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Dynamics of the Peierls-active phonon modes in CuGeQ
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We reconsider the Cross and Fischer approach to spin-Peierls transitions. We show that a soft phonon occurs
only if Q(<2.2ZTgp. For CuGeQ this condition is not fulfilled and the calculated temperature dependence of
the Peierls-active phonon modes is in excellent agreement with experiment. A central peak of a width
~0.2 meV is predicted alsp. Good agreement is found between theory and experiment for the pretransi-
tional Peierls fluctuations. Finally, we consider the problem of quantum criticality in CyGeO
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Structural phase transitions come essentially in two varifor the spin-phonon coupling within a linear-chain model.
eties, those with a soft phonon mode and those without pha-lere S, are the spin operators at site u, the displacement
non softening and a central pehRypically one associates operators for the normal coordinates of the Peierls-active
them to displacive and to order-disorder transitions, respeghonon modé&? andM is the effective mass of the normal
tively, even though there is no strict formal distinction be- mode.
tween displacive and order-disorder transitions. It came then At the spin-Peierls transition a spontaneous dimerization
as a surprise that the spin-Peierls transition in CugeO occurs belowTgp, atq=/c. In the following we set the
which had been shown to be displacivehows no phonon lattice constant to unity in the theory formulas. Cross and
softening®* Even worse, the Peierls-active phonon modesFischer observed that the correct functional form gt w)
harden by about 5-6 % with decreasing temperatitias (i the limit »—0) can be obtained from bosonizatibn,
been generally assumed, up to now, that this behavior is
inconsistent with the random-phase approximati&PA) w—A
approach by Cross and FischéCF) to the spin-Peierls TXq(‘“):_Zd'l(ﬁ)'l
transition® Here we show that the CF theory is actually fully ) )
consistent with the experimental results for CuGe@/e Whered=~0.37 is a constant depending weakly on the mo-
show that soft phonons occur within RPA only if the barementum cutoff,A=vq— | is the lower edge of the two-
phonon frequency), satisfies()y<2.2Tsp. For larger pho-  SPinon continuum s is the renormalized spin-wave veloc-
non frequencies the phonon does not soften and a centry), and
peak develops at the spin-Peierls transition temperatgige 1 (=
We then test the applicability of RPA to CuGgby calcu- l1(K)==— f dx €k*(sinh(x)) 12
lating the pretransitional Peierls fluctuations. We find good 27 Jo
agrg_ementfw;;ch (Z:xlgenment. Emally, we note thlz.it a key 'Q'T)(q=7,(w) is scale invariant and a function @/(2#T)
?erstelsr;‘t)rointCiGeg) approach, quantum criticality, can eonly (independent of the spin-spin couplidy This behav-

, .__ior is characteristic of quantum critical systefEor any
RPA approach.The retarded phonon Green’s function temperaturer>0 we can expand () in o/(27T) as
Dqy(w) is given by

w+A

)@

Zﬂo(q) TXﬂ'(w):_XO_le

" 2a7) X2 T B
w7~ Q5(a) - 20(0)Py(0)

with xo=~0.26, y;~0.81, andy,~2.2. The position of the

whereQ,(q) is the frequency of the bare phonon with mo- Poles@ . of D (w) are then determined by the roots of
mentumg. In RPA one approximates the phonon self-energy

Dq(w):

. . w?— Q2 2
Py(w) by gf])(q(fu), wher_e)(q(w) is the dy_nam|cal energy- Q_ZQZRGXW(Q,)%_ )$+ % %) , (6)
energy correlation function and whetg, is the electron- 20097 ™

phonon coupling constant, given by whereQ,=Q(7). Typical plots of the left- and right-hand
side(rhs) of Eq. (6) are presented in Fig. 1.

19:[2= N (1- cogqc)) @) A spontaneous lattice dimerization, i.e., a macroscopic
9 MQ(q) ' occupation of the Peierls-active phonon mode, occuisat
when Eq.(6) has a solution forw=0. This determines the
where we have used transition temperature &s
292
20 MUn 2= Un) Sy Soit, 3 Tsp=g, Xo- )
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FIG. 2. The temperature dependence of the phonon frequencies
®/ T w, for various values ofQ)y/Tgp. Qg is the bare phonon fre-
FIG. 1. Plots of Rey.(w) (solid lines for T=Tep and T gﬂgzg The arrows indicate the respective minimal phonon fre-

=2Tgp, as a function ofv/Tgp. The temperature independent left-

hand side(lhs) of Eq. (6), (w?—Q3)/(2Q,9%), is plotted for . . o
0/ Tom1.3.2.6,4(dashed lines with g . given by Eq.(7). The and an equivalent equation fob,(w). Here D{j}(w)

_ 2N\ 7 e
filled circles denote the position of the phonon frequengies The ~ — 2Q0/(0?—Q7)." An analysis similar to the Qne-phonon
arrows indicate the shift o with decreasing temperature. Inset: case can be performed for;(w) +Dy(w). One finds
Im y.(w).

Tep=| o+ — 10
Remarkably, Eq(7) is independent ofl, due to the scale SP (91 Q, Xo 10
invariance of Ty,.(w). We compare the prefactor of the for the transition temperature and
terms~ w? of the rhs and Ihs of Eq6) and find that for P

x21Qy 9102+ 050,
1(297.00)> X2/ (472 TEp), ® T\ 27 Vot gl (1

Eqg. (6) has a single solution fof = Tsp and inspection of the  for the soft-phonon regime.
temperature dependence of this solution Tor Tsp [com- In order to determing, andg, for CuGeQ we note that
pare Fig.(1)] shows that this root continuously connects tothe lower/upper phonon mode contributes to the structural

the T= solution, limy_..w,=Qo(7). In the parameter re- distortion below Tgp with weighting factors 2 and 3,
gime defined by Eq(8) the phonon softens completely. We respectively’ This leads to

can use Eq(7) to eliminateg,. from Eq.(8). We obtain
0./NO} 2 g 2V} 2Vel 1 .
Q —_—, e —, 1
Tep> oo \/§~0.4m0, Qo<2.2Tep, (9 g/V0E 3" 92 303 3/l 4
0

_ _ Equations(12) and (10) determine the spin-phonon cou-
for the soft-phonon regime. Fof),>2.2ZTsp the Peierls- plingsg,,g,. For Tsp=14.1 K we findQ,=3.13 THz and
active phonon does not soften completely and may even b& ,=6.65 THz for the bare phonon frequencies agd
come harder with decreasing temperature, as illustrated i 0,45 THz (g,=4g,) for the spin-phonon coupling.

Fig. 2. NearT=Tsp an additional central peak shows up, In Fig. 3 we have plotted the results for the dynamical

leading to the phase transition. For CuGet@ere are two  strycture factor,

Peierls-active phonon modes with energies=151 K and

w,=317 K, respectively. Sincésee below Q,~w, (y 1 Im[Dy(w+id)+Dy(w+id)]

=1,2) andTgp=14.1 K we find that CuGeQis in the S(Tr"")__; 1—exp — Bow) :

central-peak regime. ) ) )
Application to CuGeQ In order to compare more in de- where we have used the experimental resolution function

10 . .

tail with the experimental results for CuGg@e have gen- [THz] 6~0.023+0.0280/(27).™ The intensity of the ex-

eralized Eq/(1) for the case of two phonon frequencies. De-Perimental spectraalso shown in Fig. 3, has been scaled;

noting byD,,(w) the retarded Green’s functions of the first the (constant background has been adjusfé'dl'he_overall

and second phonon with bare frequencis and Q,, re- agreement between experiment and theory is satisfactory, al-

spectively, and by, andg, the respective spin-phonon cou- though the hardeni_ng of the Iov_ver phonon mode is som_ewhat
pling constants, we obtain more pronounced in the experimdbo vs 1%. No experi-

mental data for the upper mode were available for
(D(°>(w))2g2x () =16 K. In the ir)set a blowup of the cer_ltral peak is given. It
5 (0)1 21 (g) should be possible to resolve the predicted central peak be-
1-(91D1" () +g3D5" (@) X n( @) low ~20 K. It has a width of~0.05 THz=0.2 meV.

(13

Dy(0)=D{”(w)+
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FIG. 4. RPA and experimental resulRef. 16 for the inverse

FIG. 3. Theoreticalthick solid lines and experimenta{solid lattice correlation length &/ The theory does not contain any free
circles, Ref. 5 results for the dynamical structure factor. Thg parameter. Inseff S*P) (1, ), as a function ofw/(27T), as pre-
phonons are Peierls active and included in the theotDX); and  dicted by bosonizatior{solid line, Eq. (4)], and the neutron-
(XOX), are other nearby phonons. The data 16£296 K have  scattering resultd, for T=14.5K (filled squares T=20 K
been shifted. Inset: Blowup of the central peak B&ETgp (crossey andT=50 K (diamonds.
=14.1 K andT=16 K (not broadened

The theory presented here is based on the RPA approx}he bosoni(zAaFt)ion resluslt for the magnetig ijn.amicgl str.ucture
mation. Cross and Fiscifehave shown that corrections to faCt/_C\)'l', S™7(g,0)."  Quantum - criticality  implies
RPA are small whenever the Peierls-active phonon mode&S"7(7,w) tobe a universal function ab/(27T), at least
are already soft far abovBsp. Here “soft” means soft rela- for small w. In the inset of Fig. 4 we have plotted the
tive to the otherinon-Peierls activephonon mode&’ This ~ bosonization result fof SAF)(7,w), together with the res-
condition is not fulfilled for CuGe@and one might question caled neutron-scattering resutse observe that the experi-
the applicability of RPA in the central-peak regime. In view mental data approximately obey the scaling, though there is
of the fact that standard phenomenological theories for théubstantial scattering of the data for smal(27T), possi-
central peak occurring in structural phase transitions havély influenced by noncritical contributions from the Peierls
RPA form}! one might reasonably expect that corrections tofluctuations or by a crossover of the character of the mag-
RPA do not change the results presented here qualitativelyietic excitations from one to two dimensions near the Peierls
In order to estimate th&uantitative magnitude of the cor- transition’* It is also interesting to note that the prediction
rections to RPA for CuGepwe have compared the RPA for TS*P)(7,w) is independent off and that the data for
prediction for inverse lattice correlation lengtré Mith the ~ other one-dimensional Heisenberg antiferromagnets with

experimental pretransitional Peierls fluctuations. very different values of the coupling) like KCuF,*° should
The lattice correlation length is determined by the long-fall onto the same universal curve presented in the inset of
distance falloff, Fig. 4. An experimental verification of quantum criticality

for SAP(7,w) would imply also scale invariance for
x-(®), since both coincide within bosonizati6én®
GeneralizationUntil now we assumed spin-rotational in-
variance. Next we will show that a central-peak regime oc-
wherec=2.94 A is thec axis lattice constant of CuGeO curs also in spin-Peierls transitions lacking spin-rotational
andDy(w)=%,D, ,(w). We have calculated 4/from Eq. invariance. An example is the spin-Peierls transition in a
(14), usingvs=(m/2)J(1—1.12x) (Ref. 12 [which enters system of phonons coupled to an array of chains with Ising
Eq. (4)], J=156 K for the exchange integral, and=0.24  spins. This model was solved exactly by Pyftét contains a
for the frustration parameté?-*>The results for 1 are pre- parameter regime, where the transition is displacive and
sented in Fig. 4, together with results for CuGebtained phonons do not become soft. In the oppositive limit, when
by diffusive x-ray scattering® which are consistent with the spin chains aney-like, the transition corresponds via the
neutron-scattering data and the absence of a soft phbnon. Jordan-Wigner transformation to the standard Peierls
Both experiment and theory show mean-field behaviortransition?! Again one can shoff that soft phonons occur in
1/é~\T—Tgp. The RPA result agrees well with experi- RPA, e.g., for Tgp=J/10, only for ,<0.8J. For
ments. AboveT=19 K the lattice fluctuations have one- >0.8] the Peierls-active phonon does not become soft and a
dimensional charact¥and the residual difference between central peak arises atsp.
theory and experiment may be due to corrections to RPA.  Discussion.In this paper we have shown that the RPA
It is interesting to note that Eq4) for yq(w) is (for  approach to the spin-Peierls transition includes both a soft-
spin-rotational invariant Heisenberg chairidentical with  phonon and a central-peak regime. This result is at first sight

B dq iqz imzlca—2z/&
lim Ee ReDgy(0)~e'"™ e 7%, (14

Z—
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counterintuitive, as continuous lattice distortions belb¥»  Dg(w) is divided in between the “phonon-resonance’«af

are generally associated with a softening of the lattice abovand the soft magnetophonon.

Tsp. Conplusions.‘l’he absence of a §0ft Peierls-active phonon
The eigenstates of the spin-phonon system evolve adignode in CuGe@ has been considered as a challenge to

batically as a function of the spin-phonon coupling strengtrn€0ry- It has been argu€ithat the Cross and Fischer theory

in the soft-phonon regime. In the central-peak regime a ney® €Ssentially incomplete, i.e., not applicable to CugieO

magnetophonon appears at low frequencies and condenses eEre we point out that the absence of soft phonons does
9 P PP 4 22 ually find a natural explanation within the CF approach.

Tsp, leading to the structural transition and the formation ofrg cajculated temperature dependence of the phonon modes
spin singlets. This new collective excitation is a superposimng that of the pretransitional Peierls fluctuations are in ex-
tion of a phonon with two magnons in(aalence-boniisin-  cellent agreement with experiment. A central peak of width
glet state. Condensation of this magnetophonofisatieads 0.2 meV is predicted to appear @tp. Finally, we have

to the simultaneous formation of the valence-bond singletpointed out, that a key ingredient of the theory, the quantum
and the dimerization of the lattice. The magnetophonortriticality of x,(w), can be tested, albeit indirectly, with
couples to the phonon propagator and therefore shows up &€utron sca_lttering through a test of the scale invariance of
a low-energy resonance iD4(w), the central peak. The the magnetic dynamical structure fac®f) (7, ).

other resonance iDq(w), atw,, has the limit limy__ o0, We acknowledge discussions with M. Braden, A. Kluem-
=Qq(m). Therefore one usually regards, to be the per, U. Lav, V. N. Muthukumar, and W. Weber. We are
“true” phonon frequency. In terms of the eigenstates of theespecially grateful to M. Braden for sending us the data files.
coupled spin-phonon system such a distinction does ndfhe support of the German Science Foundation is acknowl-
make sense. In the central-peak regime the spectral weight efiged.
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