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Electron-spin dynamics of polarons in lightly doped polypyrroles

Katsuichi Kanemoto and Jun Yamauchi
Graduate School of Human and Environmental Studies, Kyoto University, Kyoto 606-8501, Japan

~Received 21 April 1999; revised manuscript received 5 August 1999!

This paper examines the spin dynamics of polarons in lightly doped polypyrrole~PPy!, on the basis of the
temperature dependence of spin-relaxation rates determined by a pulsed ESR technique. Several experiments
using pulse equipment indicate that observed spins are averaged out over several levels and that one spin
species is detected, while the susceptibility suggests the coexistence of Pauli and Curie types of spins. We
consider that the discrepancy originates from a rapid motion of the spins distributing over possible levels. The
spin-relaxation rates scarcely changed for a variety of dopants, but we observed remarkable decreases resulting
from the deuteration of PPy inT1

21 as well asT2
21. Two models, the quasi-one-dimensional~Q1D! diffusion

model and the random diffusion model, indicate that observed spins diffuse quasi-three-dimensionally. We
point out that the Q1D diffusion model is not necessarily desirable for such a less anisotropic motion. In
contrast, the random diffusion model supposing an exponential type of correlation function can successfully
interpret the decreases resulting from the deuteration inT1

21 andT2
21 as attributed to the difference in local

fields ~hyperfine field!, independently of the temperature. We emphasize that the spin-correlation rate deduced
from the latter model gives an estimate of the hopping rate of polarons in lightly doped PPy.
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I. INTRODUCTION

For almost two decades, conjugated polymers contain
paramagnetic spins have been fascinating subjects of
research, and many studies using ESR techniques have
devoted to characterizing those physical properties. Yet,
nificant information on pinning states, such as the aniso
pies of a g factor and a hyperfine-coupling constant, h
hardly ever been obtained because of the high mobility of
electrons spins. Among those polymers,trans-polyacetylene
(t-PA), the first reported on the presence of paramagn
defects,1 has been paid the most attention. The paramagn
spins were interpreted theoretically in terms of the soli
model,2 on the basis of which a proof of the fast spin diff
sion has been experimentally provided.3 Since then, numer-
ous experimental techniques of magnetic resonance s
troscopies have been applied in order to investigate
soliton dynamics, as summarized in Refs. 4 and 5. Es
cially, on the quantitative study of the spin dynamics of ne
tral solitons, both the temperature and the frequency dep
dences of proton spin-relaxation rate6–8 and ESR linewidth7,9

have played important roles. Although there were seve
controversies over the interpretation of the data, some
tures have been drawn: the neutral solitons diffuse via qu
one-dimensional motion, and two types of solitons exist, d
fusing and trapped ones.

In many conducting polymers, charged solitons, polaro
and bipolarons have been considered to be the specie
sponsible for conductivity. Especially, recent reports
heavily doped polypyrrole~PPy!, pointed out the possibility
of polarons working as conductive carriers,via observing the
magnetoresistance10 and the Pauli susceptibility.11–13 Yet, in
examining the spin dynamics of the polarons, the coexiste
of polarons and solitons occurring int-PA is undesirable
because of the difficulty involved in distinguishing tho
spin motions. In this sense, PPy, with nondegenerate gro
states, is one of the most appropriate polymers to avoid s
a coexistence.

So far, several techniques of magnetic resonance h
PRB 610163-1829/2000/61~2!/1075~8!/$15.00
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been applied to PPy in the heavy doped region, and then
several features of the polarons have been reported; the
mensionality of the motion was suggested to increase w
the rise of temperature by a NMR technique,14 and the line-
width in ESR was shown to exhibit the Elliott-typ
behavior15 typical of electron spins in metallic conductors.16

In contrast, recently, we pointed out that there is a disti
difference in spin-relaxation behaviors of PPy depending
the doping level; in lightly doped PPy, the Elliott-like con
tribution seems to be absent.17 Thus, the polarons dynamic
is suggested to vary depending on the doping level.

In this paper, the spin dynamics of polarons in the ligh
doped PPy is examined in detail, especially on the basi
temperature dependences in relaxation ratesT1

21 as well as
T2

21 determined by a pulsed ESR technique. Such a te
nique is appreciably powerful because it gives signific
information on the inhomogeneity around spins and enab
the intrinsic observation of spin relaxation. Here, we atta
great importance to the comparisons of spin relaxation ra
between isotope-labeled samples. A similar comparison
made int-PA to the deuterated one,18–20and the contribution
of proton-hyperfine coupling to the relaxation rates w
ascertained.18,19 In our samples, we reveal that the influen
of hyperfine interaction, more remarkable than int-PA,
plays important roles in exploring the spin dynamics.

II. EXPERIMENTAL

Several types of samples were electrochemically syn
sized at room temperature in a glove box under Ar atm
sphere. Preparing conditions~monomers, dopant anions, po
tential values and solvents! are listed in Table I. Isotope
labeled agents employed were D2O 99.9%~EURISO-TOP!,
pyrrole-D5 98% ~ALDRICH! and NaNO3-

15N 98% ~ALD-
RICH!. As a typical case, C-1 was synthesized in H2O con-
taining 0.2 M pyrrole monomer and 0.05 M LiClO4. ITO
glass and platinum were used as working and counter e
1075 ©2000 The American Physical Society
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1076 PRB 61KATSUICHI KANEMOTO AND JUN YAMAUCHI
trodes, respectively. An Ag/AgCl electrode was employed
a reference electrode. All the samples were prepared from
electrochemical reduction of the oxidized films produced
the anode electrode and characterized by their potential
ues for the references. Dopant concentrations of C-1 and
were determined to be 9.7 and 7.2%, respectively, from
emental analyses.

All the samples were sealed under vacuum into qua
ESR tubes without any contact to air in order to avoid
doping effect by oxygen.21 A paramagnetic susceptibility
was measured for C-1 between 7 and 300 K with a JE
ME3X CW ESR spectrometer atX band ~9.1 GHz!. The
temperature dependence of the susceptibility was determ
from the comparison of the integrated ESR intensity cal
lated using JEOL ESPRIT-425 with an external referen
(Mn21-MgO solid solution! which was simultaneously re
corded and kept at room temperature. Spin-lattice relaxa
time T1 was measured with a JEOL PX1050 FT-ESR sp
trometer atX band using an inversion recovery pulse s
quence~180°-t-90°!, while spin-spin relaxation timeT2 was
determined with the FT-ESR spectrometer using a fr
induction decay~FID! signal.

III. RESULTS

Temperature dependence ofxT ~x is the total susceptibil-
ity! in C-1 is shown in Fig. 1. The gradual increase ofxT
depending on temperature is indicative of the deviation fr
the Curie law. Judging from the recent reports
the observation of temperature-independent~Pauli-like!
susceptibilities,11–13 we consider that the increase ofxT
originates from the Pauli-like component. In this point

TABLE I. Preparing condition for all the samples.

Sample Monomer Dopant anion Potential~mV! Solvent

C-1 Pyrrole ClO4
2 20.80 H2O

C-2 Pyrrole ClO4
2 20.65 H2O

D Pyrrole-d5 ClO4
2 20.80 D2O

N-1 Pyrrole 14NO3
2 20.80 H2O

N-2 Pyrrole 15NO3
2 20.80 H2O

FIG. 1. xT plot in sample C-1. A solid line represents a line
fitting according toxT5xpT1C. Thus, the slope and the interce
correspond toxp andC, respectively.
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view, a linear fitting according toxT5xpT1C gives the
Curie constant C55.831024 emu K/mole-ring and the
Pauli-like susceptibilityxp51.131026 emu/mole-ring. The
latter value, much smaller than the recent reports on hea
doped PPy~for example, 1.031025 emu/mole-ring12!, dem-
onstrates that the decrease in doping level leads to a dim
ishment in the Pauli-like susceptibility.

CW ESR spectra of all the samples consisted of sin
lines with no hyperfine splitting and exhibited almost t
sameg values 2.0025, typical ofp-conjugated compounds
All of the CW ESR spectra were extremely narrowed~for
example, 1.831022 mT at 298 K in C-1! and can be ap-
proximately fitted via Lorentzian curves without an
anisotropies.

In the whole temperature range measured, the logari
plots of one-pulse FID signals in all the samples sufficien
comprised straight lines, corresponding to Lorentzian cur
in CW spectra. The refocusing of spin packets were not
tected from a two-pulse sequence (90°-t-180°-t) typical of
conventionally generating spin echoes.22,23 In addition, the
phase memory time (TM) determined from the pulse se
quence closely coincided withT2* determined from the FID
in the whole temperature range measured, for all
samples. Therefore, under this situation, the relation is
filled thatT2* 'TM'T2 . These findings demonstrate that th
inhomogeneity in local fields around electron spins is av
aged out due to the higher mobility of the spins compared
the spectral width in the Larmor frequency.

Spin-relaxation ratesT1
21 andT2

21 of all the samples are
shown in Figs. 2 and 3, respectively. These results reveal
the temperature dependences are typical of a motional
rowing effect, as expressed via the decreasing function
temperature inT2

21. Several differences are ascertain
among the samples. First, both of the spin relaxation rate
C-2 exhibit somewhat larger values compared to the ot
samples. Further, the difference between samples C-1 an
explicitly demonstrates that the deuteration of the pyrr
rings effectively causes the decreases in both of the s
relaxation rates, similarly to the reports fort-PA.18,19In con-
trast, remarkable differences between N-1 and N-2, includ
C-1, are hardly derived. This result indicates that the hyp
fine coupling with nitrogen in NO3

2 scarcely contributes to
the spin-relaxation rates, thus leading to the finding that

FIG. 2. Temperature dependence of spin-lattice relaxation
T1

21 for all the samples.
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electron spin density on each dopant anion is small in th
lightly doped PPy.

IV. THEORY AND INTERPRETATION

A. Quantitative treatment of spin relaxation
due to hyperfine interaction

The quantitative treatment of spin relaxation was p
posed by Bloembergen, Purcell, and Pound24 and completed
by Kubo and Tomita.25 It has been manifested that the theo
is effective to interpret the spin-relaxation mechanism
NMR as well as in ESR. Expressions for the contribution
the electron-electron dipole interaction to electron-spin
laxation are similar to the case treated for the interact
between nuclei in NMR, but spin species precessing wit
off-resonating frequency give a different influence from t
above case on spin relaxation. According to the treatmen
Abragam,26 the general formulas for spin-relaxation rat
caused by the dipole term in hyperfine interaction are

1/T1,hd5gs
2g I

2\2I ~ I 11!$1/12J~0!~vS2v I !13/2J~1!~vS!

13/4J~2!~vS1v I !% ~1!

1/T2,hd5gS
2g I

2\2I ~ I 11!$1/6J~0!~0!11/24J~0!~vS2v I !

13/4J~1!~vS!13/2J~1!~v I !13/8J~2!~vS1v I !%,

~2!

where S and I symbolize an electron and a nucleus~or
nuclear spin!, respectively, for gyromagnetic ratios~g! and
Larmor frequencies~v!. Also the spectral densityJ( j )(v) are
given by the Fourier transform of the autocorrelation fun
tion G( j )(t) as

J~ j !~v!5E
2`

`

G~ j !~t !exp~2 ivt!dt. ~3!

Then, assuming an isotropic motion,G( j )(t) are correlated
with the random functionsF ( j ) concerning the relative posi
tions of two spins~r, u, w! as follows:

d j j 8G
~ j !~t !5F ~ j !~ t !F ~ j 8!~ t1t!5uF ~ j !~0!u2g~t!, ~4!

FIG. 3. Temperature dependence of spin-spin relaxation
T2

21 for all the samples.
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F ~0!5
123 cos2 u

r 3 , F ~1!5
sinu cosue2 iw

r 3 ,

F ~2!5
sin2 ue22iw

r 3 , ~5!

where upper lines are used to represent the ensemble av
over all orientations. Thus,J( j )(v) are obtained by, using the
Fourier transformf~v! of g(t),

J~ j !~v!5uF ~ j !~0!u2E
2`

`

g~ j !~t !exp~2 ivt!dt

5uF ~ j !~0!u2f~v!. ~6!

For randomly oriented samples, the ensemble average
readily found as

uF ~0!~0!u25~123 cos2 u!2^1/r 3&254/5̂ 1/r 3&2,

uF ~1!~0!u25~cosu sinue2 iw!2^1/r 3&252/15̂ 1/r 3&2,

uF ~2!~0!u25~sin2 ue22iw!2^1/r 3&258/15̂ 1/r 3&2. ~7!

Here, the angular brackets indicate an average taken ove
electric wave function. Therefore, defining that

g I
2\2^1/r 3&25B2, ~8!

Eqs.~1! and ~2! are reduced to

1

T1,hd
5

2

3
gS

2I ~ I 11!B2f~v!, ~9!

1

T2,hd
5

1

3
gS

2I ~ I 11!B2$f~0!1f~v!%, ~10!

under the approximation thatv I /vS!1. Hereafterv is sub-
stituted forvS .

The contribution of the isotropic hyperfine interaction
electron-spin-relaxation rates is also given by Abragam:26

1

T1,hi
5

1

3
gS

2I ~ I 11!A2f~v!, ~11!

1

T2,hi
5

1

6
gS

2I ~ I 11!A2$f~0!1f~v!%, ~12!

whereA represents an isotropic hyperfine field by a nucle
In PPy, there exist several nuclear spins interacting w

electron spins, and the strength may be different even am
the same kind of nuclei. However, the effects of the sa
kind of nuclei on the electron-spin relaxation are commo
observed without distinguished. Also, considering that
spin relaxation is induced only through the fluctuation resu
ing from the electron-spin motion, an identicalf~v! is al-
lowed over all the nuclei. Therefore, eventually, two sp
relaxation rates due to the hyperfine interactions are obta
as follows:

1

T1,h
5gS

2(
n,i

rn,i
2 hnf~v!, ~13!

te
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1

T2,h
5

1

2
gS

2(
n,i

rn,i
2 hn$f~0!1f~v!%, ~14!

where

hn5
1

3
I n~ I n11!~An

212Bn
2!}gn

2I n~ I n11!, ~15!

andrn,i indicates the spin density on each nucleus.

B. Q1D diffusion model

In this section, the result of spin-relaxation rates are in
preted in terms of a one-dimensional~1D! diffusion model
along a chain. The spectral density for the 1D diffusion h
been proposed by many authors.7,9,27–29Here we analyze ou
data according to the quasi-one-dimensional~Q1D! model in
Ref. 9.

The solution for the 1D diffusion equation]g/]t
5D iDg ~D i is the diffusion constant along a chain! gives the
probability densityg1D(t) as

g1D~ t !5
1

A4pD i8t
expH 2

~ ur 12r 2u/c!2

4D i8
J , ~16!

where a diffusion rateD i8 is defined byD i85D i /c2 ~c is the
lattice constant!. A cutoff of the 1D motion is taken into
consideration through assuming the escape probability f
the 1D chain asg'(t)5exp(2utu/t'). Then, the probability
density for the quasi-1D motion is obtained as

gQ1D~ t !5g1D~ t !•g'~ t !5
exp~2utu/t'!

A4pD i8t
exp

H 2
~ ur 12r 2u/c!2

4D i8t
J . ~17!

Therefore, after the Fourier transform of Eq.~17!, fQ1D(v)
is approximated by9

fQ1D~v!'
1

A2D i8/t'

S 11A11v2t'
2

11v2t'
2 D 1/2

. ~18!

As the contribution to the electron-spin-relaxation rat
there are several elements to be taken into consideration
the soliton int-PA, the relaxation rates have been analyz
mainly on the basis of the dipole interaction between el
tron spins. Here, we treat the influence of a deutera
through the differences of the spin-relaxation rates at e
temperature, under the assumption that the electron-spin
namics is not affected by the deuteration. Thus we ob
from Eqs.~13! and ~14!

1

T1,H
2

1

T1,D
5gS

2 (
i

rH,D,i
2 ~hH2hD!f~v!, ~19!

1

T2,H
2

1

T2,D
5

1

2
gS

2 (
i

rH,D,i
2 ~hH2hD!$f~0!1f~v!%, ~20!

where the spin densityrH,D,i can be used in common for
proton and a deuterium. Therefore, substituting Eq.~18! for
Eqs.~19! and ~20!, the cutoff frequency 1/t' is given by
r-

s

m

,
for
d
-
n
h
y-

in

1/t'5vF 4

~A8/~2n21!21121!2
21G21/2

, ~21!

where

n5
1/T2,H21/T2,D

1/T1,H21/T1,D
.

Then, temperature dependence of 1/t' calculated from Eq.
~21! is shown in Fig. 4. This result implies that 1/t' gradu-
ally increases depending on temperature. Moreover, from
substitution of Eq.~18! for Eqs.~19! and ~20!, the diffusion
rate along the chain is obtained as follows:

D i85

gS
4 S (

i
rH,D,i

2 D 2

~hH2hD!2

2~1/T1,H21/T1,D!2

t'~11A11v2t'
2 !

11v2t'
2 . ~22!

In order to calculate the diffusion constant according to E
~22!, ( irH,D,i

2 andhH2hD have to be estimated. Yet, sinc
those values are considered to be almost independent of
perature, assuming that( irH,D,i

2 50.3 andhH2hD52 mT2,
the rough estimate of the diffusion rate is obtained as sho
in Fig. 4. This result implies thatD i8 in our sample decrease
depending on temperature. This nonactivated type of 1D
fusion is opposite to the case in the neutral solitons,9 where a
rapid increase depending on temperature was observed
one interpretation, such a temperature dependence may r
from an almost free rapid motion of spins within a cha
domain.20 The magnitude ofD i8 , however, is too small to be
interpreted as such a rapid motion; actually, ourD i8 is almost
two orders smaller than that of the neutral solitons.9 Further-
more, the ratio ofD i8 to 1/t' is not so large to wholly regard
the spin motion as quasi-one-dimensional, and then the
dominant treatment of the 1D motion ing(t) over the cutoff
motion may be irrelevant. Therefore, from these opinio
we consider that the Q1D model is not necessarily suita
for elucidating the spin dynamics of our samples. This u
suitability is attributed to the lowly anisotropic motion o
spins, thus leading to the finding that the one dimensiona
of spin diffusion in these lightly doped PPy is small.

FIG. 4. Temperature dependences of the cutoff frequency 1t'

estimated from Eq.~21! ~filled diamond! and the diffusion rate
along the chainD i8 estimated from Eq.~22! ~opened circle!.
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C. Random diffusion model

A highly one-dimensional diffusion of spins is genera
considered to give a non-Lorentzian line shape. However
diffusing between domains~chains! more rapidly than the
Larmor frequency, the averaging effect over the doma
yields a Lorentzian line shape. In this point of view, Loren
zian line shapes observed for our samples represent the
ence of the higher cutoff diffusion between chains. Al
from the previous section, the one dimensionality along
chains is presumed to be small. Thus, in this section, the
of spin-relaxation rates are interpreted in view of a rand
diffusion.

A random spin diffusion has been treated at first for NM
in liquid. Then, BPP proposed a exponential-type of corre
tion function,24 and succeeded in evaluating the molecu
motion. Thus, we simply assume that

g~ t !5exp~2utu/tc!, ~23!

wheretc is the correlation time. This assumption was sim
larly used for the cutoff frequency in the Q1D model. He
it should be noted that the spin-correlation rate 1/tc reflects a
random, quasi-three-dimensional motion involving a 1D m
tion as well as a cutoff one. In this case, the Fourier tra
form of Eq. ~23! is given as

f~v!5
2tc

11v2tc
2 . ~24!

Then, substituting Eq.~24! for Eqs.~19! and ~20!, the spin-
correlation rate is obtained using the differences of the s
relaxation rates as

1/tc5
v

&
~n21!21/2, ~25!

where n was already defined in Eq.~21!. If all elements
causing the spin-relaxation rates are expressed by fo
similar to Eqs.~13! and ~14!, 1/tc can be independently de
termined for the samples C-1 and D that, as we have alre
reported,17

1/tc5
v

&
S T1

T2
21D 21/2

. ~26!

Then two types of 1/tc calculated from Eqs.~25! and ~26!
are shown in Fig. 5. These results demonstrate that twotc
calculated from Eq.~26! for samples C-1 and D exhibit al
most the same values and that those values are close totc
calculated from Eq.~25!. Also, in both of the cases, the co
relation rates increase with the rise of temperature, exhibi
a typical behavior in a activated type of spin motion.

From the substitution of Eq.~24! for Eqs. ~19! and ~20!,
the additional parameter can be derived as follows:

(
i

rH,D,i
2 ~hH2hD!5

v

&gS
2 ~u21!21/2$~1/T2,H21/T2,D!

21/2~1/T1,H21/T1,D!%. ~27!

This parameter corresponds to the difference of the squ
effective hyperfine fields between a proton and a deuteri
in

s

es-

e
ta

-
r

-
,

-
-

-

s

dy

/

g

ed
.

In addition, under the above-mentioned assumption made
Eq. ~26!, the next parameter can be determined indep
dently for the samples C-1 and D,

(
n,i

rn,i
2 hn5

v

&gS
2

1/T221/~2T1!

~T1 /T221!1/2 . ~28!

This parameter is the sum of the squared effective fields
the spin relaxation. Temperature dependences of both pa
eters determined from Eqs.~27! and~28! are shown in Fig. 6.
Here, it is demonstrated that the difference of the parame
from Eq. ~28! between samples C-1 and D closely coincid
with the parameter from Eq.~27! in the whole temperature
range and that those parameters are almost independe
temperature. The former finding clearly indicates the valid
of the assumption that all the contributions to the spin rel
ation are expressed by forms like Eqs.~13! and ~14!, as
shown for 1/tc as well, suggesting that the hyperfine inte
action is the main contribution to the electron-spin-relaxat
rates. Although the spin-density distribution may somew
change depending on temperature, the total spin density
all protons or deuteriums is considered to be nearly cons
in the whole temperature range. In this sense,
temperature-independent parameters derived from this an

FIG. 5. Temperature dependence of the correlation ratetc

estimated from Eqs.~25! and ~26!.

FIG. 6. Temperature dependences of the difference of
squared effective fields between a proton and a deuterium estim
from Eq. ~27! and the sum of the squared effective fields estima
from Eq. ~28! for the samples C-1 and D.
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1080 PRB 61KATSUICHI KANEMOTO AND JUN YAMAUCHI
sis yield reasonable consequences as the effective hype
fields. In addition, those values give an estimate
( irH,D,i

2 '0.3 for hH2hD52 mT2, which is relatively ap-
propriate as a physical picture.

Considering the result of 1/tc that two correlation rates o
samples C-1 and D are almost equivalent, our treatmen
this section yields the reasonable explanation that the dif
ence of spin-relaxation rates between samples C-1 an
originates only from that of the squared effective hyperfi
fields. Therefore, we consider that the random diffus
model is suitable to interpret the spin-relaxation data for
samples. This indicates at the same time that the obse
spins and polarons diffuse quasi-three dimensionally.

V. DISCUSSION

A. Origin of observed electron spins

The susceptibility of C-1 was well explained as the su
of a Curie term and a Pauli-like one. Generally, those te
are characteristic of localized and nonlocalized spins, res
tively. On the other hand, our FID signals indicate that o
one spin species is detected in the whole temperature ra
The discrepancy should be discussed.

The absence of a spin echo in the two-pulse experim
indicates that wholly localized spins as observed int-PA as
trapped solitons are not involved in the ESR spectra. In c
trast, the Elliott-type behavior typical of metallic conducto
was demonstrated to be absent inT2

21. These observation
suggest that the observed spins do not exist as definite
cies like Curie or Pauli types but belong to intermedia
states between them. An inhomogeneous doping and a
uniform chain length make it difficult to consider all possib
sites of spins to be equivalent. Thus observed spins are
ticipated to exist with a spread over possible levels. In t
sense, we consider that the susceptibility expressed as
superposition of the two terms approximately reflects an
eraged spin level. Single exponential FID curves as wel
the motional narrowing behavior in the spin-relaxation ra
are explicitly indicative of the existence of a rapid spin m
tion representedvia the spin-correlation rate. The motion
considered to be a rapid diffusion over possible spin level30

From these views, we conclude that observed spins e
over all possible spin levels and that the averaged beha
of those spins has been monitored in the analysis of the s
relaxation rates.

B. Further discussion using the random diffusion model

In this section, all the spin-relaxation data are analyzed
terms of the random diffusion model using Eqs.~26! and
~28!. Figure 7 shows the spin-correlation rates for all t
samples determined from Eq.~26!, and the sums of the
squared effective fields for all the samples estimated fr
Eq. ~28! are shown in Fig. 8. The agreement among samp
C-1, N-1, and N-2 is satisfactorily fulfilled in the two figure
indicating that the spin-relaxation mechanism is independ
of the kind of dopant anions. On the other hand, sample
exhibits somewhat different behaviors in the two paramet
The sum of the effective field in C-2 is larger than oth
samples. Concerning the hyperfine field, the increase
pending on the doping level may be questionable. This
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havior is probably due to not considering the electro
electron dipole interaction. Actually, in considering such
interaction, the contribution off~2v! should be taken into
account in Eqs.~13! and ~14!. Yet, it is worth noting that,
under the condition thatv2tc

2@1,

f~2v!5
tc

114v2tc
2 '

1

4

tc

v2tc
2 '

1

4
f~v!.

Thus, in this case, the contribution of the electron-elect
dipole interaction can be involved as a part of the sum of
effective fields. Such a condition is approximately fulfilled
low temperature in Fig. 7 (v'573109 rad/s). Therefore, the
larger sum of the field in C-2 is considered to originate fro
the electron-electron dipole interaction, which is probab
enhanced by the increase of spin concentration dependin
the doping level. In other samples as well, the sums of
fective fields may contain such contributions, which a
probably not so large as to influence the estimate of sev
parameters so long as they are compared with the hype
field by a proton. Thus, the electron-electron dipole inter
tion is presumed to be relatively small in our samples, wh
is one of the reason for extremely narrowed ESR spec
Also, Fig. 8 suggests that the sum of the effective field
C-2 is somewhat enhanced by increasing temperature a

FIG. 7. Temperature dependence of the correlation ratetc

estimated from Eq.~26! for all the samples.

FIG. 8. Temperature dependences of the sum of the squ
effective fields estimated from Eq.~28! for all the samples.



he

o
ou
ge
t

er
o
te
ha
ni-
o
ng

a
is
ic

a

he
n

be
tio
y,
e
ph
in

o-

a
g
r
a

f
ge

a-
ility

y a
pen-

in
en-
SR

ma-

di-
veral
us-
rie
sed
in
ari-
on
de-

n-
de-
s
di-
an
eu-

n
-

te
ics.
op-

int
ion
by

pant
ing

e a

e
e

s

ut
the
ing

i-
e,

for

PRB 61 1081ELECTRON-SPIN DYNAMICS OF POLARONS IN . . .
around 150 K. A similar behavior was observed in t
heavily doped PPy,17 where the Elliott mechanism15 appears
to almost govern the temperature dependence ofT2

21. Hence,
this enhancement of the sum implies that the Elliott type
behavior begins to develop at this doping level, and that
model may be insufficient for C-2 in this temperature ran

In Fig. 7, the spin-correlation rate of C-2 is suggested
be larger than those of other samples in the whole temp
ture range. The increase of the doping level is generally c
sidered to enhance the Pauli susceptibility in conjuga
polymers. In this sense, considering that the averaged be
ior of all the spins existing in possible spin levels is mo
tored, this enhancement of 1/tc is interpreted as attributed t
the increment in the contribution of rapid spins resulti
from the increment in the Pauli susceptibility.

C. Data evaluation of spin-correlation rates

As we have mentioned above, the spin-correlation r
1/tc reflects a quasi-three-dimensional spin motion. That
this parameter enables the elucidation of polaron dynam
Here, a physical interpretation of 1/tc is discussed.

Our spin-relaxation data have been analyzed on the
sumption that

F~ t !F~ t1t!5uF~0!u2 exp~2utu/tc!, ~29!

whereF(t) represents a local field at a timet. Here,F(t) can
be assumed to be proportional to the probabilityP(t) that
after a timet, a spin exists at the initial site. Then, using t
1D random-walk model as a simple case, the next equatio
obtained

dP~n,t !

dt
5WF1

2
P~n11,t !1

1

2
P~n21,t !2P~n,t !G ,

~30!

whereW is a hopping probability per second. It should
noted that this equation is usually used under the condi
that W is equivalent over all sites, at any time. Actuall
however, a memory of a previous motion is not wholly r
moved, and hence, just after one hopping assisted by
non, residual momentum will make the reverse hopp
somewhat difficult. In that case, two terms,P(n11,t) and
P(n21,t), are considered to fall after many hopping m
tions in a remarkable manner. Then, the solution of Eq.~30!
comes close to the form of Eq.~29!, and then 1/tc corre-
sponds toW. Therefore, in this case, 1/tc approximately rep-
resents an actual hopping rate.

Given the hopping rateW, the mobility m can be esti-
mated by way of Einstein’s relation,

m5
eD

kBT
5

eb2W

kBT
'

eb2

tckBT
, ~31!

where b is the interchain distance. Takingb as 5 Å, the
mobility of sample C-1 at room temperature is obtained
231023 cm2 V21 s21. This is a typical value for the hoppin
mobility.31 Therefore, 1/tc is presumed to be appropriate fo
an estimate of a hopping rate. In this sense, however,
f
r
.

o
a-
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proximately linear temperature dependences of 1/tc in Fig. 7
mean thatb2 dominates the temperature dependences om.
Then, as one interpretation, the theory of variable ran
hopping32 suggests thatm decreases with the rise of temper
ture. This may be questionable and implies one possib
that the temperature dependence of 1/tc may gradually in-
clude the effect of a spin exchange usually enhanced b
decrease in temperature. With respect to temperature de
dence, further research may be necessary.

VI. CONCLUSIONS

We have examined the spin dynamics of polarons
lightly doped PPy on the basis of the temperature dep
dence of spin-relaxation rates measured with a pulsed E
technique. The significant findings obtained here are sum
rized as follows.

Several experiments using pulse equipment have in
cated that observed species are averaged out over se
sites as if they were composed of one type, while the s
ceptibility data suggest the coexistence of Pauli and Cu
types of spins. We conclude that the discrepancy is cau
by the rapid diffusion of spins existing over possible sp
levels. The spin-relaxation rates scarcely changed for a v
ety of dopants, indicating a miner electron-spin density
the dopants. On the other hand, we observed remarkable
creases resulting from the deuteration of PPy inT1

21 as well
asT2

21. Two models, the Q1D diffusion model and the ra
dom diffusion model, were proposed to elucidate the
creases inT1

21 andT2
21. We point out that the Q1D model i

not necessarily suitable for spins diffusing quasi-three
mensionally. In contrast, the random diffusion model c
successfully interpret the decreases resulting from the d
teration in T1

21 and T2
21 as attributed to the difference i

local fields ~hyperfine field!, independently of the tempera
ture.

In the random diffusion model, the spin-correlation ra
1/tc was used as a parameter to monitor the spin dynam
This parameter is considered to give an estimate of the h
ping rate for polarons in lightly doped PPy. Here, we po
out that the quasi-three dimensionality of the hopping mot
probably comes from the enhanced interchain interaction
the dopants. In this sense, our results suggest that do
anions work as tunneling bridges between neighbor
chains, as proposed by Zuppiroliet al.33

The increase in the doping level was suggested to giv
larger spin-correlation rate. This enhancement of 1/tc is con-
cluded to result from the increment in rapid spins. All th
contribution ofT1

21 and T2
21 were almost expressed as th

forms like Eqs.~13! and ~14!, respectively. These finding
mean that several spin-lattice-relaxation mechanismsvia
phonons26 are ruled out for the interpretations. We point o
that our treatment can give a significant explanation for
spin-relaxation behaviors mainly governed by a narrow
effect resulting from the quasi-three-dimensional motion.
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