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Evidence for spin solitons and their dynamics in a spin-Peierls system„DMe-DCNQI …2Li
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A spin-Peierls system (DMe-DCNQI)2Li has been studied with electron paramagnetic resonance~EPR!
under hydrostatic pressure. A definite frequency dependence of the EPR linewidth is observed for the Curie
spins that appear belowTSP, demonstrating a clear one-dimensional diffusive character similar tot-(CH)x .
This is strong evidence for Curie spins to arise from spin solitons as domain walls caused by structural defects.
The estimated extent of the spin soliton is less than several molecular units. A relation with the antiferromag-
netic ordering provoked by impurities as found in CuGeO3 is discussed.
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Lithium salt of dimethyl-dicyanoquinone-diimin
@(DMe-DCNQI)2Li # is a one-dimensional~1D! p-band sys-
tem composed of 1D stacks of DMe-DCNQI molecule
where one electron transferred from each Li counter ion
each couple of DMe-DCNQI molecules. At room tempe
ture this system is an insulator1 with a probable 4kF dimer-
ization gap at the Fermi energy, suggested from quite sim
physical properties to (DMe-DCNQI)2Ag.2 A relatively
higher electrical conductivity is believed to arise from a c
lective mode of domain walls excited thermally.1 In an io-
dized system (DI-DCNQI)2Ag with a narrower bandwidth
the Wigner crystallization of electrons occurs below 220
demonstrating the crucial role of the long-range Coulo
interaction between DCNQI molecules in these system3

Magnetic properties suggest (DMe-DCNQI)2Li has a non-
magnetic ground state below 60 K accompanied by akF
superstructure, corresponding to tetramerization of DCN
molecules,4 ascribable to a spin-Peierls transition like t
Ag-salt.5 If the number of DCNQI molecules in a chain
4N1n, whereN is an integer andn is 1, 2, or 3, the spin
soliton could be present in the spin-Peierls state. Such a
soliton might be mobile with the Goldstone mode of kin
solitons, as actually observed intrans-polyacetylene
@ t-(CH)x#.

6,7 The spin solitons induced by impurity dopin
would be concerned with the appearance of a long-ra
antiferromagnetic~AF! ordering belowTSP, as in the inor-
ganic spin-Peierls system CuGeO3 doped with impurities
such as Zn or Si.8–11To induce AF long-range ordering in th
spin-Peierls state, the spatial extent of the spin solitons
comes crucial. In this meaning, it is interesting to investig
the nature of spin solitons in spin-Peierls systems. Since
magnitude of the Curie tail in (DMe-DCNQI)2Li depends on
sample quality, the Curie tail has been assigned to local
impurity spins. From such a reason, the dynamics of
Curie spins, that is, the spin solitons, has remained uncle12

In this report, we demonstrate evidence for spin solito
and their dynamics in the spin-Peierls syste
(DMe-DCNQI)2Li with electron paramagnetic resonan
~EPR! in a wide frequency range from 10 to 20 000 MH
Strong evidence for the presence of spin solitons is obta
from a definite quasi-one-dimensional diffusive motion
the Curie spins coming out belowTSP, which is deduced
from the frequency dependence of the EPR linewidth.7 The
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observed behavior of the diffusion rate similar tot-(CH)x
reminds us that the present system has the same degen
in the ground-state energy ast-(CH)x . In addition, the fre-
quency spectrum at the lowest temperature 4.2 K tells us
the spin soliton extent should be less than several molec
units. A weak intra- and interchain interaction between
solitons arising from such a small extent elucidates why
long-range ordering was not observed in (DMe-DCNQI)2Li,
although it takes place in CuGeO3 systems doped with im-
purity concentrations less than 1 at. % which is compara
to that for the present spin solitons. The small extent of
spin soliton would be consistent with the crucial role of t
long-range Coulomb interaction in systems such as the
and Ag salts of DCNQI.4,13

A powder sample of small crystallites prepared with
reported technique14 was used for the present EPR study. T
EPR intensity proportional to the spin susceptibility was ca
brated relative to the NMR intensity of the known number
19F in a Teflon sample tube at 40–50 MHz. The frequen
was varied from 10 MHz to 8 GHz with a coil and trimme
capacitors or stub tuners. EPR spectra were analyzed w
least-squares fit to Lorentzian functions. For pressure exp
ments, a clamp-type cell made of CuBe alloy is used w
Daphne 7373 oil as a pressurizing medium. Figures for
pressure shown in this work are nominal values clamped
room temperature. Pressure loss caused by thermal con
tion is estimated with the values reported by Murataet al.15

Figure 1 shows the temperature dependence of the
susceptibility in (DMe-DCNQI)2Li measured at 1 GPa. Ex
cept for the Curie tail below 50 K, the paramagnetic susc
tibility disappears exponentially below 80 K at 1 GPa
represented by the open circles, which might be ascribe
the spin-Peierls transition, on the basis of a semiconduc
behavior of the electrical conductivity.1 The transition tem-
perature increases from 65 K at ambient pressure to 80
1 GPa. Schematic features are also shown in Fig. 1: the s
on dimers are strongly coupled antiferromagnetically to e
other in the paramagnetic region, and the Curie spins
conveyed by the spin solitons caused, for instance, b
dimer in a chain with a length of 4N12. To investigate the
spin soliton dynamics, the frequency dependence of the E
linewidth is examined below 50 K.

Figure 2 shows the EPR linewidth taken at 1 GPa a
©2002 The American Physical Society13-1
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function of 1/Af , where f is the EPR frequency. A typica
frequency-dependent widthDHQ1D, caused by the electroni
dipolar interaction modulated with the quasi-on
dimensional~Q1D! diffusive motion of the spin soliton, is
expressed as6,16,17

DHQ1D~v!}c//cS l@0.3f~0!10.5f~v!10.2f~2v!#,
~1a!

FIG. 1. The temperature dependence ofxspin in
(DMe-DCNQI)2Li measured around 50 MHz and at 1 GPa. T
exponential decay below 80 K is superimposed by a Curie
shown by the dashed line. The open circles showxspin-xCurie. In the
paramagnetic state above 80 K, each DCNQI dimer has one p
magnetic spin. Below 80 K, the singlet tetramers of DCNQI m
ecules develop. A deficient unit with fewer than four DCNQI mo
ecules, for example, an isolated dimer in the 1D chain, behaves
kink soliton with spin1

2 .

FIG. 2. The EPR linewidth in (DMe-DCNQI)2Li as a function
of 1/Af , where f is the EPR frequency, measured at 1 GPa, a
several temperatures below 55 K. The dotted curves represen
Q1D behavior expected from Eq.~1!. The upturn at higher frequen
cies than 1 GHz arises from theg-shift anisotropy distribution in the
powder sample.
17441
f~v!5A 1

4D //D'
A11A11~v/2D'!2

11~v/2D'!2
, ~1b!

wherec//5433.788 Å is the unit hopping length,c the con-
centration ofS5 1

2 spins,S l the lattice sum,v52p f , and
D // and D' the diffusion rates along and across the 1
chain~s!, respectively. The spectral densityf(v) corre-
sponds to the Fourier spectrum of the fluctuating dipolar fi
produced by the Q1D spin motion.f(v) is frequency de-
pendent, 1/A2D //v at v@D' ~1D regime!, and approaches a
constant value independent ofv, 1/A2D //D' at v!D' ~3D
regime!. The curves in Fig. 2 definitely demonstrate such
feature, representing a Q1D diffusive motion of the Cu
spins as clear evidence for the spin soliton.D' could also be
characterized as the ‘‘escape time’’ from the 1D motion in
chain to the 3D motion between chains. Then,D' corre-
sponds to the crossover frequency between the 1D and
regimes andD // is proportional to the inverse of the slopes
v@D' . With using c50.9% deduced fromxCurie57.7
31024 emu/mol at 4.2 K andS l52.0031043 cm26 calcu-
lated for the structure of (DMe-DCNQI)2Li,18 the diffusion
ratesD // andD' are successfully derived at ambient press
and 1 GPa with a weak pressure dependence from the
rameters obtained by the least-squares fitting to Eq.~1!, as
shown in Fig. 3.

A characteristic feature in the temperature dependenc
D // is as follows:D // is almost temperature independent
to 30 K and increases steeply above 25 K at ambient pres
and 35 K at 1 GPa by nearly two orders of magnitudes
similar behavior to the former has been reported on the
namics of neutral solitons int-(CH)x below 100 K, which is
a domain-wall soliton of bond alternation withS5 1

2 .6 The
diffusion rateD // along the chain was concluded to be pr
portional toT2 with a diffuse-trap model that takes into a
count an effect of the trapped solitons. The diffuse-tr
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-
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FIG. 3. The temperature dependence of the diffusion rate
ambient pressure~open symbols! and 1 GPa~solid ones! deduced
from the ESR linewidth with Eq.~1!, together withD //,cor corrected
on the trapping effect. The solid curves represent the experime
formulas, Eq.~2! for D //,cor ~squares! and Eq. ~3! for D' ~dia-
monds!. The dashed line representsD // for t-(CD)x ~Refs. 6 and 7!.
The line forD // ~circles! is a guide for the eyes.
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model assumes that the neutral soliton stays for long dura
in the trapping sites compared with when diffusing, result
in static broadening when trapped, instead of the Q1D re
ation broadening when diffusing.6,7,19 Then, the linewidth is
a sum of the broadenings with the two different mechanis
With decreasing temperature, the period spent at the trap
sites increases at the cost of decreasing Q1D broadenin
similar interpretation can be applied toD // in the present
system. Figure 4 shows the temperature dependenc
DH trap at 1 GPa, obtained by subtraction ofDHQ1D from the
observed. A correction factorccor

d to give an effective con-
centration of the diffusing spinscdif5cccor

d can be deduced
from DH trap in the same way as that reported,6 as shown in
Fig. 4. Then, the corrected diffusion rateD //,cor in Fig. 3 is
given by (ccor

d )2D // .
The solid curve successfully reproducesD //,cor at 1 GPa

with the two terms

D //,cor5A//T
p1B//e

2T// /T, ~2!

whereA//523107 rad/s,p52.360.3, B//5731018 rad/s,
andT//5(761.5)3102 K. The first termT2.3 of Eq. ~2! is a
similar dependence toT2 for the neutral soliton int-(CH)x
and actuallyT2 can reproduce the data within uncertain
The second one is simply assumed to reproduce the s
increase above 35 K at 1 GPa and, similarly, above 20 K
ambient pressure. From the first term, it is concluded that
dynamics of the spin solitons is the same as the neutral
ton in the temperature dependence, but is slower by
orders of magnitude than that at least below 20–30 K wh
the spin solitons are sufficiently isolated from each oth
This suggests that the spin solitons are driven by the phon
similarly as the neutral soliton int-(CH)x .20,21 This is con-
sistent with the fact that the CH unit has a markedly ligh
mass than two~DMe-DCNQI! molecules, since the solito
diffusion rate is proportional to 1/m2, wherem is the ionic
mass. The steep increase ofD // above 20 K~35 K at 1 GPa!
would suggest some change of the electronic states, prob
concerned with the spin-Peierls transition. With approach
TSP, soliton~dimer! pair formation takes place exponential
and almost all the tetramers dissociate into dimers atTSP

FIG. 4. The temperature dependence ofDH trap caused by the
static broadening when the spin soliton is trapped. The correc
factor ccor

d to multiply to Eq.~1! is also shown by the solid circles
17441
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with AF correlation between the dimers that strongly su
presses the spin susceptibility. Then, 10%–20% of
dimers could be excited around 35 K~50 K at 1 GPa!, which
makes the 1D chain a mixture of tetramers and dimers, s
as the liquid state, giving rise to the possiblity of enhanc
diffusion rates for the spin solitons. Here, there is an int
esting coincidence in the activation energy around 50
7006150 K for D // and 630650 K for the electrical con-
ductivity at ambient pressure,1 which suggests some conne
tion of the spin soliton diffusion to the electrical conducti
ity.

The solid curve forD' at 1 GPa in Fig. 3 represents th
relation

D'5A'1B'e2T' /T, ~3!

where A'593107 rad/s, B'543109 rad/s, and T'

5150 (1100,250) K. The maximum of'43109 rad/s
for D' with T'5200 K is consistent with the NMRT1

21

result to be less than 531010 rad/s.22 The constant term can
be assigned to the cutoff frequency caused by interchain
teractions, such as the dipolar interaction between the
solitons, etc.23 The second term represents the thermal a
vation with T'5E' /kB5150 K, which is a similar magni-
tude to the spin excitation gapESP/kB5230630 K below
TSP ~Fig. 1!. This interesting coincidence suggests for t
cutoff mechanism to be the exchange interaction between
spin soliton and the thermally excited dimer soliton, but n
actual hopping. The interchain exchange interaction wo
be proportional to the number of excited spin solitons,
represented by the second term in Eq.~3!, since the number
of excited solitons governs the frequency to meet each ot
Besides,p-electron-vacant, spinless solitons on the neigh
chains are inevitable for the interchain hopping of spin so
tons to avoid the expense of the Coulomb repulsion ene
U. They, however, could not be created by the thermal d
sociation of the tetramers nearbyTSP. Meanwhile, A' /\
'0.5 meV below 30 K provides us only the upper bou
for the exchange interaction which is consistent with the
ported Curie-Weiss temperatureQ of less than 1 K.4 This
figure is naturally ascribed to the interchain exchange in
action between the spin solitons whose concentration
0.9%.

Finally, we discuss an effect of delocalization of the sp
soliton. It is known that the frequency spectrum
Q1D motion for the solitons with finite extent is modifie
to an approximate expression7,19,23 f(v)51/A2D //v
20.33Leff /D // valid atv0.v.D' , whereLeff is the effec-
tive soliton extent measured by the number of tetrame
which approximately equals the actual extentL for L>5 and
v055D // /Leff

2 . To be exact,f(v) gradually loses its fre-
quency dependence abovev0, where the displacement fo
the Larmor period is too small compared with the solit
extent to produce a sizable variation of the local field. T
effect becomes pronounced at the lowest temperature, w
D // becomes smallest, as demonstrated int-(CH)x .19

With D //'63108 rad/s at 4.2 K, f 05v0/2p'4.5
3108/Leff

2 MHz is obtained, which corresponds to 1/Af 0

'0.046 MHz21/2 for Leff51 or L'1.6. Compared with Fig.

n
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2, this value seems to be acceptable as a maximum, bu
for Leff52 or 1/Af 0'0.09 MHz21/2. Therefore, it is con-
cluded that the spin soliton in (DMe-DCNQI)2Li is localized
in a tetramer.

A coexistence of the spin-Peierls distortion and the
long-range ordering has been found in the inorganic sp
Peierls system CuGeO3 with impurities such as Si or Zn,8–11

where the required impurity concentration is around 1%
several K ofTSP. Although it is a similar concentration to
that for the present spin solitons, no AF long-range order
but Q,1 K, was found so far. According to the mod
where a 3D ordering of alternating magnetization of the s
soliton is the origin of the observed AF ordering in CuGeO3,
the well-localized spin soliton in (DMe-DCNQI)2Li should
play a key role in the missing AF long-range ordering, alo
with the weak interchain exchange interaction less than
meV at 4.2 K. It is suggested theoretically that the excha
,
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-
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interaction between the second-neighbor spins in a ch
would cause a small extent for the spin soliton and co
enhanceTSP,13 which provides a consistent picture with th
present experimental data, in comparison with the case
CuGeO3.

In conclusion, we demonstrated that the Curie suscept
ity observed belowTSP is of the spin solitons arising from
the effective finite chain lengths. The diffusion mechanis
below 30 K was concluded to be the same as that
t-(CH)x , but a strong enhancement was observed abov
The cutoff frequency is dominated by the exchange inter
tion between the spin solitons. The extent of the spin soli
was estimated to be less than several molecules.

K.M. would like to give thanks to Professor Akira Tera
for useful discussions on the effect of long-range excha
interactions on the extent of the spin soliton.
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