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Dynamical effects of phonons on soliton binding in spin-Peierls systems
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The role of dynamical magnetoelastic coupling in spin-Peierls chains is investigated by numerical and
analytical techniques. We show that a Heisenberg spin chain coupled to dynamical optical phonons exhibits a
transition towards a spontaneously dimerized state in a wide range of parameter space. The low-energy
excitations are characterized as solitons. No binding between solitons occurs in the isolated spin-phonon chain
and the dynamical spin structure factor shows a broad magnon dispersion. However, elastic interchain coupling
can lead to the formation of bound statg80163-182¢08)09438-7

Quasi-one-dimensionéjuasi-1D magnetic systems have dimerizations of J;.2° Interchain interactions are neglected
recently received renewed experimental and theoretical atn this description. The values df; andJ, were estimated
tention with the observation of the spin-Peierls transition infrom a fit of the magnetic susceptibility at high temperature
the two inorganic CuGeXRef. 1) and NaOs (Refs. 2—4 and tr_le dimerizz_ationS by requiring the model to have the
compounds which consist of weakly coupled spichains® ~ ©€xPerimental spin gap. Typical results suchJas-160K,
While such a phenomenon was discovered in organiﬁzo'%' 6=0.014 were obtained for CuGg(Refs. 20 and

. . : 14 and J;=440K, «=0, §=0.048 for NaOs (Refs. 4
matenal_s? the new inorganic compounds_ can be synthe5|z_e dnd 29. The J,-J,-6 model successfully predic&? the
as relatively large single crystals allowing for new experi-

. T ‘10 .
mental studied=47-11 experimentally observesis bound staté:'° Indeed, the static

. . : : Igootential of strength¥ lifts the degeneracy between the two
The phase fransition was inferred from an isotropic dro dimer A and B patterns. Therefore the energy cost of creat-

in the magnetic susceptibilityat a transition temperatuiésp ing an A-B-A defect scales approximately as the length of
signaling a nonmagnetic ground st4@S). The spin-Peierls  the B structure. A confining force proportional tand to
transition is characteriz_ed by_the opening of a spin gap, ag,q separation betwearands comes then naturally oéf-28

has been observed by inelastic neutron scattéfiNs) and  Besides the spin-1 magnons, this also suggests the existence

’3 . . . .
NMR spectrosco_p?, accompanied by a distortion of the ¢ 5ingietsshound statéd?28which could be seen, e.g., in
lattice observed in x-ray diffraction experimefits. Raman spectroscopy.

The formation at low temperature of a nonmagnetic GS e static dimerized model has, nevertheless, some draw-
has raised the possibility of observing topological magnetiqyzcks. It shows no spontaneous symmetry breakngce
excitations (solitong as proposed theoretically in spin- the dimerization is introducede factoin the model and
frustrated Heisenberg spin chalfisthe so-calledJ;-J,  ignores phonon dynamics which are expected to be impor-
model, whereJ; andJ,=aJ; are the nearest-neighbor and tant when the phonon frequency and the energy scale of spin
next-nearest-neighbor exchange couplings, respecfivety  fluctuations become comparable.
the Majumdar-GhoskMG) point, «=0.5, the GS is doubly In this paper we investigate dynamical spin-phonon
degenerate corresponding to the two simple dimer patternsiodel which fully incorporates the phonon dynamics. A
(called A and B obtained by a regular succession of discon-weak-coupling renormalization-groufRG) treatmerft® is
nected single(valencg bonds. In fact, for alle>a. (o,  used to argue that this model spontaneously dimerizes even
~0.241) > the GS was numerically shown to be dimer- in the absence of interchain coupligt T=0) for large
ized. The elementary excitations in this phase are easily deenough spin-phonon coupling at all phonon frequency.
picted at the MG point: a solitos (antisolitons) consists of ~Complementary numerical calculations are needed for arbi-
an unpaired spin separating two dimer patterndfand B trary parameters and show that this spontaneous dimerization
(A).X® These objects carry sptand can propagate thereby (accompanied by a simultaneous opening of a gap in the spin
acquiring a dispersion. A spin-1 magnon excitation can beXcitation spectrupnoccurs in fact in a wide range of param-
viewed as the excitation of a singlet bond into a triplet. How-€ter space. The elementary excitations are characterized as
ever, in theJ;-J, model, such excitations decay into un- solitons. We show the absence s binding for decoupled
bound soliton and antisoliton excitations. chains. However, in the presence of an elastic interchain cou-

The spin-Peierls materials are widely described in thepling sharp spin-1 magnon excitations are recovered in the
literaturé” in terms of a static 1D antiferromagnetic frus- dynamical structure factor. Therefore we believe that a cor-
trated dimerized Heisenberg chdlwhich includes, in addi- rect description of real materials must include the interchain
tion to the frustrating magnetid, coupling, an explicit coupling®®
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The key ingredient of the model is the magnetoelastic 020 ————— T 0.4
coupling; the exchange integraldynamicallymodulated by o) 59 :
the relative atomic displacements along the chains. Using 045 L 1D / ! dos
. . . !
independent phonon creatigdestruction operatorsb;r (by) / B g
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FIG. 1. Alternation in exchange integraf (O), spin gapA®

(0), and soliton minimum energg (<¢) as a function of the
couplingg for a=0 and frequency)=0.3J.
whereg is the magnetoelastic coupling constant. Here, we
assume dispersionless optical phonons of frequébgcie., ) o o
th:QEi(biniJr 1), Presumably a model with on-site large region of parameter space. The dimerized phase is sig-
phonons will lead to similar results, however, the model used@led, in the thermodynamic limit, b) the twofold degen-
here is probably the more relevant to CuGe®The inter-  €racy of the GSii) the opening of a spin gap, "i“‘d') a
chain elastic couplingd, will be discussed later. lattice dimerization. The singlet-triplet spin gay (L) as

The numerical results are based on Lanczos exadlell as the separatiod®(L) between the singlet GS in the
diagonalizatiof® (ED) of closed rings with up td. =14 sites K=0 andK=m momentum sectors were seen to scale ac-
supplemented by finite-size scaling analysis and a comparfurately according to exponential lad/s’! The data strongly
son with Bethe ansatz exact results of the Heisenberg cha#!99es =0, evidence for a symmetry breaking in the GS.
and density matrix renormalization-gro@pMRG) calcula- I addition, a finite extrapolated value of the spin gal¥
tions of the frustrated;-J, chain. A reliable treatment of the WaS Obt%'{‘?d for a wide range of parameters. As shown in
phonon dynamics is a difficult task. Preliminary studies have 19- 1, A™ increases strongly with the magnetoelastic cou-
been carried out by considering a single=7 phonon Pling g. Lower-frequency phonons were found even more

mode3* However, to investigate thivcal ss interaction it effective in opening thg SPIn gap.

becomes necessary to consider the complete multimode Then, to.galn more insight we have computed the struc-
problem® We use here the variational treatment introduce;hjral d|§tort|on qssomated to the broken symmefcry. The GS
by Fehrenbacher based on phononic coherent states. Ty relation funflt,'grc'aﬁ(q):<u‘QUQ>° of the Fourier com-
phononic states per site are retained including the vacuurﬂonentsuq:l‘ 2i Eerpqqri)L.J‘ of the relative lattice dis-
and a phononic coherent state. This approach is nonpertup-lacememwi:bi+bi) exhibits a divergence at momentum
bative, preserves the full dynamics of the phonons, and bed= 7 of the form Cy(m)L. The dimerizations* of thf
comes exact in the weak- and strong-coupling lirffits. exczha_nge JTtegl’Eﬂ IS defined by &

As a first step, we shall consider the case of an isolated 9" IML—.{L " "Ciae(m)}. &* obtained from a finite-size
spin-phonon chainH, =0). A RG argument similar to the scaling analysis is shown in Fig. 1 far=0 an.dQ=0.3J. .
one proposed in Ref. 29 can be used for this model for smalfS 9 dependence follows closely the behavior of the spin
92Q/J. Due to the S(R) symmetry and the absence of 9aP. According to the previous RG analysi, should be
charge excitations there is only one instantaneous interactidiPnzero above a critical coupling, which is consistent with
h, with a positve bare value, which is marginally numerical results.

irrelevant? Integrating out the phonons generates a retarded W€ now turn to the characterization of the elementary
) L ~ magnetic excitations in the dimerized GS. If topological soli-
electron-electron interactioh with a bare valueh(0)~

. .. tons exist in th in-phonon model h excitations should
—cg?J/Q (c is a positive constantOne can then renormal- ons exis e spin-phonon model such excitatio

ize both t f interactions down to enerai f the ord be created in pairs. However, finite chains with an odd num-
'z€ DO types of interactions do 0 energies ot the Ordeh . of sites cannot accommodate a simple dimerized pattern
of the phonon f_reque_ncy. Below that scgle, all mteracﬂonsand the GS of such a system is expected to contain a single
beco_me _esse_ntlally Instantaneous _Ieadmg_ to an 9ﬁeCt'V§olitonic excitation. Therefore, the energy difference defined
Hamiltonian with new instantaneous interactions obtained b%y Eq(k) = E° (L K)— EO L) wherek9 (LK) is the GS
adding the retarded renormalized coupling2) to the in- eneray of thc(’ed chain of fél?]gth,:Zp-l-l \C/J\?ith momentumk

: I —h2
stantaneous on(Q). The RG equations afeh’=h? and andEZ (L) is the absolute GS energy of even chains inter-

h'=3hh+h?, involving the derivatives with respect to the pojated atL=2p-+1, can be considered as the excitation
logarithm of the energy s_cale. If the shift is Iar_ge enough tenergy of a spink topological defect propagating with a mo-
change the sign of the instantaneous coupling., h(2)  mentumk along the chain. Note that, consequently soliton
+h(Q)<0], the system is in the spontaneously dimerizedenergies cannot be computed in models including an explicit
phase. This scenario always occurs for a large enough cotranslation symmetry breaking, like, e.g., the dimerized
pling such thatg?>Qh(0)/(2J) in the limit Q<J. Heisenberg chaif. To test the accuracy of this procedure,
We now show numerically the existence offa0 spon- we have compared our results for the spin-phonon model to
taneous symmetry breaking towards a dimerized phase in the ones obtained for the purely magneljeJ, chain at the
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FIG. 2. (a) Minimum energy of the solitoiEs as a function of FIG. 3. Dynamical spin factor structu® (g, ) calculated at
the inverse square of the chain length.2for «=0, g=0 (O: momentaq=2xn/L, n=0,...L/2 (L=12) (3 for a=0, g=0.3,
Bethe ansalz a=0.5, g=0 ((: DMRG, B: ED), and «=0, g 0=0.2] and no interchain coupling(b) for «a=0, g=0.08, Q
=0.45,0=0.3) (0, ED). (b) Binding energye% for «=0.5, g =0.2], andA=0.1J. High-energy peaks are due to finite-size ef-
-0 (D" DMRG W: ED). a=0, g=0.45 Q:OE.;al (0) anda  fects. A small broadening=0.04] was used.
=0.5,9g=0.4,(2=0.3] (A) as a function of 1..

sharps-function structure in the low-frequency spin structure

. . . . factor. The latter which can be experimentally obtained by

MG point where the spin correlation length is the shortest. Ir“NS is defined asS, (q, ) == ,[{®,|S,(q)|Po)[28(w—E

both cases, ED of periodic chains show a dispersion which,_ E,), whereE, (E.) is’ (are tr:e er?ergyies) c;)f the GSCDS
i — A2 2 — 2 , n .

can be parametrized &s(k) = JAs+vg(k m/2)*, where (triplet statesb,,) andS,(q) is the Fourier transform o8, .

Ag is the soliton gap andg a characteristic velocity. The Results for the spin-phonon model on a 12-site chain are

lowest eXC|tat|qn ina finite systen;sls then obtz?uned for theshown in Fig. ) for realistic parameters of Ng®s (i.e.,
momentum which is closest ta/2.°° For the spin-phonon

o X i leading to a spin gap%=0.2J) and are strikingly different
model,As appears to be finite for a wide region of parameters, those obtained for a static dimerizat®nThe main

space[see Fig. 22)]. Hence, the spif- excitation spectrum  gi,cyire, although reminiscent of the well-known spinon
is massive indicating the existence of solitons contrary to th%ispersion of the Heisenberg chdin(q) = (/2)J|sinq]],*®
case of the Heisenberg cham_ v_vhere s%)le{(cnqnons(cal!ed is shifted towards higher energies and is much broader. Fur-
spinons are gapless, as explicitly shown in Fig. @) using  thermore, the relative weight of the low-energy péealg., at

the Bethe ansatz solution for=0.** The soliton gap should q=m/2) decreases for increasing system size. Consistent

not depend on EgoundafY conditions, and using DMRG datgith the previous analysis, there are no well-defined spin-1
for open chains® we estimateAs=0.1170(2) at the MG magnons.

point in the absence of a spin-phonon coupling in good Neyt, we argue that the interchain coupling is crucial in

agreement with the estimate in Ref. 16/§=0.125). order to produce well-defined magnon excitations as experi-
Spin-1 magnons can be considered asaombination in  mentally observed. To test this scenario we have considered
a triplet state. Consequently, the excitatibon triplet aebdond an elastic interchain coupling of the foh, H,
singlet gaps are written asf‘b:ZASwL E3 ,_where!Eg ac- =Kizi2<w,>uiyuiy" where (y,7') refers to adjacent
counts for a finite-range spin-dependent interaction betweegnains, We shall treat this interchain elastic coupling at the
s ands. E3’ is finite only if the ss combination forms a mean-field levef-?*while retaining the full dynamics of the
bound state; otherwise it vanishes am@nd s separate to 1D phonons. A given chaim will then be elastically coupled
infinity. The latter scenario occurs, for example, in the spon+tg the static deformationﬁuf’)o:(— 1)'u, of the Z neigh-
taneously &> a,) dimerized frustrated Heisenberg chfdin horing chains. Consequently we get an additiahatamical
whereA%=A%. However, in the case of spin-phonon mod- term, H, ye=\S(—1) (b, +b') where\=ZK, uy, which
els, a direct comparison betwea?® and A** requires some  explicitly doubles the unit cell.
caution: low-energy spin-0 excitations of phononic character Tyrning on a small mean-field interchain couplingin
are likely to exist and are indistinguishable from the mag-the absence of frustration could again favor one of the two
netic singletss excitations. The triplet binding ener gl lattice distortions and confine solitons into pairs, in which

=A%—2Ag can nevertheless be calculated on closed ringgase a number afs stable bound states proportional to\ 1/
and ED results are shown in Figtt). The data for the spin- (in the limit \<J) would be expecte? Although the previ-
phonon model are very similar to the DMRG data on openpus analysis on soliton binding cannot be done anymore, we
chains at the MG poinfalso shown in Fig. @)] strongly  give further arguments in favor of soliton binding based on
suggesting a vanishing binding energy for all parametershe study of the dynamical structure factor. This one is
This is consistent with the weak-coupling RG treatment: oneshown on Fig. &) for parameters relevant to Na¥s with a
obtains an effective field theory similar to the one describinghonzero value ofv. Qualitatively, the low-energy magnon
the pure spin systerfwith renormalized coupling constaits  structure is now much better defined and the magnon disper-
and no bound state is expectédiVe conclude that solitons ~ sjon is clearly apparent. The maximum of the dispersion oc-
and antisolitons are not bound in the 1D spin-phonon modekyrs atw~1.73, an energy close to the exact valug/2)J
Because of the decay of tiss pair, we do not expect any of the Heisenberg chaifi. At momentumq= 7/2 where
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finite-size effects are shown to be quite sniafi the aver-
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lowest-energy peak increases with the length of the chain,

age frequencyw) and the widthAw of the structure depend contrary to the case of the isolated chain.

strongly on the presence of an interchain coupling. The \ye thank IDRIS(Orsay for allocation of CPU time on
structure clearly gets narrower when the interchain couplinghe C94 and C98 CRAY supercomputers. The research of

increases. Furthermore, wher- 0 the relative weight of the
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