. Rev. B, 39, 3579 

Prigodin and A. N. Samukhin, Sov. Phys. Solid Stare, 31(3), 368 (1989). 

(1989). 

Phys. Rev. B, 39, 12958 (1989). 

( 1989). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
51

 1
9 

Fe
br

ua
ry

 2
01

3 


