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The lattice dynamics of the spin-Peierls (SP) system CuGeO3 have been analyzed by inelastic neutron
scattering combined with shell model calculations. The low-lying modes of the symmetry of
structural distortion in the dimerized phase are identified and studied as a function of tempera
Surprisingly, the static distortion in the SP phase does not correspond to one eigenmode of the
symmetry phase. The two modes associated with the structural distortion exhibit frequency shifts
pronounced linewidth broadening well above the transition temperature; however, there is no soft
behavior for these modes. [S0031-9007(98)05674-9]
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A spin-Peierls (SP) transition results from spin-lattic
coupling and, hence, should lead to peculiarities in th
magnetic as well as in the lattice properties. Concernin
the lattice dynamics in the SP compound CuGeO3 (CGO)
[1], infrared and Raman studies determined almost a
opticalG-point frequencies [2]; however, any dimerization
must be related to modes away from the zone center, wh
can be investigated only by neutron scattering. Seve
neutron studies have focused on the acoustic branches
5] revealing a particularly low LA branch along theb axis
whose relevance for the spin-phonon coupling still nee
to be clarified. The search for a soft mode related to th
structural distortion at the SP transition has so far remain
unsuccessful. Answering whether the associated phon
mode softens atTSP or not, is, however, essential for the
understanding of the underlying mechanism.

Additional information on the lattice dynamics was
obtained by optical techniques in the distorted phas
where the high-symmetry zone boundary (0.5 0 0.5)
folded into a new zone center, and where new optical acti
phonon modes should appear. Indeed, several groups h
reported new Raman scattering peaks belowTSP [6–13],
at ,1, 3.2, 6.8, 11.1, and 24.6 THz. However, there i
controversy about the interpretation of these intensitie
There seems to be agreement on the facts that the low
peak has a magnetic origin [6–14], and that the two highe
frequencies are due to phonons. The 6.8 THz featu
is commonly assumed to have a magnetic origin [6–1
and the one at 3.2 THz is interpreted as either magne
[6,7] or phononic [8,10]. We will show by combining
inelastic neutron scattering results with lattice dynamic
model calculations that the four intensities correspond
the frequencies of the four phonon modes of the sam
symmetry as the distortion belowTSP . However, none of
these modes shows an indication of softening at the S
transition.

The inelastic neutron scattering experiments were pe
formed on the triple axis spectrometers 2T and 1T installe
at the Orphée reactor. Double focusing crystals were us
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as monochromator [pyrolytic graphite (PG) (002) and C
(111)] and analyzer [PG-(002)]. Two crystals of abo
600 mm3 volume each were coaligned for measureme
in the (010) geometry; for other scattering planes only o
of them having a small mosaic spread [15] was used. T
occurrence of the SP transition in these crystals was v
fied by studying the superstructure peaks.

A first description of the lattice dynamics can b
obtained from the optical data determining the phon
frequencies at the zone boundary [2], where the high sy
metry is reflected by the decomposition into eight distin
representations. However, the strong dispersion and
mixing of the branches along all directions necessit
more detailed information on the mode frequencies in
entire zone. Therefore, we have determined an alm
complete set of dispersion curves along the orthorhom
directions at room temperature. In this Letter we foc
on thefx0xg direction since the structural distortion in th
SP phase occurs at the zone boundary in this direct
According to the low symmetry of thefx0xg line, the
30 branches decompose corresponding to two irreduc
representations including 17 and 13 branches, resp
tively; experimental and calculated results are shown
Fig. 1 for the branches belonging to the second irreduci
representation alongfx0xg.

The lattice dynamical model was obtained by fitting i
parameters to the zone-center frequencies obtained by
tical techniques [2] and to the frequencies obtained by
neutron scattering experiments. The entire data set c
sists of about 700 observations, which are reproduced w
an averaged difference of 0.2 THz. The model incorp
rates different types of interactions reflecting the ionic a
the covalent characters of the bonds. Short range for
are described by Born-Mayer potentials and some fo
constants. The mainly covalent Ge-O bonds require
introduction of angular forces. Coulomb potentials a
isotropic core shell interactions reflect the ionic chara
ter. In addition to the fitting of the phonon frequencies,
was verified that the model describes the neutron scatte
© 1998 The American Physical Society
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FIG. 1. Low frequency part of the phonon dispersion alon
[101] at room temperature; only branches belonging to t
second irreducible representation are shown. The symb
denote the experimental data and the lines the frequenc
calculated by a shell model.

intensities correctly. The final agreement between calc
lated structure factors and experimental intensities asc
tains that the calculated elongation patterns are reliab
The model parameters can be obtained in Ref. [16].

The dispersion of the branches along [101] shown
Fig. 1 exhibits pronounced slopes and complicated int
actions. There is afx0xg2 branch which exhibits soft-
ening when approaching (0.5 0 0.5); its zone-bounda
frequency is indicated by the symbol SM in Fig. 1. Thi
indication of a structural instability can be well reproduce
by our lattice dynamical model; the analysis of the elo
gation pattern reveals, however, that it is not related to t
SP transition.

The structural distortion in CGO in the dimerized phas
is characterized by two elements [17,18]: the first consi
of a Cu shift parallel toc accompanied by a modulation
of the O2-O2 edge lengths perpendicular toc (O2 denotes
the oxygen site closer to the Cu atoms and O1 the othe
and the second element corresponds to a twisting of
CuO2 ribbons around thec axis. Some of these feature
can be found in the polarization patterns of theG modes.
The Au mode with a frequency at 3 THz corresponds
vibrations of the Cu atoms alongc; following the branch
starting at Au the pure elongation pattern is rapidly los
due to mixing with oxygen displacements. The seco
element of the structural distortion is related to aG mode,
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where the entire ribbons are rotated; it can be identified a
the B2g mode near 3.5 THz. The branch starting at B2g

shows a flat dispersion alongfx0xg indicating only weak
coupling for this distortion alonga andc.

At the zone boundary, the higher symmetry yields a de
composition of the modes according to eight irreducibl
representations. Group theory shows that the symmet
reduction of the structural part of the SP transition, from
Pbmm to Bbcm, corresponds to an irreducible represen
tation with a multiplicity of 4, T1

2 in the notation of
Ref. [19]. These modes are characterized by a Cu di
placement alongc, an O2 shift alonga and b, and a
Ge displacement alongb, i.e., the additional free atomic
parameters in theBbcmphase [18]. For an usual struc-
tural phase transition one expects that the static disto
tion below the transition corresponds to the polarizatio
of one eigenmode, whose frequency should soften clo
to zero in the case of a continuous displacive transition
In CuGeO3 this picture does not apply for the polarization
patterns of the eigenmodes; see Table I. It is obvious th
the condensing static distortion corresponds to the supe
position of at least the two modes with the lower frequen
cies. Approximately, one obtains the observed distortio
by adding the polarization vectors of the lowest and sec
ond lowest modes with weighting factors of 2 and 3, re
spectively. Although the polarization vectors may slightly
vary with the model parameters, it can be excluded th
the distortion corresponds to one mode. For instance, t
two low-lying modes have opposite and strong Ge dis
placements, whereas the static distortion exhibits only
negligible Ge shift [18]. Furthermore, only the 6.8 THz
mode involves appreciable Cu displacement, which is e
sential for the dimerization. The 3.3 THz mode is asso
ciated with the twisting of the CuO2 ribbons, forming the
second element in the distortion. The fact that the sp
system is intimately coupled to two distinct modes has t
be taken into account in any quantitative theory.

The alternation ofJ due to the structural distortion is
caused mainly by the modulation of the bond angles. Th
strongest influence is found for the Cu-O2-Cu bond angl
h, which is close to 90± for which value, in the absence of
sidegroups, the interaction should be ferromagnetic, as h
been discussed in detail in Refs. [18,20]. The deviatio

TABLE I. Polarization schemes (calculated by our shel
model) and frequencies of the four T1

2 modes of the symmetry
of the SP distortion. The eigenvector components are given
relative units. For comparison, the last column shows the com
ponents of the static distortion in the SP phase [18] in 0.01 Å.

T1
2 modes a b c d SP

Cu(0.5 0 0)z 0.11 0.72 0.51 0.00 0.57
Ge(0.07 0.25 0.25)y 0.26 20.39 0.50 20.44 0.08
O2(0.28 0.08 0.5)x 0.80 0.35 20.66 20.60 20.95

O2-y 20.86 0.22 20.14 20.86 20.65
n Neutron (THz) · · · 11.4 6.8 3.3 · · ·

Raman (THz) 24.6 11.1 6.9 3.2 · · ·
3635
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of h from 90± induces the main anti-ferromagnetic con
tribution and the modulation ofh in the distorted phase
can explain a large splitting ofJ. The 6.8 THz mode cor-
responds to the maximum change of this angle as the
is shifted towards the elongating O2-O2 edge; in contra
the Cu-O distance is only slightly changed in this mod
see Table I. Therefore, one expects a particularly stro
coupling for thish-modulating mode near 6.8 THz.

The associated mode in which the Cu and O2 displa
ments have opposite phases modulates only slightly
bond angle but strongly the bond distance. As a co
sequence, its frequency is higher, 11.4 THz. This mo
should not couple to the dimerization and, indeed, this p
larization pattern does not seem to contribute to the
distortion. Furthermore, this mode shows no temperat
dependency, neither in frequency nor in width.

The second structural element rendering the magne
interaction in CuGeO3 antiferromagnetic consists of a
hybridization between the Ge and the O2’s [18,20]. T
Ge is not located in the plane formed by the CuO2 ribbons,
where the effect forJ should be maximal, but the angle
O2-O2-Ge,d, amounts to about 20±. The modulation
of this angle will change the hybridization and henceJ;
however, as this contribution is close to its maximum
the angular dependence should be lower: Geertsma
Khomskii proposed this element to be the main mechani
for the alternation ofJ [20]. The low-lying mode near
3.3 THz corresponds to the maximum modulation ofd,
see Table I, and might be coupled to the spin system
this mechanism.

The fourth T1
2 mode has almost ideal Ge-O bon

stretching character and, hence, a high frequency, wh
prevented a determination by neutron scattering until no

After the identification of the relevant modes
temperature-dependent measurements were underta
Unfortunately, frequencies of the two low-lying T1

2 modes
are close to those of other phonons; see Fig. 2. At ro
temperature both T12 modes appear slightly broadened i
respect to the resolution, which is seen in the neighbor
peaks. Upon cooling, the shape of the scans across
lower frequency phonon group is changing; see left part
Fig. 2. The T12 mode near 3.3 THz significantly harden
upon cooling; see Fig. 3. This temperature dependen
is more pronounced at lower temperature in contrast to
usual frequency shift induced by the thermal expansio
Furthermore, the observed effect is exceptionally larg
This frequency shift exhibits a striking similarity to the
magnetoelastically induced structural effects [21].
seems unquestionable to attribute the pronounced hard
ing to the spin-phonon coupling. NearTSP no singularity
is observed, and particularly there is no indication of
softening. Furthermore, this mode remains well defin
near the SP transition.

The scans across the 6.8 THz phonon mode perform
at (0.5 4 0.5) exhibit even more dramatic effects. A
room-temperature and at 200 K, the two phonon mod
3636
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FIG. 2. Raw data scans across the two lowest T1
2 modes as a

function of temperature. The left part shows the scans acr
the 3.3 THz T12 mode which cannot be measured separately;
is partially superposed with a mode ofsx0xd1 symmetry near
3.5 THz. Also the scans across the higher T1

2 mode show
a second phonon, ofsx0xd2 symmetry. In addition, a sharp
intensity appears near 7.3 THz at low temperature.

can be separated, the T1
2 mode being broader. This

broadening becomes significantly enhanced below 160
where the frequency increases. At even lower tempe
ture an additional intensity appears near 7.3 THz whi
becomes dominating on further cooling. Therefore, it
difficult to separate the T12 mode which we observe as a
shoulder on the additional intensity at low temperatur
Below TSP , we find a frequency of 6.76 THz for the T1

2
mode, again indicating a pronounced shift in comparis
with its 200 K value. Scans with improved resolutio
demonstrate that the phonon mode at 6.8 THz is broa
ened and the additional intensity shows a sharp profile.

The additional feature appears at the energy of the up
boundary of the magnetic excitation continuum determin
by Arai et al. [22]. Furthermore, the ratio of its intensity
with that of the well defined magnonlike low energy exc
tation agrees well with the intensity ratio between the upp
boundary and the low-energy excitation reported in [22
Therefore, it appears reasonable to identify the feature
Fig. 2 with the upper limit of the magnetic excitation con
tinuum. The magnetic origin is further supported by th
nonobservation of this feature at (0.5 10 0.5) where a co
parably strong dynamical structure factor is calculated f
the phonon mode, and where any magnetic scattering



VOLUME 80, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 20 APRIL 1998

er,
an

w
e-
x-

,
ig

s
r

g
:

FIG. 3. Frequencies of the two lowest T1
2 modes as a

function of temperature. The values were obtained by fitt
the measured intensity scans, see Fig. 2, with two or th
Gaussians. Position and width of the mode at 3.5 THz w
kept constant. Because of the difficulties in the determinat
of the 6.8 THz mode as a shoulder on the additional intensity
temperature-independent position and shape, at some tem
tures, the width and position of the additional intensity w
constrained (filled points). Lines are guides to the eye.

strongly suppressed due to the Cu21 magnetic form fac-
tor. Recent calculations of the neutron scattering funct
indeed predict a sharp peak near the upper boundar
the two-spinon continuum for strong next nearest neig
bor frustration [23].

The three low temperature frequencies attributed
the T1

2 modes can be compared to the additional pe
appearing in Raman scattering [6–13]; see Table I.
the SP phase, (0.5 0 0.5) is folded to the zone cen
and the former T12 modes have Ag symmetry, i.e., the
full symmetry of theBbcmphase, and are Raman activ
The frequencies of the intermediate three new pe
agree nicely with our results. Therefore, it seems m
likely that all these peaks have, at least partially,
phononic origin in contrast with previous interpretation
The two lowest peaks, at 3.2 and 6.8 THz, are stron
asymmetric and broad in the Raman spectra; they can
well described by a Fano line shape confirming the stro
coupling to the magnetic excitations [8,24]. Especia
the 6.8 THz mode exhibits a very large linewidth, close
the one observed in our neutron scattering experiment

The existence of two structural order parameters co
sponding to two phonon modes of rather high frequen
indicates a mechanism distinct from the conventional t
ory, which is based on phonon softening [25]. The mo
anomalous behavior of the 6.8 THz mode, which is o
served in neutron as well as in Raman scattering, furt
demonstrates that its associated distortion scheme,
the modulation of the Cu-O2-Cu bond angle, is strong
coupled to the magnetism, in agreement with the cal
lation in Ref. [18]. It, therefore, seems likely that th
element contributes most to the alternation ofJ in the
dimerized phase. The change of the Ge-O hybridi
tion, associated with the 3.2 THz mode, experiences s
phonon coupling too, however, to a smaller extent.
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The nonexistence of phonon softening atTSP for the as-
sociated modes appears surprising at first sight. Howev
both involved phonons have frequencies much higher th
the magnetic gap opening atTSP . These modes expe-
rience the magnetoelastic coupling upon cooling belo
Jykb as clearly demonstrated by the data, while they r
main unaffected by the small change in the magnetic e
citation spectrum atTSP .
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