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Lattice dynamics of CuGeQ;: Inelastic neutron scattering and model calculations
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The lattice dynamics in CuGeChas been analyzed by the combination of inelastic neutron scattering
studies and lattice-dynamical model calculations. We report on an almost complete set of dispersion curves
along the three orthorhombic directions and alph@l]. Some modes exhibit rather low phonon frequencies
in relation either with the almost layered character of the crystal structure or with an instability of the CuO
ribbons and Ge@ chains against twisting. The dispersion of branches associated with the modes directly
involved in the spin-Peierls transition allows to explain the particular propagation vector of the structural
distortion in the dimerized phase.
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[. INTRODUCTION ization is achieved by the modulation of both the Cu-O-Cu
bond anglern, and the angle between the Cufibbons and
The spin-Peierls transition in CuGg®as attracted con- the Ge-O1-bondg.® The quantitative relation between the
siderable interest due to the relatively simple crystal struchond angles and has been calculated by several techniques:
ture of this material allowing experimental studies so far noton the basis of band structure calculati6isfrom thermo-
possible in the organic spin-Peierls compouhdis.particu- dynamic considerations and within a random-phase-
lar, neutron-scattering and diffraction techniques could beapproximation(RPA) theory of the spin-Peierls transitidf.
used for the study of this material? A comparative discussion of the distinct techniques is given
The spin-Peierls transition is based on magnetoelastiin Ref. 12.
coupling: the dimerization of the magnetic chain results from It is obvious that phonons play an important role in any
the structural distortion. Since the gain in magnetic energy ispin-Peierls transition. Therefore, the lattice dynamics of
linear, and since the loss in elastic energy is quadratic in th€uGeQ has been studied by several techniques. Due to its
distortion, in a simple one-dimensional picture, the combinedransparency, CuGepresents favorable conditions for op-
structural and magnetic transition must occur. In real systical methods; almost all zone-center frequencies have been
tems, interchain coupling may, however, favor three-determined by the combination of Raman and infrared
dimensional antiferromagnetic ordering. studies® However, the spin-Peierls transition is character-
In CuGeQ, the microscopic coupling has been clarified ized by a breaking of translational symmetry, therefore, the
by experimental—magnetic and structural—and theoreticabhonons directly involved in the transition must have propa-
studies in great detail. The spin-1/2 chains in Cuge&®  gation vectors away fronl’. In CuGeQ the lattice is
formed by the Cu@ chains characterized by edge sharingdoubled along andc, the propagation vector is hen@@5 0
CuQy; the oxygen in these chains is labeled DZhese 0.5). Several groups have challenged the question whether
chains are directly connected in thedirection by GeQ  the involved phonon modes soften close to the transition or
tetrahedra. In contrast, the coupling alanthrough the api-  not by inelastic neutron scatteridj.:®These studies tried to
cal oxygen O1 is only weak due to the long CuO1 distancesolve the problem by measuring only a few branches, which
A detailed description of the crystal structure and its tem-does not allow to characterize the lattice dynamics of this
perature dependence is given in Refs. 6 and 7. The variatiocomplex system. CuGehas ten atoms in its primitive cell,
of the magnetic interaction paramet&rin the spin-Peierls the associated lattice dynamics with its 30 phonon branches
phase results mainly from the modulation of the Cu-O-Cuis close to the maximum complexity one may treat today.
bond anglen, which in contrast to the higfiz supercon- The identification of the involved phonon modes could be
ductor parent compounds is close to $6°In an isolated achieved only by the complete study reported here.
CuG, chain with 90° bond angle, there should be no antifer- We have already published results concerning the phonon
romagnetic exchange, since two exchange-paths cancel eastodes directly related to the spin-Peierls transitibhere
other. In CuGe@), the exact cancellation of these rather largeare four modes with the symmetry of the transition from
values is destroyed by the deviation of the bond angle fronPbmmto Bbcm Two aspects of these modes were unex-
90° and by the hybridization with the Ge atoms acting agpected. First, the distortion of the dimerized phase does not
side groups. This renders the magnetic interaction quite serworrespond to just one of these modes, but at least two po-
sitive to small structural changes. Already in the nondimerdarization patterns have to be combined. Second, the two
ized phase, the magnetoelastic coupling causes anomalossongly involved modes do not soften close to the transition
temperature dependences via the equilibrium of magnetim contradiction with the Cross-Fisher predictitiThese re-
and structural energy’ In the spin-Peierls phase, the dimer- sults have stimulated new theoretical studies: Gros and
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Werner have extended the Cross-Fisher theory in order to <15

explain the missing of phonon softeniigand Uhrig® has X [2e2 080 400 8
stressed the importance of the high phonon frequencies com- £10 N 8, &
pared to the magnetic-energy scale, i.e., a nonadiabatic con- 3 00g
dition. In general, it has been shown that coupling of the spin ; 05 200 &,
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In this paper, we want to present the general lattice- 01.0 12 1.4 1.6 1.8 20
dynamical study furnishing the basis for the identification of 120 100
the relevant phonon modes. Only the combination of neutron
scattering with lattice-dynamical calculations permits to treat
a phonon problem of this complexity. CuGg@ one of the
few complex systems, where the lattice dynamics may be
considered as being understood in detail. In this sense, itis a
rather promising material for validatirgp initio procedures
to calculate phonon frequencies, so far restricted to less com-
plex systems. In addition, the lattice dynamics of CugeO
presents several aspects not related to the spin-Peierls sce-
nario but interesting in themselves. For instance, some low-
frequency phonons reflect the almost layered character of the
crystal structure. Also, we find a tendency towards an insta-
bility of the CuQ, ribbons and the Gefxhains against twist-
ing. Furthermore, the phonon dispersion of CuGgebould
have some exemplary character for the wide class of silicates
and germanaté$and also for other cuprate chain systems of 1415 16 17 18 18 22 24 26 28
current interest. v (THz) v (THz)

In Sec. II, we describe the neutron-scattering studies and g 1. Exemplary scans aiming at determining phonon frequen-
present the lattice dynamics of CuGeOrhe phenomeno- cies at thel” point and in the Brillouin zone with fits by Gaussian
logical model used to accompany the measurements and {fofiles and sloping background.
interpret the data is introduced in Sec. lll. The general dis-
cussion of the phonon dispersion in CuGeliased on the arounda, which was tolerable in thEL00)/[001] orientation
experimental studies and the model is given in Sec. IV. Insince it becomes hidden by the large vertical divergence. For
Sec. V, we give some further information on the modes di-prientations witha not parallel to the scattering plane, it has
rectly involved in the transition which was not included in been advantageous to use 0n|y one CrystaL Further experi-
our previous paper. Finally, in Sec. VI, we briefly discuss thements were performed in th®10]/[001], [100]/[010], and
possibility of distinct structural order parameters. [101]/[010] orientations.

For all measurements, a pyrolytic graph{feG) analyzer
was used; in the low-frequency range up +dl0 THz, a
PG{002 monochromator and, at high frequencies, a Cu-

The main part of the studies of the phonon dispersion hagl11) monochromator. For a few studies requiring an excep-
been performed on the triple-axis spectrometer 1Ta, operatdtbnal resolution, a C220 monochromator was mounted.
by the Forschungszentrum Karlsruhe at the Oeptemctor in -~ Due to double focusing arrangement of monochromators and
Saclay. A few additional studies have been made on the speanalyzers, the spectrometef Yields a considerable gain in
trometer I also installed at the Orpkereactof* intensity?® The focusing arrangement is incompatible with

Since it has been necessary to study the phonon dispethe use of collimators but yields a better resolution in com-
sion in CuGeQ in its entity, the amount of beam time spent parison to a configuration with flat crystals and open colli-
on this problem was considerable; 25 days dnhdhd seven mations. Roughly, the focusing configuration corresponds to
days on Z were used in order to determine an almost com-a conventional spectrometer with '3¢ollimators through-
plete set of phonon branches along the three orthorhombigut. All scans were performed with the final energy fixed in
directions and alon@101]. For the study of the temperature the neutron energy-loss mode and, apart a few scans aiming
dependence of modes relevant to the spin-Peierls transitioat acoustic phonons, the final energy was fixed to the values

counts per ~20 sec.
‘988 ()Z~ Jod spunod

counts per ~70 sec.
*288 (g¢~ Jod S)unod

II. INELASTIC NEUTRON-SCATTERING STUDIES

another eight days were used on 1Ta. of 3.555 and 7.37 THz, where higher-order contaminations
For the first experiment, two crystals of 550 mrolume  may be suppressed by the PG filter.
each have been coaligned in tHE0]/[001] orientation us- The phonon dispersion was studied mainly at room tem-

ing a double goniometer. Due to the lobgaxis, this orien-  perature; just for the highest-frequency modes, it has been
tation allows attaining values out of the scattering plane by favorable to cool the sample to 10 K in order to reduce the
tilting the sample with the goniometer. Along th&€00] di-  background.

rection, almost all modes could be determined in this orien- In Fig. 1, we show typical phonon scans, which illustrate

tation. One of the two crystals shows a larger mosaic spreathe different efforts to be made to analyze phonon frequen-
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cies at low and high energy. The intensitgf a one-phonon
process in neutron energy-loss métiis given by

2

range the analysis of the phonon spectra is dominated by the
question whether the modes may be isolated for a ce@ain
value.

The phonon frequencies were obtained by fitting Gaussian

distributions to the measured profiles. This procedure may be
used in principle only when the curvature of the dispersion
surface can be neglected in the range of the four-dimensional
resolution ellipsoid. The whole set of dispersion curves along
the orthorhombic directions, given in Fig. 2, is separated
according to the irreducible representations. Only a few
high-energy branches were not studied in our experiments;
however, their zone-center frequencies are fixed by the opti-

Fal techniques and the dispersion is most likely flat.

IM%[n(w)H] ; %e(wd*‘Q'rd)(Q-%) , (D)

where w denotes the phonon frequenecythe wave vector,
Q=g+q the scattering vector, witly the reciprocal-lattice
vector, e Wd the Debye-Waller-factor, and where the sum
extends over the atoms in the primitive cell with masg,
scattering lengtlby, positionry, and polarization vectog; .
In general, the intensity is determined by the Bose facto
n(w) and the 1& term, which strongly reduce the effective-
ness to observe high—ene_rgy modes. In analogy to the elastic ;| | ATTICE-DYNAMICAL MODEL CALCULATIONS
structure fa_ctor, tht=T sum in .E(ﬂ) is called dynqmlc strgc- FOR CuGeO,
ture factor; it describes the interference of the interaction of
the distinct atoms weighted by the scalar product of their Inorder to analyze a complex problem such as the phonon
displacements with the scattering vect@r Only phonons dispersion in CuGe@it is essential to make profit of sym-
with some polarization parallel tQ can be observed. The metry considerations. The ten atoms in the primitive cell
right side of Eq.(1) may be calculated with a lattice- correspond to 30 zone-center frequencies characterized by
dynamical model in order to predict favorable conditions fortheir polarization vectors. The symmetry of the CuGeO
the measurement and in order to identify single-phonorcrystal structure allows a separation corresponding to irre-
modes. ducible representatiorf$,each of them being characterized
Figure 1 shows a scan across a transverse acoustic phonby a certain polarization scheme. Themodes may be di-
atg=(002) (upper lefy; the mode is polarized along the  vided into : 4A4+2A,+ B3+ 6By, +4Byg+ 6By, + 3B
direction. This mode yields a high peak intensity in accor-+4Bj3,. The schemes of the polarization patterns are given
dance with the strong0 0 2) Bragg-reflection intensity. In in Table I; they result from the crystal symmetA, modes
contrast, the determination of the highest frequencies reshow the full symmetry, their displacement parameters hence
quires an extreme effort in beam time; Fig(ldwer right correspond to the free parameters in the Cugst@ucture,
presents results for a strong dynamic structure factor; modeSex, O1x, O2x and O2y. A, modes show displacements
with unfavorable structure factors may not be analyzed irof Cu and O2 along; they are silent since shifts in neigh-
practice in this frequency region. In the medium-energyboring chains cancel each othd;, are characterized by
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TABLE |. Polarization schemes according to the crystal structure of Cy@aQll I' modes and for the representations along the three orthorhombic directions anfl1dltnand
for the T; modes associated with the spin-Peierls transitiog=at0.5 0 0.5; the first lines give the positions of ten atoms forming a primitive unit, the following lines show the
displacements of these atoms. A letter atitpesition signifies that this atom is moving along ftairection, a second appearance of the same letter signifies that the second atom moves
with the same amplitud€-" denotes a phase shiftin the corresponding direction.

Cu Cu Ge Gé o1 or 02 (o)4 02" 02"
(0500 (05050 (0.070250.5 (—0.070.7505 (0870250 (-0.870.750 (0.280.080.5 (—0.28-0.080.5 (—0.280.580.5 (0.28 0.42 0.5

6 By, ABO A-BO coo coo DOO DOO EFO EFO E-FO E-FO
6 By, ABO -ABO 0CoO 0CoO 0DO 0DO EFO EFO -EFO -EFO
4 By, 00A 00A 00B o0oB oocC oocC 00D 00D 00D 00D
4 Ay 000 000 AO0O A0O0 BOO BO0O CDO -C-DO -CDO C-DO
4 By 000 000 OA O 0-AO 0BO 0B O CDO -C-DO C-DO -CDO
2 A, 0O0A 0 OA 000 000 000 000 0® 0o0B 00B 008
3 Bgyg 000 000 0 OA 00-A 00B 00B oocC 00C 00C oocC
1By 000 000 000 000 000 000 (O] 00-A 00A 00-A
104, ABO A-BO coo DOO EOO FOO GHO 1J0 1-J0 GHO
3 A, 00A 0 0-A 000 000 000 000 0B oocC 00C 00B
10 A; ABO -ABO 0CoO 0DO OEO OFO GHO 1J0 -1J0 -GHO
7 A, 00A 00A 00B oocC 00D OO0E OO0F 00G 00G OO0F
103, ABO -A BO CcCDO -CDO EFO -EFO GHO 1J0 -GHO -1J0
53, 00A 0 0-A 00B 00B oocC 00C 00D O0O0E 00D 00E
103, ABO A-BO CDO C-DO EFO E-F O GHO 1J0 G-HO 1-J0
53, 00A 00A 00B 00B oocC oocC 00D 00E 00D 00E
8 A; 00A 00A BOC -BOC DOE -DOE FGH -F-GH -FGH F-G H
2 A, 00A 0 0-A 0BO 0B O 0CoO 0CoO DEF -D-EF D -E-F -D E-F
9 Az ABO A-BO cobD Cco0-D EOF E O-F GHI G H-I G-H-I G-H |
7 Ay ABO A BO 0CoO 0CoO 0DO 0DO EFG EFRG -EFG -EFG
17 X0X, ABC AB C DOE FOG HOI JOK LMN OPQ OP Q L-M N
13 X0X, ABC -A B-C 0DO OEO OFO 0GO HI1J KLM -K L-M -H 1-J
475 00A 00-A 0BO 0BO 000 000 CDO CDO -CDO -CDO
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TABLE II. Compatibility relations in CuGe@ Here, the indices’ numerate the cellg], d’ the atoms
within one cell, ande, B the three space directions.

104y 4 Agt6 By, 10Ag: 4Byt6Ba @, 4(0d,1'd") are the force constants between the atams
3 4y 2 Ayt By 7 Ay 3B3gt4Bsy  andd’ in cells shifted byl’ corresponding to the directions
103,: 4 Ag+6 By, 1035 4 Byg+6 By, a and B. The determination of the force constants is the
53, 2 Au+3 By 53, Big+4 By, central problem 'to 'analyze the phonor} dlspgrspn.
8 Ay 4 Ay+6 By, 9 Ay 3 Bay+6 By, For the description of t_he phqnon dlsp§r5|on in CugeO

. ) we use Coulomb potentials with effective charg&4r)
6 Ao 2 A, +4 By 7 Ay B1gT6 By 7762 d th lsive f d bed by B

17X0X,:8 Ay+9 Agid Ag+6 Bay+3 Byy+6 By «Z.Z,e“lr and the repulsive forces are described by Born-

Mayer potentialsV(r)=A-exp(-r/ry). Shell charges de-
scribing a single-ion polarizability have been introduced for
all atoms with a single-shell-core force constant. The inter-
atomic forces act on the shells in our model. Chaptoal *°

d|s_placeme_nts of all at°_”_'s n t_hed|rect|on with |_n-phase have reported a common model for compounds related to the
shift of equivalent atoms; in particular, they contain the start

ing points of the acoustic brancheB;,, modes are even high-T, superconductingHTSC) cuprates; these Cu-O pa-
modes which break a two-fold axis '9 rameters have been used as start!ng_values for the description

In an analogous way, the crystal.symmetry allows also t c.)f CuGeQ. The model has been |n|t.|aIIy adapteq to th? op-
divide the phonon pola'rization patterns for agyalue at Q_tlcal frgquenues and hag been continuously refined with the
high-symmetry points o lines in the Brillouin zone, in par- melast!c neutron-scattering results. The parameters have
. e been fitted to the observed phonon frequencies and to zero
ticular, along the three orthorhombic directions: corre-

sponds t4x00], S corresponds t60x0] andA corresponds forces on the atoms in the equilibrium positions. In addition,

: ' the predictions of the model concerning the dynamic struc-
to [QOX]' The separgtlon_of thg S0 branchgs aggo@ng to foufure factors have been compared to the measured intensities.
distinct representations is an important simplification for th

vsis of the ph di . it readv b €All calculations were performed with theenax program>?
analysis ot the pnonon dispersion as it may aiready be SEen \ye found that several features of the phonon dispersion

in Fig. 2. — . could only be reproduced by the inclusion of angular forces
In the definition used here, th¢, representation always ¢, 1o Ge.0 interaction. The angular forcéV/da? are

contains the Iongltudlnal-gcoustlc ques wit-A, X, or divided by the lengths of the two distances, in order to yield
A. TheX, representation is characterized by the fact that NQalues comparable to usual force constants. The angular

acoustic modes correspond o it, axig and X, representa- o0 at the Ge site reflect the strong covalent character of

tions are given by the transverse-acoustic branches in trﬁ}]ese bonds and are expected. However, also an angular
sequence of the polarizations, aloagefore alongb before  ¢,.06 iy the Cu-O arrangement gave a significant improve-

along C. The polarizaﬁon patterns accordi_ng to these 'ePr€ent, whereas in the HTSC cuprates, no such parameters are
sentations are given in Table | for the main symmetry dlrec-needeol

tions and for X0X]. The division according to the represen-  tpe angylar forces, however, interfere with the forces
tations has significance for the neutron-scattering intensity arising from the Born-Mayer potentials. Therefore, it is im-

thﬁ.y hylellld seIecF:jon r.:cjlles_for thﬁ oblseFVanotr)] of the thd.e?)ossibIe to describe all identical pairs by a single potential.
which allow an identification. The relations between the -1, yhe first model, additional force constants were introduced
reducible representation Btand in the zone are given by the ¢, hearest neighbors, the forces acting in this model hence

compatibility relations shown in Table II. For instano®  qrrespond to the sum of the direct force constants plus the
modes always correspond to thg representation and the contribution from the Born-Mayer potentials. This model is

A, to the X; representation. Since CuGe® an insulator,  gengted as model | in Table Iil. The Cu-O2 potential as well
polar modes exhibit Lydane-Sachs-Telle8T) splitting, the 54 the van der Waals terms were completely dropped in this
longitudinal frequenmes corresp(.)nd.to startmg pointXof  model. Model | gives a very good description of the fre-
branches withX being the polarization direction, and the quency data: the entire set of over 700 phonon frequencies is
transverse frequencies to thg and X, branches. The sym-  gescribed with a mean deviation of 0.19 THz. We then at-
metry further leads to a degeneracygat(0 0.5 0, where &  empted to simplify the model by limiting the amount of
31 branch connects with 35 branch and where B, branch  force constants, model Il in Table I1I. Only nearest-neighbor
connects with &, branch. . _ Ge-O interaction is described by force constants, all other
In the frame of harmonic lattice dynamics, one may re-forces are deduced from potentials. In addition, O-O van der
duce the equations of movement to a-@imensional eigen- \yaals terms and another angular force were introduced. This
value problem for each alloweq value, See Refs. 28 and model too gives a satisfactory description of the frequency
29, w’e=De, hereeis the -dimensional polarization vec- data, mean deviation of 0.21 THz, but the the equilibrium
tor andD is the dynamical matrix given by forces on the atoms are much higher.
Both CuGeQ-lattice-dynamics models present ionic
charges much lower than the chemical values, as it is typi-
D, 5(d,d")= 1 _ 2 @, 4(0d,1"d" expligl’). cally pbserved. The strong reduction, at least in case of Ge, is
(mgmg:) e 7 certainly caused by strong covalence of the bonds. The shell
2 charges and forces, however, could be chosen similar to val-

13X0X,:6 Ap+7 Ag:2 A,+4 Byg+Big+6 By,
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TABLE lll. Model parameters for the description of the phonon dispersion in CyGED the explana-
tion of the parameters see textY are in electron charge&: in 10° dyn/cm; in model Il the uniform O-O
potentials contains also a van der Waals ter®0(eV A®). r ~8 with r the interatomic distance in A.

lonic part
Model | Model 11
lon Z Y K 4 Y K
Cu 1.77 4.0 2.8 1.87 3.91 2.0
Ge 2.26 0.0 1.836 0.0
o1 -1.22 -2.8 2.0 -1.03 -2.18 1.8
02 —-1.41 -3.3 2.0 -1.34 -3.14 1.8
Potentials
Model | Model Il
Pair AleV) ro (A) A (eV) ro (A)
Cu-01 900 0.305 1008 0.305
Cu-02 4294 0.226
Ge-O 2500 0.243
01-01 1300 0.288 2000 0.284
01-02 1800 0.288 2000 0.284
02-02 1500 0.288 2000 0.284
Force constant&@yn/cm
Pair F G F G
Ge-02 98 846 30082 603 041 —-53026
Ge-O1 2233 31133 470090 —37047
Cu-02 262013 —-29617
02-02(in CuQy) —15963 4619
01-02 5202 —4591
02-02(in GeQ,) 16 428 —8400
Angular force constant&lyn/cm)
Pair F E
01-Ge-02 2523 8776
Cu-02-Ge 1705 4936
Ge-0O1-Ge 10816 19754
02-Cu-02 3753 3921
02-Ge-02 10897

ues found in other materiafS.Due to its better description,
we discuss only the results of model | in the following.

IV. DISCUSSION OF THE PHONON DISPERSION

IN CuGeO,

In Table IV, we compare the results of Udagaetaal > and
Popovicet al'® with the values obtained by inelastic neutron 480 cm * or 14 THz as aB,, mode. This frequency is,

Infrared studies on CuGe@ere reported by several
groupst>3335-3¥whose results correspond well for modes
polarized alond andc. The determination of the frequencies
for modes polarized alongis hampered by the shape of the
crystal and was attempted only by one grdéipable V com-
pares the optical results with the neutron and model frequen-

Several groups have performed Raman studies onies; there is only one discrepancy concerningguolarized
CuGeQ; the agreement between these results is oot :>*

mode.

Popovic et al. have interpreted a weak signal near

scattering and the frequencies calculated with the model. Thieowever, not in accordance with the lattice-dynamical calcu-
experimental values agree within 2% and also the agreemetsdtions. The determination of the LST splitting by inelastic
with the model is satisfactory, except for the Ge-O-bondneutron scattering is in general difficult, since the extension
stretching vibrations. The latter failure is certainly due to theof the four-dimensional resolution ellipsoid always favors
insufficient description of the covalent Ge-O bonds; withinthe observation of the transverse modes. For this reason,
the parameter range, a better description may be obtained biltere is little chance to determine the LO frequency if the
at the expense of the low-frequency agreement. LST splitting is comparable or smaller than the resolution.
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TABLE IV. Comparison of the Raman results by Udagaataal. 120
(Ref. 32 and by Popovicet al. (Ref. 13 with the frequencies de-
termined by inelastic neutron scattering and calculations with the )
lattice dynamical model, all values are given in THz. B
£
Popovicet al. Neutrons Udagawat al. Calculation i 60
Ay 5.606 5.532 5.516 5.81 g 30
9.953 9.692 9.923 9.92 -
17.808 18.13 17.78 17.85 0
25.753 25.723 25.69
Big 11.632 11.68 11.512 11.68 100
Bog 3.478 3.46 3.388 3.29
6.716 6.86 6.626 6.62 T 75
12.801 12.95 12.92 12.85 g
26.352 26.71 26.382 25.80 £
Bag 3.298 3.441 3.298 3.65 = %0
12.322 12.34 12.292 12.82 'é
21.345 21.376 22.14 i&" 25
. 0 X . y
Therefore, we have attempted the measurement of the longi- 7 9 " 13 15
tudinal polar frequencies only for a few favorable cases. Fig- v (TH2)

ure 3 shows an energy scan acrossBhgpair at 15.7-17.3 .
THz; these frequenc?gs confirm the ?ﬁffared results. In the FIG. 3. Scans across polar modes: ab@4g pair, belowB,,
lower scan, one expects tlilg,, mode, assumed by Popovic pair

et al!® near 14 THz. Unambiguously, this scan reveals a
lower energy for this mode, in a good agreement with the, ;
model calculations. From this scan and the extrapolation off €duencies. _

the branches starting at this mode, we conclude that the TP _The_ crystal symmetry on_ly ylelds the schemes of the Po-
and LO frequencies of the third higheit, mode amount to a_nzatlon pa_ttgrns as given in Table I. For any representation
9.47 and 10.91 THz. The next low&,, mode is found at with a muItlpI|C|t_y higher than one, oneé has to_kngw the

9.3-9.6 THz, hence there is an overlap of these two pairgprce co'nstants in order to deter_mln'e the polarization pat-
which will produce a single plateau in the reflectivity spectrate_ms' Flgur_e 4 Show? the Po'a”za.‘“‘?” patterns calculated
at 9-11 THz, in addition, this mode possesses little oscillato}!th the lattice-dynamical model. Similar results were also

H .13 St
strength. Indeed, we may describe the spectrum observed l{;ﬁported by I_Dc_)povuet al'i small deviations are probably
ue to the misinterpretation of thig,,, mode.

TABLE V. Comparison of the infrared results by Popoeical. TheA, modes correspond to displacements of the Cu and

(Ref. 13 with the inelastic neutron results and calculated frequen-O2 positions along. The mode with an opposite shift causes
cies, TO and LO denote the transverse- and longitudinal-optic freS|gnIflcant alternation of the Cu-O2-bond distance, this mode

opovic et al’® reasonably well on the basis of these

quencies, respectively, in THz. has a high frequency of 15.4 THz. The in-phase vibration,
where the entire ribbons are shifted alotigis low in fre-
Popovicet al. TO/LO Neutrons Calculation qguency at 3.1 THz. The distortion in the spin-Peierls phase is

related to bothA, modes.

B 8.927 4.017 4.16 4.081 4.212 The rotation of the Cu@ribbons around the axis corre-
9.833 11.153 9.3 9.6 9.252 9.312 sponds to thé\y mode at 9.9 THz. This high frequency may
14.33 14.66 9.47 10.91 9.860 11.294 o surprising in view of the fact that the ribbons rotate as a
18.438 19.182 18.24 17.94519.052  fynction of temperature around’ The polarization pattern
24.07 25.27 24.960 25.800  of the 9.9-THz mode lacks the alternation of thdattice
Bau 1.439 1.469 1.508 13701438  constant and the associated shift of the @Gd€rahedra;
6.326 6.925 6.372 6.3357.023  without these elements, the vibration is hence rather hard.
8.544 9.234 8.58 8.961 9.419 Several modes correspond to rotations of the tetrahedron
11.302 12.412 11.41 11.03 12.156  chains around the axis. TheB,y mode at 6.7 THz may be
23.145 25.693 23.42 25.068  described by the rotation around an axis near the middle of
Bay 4.947 5.037 5.109 5.2395.249  the 02-O2 edges; this vibration is rather hard. Bag mode
15.869 17.990 15.73 17.27 15.435 17.77 at 3.5 THz, in contrast, corresponds to the rotation around
21.586 24.074 22.1523.23 the O1-O1 line and is hence related to the distortion in the
Ay 3.081 2.811 spin-Peierls phase. In this low-frequenBy; mode, neigh-
15.42 14.77 boring tetrahedra rotate in the same sense, and the corre-

sponding antiphase rotation is approximatively realized in

214417-7
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shift almost in the direction of their connection. The mode
with the opposite phase corresponds to the lovBgstmode
with a significantly lower frequency, 1.4 THz. This pattern
allows the O2 atoms to follow the Cu atoms yielding an
almost rigid shift of the ribbons. Also, the tetrahedra are only
slightly distorted in this pattern, since they rotate around the

“& Blu : ¢ axis. In accordance with the two-dimensional character of

Blu Blu t&\f the CuGeQ lattice, this vibration may be considered as the
I transverse vibration of the zig-zag planes. This explains the

25.3/24.1 1192/18.4 '109/95 exceptional low frequency of this mode, which is related to

y the low-lying longitudinal-acousti& ; branch, see below.

B2u The compared experimental and calculated phonon dis-

persion shown in Fig. 2 indicates strong dispersion mostly in
A the low-frequency range. Furthermore, the curves are steeper

alongc than alongb or a. This reflects the arrangement of
b the strong bonds, since the phonon dispersion may be con-
sidered as the Fourier transformation of the force constants.
The layered structure of CuGg(has no covalent bonds
alonga, therefore, the dispersion stays flat in this direction,
at least in the higher-frequency range. In consequence, one
may expect that also the character of the vibrations does not
change in this direction. In contrast, the chain configuration
along c will mix the character in the Brillouin zone along
[oo1].

The dispersion along is determined by the coupling be-
tween CuQ ribbons and tetrahedron chains. The glide mirror
plane in space groupbmmtransforms into the second for-

T . 7. m_ula unit in the primitive cell; for vanish_ing coupling, one
<~ ! ‘ might separate the zone-center modes into modes with the
A Ag Ag B2g two units vibrating in phase or out of phase but the finite
= l : coupling results in a dispersion alohg The degeneracy of
56 264

ST G

154 3.1 1 213
N

1 B3g B%
3 4Kl A&:\;gr
Vs X TR

/d B2u

o e

6.9/6.3

241113 . .
A A
14

B3u

two branches at0 0.5 O corresponds in most cases to the

connection of such a pair. The flat dispersion of many of the
branches alondp shows that the coupling is weak for those

modes.

In the following, we discuss now several particularities of
the phonon dispersion in CuGgOwhich are not directly
related to the spin-Peierls transition.

Flat longitudinal-acoustic branch along b and associated
modes Lorenzo et al. have reported a low frequency
longitudinal-acoustic branch in the directionl* which has
J been interpreted as being essential for the spin-Peierls tran-

sition. The low-lying branch has been qualitatively con-
firmed in later studi€s'®and also by our own results. How-
ever, the results do not agree quantitatively. The low-lying
o . branch may be described within the lattice-dynamical model.
_ FI_G. 4, Polarlz_atlon patterns of dll modes and their frequen-  Tha |ow frequencies are explained due to the lowBst
cies in THz. Th_e figure on theT top illustrates the crystal structure Ofmode with a frequency of only 1.4 THz. From this mode, a
gégee%f 3:'3 lg::/;tsué?r?aﬁzg’gf;it'cogrg:;i?ooé ;hg]zone'boundarﬁl branch starts, which interacts with the longitudinal-
R acoustic branch of the same symmetry. The character of the
acoustic vibration is hence transferred to the optic branch,
the B,, modes at 6.3 and 1.5 THz. The pure antiphase tetraand the acoustic branch carries the character oBthjenode
hedron rotation is not an eigenmode due to the stronger imat 1.5 THz, as it is illustrated by the polarization pattern of
fluence of the CuO forces; the difference between the twahe zone-boundary acoustic mode, see top of Fig. 4.
B,, modes concerns just the Cu shift. The flat LA branch is hence the consequence of the low-
Modes with dominant Cu contribution have lower fre- lying optical mode. Similar effects are also seen in the other
guencies due to the higher mass; frequencies are particulartlirections where the lowe&,, mode belongs to tha; or
low for displacements perpendicular to the Cu-O bonds. ImM\, representations. The corresponding branch interacts with
the lowest opticB;, mode, Cu atoms neighboring alofig  the transverse-acoustic branchegsand A 4, respectively.
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FIG. 5. (a) Frequencies of the longitudinal-acoustic mode in the FIG. 6. Part of the dispersion of the, andX0X; branches.

3, direction; the measured frequencies of this work were corrected
for resolution effects. For comparison, we also show results of otheto a splitting of the longitudinal-acoustic branch but due to a
groups:***The dashed line corresponds to the linear extrapolationsuperposition of the transverse branch3of symmetry. In
from the elastic constant determined by Poiriral,*! and the  relation to theb-glide mirror plane and to the two formula
solid line to the frequencie.s calculated. with our moda). Scf’;\n units per cell, there is a degeneracy between the¥.A @nd
calculated by the co_nvolutlon of the dlspersmn surface w_|th therp (33) branches at the zone boundafy0.5 0. Since the
spectrometer resolution fo@=(0 6.15 Q in the a-b-scattering  pyijlouin zone is also shorter along this direction, these two
plane; the exact value of the LA-mode frequency at thislue is o ches stay rather close in frequency, the frequencies of
|nd|cat'ed by the broken lingc) experlmeptal and calculated fre- the two branches are given in Fig(ck In an inelastic
quencies for thex, and ; branches which connect at the zone o o0 scattering experiment, one would observe in an ideal
boundary(d) Scans calculated by the convolution of the dispersion
surface with the spectrometer resolution for the-scattering ge- case, theéx; modes around théd even 0 Bragg peaks and
ometry used in Ref. 42. the X5 modes aroundO_ odql 0—note, however_, that there
are more favorable Brillouin zones to determine these fre-
The flattening was interpreted as indicating direct rel-quencies. Due to the finite resolution, in particular, along the
evance for the spin-Peierls transitithDamascelliet al*®  vertical axis, however, both branches show up in the same
report for the lowesB,, mode an anomalous softening upon scan forQ=(0Q, 0). This effect is well known since the
cooling, which we do not find in our study. The polarization beginning of inelasting neutron scattering and is also ob-
pattern of these vibrations, however, has no similarity withserved in simple compounds such as coppdor a recent
the spin-Peierls distortion in CuGgOThe low frequencies overview see Ref. 44. Our measurement was performeg in
just reflect a structural instability of this material related tob geometry at different Bragg points using a vertical colli-
the two-dimensional zig-zag character of the crystal structurenation, which suppresses the resolution effect most effec-
in CuGeQ.’ tively; these results are given in Figich. We have simulated
The agreement between frequencies obtained by differerthe scattering geometry used by Nigtial. in Fig. 5(d) for
groups is poor for the LA, branch, see Fig. (8. The two scans using our resolution function. One recognizes that
convolution of the experimental resolution with the disper-indeed both branches can be detected just due to the resolu-
sion surface may explain these differences. Figu(e) 5 tion effect. Therefore, we conclude that the additional scat-
shows a scan calculated by the convolution of the experitering reported by Nishiet al. arises from the transverse
mental resolutiorfincluding the mosaic spread of the sample branch and is fully explained by our lattice-dynamics model.
and the scattering geometrjegith the calculated dispersion. Soft-mode behavioFigure 6 shows the low-energy part
By several calculations of this type, the resolution-induceddf the phonon dispersion of the, andX0X, branches. Due
correction factors have been determined and applied to thi@ the larger amount of branches of the same symmetry, the
measured frequencies. The corrected frequencies are shownrerpretation is rendered difficult in tH&01] direction, but
in Figs. 5a) and Fc). Resolution effects are most likely the one may recognize that the branch starting atBhg mode
origin of the bad agreement between the different neutromt 6.3 THz softens continuously through the zone, exhibits
results. several interactions, and ends finally at the lowest zone-
Nishi et al. have observed by inelastic neutron scatteringboundary frequency. Tha component does not seem to be
a splitting of the intensity when scanning through therelevant for this decrease. As shown in Fig. 4, By mode
longitudinals,; branch?? However, this splitting is not due corresponds to a displacement of O2 positions in a square in
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FIG. 8. GPDOS calculated with the lattice-dynamical model.

FIG. 7. Polarization pattern of the four lowest modesg a0 0

0.5 shell model predicts a more continuous and weaker soften-

ing. We do not think that this behavior results from magne-
toelastic coupling, but it appears more likely to be an intrin-
the same direction coupled with a movement of the Cu atsic property of the tetrahedron chains, where bond charges
oms. Along thec direction, the pattern changes continuously,might play a role.Ab initio calculations should give more
for g=(0 0 0.5, 02-O2 edges neighboring alowegre mov- insight into this problem. A similar effect is also observed
ing in opposite directions, this pattern is shown in Fig. 7, italong the[101] direction, see below.

may be characterized as a twisting of the Gu{bbons and Further predictions of the lattice-dynamical mod&able
GeQ, chains along the direction. Such a deformation is the VI compares the elastic constants determined by ultrasound
typical instability of germanate and silicate chain systemsand by Brillouin scattering techniques with those calculated
and it further compares to the frequently found octahedrorby the model. The first ultrasound measurements were lim-
rotation in perovskite compounds. In the following, this ited to the diagonal terfis*>“®and a complete set of elastic
mode is called soft modéM). constants was determined only by Ecolliettal. using Bril-

The frequency decrease in these branches can be considuin scattering’’ There is some scattering in the experimen-
ered as soft-mode behavior; it points to some structural intal data obtained with the ultrasound techniques. The model
stability, for instance, this mode softens by 2.3% upon temvalues compare best to the combined study in Ref. 47. The
perature decrease from 295 to 12 K. This instability inlattice model predicts £ to be significantly higher than the
CuGeQ is still far from condensing, but upon substitution or experimental value, as may be also seen in Fig. 5. The model
pressure, it might become enhanced. The SM instabilityseems to slightly underestimate the interaction between the
however, is not directly related to the spin-Peierls transitionoptic and acoustic branches near the zone center. Upon in-

The A, mode of similar frequency corresponds to a Cucrease of the weight of the LA modes, one may obtain better
shift, see Fig. 7. The mode with opposite phase betweeagreement for the elastic constants but at the expense of the
neighboring chains is thd ; mode, in contrast to the corre- description at higher energies, which has been considered to
spondingl’ modesB,,, and B,,, the chain coupling only be more relevant.
weakly affects the zone-boundary modes. The phonon density of statéBDOS has been studied by

Behavior of the highest Ge-O branchd@e dispersion of Arai et al*® and by Fuijitaet al*® by inelastic neutron scat-
the highest Ge-O branches is not fully understood. In gentering on polycrystalline samples. In Fig. 8, we show the
eral, the description of these branches by our model i$¥DOS weighted with the atomic cross section divided by the
poorer, most likely due to the insufficient description of themass, the generalized PDQSPDOS, calculated with the
covalent forces, see above. The behavior of the highgst lattice-dynamical model; the agreement with the experiment
branch, shown in Fig. 2, is surprising. The branch starts withis at most qualitative. However, the good agreement of the
little dispersion close to the zone center but bends downmodel with the optic frequencies and with the dispersion
wards when approaching the zone boundary. In contrast, theurves determined here excludes the experimental GPDOS.

TABLE VI. Comparison of the experimentally determined elastic constpuitsasound: US Poirier
et al. (Ref. 41), USb Poirier et al. (Ref. 45, US< Saint-Paulet al, (Ref. 46 US-d Ecollivet et al, (Ref.
47); Brillouin scattering; BR Ecollivetet al, (Ref. 47] with those calculated with the lattice-dynamical
model; elastic constants are given intadyn/cnf.

cll c22 c33 c44 c55 c66 cl2 cl13 c23

USa 0.624 0.372 3.264

usb 0.74 0.21 3.32

us< 0.66 0.345 2.79

usd 0.71 0.345 3.43 0.37 0.33 0.22

BR 0.64 0.376 3.173 0.353 0.353 0.184 0.321 0.469 0.227
Model 0.823 0.500 3.457 0.408 0.435 0.165 0.297 0.403 0.223
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TABLE VII. Debye-Waller coefficients in CuGe{at room tem-

E
£ 24 o perature: comparison of experimentaverage of x-ray and neutron
L 18} L results from Ref. pand calculated values, in 16 A2,
g .
g 12 Atom EXp. Cal. Atom Exp. Cal.
3 6F Ge-U1l 703) 55 OLULl  8W) 64
= b —-U22 1013 90 -u22 1294) 117
<® "0 50 100 150 200 250 300 -U33 403 31 -U33 483) 42
T (K) Cu-U11 115%3) 100 02-U11 14®) 127
_ _ 3 _ -u22 1432) 116 —-u22 1783) 161
FIG. 9. Comparison of the experimental specific hgatints, —U33 463) 42 —u33 613) 56
taken from Ref. 58with the calculated ones; the solid line corre- _U12 502) 37 _U12 792) 69

sponds toc, and the dashed one t,. Note, that the difference
betweenc, and cy, is extremely small, both lines are almost
superposed.

Pbmmto Bbcm The relevant phonon modes may be iden-
. . . - tified with the help of group theory. In the notation by Stokes
We think that the deviation results from insufficient correc-and HatcH® these modes are Iabel@c; atq=(0.5 0 0.5,

tion of multiphonon processes. Also the strong temperatur n . .

dependences point to such effe®t4® Neither our studies q‘heTg mr:)o!es alre.chqracterlzed by ;qut: mofllepenger;t para(;n-

nor the optical experiments, nor the similar work by Nishi eters in their polarization pattern, which reflect the four ad-
itional structural parameters in the dimerized structure. The

et al® give evidence for a large temperature dependence el , g . .

the phonon spectrum in CuGgQin addition, the measured corresponding irreducible representation is one dimensional
- 1 . . . + .

GPDOS presents huge intensity above the cutoff value of 28Nd has a multiplicity of 4. Th&@, modes have been dis-

THz, which however, is already fixed by the optics studies. cussed in detail in Ref;. 17 a.nd 12 including their tempera-
From the calculated PDOS, one may obtain the specifiéuré dependence. In this section, we want to give some fur-
heat at constant volume. Most of the published work on thdher information on the_ dlsper_S|on of the branches connected
specific heat deals with the anomaly at the spin-Peierl40 these four modes directly involved. The lowd@st mode
transition.so_Sson'y Weidenet a|'53 reportameasurement up at 3.12 THz iSBzg'Iike associated with a rotation of the
to room temperature, which is compared in Fig. 9 with the©2-O2 edges around theaxis; it modulates the 02-02-Ge
results of the calculations. The difference between specifi@ngle 6 and, therefore, also the magnetic interactbrhe
heat at constant volume and at constant pressure has beg#cond lowest mode at 6.53 THz is associated with the
corrected empirically, indicated by the solid and dashed linegnodulation of the Cu-O2-Cu bond anglg which deter-
in Fig. 9. Since the coefficient of thermal expansion entergnines strongest the magnetic interaction. Thisode seems
the difference in second order, the correction and, in consd0 be the one most important for the spin-Peierls transition.
quence, the difference between the two lines are extremelJhe higher-frequencyT; modes at 11 and 25 THz corre-
small. The correction remains almost in the width of the twospond to the Cu-O2- and Ge-O bond stretching and are less
lines. Surprisingly, the measured specific heat is alwayselevant for the spin-Peierls transition. Thg representation
about 12% higher than the calculated one; at least at higheorresponds to the propagation vector gp£(0.5 0 0.5,
temperature, this cannot be attributed to magnetic contributherefore, it is interesting to analyze the dispersion in the
tions. Again, it seems unlikely that the lattice-dynamical[101] direction, see Fig. 10.
model is that wrong; for instance, the large number of high- [101] direction and identification of the relevant modes
optic frequencies unambiguously indicate that the specifi@he I’ modes, whose polarization patterns are closest to the
heat at room temperature is far from its saturation value corstructural distortion in the spin-Peierls phase areAhend
responding to the Dulong-Petit law. A larger specific heatB,, modes, where branches af, symmetry start in the\
might arise from strong anharmonicity, as in the classic exdirection. As may be seen in the polarization schemes given
ample of Agl, where a sublattice mefsThe anharmonici- in Table I, theA , representation allows theshift of Cu and
ties in CuGeQ appear to be, however, too small for such anthe x,y shifts for O2. The Cu and O characters of these
explanation. modes are well separated near the zone center but they mix
Another check of the model may be obtained through thén the zone. Along th¢101] direction, the modes may be
comparison with the experimental Debye-Waller factors, seelivided only according to two different representations, 17
Table VII. The agreement at room temperature is very goodx0X; modes and 13X0X, modes. The large number of
and also the low-temperature coefficients, which are morenodes of the same symmetry renders the interpretation of the
difficult to determine, are well describéd. data rather difficult. The compatibility relations show that the
T, modes correspond to the zone-boundary modes of the
X0X, branches, see Table I.
At the zone boundary0 0 0.5, there are two vibrations
where the Cu moves along the upper one is isolated in
The structural part of the spin-Peierls transition is characfrequency near 12 THz and the lower one near 7.7 THz. As
terized by a symmetry reduction in the crystal structure frommay be seen in Fig. 11, the difference in these modes con-

V. MODES IN RELATION
TO THE SPIN-PEIERLS TRANSITION
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(x0x), the edges of the CuBquares and hence to the second domi-
o nant feature of the spin-Peierls distortion. A fiag branch is
starting at this mode, which ends at the zone boundary at a
mode with opposite twisting of edges neighboring alang
Again, only thea component is missing for the description of
the distortion in the dimerized phase. In general, one may
arrive at the relevarit, modes by either analyzing the path
from (0 0 0.5 to (0.5 0 0.5, where there is only little dis-
persion, or by studying thgLO1] dispersion, see below and
Ref. 17.

Figure 10 shows the phonon dispersion in [thé1] direc-
tion. Again the dispersion is well described by the model.
From the compatibility relation in Table Il, one recognizes
thatX0X, branches correspond to the combinatiomfand
] A5 branches in th¢001] direction, andX0X, branches cor-
o respond toA, and A, branches. In Fig. 10 we include the
corresponding\ branches as broken lines neglecting the
ole”t o 0 e component of the wave vectdr.e., in a projection For a

0 01 02 03 04 05 0 01 02 03 04 05 three-dimensional structure, where it component would

(x 0 %) (x 0 x) possess comparable strength, the two sets of dispersion

_ _ _ o curves would possess little similarity. The resemblance pre-

FIG. 10. Dispersion of the branches in ffi91] direction. The sented in Fig. 10 demonstrates that #fecomponent influ-

symbols denote measured frequencies and the solid lines those ca- ; . s
culated by the lattice-dynamical model. Dashed lines denote th%nces the frequencies only little. For many branches, the dif

. . ) . . erence is not significant at all, and only for a few cases the
dispersion of correspondiny branches neglecting the influence of . o
thea* component. difference is of the order of 10%. The weak dependence of

the [101] dispersion on the&* component agrees with the

sists of the phases of Cu and O2 displacements. In the highﬂ'ralt dispersion alonga and with the lack of any covalent

1€ NIINFHNg in this direction. However, the influence of tife com-
mode, Cu moves towards the shorter 02-O2 edge yielding onent may not at all be neglected for the interpretation of
strong alternation of the Cu-O-bond lengths and, therefor e scattering intensities. Along thé direction, one ob-
the higher energy. In contrast, Cu shifts towards the Iongeg i '

edge in the lower-frequency mode; this yields an alternatior}\erveS only\, branches aQ=(0 0 2+x); the intensities of
of the bond angle. Besides taecomponent, this movement -3 modes are suppressed, similar to an elastic extinction

represents the main part of the structural distortion in th [ule. In the[101] direction, however, one may also observe

e ; he X0X; modes corresponding to thd; modes atQ
%mzz‘iﬁz’d phase. These modes are calienodes in the =(x 02+x) with comparable intensities. The observation

. hat structure factors are much more sensitive than the inten-
TheBog mode near 3.5 THz corresponds to the rotation Of;ities corresponds to the experience with small structural
distortions>*
A, Due to the larger number of modes of same symmetry, the
o - mixing of the characters is even more important in [thel]
*O O-’ O O direction. Nevertheless, it has been possible to clearly iden-
02 tify the T, modes ag=(0.5 0 0.5 in Ref. 17. TheT, mode
A A rotating the O2 edges is found at 3.12 THz, the most relevant
® ¢ o »-modulating mode at 6.53 THz, and the two high&st
modes exhibit frequencies of 11.2 and 24.9 Thz, respectively,

o ™™ —- ™ M see Ref. 17.
C/ \) +</ \) Comparison with Raman studies in the dimerized phase

ab Raman studies beloWwsphave been very early performed by
Udagawaet al? and by Sugaet al;*® they show additional
S Py — peaks in the spin-Peierls phase. In the meanwhile, there have
been many publications on these intensities, which agree
concerning the experimental findings but not on the
interpretatiort>°® ¢ All groups find five additional peaks;
additional much weaker intensities are reported in Refs. 61
and 64 and appear to arise from some different mechanism.
FIG. 11. Polarization patterns of the two modes with Cu shift ~ The lowest intensity near 30 c¢m is of magnetic origin.
alongc atq=(0 0 0.5; the upper two pictures show a projection of All Raman interpretations agree that the highest two strong
a single CuQ square. peaks correspond to folded phonons, they perfectly agree to

28

v (THz)

1
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our results on the two highe3t, modes. But also the two W
peaks at lower frequencies, which were interpreted contro-
versely may be identified a6, modes, since their frequen-
cies perfectly agree with those of thi&,4-like and 7 T,
modes. The neutron-scattering studies reveal a strong broad- .
ening of the mode in good agreement with the Raman _/
experiments; Lemmeret al®® report a width of 16 cm?. In ]
addition, it has been found that just the Raman intensity cor-
responding to they mode can be observed a few degrees .
Kelvin above the spin-Peierls transiti6h®* This underlines ° Chi-modes
once more the exceptional role of thgmode in the spin- .

v (THz)

Peierls transition. 4E PR ]
Dispersion of the branches connected to t@eﬁﬁodesln A = -
general, the dispersion is rather flat along thelirection.
This is also valid for branches starting at fig modes and /) P T T S
passing along the path (-5 0 0.5) on the zone boundary. 0 01 02 03 04 05
The end point corresponds to the zone boundary of/Ahe (05 x 05)
direction. The small influence of the* component is al- FIG. 12. Dispersion of branches connected to THe modes

ready illustrated in Fig. 10 and was used to discuss the chagjong the path(0.5 x 0.5 at room temperature; symbols denote
acter of theT;r modes. The modes at=(0 0 0.5 may be experimental frequencies and lines calculations.

further divided according to symmetry. In particular, there is

a representation of multiplicity 4, which corresponds to thesingle CuQ ribbon, one might expect an opposite-phase
T, modes at0.5 0 0.5. The frequencies of these four modes mode, where along, neighboring 02-02 edges rotate in the
lie at 3.29, 7.69, 12.1, and 24.9 THz, compared to THe  same sense concerning their angle toadhexis. This move-
frequencies at 3.12, 6.53, 11.2, and 24.9 THz at room temment, however, would result in a strong modulation of the
perature. Ge-0 bonds causing much higher frequency. On the contrary,

The (0 0 0.5 mode corresponding to thB,4-like T, one may consider thi¥, mode as a rotation of the GgO
mode turning the O2 edges is only slightly harder than theetrahedra around the 01-O1 line. In thg¢ mode, two tet-

T, mode at room temperature. At low temperature, the diftahedra neighboring along turn both clockwise or both

ference is even smaller since ti@ 0 0.5 mode hardens counterclockwise; the movement with different phase—one
slightly to 3.34 THz, whereas th€, mode is significantly ~clockwise and the other counterclockwise—results in a com-
shifted due to the magnetoelastic coupliig. pletely different displacement scheme concerning the L£LuO

The difference in frequency for the modes modulating thefibbons, since both O2 positions in an 02-O2 edge perpen-
Cu-O-Cu-bond angle;, the main feature of the spin-Peierls dicular toc move then in the same direction. This pattern
distortion in CuGeQ@is more pronounced, about 1 THz. This corresponds to the soft mode @t5 0 0.9, see Fig. 13. The
dispersion explains the doubling of the lattice in theirec-  lowestT, mode connects hence with the soft mode along the
tion; the distortion with modulation alongjust requires less b direction but loses the modulation of the magnetic interac-
structural energy. For thesgmodes too, the large frequency tion along this path. The anomalous frequency increase upon
increase upon cooling is observed &pr (0.5 0 0.5; but also
the (0 0 0.5-mode frequency increases significantly by 1 T,

1.5%.

The second highest, mode exhibits a significant fre-
quency increase toward® 0 0.5, whereas the Ge-O modes
are little influenced by the* component.

The dispersion along thedirection on the zone boundary
(0.5x 0.5) is comparable to that in the direction. In par-
ticular, there is a degeneracy of two modeg@b 0.5 0.5.
Again, two (0.5 0 0.5 modes connect which correspond to
the phase shift between the two formula units. Figure 12

Wi -Tv" N
shows the dispersion along this path, and Fig. 13 indicates xoxz/{\
the polarization patterns of sevefal5 0 0.5 modes relevant
for the following discussion. S 3THz

L

There are four modes in the range 3—4 THZ1at(0.5 0
0.5: the T, mode, two Cu modes, associated to the lowest-
optic By, andB,, frequencies and the soft mode. As in the FIG. 13. Polarization patterns of four modesgat(0.5 0 0.5,

direction, the two Cu modes connect. For fi2 mode, the  which are related to th&; modes at 6.6 THz4 mode and at 3.1
situation is more complicated: considering the scheme of aHz (B,4-like mode.
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cooling'’ observed for thd, mode has been followed along 3000 T T T
b*; the frequency hardening continuously decrease§0til
0.5 0.5; in contrast, the soft mode even softens by(2)36 2,
upon cooling from room temperature to 12 K.

For then mode, the Ge-O forces do not play an important
role; therefore, one may easily follow these modes alohg
One finds a significant frequency enhancement; the corre-
sponding mode is found at 8.56 THz, its polarization pattern,
see Fig. 13, exhibits a smaller Cu displacement than that of
the T, » mode. In the range 5—-6 THz, there are several flat O.S 4 O.
branches included in Fig. 12 which are not related to the * -5 5 0.5
spin-Peierls distortion. The temperature dependence of the ol . . L e
bond angle modulating modes close(@5 0 0.5 could not 0 4 8 12 16
be studied since in this region, additional magnetic intensity T ®

appears upon coolintf.For g,=0.5, no temperature depen- g1 14, Intensity of the two superstructure reflectionsQat
dence has been detected, also the intensities near 5.8 THz al@p 530.5) and(0.5 4 0.5 as function of temperature. The two
almost temperature independent. intensities reflect approximately the distortion of the two loviigst
The dispersion of the branches connected to the two lowegodes. The line corresponds to a fit by power law.
T, modes explains the propagation vector of the structural
distortion in the spin-Peierls phasg=(0.5 0 0.5. The b VI. POSSIBILITY OF INDEPENDENT
component is fixed through the Ge-O forces, which shift the ORDER PARAMETERS
mo.de rotating the (?2'02 edges to very h|gh energies and Since the structural distortion in the spin-Peierls phase
which also case a sizable slope of thenodulating branch. ) .
. . does not correspond to a single-phonon eigenmode, one
The weaker interplane forces lead to the doubling ofahe .
. - might speculate whether the low-temperature phase is de-
parameter mainly due to their influence on thenodes. The ved b inal d heth h
structural distortion involved in the spin-Peierls transition >C" PS¢ by @ single-order parameter or whether more than
has, therefore, a clear three-dimensional character. Thereforg. < parameters are needed in order to describe the tempera-
' ' ; o ’ .. {ure dependence of the distortion. We have analyzed this
a RPA treatment of the spin-phonon coupling in the transition . . X
. problem by measuring two superstructure reflections, which
appears to be justifietf. o A
. ; are not sensitive to the same features of the distortion. Inten-
The dispersion of the phonon branches should reflect the. : ; . .
. . : Sity at (0.5 3 0.5 is mainly related to the distortion corre-
extension of the critical scattering along the three orthorhoms onding to the lowesT* mode with B.. character. and
bic directions. In a classical soft-mode transition, one ma.F; it 9 0540 ﬂ2 s th d 2|9 tion. | it f
expand the frequency of the involved mode at the propagaft-?] e'nzl'% ay( t t5 r? ectﬁ e”nITO uia |otn. rt] spite Oh'b't
tion vector of the structural distortiom, here(0.5 0 0.5 €ir difierent Sensitivities, these two Superstructures exnibit
With G= o+ at O+ G exactly the same temperature dependence as it is shown in
a ¢ Fig. 14. Fitting a critical behavidrx (Tgp— T)?# to the tem-
perature dependence of these superstructure intensities yields
_ 2 2 2 a critical exponent of3=0.30(1) in good agreement with
®(0)= @0+ Ca: QatCp G+ Co- .- ®) previous resulf~"*and, in particular, with the thermal ex-
pansion study.The scaling between the two superstructure

reflections remains also valid slightly above the spin-Peierls

_|__|near terms do not _ex|st, since there must be a frequenc}fansition, indicating that the whole structural transition may
minimum atq,. The ratio of the constants,, ¢, ¢, should

X . . be described by a single-order parameter.
correspond to the ratio of the correlation lengths of critical

scattering in t_he three dl_rect|ons. In_CuQe(‘fhls_ analysis is VIl. CONCLUSION

not obvious since there is no softening, and since at least the

correlation length along is dominated by the magnetic in-  The various inelastic neutron-scattering studies have
teraction. Furthermore, the fitting of the experimental disperyielded a detailed understanding of the lattice dynamics in
sion by a quadratic expansion is not very satisfactory; on€€uGeQ. The developed model not only describes the ob-
obtainsc,=2.6 THz/A%, c¢,=8.0 THz/A, andc,/c,=0.3, served dispersion curves, but it allows the interpretation of
for the » mode which is the most relevant one. Raman and infrared frequencies, elastic constants, and aniso-
The observed correlation lengths decrease very rapidlyropic Debye-Waller parameters. It further predicts the PDOS
above the transition; only a few degrees Kelvin above it, theyand the phononic part of the specific heat, on which only
amount to a few lattice constants; therefore, rather lagge little experimental information exists till today.
and g, values are involved, where a quadratic expansion is The phonon dispersion of CuGg®@xhibits several pecu-
certainly no longer valid. Nevertheless, the ratio between théiarities: The layered zigzag character of the crystal structure
correlation lengths determined by Schoefélal®® &,/&, is related to a low-frequency optical mode, which implies
~0.25 may be qualitatively explained by the dispersion ofinteraction between optical and acoustic branches along all
the branches around tfig - mode. orthorhombic directions. Also, we find some tendency to-
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wards an instability against a twisting of the Cu@bbons  on the temperature dependence of phonon frequencies should

and GeQ chains. These low-frequency modes, howeveroccur not only in CuGe®but also in materials with related

seem not to be directly related with the spin-Peierls transistructure, for example, the spin-ladder compounds.

tion. CuGeQ is amongst the most complex materials, where
Only the extensive study of the phonon dispersion hashe phonon dispersion has been analyzed in that detail. It

allowed the identification of those modes directly involved inappears, therefore, to be a promising candidate for the exten-

the transition” The dispersion of the branches connectingsjon of currentab initio techniques to complex materials.
with these modes clearly explains the occurrence of the

structural transition agj=(0.5 0 0.5, since the phonon fre-
guencies of modes modulating the bond anglare lowest

at this q value. The pronounced dispersion of the phonon
branches involved in the spin-Peierls transition clearly illus- Work at Cologne University was supported by the
trates a three-dimensional character of the structural part dbeutsche Forschungsgemeinschaft through the Sonderfor-
the transition. The influence of the magnetoelastic couplinggchungsbereich 608.
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