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Evidence for spin solitons and their dynamics in a spin-Peierls systeDMe-DCNQI),Li
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A spin-Peierls system (DMe-DCNQI)i has been studied with electron paramagnetic resondBE&)
under hydrostatic pressure. A definite frequency dependence of the EPR linewidth is observed for the Curie
spins that appear beloWsp, demonstrating a clear one-dimensional diffusive character similti( @H), .
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 CuGé®discussed.
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Lithium salt of dimethyl-dicyanoquinone-diimine observed behavior of the diffusion rate similar t§CH),
[(DMe-DCNQI),Li] is a one-dimensionallD) 7-band sys-  reminds us that the present system has the same degeneracy
tem composed of 1D stacks of DMe-DCNQI molecules,in the ground-state energy &§CH),. In addition, the fre-
where one electron transferred from each Li counter ion tquuency spectrum at the lowest temperature 4.2 K tells us that
each couple of DMe-DCNQI molecules. At room tempera-the spin soliton extent should be less than several molecular
ture this system is an insulatowith a probable & dimer-  units. A weak intra- and interchain interaction between the
ization gap at the Fermi energy, suggested from quite similagolitons arising from such a small extent elucidates why AF
physical properties to (DMe-DCNQIRAg.> A relatively  |ong-range ordering was not observed in (DMe-DCNQI)
higher electrical conductivity is believed to arise from a col-although it takes place in CuGeQ@ystems doped with im-
lective mode of domain walls excited thermallyn an io-  purity concentrations less than 1 at. % which is comparable
dized system (DI-DCNQRAg with a narrower bandwidth, to that for the present spin solitons. The small extent of the
the Wigner crystallization of electrons occurs below 220 K,spin soliton would be consistent with the crucial role of the
demonstrating the crucial role of the long-range Coulombiong-range Coulomb interaction in systems such as the Li
interaction between DCNQI molecules in these systtms.and Ag salts of DCNQf:*®
Magnetic properties suggest (DMe-DCN@lL) has a non- A powder sample of small crystallites prepared with a
magnetic ground state below 60 K accompanied byka 2 reported techniqdéwas used for the present EPR study. The
superstructure, corresponding to tetramerization of DCNQEPR intensity proportional to the spin susceptibility was cali-
molecules, ascribable to a spin-Peierls transition like the brated relative to the NMR intensity of the known number of
Ag-salt® If the number of DCNQI molecules in a chain is 1% in a Teflon sample tube at 40-50 MHz. The frequency
4N+n, whereN is an integer andh is 1, 2, or 3, the spin was varied from 10 MHz to 8 GHz with a coil and trimmer
soliton could be present in the spin-Peierls state. Such a spigapacitors or stub tuners. EPR spectra were analyzed with a
soliton might be mobile with the Goldstone mode of kink |east-squares fit to Lorentzian functions. For pressure experi-
solitons, as actually observed inranspolyacetylene ments, a clamp-type cell made of CuBe alloy is used with
[t-(CH),].%" The spin solitons induced by impurity doping Daphne 7373 oil as a pressurizing medium. Figures for the
would be concerned with the appearance of a long-rangpressure shown in this work are nominal values clamped at
antiferromagnetidAF) ordering belowTgsp, as in the inor-  room temperature. Pressure loss caused by thermal contrac-
ganic spin-Peierls system CuGg@oped with impurities tion is estimated with the values reported by Muratal*®
such as Zn or Si7' To induce AF long-range ordering inthe  Figure 1 shows the temperature dependence of the spin
spin-Peierls state, the spatial extent of the spin solitons besusceptibility in (DMe-DCNQI)Li measured at 1 GPa. Ex-
comes crucial. In this meaning, it is interesting to investigatecept for the Curie tail below 50 K, the paramagnetic suscep-
the nature of spin solitons in spin-Peierls systems. Since thgbility disappears exponentially below 80 K at 1 GPa as
magnitude of the Curie tail in (DMe-DCNQJ)i depends on  represented by the open circles, which might be ascribed to
sample quality, the Curie tail has been assigned to localizethe spin-Peierls transition, on the basis of a semiconducting
impurity spins. From such a reason, the dynamics of thésehavior of the electrical conductivityThe transition tem-
Curie spins, that is, the spin solitons, has remained unHear.perature increases from 65 K at ambient pressure to 80 K at

In this report, we demonstrate evidence for spin solitonsl GPa. Schematic features are also shown in Fig. 1: the spins
and their dynamics in the spin-Peierls systemon dimers are strongly coupled antiferromagnetically to each
(DMe-DCNQI),Li with electron paramagnetic resonance other in the paramagnetic region, and the Curie spins are
(EPR in a wide frequency range from 10 to 20000 MHz. conveyed by the spin solitons caused, for instance, by a
Strong evidence for the presence of spin solitons is obtainedimer in a chain with a length of M-+ 2. To investigate the
from a definite quasi-one-dimensional diffusive motion of spin soliton dynamics, the frequency dependence of the EPR
the Curie spins coming out beloWsp, which is deduced linewidth is examined below 50 K.
from the frequency dependence of the EPR linewidithe Figure 2 shows the EPR linewidth taken at 1 GPa as a
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FIG. 1. The temperature dependence Ofgpn N

(DMe-DCNQI),Li measured around 50 MHz and at 1 GPa. The FIG. 3. The temperature dependence of the diffusion rates at
exponential decay below 80 K is superimposed by a Curie taif’imblent pressuréopen symbolsand 1 GPd(solid one$ deduced

shown by the dashed line. The open circles shauxcure- In the from the ESR linewidth with Eq(1), together withD; ., corrected

paramagnetic state above 80 K, each DCNQI dimer has one par?—n the trapping effect. The solid curves represent the experimental

magnetic spin. Below 80 K, the singlet tetramers of DCNQI mol- orm(LjJIas,thd.(Z)hf(()jrl_D,,,cor (square}}and Eq.(3) fofr D, (((jjia-
ecules develop. A deficient unit with fewer than four DCNQI mol- mon _3' The das edline repre§e|ﬁ$, or t-(CD), (Refs. 6 and X
sze line forD,, (circles is a guide for the eyes.

ecules, for example, an isolated dimer in the 1D chain, behaves as
kink soliton with spin3.
1 1+\/1+(w/2DL)z
. . . ¢(©)=N\12p,b \/ 2 D
function of 1A/f, wheref is the EPR frequency. A typical 121 1+(w/2D,)
frequency-dependent widthH 5,5, caused by the electronic wherec, = 4% 3.788 A is the unit hopping lengtl,the con-

dipolar interaction modulated with the quasi-one- centration ofS= L

: . o ; - . ) 5 spins, 2, the lattice sumw=2=f, and
d|menS|onaI(Q611|;)) diffusive motion of the spin soliton, is D, and D, the diffusion rates along and across the 1D
expressed 43%

chairn(s), respectively. The spectral densit(w) corre-
sponds to the Fourier spectrum of the fluctuating dipolar field
produced by the Q1D spin motio(w) is frequency de-
AHqip(@)*¢,c%[0.3¢(0) +0.5¢(w) +0.2¢(2w) ], pendent, 12D, w at>D, (1D regime, and approaches a
(13 constant value independent @f 1/y2D,D, atw<D, (3D
regime. The curves in Fig. 2 definitely demonstrate such a

2 - i . feature, representing a Q1D diffusive motion of the Curie
(DMe-DCNQD,Li L owes® spins as clear evidence for the spin solitbn. could also be
1 GPa J,/”AM}/O.K«'P’ characterized as the “escape time” from the 1D motion in a
i e 15K chain to the 3D motion between chains. Thé&n, corre-
5) e ‘,}’*x,‘.«'f 20K sponds to the crossover frequency between the 1D and 3D
8 [ " w{.-m”""’ regimes and,, is proportional to the inverse of the slopes at
3 AV ol o>D, . With using c=0.9% deduced fromycyic=7.7
g1 I x10~* emu/mol at 4.2 K and,=2.00x 10** cm™° calcu-
e o i lated for the structure of (DMe-DCNQID.,*® the diffusion
E . - 35K ratesD,, andD, are successfully derived at ambient pressure
’.,0’/ Y -
g LT e 40K | and 1 GPa with a weak pressure dependence from the pa-
- /KZ;"MM/M:GI(— ] rameters obtained by the least-squares fitting to (£jg.as
5 ) & shown in Fig. 3.
55K A characteristic feature in the temperature dependence of
00 o1 02 03 D, is as foII_ows:D,, is almost temperature independent up
. to 30 K and increases steeply above 25 K at ambient pressure
1/1/? MHz7)

and 35 K at 1 GPa by nearly two orders of magnitudes. A
FIG. 2. The EPR linewidth in (DMe-DCNQJLi as a function simi[ar behavior to tne forrner has been reported on th.e dy-
of 1/\/f, wheref is the EPR frequency, measured at 1 GPa, and@mics of neutral solitons ir(CH), below 100 K, which is
several temperatures below 55 K. The dotted curves represent i domain-wall soliton of bond alternation with=3.° The
Q1D behavior expected from E@l). The upturn at higher frequen- diffusion rateD, anng the chain was concluded to be pro-
cies than 1 GHz arises from tigeshift anisotropy distribution in the ~ portional to T2 with a diffuse-trap model that takes into ac-
powder sample. count an effect of the trapped solitons. The diffuse-trap
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with AF correlation between the dimers that strongly sup-

. Wt S presses the spin susceptibility. Then, 10%-20% of the
* ’ dimers could be excited around 35(E0 K at 1 GP& which
) * makes the 1D chain a mixture of tetramers and dimers, such
= 0 (DMe-DCNQD) Li as the liquid state, giving rise to the possiblity of enhanced
R . diffusion rates for the spin solitons. Here, there is an inter-
o | - 1 GPa, 50 MHz | esting coincidence in the activation energy around 50 K:
g 700+ 150 K for D, and 630350 K for the electrical con-
3 d ductivity at ambient pressufewhich suggests some connec-
o tion of the spin soliton diffusion to the electrical conductiv-
. o © o AHMP ity.
0 NN S The solid curve foiD, at 1 GPa in Fig. 3 represents the
0 10 20 30 40 50 60 70 80 relation
T (K)

D,=A,+B,e /T, (3
FIG. 4. The temperature dependenceAdl,, caused by the

static broadening when the spin soliton is trapped. The correctiogvhere A, =9X 10’ rad/s, B, =4X 10° rad/s, and T,
factor cgor to multiply to Eq.(1) is also shown by the solid circles. =150 (+100,-50) K. The maximum of~4Xx 10° rad/s

_ _for D, with T, =200 K is consistent with the NMR; *
model assumes that the neutral soliton stays for long duratiopsg it to be less thanx10° rad/s22 The constant term can
in the trapping sites compared with when diffusing, resultingye assigned to the cutoff frequency caused by interchain in-
in static broadening when trapped, instead of the Q1D relaxegactions, such as the dipolar interaction between the spin
ation broadening when diffusirfg’*® Then, the linewidth is  sgjitons, et@ The second term represents the thermal acti-
a sum of the broadenings with the two different mechanismsation with T,=E, /kg=150 K, which is a similar magni-
With Qecreasing temperature, the periqd spent at the trappiqglde to the spin excitation gaBsp/ks=230+30 K below
sites increases at the cost of decreasing Q1D broadening.-fA (ki 1), This interesting coincidence suggests for the
similar interpretation can be applied @), in the present 1ot mechanism to be the exchange interaction between the
system. Figure 4 shows the temperature dependence Qgin soliton and the thermally excited dimer soliton, but not
AHygpat 1 GPa, obtained by subtraction®Hq,p fromthe  5cqya1 hopping. The interchain exchange interaction would
observed. A correction factarc, to give an effective con- e proportional to the number of excited spin solitons, as
centration of the diffusing spinsqr=ccg,, can be deduced represented by the second term in Eg), since the number
from AH,, in the same way as that reportéds shown in  of excited solitons governs the frequency to meet each other.
Fig. 4. Then, the corrected diffusion rabg, ., in Fig. 3 is  Besidesr-electron-vacant, spinless solitons on the neighbor

given by (cgor)zD,,. chains are inevitable for the interchain hopping of spin soli-
The solid curve successfully reprodudag ., at 1 GPa  tons to avoid the expense of the Coulomb repulsion energy
with the two terms U. They, however, could not be created by the thermal dis-
_ o - sociation of the tetramers nearllyp. Meanwhile, A, /%
Dit,co=AuT +Bye 1, (2} ~0.5 meV below 30 K provides us only the upper bound

whereA,=2x 10" rad/s,p=2.3+0.3, B;,=7x 10" rad/s, for the exchange interaction which is consistent with the re-
andT,=(7=1.5)x10? K. The first termT2°of Eq. (2) is a ported Curie-Weiss temperatu® of less than 1 K. This
similar dependence &2 for the neutral soliton irt-(CH), figqre is naturally ascrib_ed to _the interchain exchange'inte_r-
and actuallyT2 can reproduce the data within uncertainty. action between the spin solitons whose concentration is
The second one is simply assumed to reproduce the steés9%- _ o ]
increase above 35 K at 1 GPa and, similarly, above 20 K at Finally, we discuss an effect of delocalization of the spin
ambient pressure. From the first term, it is concluded that thgoliton. It is known that the frequency spectrum of
dynamics of the spin solitons is the same as the neutral solR1D motion for the solitons with finite extent is modified
ton in the temperature dependence, but is slower by twd an approximate —expressiott*® ¢(w)=1/y2D,w
orders of magnitude than that at least below 20—30 K where~0.33¢/D/, valid atwg>w>D, , whereL ¢ is the effec-

the spin solitons are sufficiently isolated from each othertive soliton extent measured by the number of tetramers,
This suggests that the spin solitons are driven by the phononghich approximately equals the actual exterfor L=5 and
similarly as the neutral soliton itr(CH), .2%2 This is con-  @o="5D,,/L%. To be exact$(w) gradually loses its fre-
sistent with the fact that the CH unit has a markedly lighterquency dependence abovg, where the displacement for
mass than tw@DMe-DCNQI) molecules, since the soliton the Larmor period is too small compared with the soliton
diffusion rate is proportional to i, wherem is the ionic  extent to produce a sizable variation of the local field. This
mass. The steep increasedf above 20 K(35 K at 1 GPa  effect becomes pronounced at the lowest temperature, where
would suggest some change of the electronic states, probably;, becomes smallest, as demonstrated thiCH), . 1°
concerned with the spin-Peierls transition. With approachingVith D,~6x1C® rad/s at 4.2 K, fo=w/2m~4.5
Tgp, soliton(dimer pair formation takes place exponentially ><108/L(2gff MHz is obtained, which corresponds to\Th
and almost all the tetramers dissociate into dimer§gt  ~0.046 MHZ Y2for L4=1 orL~1.6. Compared with Fig.
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2, this value seems to be acceptable as a maximum, but niotteraction between the second-neighbor spins in a chain
for Lgg=2 or 1A[fy=0.09 MHz Y2 Therefore, it is con- would cause a small extent for the spin soliton and could
cluded that the spin soliton in (DMe-DCNQL)i is localized ~ enhanceT gp, ™ which provides a consistent picture with the
in a tetramer. present experimental data, in comparison with the case of
A coexistence of the spin-Peierls distortion and the AFCuGeQ.
long-range ordering has been found in the inorganic spin- In conclusion, we demonstrated that the Curie susceptibil-
Peierls system CuGeQuith impurities such as Si or Z#;'* ity observed belowT s is of the spin solitons arising from
where the required impurity concentration is around 1% forthe effective finite chain lengths. The diffusion mechanism
several K of Tgp. Although it is a similar concentration to below 30 K was concluded to be the same as that in
that for the present spin solitons, no AF long-range orderingt-(CH),, but a strong enhancement was observed above it.
but ®<1 K, was found so far. According to the model The cutoff frequency is dominated by the exchange interac-
where a 3D ordering of alternating magnetization of the spirtion between the spin solitons. The extent of the spin soliton
soliton is the origin of the observed AF ordering in CuGeO Wwas estimated to be less than several molecules.
the well-localized spin soliton in (DMe-DCNQJLi should
play a key role in the missing AF long-range ordering, along K.M. would like to give thanks to Professor Akira Terai
with the weak interchain exchange interaction less than 0.5or useful discussions on the effect of long-range exchange
meV at 4.2 K. It is suggested theoretically that the exchangénteractions on the extent of the spin soliton.
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