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Abstract

Electron spin resonance (ESR) studies are reviewed, specifically focusing on an experimental pa-
rameter of frequency applied to organic conductive materials. By analyzing the ESR linewidth
and/or the spin-lattice relaxation rate measured in a wide frequency range such as several MHz to
24 GHz, one can obtain a frequency spectrum of spin motion that gives characteristic parameters of
such motion, anisotropic diffusion rates. The first example is a dynamics of so-called "neutral soli-
ton" in trans-polyacetylene, which is a topological defect having spin half but no charge. In the
case of polarons and/or conduction electrons in conducting materials, the dynamics of spin is
equivalent to that of the charged carriers responsible for the electrical conduction. Polyaniline
(PANI) and polythiophene (PT) are reviewed as examples of the conducting case with a quasi-one-
dimensional electronic state. Recent development of this technique suggesting a new relaxation
mechanism will be briefly mentioned.

1 Introduction

In most cases the electron spin resonance (ESR) has been studied as a function of temperature,
while it has been rarely done over wide frequency range such as from 3 to 24,000 MHz [1]. Major
reason to expand a frequency range of ESR has been to resolve origins of resonance shift, linewidth
and relaxation and to investigate electronic states. So far, it is not adequately unveiled what kinds
of information are embedded in the frequency axis, then it is interesting and important to survey a
new world along the frequency axis. For example, in the case of pure Aluminum metal it was re-
ported that the g-shift and the linewidth as functions of temperature and frequency exhibit anoma-
lous behavior [2-4] and a new model for the g-shift and the linewidth in terms of the g-anisotropy in
the k-space and the electron-electron correlation [3] was proposed to account for such anomalies.
However, understanding remains still unclear [4] even in the pure Aluminum metal.

In this paper, ESR studies in the wide range of frequency will be reviewed especially to study the
spin dynamics in conductive organic materials as successful examples [1]. Electron spins in these
materials can move freely to convey charges. Such spins interact with other electron spins and nu-
clear spins through dipolar, exchange and hyperfine interactions. Spin motion modulates these in-
teractions and produces a motion spectrum characteristic for the dimensionality of space where the
spins are moving; frequency independent in the isotropic three dimension (3D), log® in the two di-
mension (2D) and @ !/2 in the one dimension (1D). Then low dimensional systems, in other word,
highly anisotropic electronic systems are interesting to apply the spin dynamics technique. Most
cases frequently studied are the quasi-one dimensional systems (Q1D) where the characteristic mo-
tion spectrum ¢() is expected to have an expression as follows {5, 6],
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where D, is the diffusion rate along the one-dimensional axis, T, the cutoff frequency that is, in
some cases, equal to the diffusion rate perpendicular to the one-dimensional axis D;, in unit of
rad/sec for both diffusion rates, and @ the angular frequency. This spectrum can be measured by
spin-lattice and spin-spin relaxation rates of ESR or NMR and yields above parameters for the
anisotropic spin dynamics that can be reduced to the microscopic electrical conductivity even in
polycrystalline materials. Here, only the case of ESR will be reviewed, then see recent reviews for
other applications of the spin dynamics with both ESR and NMR [7, 8].

This review is organized as follows. Basic idea for background of the spin dynamics is mentioned
in §2. In §3 experimental aspect is reviewed briefly. In §4, as a first example of the spin dynamics
study, the neutral soliton dynamics in pristine trans-polyacetylene (1-PA) by the spin-lattice relax-
ation rate and the linewidth of ESR is demonstrated. The relaxation mechanism of ESR has been
experimentally identified to eq. (1) in this system at first time. In §5, examples in conducting mate-
rials, polyaniline, polythiophene and polyheterocyclic polymers are demonstrated. In §6, recent
findings that have a possibility to lead us to new information on the electronic states in conducting
polymers and TTF-TCNQ will be described briefly and a conclusion in §7.

2 Background of spin dynamics

Idea to study the spin dynamics is based on detection of a motion spectrum that depends on the di-
mensionality of space where the spins are diffusing. Since the electron spins interact with the other
electron spins and nuclear spins via dipolar and scalar couplings, the motion spectrum is generated
as a local magnetic field randomly modulated by the spin motion. Such a motion spectrum can be
measured by the spin-lattice or spin-spin relaxation rates that are proportional to the spectral density
at the Larmor frequency @y. A functional form of the motion spectrum can be derived by a diffu-
sion equation {5, 9] or a random walk formalism [6].

2.1 Autocorrelation function

The motion spectrum is described by a Fourier transform of an autocorrelation function G(r) de-
fined by [9]
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where p(ry) is the probability density to find a spin at 7| and =0, and &), ry, 1) the probability
density to find such a spin at r, after z. The p(r;) is equal to the spin concentration ¢ per unit
molecule. F(r) is the random function of the implicit parameter ¢, defined by the interaction
Hamiltonian }(l=ZqF(q)A(q). In the case of dipolar interaction 9 and A@ are given by
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where r is the distance between two spins and @ the angle between the external magnetic field Hy
and the vector r. The integration in eq. (2) means ensemble average taken over r in place of .

2.2 Spectral density and dimensionality

Then the spectral density of the motion spectrum J(@) is written by

71



J@=c T orrpFVe )FOry), @

re»r2

where ¢(r},r;,0) is a Fourier transform of @ry, r5, 1) and the sum is over n and 12 with all the pos-
sible sites. In the case of Q1D electronic systems providing that w«D,,c/, /Areff where Arg is the
effective range of interaction [7], ¢(r.r,,m) is given by eq. (1) as a solution of the 1D diffusion
CqLId(l()n 0d/dt=D;; A modified by an escape probability from the chain, exp(-21/t,) [10]. Here,
Dy (cm /s) is the diffusion coefficient, relating to the diffusion rate Dy (rad/s) by D,=Dy/c;”, where
¢y is the intersite distance. Equivalently, anisotropic random walk formalism yielded the same re-
sult as the former approach [6]. In the two limits eq. (1) can be rewritten as
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The former is of 1D regime and the latter is of 3D regime. The cutoff frequency 1/1; is character-
ized as a crossover frequency between two regimes. 1/t is equal to the interchain diffusion rate
D, providing that D) is the largest interaction between chains. In the case of chains with finite
length, the cutoff frequency is shown to be dominated by the finite chain length effect instead of the
interchain diffusion rate D, [7, 11].

2.3 Relaxation rates

The relaxation rates of ESR due to the Q1D spin motion are expressed by the spectral density of the
motion spectrum J9(w) or that of the probability density ¢ w) as
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for the case of the electron-electron dipolar interaction (7, 9, 12], where ¥, is the gyromagnetic ratio
of the electron spin and X, the lattice sum ZP;(cos@2)/(ry r23) [5]. The susceptlblllty X is in units
of emu/unit-molecule. In the second line of egs. (6) and (7) the spectral density JO (w) is averaged
out for the powder. Quantitative estimation of Dy, is not easy, since quantitative estimation of the
lattice sum is required. On the other hand, quantitative estimation of the cutoff frequency is more
accurate, since it depends only on the functional form of eq. (1) The spin-spin relaxation rate is di-
rectly related to the 11new1dth of ESR by a relation, AHp,=2T5" /(\/3 v¥s) and composed of two parts;
frequency- dependent T," ) S5¢(wg)+ 0.2¢(200) (so-called life-time broadening because of the
same origin as 7| ) and frequency-independent 7," locO. 3¢(0) (secular broadening). At the limit of
3D-regime, that is wy=0, eq. (6) becomes equal to eq. (7). Such equality was confirmed in pristine
trans-polyacetylene [13]. Practically T1'1 measurement is more difficult and tedious than Tz‘l and
then the linewidth is usually used for the spin dynamics study.
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Fig. 1: A block diagram for ESR spectrometer.

3 Experimental

One of the key points of this experiment is to use one unique sample for all experiments over the
studied frequency and temperature ranges, since ESR spectrum should be kept free from possible
difference in a sample batch caused by any influence due to a presence of impurities such as oxygen
and/or humidity, inhomogeneity of doping in different part of sample and etc. Generally samples
are sealed into a quartz tube to avoid undesirable ESR signal from glass tube and any influence due
to changes of circumstance. To gain sufficient sensitivity in the low frequency range down to sev-
eral MHz, much more sample quantity than the case of a conventional ESR apparatus at X-band (~9
GHz) is required. We usually use a quartz tube with diameter of 5 mm that can be used up to 24
GHz. A block diagram of a homebuilt ESR spectrometer is shown in Fig. 1. Resonance circuit is
composed of a coil and condensers in the lower frequency range than 1 GHz, a loop-gap resonator
[14] in the higher frequency than 1 GHz and a cylindrical cavity at 24 GHz are used.

ESR spin-lattice relaxation rate Tl'l is measured by a saturation method instead of a pulse method,
since a dead time of signal receiving amplifier after high power rf pulses is more than 2 ps at 10
MHz and much longer than T that is typically the order of less than 100 ns. An amplitude of rf
magnetic field is calibrated by standard free-radical samples, (tri-p-nitrophenyl)methyl radical,
Q(TCNQ), or Ad(TCNQ), where the spin-spin relaxation rate T, ! satisfies a relation T, '=T;"\.

When the temperature is changed, the amplitude of rf-magnetic field is monitored by a pick up coil
located nearby the sample coil to keep accuracy of Tl'l measurement.

ESR linewidth is defined as a peak-to-peak separation of absorption derivative. A least-square fit-
ting with a Lorentzian lineshape is applied to deduce the linewidth from experimental data, which
allows to determine the linewidth with resolution of the order of mG. In conductive materials the
Lorentzian lineshape is commonly found because of rapid motion of charge carrier with spins
which makes satisfy the condition for "the extreme narrowing limit” that assures the observation of
the Lorentzian lineshape in ESR [8, 9].
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Fig. 2: The chemical structures for trans-polyacetylene, (a) phase A, (b) phase B and (c) neutral soliton as a
zone boundary of phases A and B.
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4 Pristine trans-polyacetylene -neutral soliton dynamics- [15-19]

As a good and successful example of the spin dynamics study, ESR investigation as a function of
frequency in trans-polyacetylene is reviewed. Structure of trans-polyacetylene for different bond-
alternation phases of A and B is shown in Fig. 2, together with the neutral soliton that is a zone
boundary defect of the phases A and B, carrying spin 1/2 but no charge. In principle, the neutral
soliton can move freely in the chain, since the ground state energy of the phase A is the same as that
of B (degeneracy of ground states in bond alternation), so the energy of polymer chain is not influ-
enced by a position of the neutral soliton. One of the evidences for such free motion of the neutral
soliton is an observation of sharp ESR signal (less than 1 G) with Lorentzian lineshape, typical of
motionally narrowed ESR spectrum [20]. The other evidence is an observation of the Overhauser
effect [21-24], which is an enhancement of nuclear magnetization via saturation of ESR signal at
the Larmor frequency of electron spin, @=ax [9, 25), providing that a correlation time of motion 7 is
enough shorter than 1/600=10'11 s. On the other hand, if the correlation time is longer than the in-
verse of hyperfine coupling frequency (= 1077 s), the solid state effect should be observed, which is
also the enhancement of the nuclear magnetization, but the irradiation frequency of w=ax+wn is re-
quired [7, 9]. The present study of the spin dynamics enables us to obtain quantitative information
on the anisotropic motion of the neutral soliton as follows.

4.1 Frequency dependence of ESR T;! and linewidth

Figure 3 shows the frequency dependence of the spin-lattice relaxation rate Tl’l for +-(CH)x and
-(CD)x. The concentration dependence of Tl'l shown in Fig. 3 (b) provides important information
to identify the relaxation mechanisms. The large intercept for -(CH)y is reasonably ascribed to the
hyperfine interaction with the proton, since the relaxation rate due to the hyperfine coupling with
proton nuclei is larger than that with the deuteron by a factor of =16 in Tl'l [12, 19]. The relaxation
rate proportional to the spin concentration is consistent with the prediction of the electron-electron
dipolar interaction described by eq. (6) (refer to the second line). The prediction of eq. (6) together
with the hyperfine contribution reproduces the data well as shown by the solid curves in Fig. 3.
According to eq. (7) it is also expected to find a similar frequency dependence for the ESR
linewidth. Actually, the ESR linewidth shows a behavior predicted by eq. (7), as shown by the
solid curves in Fig. 4. Characteristic features of this figure are

(:) that the slope of the solid curves gradually increases with decreasing temperature,

(2) that a constant contribution independent of frequency, corresponding to the intercept of the

ordinate axis, rapidly increases with decreasing temperature, and
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Fig. 3: (a) The frequency dependence of Tl‘l for t-(CH)x and t-(CD)x. The solid curves indicate predicted

behaviors of eq. (6). (b) The concentration dependence of Tl'l for 1-(CH)x and 1-(CD)x. (after K.
Mizoguchi, K. Kume and H. Shirakawa, Solid St. Commun., 50 (1984) 213-18)
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Fig. 4: ESR linewidth in (a) +-(CH) and (b) +-(CD)x versus 17 f with the implicit parameter of temperature.
(after (a) K. Mizoguchi, S. Komukai, T. Tsukamoto, K. Kume, M. Suezaki, K. Akagi, and H. Shirakawa,
Svnth. Met., 28, 1989, D393-8 and (b) K. Mizoguchi, K. Kume, and H. Shirakawa, Synth. Mez., 17, 1987,
439-45)

(3) that an anomalous steep broadening below 6 MHz (above 1A/ f~0.4) is observed uniquely in
t-(CH)y (refer to Fig. 6 for the lower frequency than 1N £=0.45 in t-(CD)y).

The first is interpreted by the Q1D motion of eq. (7), but the second requires to assume a dif-
fuse/trap model for the neutral soliton dynamics proposed by Nechtschein et al. to account for the
observed temperature dependence of ESR linewidth at X-band [23]. A schematic explanation for
(1) and (2) in terms of the diffuse/trap model is shown in Fig. 5. When the neutral soliton is diffus-
ing in normal sites, the linewidth broadens dynamically by the lifetime described by eq. (7). On the
other hand, in a trapping site the linewidth broadens by spatial inhomogeneity of static local field,
since the neutral soliton stays for longer duration than in the normal sites by several orders of mag-
nitude. A criterion for the dynamic or static broadening is that the hopping rate of the spin is larger
than the Larmor frequency or smaller than the hyperfine interaction frequency, respectively. Then,
the diffuse/trap model requires that the linewidth is a sum of two contributions, dynamic and static
broadenings, weighted by the ratio of duration being diffusing and trapped as shown in Fig. 5. As
the origins of the trapping several possibilities have been proposed [7, 26].

aT) L Stay for longer period
at trapping site

_ 0.5¢0(0)+02¢(20) (broadening via static interaction)
©) (YTZ-) -1x0_3¢(0) ¢, neutral soliton
T /\/\/\/\/\/\A\/\/\/\
- 2 0

AH=¢ AH +c "AH *  Rapid diffusion

. . at normal sites
The width due to trapping (broadening via dynamic interaction)

1/{F (MHz'"?)
Fig. 5: A schematic figure for the origin of ESR linewidth in terms of the diffuse/trap model. AHyy, and

AHg;p are the static broadening due to hyperfine and electron-electron dipolar interactions, respectively. ciis
the ratio of duration stay at the trapping site, f/(fy+t4ifr).
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4.2 Anomalous broadening below 6 MHz in ¢-(CH),

The above understanding helps us to interpret the anomalous broadening below 6 MHz found
uniquely in t-(CH)x. The nature of this anomaly appears in the characteristic pattern of the
linewidth against the angle of the external magnetic field to the chain axis in stretch-oriented films
of both t-(CH)x and 1-(CD)y as shown in Fig. 6. Some characteristic indications are found
(1) in the reversed phase of anisotropy in the protonated and deuterated polyacetylenes, and
(2) in the strong enhancement of the anisotropy in the protonated polyacetylene.

The reversed phase is well evidenced that the phase of t-(CD)x comes from the dynamic origin
shown by eq. (7) and that the other phase of +-(CH)y does from the static one produced during the
trapping [16, 27, 28] because of the larger hyperfine width than +-(CD)x. Then, the anomaly in the
linewidth is ascribed to the enhancement of the width due to trapping. The reason why such an en-
hancement appears below 6 MHz solely in +-(CH)y is due to a crossover from "unlike" spins to
"like" spins in the electron and nuclear coupled spin system. Usually the static coupling is caused
by aS;°I, term that conserves total energy of the spin system even for the "unlike" spins, but not by
bSoI; term due to decoupling by the large Zeeman energy splitting under strong external field.
However, under the special condition of Larmor frequency fless than 6 MHz, the spin system be-
comes "like” spins because of mixing due to the larger hyperfine coupling frequency A
(#£2nhASeI) than the Larmor frequency. Therefore, bSy*I; term becomes effective to broaden the
ESR linewidth below 6 MHz [19]. Using this crossover frequency the maximum spin density p of
the neutral soliton can be deduced. The effective hyperfine coupling constant Acs=A*p/2=6 MHz
with A=-70 MHz/spin yields p to be 0.17 spins/carbon at the center of the neutral soliton extension
spread over 18 CH units [29, 30], in good agreement with the ENDOR result in cis-polyacetylene
[29, 30]. Finally in the case of the deuterated polyacetylene because of the smaller nuclear moment
than that of proton, a similar enhancement of the linewidth could be expected if the Larmor fre-
quency were reduced to the comparable magnitude to that of the electron-deuteron coupling.

4.3 Temperature dependence of diffusion rates

With the least square fitting as demonstrated by the solid curves in Figs. 3 and 4, the temperature
dependence of the diffusion rate along the chain Dy and the cutoff frequency (the diffusion rate
across the chains) were derived as shown in Fig. 7, where the correction arising from the trapping
was made [19, 23]. The thick solid curve shows D without correction of the trapping, which indi-
cates importance of the correction below 100 K. Such a correction for the proton NMR entirely

3 T T T
2 - -
<) t-(CD),
. (b) 10K
x
A 1
—o0—3MHz
—e— 18 MHz
4 A i L i i O i i 1 i 1 i 1
30 0 30 60 90 30 0 30 60 90
Y (deg) Y (deg)

Fig. 6: Angular dependence of the ESR linewidth (a) at 3.5 and 40 MHz for -(CH)x and (b) at 3 and 18
MHz for r-(CD)y, at 10 K. Note the reversed phase of anisotropy pattern each other. (after K. Mizoguchi, S.
Komukai, T. Tsukamoto, K. Kume, M. Suezaki, K. Akagi, and H. Shirakawa, Synth. Met., 28, 1989, D393-8)
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Fig. 7: The temperature dependence of the diffusion rate (a) along the chain and (b) across the chains. O
t-(CD)x, @ 1-(CH)x (ESR linewidth), Q ¢-(CD)y, (ESR 7)) and --- t-(CH)x (NMR T;°!) [23]. (after K.
Mizoguchi, S. Masubuchi, K. Kume, K. Akagi, and H. Shirakawa, Phys. Rev., B51, 1995, 8864-73)

changes the original behavior to give the corrected result shown in Fig. 7 (a) [23]. The obtained
temperature dependence of Dy, with both ESR and NMR shows good agreement with each other,
suggesting rationality of the present experiment and analysis with the diffuse/trap model. Such a
temperature variation of Dy implies that at absolute zero the neutral soliton is fixed even at the nor-
mal sites and that the scattering with phonons activate its diffusion below 300 K. These behaviors
can be compared with the theoretical considerations [31-37]. On the cutoff frequency there are sev-
eral possibilities, hopping of the spins between chains, exchange coupling and spin-spin relaxation
itself [38]. The cutoff frequency shows weak variation against the temperature as shown in Fig. 7
(b). The decrease with increasing temperature up to 100 K can be ascribed to motion induced inval-
idation of exchange coupling among the nearby neutral solitons fixed around the trapping center at
absolute zero. Above 200 K it is probable that the hopping of the neutral soliton between the chains
could be activated thermally, for example via charged solitons created by unexpected doping as
predicted by Kivelson [39], although a serious question of validity of this mechanism has been
raised [40]. Here, note that the anisotropy of the neutral soliton dynamics is as large as 10%, consis-
tent with the topological nature of the neutral soliton.

5 Conducting state of polymers
5.1 Polyaniline (PANI) [41-44]

Polyaniline is a stable conducting polymer in air with chemical structure shown in Fig. 8 and shows
the electrical conductivity up to several hundredth S/cm at 300 K by protonating with HCI and cam-
phorsulfonic acid (CSA) [45-47]. It is known that crystalline structure of PANI is not only depends
on species of counter ions, but also on sample morphology, powder or film [48-50]. PANI powder
protonated with HCI by dipping in aqueous solution of HCI, has ES-I structure, but a four-fold
stretch-oriented PANI film cast from N-methylpyrrolidinone (NMP) solution shows ES-II structure
[48] with the higher electrical conductivity than in ES-I. In this section the spin dynamics study to
clarify microscopic and anisotropic charge conduction in the ES-I powder is reviewed [41-44].
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Fig. 8: Chemical structures of (a) neutral (Emeraldine base form, EB) and (b) oxidized (Emeraldine salt
form, ES) polyanilines. ES is protonated with HCl. (c) polythiophene. Protons bonded to carbon atoms are
abbreviated.

5.1.1 Protonation dependence

Figure 9 (a) shows the ESR linewidth as a function of 1//f [1]. Note that the cutoff frequency 1/t
crossover frequency from 1D to 3D regime, remarkably increases from 1/Vf=0.15 (=50 MHz) to
0.01 (=10 GHz) at y=02~0.3. On the other hand, D, is almost independent of y as found in Fig. 9
(b). These findings can be understood as a percolative transition due to segregative protonation, in
agreement with the conclusion drawn from the Pauli-like susceptibility increasing proportionally
with y [52]. ESR observes the spin carriers on the particular chains fully protonated segregatively
and other unprotonated chains have no spin carriers, resulting in a single value for D, independent
of y. In the same time, the percolative connection of chains strongly enhances the interchain diffu-
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Fig. 9: (a) The frequency dependence of the ESR linewidth with an implicit parameter of protonation level
y. (b) The diffusion rate Dy, and the cutoff frequency 1/t,=D, with the dc conductivity and the microscopic
conductivity deduced from D, against y. Origin of a quantitative difference of D;, for ESR from for NMR
is probably that each of ESR and NMR requires estimation of similar but different quantities from each other
to calculate Dy. A leveling off of 1/t; below y=0.2 is ascribed to the other mechanism than the interchain
hopping rate D, for the cutoff frequency 1/t; [51]. (after K. Mizoguchi, Jpn. J. Appl. Phys., 34, 1995, 1-19)
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sion rate D, (=1/1,) at y=0.2~0.3 that corresponds to the percolation threshold p.=0.4~0.6. Such a
value of p. is reasonable because the effective dimensionality for the percolation of the interchain
hopping is two dimensional triangular lattice that has p.=0.5 because polyacetylene chain has six
neighboring chains at nearly equidistance. The other important feature of Fig. 9 (b) is the protona-
tion dependence of microscopic conductivity op, derived from D, for the charge carriers with spin,
using Einstein relation o, =e2N(Ep)D ¢, ? for systems with Pauli susceptibility. Here, N(Eg) is the
density of states at the Fermi energy and c the interchain distance. ©p, behaves very correspond-
ingly to the dc conductivity measured in the same sample as demonstrated in Fig. 9 (b), which
claims that the dc conductivity of PANI-HCI powder is limited by the interchain hopping rate D, .
Such a correspondence is found also in the temperature dependence of the conductivity [43, 44].

5.1.2 Temperature dependence [44, 53]

The temperature dependence of the ESR linewidth with an implicit parameter of frequency is plot-
ted in Fig. 10 (a) for PANI-HCI with y=0.62. One feature is that the lower the frequency, the larger
the temperature dependence, particularly below 100 K. In other words, the lower the temperature,
the larger the frequency dependence of the linewidth. This frequency dependence can be ascribed
to the quasi-one dimensional motion of the spins [44, 53]. Such an analysis of the frequency de-
pendence yields the residual linewidth corresponding to "the observed linewidth-eq. (7)", which is
plotted by the open diamonds in Fig. 10 (a). Origin of the residual linewidth is not clear, but re-
cently new model on the collision with oxygen were proposed {8, 54]. According to this, the line
broadening 8, is proportional to pCgDy, where Cy is the concentration of oxygen and p the effi-
ciency of collision. In the case of "strong collision" via exchange interaction, which forces to lose
phase memory of the spin carrier, d,xo< CgDy/ since p is constant. On the contrary, if the scattering
center works for "weak collision", 8,xo< Cg/Dy/ since p=lID//2. Then, actual line broadening depends
on the nature of interactions, "strong" or "weak". Realistically, distance between the charge carrier
and the oxygen would distribute over the size of microscopic crystal; the shorter the distance, the
stronger the collision, but the longer the distance, the weaker the collision. Therefore, the expected
dependence on the diffusion rate Dy for the line broadening is dominated by the average "collision
strength" and the shape of its distribution. Following such a consideration, we examined the tem-
perature dependence of the residual linewidth to fit with the diffusion rate Dy, (as indicated by the
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Fig. 10: (a) The temperature dependence of the ESR linewidth with an implicit parameter of frequency. (b)
The temperature dependence of the diffusion rate D, and 1/1). Reason why 1/1, levels off around 10? is the
same as the case in Fig. 9(b). (for (b), after K. Mizoguchi and K. Kume, Synth. Met., 69, 1995, 241-2)
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open circles in Fig. 10 (b)) deduced by the Q1D fitting applied to the frequency dependence shown
in Fig. 10 (a). The solid curve in Fig. 10 (a) shows a formula oDy, +P (G) which well reproduces
the residual linewidth with a=1.5x10"® (Ges) and B=0.36 (G). This result enables us to conclude
that the "strong collision” dominates the residual linewidth, together with the temperature indepen-
dent width, in other words, the width independent of Dy. It is possible that the broadening becomes
independent of the diffusion rate Dy because an average of p becomes proportional to time interact-
ing with oxygen, that is p=1/Dy and then 3ox=const., if one takes into account a distribution of the
coupling strength, as in the case of the transition probability in magnetic resonance 9]

Fig. 10 (b) shows some characteristic features that PANI-HCI with y=0.62 shows semiconducting-
to-metallic transition around 150 K, but the sample with y=0.27 shows semiconducting behavior up
to 200 K. The transition temperature seems to move to higher temperature with decreasing y. Such
a microscopic conductivity shows a completely different behavior from the dc conductivity that is
governed by the interchain hopping rate Dy, as clearly demonstrated in Fig. 10 (b) for both y=0.62
and 0.27. Here, note a difference of the scales; the left scale for 1/1) and the right for 64 in Fig. 10
(b). Another point is a large anisotropy ratio of Dj/D,, more than 10° for y=0.62 and 10* for
y=0.27 at 300 K and reaches more than 10* at 150 K. Such a large anisotropy yields an estimation
of chain length to be Ipin = DD, cy= (3x104)2¢;; = 180cy resulting from a finite chain length
effect [1]. This value is consistent with the average molecular weight of 50,000 for PANI [55].
Similar consideration for trans-polyacetylene yields Imin = 10%¢,.

5.2 Polythiophene (PT) [56, 57]

Another example of polythiophene (see, Fig. 8 (c) for chemical structure) applied the spin dynamics
study is reviewed [56-58]. PT-ClO4 is prepared by electrochemical oxidation in inert atmosphere
[58] so that the broadening due to oxygen can not be expected as in the case of PANI-HCI. The
frequency dependence of the ESR linewidth is shown in Fig. 11 (a). In this polymer there are three
different origin of the linewidth, Q1D (eq. (7)), Elliott mechanism and anisotropic g-shift.

The Elliott mechanism [59] induces a spin-flip scattering via a spin-orbit interaction, which is pro-
portional to the momentum relaxation rate 1/1; due to phonon scattering. Since such a relaxation
rate 1/1, dominates the electrical resistivity p, the Elliott broadening AHgy is expected to correspond
to the resistivity p. Figure 11 (b) demonstrates a good correspondence between the linewidth and
the voltage-shorted-compaction (VSC) resistance [60], which suggests the electronic state of this
system is metallic consistent with an observation of the Pauli-like susceptibility [56, 57, 61, 62] and
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Fig. 11: (a) The frequency dependence of the ESR linewidth and (b) the temperature dependence of the ESR
linewidth for Polythiophene doped by ClO4", together with the VSC resistance ratio [60]. (after (a) K.
Mizoguchi, M. Honda, S. Masubuchi, S. Kazama, and K. Kume, Jpn. J. Appl. Phys., 33,1994, 971-5 and (b)
K. Mizoguchi, M. Honda, N. Kachi, F. Shimizu, H. Sakamoto, K. Kume, S. Masubuchi, and S. Kazama,
Solid St. Commun., 96, 1995, 333-7)
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Table 1. The parameters for polythiophene obtained at 300K from the analysis of ESR broadening due to
the diffusive motion and the Elliott mechanism. D is the diffusion rate, 1; the relaxation time for scattering,
Vg the Fermi velocity, £* the mean free path and o the electrical conductivity. (after K. Mizoguchi, M.
Honda, S. Masubuchi, S. Kazama, and K. Kume, Jpn. J. Appl. Phys., 33, 1994, 971-5)

D (radlsy T (5) Ve (emfs) £F (cyorc) o (Slem)
/ 1.9x10"° 5%x10°16 8.0x10’ ~1 1.2x10°
1 5.5x10° 0.037

linear thermoelectric power 58, 60, 63]. Both the linewidth and the VSC resistance behave as 72 at
lower temperature than 100 K and approach a linear dependence at higher temperatures, which can
be understood by a simple 1D metal model [64-66]. Further evidence of the Elliott broadening is
found that the linewidth at 300 K shows an expected behavior of the Elliott mechanism, that is,
clear proportionality to A2, where A is the spin-orbit coupling constant for the heaviest atoms in not
dopant but the polymer backbone of various heterocyclic polymers with five members, such as
polythiophene, poly(3-methylthiophene) and polypyrrole doped by a series of dopants [7, 56].
Similar dependence on A of the alkali metal dopants was reported for other conducting systems,
such as polyacetylene [67-69], poly-p-phenylene [70], graphite intercalated compounds (GIC) [71]
and fullerides [72]. To validate the Elliott mechanism it requires some deviation from the pure-one-
dimensional symmetry in the electronic state; heterocyclic polymers have molecules with asymmet-
ric structure and other alkali-doped systems have sizable contribution of alkali ions.

The broadening due to the g-shift anisotropy is inhomogeneous broadening proportional to the
Larmor frequency and arises only in polycrystalline samples, since ESR signal from each crystal
with different direction of the crystal axis appears at different magnetic field strength. The most
prominent contribution to the ESR linewidth is the Elliott broadening which gives information on
the scattering rate 1/t, with phonons. The diffusion rates Dy and D; deduced from the solid curve
in Fig. 11 (a), can be combined with the scattering rate 1/1, to give several parameters on the elec-
tronic state in PT-C104" [1, 57], as listed in Table L.

6 Recent findings

As another application of the frequency dependence of ESR, an organic charge transfer salt TTF-
TCNQ was investigated, in relation to the NMR result studied as a function of frequency [10].
Although the reported NMR data claimed that the relaxation rate is dominated by Q1D mechanism,
the ESR linewidth showed no such a dependence proportional to 1/Vf, instead the linewidth was
rather proportional to f»-f2 and leveled off around 50 MHz, keeping constant up to 2,000 MHz as
shown in Fig. 12 (a). A similar behavior, but smaller amplitude, has also been found in PANI-HCI
film cast from NMP solution (Fig. 12 (b)) and PANI-CSA (camphorsulfonic acid) cast from m-
cresol solution. In general, the spectral density of the local field approaches zero with the fre-
quency goes to infinite. However, it can occur when the local field strength is proportional to the
frequency. One example is the hopping of the spins between TTF and TCNQ stacks with the dif-
ferent g-values, but it is easily shown to be too small in magnitude. Similar mechanism was pro-
posed to explain the anomalous frequency dependence of g-shift in pure aluminum that the g-
anisotropy on the Fermi surface combined with the electron-electron correlation could yield the ex-
pected frequency dependence [3, 4]. This model claims for the g-shift to show a similar frequency
variation to that of the ESR linewidth. An existence of the g-shift change in the same frequency re-
gion as for the ESR linewidth has been confirmed in PANI-CSA film, but 30 MHz is too low to
measure g-shift in TTF-TCNQ. The quantitative reproduction of the data by this model is not
successful, but largely underestimate for TTF-TCNQ. Therefore, in the present status, there is no
definite model to explain these data. It still remains as an open question.
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Fig. 12: (a) The frequency dependence of the ESR linewidth in TTF-TCNQ powder. (b) The frequency de-
pendence of the ESR linewidth in PANI-HCI film cast from MNP solution.

7 Conclusion

With the several examples of organic conductive materials it was evidenced that the spin dynamics
study is useful and powerful to investigate the dynamics of not only the spin, but also the charge
carrier with spin as in the case of conduction electrons and polarons, including its anisotropy even
in the polycrystalline materials. Since this field of experiments along the frequency axis in ESR is
not fully developed yet, further refinement of experimental technique, analysis and interpretation
are required and at the same time it has a possibility to give important information on the dynamics
and electronic states of low dimensional conductive systems.
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