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Electron spin resonance �ESR� experiments show, at the metal-semiconductor transition temperature of a
conducting polymer, the distinct contributions of the disordered and crystalline regions. In the more disordered
regions of the polymer the polarons experience an antiferromagnetic coupling. As the level of disorder de-
creases, when small crystalline regions appear, there is a tendency, in some temperature range, for the polarons
to interact ferromagnetically. For more ordered regions or crystalline regions of larger sizes, there is a com-
petition between localized ferromagnetic coupled polarons and delocalized ones, that is, between localization
and delocalization. The possibility to fit the ESR data for one of the samples using two Dysonian lines, one for
each phase, allows one to follow the general behavior of the microwave conductivity as a function of the
temperature. The semiconducting behavior of the disordered phase is clearly observed, as well as the true
metallic behavior of the crystalline phase revealed by the increase in conductivity with the decrease in
temperature.
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I. INTRODUCTION

The approaching model where a conjugated polymer may
be considered as a correlated insulator has been emphasized
by Kivelson and Emery1,2 assuming that conjugated poly-
mers would be good metals if the Peierls instability would
not dimerize them. Thus, the doping that transforms a con-
jugated polymer in a conducting polymer is generally seen as
a topological doping. In a recent article3 we have discussed
the connection between the formation of defects, polarons
and bipolarons, in conjugated polymers with a nondegener-
ate ground state, with the observed magnetic susceptibility
behavior. We have concluded that our magnetization and
electron spin resonance �ESR� data in conducting polymer
pellets could be explained assuming ferromagnetic �FM� and
antiferromagnetic �AFM� interacting spin polarons. The ob-
servation of AFM correlated polarons in doped plasticized
polyaniline films4 allowed us to propose a more general sce-
nario for the polaronic interaction in conducting polymers.
We have suggested that small crystalline portions with FM
coupling are surrounded by disordered polymers with AFM
interaction. We argued that this behavior is due to an energy
balance requirement. The energy of the crystalline arrange-
ment is lower than that of the disordered polymer, requiring
the magnetic moment pairing to be FM in order to increase
the energy and match the energy of the surrounded disor-
dered polymer. In the case of highly doped samples, the bal-
ance of energy in the ordered regions is provided by the
kinetic energy. The first measurements in doped polyacety-
lene have pointed out the need to consider the heterogeneous
character of conduction in conducting polymers. Park et al.5

suggested that the metallic state could be described by me-
tallic strands separated by thin potential barriers. In order to
understand thermoelectric power data of highly conductivity
samples Kaiser6 proposed a model of metallic fibrils sepa-
rated by electrical barriers after being extended to treat
smaller metallic regions.7 The model of metallic islands,
connected via low conducting regions, has also been previ-
ously proposed8 based on magnetic susceptibility measure-
ments. This “metallic island” model has shown to be appro-
priated to explain the charge transport properties in partially
crystalline polyanilines, suggesting that doped polyaniline
films are composed of ordered crystalline regions, described
by three-dimensional metallic states, connected through
amorphous regions of polymer chains.9,10 This heteroge-
neous conductivity model has also been inferred from NMR
measurements in polyaniline by Beau et al.11 However, from
the measurement of intrachain and interchain diffusion rates,
they concluded for a strongly anisotropic quasi-one-
dimensional �quasi-1D� motion for the spin carriers. More-
over, in heavily doped polyaniline films, Kahol et al.12 using
ESR showed the influence of moisture in the appearance of
an intermediate region connecting the metallic islands to the
amorphous regions.

In this paper we shall show how X-band ESR measure-
ments in pressed pellets of doped poly�3-methylthiophene�,
performed in the temperatures range between 120 and 300 K,
will allow us to obtain, simultaneously, information on the
correlated polarons and charge transport properties of the
disordered and crystalline regions of the polymer. These ex-
periments have the advantage of exploring different portions
of the sample using a contactless technique. Basically, we
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show that all the previous assumptions about the coupling of
the polarons in the different parts of the polymers are con-
firmed and further enriched by the information on charge
transport. For this study we used two different samples:
sample 1, synthesized at room temperature where the distinc-
tion between the phases is less evident, and sample 2, syn-
thesized at 5 °C, where a clear difference in the behavior of
the ESR parameters was observed for both phases. Changes
in conductivity of poly�3-methylthiophene� due to similar
variations in the temperature of synthesis have been ob-
served by Sato et al.13 The increase in molecular weight and
crystallinity and the decrease in the number of defects in
polythiophene derivatives synthesized at low temperatures
have also been reported by Hu and Xu.14 Similar findings
concerning increase in molecular weight and also in crystal-
linity have been reported for polyaniline.15,16 It is interesting
to note that while x-ray diffraction does not allow a better
structural characterization of disordered samples, ESR pro-
vides indirect structural information. Besides, for the thin
sample 1 the data could be fitted with two Lorentzian lines,
while for the thick sample 2, two Dysonian lines were
used,17 providing the additional information on charge trans-
port. The semiconducting behavior of the disordered phase is
clearly observed and the true metallic behavior of the crys-
talline phase as well, which is revealed by the increase in
conductivity with the decrease in temperature. The separate
behavior of these two phases is directly shown and not indi-
rectly inferred from heterogeneous conductivity models.

II. EXPERIMENTAL DETAILS

Poly�3-methylthiophene� was electrochemically synthe-
sized in acetonitrile containing 0.1M of LiClO3 and the same
amount of the monomer. The pellets were uniaxially pressed
at 6.2 kbar. Two samples, named sample 1 and sample 2,
were synthesized. Sample 1 of 60 �m thick was synthesized
at 20 °C and sample 2 of 210 �m thick was synthesized at
5 °C. With a much lower temperature of synthesis sample 2
is less disordered and has a doping level around 12% deter-
mined by electron dispersive spectroscopy measurements
from the Cl/S ratio. The doping level of sample 1 is around
8%. X-ray diffraction experiments on samples prepared in
conditions similar to samples 1 and 2 did not show any in-
teresting feature except for the amorphous spectrum that in-
dicates a low crystalline portion in both cases. X-band ESR
experiments were performed in a Bruker ELEXIS spectrom-
eter with the samples encapsulated in a special quartz ESR
tube in helium atmosphere.

III. RESULTS AND DISCUSSION

The ESR spectra of sample 1 were best fitted with a com-
bination of two Lorentzian lines. Lorentzian lines have also
been found in doped poly�3-methylthiophene� films for simi-
lar doping levels.18,19 For sample 2 the best fittings were for
a combination of two Dysonian lines. In fact, the Dysonian
lines were written as a combination of absorption and disper-
sion of Lorentzian lines. This procedure is very accurate to
describe Dysonian lines in the limit of thin samples.20 In Fig.

1 we show the room-temperature ESR spectra for both
samples. For sample 1 in Fig. 1�a�, we show the ESR spec-
trum �full squares� fitted �full line� to a combination of two
Lorentzian lines �dashed-dotted-dashed lines�. For sample 2
in Fig. 1�b� everything is similar except that the Lorentzian
lines are replaced by two Dysonian lines. Fitting a magnetic
resonance spectrum with more than one component always
implies dissimilar magnetic moments at least from the mag-
netic point of view. This multicomponent fitting implies that
different sets of magnetic moments are seeing different local
magnetic fields that could be due to dipolar, exchange, or
nuclear �dipolar or quadrupolar� magnetic moment interac-
tion. Because all these interactions are dependent not only on
the distance between the magnetic moments but also on the
way they are arranged, we can establish a connection be-
tween different magnetic environments and the organization
of the surroundings of a magnetic moment. From the fitting
of sample 1 with the two Lorentzian lines the g values and
linewidths could be obtained. They are shown in Fig. 2. In
Fig. 2�a� the g values for both Lorentzian lines are shown.
They are about the same in the whole temperature interval.
In Fig. 2�b� the linewidths for both lines are shown. For the
broader line �full squares� an increase in the linewidth with
temperature starting around 275 K can be observed. For the
narrower line this behavior starts around 250 K. This behav-
ior is expected for the Elliott’s mechanism21 of spin-orbit
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FIG. 1. Room temperature X-band ESR spectra: �a� for sample 1
�squares� fitted to a combination of two Lorentzian lines �full line�
showing each Lorentzian line �dashed line and dotted line�; �b� for
sample 2 �circles� fitted to a combination of two Dysonian lines
�full line� showing each Dysonian line �dashed line and dotted line�.
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relaxation in a conducting system. According to this mecha-
nism there is a relation of proportionality between the relax-
ation time �S associated with the spin-flip scattering and the
relaxation time �R characteristic of the electrical resistivity.
Above the Debye temperature this relation can be written as
�H��, where � is the resistivity. On the metallic side of the
metal-semiconductor transition and at high temperatures the
resistivity increases with temperature. In the semiconductor
part of the transition, the conduction is via hopping and there
is a decrease in the linewidth with the increase in tempera-
ture, evidencing the decrease in resistivity with the increase
in temperature. A linear increase behavior has been observed
by Schärli et al.19 for highly doped poly�3-methylthiophene�
films. They found that the higher the doping level, the lower
the temperature at which the increase in the linewidth with
temperature starts. Similarly, we can assume that the differ-
ence in temperatures below which the increase in linewidth
with increasing temperature starts to be observed indicates
that the broad line corresponds to a slightly more disordered
portion of the sample with the metal-semiconductor transi-
tion taking place at higher temperatures for this part of the
system. The observed semiconductor behavior, via the El-
liott’s mechanism of spin-orbit relaxation, can be observed
up to around 210 K for the narrow line and slightly below
this temperature for the broad line. At lower temperatures,
the decrease in the linewidth with temperature could be due
to exchange narrowing effects. Although for low dimensional
systems the expected line shape due to exchange effects is
not Lorentzian, the Lorentzian line shape is recovered by
considering the effect of a weak interchain coupling.22 In

Fig. 3�a� the ESR intensity is shown for both lines. The tem-
perature independent Pauli behavior is observed in the me-
tallic phase, which corresponds to the small region of tem-
peratures for which the linewidth shows the typical behavior
of Elliott’s mechanism for a metallic system. Below those
temperatures the intensities do not increase monotonically.
Instead, maxima and minima are seen for the narrow line. In
order to have a better understanding of this behavior, in Fig.
3�b� the product of the intensity, I, times the temperature, T,
�I�T� is shown as a function of the temperature. From these
data some interesting conclusions can be obtained. First, a
typical Curie-law behavior is not seen for any of the lines.
For a Curie-law behavior to be observed, a temperature in-
dependent line should be seen in the �I�T� versus T plot.
Due to this fact, we suggest that for both lines, the magnetic
moments are somehow correlated. For the broad and more
intense line �full squares�, corresponding to the slightly more
disordered portion of the sample in the semiconducting
phase, the magnetic moments are AFM correlated23 at all
temperatures. For the narrow line �open triangles� we ob-
serve that, between 210 and 130 K, there is a tendency to a
FM coupling.

In order to show that this tendency to FM coupling is real,
we shall discuss the ESR data for sample 2. In the case of
sample 2, as it has been shown in Fig. 1�b�, all the spectra
were fitted with two Dysonian lines. The general expression
of a Dysonian17 line shape depends on two parameters, �
=d /	 �d is the thickness of the sample and 	 is the skin depth
of the microwave field� and R= �TD /T2�1/2 �TD is the diffu-
sion time of the spin across the skin depth and T2�T1 is the
spin relaxation time�. For our experimental conditions we
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FIG. 2. �a� Gyromagnetic factors versus temperature for the
broad Lorentzian line �full squares� and the narrow Lorentzian line
�open triangles� for the spectra of sample 1. �b� Linewidths for the
same lines.
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FIG. 3. �a� Intensity versus temperature for the broad Lorentzian
line �full squares� and the narrow Lorentzian line �open triangles�
for the spectra of sample 1. �b� Intensity times temperature �I�T�
versus T for both lines.
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have d
	, thus, we are in the limit of thin sample of Dys-
on’s theory. In this limit the line shape does not depend on R,
it is only a function of �. The Lorentzian lines obtained for
sample 1 are just the extreme case of this thin sample limit.
For sample 2 the asymmetrical lines are expected due to the
increase in the doping level and thickness. Besides, in this
limit the Dysonian line shape can be very well described by
a combination of absorption and dispersion of Lorentzian
lines.20 This is the procedure we adopted to fit the line shapes
of sample 2. In Figs. 4�a� and 4�b� the g values and line-
widths, respectively, are shown for the broad Dysonian line
�full squares� and narrow Dysonian line �open triangles�. Un-
like sample 1, in sample 2 the g values of the broad and
narrow Dysonian lines take different values below 240 K.
This fact evidences that a clear phase separation can now be
observed in sample 2, with distinct magnetic environments
for the magnetic moments. If we compare the temperature
dependence of the linewidths for sample 2 with that of
sample 1, we find that only the broad line of sample 2 fol-
lows the metal-semiconductor transition around 270 K ob-
served in sample 1, which was attributed to Elliott’s mecha-
nism. For the narrow Dysonian line the typical behavior of
the semiconducting phase is not clearly observed. In Fig.
5�a� the intensity versus temperature is shown for sample 2
and the intensity times temperature �I�T� versus T is shown
in Fig. 5�b�.

In Fig. 5�a� a transition can be observed for the narrow
and less intense line �open triangles� around 280 K. For this
line a Pauli behavior can be seen between 250 and 210 K.
This behavior is in agreement with the observation of a lin-

ear increase in the linewidth in this range of temperature,
characteristic of Elliott’s relaxation mechanism for metallic
systems. In Fig. 5�b� the �I�T� versus T data show again
evidences for FM correlated magnetic moments up to around
150 K. For the broad line a behavior similar to that of the
more disordered phase of sample 1 is observed. Conse-
quently, this line probably corresponds to the more disor-
dered phase of sample 2. Due to the fact that the lines are
Dysonians, one more ESR parameter can be used to give
information about the system. This parameter is the asymme-
try ratio �A /B� of the absorption derivative line. The experi-
mental conditions allow us to assume that we are in the thin
sample limit of Dyson’s theory. In such a situation the
sample thickness �d� is small or comparable to the skin depth
of the microwave field �	�. But, due to the fact that we have
two different phases in the sample, we are not able to obtain
the conductivity at the microwave frequency according to the
procedure and the relation discussed in Ref. 20 �MKS units�,

� =
d

	
= � d2

��0�
�1/2

. �1�

This is because we cannot attribute a corresponding thick-
ness to each phase of the sample. In Eq. �1� �0 is the micro-
wave frequency, � is the magnetic permeability, and  is the
microwave conductivity. In spite of this, the general behavior
of the microwave conductivity can be followed as a function
of temperature. By this we mean to follow the temperature
dependence of the �A /B� ratio for each Dysonian line. It is
important to note that a large �A /B� ratio for one of the
phases does not mean that the microwave conductivity is
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FIG. 4. �a� Gyromagnetic factors versus temperature for the
broad Dysonian line �full squares� and the narrow Dysonian line
�open triangles� for the spectra of sample 2. �b� Linewidths for the
same lines.
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larger for that phase. It would be necessary to have the same
thickness for both phases to be able to compare the �A /B�
ratios. In Fig. 6 the �A /B� ratio is shown as a function of the
temperature for the two phases. For the more disordered
phase �full squares� the metal-semiconductor transition
around 280 K can be visualized, and below this temperature,
the semiconducting behavior is observed. For the more or-
dered phase �open triangles�, which we attribute to the crys-
talline portions of the polymer, successive transitions are ob-
served. A metallic behavior can be seen between 250 and 210
K. This is in agreement with the Pauli behavior observed in
Fig. 5 for the same temperature interval. In spite of the small
number and dispersion of the data points, one may notice
that in the crystalline regions the temperature behavior re-
sembles the 1D conductivity24 in agreement with Ref. 11. We
can also observe that for sample 2 the decrease in the A /B
values when the temperature decreases suggests that the
Lorentzian line limit �A /B=1� is close to be reached. The
conclusion about the more 1D-like character of the conduc-
tivity of the more ordered phase is reinforced by the room-
temperature measurements of the microwave power depen-
dence of the line asymmetry �A /B� in the power range where
line saturation effects are not significant. For the microwave
to penetrate into the sample, both the microwave electric and
magnetic fields of the electromagnetic wave must enter into
the sample. In our experimental condition the sample is
placed into a TE102 microwave cavity where the microwave
electric field component is much lower than the magnetic
component but it is not negligible. The average value of the

square of the magnetic microwave field for a rectangular
TE102 microwave cavity is given by25

�H1
2� � 0.8 � 10−3QLPu. �2�

QL is the loaded quality factor and Pu is the unloaded
microwave power. The power absorbed by the sample is also
proportional to the mean value of the square of the micro-
wave electric field.26 In this way, a plot of the line asymme-
try �A /B� versus square root of the microwave power gives
the overall behavior of the microwave conductivity as a
function of the microwave electric field. In the inset of Fig. 6
we show these data for both phases of sample 2, disordered
region �full squares� and crystalline portion �open triangles�.
For the more disordered phase, within the error bar, an
Ohmic behavior is observed. However, for the crystalline
portions, a clear nonlinear behavior can be seen. Since these
results are obtained from a contactless measurement, this
nonlinear behavior reinforces the quasi-1D character of the
charge transport already observed in systems with low
dimensionality.27

IV. CONCLUSIONS

In this paper we have shown how ESR X-band measure-
ments in a restricted range of temperatures allowed us to
obtain simultaneously magnetic and electric information on
both disordered and crystalline phases of doped pellets of
poly�3-methylthiophene�. The magnetic information can be
summarized as follows: in the more disordered regions of the
polymer the polarons experience an AFM coupling. As the
level of disorder decreases when small crystalline regions
appear, there is a tendency, in some temperature range, for
the polarons to interact FM. For more ordered regions or
crystalline regions of larger sizes, there is a competition be-
tween localized FM coupled polarons and delocalized ones,
that is, between localization and delocalization. These con-
clusion have been previously obtained based on magnetiza-
tion and ESR data in partially reduced poly�3-
methythiophene� pellets3 and doped plasticized polyaniline
films.4 The interesting thing about our data is that the fitting
of the ESR data for sample 2 with two Dysonian lines en-
ables us to follow the behavior of the microwave conductiv-
ity as a function of temperature in each phase of the sample.
This separation is obtained in a contactless measurement.
The semiconducting behavior of the disordered phase is
clearly observed, as well as the true metallic behavior of the
crystalline phase revealed by the increase in conductivity
with the decrease in temperature. We argued that the conduc-
tivity in these metallic islands seems to be more one dimen-
sion in character. This conclusion is reinforced for the evi-
dences of nonlinear behavior of the microwave conductivity
extracted from the ESR contactless measurements as a func-
tion of the microwave power.
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