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ESR measurements have been performed on a quasi-one-dimensional �Q1D� halogen-bridged binuclear
metal-complex Pt2�n-pentylCS2�4I which exhibits successive electronic phase transitions. Anisotropy of the
ESR linewidth shows a drastic change around 215 K where the phase transition takes place between a non-
magnetic alternate-charge-polarization �ACP� state for low temperatures and a paramagnetic averaged-valence
�AV� state with a relatively good electrical conductivity for higher temperatures. In the AV state, a clear
minimum of the linewidth is observed around 50° from the chain direction due to the contribution of the
secular 1D dipolar term varying as 3 cos2 �−1, where � denotes the angle between the external magnetic field
and the chain axis. In addition to the dipolar contribution, the linewidth also exhibits temperature-dependent
spin-phonon contribution. These features of linewidths are consistent with those reported previously for Q1D
conductors such as charge transfer salts and Pt-complexes, providing microscopic evidence for the occurrence
of a Q1D conduction-electron system in the present bimetal complex. In the ACP state, the spin concentration
drastically decreases due to the nonmagnetic nature of the background electronic state. The linewidth shows a
uniaxial anisotropy with respect to the chain axis, which can be reasonably ascribed to the anisotropy of
unresolved hyperfine structures due to Pt and iodine nuclear spins. The spin susceptibility shows a clear
enhancement from Curie-type behavior, accompanied with a change of the line shape from a nearly Gaussian
at 4 K to Lorentzian with motional narrowing as the temperature is raised. The results further support our
previous conjecture that the observed spins are thermally excited solitons.
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I. INTRODUCTION

There has been increasing attention focused on quasi-one-
dimensional �Q1D� electron systems owing to their interest-
ing electrical, optical, and magnetic properties.1–3 Systems
studied so far include both organic and inorganic materials.
The former case includes organic conductors or semiconduc-
tors such as charge transfer salts and conjugated polymers.
The latter case covers inorganic materials like inorganic
polymers, transition-metal chalcogenides, and transition
metal complexes such as K2Pt�CN�4Br0.3 ·3H2O �KCP�.
Various electronic states have been clarified in those materi-
als; metallic states, charge-density-wave �CDW� states,
Mott-Hubbard states, spin-Peierls states, and so on.2,3 Non-
linear excitations, such as solitons, polarons, and bipolarons,
in these Q1D systems have also been extensively studied
both theoretically and experimentally, in particular, in conju-
gated polymers.4,5

For more than two decades, halogen�X�-bridged metal�M�
complexes, so-called MX-2,3,6–9 or MMX-chain com-
plexes,10–18 are one of the most well-investigated Q1D ma-
terials owing to their wide variety of physical properties. In
MX-chain complexes, the electronic ground state is sensitive
to the electron-phonon interaction �S� and on-site Coulomb
interaction �U�. Depending on the relative magnitude of
U and S, the electronic ground state is classified into either
the mixed-valence CDW state �¯M2+

¯X−−M4+−X−
¯ �

�M =Pt,Pd� for S�U or monovalence Mott-Hubbard state
�−M3+−X−− � �M =Ni� for S�U.6–8 Here, dotted �¯� and
solid �–� lines in the CDW state represent the longer and
shorter metal–halogen bonds, respectively. The optically in-
duced soliton and polaron have been so far investigated in

the CDW states.9,19 On the other hand, gigantic third-order
optical nonlinearity,20 ultrafast insulator-metal switching,21

or the formation of spin-Peierls ground state22 have been
reported for the Mott-Hubbard systems such as Ni�chxn�2Br3

�chxn=1R-, 2R-cychlohexanediamine�. A series of mixed-
metal complexes Ni1−xPdx�chxn�2Br3 have also been success-
fully synthesized and the conversion of the CDW state
�Pd2+-Pd4+� into the Mott-Hubbard state �Pd3+� due to the
competition of U and S has been demonstrated.23–28 In par-
ticular, ESR measurements have played an essential role to
clarify the conversion of CDW to Mott-Hubbard states as the
direct method to detect the magnetic Pd3+ ions occurring in
the Mott-Hubbard state.24,26 The concentration dependence
of the conversion has been well-reproduced by theoretical
calculations28,29 or more recently, by the direct observation
of the valence ordering patterns by scanning tunnel micro-
scope measurements.27

In recent years, more sophisticated MMX-chain com-
plexes have been attracting much interest.10–17,30–45 In these
complexes, direct metal-metal bonding creates various kinds
of valence ordering patterns, typically represented as:

�a� averaged-valence �AV� state
�−M2.5+−M2.5+−X−−M2.5+−M2.5+−X−− �,

�b� CDW state
�¯M2+−M2+

¯X−−M3+−M3+−X−
¯ �,

�c� charge-polarization �CP� state
�¯M2+−M3+−X−

¯M2+−M3+−X−
¯ �, and

�d� alternate-charge-polarization �ACP� state
�¯M2+−M3+−X−−M3+−M2+

¯X−
¯ �.

Here, AV and CP states have finite spin densities on the chain
with unpaired electrons on the M3+ ions whereas CDW and
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ACP states are nonmagnetic due to the formation of intra-
and inter-dimer spin-singlet states, respectively. The AV state
is expected to become metallic when the Coulomb repulsion
is weak. In fact, Kitagawa et al. reported for the first time
among the MX-or MMX-chains that the iodo-bridged diplati-
num complex, Pt2�RCS2�4I �R=CH3�, shows metallic trans-
port property above 300 K.16 Moreover, this complex under-
goes metal-insulator transition below room temperature due
to the formation of a possible CP state, and further transition
occurs around 80 K by forming the ACP state.16 Further-
more, Mitsumi and co-workers have successfully synthesized
a series of MMX-chain complexes of Pt2�RCS2�2I
�R=ethyl,32 n-propyl,33 n-butyl,34 and n-pentyl,35�, with the
strategy of tuning the interchain interaction by employing
various alkyl chain �R� lengths of the ligand molecules. De-
tailed x-ray analyses of single crystals have revealed that
several structural transitions occur in these systems involving
the rearrangement of the valence ordering patterns depending
on the length of R. The ESR method has also been success-
fully applied in studying the nature the electronic states and
nonlinear excitations in the case of R=n-butyl and n-pentyl
analogs.36

Before describing the relevant ESR results, a summary of
the electronic phases of these complexes is given as follows.
In the complex with R=n-butyl, three phases have been re-
ported as follows: an AV state with metallic transport prop-
erties above 324 K, an AV state with threefold Pt-Pt-I unit-
repetition due to the structural inhomogeneity of the ligand
molecules in 324 K�T�210 K, and an ACP state below
210 K.34,39 Similarly, the electronic phase of the complex
with R=n-pentyl is divided into three phases by the first- and
second-order phase transitions at approximately 270 and
324 K, respectively.35,41 The room temperature �RT� phase of
this complex is an AV state with a threefold Pt-Pt-I unit
repetition, although the definitive determinations of the
valence-ordering states or precise crystal structures for other
phases have not been completed yet. In addition, metallic
electronic conductivity is reported above 240 K, implying
that the high-temperature �HT� phase is also an AV state as in
the case of R=n-butyl.34,35 The crystal structure at 253 K
�RT phase� is shown in Fig. 1.35,41 The crystal belongs to the
tetragonal space group with its c-axis parallel to the chain
axis.

As for the ESR results, both complexes showed signifi-
cant changes in ESR spectra at approximately 210 K, caused
by the first-order phase transition between the AV state of the
RT phase and the ACP state of the low-temperature �LT�
phase.36 In addition, in the LT phase of the complex with
R=n-pentyl, we have suggested the thermal excitation of the
soliton kink of Pt3+ from the spin concentration enhancement
and the motional narrowing of ESR spectra above about
20 K. This is the first experimental observation of the soliton
in MMX-chains, whose existence has already been predicted
theoretically.46–48 No report, however, has been made con-
cerning the anisotropy of ESR spectra using single crystals,
which can probe spin dynamics in relevant phases. In this
paper, we report a detailed single crystalline ESR study of
the above complex with R=n-pentyl to get a further insight
into the soliton excitation and the nature of the insulating
ACP and the conducting AV states. As for the temperature

range of the measurement in the present study, we extended
the upper limit from room temperature �about 300 K� of our
previous study up to 364 K. This enabled us to cover the
above-mentioned upper phase transition temperature of
324 K between the RT phase and HT phase in the AV-state
region. We present the detailed angular dependence of
g-value and linewidth for those three phases. The obtained
g-tensor components provide clear evidence that the ob-
served spins are associated with the Pt3+ state, as is consis-
tent with our previous report.

On the other hand, the angular dependence of the line-
width provides detailed information concerning the spin dy-
namics in the relevant electronic phases. Generally, the mo-
tionally or exchange-narrowed ESR linewidth in Q1D
systems is approximately expressed as �p

2 /�e for the extreme
narrowing condition of �e��p.49 Here �p stands for the
static linewidth without the presence of spin motion, while
�e represents the frequency of the spin flip due to either the
spin-motion or spin-exchange. This expression plays a sig-
nificant role in identifying the occurrence of the narrowing
process through the angular dependence of the static line-
width �p of which behavior should be dependent on the ori-
gin of the static linewidth, such as hyperfine or fine struc-
tures in noninteracting spins or spin-spin dipolar coupling in
the case of concentrated spins.50,51

In the following, we present the angular dependence of
the temperature-dependent motionally narrowed ESR line-
width, which has been previously ascribed to the thermally
excited solitons in the ACP state.36 We show that the ob-
served anisotropic behavior in fact approaches to the above
expression of �p

2 /�e, where the angular dependence of �p is
reasonably ascribed to the hyperfine coupling due to Pt or I
nuclear spins with uniaxial anisotropies. On the other hand,

FIG. 1. Crystal structure of Pt2�n-pentylCS2�4I obtained at
253 K �RT phase�. The MMX-chain axis parallel to the c-axis is
indicated by the straight line.
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the linewidth anisotropy drastically changes at the phase
transition temperature from the ACP to AV states occurring
around 215 K. It no more shows a uniaxial anisotropy but
shows a distinct anisotropy proportional to the square power
law of the secular term of the spin-spin dipolar coupling
which is closely represented as 3 cos2 �−1. Here � denotes
the angle between the external magnetic field and the one-
dimensional MMX-chain axis. This contribution becomes
zero at the so-called magic angle of about 50°. The linewidth
in the AV states above 215 K, however, does not vanish at
this angle due to the other significant contribution which
shows a practically negligible angular dependence compared
with the dipolar contribution. This latter contribution may be
reasonably ascribed to the spin-phonon contribution, similar
to those reported in the case of Q1D conductors such as
charge-transfer salts52,53 and a metal complex, KCP.54

The origin of the above two contributions for the ESR
linewidth in the Q1D conducting phase has been discussed as
follows. In the Q1D conductors, the spin-phonon contribu-
tion from an Elliot mechanism55 becomes much smaller
compared with the case of three-dimensional �3D� metals
because of the suppression of either the forward or backward
scattering rate due to a flat Q1D Fermi surface. This results
in less contribution of the spin-phonon mechanism and the
enhanced contribution of spin-spin dipolar mechanism which
is usually masked in 3D metals.52 While the former contri-
bution is weakly angular dependent, the latter, the dipolar
contribution, exhibits a unique angular variation, represented
by the secular dipolar term as mentioned above. The domi-
nance of the secular dipolar term comes from the long-time
tail of the spin correlation function in Q1D spin systems,
which washes out the nonsecular contributions due to their
oscillations during the lasting tail of the spin correlation
function.49,56,57 The power-law dependence on the secular
term changes from �3 cos2 �−1�4/3 in a pure 1D system to
�3 cos2 �−1�2 in the Q1D system due to the cut off of the
above lasting tail by interchain hopping, resulting in a
Lorentzian line shape compared with a non-Lorentzian line
shape in the pure 1D system.

Thus the presently obtained angular-dependent ESR line-
width provides microscopic evidence for the occurrence of
thermally excited solitons in the ACP state and Q1D
conduction-electron systems in the AV states.

II. EXPERIMENT

Samples of Pt2�n-pentylCS2�4I were prepared by slow
cooling of toluene-n-hexane solution of equimolar amount of
�Pt2�n-pentylCS2�4� and �Pt2�n-pentylCS2�4I2�.34

ESR measurements were performed by using a Bruker
EMX spectrometer at the X-band equipped with a gas-flow
type cryostat, Oxford ESR-900, for temperatures between
room temperature and 4 K. For temperatures above RT up to
364 K, an air-flow-type Bruker ER4111VT unit was used for
temperature control. The spin susceptibility was obtained by
integrating the first derivative ESR signal twice. The abso-
lute magnitude of the spin susceptibility and g-value were
calibrated using CuSO4·5H2O and diphenylpicrylhydrazyl
�DPPH� as a standard, respectively. Since the ESR spectrum

in the AV state has large linewidths of several hundred gauss,
more than 200 single crystalline samples were aligned along
their c-axis on PET �polyethylene-terephthalate� substrates in
order to obtain a sufficient signal-to-noise ratio. The use of
aligned single crystals does not affect the accurate observa-
tion of the anisotropy of ESR signals in the plane containing
the chain axis. This is because the observed g-values and
spectra show uniaxial anisotropy around the chain axis, or
negligible orthorhombicity, in other words, as has been re-
ported in the previous study.36 The spin susceptibility has
also been measured using polycrystalline samples at room
temperature.36

III. EXPERIMENTAL RESULTS

Figure 2 shows the temperature dependence of the ESR
spectra between RT and 4 K with the external magnetic field
H perpendicular to the chain axis �c-axis�. These spectra
were recorded in the heating process after initially cooling
the sample down to 4 K. A nearly Gaussian-shaped spectrum
at 4 K gradually changes to a Lorentzian at 200 K, associ-
ated with spectral narrowing, as the temperature is increased
in the ACP state below 215 K. This feature is also observed
in our previous measurements36 and is attributed to the mo-
tional narrowing phenomena of the spin soliton. The line
shape at 200 K is well fit by a Lorentzian. On the other hand,
the ESR line shape at 4 K is not a simple Gaussian, but
associated with rather flat peaks as in Fig. 2. The flat peaks,
however, are not likely to originate from overlapping two
kinds of signals with different linewidths, for example, the
sharp signal of mobile species and the broad one of static
species. In such case, saturation study often discriminates
such mobile-spin signals which tend to be more difficult to
saturate. In fact, the saturation study of spectral line shape
using microwave power up to 200 mW gave no evidence of
broad and sharp signals with different saturation behaviors.

FIG. 2. Temperature dependence of the first derivative ESR
spectra of Pt2�n-pentylCS2�4I with the external magnetic field per-
pendicular to the c-axis together with the definition of spectral span,
Hspan at 4 K �see text of Sec. IV for more details�.
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Since there are no thermal excitations of spins up to 20 K
from susceptibility measurements �Fig. 4�, the spectrum at 4
and 20 K may be reasonably ascribed to single spin species,
presumably trapped solitons, although there is slight line nar-
rowing at the latter temperature. More detailed discussion
will be given later. As for the spectra at higher temperatures
at 50 and 100 K, where the thermal excitation of spins be-
comes more significant, the spectra exhibit certain shoulders.
In this case, the spectra with shoulders could be understood
as exchange-amalgamation of two different signals due to
trapped and mobile solitons, where weak shoulders may
originate from the trapped soliton signals with broader line-
width. Saturation study again showed no evidence for over-
lapping two kinds of lines, thus suggesting a rather strong
exchange coupling of broad and narrow components due to
trapped and mobile species, respectively. This point will also
be discussed later.

By heating the sample above the temperature of approxi-
mately 215 K, the first-order phase transition into the AV
state takes place, accompanied by a clear line broadening as
shown in Fig. 2. The ESR line shape at 220 K is inhomoge-
neous by the overlap of the spectra at the low-temperature
ACP state and the AV state above the ACP state, because the
first order phase transition is not complete around this tem-
perature. The line shape well above the transition tempera-
ture again becomes close to Lorentzian.

In order to examine the origin of the observed spins as
Pt3+ species, we have measured the angular dependence of
the g-value at various temperatures as shown in Fig. 3. The
anisotropy of the g-value is well-described by the conven-
tional expression as follows:58

g��� = �g�
2 cos2 � + g�

2 sin2 ��1/2. �1�

Here � shows the angle between the chain axis and the ex-
ternal magnetic field. g� and g� show the principal g-values
parallel and perpendicular to the chain axis, respectively.
Solid and dashed lines show the fitting curves according to
Eq. �1� for the data at 280 and 364 K, respectively. Observed
values of g� and g� are 1.970 and 2.211, respectively, at
280 K. These values agree well with those reported for low-
spin Pt3+ ions.59 In addition, the observed anisotropy of the
g11-values, g��2�g�, agrees well with the result of the
crystal-field calculation for the Pt3+ ion with the unpaired
electron residing in the Pt�5dz2� orbital;60

g� = 2 − 6��/	� − 6��/	�2 � 2,

g� = 2 − 3��/	�2 � 2. �2�

Here 	 and � denote the crystal-field splitting energy be-
tween dz2 and dyz,zx orbitals and spin-orbit coupling constant
���0�, respectively. The g-values exhibit a slight increase
when the crystal phase is transformed into the HT phase for
T�324 K, implying the modification of 	 associated with
the phase transition at 324 K.

Figure 4 shows the temperature dependence of �a� spin
susceptibility 
 and �b� peak-to-peak width of the first-
derivative ESR spectrum 	Hpp with H perpendicular to the
chain axis. Two anomalies observed both in 
 and 	Hpp
around 215 and 324 K are caused by the structural phase
transitions between the LT and RT phases and between the
RT and HT phases, respectively. A drastic decrease of 

around 215 K is consistent with the formation of the non-
magnetic ACP state in the LT phase, as reported previously.36

In the temperature range below about 20 K of the ACP
state, 
 obeys the Curie law as drawn by the dashed curve in
Fig. 4�a�. The spin concentration Ns determined from 
 gives
6.7�10−4 spins per Pt-Pt-I unit. The origin of the Curie
component may be ascribed to the isolated Pt3+ ions created
at the chain ends or defect sites. A prominent feature is that,
with increasing temperature, the spin concentration begins to

FIG. 3. Angular dependence of the g-value at various tempera-
tures. Solid and dashed lines represent the fitting curves using Eq.
�1� for 280 and 364 K, respectively.

FIG. 4. Temperature dependence of �a� the spin susceptibility 

and �b� peak-to-peak ESR linewidth, 	Hpp, with H perpendicular to
the chain axis. The data for higher temperatures than room tempera-
ture are obtained after measuring the data of low temperatures. The
dashed line in �a� represents the fitting curve by the Curie-law.
Arrows are guides to the eyes. Inset of �a� represents the tempera-
ture dependence of the thermally activated component obtained by
subtracting the Curie-component from the observed 
, see text for
details. Dashed lines for open and closed circles are fitting lines for
cooling and heating, respectively.
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show an enhancement from the Curie component 
c. The
enhanced component 	
��
−
c� is well-described by the
activation formula, that is, 	
� �1/T�exp�−Eg /kBT� as
shown in the inset of Fig. 4�a�. The activation energy Eg is
estimated to be about 90 K. In addition, ESR linewidth
shown in Fig. 4�b� exhibits clear narrowing with increasing
temperature, associated with the change of the line shape
from a nearly Gaussian to Lorentzian as shown in Fig. 2.
These results agrees well with our previous report,36 which
suggests that the activated spins exhibit a thermal motion.
We have proposed that such a mobile spin is the kink be-
tween the degenerate valence-ordering states of the ACP
state, that is, �¯Pt2+-Pt3+-I−-Pt3+-Pt2+

¯ � and �-Pt3+

-Pt2+
¯ I−

¯Pt2+-Pt3+-�, similar to the soliton-kink in the
MX-chain complexes.8,26 The existence of the soliton-kink in
MMX-chains has also been predicted theoretically.46,47 Fur-
ther evidence for the motion of the spins is given later from
the discussion of angular dependence of the motionally nar-
rowed linewidth in the ACP state in Sec. IV B.

In the AV state consisting of the RT and HT phases, a
clear increase of 
 from those of the ACP state is observed.
In this case, the dominant contribution of observed 
 would
be originating from the delocalized conduction-electron
spins, the presence of which is expected from the good elec-
trical conductivity in the AV state.35,38 The presence of the
Q1D conduction-electron system is also discussed later from
the angular dependence of the ESR linewidth, which probes
the spin dynamics.

Around the transition temperature of 324 K between the
RT and HT phases, a hysteretic behavior is observed. Once
the system is heated up to the HT phase, both 
 and 	Hpp do
not return to their RT values even though the samples are
cooled down to room temperature. We heated the samples
again after cooling down to room temperature, but observed
no anomalies around 324 K in this thermal process. Such
behavior is also observed in the transport properties and
calorimetric studies.35,41 Furthermore, the Curie spin concen-
tration in the LT phase is also affected once the HT phase is
formed, that is, it increases by nearly an order of magnitude
larger than that obtained from the measurement cooled di-
rectly from the RT phase. Since the Curie component may
arise either from the chain ends or defect states, the increase
of this component may indicate the occurrence of a kind of
scission of the 1D chain at the structural phase transition
from the RT to HT phase. In fact, we have observed a re-
markable broadening of the ESR linewidth around 324 K,
which may be related to the increased scattering rate of the
conduction electron due to the increase of the Curie compo-
nent reflecting the number of defect concentration, as to be
discussed in Sec. IV A.

As pointed in Sec. I, the anisotropy of the ESR linewidth
crucially probes the spin dynamics of the Q1D system.52,54,57

The angular dependence of 	Hpp is shown in Fig. 5�a� for
the ACP state and �b� for the AV state. As seen in this figure,
the angular dependence of 	Hpp is markedly different be-
tween the ACP and AV states. Figure 5�a� shows the angular
dependence of 	Hpp in the nonmagnetic ACP state, where
the spin-spin interaction is negligible due to the dilute con-
centration of the spins. In this case, the hyperfine interaction
would be expected to be the dominant contribution to the

linewidth.36 This is reasonably supported by the fact that the
linewidth shows a uniaxial anisotropy with the maximum
being observed for H parallel to the chain. This is consistent
with the uniaxial anisotropy of hyperfine interaction due to
Pt and I nuclear spins, similar as in the case of the Pt-Cl-
chain complex.61 Based on the motional narrowing theory,
the spin dynamics associated with the motion of the ther-
mally activated soliton is discussed further from the aniso-
tropic properties of 	Hpp in the next section.

On the other hand, a clear minimum of 	Hpp is observed
around 50° in the AV state, both in the RT and HT phases as
shown in Fig. 5�b�. The appearance of this minimum can be
regarded as the direct evidence of the formation of the Q1D
conduction-electron system in this material, as mentioned in
Sec. I. That is, the secular component of the spin-spin
dipolar-interaction dominates the motionally narrowed
dipolar-width in the Q1D system, exhibiting a power-law
relation of the �3�g� /g�2 cos2 �−1� for its angular depen-
dence of the linewidth. Here g shows the angular-dependent
g-value given by Eq. �1�. Then the linewidth would exhibit
a minimum around the magic angle �m ��m=51.6° by using
the experimentally obtained g-values�. On the other hand,
observed nonzero value of 	Hpp even at �m clearly indi-
cates the other contribution to the linewidth, that is, the
spin-phonon relaxation component T2

s-ph similar to the cases
of some TCNQ salts and KCP.53,54 By considering that the
total linewidth is described by the superposition of spin-spin
and spin-phonon relaxation components as 1 /T2=1/T2

s-s

+1/T2
s-ph, we find that the observed angular depend-

ence of 	Hpp in the AV state is well fitted by the following
phenomenological equation, as shown by the solid curves in
Fig. 5�b�:

FIG. 5. Angular dependence of peak-to-peak linewidth, 	Hpp, in
�a� the ACP state at low temperatures and �b� the AV state for both
the RT and HT phases. The solid curves in �a� represent the guides
to the eyes, whereas those in �b� are least-squares fitting results by
Eq. �3�.
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	Hpp��� = A + B�3�g�/g�2 cos2 � − 1�2. �3�

Here A and B represent the contributions of 1 /T2
s-ph and

1/T2
s-s, respectively. Since we could not find additional

angular-dependent components to �3�g� /g�2 cos2 �−1�2, we
assume that the angular dependence of A is negligibly small
compared with that of the second term in the right-hand side
of Eq. �3�. The square power dependence of the secular term
�3�g� /g�2 cos2 �−1� results from the Q1D nature of the
present system with finite interchain coupling, similar as ob-
served in the case of KCP. From the obtained magnitudes of
parameters A and B, we discuss the spin dynamics of the
conduction electron based on the ESR theory of Q1D con-
ductors in the next section.52,54

IV. DISCUSSIONS

In this section, we first discuss the spin dynamics of the
AV states consisting of the RT phase between 215 and 324 K
and the HT phase above 324 K. In both phases, ESR line-
width shows clear anisotropies due to the secular dipolar
term, as described in the previous section. Q1D spin dynam-
ics is confirmed from the observed secular dipolar anisotro-
pies proportional to the square of the secular term, that is,
�3�g� /g�2 cos2 �−1�2 as mentioned in Sec. I. In addition, the
observed Lorentzian line shape also provides evidence for
the presence of interchain spin hopping as discussed in the
Q1D system in comparison with the pure 1D system that
exhibits the line-shape intermediate between Lorentzian and
Gaussian.52,56,57 Next we discuss the motional narrowing ef-
fect of the ESR spectra of thermally excited solitons based
on the motional narrowing theory, by focusing on its aniso-
tropic behavior through the expression of �p

2 /�e.

A. Spin dynamics of the conduction electron in the AV state—
Evidence for the Q1D conductor

It has been shown that the ESR linewidth in Q1D conduc-
tors is given by the superposition of the spin-phonon and
spin-spin contributions as 1/T2=1/T2

s-s+1/T2
s-ph. Here T2

shows the total relaxation time and T2
s-s and T2

s-ph show the
spin-phonon and spin-spin relaxation times, respectively. As
mentioned in preceding sections, the latter term governs the
observed characteristic angular variation. In this section, we
discuss the magnitude and its temperature dependence of
these terms more specifically and relate them to the property
of Q1D conduction-electron systems in the relevant elec-
tronic phases.

1. Spin-spin relaxation

In this section, we discuss the spin-spin relaxation, as de-
termined from the observed magnitude of the linewidth com-
ponent that shows the characteristic angular variation of the
secular dipolar term. Tomkiewicz et al. have shown that the
significant contribution of the spin-spin relaxation in Q1D
conductors results from the relative suppression of spin-
phonon relaxation due to the restriction of the spin-flip scat-
tering of the conduction electrons in the Q1D system, as
mentioned in Sec. I.52,53 In fact, they have shown that some

charge transfer salts of TTF-halides exhibit a significant con-
tribution of spin-spin dipolar relaxation in the linewidth.
They have applied the discussion of the Q1D Heisenberg
spin system to estimate the observed magnitude of dipolar
width. Due to the presence of interchain hopping in the Q1D
system, the resultant ESR spectrum becomes as a Lorentzian
with its half-width 
 described as49,52


 	 
	�2�������1/2. �4�

Here, 
	�2� denotes the secular dipolar second moment. ��

and �� show the intrachain and interchain hopping time, re-
spectively. Then ������1/2 becomes the effective hopping
time for the linewidth narrowing.

While this equation has been employed to semiquantita-
tively explain the dipolar contribution in TTF-halides, no
study was reported on the anisotropic properties by using
single crystals to directly confirm whether the anisotropy is
governed by the secular dipolar term expected for Q1D spin
systems. Then Takahashi et al. have successfully observed
the secular dipolar anisotropy in their ESR studies of a Q1D
conductor, KCP.54 They have successfully explained the ob-
served magnitude and the temperature dependence of the
secular dipolar term by developing a theoretical framework
based on the linewidth theory of Q1D Heisenberg spin
chains by considering that the mean distance of spins may be
determined by the carrier concentration. The conduction
electrons in KCP are actually thermally activated carriers and
not the conduction electrons of degenerate conductors within
the temperature range of their work. Yet the expression for
the secular dipolar width due to conduction electron spins
may be equally applicable to the case of a degenerate con-
ductor where the carrier concentrations are considered to be
nearly temperature independent. So, we adopt their expres-
sion shown below for the discussion of dipolar width in the
present system as the first approximation. The linewidth 
 in
this case may be given by the following expression.54


 = 
	�0
2��3�g�/g�2 cos2 � − 1�2������1/2P . �5�

Here P represents the probability that a spin finds another
spin on the neighboring sites. This factor is equivalent to the
density of the conduction electron n by assuming the random
distribution of the conduction electron on the chain, which
should be less than unity. 
	�0

2� is defined as the secular-
dipolar second moment for the one-dimensional spin ar-
rangement without its angular dependent part and is given by
the following equation.54,58


	�0
2� =

1

�2

S�S + 1�
3

�2g�
2 + g�

2

2
�2
2

lc
−6, �6�

where � and lc represent the Bohr magneton and the nearest-
neighbor spin-spin distance corresponding to the lattice con-
stant along the chain axis, respectively. If we further define

	�0

2���0
2, and ������1/2�1/�ex where �ex becomes an ef-

fective hopping frequency, the above equation can be ex-
pressed as
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 = �0��0/�ex�P�3
g�

2

g2 cos2 � − 1
2

. �7�

This expression can be compared with the experimentally
observed angular dependence of Eq. �3� given in Sec. III. It
can be seen that ��0 /�ex�P gives the effective reduction fac-
tor of the motional narrowing of the static linewidth, �0. To
go further we need to estimate the secular dipolar second
moment which can be calculated based on the nearest-
neighbor spin arrangements in the possible valence state of
the MMX-chain.

Owing to the bimetal backbone bridged by a halogen,
three types of the valence configuration are considered for
the two conduction electrons to encounter each other on a
chain as illustrated in Fig. 6. These configurations provide
the nearest-neighbor distance lc in Eq. �6�. They are �i� the
CP-type valence configuration where lc becomes the unit
repetition distance, dMXMM; �ii� the ACP-type configuration
where lc is the Pt3+-I−-Pt3+ distance via bridged I− ion, dMXM;
and �iii� the CDW-type configuration with lc corresponding
to the direct Pt3+-Pt3+ distance within a Pt dimer, dMM. From
the structural analyses at 253 K shown in Fig. 1, the follow-
ing distances can be obtained for the RT phase: dMXMM
=8.590 Å �Pt1-Pt3�, dMXM =5.917 Å �Pt2-Pt3�, and dMM
=2.673 Å �Pt1-Pt2�.35

From these parameters, the half width at half height of the
static ESR spectrum is calculated from the square-root of
the second moment in the frequency unit. The calculated
values are compared with the experimental parameters B ob-
tained from 	Hpp by multiplying the factors �2/�3��� /g��
for a Lorentzian line shape.62 In the limit of P being unity,
which provides the upper limit of the dipolar linewidth for
the given lc-values in Fig. 6, the dipolar linewidth is calcu-
lated as 34, 74, and 803 G for the configurations �i�, �ii�, and
�iii�, respectively. Experimentally observed dipolar linewidth
�B-term� is shown in Fig. 7 together with the A-term. As seen

in this figure, the magnitude of the B-term varies from 46 G
at 240 K to 27 G at 320 K in the RT phase.

It is immediately recognized that the most probable va-
lence configuration to provide the observed large dipolar
linewidth is �iii�, CDW configuration because the other two
configurations give only the same order of magnitude with
the experimental observation. When the experimentally ob-
served dipolar width is described by Eq. �7�, the reduction
factor of the observed dipolar width from the calculated di-
polar width is given by ��0 /�ex�P as discussed above. We
can check whether this expression is compatible with the
observed value. If we adopt the case of �iii�, the reduction
factor becomes 27/803	0.04 at 320 K, for example. Al-
though the exact value of P is not known, an order estima-
tion may be possible when we consider that the concentra-
tion of the conduction electrons that can make spin flip is
roughly given by kBT /W due to Fermi statistics. Here kBT
represents the fraction of conduction electrons that can make
spin flip against the total carrier population represented by
the bandwidth W. At RT, kBT	300 K �0.03 eV� would give
the order of P	kBT /W	0.01, if W be several eV due to a
relatively narrow bandwidth. By adopting this value for P,
the above ratio of 0.04 for ��0 /�ex�P gives �0 /�ex close to
unity. Such a situation, however, may not be consistent with
the physical process of motional narrowing that involves av-
eraging the static dipolar width by spin flip, giving Lorentz-
ian line shape, that would require at least �0 /�ex�0.1.

One possible explanation would be the presence of local-
ized defect spins �or Curie-type spins� that can interact
with conduction-electron spins. Fine structures of such de-
fect spins, if any, may be washed out by a spin exchange
between the conduction electron spin and the localized
spin to give the observed width. One candidate is the S=1
defect state similar to those observed in another series of
MMX-chain compounds of A4�Pt2�pop�4I� ·nH2O �A
=Li,Na,K,Rb,Cs;pop=P2O5H2

2−� as evidenced from the
observation of a g	4 line.30 S=1 defect site may be created,
for example, at lattice imperfection such as a scission of the
Pt–I bond, that may cause the elongation of the adjacent

FIG. 6. Schematic illustrations of the valence configuration
formed when the two conduction electrons encounter each other. �i�
the CP-type configuration, �ii� the ACP-type configuration, and �iii�
the CDW-type configuration. Thin-solid and broken lines represent
the shorter and longer Pt–I distances, respectively, whereas the
thick lines represent the Pt–Pt bonds. The nearest-neighbor Pt3+

-Pt3+ distances are also shown as dMXMM, dMXM, and dMM for �i�,
�ii� and �iii�, respectively.

FIG. 7. Temperature dependence of the A-term, the spin-phonon
relaxation component �solid symbols� and the B-term, the spin-spin
relaxation component �open symbols� obtained by the least-squares
fitting of the angular dependence of the ESR linewidth by Eq. �3�.
Closed and open triangles represent the data down to room tempera-
ture after the monotropic phase transition to the HT phase has taken
place. Dashed line represents the transition temperature from the RT
phase to the HT phase �324 K� �Ref. 41�.
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Pt–Pt bond, resulting in the formation of S=1 with parallel
spins of Pt3+-Pt3+ pair. Isolated S=1 state in the uniaxial case
is characterized by the doublet fine structure due to the
zero-field splitting of the secular type represented by
D�3�g� /g�2 cos2 �−1�2 due to the DSz

2 term in the spin
Hamiltonian accompanied by the g	4 line of so-called for-
bidden transition. The magnitude of D is determined by the
spin-spin dipolar interaction. When there are exchange inter-
actions between spins, the doublet structure tends to be
washed out and the more stronger the exchange interaction,
the weaker the intensity of the g	4 line as observed in the
above A4�Pt2�pop�4I� ·nH2O compounds.30 If such a S=1
state interacts with Q1D conduction-electron spins, the over-
all linewidth may be again determined by the secular-type
dipolar anisotropy, which at least does not contradict with the
observed secular-type anisotropy in the present Q1D
MMX-conductor.

At present, the numerical estimation of the spin concen-
tration of such S=1 spin defects is difficult. It should be
pointed out, however, that the contribution to the overall
spectra of the conduction electron spin is not negligible at all
compared with the defect spins. This becomes clear when
one considers that the secular term, �3�g� /g�2 cos2 �−1�2, be-
comes zero at the magic angle, while the linewidth has finite
value at this angle for all of the temperature region of the AV
state, represented by the A-term in Eq. �3�. This contribution
cannot arise either from the secular-dipolar term of the con-
duction electron or the above-mentioned S=1 state and
should be attributed to the contribution of spin-phonon relax-
ation, T2

s-ph of the Q1D conduction electron spin. In the next
section we will discuss the origin of this spin-phonon term
together with its temperature dependence.

2. Spin-phonon relaxation

In the conducting state, the spin-phonon component is
governed by the spin-flip scattering of the conduction elec-
tron through the spin-orbit coupling, known as Elliot
mechanism.55 This mechanism predicts the angular depen-
dence of linewidth similar to g-value anisotropy, typically
observed in many 1D or Q1D organic conductors.63,64 On the
other hand, the angular dependence of the spin-phonon con-
tribution is practically negligible in the present system, as
shown in Fig. 5�b�, where the angular dependent linewidths
are fitted by Eq. �3�. This could be related to the fact that in
many 1D or Q1D organic conductors with good conductivi-
ties, the linewidths are much sharper and not accompanied
by dipolar contribution, which may bring observable aniso-
tropy for the spin-phonon contribution. To understand the
relatively large linewidths and their weak angular depen-
dence here would require more theoretical work of the
present platinum complex that is expected to exhibit a much
stronger electron correlation effect as compared with typical
organic conductors.43 It should be also pointed out that simi-
lar behavior of ESR linewidth anisotropy given by Eq. �3�,
that is, prominent dipolar term and practically angular inde-
pendent spin-phonon term, is reported in another typical
platinum conductor, KCP.54

As for the temperature dependence of the spin-phonon
component due to the Elliot mechanism, it is well-known

that 1 /T2
s-ph is proportional to 1/�R, where �R represents the

scattering time. In other words, the ESR linewidth becomes
proportional to the electrical resistivity, that increases as in-
creasing temperature. In the present complex, however, the
temperature dependence of the A-term is opposite to the be-
havior expected for the Elliott mechanism which is promi-
nent in the RT phase as shown in Fig. 7. That is, the observed
value decreases with increasing temperature, opposite to the
electrical resistivity that exhibits a positive temperature co-
efficient above 240 K.35 Such an anomalous behavior of T2

s-ph

has been observed in some Q1D conductors such as TTF-
TCNQ and HMTTF-TCNQ.53 In these materials, it is re-
ported that the spin-flip scattering process is governed by the
2kF Peierls fluctuation of the lattice, which does not neces-
sarily coincide with the overall electron scattering causing
the electrical resistivity because the scattering of the conduc-
tion electron is spin-independent.53 In this case, the fluctua-
tion amplitude and its correlation length increase with de-
creasing temperature as approaching the Peierls transition
temperature. Then, the scattering rate becomes greater with
decreasing temperature, which causes the line-broadening of
the ESR spectrum for low temperatures.

A similar situation may occur in the present case of
Pt2�n-pentylCS2�4I, where the x-ray diffuse scattering due to
a twofold lattice fluctuation has been observed both in the RT
and HT phases,35 that are well above the transition tempera-
ture to the ACP state of 207 K.41 Thus the temperature de-
pendence of the A-term might be explained by the shortening
of the T2

s-ph as the temperature approaching the transition
temperature between the RT and LT phases due to the spin-
flip scattering of the conduction electron by the reported two-
fold lattice fluctuation of MMX-units.

In the HT phase, the scattering of conduction electrons by
defect sites is seen to be more prominent, as can be recog-
nized from an abrupt increase of the A-term. This increase
may be reasonably ascribed to the increase of the Curie spin
concentration in the HT phase, as pointed out in Sec. III.
Correspondingly, the B-term also abruptly increases at the
phase transition temperature. This is also reasonable from the
discussion of the previous section that the magnitude of B is
governed by the spectral weight of defect spins, which
should become larger at the HT phase. When we lower the
temperature below the transition temperature of 324 K after
the monotropic transition to the HT phase has taken place,
the magnitudes of both the A- and B-terms retain their values
at the HT phase as shown in Fig. 7. This phenomenon also
supports that the linewidth reflects the intrinsic nature of the
electronic phases of the present system. It should be pointed
out that the A-term also exhibits a clear increase as the tem-
perature approaching transition temperature to the ACP
phase, similar as in the RT phase. This again supports the
interpretation that the temperature dependence of the A-term
is sensing the thermal fluctuation of the lattice system.

B. Spin dynamics of the thermally activated solitons
in the ACP state

As already mentioned, the nonmagnetic and insulating
ACP state is formed in the present system below about
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215 K, where the drastic change of the ESR signals occurs as
described in Sec. III. In the ACP state, the spin susceptibility
obeys Curie-law below about 20 K. On the other hand,
above 20 K it exhibits an enhancement from the Curie-law
with a finite activation energy of 90 K as shown in Fig. 4�a�.
At the same time, ESR linewidth exhibits an enhanced nar-
rowing as the temperature is raised �Fig. 4�b��, accompanied
by a change of the line shape from Gaussian to Lorentzian
�Fig. 2�. These results agree well with our previous
measurements,36 suggesting that the thermally activated
spins are the solitons in the ACP state. In our previous paper,
however, only the data for H perpendicular to the chain were
presented. In this section, we discuss the motional narrowing
of the ESR linewidth due to the mobile solitons from the
angular dependence of the linewidth.

In the angular dependence of 	Hpp in Fig. 5�a�, the magic
angle due to the dipolar interaction observed in the AV state
is completely absent in the whole temperature range of ACP
state. This result shows the absence of spin-spin dipolar in-
teraction, which is consistent with the fact that the spin con-
centration is quite small in the ACP state of the order of 10−4

spins per MMX unit. In this case, the origin of the linewidth
in the very low-temperature region may be reasonably as-
cribed to unresolved hyperfine �hf� and superhyperfine �shf�
interactions caused by the 195Pt �I=1/2, natural abundance
of 33.7%� and 127I �I=5/2, 100%�, similar to the diluted-spin
case reported for an MX-chain complex of Pt-I, where the
hf-originated ESR lines of the Pt3+ ions have been reported.59

In the present case, the hf splitting is absent as shown in Fig.
2 in spite of the small spin concentration. However, when a
spin is shared by several atoms, the linewidth becomes un-
resolved due to the static distribution of individual hf lines.
In such a situation, the hf splitting contributes to the overall
ESR linewidth, as observed in the above-mentioned
MX-chain of Pt-I.59 In this case, the total span �or wing span�
of a nearly Gaussian-shaped resonance line Hspan, shown in
Fig. 2, is unchanged regardless of the spin delocalization
length under the static spin distribution.5 We defined the
Hspan to be the separation between the magnetic fields where
the absolute value of the first-derivative ESR signal intensity
reduces to 1% of those of the peak fields. The obtained value
for 4 K is about 1000 G, which is almost the same amplitude
as that of the Pt-I chain �	1000 G�, indicating that the spin
distribution is almost static.

In this respect, the angular distribution of the linewidth
provides a crucial probe for further examining the hyperfine-
determined linewidth and its temperature-dependent mo-
tional narrowing effect. The hyperfine tensors of either Pt or
bridging I are expected to show uniaxial anisotropies with
respect to the MMX-chain axis, due to their dz2 or pz orbitals,
respectively, both of which are pointing parallel to the chain
axis. That is, A� �A�, which should bring about similar
uniaxial anisotropy for the resultant unresolved hyperfine-
determined ESR linewidth. In fact, the observed linewidth
shows a clear uniaxial anisotropy with larger width parallel
to the chain axis, that is, 	Hpp� �	Hpp�, as shown in Fig.
5�a�, further providing evidence that the observed ESR line-
width is determined by unresolved hyperfine structures.

From the above discussions, the second moment of the
hyperfine-determined linewidth may be written as �p

2, and

hence �p gives the observed linewidth in the static limit.
When the motional narrowing takes place with the hopping
frequency of �e, the resultant linewidth is given as �p

2 /�e
under the extreme narrowing condition of �p��e. Since the
hopping of thermally excited solitons occurs primarily along
the chain axis, �e may be regarded as the effective hopping
frequency analogous to that given in the previous section
within the framework of Q1D spin dynamics. Thus the mo-
tional effect changes the dependence of the linewidth on �p,
from the linear dependence of �p for the static limit to the
square dependence of �p

2 for the extreme narrowing. Then
the ratio 	Hpp� /	Hpp� crucially probes the occurrence of
motional narrowing by examining whether the anisotropy ra-
tio varies from the linear dependence of �p� /�p� to approach
the square dependence of ��p� /�p��2 as the narrowing be-
comes more evident for higher temperatures. Here �p exhib-
its the uniaxial anisotropy of �p� ��p� due to the above-
mentioned hyperfine and superhyperfine couplings. In this
context, one complication should be considered in relating
the anisotropy of the static coupling, �p� /�p� to the aniso-
tropy of the observed peak-to-peak linewidth, 	Hpp� /	Hp�,
when the ESR spectra exhibit weak shoulders which reflect
the existence of exchange-coupled two kinds of spin species
with different linewidths. As mentioned in Sec. III the satu-
ration study of the spectra at 20 K�T�180 K did not show
any changes of the relative intensity of side peaks, which
strongly suggests that the narrow- and broad-linewidth spe-
cies are exchange-coupled and that the former and the latter
species are likely to be thermally excited spins and Curie
spins, respectively. In the ESR spectra of such exchange-
coupled spin system of different linewidths, it is well-known
that the linewidths of individual components are more appro-
priately estimated from the corresponding components as far
as these individual structures are recognized in the spectral
line shape.65 Thus we adopt the peak-to-peak linewidth,
	Hpp of the whole spectra, as representative of narrow spe-
cies, that is, the thermally excited mobile solitons. This is a
kind of first approximation to qualitatively discuss the occur-
rence of motional narrowing phenomenon through the line-
width anisotropy.

Figure 8�a� shows the temperature dependence of the
peak-to-peak linewidth normalized by the value at 4 K with
the external magnetic field perpendicular to the chain axis,
which shows the degree of motional narrowing. Figure 8�b�
shows the temperature dependence of the anisotropy of the
observed peak-to-peak linewidth, 	Hpp� /	Hpp�. The lower
and upper dotted lines show the values of �p� /�p� and
��p� /�p��2, respectively, the former being set equal to
	Hpp� /	Hpp� at 4 K and the latter obtained by squaring it. It
is seen that the static value at 4 K increases and tends to
approach its square, although the highest value of 2.8 at
180 K is not as high as the limiting value of 3.9, given by the
upper dotted line. This lower value than 3.9 may be reason-
able, if we consider that the normalized linewidth of about
0.4 is still considerably larger than the value at the extreme
narrowing condition of less than 0.1, which suggests that the
narrowing is not yet complete. Thus the gradual increase of
	Hpp� /	Hpp� as the temperature increases strongly suggests
the occurrence of the motional narrowing of the ESR spectra
for higher temperatures.
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Finally, it should be pointed out that the observed ESR
spectral line shape at 4 K may provide a unique probe for
studying the detailed shape of spin distribution of the soliton.
This situation, of course, stands for the case when the ob-
served immobile spins at 4 K can be regarded as the trapped
soliton, which may be possible. This is because the ESR
spectra exhibit slight linewidth narrowing, indicating the
spin motion even below 20 K where the thermal excitation
of the soliton is negligible, as can be seen from Fig. 4�b�. As
discussed above, the observed ESR linewidth at 4 K and
hence the line shape of these spins are reasonably ascribed to
the unresolved hf and shf structures. Then the nearly Gauss-
ian line shape with slightly flat peaks, shown in Fig. 2, would
reflect the specific spin distribution functions. In this context,
the simulation of hf-originated ESR spectra may provide us
the experimentally determined wave function of the soliton
in the present MMX-chain complex. Such a simulation work
would be an interesting problem which requires the theoret-
ical distribution function4,5 and is left open for further stud-
ies. The other interesting feature related to soliton is the re-
versed spin-charge relationship, which has been typically
elucidated in the case of the soliton in polyacetylene.4 That
is, the neutral soliton with spin S=1/2 does not possess
charge, i.e., Q=0. Such confirmation could be done, for ex-
ample, by studying the correlation between the light-excited
ESR signal, probing the photoexcited spins, and the photo-
current, probing the photoexcited charges.66 Thus the spin-
charge relationship would also be an interesting problem left
for further inquiries.

V. CONCLUSIONS

ESR measurements have been carried out on single crys-
tals of a quasi-one-dimensional MMX-chain complex of
Pt2�n-pentylCS2�4I which exhibits successive electronic
phase transitions. Principal g-tensor components obtained are

g� =1.970 and g�=2.211, where g� and g� represent the
g-component parallel and perpendicular to the chain axis,
respectively. These values are consistent with those of Pt3+

ions in the low-spin state, i.e., S=1/2.
The anisotropy of the ESR linewidth has shown a drastic

change around 215 K where the phase transition takes place
between the nonmagnetic alternate-charge-polarization
�ACP� state for low temperatures and the paramagnetic
averaged-valence �AV� state with a relatively good electrical
conductivity for higher temperatures. In the AV state, con-
sisting of the room-temperature �RT� phase below 324 K and
the high-temperature �HT� phase above this temperature, the
ESR linewidth shows a clear minimum at the magic angle of
about 50° from the chain direction due to the secular dipolar
term, representing the spin-spin relaxation, T2

s-s. The line-
width also exhibits a nearly angular independent component
representing the spin-phonon relaxation, T2

s-ph. The observed
feature is consistent with those reported previously for a
Q1D conductors such as charge transfer salts and Pt-
complexes, providing microscopic evidence for the occur-
rence of a Q1D conduction-electron system in the present
MMX-chain complex.

In the ACP state, the spin concentration drastically de-
creases due to the nonmagnetic nature of the background
electronic state. The ESR linewidth shows a uniaxial aniso-
tropy with respect to the chain axis, which can be reasonably
ascribed to the unresolved hyperfine structures due to Pt and
iodine nuclear spins. The spin susceptibility shows a clear
enhancement from Curie-type behavior above 20 K, accom-
panied with a gradual change of the line shape from Gauss-
ian to Lorentzian with motional narrowing as the tempera-
ture is raised. The observed spins are conjectured to be
thermally excited solitons. The motional narrowing effect is
further confirmed from the anisotropic behavior of the line-
width; a linear dependence on the static hyperfine width �p
at low temperatures gradually approaches to �p

2-dependence
at higher temperatures, according to the framework of the
motional narrowing theory of �p

2 /�e where �e represents the
effective frequency of Q1D spin motion. The observed ESR
line shape at 4 K at the same time provides the basis for
analyzing the spin density distribution of the soliton through
the study of the hyperfine coupling governed by the static
spin distribution, which may be approached by further theo-
retical studies.
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FIG. 8. Temperature dependence of �a� peak-to-peak linewidth
normalized by the value at 4 K with the external magnetic field
perpendicular to the chain axis, and �b� the anisotropy of the ob-
served peak-to-peak linewidth, 	Hpp� /	Hpp�. The lower and upper
dotted lines in �b� represent the value of �p� /�p� and ��p� /�p��2,
respectively. See text for details.
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