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Nonadiabatic approach to spin-Peierls transitions via flow equations
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The validity of the adiabatic approach to spin-Peierls transitions is assessed. An alternative approach is
developed which maps the initial magnetoelastic problem to an effective magnetic problem only. Thus the
equivalence of magnetoelastic solitons and magnetic spinons is shown. No soft phonon is required for the
transition. Temperature-dependent couplings are predicted in accordance with the analysis of experimental
data.[S0163-182(8)52922-(

Around 1980 there was great interest in the phenomenofour optical phonons allowed by symmetry contribute appre-
of spin-PeierlgSP transition$ where the coupling of lattice ciably to the distortion in a ratio of 3:2. The more impor-
degrees of freedom to quasi-one-dimensiort: () mag- tant phonon is at 6.8 THB30 K); its dispersion at the zone
netic degrees of freedom leads to a phase transition into Boundary is essentially flat, decreasing towards the zone cen-
dimerized phase. This interest has been vividly renewed reter to ~3 THz. The other phonon is at 3.2 THt50 K) and
cently due to the discovery of the first inorganic SP sub-practically dispersionsless. The magnetic exchange coupling
stance CuGeg?? J lies in the range 115 to 160 K1t is evident that the

The instability of the coupled spin-phonon system to-assumption of a pre-existing soft phonon is inadequate.
wards dimerization results from the susceptibility of the Things get even worse if one takes into consideration the
magneticd=1 subsystem towardsk2 perturbations, i.e., results for anXY chain with d=1, Einstein phonort$
dimerization. The gain in magnetic energy due to dimerizawhich show that the phonon energymust be small com-
tion overcompensates for the loss in elastic energy of thgared to the resulting gap for the adiabatic approach to be
lattice distortion. The present work is motivated by thereasonable. The condition<A, however, is definitely not
wealth of information available for the SP transition in fulfilled in CuGeQ with A=23 K8 In view of these facts it
CuGeQ. is not astounding that so far no phonon softening at the SP

The theoretical picture of SP transitions has been develtransition was found experimentally. For comparison, we re-
oped in a number of articlgg.g., Refs. 4—10ltreliessofar call the numbers for the best-known substance
mostly on anadiabatictreatment of the phonons. Cross and (TTF)CuS,C4(CFs), with soft phonon:J=68 K, Tgp=12 K
Fisher discussed this point most comprehensif@y. ran-  (=A~1.77Tsp~20 K), 0~10 K wherew<A is fulfilled.*
dom phase approximatiaiRPA) they investigate the stabil- In the present work we develop a route to Peierls transi-
ity of the uniform phase. The RPA is the consistent extensiortions not based on the assumption of phononic adiabaticity.
of the mean-field treatment on the one-particle level to theResults of previous work&2! on nonadiabaticity will be
two-particle level of susceptibilities. Cross and Fisher’s pointextended. We will view the phonon subsystem as fast and the
is the importance of a fire-existing soft phonoh This spin subsystem as slow. The unperturbed spin system is al-
means that the phonons responsible for the distortion haveways gapless, i.e., the magnetic subsystem always has low-
low energy alreadyeforethe interaction with the correlated lying excitations well below anyoptica) phonon energy.
system is taken into account. Moreover, they require that th&hese low-lying excitations are influenced most by the inter-
phonon dispersion perpendicular to the chain direction isaction of phonons and spins. To them the phonons are fast.
very large. Thus the lattice prefers that whole planes perper5o we treat the phonons as quickly adapting and derive an
dicular to the correlated chains move coherently so that theffective dressed spin model. Pytte did the same for an Ising
moving objects are heavy. model which allowed the rigorous elimination of phonbhs

The reason for the above requirements is that the mearstressing already the importance of avoiding a mean-field
field approach is appropriate if the fluctuations are smalbpproximation for the displacements.
compared to the expectation value. This is the case if the Technically we use the recently developed flow equation
distortions are made up by a large number of phonons, whichpproach to treat the spin-phonon systérihe idea is to
in turn means that the phonon energies must be small. Theotate away the direct interaction with phonons similar to
phonons must be slow and heavy. Then it is plausible tavhat is done in Frblich’s approact® This approach has
consider the phonon subsystem as the slow subsystem whitieen improved considerably by Lenz and Wegner for
is renormalized by the fast magnetic degrees of freedom. lelectron-phonon interactiod8.In the improved version the
this picture, the SP transition is signaled by the vanishing ofjenerated effective couplings are by far less singular than in
a renormalized phonon frequenty. Frohlich’s approach.

Whereas the experimental data for organic SP substances The flow equation approach ‘“diagonalizes” a Hamil-
such ag TTF)CuS,C,(CFs), support the RPA approaéithe  tonian in a continuous unitary transformation parametrized
experimental evidence for the inorganic CuGgints to by | e[0°]. This meansH(0) is the bare Hamiltonian as
the opposite directiolt Bradenet al. found that two out of given andH(«) is the resulting(more) diagonal Hamil-
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tonian. The unitary transformation is defined by its anti- dT; .
Hermitian infinitesimal generatag(l) via ar - et o(q)]%T3, 7
dH which is formally solved by
57 =[2().HD]. @
A cood choice forn To(h=exp{—[ L+ o(q)]?1}A;. (8)
ood choice fory is
g ! 7! Based on Eq(8) the additional Hamilton parAH can be
7=[Ho(h),H(D], (2)  calculated
whereH, is the suitably chosen diagonal Hamiltonf#The dAH _ 3
main feature ofy as defined in Eq(2) is that it respects the qr ~ LmHsel+O(9%) (9a)
idea of renormalization in that it eliminates first matrix ele-
ments connecting very different energfés. + ot 5
The SP system we consider is given by the Hamiltonian =—> [T+ b,+Tgbg , Dgbg—Dcbg]+O(g%)
q,k
(9b)
H=HstHg+Hss, Hs=2 d(@SS4, (33
a =-2 (DIT4+TiD) (99)
q
Hg=2 w(d)blbg, Hss=2 Ag(bl+b_g), (3b)
a a +2 (bib{[Dg , T +H.c) (9d)
q,k

Aq=2 9(a.KSS ¢ g, (30 T T T
“ +2, {blbi([Tq . DJI+[Dg ., TN} +0(g?),
in obvious notation in momentum space. Note that according a.k 99
to Ref. 22,A; should be normal orderel;— Ag—(Ag). The ©
particular cho_ice[before Eq.(12) and Eq.(14)]_ for Ag will where we used the shorthaBg;=[ £+ w(‘i)]Td-
C|rcum\£ent this eroblem. YVe assume inversion symmetry SO To obtain from Eq(9) an effective spin Hamiltonian we
thatw(q) = w(—q) andd(q)=d(—q). Hermiticity requires use a mean-field approach and replace the quadratic boson
AiaZAa or equivalentlyg* (—q, —K)=g(g,K). The linear ~terms by its expectation values. This is absolutely systematic
boson terms becomedependent for the unitary transforma- N the sense of an expansion ¢n Taking the expectation
tion values neglects fluctuation effects of the orgérdue to the
interaction. But since the two-boson terms appear only?as
¢ terms the total error due to the mean-field treatment is of the
Hsa()=2 [Ta(Dbg+T4(hbgl, (4 orderg®. Applying the same mean-field approach to the un-

q specifiedg® terms annihilates them because they contain
with the starting conditio;(0)=Ag. The objective of the nec_essari!y an Odd_ number of bosan operators. Thus the ef-
unitary transformation is to disentangle phonons and spingective spin model is exact up 0(g").

Thus we choosélp=Hg+Hg. To leading order irg we do Replacing bgb,; by 5dyl;{exp[w(q)/T]—1}*l and omitting
not need to consider a possibleependence dfi, since the  the terms in Eq(9d) we obtain finally
|-dependent terms enter only in ordgf, as we will see.

These induced terms of ordgf and higher lead to a new dAH w(q)
contribution AH to the Hamiltonian. Introducing the Liou- T:Z Xqtcoth ==/ Yq|, (103
ville operator. for the commutation witiHg: LA :=[Hg,A] q
we choose for the generatgr with
n(1)=[Hp,Hsgl (5a

Xi - H(D:TH+DITi T:D 4+ TID
a— 2( a'q q'q a-q q q)’ (10b)
=3 {[L+o(@)]TgHbi+[ L~ w(G)]Tbg},
q
(5b)

which is motivated by Eq(2). The flow equatior{l) leads to  From Eq.(10) the Hamiltonian correctiond Hy,, are found
by integration overl and summation over(i: AHy

1
Y4=5([Tq, Dgl+[Dg, Tgh. (100

dH > © o0 e
m=[77,HSB]+[77,AH]—Z {[c+w(q)]2Td(|)bc§ =J[o2gXqdl andAHy= [¢ =4 cotH w(q)/(2T)]Yqdl.
q In order to get an impression of what E4.0) means we
+[L— w(a)]ZTE(Ubd}- (6) assumel< »(q) and calculate the leading contributionssn

to X (even inL) andYq (odd in £). After some algebra and
In linear order ing we have to fulfil the flow equation integration we find
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1 -1 solitons and spinons are in essence the same entity and puts
AHy=—2 —= ARG~ > AJA;, (113 Affleck’s supposition in this respéon a quantitative basis.
a «(Q) @ The low-lying excitations of the frustrated Heisenberg
@) chain are spinons which arg3 gapless f@f<<a.=0.241
_* @+ . (Ref. 27 and gapful abover.,* where the system also un-
AHy= 2 2 3 cot%( 2T )[Aq’ £Aql (11b dergoes a spontaneous symmetry breaking of the transla-
tional symmetry towards a dimerized phase. The continuum
1 ) : starts right at the gap enerdy.These facts imply that a
=522 COU’(ﬁ Z (A7, LA, (119  singlechain shows a SP transition only above a certain value
of the interaction in contrast to the results of the adiabatic
where we simplified the formulaélla and (11¢ in real treatment(see also Ref. 17 Furthermore, no “double gap”
space one step further, approximating the phonons by Eirfeaturé® occurs in asingle chain.
stein phonons. The terthHy corresponds to the results ob-  An elastic interchain coupling in a chain ensemble is in-
tained previously by other metho#$?* To the author's cluded if the local phonons influence also neighboring chains
knowledge, theT-dependent termH has not yet been de-

scribed. The result of Pyttgis found again by observing Aii=alS i S+1— S Si-1))

that in the Ising modellA,; vanishes since all terms involv-

ing only S* commute, i.e.AHy becomes zero. The result in +f > (S j,.§i+lj,_§ j,.éflj,)], (14)
Ref. 21 is retrieved on observing thgtt/  is proportional to TR ' ’ '

y N . .
J /(me ) in Ref. 21 since the displacements equak(bi  \yhere| is the chain index angl andj’ are adjacent chains.
+bj)/y2mw. Neglecting the phononic kinetic energy while e factor|f|<1 indicates the influence of a certain distor-
keeping their p2<)tent|al one constant corresp%nds to the limifion on one chain onto adjacent chains. Due to the commu-
m—0 with mw* constant, i.e.o—. So theg*/w term is  tators in Eq(110) a finite f changes\Hy in Eq. (13) only by
constant and kept while termgO(w ?) like AHy are ne- renormalizinggz—>§2=gz(1+zf2) wherez is the number

glected in Ref. 21. To further enhance the plausibility of theof neighboring chains each chain has. The same renormal-

result (11) we note that it equals the result one gets by._ .. . g . .
Frbhlic(h’s) method® in the tw% leading orderg?/ o gand Yization takes place idHy . Additionally, terms linking dif-

g2J/w?. The difference between the flow equation approactférent _chains —occur  such as—(g*/@)($,j-S+1,

and Fralich’s approach appears only in thes/terms com- =S ;*S-1)(S /- S+1j—S;,j*S-1j). These terms

ing from Eq.(10). Frohlich’s approach can also be used to drive really the finite temperature SP transition since they

derive Eq.(11). The flow equation approach, however, is aenable at low enough temperature a coherent dimerization

better starting point for future higher-order calculations inthroughout the whole lattice. We will call these terms coher-

g/ w andJ/ w which takel -dependent couplings into account. ence terms. Their influence on the low-lying excitations is to

This is the reason why this method is chosen here. confine pairs of spinongsolitons to triplets or to singlets.
Specifically, we consider first strictly one-dimensional For the realistic case of weak couplingf/w<J a mean-

phononsA;=g(S-S.1—S-S_1). This choice guarantees field treatment is justified. This amounts up to the treatment

(A;)=0 in the symmetry-unbroken phase so tAatis nor- of dimerized, frustrated chains with self-consistently deter-
melll ordered. With thig\ we have mined dimerization. Hence the confinement is the same as in
. |

dimerized chaingsee e.g., Refs. 26 and 3IThis explains

9° .. Lo why the adiabatic approaches based on dimerized, frustrated
AHx=" 2 (5:S:1+3S-S- %) (120 chains capture correctly the physics of the dimerized SP
' phase at lowT.
For AHy we have to knowd(q) in Eg. (33). We assume The main difference between the fast-phonon scenario

nearest and next-nearest neighbor interaciand J, re-  @nd the adiabatic one is the absence of a soft phonon at the
. - . transition. The transition is characterized by growing do-
spectively.d(q) =J[cos@y) + e« cos(2p)]. One obtains mains of coherent dimerization the size of wh};cﬁ diverges at
Jg? o o Tsp. No renormalized phonon frequency needs to vanish.
AHY=£—1 P cotI—(E E [—(3-3a)S-S 1 Interestingly, the RPA shows similar results in the nonadia-
! batic parameter regim®.
2 & 2 a How does this fit with the approach used so far? In the
T(352)S -S4 2+2a5 Si5], (13 usual RPA treatmefitthe phononic self-energy contributes
where products with four different spins are omitted. not only a real part but also an equally strong imaginary part
Even if no frustration is present in the original model which stands for strong dampifig.Thus the real, untrans-
(a=0) the dressing of the spins with phonons induces frusformed phonons are not appropriate quasiparticles. If we
tration a.z>0. The couplings are temperature dependentransform the propagator of the real phonons in the same
since they are mediated by the phonons. Using the termnitary way as the Hamiltonian we see that \b'f‘21—>b;r
“spinon” for a purely magnetic elementar§=1/2 excita- — (g/w) A;+--- not only the transformed phonons matter
tion and the term “soliton” for the joint magnetic and elastic but alsoS=0 excitations of the effective spin model. This
S=1/2 excitation, we state that the solitons of the Hamil-means that the observation of the real phonons reveals not
tonian (3) are unitarily equivalent to the spinons of the only a sharp peak at the high frequeneybut also a con-
Hamiltonian H=Hgs+Hg+AHx+AHy. This shows that tinuum at low frequencies of the order &f The low-energy
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continuum changes on passing through the spin-Peierls trar- 158 K and J(300 K)=136 K deduced by Fabricius and
sition. In the vicinity OfTSp one expects some critical fluc- L6W35 from experimentaS(q,w) data. This excellent agree-
tuations close to zero energy. Beldwpa gap should appear ment confirms the validity of the approach used and in par-
which equals twice the triplet gap or less if bound states argcy|ar the prediction off-dependent couplings.
present:"**But the phonon peak is not lowered towards zero |, summary, we discussed the validity of the phonon adia-

energy at the transition. This is in accordance with the resultg ;- approach for SP transitions and in particular CugeO
knc\)/\\//vn S0 far for CuQe@ d ¢ tude for th The phonon adiabatic approach is inadequate for the latter
i € .attempt to is'umate or ersr? mqgnltfu he ordt € ?ou'system. We developed a promising alternative approach re-
plings in CuGe@ Let us assume thalsp is 0 t.e order o lying on the flow equation technique. Magnetoelastic soli-
9%/ w; then g%/ w?~Tgpl w~15K/150 K=0.1 is roughly . , -
' B ISP . ?Y 2 tons are mapped to magnetic spinons in an effective, purely
one-tenth, which justifies the expansiongff . magnetic Hamiltonian. The phonon dynamics induces a

The extension of Eq(11) to several phonons is straight- 1 genendent frustration. No soft phonon signals the SP tran-
forward. Using the phonon energies and their relative distorgjsion \hich is driven by the coherence terms in an effective

tion as experimental input and the coupliggs a fit param-
eter it is possible to reproduce the experimentél) data
nearly as well as in Ref. 16 from which also théT) data
were taken. This shows that the assumptioT afependent
couplings isnot ruled out by they(T) data. With the same
parameter as for thg(T) fit we find J(50 K)=162 K and
J(300 K)=140 K, which agrees very well witld(50 K)

magnetic model.
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