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X-band electron spin resonance �ESR� of polyaniline �PANI� doped with 2-acrylamido-2-methyl-1-propane
sulfonic acid �AMPSA�, at conductivity values of 90, 4, and 0.2 S/cm, has been investigated from 300 to 5 K.
Free-standing films �30–40 �m thick� of PANI were prepared by solution casting method. The spectra consist
of two signals, one is broad ��60 G� and the other is narrow ��10 G�, at nearly the same resonance field. The
temperature variation of ESR susceptibility indicates a stronger Pauli component in the broad line signal, as
compared to the narrow signal, at all values of conductivity. Both linewidths are independent of the presence
of O2. The temperature variation of linewidths is explained in terms of the quasi-two-dimensional �Q2D�
model. These results suggest that in some regions the doped PANI chains have self-assembled Q2D structure,
and the presence of a significant Pauli susceptibility indicates that the charge carriers are highly delocalized in
these Q2D regions.

I. INTRODUCTION

The electronic states of conducting polymers have at-
tracted a great deal of attention and have been investigated in
detail.1 ESR of doped conjugated polymers reveals informa-
tion about the electronic states, spin and charge dynamics; it
is also an independent measure of properties such as suscep-
tibility and transport.1–4 The previous studies of spin dynam-
ics have enabled the probing of conduction process at the
microscopic scale, and to understand the nature of the limit-
ing processes in nanoscopic scale conductivity.5–7 Various
conducting polymers have been studied to understand the
underlying mechanisms of spin and charge transport. Polya-
niline �PANI� is an important material due to its ease of
preparation and stability. PANI is unique in the fact that its
doping process is not the typical redox reaction, and the
number of electrons in the chain remains constant.8 This
doping via protonation leads to a lattice distortion �quinoid-
benzoid� with hole carriers on PANI chain. PANI can be
easily processed in both insulating �emeraldine base� and
conducting �emeraldine salt� forms. The recent advances in
the synthesis, doping and processing of PANI using surfac-
tant counterions, have improved the morphology and con-
ductivity. Doping of PANI with various dopants like dodecyl
benzoyl sulfonic acid �DBSA�, camphor sulfonic acid �CSA�
and other sulfonic acids has lead to much better quality
samples.9–11

The improvement in processing of doped PANI films by
surfactant counterions has assisted the long-range ordering of
PANI chains, and this has enhanced the metallic nature.
However, the mechanism of charge transport and spin dy-
namics, as a function of sample morphology, are yet to be
understood in detail. For example, the extended and coiled
structure of chains can give raise to wide range of nano-
scopic scale morphological features, and this in turn deter-
mines the relative number of polarons, bipolarons and free
carriers in the system, and the associated charge and spin

dynamics. In previous generation of doped PANI, the forma-
tion of bipolarons �charge 2e and spin 0� was proposed to
account for depletion of spins at higher doping levels.12–14 In
those samples, a large Curie susceptibility and a small Pauli
contribution, especially at high temperatures, were observed.
This was explained by spinless bipolaron model, where the
Curie susceptibility was attributed to defects in the sample.14

In the new surfactant counterion processed samples, a large
Pauli contribution has been observed for a wide range of
temperatures �T�50 K�, with a weak Curie term, as a func-
tion of increasing doping levels.15 In this system, Sariciftci et
al. have observed that a Fermi glass model is appropriate to
explain the temperature dependence of magnetic
susceptibility.15

In this paper we present the ESR study, along with
SQUID data, of PANI doped with 2-acrylamido-2-methyl-1-
propane sulfonic acid �AMPSA�, from 300 to 4 K. This
sample has a room temperature conductivity of 90 S/cm
�fully doped�, and the conductivity at 1.6 K is nearly
37 S/cm. Although this conductivity of 90 S/cm is barely on
the metallic side of metal-insulator �MI� transition for PANI-
AMPSA, the positive temperature coefficient of resistivity
persists down to 100 K, indicating intrinsic metallic features.
The metallic nature has also been confirmed by magnetore-
sistance measurements.16,17 We correlate these transport re-
sults with the ESR data in this work. The ESR experiments
were performed both in presence of oxygen �ambient air� and
in vacuum. The dedoped samples ���4 and 0.2 S/cm�, in
which the original sample morphology is nearly retained,
were studied to understand the system at lower doping lev-
els.

The ESR results of PANI-AMPSA indicate certain inter-
esting features. The presence of a double line feature �one
broad and another narrow� has clearly been observed in case
of PANI-AMPSA. The intensity of both lines is dependent
on doping level. However, the linewidth is nearly indepen-
dent of oxygen presence. These special features in PANI-
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AMPSA are analyzed by taking into account of a special
dopant-polymer chain interaction in this system. We propose
that these interactions result in a self-assembled quasi-two-
dimensional �Q2D� structure. This leads to interesting differ-
ences in spin-relaxation �and transport properties�, as com-
pared to other doped PANI systems. These results indicate
that it is possible to develop self-organized structures in con-
ducting polymers by choosing the appropriate combination
of polymer-dopant interactions.

II. EXPERIMENT

Polyaniline was synthesized at −40 °C.18 Appropriate
amounts of PANI and AMPSA powders were mixed in mor-
tar and pestle. The powders were then added to dichloroace-
tic acid �DCA� and stirred under nitrogen atmosphere at
200 000 rpm for �10 min. The solution thus obtained was
centrifuged and cast onto glass substrates and dried at 60 °C.
After drying, the films �thickness: 60–30 �m� were peeled
off from the substrate.

The ESR measurements were carried out at 9.42 GHz �X
band� with a Bruker spectrometer �model 200 D�, equipped
with an Oxford Instruments continuous-flow helium cryostat
�down to 5 K, model ESR 900� with a temperature accuracy
of ±1 K. The oxygen dependence of linewidth was verified
in situ by connecting the ESR sample tube to a vacuum
system and measuring the linewidth at various levels of
vacuum down to 10−3 torr. The linewidth showed hardly any
change even upon repeated evacuation and readmission of
air. The efficiency of the evacuation process was checked by
repeating the same procedure with metallic polypyrrole
PPy-PF6 samples ���300 S/cm�. The measurements in
PPy-PF6 sample follow the reported values: �2 G in air and
0.2 G in vacuum.19,20 For the data shown in present work,
the PANI-AMPSA sample was evacuated for 6 hours at
10−5 torr in an ESR silent standard quartz tube and sealed
with small amount of helium gas, for thermal contact at low
temperatures. The absence of any oxygen-moisture depen-
dence in the linewidth for PANI-AMPSA is indeed surpris-
ing, with respect to other conducting polymers.21 The line-
widths for broad and narrow lines in PANI-AMPSA are
approximately 60 and 12 G, respectively. In several samples
these values are consistently observed. These linewidths are
considerably larger with respect to that usually observed in
other doped conducting polymers �for, e.g., PANI-CSA
�0.2 G, PPy-PF6�0.2 G�. Moreover, the ESR spectra of
undoped PANI and AMPSA were also recorded separately;
also in the physically mixed together sample of PANI with
AMPSA at various proportions. While pure PANI and
AMPSA give negligible ESR signals at maximum gain of
equipment, PANI+AMPSA powder mixture shows line-
widths of around 2 G in air. Electrochemically synthesized
films of PPy-AMPSA ���10 S/cm� shows a linewidth of
4.5 G in air, with a weak oxygen dependence of the line-
width. These controlled experiments confirm that the large
linewidth is intrinsic to the solution-casted film of PANI-
AMPSA in DCA.

The fully doped PANI-AMPSA samples were dedoped
�deprotonated� to lower values of conductivity by exposing

them to ammonia vapor in a well-controlled manner. The
same sample was successively dedoped to ensure that the
same morphology is retained as the conductivity is lowered
down to 0.2 S/cm. A low concentration of ammonia solution
and long duration of exposure to its vapors ��10 days� is
used to ensure that the deprotonation process is fairly uni-
form. The in situ measurement of conductivity showed no
jumps during dedoping process, and the samples were al-
lowed to stabilize before ESR experiments were performed.
The dedoping by means of ammonia is not expected to alter
the ordering of PANI chains significantly. This allows us to
independently control and study the effects of fixed spin
scattering and mobility induced variations in the linewidths,
without the role of sample-to-sample morphology induced
changes in the linewidth.

III. RESULTS AND DISCUSSION

Two ESR signals �one broad and one narrow� were re-
corded at all temperatures and doping levels. The raw data is
shown in Fig. 1. The lines fitted to Eq. �1�, are shown in Fig.
2. This shows the coexistence of two weakly asymmetric
lines at nearly the same H0 value, with the narrower line
generally downshifted by about 3 G in the field. The evolu-
tion of the double line feature is clear at intermediate tem-
peratures �T�250 K�; and the narrow line is observed to
predominate at lower temperatures. Both the lines fit well
with a weak Dysonian, and the spectrum is given by

� = �abs cos � + �disp sin � = � cos �

�H
�1 + y tan �

1 + y2 �1a�

and its derivative as

FIG. 1. X-band �9.42 GHz� ESR data �raw� of PANI-AMPSA,
for fully doped sample ��=90 S/cm� at temperatures 5, 120, and
300 K. The markers at 120 K show the presence of two lines.
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where � is the complex susceptibility, y= �H−H0� /�H, �H
is the linewidth, H0 the center field, � is the phase shift of
the microwave magnetic field in a film sample, resulting
from electromagnetic �EM� shielding effect by conducting
charge carriers in the sample, and 	=tan �, the asymmetry
parameter is the fraction of the dispersion mixed to the ab-
sorption and is directly related to the A /B ratio �for small
values of 	, A /B�1+	�. The 	 value vs temperature is
shown in Fig. 3, with the conductivity vs temperature plot in
the inset. It is observed that the evolution of 	 value for the
broad line follows the conductivity approximately. The 	
values show the Dysonian nature of the spectra. The calcu-
lated skin depth �at 9.42 GHz� corresponding to
�=90 S/cm is 100 �m, and the thickness of sample is
around 30 �m. Therefore, one does not expect a Dysonian to
arise when the skin depth is larger than the thickness of the
sample, but a weak Dysonian is quite possible.22 The 	 val-
ues for both narrow and broad lines are nearly the same. One
should note that the Dysonian does not necessarily mean that
both spin species play equal roles in the screening of the EM
field. If any one of the paramagnetic species is supposed to
be of free carrier type, which screens out the EM field, then

both the lines could show Dysonian line shapes with nearly
the same A /B ratio. This screening effect due to any one of
conducting species can give raise to asymmetric line shapes
in all lines within the range of EM wavelengths.22 Therefore,
the 	 value should not be taken as a fully characterizing
parameter for the motion of the spin species; however, it
ensures that at least one of the paramagnetic species has to
be of conductive nature. The spectra for 4 and 0.2 S/cm
samples �	�0.1 for both� are shown in Fig. 4. The nearly
equal dominance of both lines for 4 and 0.2 S/cm samples is
clear, despite the fact that their conductivity varies by one
order of magnitude.

Although the contribution from the narrower signal in
90 S/cm sample is negligible at room temperature, it starts
to become dominant as temperature is decreased �see Fig. 2�.
When the conductivity is lowered from 90 to 10 S/cm by
deprotonation, one observes that the ratio of broad line to
narrow line areas decreases drastically, yet it remains nearly
constant in the conductivity range 4 to 0.2 S/cm �see Fig. 4�.
In case the narrow line is due to some impurity, then its
intensity should have been nearly constant at all doping lev-
els. Furthermore, it was observed that the ratio of lines re-
mains the same at all deprotonation levels, indicating that
both spins vary consistently as a function of doping level.
This indicates that the narrow fraction is not impervious to
deprotonation. Nevertheless, beyond a certain amount of
deprotonation, the ratio of the areas is nearly constant, which
implies that both the species are created by the doping pro-
cess. The evolution of the ratio of two lines indicates that the

FIG. 2. ESR spectra at 300, 140, and 5 K �shown with the lines
separated� for �=90 S/cm sample. FIG. 3. 	 value vs temperature for the broad line for

�=90 S/cm sample. The inset shows the temperature dependence
of conductivity.



spin species responsible for the broad signal get preferen-
tially reduced at mild deprotonation conditions. However,
when deprotonation is carried out for a sufficiently long
time, both spin species are equally affected. These results
suggest that the broad and narrow line spin species are due to
delocalized and localized charge carriers in ordered and dis-
ordered regions, respectively, in the sample.

The normalized � �double integrated area under the ESR
signal�
T vs T �300–4 K� is plotted for the two signals
�broad and narrow� at values of conductivity �90 and
4 S/cm� in Fig. 5. It is clear that despite the presence of a
small Pauli susceptibility in the narrow line for 90 S/cm, the
Curie term dominates at lower temperatures. The presence of
both Pauli and Curie susceptibility at all temperatures is well
known in fully doped conducting polymers like
PANI-CSA.15 The temperature dependence of �T indicates
that the Pauli contribution is significantly stronger for the
broad line with respect to the narrow line, whereas the Curie
contribution is dominant in case of narrow line in 90 S/cm
sample. Even in case of 4 S/cm sample the Pauli contribu-
tion is significant in the broad line, as in Fig. 5. The large
Pauli component in the broad line for 90 S/cm indicates the
predominant metallic nature of the spins contributing to the
ESR signal.

SQUID measurements were done to confirm the tempera-
ture dependence of the ESR susceptibility. The SQUID sus-
ceptibility multiplied with temperature, i.e., �T �300–2 K�
vs T of the 90 S/cm sample is shown in Fig. 6. Although
there is scatter in the data, a rough fit �not shown� to the
equation, �T=�PT+C, where �P is Pauli susceptibility and C
is Curie’s constant, was attempted. The fit estimated a Pauli
susceptibility of �2
10−4 emu/mol 2-rings and a Curie
constant of 3
10−2 emu/K/mol 2-rings. The corrections for

the core diamagnetism were done by subtracting the diamag-
netism of AMPSA �−8.69
10−5 emu/mol� and undoped
PANI �−7.85
10−5 emu/mol�, from the measured values.
We assume doping of PANI by AMPSA is 50%, that
is, one AMPSA molecule per 2 PANI rings. The Pauli
susceptibility corresponds to a density of states
�DOS�=3 to 4 states/ �eV 2-ring repeat� �or 4/14
=0.3 states/eV/mol�C+N�� and a Curie constant of 2.5

102 emu/K/mol 2-rings corresponds to roughly 1 spin per
30 rings. Such a larger density, of both types of spins in
PANI-AMPSA as compared to PANI-CSA,15 indicates that
the system is optimally doped. The temperature dependence
of conductivity of PANI-AMPSA also shows more metallic
features than PANI-CSA. Also, a negative magnetoresistance
has been observed in PANI-AMPSA, which is not observed
in any doped PANI. Therefore a high DOS in PANI-AMPSA
is plausible considering these factors. It is significant that

FIG. 4. The spectra at 300 K for conductivities 4 S/cm �top�
and 0.2 S/cm �bottom�.

FIG. 5. ESR area
T ���T� vs temperature shown for broad
and narrow lines, for 90 S/cm and the narrow line for 4 S/cm
samples. The areas have been normalized to their respective 5 K
values.

FIG. 6. Susceptibility
 temperature of PANI-AMPSA
�=90 S/cm� as measured by SQUID.



XRD results for PANI-AMPSA have shown little evidence
for crystallinity while PANI-CSA shows crystallinity up to
50%.17,23

The susceptibility appears to be the case of Pauli+Curie,
indicating that the Pauli and Curie components are present at
all temperatures, with the latter becoming stronger at lower
temperatures. The Pauli and Curie components are present in
both lines, hence both spin species are created by the doping
process; in which one of species is trapped in highly disor-
dered or poorly doped regions �relatively not much affected
by deprotonation� and gives raise to the narrow line. How-
ever, the differences between the temperature dependence of
ESR and the SQUID susceptibility data are yet to be inves-
tigated in detail with calibrated ESR susceptibility data.

The linewidth vs temperature variations are shown in
Figs. 7�a� and 7�b�. The broad line shows maxima at 25 and
90 K for 90 and 4 S/cm samples, respectively. The narrow
line is nearly temperature independent at all doping levels. In
case of broad line for 90 S/cm sample, the linewidth in-
creases from 60 G to a maximum of 120 G, by lowering the
temperature from 300 to 25 K; and then it decreases to 85 G
at 4 K. This maximum is dependent on the doping level.
Such a maximum can occur if the spin species can interact
with fixed spin carriers like trapped oxygen or any other
paramagnetic spins, via the Houzé-Nechtschein
mechanism.19,20 However, no effect of oxygen on the line-
width was observed. The fixed spin carriers can also be due
to any other paramagnetic impurity, but our elemental analy-
ses data from EDAX measurements show that no such im-

purities are present in the sample. It is also surprising that no
oxygen/moisture dependence of linewidth19 was observed,
indicating that the large value of the linewidth is intrinsic to
the sample. However, it is known that in some conducting
polymers doped with sulfonic acids it is possible to observe
such large linewidths, as observed in this work.24 This sug-
gests that the lone pairs in sulfur can broaden the line,
though this is not always observed as in case of CSA doped
PANI, as well as other sulphonic acid doped polyanilines.11

PANI-CSA and PPy-AMPSA have linewidths of around
2 to 4 G in air, indicating that the role of sulfur in broaden-
ing the line is minimal in these cases. In PANI-CSA
��250 S/cm� the typical value of linewidth is around 0.2 G.
However, PANI-AMSPA �2-acrylamido-2-methyl sulpho-
nated propanoic acid� has a linewidth of around 25 G, which
is relatively large.24 Moreover, it exhibits a similar tempera-
ture dependence of linewidth with a maximum �at T�25 K�
as in case of PANI-AMPSA system. We believe that the pres-
ence of the acryl-amido group �containing both a �-electron
group �CH2vCH� and a CvO group� indicates a similar
origin for the broadening of linewidths. The ability of the
CvO bond to make hydrogen bonding with the NuH
group is well known, especially when they are in close
proximity.25 The concept of hydrogen bonding has also been
invoked to explain self-doping in some systems.26 Such a
hydrogen bonding between the CvO group in AMPSA and
the NuH group in PANI chain can bring the chains closer.
Furthermore, the � electrons in the CH2vCH group are
situated at the end of the AMPSA group, thus the steric hin-
drance is quite minimal for these � electrons to make a
�-� interaction with PANI main chain. These �-� interac-
tions and the hydrogen bonding could enhance the interchain
interaction and the self-organization of local molecular scale
Q2D structures. This could also explain why PANI-AMPSA
does not have any significant oxygen or moisture depen-
dence on the linewidth. According to Kahol et al.,21 the po-
larons are centered on nitrogen, and the oxygen/water-
polaron interaction occurs at this N site. This N site is not
available, due to hydrogen bonding with the amido group,
for any significant interaction with oxygen/moisture. This
gives a plausible explanation for the anomalies in PANI-
AMPSA systems, which are not observed in other sulfonic
acid doped PANI samples.

The difference in linewidth between the broad and narrow
lines could be ascribed to the difference in the order of PANI
chains in various regions in the sample. The more ordered
regions have better intermolecular �-electron interaction
than the less ordered regions. Especially in case of AMPSA
doped PANI, the acrylamido group can enhance the molecu-
lar scale ordering of PANI chains via the hydrogen bonding
and �-� interaction. This type of intermolecular �-� inter-
actions among various segments in PANI chain can give
raise to local Q2D electronic structure in which the charge
carriers are fairly delocalized.27 In fact, the anisotropic sign
of transverse �negative� and longitudinal �positive� magne-
toresistance in PANI-AMPSA strongly indicates the presence
of delocalized carriers in self-assembled Q2D molecular
scale structures.16

The ESR linewidth can be adequately described by a
model developed for quasi-two-dimensional graphite

FIG. 7. �a� The linewidth of the broad line vs temperature. Solid
square �open circles� indicate data points for 90 S/cm �4 S/cm�
samples. �b� The linewidth of the narrow line vs temperature for
90 S/cm �top� and 4 S/cm �bottom� samples.



�QTDG� �Refs. 28, 30, and 31�. We note that this Q2D struc-
ture is similar to that of the basal plane of graphite, although
the �-orbital overlap in the case of PANI-AMPSA is ex-
pected to be weaker than in graphite, due to the flexible and
disordered nature of the polymer chain and the presence of
dopants. Based on this observation, a strong exchange inter-
action can be assumed for this system, where a coupled reso-
nance of itinerant and localized spins can occur, leading to a
peak in the linewidth. The temperature dependence of line-
width, in this model, is due to the motional averaging of g
values, and the linewidth being dependent upon the motion
of the 2D conduction carriers, which in turn is related to the
Fermi level and the band structure. It also takes into account
of the scattering of charge carriers by both thermal phonons
and defects in system. The strongly localized spins, being
only around 1% of the total number of spins,29 do not con-
tribute to transport properties, but play a significant role in
the spin relaxation process, especially at low temperatures.
Although the temperature dependence of linewidth above
�25 K �90 S/cm� can be explained by the localization of
charge carriers, the temperature dependence of conductivity
shows a small increase in conductivity till 100 K, showing
that the possibility of localization is minimal in that tempera-
ture range �i.e., 300–100 K�. Moreover the low temperature
downturn of linewidth �below 25 K in the 90 S/cm sample
and below 100 K in the 4 S/cm sample� cannot be ascribed
to delocalization of the charge carriers, when the conductiv-
ity shows a fall below 100 K. �See Fig. 8.�

Theoretical calculations based on the band model for Q2D
graphite have shown that the “bottleneck effect” in the line-
width can occur at low temperatures, if the interaction with

the localized spins is taken into account.30 The linewidth can
be expressed as

�Hpp = �Hie��p/�p + �c� + �Hls��c/�p + �c� . �3�

Here, �Hpp�T� is the linewidth due to the motional narrow-
ing of g anisotropy, including the contributions from both
itinerant electrons ��Hie� and localized spins ��Hls�; �p and
�c are the Pauli and Curie susceptibilities. For a localized
defect, the g shift and hence the linewidth should be tem-
perature independent, as has been observed for the narrow
line, which is very weakly temperature dependent, as shown
in Fig. 7�b�.

We note that according to the Q2D model developed for
graphene sheet, the linewidth due to the localized spins is
estimated to be around 10 G, with weak or hardly any tem-
perature dependence.30 Hence it is expected that the line-
width of the ESR line due to localized carriers in PANI-
AMPSA would be around 10 G, and the measured value of
11 G, for the narrow line, is quite agreeable with the above
estimate. Moreover, it is nearly temperature independent,
consistent with the theoretical description for a localized spin
in this model.

In the above graphene sheet model the surface states can
contribute significantly to the linewidth.31 In the extended
model by taking into account the surface states, a thickness
dependence of the linewidth has been predicted. This contri-
bution of the surface states is related to the difference in the
average probability of spin flipping due to scattering of
charge carriers at the surface. This model states

�Hie = �Hie
surf + �Hie

intr, �4�

where �Hie
surf is the contribution from sample surface to the

spin relaxation and �Hie
intr is the contribution from defects

buried inside the sample. Hence we have carried out a thick-
ness dependence of linewidth. A similar dependence of line-
width on the thickness of the sample �PANI-AMPSA� was
observed. At �20 �35� micron the linewidth of the broad line
is 186 G �60 G�, at room temperature, consistent with this
framework.

A comparison between the temperature dependence of
linewidths of the ESR lines of PANI-AMPSA �90 S/cm�
broad line, multiwall carbon nanotubes �MWNT�, highly ori-
ented pyrolitic graphite �HOPG� is shown in Fig. 9. All of
them exhibit a low temperature peak in the linewidth. The
linewidth increases till a certain temperature, and then it de-
creases. The rather broad peak of MWNT is at 100 K, pre-
sumably because of the warped nature of the graphene
sheets. It is observed that the linewidth dependence of PANI-
AMPSA broad line is closer to that of graphite, with a simi-
lar low temperature peak at �20 K. However, exact calcula-
tions for linewidth/spin relaxation due to various spin species
are yet to be determined from the precise theoretical values
for the parameters in Eq. �4�. However this qualitative level
description shows the applicability of the Q2D model for
explaining the ESR signals and spin relaxation in the case of
PANI-AMPSA.

FIG. 8. Linewidths of both lines as a function of conductivity
�top�. The ratio of broad line area to narrow line area �bottom�.



IV. CONCLUSION

The X-band ESR spectra of PANI-AMPSA indicate the
presence of two types of spin carriers. Taking into account of
the temperature and doping dependence of linewidths, we
suggest that the broad and narrow lines are contributions
from the delocalized and localized charge carriers, respec-
tively. The temperature behavior of both the lines are ex-
plained in terms of the Q2D model, where a strong interac-
tion is presumed to arise between the itinerant and localized
spins, leading to a peak in the of linewidth at low tempera-
tures. There is also a contribution to the linewidth from the
surface states as observed from the thickness dependence of
linewidth. A resemblance of the temperature dependence of
linewidth of PANI-AMPSA to that of graphite is noted. A
strong Pauli susceptibility of the spin species is associated
with the broad line is observed, and this indicates that the
sample is intrinsically metallic in Q2D regions in PANI-
AMPSA sample.
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FIG. 9. The temperature dependence of linewidths for PANI-
AMPSA, MNWT, and HOPG. The linewidths have been normal-
ized to their respective room temperature �290 K� values, i.e.,
57.3 G for PANI-AMPSA, 15.1 G for MWNT, and 4.8 G for
HOPG �basal plane�.


