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Anomalous hypersonic behavior of CuGeQ prior to the spin-Peierls transition
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The temperature dependence of the longitudinal elastic constantss;, and of the transverse elastic
constant,,, as obtained by Brillouin spectroscopy, reveals an unexpected elastic behavior in Qu@e@
the spin-Peierls magnetic transitiofdp~14.1 K). At room temperaturesz>Cs4>C,,. Below about 50 K a
steep increase in the values of the longitudinal elastic constants leads to a crossover of the vajsrdaf,,
with ¢,,>c,4,. The existence of translation-rotation coupling in Cu@e@uld account for the elastic behavior
aboveTgp. The anisotropy of the magnetoelastic coupling at the spin-Peierls transition temperature is reflected
in the different temperature behavior of the elastic constamts, (cs, and c,y) at Tgp~14.1K.
[S0163-182698)00737-1

INTRODUCTION transition, realized that there is a progressive and simulta-
neous rotation of the @)-O(2) edges of the octahedron and
The discovery of the compound CuGgRas proved to be a rigid translation of the Geftetrahedron. Under the action
a touchstone for quantum theories of one-dimensional antief these two rigid-molecule variables, the corresponding vol-
ferromagnetic(AF) interactions. Most of the theoretical is- ume thermal expansion/reduction experienced by CuGeO
sues pointed out by theoreticians in the framework of thesen cooling is realized mainly in the empty cavities between
systems, such as the presence of a nonmagnetic grounthe octahedron and the tetrahedron. On the contrary, the
state? a spin-lattice coupling, a lattice dimerizatidm con-  phase transition induces a rotation of the GB® units
tinuum of magnetic excitatiorfs coexistence of magnetic around thec axis, with the neighboring tetrahedra rotated in
and nonmagnetic ground stdtea lightly doped samples, opposite senses, and an additional displacement of the Cu
etc., seem to be relevant, or at least to play a role in descritatoms along the axis. From the point of view of the Cu, the
ing the properties of this fascinating compound. Others, suck(2) displacements can be seen as a compound rotation com-
as competing antiferromagnetic exchange interactins,  pression(or dilation) of the Cu-Q2) distance in thea-b
weak spin anisotropypossibly of antisymmetric orighf ~ plane. Hence one may consider the phase transition in
which were not foreseen by the theories in the first placeCuGeQ as belonging to the wide and well-known class of
have been added to the scientific wealth of the physics ofranslation-rotatiof TR) coupling of locally disordered vari-
CuGeQ. Whereas the magnetic state at low temperatures igbles. Examples of such kinds of phase transitions are well
fairly well understood, the exact origin of the phase transi-documented for systems where the local variable is an orien-
tion is still under active debate. Due to the elastic energyational moment such as in the ferroelastic phase transition in
contribution a long-range order is reached in the spin-PeierlKCN (Ref. 14 and in the incommensurate and ferroelectric
state, which has been experimentally observed in the tenphase transitions in NaNQand thioured>'® In the quasi-
perature dependence of the lattice parameters below thane-dimensional organic conductor of typgetrameth-
phase transition temperatur4o=14.1 K) >°The standard yltetraselenafulvalene)2'” where Xis either a CIQ (non-
belief that the spin-Peierls state, by analogy to the Peierlsentrosymmetricor a Pk (centrosymmetricmolecular ion,
state in quasi-one-dimensional  charge-density-wavéhe electronic degree of freedom is the relevant variable. The
materialst® is produced by a magnetoelastic coupling be-alkali cyanides exhibit a phase transition with the ordering of
tween the one-dimensional magnetic fluctuations and a sofotationally disordered CN-elastic dipoles and with impor-
phonon mode seems to be at stake, in view of the very recemant changes in the lattice parameters and in the shear and
inelastic-neutron-scattering ddfawhere no soft mode has longitudinal elastic constants. Finally, and more recently, the
been observed. On the other hand, magnetic frustration mesame kind of translation-rotation ordering formalism has
trigger a spontaneous lattice dimerization without the help obeen successfully applied to account for the phase transition
any soft mode. in Cgo.28 In Cgo, the complex rotational ordering of the
Bradenet al,'® on the basis of the temperature evolution fullerenes in the lattice results from the minimization of the
of the interatomic distances above and below the spin-Peieristermolecular Coulomb interactions between point charges
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FIG. 1. Brillouin scattering spectra of CuGg@t the tempera-
turesT=12 K andT=295 K for the wave vectoq parallel to the
crystallographicc axis. The indicesT and L above the Brillouin o ° ° o
peaks indicate the transverse and longitudinal acoustic phonons.

located at the single and double bonds. In this compound, a
well as in CuGe@ the unit cell of the low-temperature ¥ 015 -
structure is larger than the unit cell of the high-temperature&
structure, and hence the linear coupling between strain anv"
order parameter is forbidden, being the relevant coupling
guadratic in the order parameter and linear in strain.

For obvious reasons, our comprehension of the spin:
Peierls phase transition in CuGg@® not as developed as in
the above-mentioned compounds. In what follows we will — oogl— . + o+ o o+ , 1 . 1 . |
discuss the experimental results with regard to the physice ) ’ ¥ * 1’1?:) ” 250 300
implications of a TR mechanism at temperatures abioye
As we have remarked above, there is an alternative and more FIG. 2. (a) Temperature behavior of the longitudinal elastic con-
intuitive way of looking at the atomic distortion that consists stantc,;. The inset shows the immediate region about the spin-
of looking at the Cu-@)-Cu unit. Regardless of the (D Peierls transition temperatur& {s~ 14 K). (b) Temperature behav-
contribution, the midpoint between the out-of-phase Cu disior of the corresponding hypersonic attenuatlog. In both cases
placements along the axis and the @) displacements in the lines are only guides to the eye.
the (a,b) plane is an inversion center of both the high- and
low-temperature crystallographic structures. If we assign dransitions. Therefore, the knowledge of its temperature be-
“+” to one type of the combinations of atomic displace- havior can serve to obtain information about additional
ments, the ‘=" straightforwardly represents the comple- mechanisms of a structural nature influencing the spin-
mentary pattern of displacements. This observation leads tBeierls transition.
consider local pseudo-Ising occupational variables at these From inelastic-neutron-scattering experimetitspne-
positions, and the structural ordering beldwp is just the  dimensional quantum fluctuations in the paramagnetic state
arrangement of these+" and “ —" pseudo-Ising variables, are expected to be present at temperatures well abgye
as has been experimentally observed. The TR coupling, aghich in turn, through the TR coupling, may dynamically
developed by Lamoen and Mich¥ljs a microscopic mecha- affect the elastic properties of the system. This is a point that
nism of interaction requiring a large knowledge of the atomichas, unfortunately, been overlooked in previous experimental
interaction potentials still lacking in CuGgONevertheless, work, but we consider it to be most relevant for the under-
the great amount of work performed in these systems allowstanding of the exact mechanism of the phase transition. In
one to extract some general features for all these compounddis paper we present the first set of measurements where
The expected anomalies in the elastic properties of the solidesides the magnetoelastic coupling driving the spin-Peierls
above and below the phase transition, can be viewed alongansition, the TR coupling is evidenced at temperatures

.... PY

010

this line. above 50 K.
Ultrasonic (US) experiments have established the clear
existence of a magnetoelastic coupling between the deforma- EXPERIMENT
tion and the spin-Peierls gap resulting in anomalies for the
different elastic constants at the transition temperafire. We have used the 90A scattering geometry together with

To the authors’s knowledge no ultrasonic data related to anthe angular-dependent Brillouin spectroscdfS) in order

of the shear constants of CuGg@ave been reported. The to determine the relevant elastic constants in(the) crys-
shear mode is a very sensitive probe for the existence of &llographic plane of the CuGg@ample. The light source
TR coupling as a mechanism responsible for structural phassas an AP laser with a wavelength of 514.5 nm and the
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FIG. 3. Temperature behavior of the transverse elastic constar
c44 (open squargsand of the longitudinal elastic constany, (open 030
circles. Notice the crossing between both elastic constants at aboL - hd
50 K. The inset shows the immediate region about the spin-Peierl:  g4s |-
transition temperaturelgz~ 14 K). The lines are only guides to the ]
eye.
y 040 o0
. . . N
scattered light was analyzed using two Fabry-Perot interfer-%
ometers mounted in tandem, working in an overall six-pass,_& 935 ‘. N
basis?® " e
The acoustic wave vectay can be selected to point along 030 - °
different directions in the plane giving information on the d
effective elastic constant{x) in each direction: when the
wave vectorq coincides with a crystallographic axis of the ~ **f
orthorhombic symmetry, the effective elastic constant coin- 0 50 100 150 200 250 300
cides with a well-defined elastic constant. In the case wher¢b) T(K)

g is parallel toc one obtains the longitudinal elastic constant
c33 and two transvers@sheay elastic constants,, andcsg.2®

In the case wherg is parallel tob, one obtains the longitu-
dinal elastic constant,, and two transversésheay elastic
constantsc,, and cgg.2® Usually csg and cgg present a very
low scattering cross section angl, is the only shear mode to
be observed. The 90A scattering geom&thas been shown
not to depend on the refractive indexes of the sample and The temperature dependence (18 K<RT) of the lon-
therefore the relationship between Brillouin shifj, sound gitudinal elastic constants,,, cs3, and of the shear elastic

FIG. 4. Temperature behavior of the hypersonic attenudtign
(@ andT 4, (b). 'y, corresponds to the elastic constapf and T 44
to the elastic constamt,,. In both cases the lines are only guides to
the eye.

RESULTS AND DISCUSSION

velocity (v), and effective elastic constant ;) reads constantc,, and corresponding hypersonic attenuatibalf
width at half maximum]';;) are shown in Figs. 2, 3, and 4.
™ The studied elastic constants show three clearly different
v= _0; Cotr=pv2, temperature regimesi) from RT to 70 K,(ii) from 70 to 20
V2 K, and (iii) around the spin-Peierls transition.

(i) In an orthorhombic system there are no restrictions
where Ay is the laser wavelength in vacuum amdthe  concerning the relative values of the shear and longitudinal
temperature-dependent mass density. elastic constants, but it is extremely unusual for the longitu-

The value of the density used to evaluate the elastic cordinal mode to lie below the transverse one. In fact, there are
stants isp=5100 kg/mf and is considered constant in the very few examples reporting values of shear modes being
whole temperature range, since the changes in density ahégher than those of the longitudinal modé$® Figure 3
one order of magnitude lower than the reported variations irevidences the small value of the elastic cons@astbeing
the elastic constants as observed by US technique. lower than the value of the shear elastic constagt This

The temperature measurement and control was performashcommon fact agrees with the findings of a previous Wbrk
by means of a continuous-flow helium cryostate Opfi§tat and with the existence of a longitudinal “soft mode” in the
(Oxford Instrumentsand a temperature controller ITC-503 b direction as determined by neutron scatterih@he exis-
(Oxford Instruments tence of a kind of layered crystallizatigplane(b,c)] under

Figure 1 shows two representative Brillouin spectra at thecertain growth conditions could be due to this elastic behav-
temperatures of 12 and 295 K. One observes simultaneouslgr.
the peaks corresponding to the longitudinal and transverse Table | compares the elastic constants, at room tempera-
acoustic phononén this casecs; andcy,, respectively. ture (RT), as determined by different experimental
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TABLE |. Room-temperature values of different elastic con- decrease. This behavior afy, is very similar to the one
stants as obtained by ultrasonic techniqUBef. 21, Brillouin  observed in systems where the TR coupling plays the main

spectroscopyRef. 29, and this work. role in the transitiot*? The magnetic susceptibility, i.e.,
the tendency for the system to locally remove the ground-
C22 (GP3 Cs3 (GP3 Caq (GPA state degeneracy is translated onto the lattice as an orienta-
24.000(Ref. 21 300.000(Ref. 21) tionalldisqrder of the Ge@), units Which, through the TR
41.835(Ref. 29 338.224(Ref. 29 40.833(Ref. 29 coupling, induces the observed anomalies in both the acous-

tic constants and in the thermal expansion coefficients. The
measured crossing af, andc,, at around 60 K could be the
result of the postulated structural evolution and distortion

technique$®?* A very striking fact is evidenced: whiles; ~ freéezing prior the spin-Peierls transition. _
(RT) is very similar for US techniquéRef. 21), and BS, that _ (|!|) The temperature evolution of the elastic constants,
seems not to be the case fos, (RT), for which BS and US W|t_h|n tr_ns range, _e_wdences the mfluence of the well-known
data differ by a factor of about 2. In order to explain this SPin-Peierls transition on the elastic behavior at about 14 K.
discrepancy one could postulate the existence of an anisgiowever, as a result of the anisotropy of this magnetoelastic
tropic acoustic dispersion between US technil@0 MHz)  transition, there are differences in the shapes of the elastic
and BS(~8 GH2) that would correspond to the crossover constants curves when approaching the transition tempera-
from the fast-motion to the slow-motion regime of an entity ture from below. In the case af3; the structural transition
to be defined. The observed differencecin (RT) could also ~ (Pbmmto Bbcm with a doubling of thea and c lattice -
be explained on the basis of the layered structure that pos@@rameterS) is characterized by a dip at about 14 K, in
some experimental difficulties in the propagation of the ul-2ccordance with US measuremetts’” that could be inter-
trasonic waves along the andb axes of the crystal, due to Preted in terms of a “frustrated soft mode.” This frustration
the sample size required for ultrasonic measurements. UnfoleSsens the displacive chsrzlracter of the phase transition as has
tunately, neither US attenuation data nor US elastic constant€en recently proposé " Some qualitative discrepancies
data have been reported in the whole temperature range e&f€ found again between our data for the low-temperature
plored in this study (10 K T<RT). Therefore, we are not Pehavior ofc,, and those reported by US techniques.
in a position to rule out either of these two possibilities. In contrast to US technique we observe a cuspgfat

On lowering the temperature, a change in slope at aboutsp- Ca4 Clearly shows the spin-Peierls transition also as a
150 K is observed in the temperature dependenagpénd ~ CUSP in clear contrast tog;. This difference can be inter-
Csq. In contrast,c,, seems to follow a typical anharmonic preted as the fesult of different magnetoelas.tlc couplings .be-
behavior in this temperature range. This change has als@/een the Peierls gap and the corresponding deformation.
been reported from US measureméhis the case ots;. 1 Nhe hypersonic attenuation shows, in all cases, an increase in
The hypersonic attenuation also shows a decrease around tii transition region. This increase correlates with the find-
same temperature. In order to derive any conclusion abodigs Of pretransitional f!uctléatlo_ns of inelastic origin as seen
the dynamic or static origin of this anomaly, it is essential toby diffuse x-ray scattering*which in turn is related to the
have a complete set of ultrasonic attenuation data as well @&Ppearance of the superlattice reflections below the spin-
quasielastic-neutron-scattering data in the entire temperatuféeierls transition temperature and may also be related to the

37.031 292.500 38.515

range. creation of dynamical dimers.
(i) An overproportional increase of all the elastic con-
stants is observed in the region of about 60 K, while the CONCLUSIONS

hypersonic attenuation remains unchangsde Figs. )
and 4. This anomalous increase coincides with those re- Summarizing, the BS measurements at room temperature
ported for the thermal expansion coefficiéfiand the small  confirm the existence of a very low energy longitudinal
hump observed in the magnetic susceptibility in the samecoustic modec,,, lower than thec,, transverse mode.
temperature range. There exist clear discrepancies with the temperature behavior
Notice that for the very first time we report the crossing, of c,, reported by ultrasonic experiments. The origin of these
at a temperature of about 50-60 K,®@f, andc,, as a con-  discrepancies is still unclear. On the other hand, the anoma-
sequence of the different temperature gradients of these elalges observed in the elastic behavior at around 60 K correlate
tic constants(Fig. 3). Although there are no structural with the observed anomalies in the expansion coefficient and
changes reportet,this crossing can be interpreted as a sig-the magnetic susceptibility, and can be interpreted in terms
nature of local structural distortions that evolve with tem-of the existence of structural distortions in the system. In
perature, as probed by inelastic neutron scattetiige Q2)  fact, the presence of some degree of disorder at high tem-
oxygens in the(a,b) plane connecting the Gt ions being peratures, either dynamic or static, may be responsible for
responsible for this local disorder. These distortions arehe very low values oto,.
probably responsible for the very low values @f in the The dramatic increase in the valuesog$ andcs; and the
high-temperature regime and their influence on the othecrossing between,, andc,, are hints for the existence of a
elastic constants becomes relevant below around 175 K a@BR coupling mechanism responsible for the elastic behavior
clearly seen ircy; andcy, plots. As the temperature is low- prior to the magnetoelastic coupling Bp.
ered the structural evolution proceeds to a point where the Within this frame, we propose that the TR coupling is
distortions freeze. At this temperature a dramatic increase irelated to the activated motion of the(2) oxygens in the
the values ot,, andcy; is observed while,, shows a slight  (a,b) plane connecting the &tiions, and affecting the CuQ
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octahedrons and GgQ@etrahedrons. In this way, the dynam- magnetism operating in the system on approacHiggin-

ics of the magnetic ions evolves to a point at which theduces additional distortions in the lattice via magnetoelastic
magnetic interaction is triggered. This is consistent with thecoupling.
observed x-ray diffuse scattering at temperatures well above

Tgp. This assertion does not rule out the existence of a mag-
netoelastic coupling that it is evidenced by the critical behav-

ior of the elastic constant. In other words, TR coupling pro- The authors are indebted to M. Braden, T. Lorenz, M.
motes a dimerization that is fully accomplished when theSaint-Paul, J. K. Krger, and V. Velasco for fruitful discus-
magnetic interaction becomes efficient, then the degeneraajons. Special thanks to A. Moa for his technical help.
of the magnetic ground state breaks down leading to th&his work was supported by the CICYTProject No.
well-known spin-Peierls state. It seems also clear that tht1AT97-0725.
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