
Structural analysis of CuGeO3: Relation between nuclear structure and magnetic interaction

M. Braden
Forschungszentrum Karlsruhe, Institut fu¨r Nukleare Festko¨rperphysik, Postfach 3640, D-76021 Karlsruhe, Germany

and Laboratoire Le´on Brillouin, CEA, CNRS, CE-Saclay, 91191 Gif sur Yvette Cedex, France

G. Wilkendorf
Institut für Kristallographie, Rheinisch-Westfa¨lische Technische Hochschule Aachen, D-52056 Aachen, Germany

J. Lorenzana and M. Aı¨n
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The structure of CuGeO3 has been analyzed by means of x-ray and neutron single-crystal diffraction as a
function of temperature. There is a pronounced temperature dependency of the atomic positions in the high-
temperaturePbmmphase. The observed deformation scheme on cooling from 295 to 20 K may be character-
ized by a rotation of the Cu@O~2!#2 ribbons around thec axis. It is related to the distortion below the
spin-Peierls transition, and has an impact on the magnetic interaction parameterJ. For the distorted structure
in the spin-Peierls phase, based on a large set of superstructure reflections, we qualitatively confirm the
proposed model~space groupBbcm! with a slightly different direction of the oxygen displacements. A
computation ofJ reveals that its splitting in the spin-Peierls phase is dominated by the modulation of the
Cu-O-Cu bond angle.@S0163-1829~96!00425-0#

I. INTRODUCTION

One-dimensional spin-1/2 systems have been the subject
of an enormous amount of experimental and theoretical
studies.1 However, until recently, spin-Peierls~SP! transi-
tions were known only in rather complicated organometallic
structures. Therefore, the announcement by Hase, Terasaki,
and Uchinokura2 of an SP transition at 14 K in the inorganic,
and rather simple compound CuGeO3 stimulated a lot of ad-
ditional work. The SP transition was further characterized by
the magnetic phase diagram published by Haseet al.3 and by
the magnetic-excitation spectrum determined by Nishi,
Fujita, and Akimitsu.4 These observations seem to reproduce
the expectations from the known organic compounds pre-
senting a SP transition. However, the temperature depen-
dence of the magnetic susceptibility deviates from the theory
for a one-dimensional spin-1/2 system,5 which satisfactorily
describes the organic systems.

Whereas the magnetic transition was rapidly confirmed,
the structural component of the spin-Peierls transition re-
mained subject to controversial discussion. By neutron dif-
fraction Nishi6 observed additional intensities at rather low
temperatures. However, with the same method Lorenzo
et al.7 could not confirm these reflections in a crystal which

clearly exhibits the SP transition. Pougetet al.8 showed that
the reflections found by Nishiet al.are not characteristic for
the spin-Peierls transition but for antiferromagnetic order,
which occurs in some crystals not presenting the SP transi-
tion. Later, a detailed study of the CuGe12xSixO3 system
revealed a competition between the SP transition and this
type of antiferromagnetic order.9

An indication for the structural distortion in the SP phase
was found by combined x-ray- and neutron-diffraction stud-
ies by Pougetet al.,8 who observed superstructure reflections
of the type (h/2kl/2). The same type of superstructure reflec-
tion was also seen in electron-diffraction experiments.10 A
detailed analysis of the observed reflections led Kamimura
et al. to the conclusion that the distorted nuclear structure of
the SP phase in CuGeO3 should belong to space group
Bbmmor Bbcm.10 A collection of 11 superstructure reflec-
tions in the SP phase by neutron diffraction allowed Hirota
et al.11 to determine the space group to beBbcm in accor-
dance with the electron-diffraction results.

The high-temperature structure was determined properly
by Völlenkle, Wittman, and Nowotny;12 the space group is
Pbmm ~standard settingPmma!. The structure consists of
CuO6 octahedra and GeO4 tetrahedra stacked along thec
direction, see Fig. 1. Each oxygen belongs to a Ge tetrahe-
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dron and to a Cu octahedron. The stacking of the edge-
sharing octahedra results in chains with rather short Cu-Cu
distances. The tetrahedra are also chained along one of their
edges. As CuGeO3 is now commonly compared to the
high-Tc cuprates, it seems interesting to note that there is an
important difference between the crystal structures. Whereas
the cuprate structures are completely filled by the different
types of cation anion polyhedra, there exist rather large
empty cavities in the case of CuGeO3.

The importance of the nuclear structure on the magnetism
in CuGeO3 was revealed in different experiments. Lorenzo
et al.7 showed that the SP transition is accompanied by a
spontaneous strain alongb. By high-resolution thermal-
expansion measurements Winkelmannet al.13 confirmed the
existence of giant spontaneous strains along all three ortho-
rhombic directions. The strong implication of the nuclear
structure was further confirmed by large anomalies in the
ultrasound velocities.14 Furthermore, there are indications
that the crystal structure is rather anharmonic even above the
SP transition. The longitudinal-acoustic branch alongb was
found to be rather soft,7 which seems to reflect the large
compressibility of CuGeO3 in this direction.15 At high pres-
sure CuGeO3 even presents a purely structural phase
transition.15 The thermal expansion aboveTSP is anisotropic
and exhibits extrema alonga and c; Winkelmann et al.
speculate that this behavior might be related to the unex-
plained temperature dependence of the magnetic
susceptibility.13 A more detailed knowledge of the tempera-
ture dependence of the nuclear structure seemed, therefore,
desirable.

In this paper we present the results of single-crystal dif-
fraction studies as function of temperature. We will show
that there are significant temperature dependences in the
crystal structure already aboveTSP. CuGeO3 appears in-
stable against twist or rotation deformations of the Cu@O~2!#2
ribbons just above and atTSP. The influence of the nuclear
arrangement on the magnetic interaction parameters will be
analyzed in detail.

II. EXPERIMENTAL

Stoichiometric CuGeO3 was prepared from the oxides
CuO and GeO2 ~with 99.99% purity! and pressed into cylin-

drical rods. After sintering at 1000 °C for 24 h these rods
were used in order to grow large single crystals of CuGeO3
by a traveling floating-zone technique using an image
furnace.16 Identically prepared crystals were used in a large
number of different experiments~for example, see Refs. 8, 9,
13, 14, and 17!; the spin-Peierls transition was found to oc-
cur at 14.4 K.8 The phase diagram of CuO/GeO2 gives no
indication for any solid solution deviating from the
CuO/GeO2 1/1 ratio;

18 so unstoichiometry may be introduced
mainly by improper starting oxides, which, however, can be
excluded in our procedure. The ideal stoichiometry of our
crystals was verified by electron microprobe analysis and by
inductively coupled plasma atomic emission spectroscopy;
both techniques confirm an ideal stoichiometry within their
precision.

The crystals grow as cylindrical rods parallel toa with the
basal plane being elongated alongc; they cleave easily along
theb,c plane. For the neutron-diffraction studies small crys-
tals were cut out of the as-grown ones. About 15 different
smaller samples were tested on several diffractometers at
LLB and ILL; however, it turned out that all of them were
far from perfect. Two different types of imperfection were
observed, one being a misalignment of different parts of the
crystal characterized by a rotation arounda, i.e., the axis of
crystal growth. This imperfection seems to be related to the
cleavability. The second type consists in an enhanced mosa-
icity or misalignment of crystallites in thea,c plane~rotation
aroundb!; thin crystals can even be bent around theb axis
without cracking. These imperfections are both likely to be
related to the CuGeO3 crystal structure. For the neutron-
diffraction study we chose finally a rectangular crystal of
5.534.530.8 mm3 with a mosaicity~background to back-
ground! of slightly less than 2°. The crystal used for the
x-ray-diffraction study was much smaller, about 0.0930.05
30.05 mm3, and no peak broadening was observed.

The x-ray experiment was performed on a CAD4 four-
circle diffractometer using MoKa radiation~l50.711 Å!; a
half sphere of 7141 reflections was measured up toQ560°.
A numerical absorption correction was applied according to
the shape of the sample crystal~m5226 cm21!.

The neutron-diffraction study was performed on the four-
circle diffractometer D10 at ILL using a wavelength of 1.26

FIG. 1. ORTEP plot of the room-temperature
structure of CuGeO3 as determined by neutron
diffraction. The ellipsoids represent 40% prob-
ability density. The lines indicate the lattice ac-
cording toPbmm; for clarity a set of atoms is
shown which corresponds to more than one unit
cell.
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Å obtained by a Cu~200! monochromator. The crystal was
glued with itsc axis roughly parallel to thef axis of the
diffractometer. The orientation matrix was determined by
centering a set of 20 reflections. The enlarged mosaicity of
the crystal had to be taken into consideration in order to
assure complete integration of the Bragg intensities. The
scan width was adapted according to theQ/scanwidth table:
0°/3.5°; 15°/3.5°; 30°/3.5° 45°/3.5° 80°/5.5°. Due to the
small take-off angle of the monochromator thev resolution
decreases rapidly for increasing scattering angle; so, the in-
tegration of the Bragg reflection intensities remains complete
for switching to the coupledv2xQ scan mode. The cou-
pling parameter of thev2xQ scan was chosen as usually
according to theQ/x table: 0°/0; 15°/.75; 30°/1.3; 45°/1.9
and 65°/2.0.

The sample was mounted in a liquid-helium cryostat and
cooled down to 4 K, where the orientation matrix was deter-
mined with the same reflections as at room temperature. The
fundamental reflections were measured in the same configu-
ration as at room temperature but with reduced counting
time. Superstructure reflections were measured according to
the 2a3b32c lattice; however, only a few reflections for-
bidden by theB centering were measured, none of them was
observable. A complete set of superstructure reflections was
measured only up to 2Q570° with strongly enhanced count-
ing time ~;30 s!; first calculations during the measurement
indicated an agreement with the proposed model, i.e., space
groupBbcm. Therefore, it seemed reasonable to concentrate
these highly time-consuming measurements on the super-
structure reflections which the model predicted to be stron-
gest. The intensity of the superstructure reflections being in
the order of magnitude of the background the exact determi-
nation of the latter is essential. However, as the background
is strongly varying with 2Q due to the powder lines from the
cryostat and sample support materials, it can be properly
obtained only by purev scans. Therefore, we had to use this
scan technique for the superstructure reflections. Tests on
fundamental reflections showed that thev scan cuts signifi-
cantly intensity only for 2Q larger than 100°; at 2Q5120°
one looses about 4% of intensity which is not essential for
the superstructure reflections. Only very few superstructure
reflections were measured at high 2Q values; their intensities
should mainly influence the thermal parameters which are
adjusted with much higher statistics by the fundamental re-
flections. Therefore, the error coming from this scan mode
can certainly be neglected. Figure 2 shows superstructure
reflection scans compared to their analogs at 20 K.

A small data set of fundamental reflections was collected
at 20 K using the 4 K orientation matrix; scan parameters
were identical as for the other temperatures, only the count-
ing time was further reduced. Additionally, some of the
strongest superstructure reflections were remeasured with en-
hanced counting time. All neutron data sets were corrected
for absorption numerically.

III. STRUCTURAL REFINEMENTS

All structural refinements were performed with the
PROMETHEUSprogram package.19 An extinction correction
was applied according to the Becker Coppens formalism cor-
responding to secondary extinction of type I with an isotro-

pic Lorentzian distribution of the mosaicity.
X-ray diffraction at 295 K—The reflections of the x-ray

data set were averaged to 1036 independent reflections of
which 745 were stronger than 2s; the internalR value was
4.25%. The refinement was performed using the statistical
weights; the structural model according to space group
Pbmm converged rapidly without strong correlations. The
positional parameters displayed in Table I are in agreement
with the earlier work by Vo¨llenkle, Wittmann, and
Nowotny12 and with more recent neutron powder-diffraction
studies.20,21

Neutron diffraction at 295 K—The 580 reflections mea-
sured at room temperature on the neutron diffractometer D10
were averaged to 291 independent ones according tommm;
the obtained internalR value of 3.30% confirms the com-
plete integration of the Bragg intensities. Due to the large
sample volume the observed integrated intensities are rather
high, up to 150.000 counts per 3 s. As consequence the sta-
tistical errors predict an internalR value lower than the one
which was obtained. Therefore, we had to choose a modified
weighting scheme for the refinements. There are different
sources of additional errors which alter the reliability of the
measured Bragg reflection intensities in the case of large
crystals. Extinction and integration problems should roughly
be proportional to the intensity,I . Therefore, they can be
taken into account by adding a term proportional to the re-
flection intensity, ign3I , to the square of the statistical error
sstat
2 . Additionally, there is an almost uniform probability for

contamination by multiple diffraction. Some of the reflec-
tions forbidden inPbmmwere in fact clearly observed; it
was, however, verified that they are induced by multiple dif-
fraction by rotating the crystal around the scattering vector.

FIG. 2. Intensity distribution of thev scans through some su-
perstructure reflections of the spin-Peierls phase; above~20 K,
closed circles!, and belowTSP ~4 K, open circles!.
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Similar multiple-diffraction effects could explain also the ob-
servation of forbidden reflections by Arraiet al. on an even
larger crystal.22 This error source can be accounted for by
adding a constant term, const, resulting insnew

2 5sstat
2

1ign3I1const. For the room-temperature data set ign50.01
and const5400 seemed to be the appropriate choice. Using
these weights the room-temperature structure was easily re-
fined with satisfying agreement; the results are given in
Table I. There is excellent agreement between the neutron
and x-ray results concerning the positional parameters
~within the errors!. Also the anisotropic mean-square dis-
placements confirm each other. That the neutron values are
slightly larger might be due to approximations in the absorp-

tion corrections or to different contributions from thermal
diffuse scattering.

Neutron diffraction at 4 and 20 K—Since the room-
temperature experiment showed that the quality of the data is
not limited by counting statistics, the counting time for the 4
and 20 K data collections was reduced. Hence, the factor ign
could be reduced to 0.005 and 0.003, respectively. Extinction
and multiple-diffraction effects cannot affect the weak super-
structure reflections appearing below the SP transition.
Therefore, theirs’s remained unchanged. These reflections
get higher weight in the refinements due to their typically
10–20 times higher counting rate. The 635 measured reflec-
tions were averaged to a set of 374 independent ones of

TABLE I. Results of the different single-crystal structural analyses. The estimated standard deviations in
the last digits are given in parentheses. The lattice constants at 20 K have been determined by combining the
4 K values with the highly preciseDL/L results from Ref. 13.

X ray
295 K

NeutronD10
295 K

NeutronD10
20 K

NeutronD10
4 K

a ~Å! 4.801~1! 4.795 6~13! 4.789 28 234.789 4~12!
b ~Å! 8.469~2! 8.466~4! 8.402 56 8.401 8~44!
c ~Å! 2.943 1~4! 2.940 4~13! 2.944 47 232.944 5~13!
Ind. Refl. 1034 291 103 374
Rw(F

2) ~%! 3.28 3.39 3.33 4.22
Ruw(F

2) ~%! 3.26 3.00 2.88 3.60
Cu x 0.5 0.5 0.5 0.0
y 0.0 0.0 0.0 0.0
z 0.0 0.0 0.0 0.250 96~3!

U11 0.010 6~1! 0.012 3~3! 0.004 7~5! 0.003 3~3!

U22 0.013 3~1! 0.015 1~3! 0.005 4~9! 0.004 0~3!

U33 0.003 9~1! 0.005 4~3! 0.001 5~7! 0.002 6~3!

U12 0.005 1~1! 0.004 9~2! 0.000 4~4! 0.001 1~3!

Ge x 0.074 33~4! 0.074 38~13! 0.071 3~2! 20.214 58~8!

y 0.25 0.25 0.25 0.249 91~3!

z 0.5 0.5 0.5 0.0
U11 0.006 0~1! 0.008 0~3! 0.003 7~5! 0.002 7~3!

U22 0.009 7~1! 0.010 6~3! 0.003 5~10! 0.003 1~3!

U33 0.002 9~1! 0.005 0~3! 0.003 5~8! 0.002 5~3!

O~1! x 0.868 1~3! 0.867 7~2! 0.863 9~3! 0.182 06~11!
y 0.25 0.25 0.25 0.25
z 0.0 0.0 0.0 0.25
U11 0.007 4~4! 0.008 7~4! 0.005 6~6! 0.003 8~4!

U22 0.012 2~5! 0.013 6~4! 0.005 0~13! 0.005 6~4!

U33 0.003 6~4! 0.006 1~3! 0.003 1~10! 0.003 5~4!

O(2a) x 0.283 2~1! 0.283 50~15! 0.281 6~2! 20.108 26~8!

y 0.083 2~1! 0.083 16~8! 0.081 9~2! 0.082 90~10!
z 0.5 0.5 0.5 0.0
U11 0.013 5~4! 0.015 3~3! 0.006 0~4! 0.005 3~3!

U22 0.017 0~4! 0.018 7~3! 0.010 0~10! 0.005 7~3!

U33 0.005 1~3! 0.007 1~3! 0.002 9~8! 0.003 8~3!

U12 0.008 0~3! 0.007 7~2! 0.001 3~3! 0.001 9~2!

O(2b) x 20.110 25~8!

y 0.081 36~10!
z 0.5
U11 5U11-O(2a)
U22 5U22-O(2a)
U33 5U33-O(2a)
U12 5U12-O(2a)
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which 84 are superstructure reflections; the internalR value
for this data set, 3.68%, is comparable to the one obtained at
room temperature indicating a similar quality of both sets
and hence a reliable determination of the superstructure in-
tensities. Due to the enormous difference in the intensity of
superstructure and fundamental reflections~a factor of
103–104! it was necessary to correct the data forl/2 con-
tamination. The amount ofl/2 radiation was determined by
analyzing pairs of (hkl) and (h/2k/2l /2) with k odd in the
Pbmm lattice; the observed ratio amounts to 0.000 20~3!
on F2. The correction was performed during
the refinement by calculating a superposition 0.9998F2(hkl)
10.0002F2(2h 2k 2l ) similar to the technique used in the
case of twinned crystals.23 Satisfying agreement to the data
could be obtained with the space groupBbcmproposed by
Hirota et al.11 The structure according toBbcm ~standard
settingCmca! has the same orientation of the crystal axes as
in the high-temperature phasePbmm; for instance thec di-
rection remains the direction of the chains. However, the
lattice is doubled alonga andc with respect toPbmmand
the origin is shifted by 0.25 alonga andc. Table II reviews
the different site symmetries inBbcm. In contrast to the
work by Hirotaet al.our data allows independent refinement
of all positional parameters. There is a rather small shift of
the Ge site, and O~2a! and O~2b! can be refined without any
restriction. The other space group proposed by Kamimura
et al.,10 Bbmmwas also tested. Whereas a similar descrip-
tion of the fundamental reflections can be achieved in
Bbmm, the entire set including the superstructure reflections
yields the much larger agreement factor,Rw(F

2)59.8%; the
Bbmmspace group can be definitely excluded.

The small data set measured at 20 K contained only a few
symmetrically equivalent reflections; the 20 K structure was
refined as the room-temperature phase against the 103 aver-
aged reflections.

IV. DISCUSSION

A. High-temperature phase

Figure 1 shows an ORTEP plot of the room-temperature
structure of CuGeO3 as determined by our neutron-
diffraction experiment. There is a good agreement with the
other diffraction data; however, we obtain better precision
especially for the anisotropic mean-square displacements.
The two elements of the CuGeO3 structure are displayed

separately in Fig. 3. The GeO4 tetrahedron is almost perfect
with roughly equal Ge-O distances and O-O edges. Further-
more, the different bond angles of type O-Ge-O are all close
to the ideal tetrahedral value. The minor deviations reflect
the fact that each O~1! belongs to two tetrahedra and each
O~2! only to one. The calculation of the bond-valence sum
according to the formalism of Brown and Altermatt24 yields
a value of 3.956 which is very close to the expected value of
4.00 for tetravalent Ge. All this information together indi-

FIG. 3. Representation of the two elements constituting the
CuGeO3 structure, the CuO6 octahedron and the GeO4 tetrahedron;
here the thermal ellipsoids present 50% probability density. The
orientation of the crystal lattice and the viewing direction is identi-
cal to the one in Fig. 1.

TABLE II. Atomic site symmetries of the atoms in CuGeO3 in the high-temperature phase~space group
Pbmm! and in the spin-Peierls phase~space groupBbcm!. TheBbcm lattice is obtained from thePbmm
one by doublinga andc and shifting the origin by~0.25 0 0.25!.

Pbmm Bbcm

Cu
~
1
2/0/0!

2b
~0/0/14 1Dz! 8d

Ge
~x/ 14/

1
2!

2 f
~
x
22

1
4/
1
41Dy/0! 8 f

O~1!
~x/ 14/0! 2e

~
x
22

1
4/
1
4/
1
4!

8e

O~2!
~x/y/ 12!

4 j
~
x
22

1
41Dx/y1Dy/0! 8 f

O(2b)
~
x
22

1
42Dx/y2Dy/ 12!

8 f
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cates an undistorted GeO4 structure; if there is any internal
strain present in CuGeO3 it is unable to deform substantially
the rather rigid tetrahedron. On the contrary the CuO6 octa-
hedron is rather distorted. The CuO~1! bond is not perpen-
dicular to the Cu@O~2!#4 basal plane,a595.66°, giving rise
to two different edge lengths O~1!-O~2!, see Fig. 3. Further-
more, the basal plane itself is strongly deformed; the ratio of
the long to the short O~2!-O~2! edge is 1.2. Consequently the
Cu-O~2!-Cu angleh is far away from 90°. As is discussed
below, it is this deviation which seems to be essential for the
strength of the magnetic interaction. The bond-valence sum
for Cu gives only a slightly increased value of 2.12, com-
pared to the expected value of 2.00.24 So, the strong defor-
mation of the CuO6 octahedron is realized mainly in shear
stresses, whereas there seems to exist almost no volume ef-
fect.

The mean-square displacements of the GeO coordination
possess rather small components parallel to the Ge-O bonds
in accordance with their strong and covalent nature. Also
most of the other thermal parameters appear reasonable in
magnitude compared to similar structures. The O~1! site
shows almost isotropic thermal parameters due to its homo-
geneous surroundings. However, Cu and O~2! are defini-
tively anisotropic. The displacement of Cu perpendicular to
the octahedron basal plane formed by the O~2!’s is signifi-
cantly enhanced which may be explained by the large Cu-
O~1! distance. The Cu-O~1! bond appears too weak in order
to fix the Cu ion effectively. The largest amplitude of the
thermal ellipsoid of the O~2! ion is even higher. This can be
best seen in the projection of the structure on thea,b plane

in Fig. 4~a!. The largest amplitude amounts to 0.158 Å and is
almost perpendicular to the projections of the Cu-O~2! bonds
from the two Cu sites atz560.25. In contrast, the elonga-
tion of the O~2! thermal ellipsoid is not at all perpendicular
to the projection of the Ge-O~2! bond. The large value and
the direction of the elongation might indicate the proximity
to a structural instability which might be characterized by a
rotation or twisting of the O~2!-O~2! edges around thec axis.

The 20 K refinement evidences significant changes in the
structure of thePbmmphase on cooling. ThePbmmphase
has several free positional parameters whose variation can
modify the structural arrangement drastically without chang-
ing the symmetry.

First indications for a rather anomalous temperature de-
pendency were found in thermal-expansion measurements
which showed a pronounced anisotropy.13 There is a signifi-
cant volume reduction between 295 and 20 K,DV/V
50.0074, whereas almost all cation-anion distances increase
on cooling, see Table III. Only the Cu-O~1! distance de-
creases; however, the shortening by about 1% appears too
strong compared with other cuprate structures. This means
that the volume thermal expansion is realized not homoge-
neously but mainly in the empty cavities between the octa-
hedra and the tetrahedra.

Figure 4~a! shows qualitatively the positional shifts occur-
ring on cooling from 295 to 20 K in the projection on thea,b
plane. The main effect can be characterized by a rotation of
the Cu@O~2!#4 squares around thec axis ~the t angle de-
creases by about 0.8°!, and is in fact the motion where indi-
cations for instability were already found in the thermal pa-

FIG. 4. ~a! Projection of the CuGeO3 structure
at room temperature on thea,b plane in form of
an ORTEP plot~the a direction is vertical!; the
arrows indicate qualitatively the shift of the
atomic positions on cooling to 20 K. Note, that
the deformation on cooling is accompanied by a
strong reduction of theb lattice parameter.~b!
identical as~a! for the low-temperature structure
at 4 K in the spin-Peierls phase. The symbols
represent the exact atomic positions, the arrows
illustrate the displacements with respect to the
high-temperaturePbmm phase. The figure pre-
sents only atoms with 0.25,z<0.5. In both fig-
ures the lines indicate the high-temperature
Pbmm lattice.

1110 54M. BRADEN et al.



rameters. The rotation is accompanied by a shift of the entire
GeO4 tetrahedron alonga. The strong thermal expansion
along b can be understood due to the rigid rotation of the
Cu@O~2!#4 squares, the width of the tetrahedra@correspond-
ing to the O~2!-O~2! distance# being almost rigid~see Table
III !. However, the reduction of theb lattice parameter is
possible only with the concomitant decrease of the CuO~1!
bond, which is indeed enormous,21%. The possibility of
reducing the lattice volume by reducingb seems to be the
driving force for the temperature-dependent rearrangement.

Along a a substantial but much lower positive thermal
expansion is observed, see Table I and Ref. 13. Thea pa-
rameter can be decomposed into three components, see Fig.
4~a!: the height of the tetrahedron which increases on cool-
ing, the projection of the Cu@O~2!#4 square which increases
too, and the small projection of the O~2!-O~1! distance which
strongly decreases, due to the fact that the tetrahedra are
shifted closer together. Inspection of the Cu@O~2!#4 projec-
tion in detail shows that the increase of the octahedron edge
projection is much smaller than what should be expected for
a rigid rotation. This octahedron edge~parallel to thea,b
plane! is additionally shortened which can be easily ex-
plained due to the enhanced pressure introduced by the
closer GeO4 tetrahedra. The compression of the O~2!-O~2!
distance parallel to thea,b plane is, however, compensated
by the elongation of the O~2!-O~2! edge alongc; the average
of both edges remains constant. As discussed below, the
change of this edge length ratio should further influence the
magnetic interaction parameterJ.

To summarize the structural deformation on cooling, one
may argue that there is a rotation or twisting of the O~2!-

O~2! octahedron edges accompanied by a translation of the
tetrahedron which cause smaller additional deformations.
The reason for this behavior might be an internal mismatch
between the sizes of the octahedra and the tetrahedra on one
side and the volumes of the empty cavities on the other.
However, it cannot be ruled out that the magnetic interaction
itself is responsible for the anharmonic structural behavior.
The instability seems further to be related to the observed
compressibilities,15 which are largest alongb, less alonga
and smallest alongc, and which, hence, reflect perfectly the
temperature dependences.

B. Spin-Peierls phase

The structure analysis of the spin-Peierls phase confirms
the structural model proposed by Hirotaet al.11 qualitatively.
However, Hirotaet al.estimated the basic structure from the
literature data available for 295 K, and their refinements
were based on only seven superstructure reflection intensities
with I /s.3. The differences between our results and Ref. 11
are easily explained due to the more complete set of super-
structure reflection intensities and a more appropriate de-
scription of the fundamental structure. Whereas we agree
with the shift of the Cu site alongc, Dz50.000 96~3!, and
the one of the O~2! site alonga, Dx50.000 99~6!, even
quantitatively, there is a significant difference in the O~2!
shift alongb, Dy. We observeDy50.000 77~6! in contrast
to the value 0.001 25~6! which was obtained in Ref. 11.
Note, that our refinement is free from any constraints; if we
introduce the constraint used by Hirotaet al., the error bars
of Dx andDy are reduced by a factor of 4 without any shift

TABLE III. Bond lengths and angles for the three temperatures, the notation of some angles is illustrated
in Fig. 4.

295 K 20 K 4 K

a ~Å! 4.7956~13! 4.7893~13! 4.7894~12!32
b ~Å! 8.466~4! 8.403~4! 8.402~4!

c ~Å! 2.9404~13! 2.9445~13! 2.9445~13!32
Cu-O~1! 2.7549~8! 2.7295~12! 2.7300~10!
Cu-O~2! 1.9326~7! 1.9327~10! (a)1.9351(7)/(b)1.9322(8)
Val. Cu 2.125 2.132 2.127
Ge-O~1! 1.7730~8! 1.7761~11! 1.7742~9!

Ge-O~2! 1.7322~10! 1.7345~17! (a)1.7346(10)/(b)1.7338(11)
Val-Ge 3.956 3.928 3.939
O~1!-O~1! 2.9404~13! 2.9445~13! 2.9445~13!
O~1!-O~2! 2.8516~11! 2.8573~15! (a)2.8588(12)/(b)2.8519(11)
O~2!-O~2! ~in tetrah.! 2.8249~18! 2.824~4! 2.8209~18!
O~2!-O~2! ~i c! 2.9404~13! 2.9445~13! 2.9446~13!
O~2!-O~2! ~i a,b! 2.5089~16! 2.504~2! (a)2.4984(17)/(b)2.5159(17)
a-@O~1!-Cu-O~2!#proj. 95.66~3! 96.33~3! aa95.81(5)/ab96.77(5)
b-@Cu-O~1!-Cu# 100.39~4! 100.64~5! 100.60~4!

g-@O~2!-Ge-O~2!# 109.25~6! 109.01~10! 108.84~6!

d-@Cu-O~2!-Ge#proj. 159.52~6! 158.85~11! da159.86(6)/db158.10(6)
e-@Cu-O~1!/a# 50.20~2! 50.32~2! 50.30~2!

w-@O~1!-Ge-O~1!# 112.04~5! 111.97~10! 112.16~7!

w8-@O~1!-Ge-O~2!# 108.88~2! 108.95~3! w8a109.16(2)/w8b108.73(2)
t-@O~2!-O~2!/a# 34.14~2! 33.36~3! ta33.89(4)/tb32.91(4)
h-@Cu-O~2!-Cu# 99.06~4! 99.24~5! ha99.59(4)/hb98.76(4)
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of the values. OurDy value indicates that the O~2! sites are
shifted almost perpendicular to the Ge-O~2! bonds, see Fig.
4~b!, and not perpendicular to the O~2!-O~2! octahedron
edges.

The displacement pattern of the SP phase with respect to
the high-temperature structure is illustrated in Fig. 4~b!. In
contrast to the distortion between 295 and 20 K there is a
doubling of the lattice parallel toa andc. Hence, the distor-
tion cannot be described by a simple Cu@O~2!#4 square rota-
tion; the O~2! edges below and above a Cu site are twisted in
opposite senses. As a simple description one may character-
ize the distortion as a rotation of the GeO4 tetrahedron
around theirc axis with neighboring tetrahedra being rotated
in opposite senses. The O~2! site of the Pbmm phase splits
into two distinct sites in the SP phase which can be seen in
Fig. 4~b!. The O(2a) site is displaced in the sense that the
d a angle corresponding to the Cu-O(2a)-Ge projection
comes closer to 180°; concomitantly the O(2a)-O(2a) dis-
tance becomes shorter. The O(2b) site is shifted in the op-
posite sense thereby decreasingd b and increasing the
O(2b)-O(2b) distance.

Note, however, that the average O~2!-O~2! distance par-
allel to thea,b plane is slightly increased, whereas the height
of the octahedron basal plane decreases on passing into the
spin-Peierls phase. Thus, these distances behave just in an
opposite way in the normal phase and atTSP. In this sense,
they reflect the behavior of the lattice parametersa and c
whose temperature dependences were similar in magnitude
but opposite in sign both above and atTSP.

13 It seems rea-
sonable to assume that the temperature dependences of the
lattice parameters result from the behavior of the O~2!-O~2!
octahedron edges. In the high-temperature phase thec pa-
rameter corresponds directly to the length of the O~2!-O~2!
edge parallelc. It also seems reasonable to assume that the
ratio of height-to-average-width of the Cu@O~2!#4 square can
respond to the internal strains on cooling and atTSP quite
easily, whereas the area of the Cu@O~2!#4 square remains
more or less fixed, thereby explaining the thermal-expansion
observations. The edge ratio can be compared to the ortho-
rhombic strain observed in La2CuO4 which reflects the split-
ting of the CuO6 octahedron edge lengths in this structure.
The orthorhombic strain and the edges vary essentially due
to the structural phase transition in La2CuO4, whereas the
area of the planes is almost temperature independent.25

The Cu ions themselves are shifted towards the O(2b)
edges which are elongated; hence, their shift reduces the
splitting of the Cu-O~2! distances which remains rather
small. The distortion pattern in the SP phase is optimized in
order to obtain a large difference in the Cu-O~2!-Cu bond
angle,h, which produces a large splitting inJ as discussed
below.

First inspection of the displacement pattern in the spin-
Peierls phase seems to indicate little similarity to the
temperature-dependent deformation aboveTSP. However,
the rotation of the O~2! edges around thec axis is the com-
mon element. In the high-temperature deformation the edges
stacked alongc are all displaced in the same way, whereas
neighboring edges are displaced in opposite senses below the
SP transition resulting in the twist distortion. That both de-
formations reflect related structural instabilities is supported

by the fact that for both distortions the strongest influence is
found forb which decreases with decreasing temperature in
both cases.

Although several groups performed single-crystal Raman
analyses26–28 above and belowTSP, it remains still unclear
whether there exists a soft phonon mode close toTSP. An
intensity near 30 cm21 appearing atTSP was interpreted as
being due to a soft phonon mode.26 However, more detailed
studies27,28 indicated a magnetic origin for this intensity.
Also recent inelastic neutron-scattering studies were unable
to reveal softening phonon modes in the neighborhood of the
SP superstructure peaks.29 The phonon mode associated with
the high-temperature dependence of the Pbmm structure
should belong to theAg representation. In the CuGeO3 struc-
ture there should be four modes of this symmetry and all of
them were determined by Raman scattering;27 none of them
possesses a low frequency. Hence, the displacement pattern
shown in Fig. 4~a! without the concomitant reduction of the
b axis appears rather rigid.

Rather anomalous features were observed by electron dif-
fraction. Kamimuraet al.10 and Chen and Cheong30 report
diffuse intensity which is sharp along theb direction, broad-
ened alonga and with almost no modulation at all alongc,
and which passes through the~0 k 0! kÞ0 Bragg peaks. Both
groups conclude that this intensity cannot be interpreted as a
precursor of the SP transition as no maxima nearl5(n/2)
are found. The structural deformation observed as a function
of temperature might be related to these diffuse streaks. The
twist or rotation deformations of the Cu@O~2!#2 ribbons are
rather strongly coupled alongb and almost free alongc
which agrees with the orientation of the diffuse streaks. A
local O~2!-O~2! edge rotation distortion might further ex-
plain the rather large thermal ellipsoids of the O~2! site in the
direction almost perpendicular to the edges. This mean-
square displacement remains elevated even at low tempera-
tures which cannot be explained within harmonic lattice dy-
namics. That the shift during the SP transition is not
perpendicular to the O~2!-O~2! edge, but to the GeO~2! bond,
supports the conclusion in Refs. 10 and 30 that the deforma-
tions aboveTSP are not directly related to the SP transition
itself.

C. Relation between bond angles and magnetic interaction

Figure 5 shows the orbitals which are expected to be es-
sential for the magnetic interaction in the Cu chains alongc.
The main antiferromagnetic interaction is given by the super-
exchange paths Cu-O~2!-Cu, which present an angleh of 90°
for the ideal configuration with quadratic Cu@O~2!#4 units. In
the ideal situation withh590°, however, there is no effective
exchange; the antiferromagnetic interaction should cancel
out in this case leading to a weak ferromagnetic interaction.31

As described above, the Cu@O~2!#4 squares are deformed into
rectangles the ratio of the long to the short edge being 1.2.
Therefore, the Cu-O~2!-Cu bond angleh deviates strongly
from 90°, and the antiferromagnetic interaction is induced.

In the following we present a more quantitative evaluation
of J as a function of the atomic arrangement; a detailed
description of the model used will be given elsewhere.32

In order to computeJ we consider a cluster consisting of
two adjacent Cu in a chain, and the two O ligands in between
and the two Ge nearest to the latter~Fig. 5!. We choose a
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coordinate system withz parallel to the chains andx parallel
to the Cu@O~2!#4 octahedron basal plane.

The electronic part of the Hamiltonian we consider is

H5 (
iÞ j ,s

t i j cis
† cjs1(

i ,s
eicis

† cis1(
i
Uici↓

† ci↓ci↑
† ci↑

1 (
^ iÞ j &,s,s8

Ui j cjs8
† cjs8cis

† cis

1 (
^ iÞ j &,s,s8

Ki j cis
† cis8cjs8

† cjs , ~1!

where the operatorcis
† creates aholeof spins and the index

i runs through the Cudxz, the Opx,z and the Ges,p orbitals.
ei andt i j are single-particle and hopping matrix elements,

respectively. Holes repel each other with strengthUi on or-
bital i and strengthUi j between different orbitalsi and j . Ki j

is the exchange interaction between different orbitals~usu-
ally ferromagnetic!. On-site and intersite nonzero matrix el-
ements are shown in Table IV.

The hopping matrix element between the O~2! px or pz
orbital and the Cudxz is given in terms of Slater and Koster
integrals37~a! ~SKI! by

tpxdxz5) lm2~pds!2 l ~122m2!~pdp!,

~2!

tpzdxz5)ml2~pds!2m~122l 2!~pdp!,

wherem5cos~h/2!, l5sin~h/2!. This dependence will prove
to be very important to determine the dependence ofJ on
structural changes. We also take Harrison37~b! like depen-
dences of the hopping matrix elements on lattice displace-
ments and point-charge estimate dependences of the on-site
energies on lattice displacements. The effect of the last two
resulted to be negligible in determining the structural depen-
dence ofJ. If one neglects hybridization, the Cu is in thed9

configuration with one hole in thedxz orbital and the O’s
have closed shells.

The computation technique is similar to the case of the
parent superconducting cuprates~SC!.38 In order to simplify
the problem we constructs-p hybrid orbitals in Ge and do a
canonical transformation to eliminate the single-particle
states that do not mix with thedxy orbital because of sym-
metry ~i.e., the linear combination of the O and Ge orbitals
that have opposite parity respect to thedxz orbital! or are too
far in energy@antibonding combinations of Ge and O~2! or-
bitals#. This is on the same line as the cell perturbation ap-
proach used in the cuprates.37~b! The resulting Hamiltonian is
diagonalizedexactlyandJ is computed as the energy differ-
ence between the lowest-energy singlet state and the lowest-
energy triplet state. We found that although a perturbative
expression int i j is useful to analyze the qualitative behavior
and identify the different processes, it gives very bad quan-
titative results, typically a factor of 2 or more larger than the
exact value obtained by diagonalizing the matrixes. This is
due to the strong covalency and because the effect of the two
differentp orbitals tend to cancel each other so that an error
in each contribution gets amplified.

If we neglect the Ge orbitals, setKi j50 and putUp
5Upzpx

we get that forh590°,J~90°!50. This can be easily
understood by rotating thep orbitals by 45°. In this situation
each Cu orbital mixes with a different set of O orbitals,
which are mutually orthogonal, and superexchange is not
possible.31 If the Hund’s rule exchange in the ligandJpxpz
.0 or Up.Uzx , a ferromagnetic interaction results. How-
ever, the tendency to ferromagnetism from these terms is not
very strong since in a perturbative expansion they act in
fourth order int i j . By contrastK,0 produces a strong ten-
dency to ferromagnetism since it acts on second order.

The effect of the Ge is to make the ligand orbitals in thex
andz direction nonequivalent. This makes the curve ofJ vs
h asymmetric with respect to 90° because of the nonequiva-
lence of the respective exchange paths.

Now we fix the angle at the ideal low-temperature undis-
torted value defined ash05(ha1hb)/2, see Table III. This
value ofh is indicated by the vertical line in Fig. 6.

SettingKpd50 and the other parameters as in Table IV
one gets a strong antiferromagneticJ. In fact in this situation
tpxdxz50.6 eV, tpzdxz50.8 eV quite far from the ideal 90°

situation (tpxdxz5tPzdxz), @see Fig. 6~b!#. J for these param-
eters is typically;50 meV, i.e.,;five times larger than the
experimental one.6 One might ascribe that discrepancy to the
uncertainty in the parameters, however, within reasonable

FIG. 5. Orbitals used in the computation ofJ. The z axis cor-
responds to the chain direction, thex direction is parallel to the
Cu@O~2!#4 planes.hx denotes ans-p hybrid.
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variations and keepingKpd50, the discrepancy remains.
This means that the anomalously smallJ value is not due to
the closeness to the ideal 90° situation alone. By putting
Kpd520.11 eV, one gets an almost perfect cancellation of
the antiferromagnetic contribution withJ513.2 meV close
to the experimental value. The effect ofK is to produce an
almost rigid vertical translation of the curve in Fig. 6 so that
for K520.11 eV the point where the curve crosses the hori-

zontal axis is very close toh0. In this situation a 10% varia-
tion in K produces a 100% variation inJ. This extreme sen-
sitivity to K, perhaps the least known parameter in the
problem, makes anab initio computation ofJ a fruitless task.
Instead we have taken a reasonable set of parameters leaving
K free and then variedK to get a value ofJ close to the
experimental one. The resulting valueK520.11 eV is quite
reasonable given that in the SC a value ofK520.22 eV was
estimated when the O orbitals point towards the Cu.39 This
parameter is also important in the SC~Refs. 38 and 39! but
not so dramatic as for CuGeO3. We remark that in contrast
to this strong sensitivity ofJ onKpd we find that thederiva-
tive of J with respect to lattice distortions depends very
weakly on the chosen parameter sets~less than 30% varia-
tions for physically mining full change in the parameters!.
This allows us to study the influence of the structure onJ.

We want first to analyze the influence of the temperature
dependency ofh in thePbmmphase aboveTSP. In fact the
small variation ofh results in a rather strong shift: for the
value ofh at 20 K we findJ513.7 meV, and for the value of
h at 295 K, J512.5 meV. Although this is significant
enough to have consequences in the temperature-dependent
properties like the susceptibility we do not think that it can
explain the anomalous observations in those properties.2 In
particular at low temperature the decrease ofJ with T should
lead to an enhanced slope of the susceptibility which is in
contradiction to the experiment. Instead a model with a
second-nearest-neighbor coupling seems to explain these
results.40 Riera and Dobry40 needed aJNNN/J ratio close to
0.36, which appears rather reasonable. The next-neighbor su-
perexchange path for this process goes through Cu-O~2!-
O~2!-Cu as suggested in Ref. 7. The geometry is almost
identical to the one forJNNN in the SC. So one expects a
JNNN of similar magnitude. ThereJNNN is estimated to be
;10 meV,41 i.e., of the same order of magnitude asJ in
CuGeO3.

FIG. 6. ~a! J as a function ofh in the exact calculation~full
line!. ~b! tpzdxz ~dashed line! and tpxdxz ~full line! hopping matrix
elements as a function ofh.

TABLE IV. Parameters used in the calculations. All the parameters are appropriate for holes. SKI were
taken from local-density-approximation~LDA ! ~Ref. 33! estimates. Our experience from the parent super-
conducting cuprates is that LDA tend to overestimate hybridizations by;15% respect empirical estimates
~Ref. 34!. Accordingly we apply that reduction to the LDA estimates. Coulomb parameters are taken similar
to those in the PSC~Refs. 34 and 35! when known or reasonable estimates when not known. For closed-shell
orbitals we take the LDA on-site energies. The Cu level was fixed by requiring that the energy difference
between Cudxz and the ligands orbitals give a a charge-transfer gap somewhat smaller than in the cuprates
as seen in optical absorption~Ref. 36!.

On-site Cu O~2! Ge

ei ed520.5 ep52.6 es51.0,ep525.0
Ui Ud58.0 Up54.0
Ui j Upxpz

53.2
2Ki j Jpxpz50.6

Intersite Cu-O~2! O~2!-O~2! Ge-O~2!

t i j 6tpxdxz,6tpzdxz
a (pps)521.2,2(ppp)520.3b (pps)n523.0, (sps)n522.35c (ppp)51.2,

Ui j Upd50.56
2Ki j 2Kpd50.11

aSee Eq.~2!, here (pds)51.2, (pdp)520.5 and the sign are shown in Fig. 5.
bThis was not given in Ref. 33 so was estimated by adjusting the values~Refs. 34 and 35! in the PSC with
Harrison relations~Ref. 37b!.
cn5cosu, whereu520° is the angle between the Ge-O~2! and the CuO~2! basal plane.
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It remains unclear which interaction would be the driving
element for the structural temperature dependence. The
structural instability might induce changes inJ or a change
in J might be favorable in order to reduce the magnetic free
energy and hence induce the structural deformation. The
magnetic origin of this effect is supported by the fact that the
extrema in the thermal expansion occur at rather low tem-
peratures; whereas the similar behavior on applying pressure
at room temperature indicates a purely structural
instability.15 Structural high-temperature studies would be
valuable in order to clarify the importance of the magneto-
elastic coupling.

The CuO~2! arrangement in the spin-Peierls phase is more
complex: due to the opposite shifts the Cu and O~2! atoms
are no longer in a plane as indicated by the1 and2 signs in
Fig. 7~b!. Additionally, the O~2a!-O~2a! edges are shorter
than the O~2b!-O~2b! edges and the Cu site is displaced to-
wards O~2b!-O~2b!. The distortion shifts the O~2!-Cu-O~2!
bond angles drastically: for O~2a!, the angleha increases to
99.59°, whereas it decreases for O~2b!, hb598.76°. For these
values we getJa516.0 meV andJb510.4 meV which gives
the dimerization parameter,uJa,b2J0u52.8 meV. This value
is comparable to the mean-field estimate4 but much larger
than theoretical estimates~uJa,b2J0u;0.4 meV! based on
the fitting of inelastic neutron-scattering experiments under
the assumption that the chains can be treated
independently.42 We have tried different parameter sets but
the dimerization values obtained are always much larger than
those estimates. We believe that this discrepancy is due to
the neglectance of the interchain coupling~J'! in Ref. 42.
The importance of interchange coupling was emphasized in
Refs. 4 and 17. In fact it can be shown thatJ' lowers the gap
due to band motion of the triplet excitation.32 In addition

substantial interchain coupling will favor antiferromagnetism
and presumably a much stronger value of the dimerization is,
hence, needed to overcome that tendency.

We have also computed the change inJ due to the small
changes in the O~2!-O~2! the Cu-O~2! and Ge-O~2! dis-
tances. In all cases we find that the changes inJ are an order
of magnitude smaller. In this context it may be understood
why the distortion atTSP is only indirectly related to the
structural instability which seems responsible for the tem-
perature dependence and the diffuse scattering: the SP dis-
tortion scheme has a more pronounced effect onh and,
hence, appears favorable in order to produce a large dimer-
ization parameter.

V. CONCLUSION

The structural analysis of CuGeO3 as a function of tem-
perature reveals rather anomalous effects already aboveTSP.
In accordance with the unusual thermal expansion, CuGeO3
exhibits important structural modifications on cooling down
to 20 K. The deformation can be characterized by a rotation
of the Cu@O~2!#2 ribbons around thec axis with accompany-
ing translational shifts of the GeO4 tetrahedra. Additionally,
a temperature-dependent distortion of the octahedron basal
plane, Cu@O~2!#4, is observed, which may explain the
anomalous behavior of the thermal expansion alonga andc.
As the superexchange interaction between neighboring Cu’s
is very sensitive to the surrounding bond angles, the distor-
tions in the Pbmm phase have a strong impact on the mag-
netic interaction parameterJ. In this context it might be nec-
essary to take them into consideration for a quantitative
description of the magnetic susceptibility aboveTSP, even
though the observed effect appears unable to explain the dis-
crepancy between the observed susceptibility and Bonner-
Fischer theory.2

The structure in the spin-Peierls phase confirms the model
proposed by Hirotaet al.,11 with a different direction for the
O~2! site shifts. The distortion scheme in the SP phase differs
from the deformations aboveTSP; it may roughly be charac-
terized by a rotation of the GeO4 tetrahedra. However, both
deformations consist of rotational distortions of the octahe-
dron O~2!-O~2! edges around thec axis. The temperature-
dependent and the spin-Peierls deformation might reflect the
same structural instability characterized by twisting of the
O~2!-O~2! octahedron edges. The analysis of the anisotropic
mean-square displacements indicates that only the
temperature-dependent deformation aboveTSP may be re-
lated to the diffuse scattering observed in electron
diffraction.10 In contrast, the structural distortion atTSP op-
timizes the splitting in the magnetic interaction parameterJ
due to the important modulation of the O~2!-Cu-O~2! angle
in the superexchange path.
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FIG. 7. Arrangement of the Cu and O~2! sites in the Cu chains
in the form of an ORTEP plot with viewing direction perpendicular
to the Cu@O~2!#4 squares.~a! presents the arrangement at room tem-
perature,~b! that in the spin-Peierls phase~both with exact scale!.
The distortion of the O~2!-O~2! distances can be seen only by care-
ful inspection. The arrows and the1 and2 signs illustrate quali-
tatively the atomic shifts perpendicular and parallel to the drawing
plane.
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12H. Völlenkle, A. Wittmann, and H. Nowotny, Monatsh. Chem.
98, 1352~1967!.

13H. Winkelmann, E. Gamper, B. Bu¨chner, M. Braden, A. Rev-
colevschi, and G. Dhalenne, Phys. Rev. B51, 12 884~1994!.

14M. Poirier, M. Castonguay, A. Revcolevschi, and G. Dhalenne,
Phys. Rev. B51, 6147~1995!.

15D. M. Adams, J. Haines, and S. Leonard, J. Phys. Condens. Mat-
ter 3, 5183~1991!.

16A. Revcolevschi and G. Dhalenne, Adv. Mater.5, 9657~1994!.
17T. M. Brill, J. P. Boucher, J. Voiron, G. Dhalenne, A. Revcolevs-

chi, and J. P. Renard, Phys. Rev. Lett.73, 1545~1994!.
18E. I. Speranskaya, Izv. Akad. Nauk SSSR, Neorg. Mater.3, 1458

~1967!.
19U. H. Zucker, E. Perrenthaler, W. F. Kuhs, R. Bachmann, and H.

Schulz, J. Appl. Crystallogr.16, 358 ~1983!.
20M. A. Green, M. Kurmoo, J. K. Stalick, and P. Day, J. Chem.

Soc. Chem. Commun.17, 1995~1994!.
21B. Roessli, P. Fischer, J. Schefer, W. Bu¨hrer, A. Furrer, T. Vogt,

G. Petravovski, and K. Sablina, J. Phys. Condens. Matter6,
8469 ~1994!.

22M. Arai, M. Fujita, K. Ubukata, T. Bokui, K. Tabata, H. Ohta, M.
Motokawa, T. Otomo, K. Ohyama, M. Mino, J. Akimitsu, and
O. Fujita, J. Phys. Soc. Jpn.63, 1661~1994!.

23M. Braden, G. Heger, P. Schweiss, Z. Fisk, K. Gamayunov, I.
Tanaka, and H. Kojima, Physica C191, 455 ~1992!.

24I. D. Brown and D. Altermatt, Acta Crystallogr. A32, 751
~1976!.

25For example, R. J. Cava, A. Santoroo, D. W. Johnson, and W. W.
Rhodes, Phys. Rev. B35, 6716~1987!; M. Braden, P. Schweiss,
G. Heger, W. Reichardt, Z. Fisk, K. Gamayunov, I. Tanaka, and
H. Kojima, Physica C223, 396 ~1994!.

26S. Sugai, J. Phys. Soc. Jpn.62, 3829~1994!.
27M. Udagawa, H. Aoki, N. Ogita, O. Fujita, A. Sohma, A. Ogi-

hara, and J. Akimitsu, J. Phys. Soc. Jpn.63, 4060~1994!.
28H. Kuroe, T. Sekine, M. Hase, Y. Sasago, K. Uchinokura, H.

Kojima, I. Tanaka, and Y. Shibuya, Phys. Rev. B50, 16 468
~1994!.

29B. Hennion and M. Ain~unpublished!.
30C. H. Chen and S.-W. Cheong, Phys. Rev. B51, 6777~1995!.
31J. B. Goodenough,Magnetism and Chemical Bond~Interscience,

New York, 1963!.
32J. Lorenzana~unpublished!.
33L. F. Mattheiss, Phys. Rev. B49, 14 050~1994!.
34H. Eskes, G. Sawatzky, and L. Feiner, Physica C160, 424~1989!;

and references therein.
35A. K. McMahan, J. F. Annett, and R. M. Martin, Phys. Rev. B42,

6268 ~1990!.
36I. Terasaski, R. Itti, N. Koshizuka, M. Hase, I. Tsukuda, and K.

Uchinokura, Phys. Rev. B52, 295 ~1995!.
37~a! J. C. Slater and G. F. Koster, Phys. Rev. B94, 1498~1954! ~b!

W. A. Harrison,Electronic Structure and the Properties of Sol-
ids ~Freeman, San Francisco, 1980!.

38~a! H. Eskes and J. H. Jefferson, Phys. Rev. B48, 9788~1993!;
~b! J. H. Jefferson, H. Eskes and L. F. Feiner,ibid. 45, 7959
~1992!.

39E. B. Stechel and D. R. Jennison, Phys. Rev. B38, 4632~1988!.
40J. Riera and A. Dobry, Phys. Rev. B51, 16 098~1995!.
41J. F. Annett, R. M. Martin, A. K. McMahan, and S. Satpathy,

Phys. Rev. B40, 2620~1989!.
42G. Castilla, S. Chakravarty, and V. Emery, Phys. Rev. Lett.75,

1823 ~1995!.

1116 54M. BRADEN et al.


