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Pressure dependence of the crystal structure of CuGeO3 to 6.2 GPa by neutron diffraction
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B. Büchner
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The structure of the spin-Peierls compound CuGeO3 has been analyzed by time-of-flight neutron powder
diffraction as a function of external pressure. The structural changes allow us to explain the strong pressure
dependence of the magnetic susceptibility most likely related to the pronounced pressure-induced increase of
the spin-Peierls transition temperature. The structural changes induced by Si substitution are found to be
opposite to those observed upon applying external pressure.@S0163-1829~99!11037-3#
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I. INTRODUCTION

The discovery of the spin-Peierls~SP! transition, a dimer-
ization of spin-12 magnetic chains associated with a latti
distortion, in CuGeO3 ~CGO! has attracted a lot of attentio
since its rather simple crystal structure permits detailed
croscopic experimental studies.1,2 It is well known that ap-
plying external pressure drastically influences the sp
Peierls transition in CGO. From the pronounced anoma
of the thermal expansion coefficients at the transition te
peratureTSP large, strongly anisotropic pressure derivativ
of TSP are derived. For example, a pressure dependenc
4.5 K/GPa may be obtained from thermodynamic relatio
i.e., for the thermodynamic limitp→0.3,4 This pressure de
rivative was later confirmed at finite pressures from meas
ments of the magnetic susceptibility,5 from neutron-
diffraction studies on the nuclear superstructure reflection
the dimerized phase6 as well as from Raman light-scatterin
experiments.7,8 The latter indicate minor deviations from
strictly linear increase ofTSP, which becomes visible at high
pressures of several GPa. The pressure dependence o
magnetic excitation spectrum in the dimerized phase of C
was studied in detail. From their neutron-scattering exp
ments Nishiet al.9 found a drastic enhancement of the sp
gapD with increasingp, which is even larger than the~nor-
malized! increase ofTSP, i.e., the ratioD/TSP increases with
increasingp. The observed increase of TSP upon pressure
should be considered as quite anomalous compared to ty
magnetic transitions. A detailed knowledge of the press
dependencies of the different magnetic coupling parame
promises an insight into the mechanism of the SP transi
in CGO.
PRB 600163-1829/99/60~13!/9616~7!/$15.00
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An investigation of these pressure dependencies at h
temperatures is important in order to investigate the sp
lattice coupling, which is a precondition for the SP transitio
Experimentally a change of the antiferromagnetic coupl
as a function of structural parameters can be inferred fr
the pressure dependence of the magnetic susceptibi5

These data and also measurements of the dispersion cu9

signal a decrease of the magnetic coupling constantJ along
the chains with increasing hydrostatic pressure. Magne
striction data show, in addition, a strong anisotropy of t
spin-lattice coupling,10–12 i.e., the uniaxial pressure deriva
tives of J differ in signs and sizes. The magnetic interacti
described byJ depends sensitively on structural paramete
and may be even quantitatively deduced from it. Therefor
detailed knowledge of the high-pressure structure is hig
desirable, and will be a test for the proposedJ-structure
relations.13,14

Results of high-pressure crystal structure studies were
ready available before the discovery of the SP transiti
Adams et al. performed x-ray-diffraction measurements u
to 22 GPa.15 Below 6.6 GPa they observed a strongly anis
tropic compressibility similar to the pronounced anisotro
of the thermal expansion. The energy dispersive diffract
technique did not allow Adamset al. to perform a quantita-
tive analysis of the reflection intensities. Under the assum
tion of rigid tetrahedra and CuO4 units, Adamset al. de-
duced a rotation of the CuO ribbons around thec axis.
Above 6.6 GPa, a structural phase transition occurs.

Due to the renewed interest in CGO two crystallograp
studies have been performed more recently. Based on
pressure dependence of a few superstructure reflection in
sities in the dimerized phase, Katanoet al.6 calculated the
9616 ©1999 The American Physical Society
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PRB 60 9617PRESSURE DEPENDENCE OF THE CRYSTAL . . .
shift of the dimerization distortion upon pressure. Howev
already the ambient pressure distortion does not agree w
more detailed study.13 Upon pressure increase Katanoet al.
observe a reduction of the positional shift of the Cu s
along c and that of the oxygen closer to Cu~O2! along a,
whereas the shift of O2 alongb increases. The Cu-O-C
bond angleh, which appears to dominate the magnetic
teraction in CGO, shows a smaller alternation upon press
thereby weakening the modulation of the magnetic inter
tion. Furthermore, they found that the average value oh
increases under pressure.

The pressure dependence of the undistortedPbmmstruc-
ture was analyzed by Bra¨uningeret al. at room temperature
using a diamond-anvil cell and synchrotron radiation.16 This
group, too, reported a slight increase ofh under pressure
however, their experimental error of more than 1° is c
tainly insufficient for analyzing the extreme sensitivity of th
magnetic interaction on this angle. Other structural para
eters shift rapidly enough in order to be detected by t
method, however. Bra¨uningeret al.confirmed the rotation of
the CuO2 ribbons around thec axis together with a strong
reduction of the CuO1 bond length, as suggested by Ad
et al.15

In order to obtain a more quantitative knowledge ab
the crystal structure of CGO under pressure and its releva
for the magnetic interaction parameters, we have perform
further crystallographic studies using powder neutron d
fraction which permit a more precise analysis of the oxyg
positions. In addition we compare the pressure-induced
fects to those arising from the substitution of the Ge by
smaller Si.

II. EXPERIMENT

All diffraction data were taken at the POLARIS an
PEARL/HiPr time-of-flight ~TOF! diffractometers of the
ISIS Neutron Facility at the Rutherford Appleton Laborato
using the Paris-Edinburgh cell. This device permits a sam
volume of;100 mm3 to be compressed to 10 GPa.17 Fluo-
rinert ~3M! was used as pressure transmitting medium. T
Paris-Edinburgh cell with tungsten-carbide~WC! anvils does
not permit a direct determination of the pressure by opt
methods. We have determined the pressure from the rap
varying lattice constantb by comparison to Ref. 16. At a
small cell load of 3t, which is necessary in order to seal th
cell without yielding a pressure on the sample, a refere
diffraction pattern was recorded with reduced counting tim
Patterns were then collected with progressively longer co
ing times at various loads up to a maximum of 125t. This
strategy was used to offset the partial loss of signal cau
by the closing down of the anvils, which reduces the eff
tive sample volume visible to the detectors. Due to the la
compressibility of CGO this effect turned out to be rath
strong in our experiment.

The data were used for refining the structural model c
responding to thePbmm phase of CGO.13 Contaminating
reflections originating from the WC anvils were treated a
secondary phase in the refinements. For patterns obtain
pressures above 6.6 GPa, structural models correspondi
several subgroups ofPbmm were refined in order to de
scribe the high-pressure phase of CGO. All refinements w
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performed using theGSAS program package.18 Parts of the
observed diffraction patterns together with their calcula
profiles are shown in Fig. 1; the results of the refinements
given in Table I. The absolute values of the lattice para
eters determined with the TOF technique depend sensiti
on the position of the sample. Hence, due to small uncert
ties (;5 mm! in the positioning of the large pressure ce
with respect to the instrument reference point, the measu
lattice parameters show a slight reduction of20.1% when
compared with the results of earlier studies13 or those at am-
bient conditions, see Table II and below.

The stoichiometric sample used for the high pressure
periments and the partially Si-substituted sample were a
lyzed on the PEARL/HiPr diffractometer under ambient co
ditions. These data were used for refining the stand
structural model in space groupPbmm; see Table II. All
error bars given in tables and figures are taken from
refinement procedure.

III. RESULTS AND DISCUSSION

Pressure dependence of the Pbmm structure. The pres-
sure dependences of the orthorhombic lattice parameters

FIG. 1. Parts of the neutron-diffraction patterns of CGO o
tained at different pressures, with the crosses designating the
and the lines the calculated and the difference spectra corresp
ing to the Pbmm structural model at 0.12, 2.58, and 6.16 GP
respectively. The two sets of vertical bars indicate the positions
the Bragg reflections due to the CGO~below! and WC ~above!
phases.
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TABLE I. Results of the structure refinements at different pressures. The estimated standard devia
the last digits are given in parentheses; mean-square displacements are given in Å2. U12 of O2 was fixed to
zero.

Load 3t 6t 12t 21t 30t 50t 65t

pressure~GPa! 0 0.12~1! 0.91~1! 1.84~1! 2.58~1! 4.67~1! 6.16~1!

Rwp ~%! 9.6 5.46 5.94 5.42 5.65 5.70 5.48
x2 1.41 1.26 1.16 1.26 1.32 1.30 1.27
a ~Å! 4.786~1! 4.7843~4! 4.7715~9! 4.7565~5! 4.7464~5! 4.7223~7! 4.7170~9!

b ~Å! 8.449~2! 8.4287~8! 8.3058~9! 8.1821~9! 8.0959~11! 7.8934~16! 7.776~2!

c ~Å! 2.9349~4! 2.9336~2! 2.9318~2! 2.9279~2! 2.9236~2! 2.9137~3! 2.9071~4!

V (Å 3) 118.68 118.30 116.19 113.95 112.34 108.61 106.63
Cu U iso 0.012~1! 0.010~1! 0.0105~8! 0.0114~8! 0.0093~8! 0.0103~9! 0.010~1!

Ge x 0.0767~11! 0.0744~7! 0.0690~7! 0.0634~7! 0.0595~7! 0.0515~9! 0.0461~10!

U iso 0.006~1! 0.0076~8! 0.0066~8! 0.0063~7! 0.0077~7! 0.0075~8! 0.0094~10!

O1 x 0.8649~15! 0.8640~9! 0.8587~9! 0.8539~9! 0.8496~9! 0.8425~12! 0.8323~13!

U iso 0.0105~16! 0.0079~9! 0.0070~9! 0.0085~9! 0.0085~9! 0.0136~13! 0.009~2!

O2 x 0.2848~13! 0.2836~8! 0.2766~9! 0.2747~8! 0.2733~9! 0.2672~9! 0.2644~10!

y 0.0825~8! 0.0830~5! 0.0814~6! 0.0787~5! 0.0775~5! 0.0753~7! 0.743~8!

U11 0.024~4! 0.017~2! 0.014~2! 0.010~2! 0.021~2! 0.018~2! 0.011~3!

U22 0.022~3! 0.023~2! 0.027~3! 0.022~2! 0.018~2! 0.022~3! 0.022~3!

U33 0.001~2! 0.003~2! 0.002~2! 0.005~2! 0.015~2! 0.009~2! 0.05~2!
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termined in Refs. 15 and 16 do not agree very well with ea
other. Adamset al. obtained a smaller compressibility ofb
and larger ones fora andc, which is most probably due to
some uniaxial pressure components in their experimen
nonfluid pressure medium might be unable to follow t
strong contraction of CGO alongb due to shear forces a
discussed first in Ref. 7. In addition to the viscosity of t
medium, the real structure of the grains in the polycrystall
sample appears to be important in this context. Larger gr
or single crystals will necessitate the use of a fluid medi
in order to obtain hydrostatic conditions. Furthermore, a h
filling of the cell with the polycrystalline sample implies
bridging between the grains resulting in rather complica
local pressure components. The lattice constants observ
our experiment correspond well to those of Bra¨uninger
et al.16 ~note that the pressure values given in Table I ha
been determined by comparing theb parameter to these re
sults!; in particular we obtain the same strong reduction ob
just below the transition to the high-pressure phase. T
proves that the freezing of the Fluorinert in our powder e
periment does not lead to pronounced non–hydrostatic c
pression, which is further supported by the nature of
high-pressure phase observed above 6–7 GPa.19

In agreement with all previous work, we find thePbmm
structure up to pressures of;6.6 GPa. Furthermore, we con
firm the pronounced variation of the atomic parameters;
obtained bond lengths and angles are shown in Figs. 2 an
As observed as a function of temperature13,20and as reported
previously,15,16 the CuO2 ribbons are rotated around thec
axis. The anglet decreases with increasing pressure, i.e.,
ribbons become more parallel to thea axis. A temperature
reduction by 100 K~Ref. 20! corresponds to an increase
the pressure by approximately 0.5 GPa, which demonstr
the stronger variation achieved by external pressure. C
pared to the previous x-ray experiments we obtain a hig
precision especially for the oxygen positions permitting
h
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quantitative analysis of these effects. The rotation angle
the ribbons increases continuously in the examined pres
range, but it exhibits pronounced nonlinearities above 2 G
The flattening of the pressure dependence should be re
to the limited stability of thePbmmstructure in accordance
with the observed phase transition near 6.6 GPa.7,8,15,16Simi-
lar to the temperature-dependent observations, only
Cu-O1 bond is strongly compressed under pressure, and
reduction of this bond by 10% appears anomalously lar
The Cu-O1 length observed at high pressure is comparab
those observed in some high-Tc cuprates which are usuall
considered as being sixfold coordinated. Therefore, one m
conclude that the coupling between the zigzag layers in C
becomes enhanced at high pressure. The pronounced vo
compressibility is fully explained as an approach of the
zigzag planes, with an accompanying increase of the un
lation described by the anglest or d.

The rigid components of the CuGeO3 structure, the CuO4
squares and GeO4 tetrahedra, are less affected by pressu
The Ge-O distances are more compressed than the Cu
distance, in disagreement with the more covalent nature
pected for the Ge bonds. This indicates some internal c
straints imposed by thePbmm symmetry. A pronounced
shortening is further observed for the O2-O2 tetrahed
edge parallelb ~related to the bond angleg), which contrasts
to the absent thermal contraction of this length.

Discussion of the pressure dependence of exchange
rameters and TSP. The behavior of the bond angles O2-C
O2, h, and O2-O2-Ge,d, appears to be particularly interes
ing, as these angles dominate the magnetic interaction
CGO. For CuO2 chains with a 90° bond angle, and neglec
ing the influence of side-groups, one expects a ferromagn
interaction between neighboring Cu spins, since there is
antiferromagnetic superexchange in the 90° Cu-O-Cu c
nection. In order to render the interaction antiferromagne
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this degenerate arrangement has to be distorted eithe
elongating the CuO4 squares or by hybridization with neigh
boring Ge atoms. This has been discussed in detail in R
13 and 14. In CGO both effects depend sensitively on
angles: the elongation is directly described byh and the
hybridization influenced byd. The hybridization effect
should be largest for the Ge lying in the plane of the Cu2
ribbons, and should vanish if the Ge-O2 bond is perpend
lar to the ribbons. Several attempts have been made to d
mine the microscopic couplings betweenJ and these
angles.13,14 Qualitatively, it is obvious thatJ increases with
increasingh andd. Microscopic analyses by band structu
calculations yield]J/J]h50.44(1/deg) and 0.13~1/deg! in
Refs. 13 and 14, respectively, and]J/J]d50.011(1/deg)
and 0.006~1/deg!. The bond angle dependences deduc
from magnetostriction data21 amount to ]J/J]h
50.10(1/deg) and]J/J]d50.01(1/deg). Due to the larg
uncertainties in the parameters used for the microscopic
culations and the rough estimations made in Ref. 21,
agreement between the different attempts appears rea
able.

The observed decrease ofd agrees with previous reports
However, in contrast to the previous studies,6,16 we obtain a
weak decrease ofh. Due to the strong sensitivity of th
magnetic interaction on this angle, the small decrease oh
still induces a large decrease ofJ, which is enhanced by the
decrease ofd. Using the angular dependences reported
Refs. 13, 14, and 21 for the derivative one obtains]J/J]P

TABLE II. Results of the structure refinements on CGO a
CuGe0.76Si0.24O3 at ambient conditions. The estimated standard
viations in the last digits are given in parentheses; mean-sq
displacements are given in Å2.

CuGeO3 CuGe0.76Si0.24O3

Rwp ~%! 2.86 2.75
x2 9.031 9.427
a ~Å! 4.8034~2! 4.7767~2!

b ~Å! 8.4786~2! 8.5345~3!

c ~Å! 2.94452~5! 2.9192~1!

V (Å 3) 119.92 119.02
Cu U11 0.0175~8! 0.0106~9!

U22 0.0136~6! 0.0101~6!

U33 0.0023~5! 0.0040~6!

U12 0.0069~5! 0.0057~5!

Ge x 0.0754~2! 0.0792~2!

U11 0.0093~6! 0.0174~8!

U22 0.0084~6! 0.0190~7!

U33 0.0020~5! 0.0089~7!

O1 x 0.8662~3! 0.8777~4!

U11 0.0106~9! 0.0215~12!

U22 0.0165~8! 0.0084~8!

U33 0.0004~7! 0.0027~9!

O2 x 0.2826~2! 0.2855~2!

y 0.0836~1! 0.0862~1!

U11 0.0163~8! 0.0152~9!

U22 0.0143~6! 0.0130~6!

U33 0.0053~5! 0.0025~6!

U12 0.0090~5! 0.0122~6!
by
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20.085,20.033, and20.029~1/GPa! respectively. This re-
sult may be compared to the experimentally determined p
sure dependencies ofJ. Takahashiet al. analyzed the mag-
netic susceptibility, and obtained]J/J]P520.07(1/GPa).
Fabricius et al. deduced12 ]J/J]p520.08(1/GPa) from
magnetostriction data.4 The agreement between the differe
techniques appears rather satisfying; furthermore, these
sults may be fully explained by the structural changes, c
firming rather strong coupling constants. The effect of t
side groups becomes enhanced due to the pronounced v
tion of d upon pressure. A more quantitative analysis of t
pressure dependence, however, needs the incorporatio
the changes of the bond lengths, which vary significan
upon pressure. Recently, Werneret al.22 obtained micro-
scopic coupling constants from a random-pha
approximation treatment of the structural distortion belo
TSP and the polarization patterns of the involved phon
modes. This rather more complete set of parameters is, ag
in good agreement with experiment.22 The influence of the
bond-lengths onJ(P) gives corrections of the order of 10%
which almost cancel each other. Note that for the calculat
of the modulation ofJ in the dimerized phase belowTSP, the
effects of the bond distances can be completely neglec
Also the influence of thed modulation is much smaller on
the SP distortion13 than on theJ(P) curve. In the Cross-
Fisher theory of the SP transition,23 the value ofJ does not
enter directly the expression forTSP,

TSP}
4g2

pV0
2 , ~1!

with V0
2 the bare phonon frequency andg the spin-phonon

coupling constant. This theory was recently applied to
case of CGO, where four phonon modes are involved.24 van
Loosdrechtet al.8 have analyzed the pressure dependence
the additional modes appearing in Raman scattering in

-
re

FIG. 2. Pressure dependence of several bond distances in C
All O-O distances correspond to bonds within one GeO4 tetrahe-
dron.
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9620 PRB 60M. BRADEN et al.
SP phase. In particular, the line at 228 cm21, which was later
identified as arising from the phonon mode most involved
the dimerization,25 decreases by22% GPa. Therefore, the
elastic energy due to the distortion is reduced upon press
This effect yields an increase ofTSP but appears to be far to
small in magnitude. Furthermore, there is no indication t
the coupling constantsg in Eq. ~1! exhibit a pressure depen
dence of the order of 15% per GPa.

Within the Cross-Fisher theory, one may not relate
largeTSP enhancement to the decrease of the magnetic c
pling. Instead, one should argue that the decrease ofJ results
in an enlarged ratio between the frustrating next-nea
neighborJ8 and the nearest neighbor interactions. The fr
tration through the next-nearest-neighbor interaction is n
well established to be essential for an understanding of
magnetic susceptibility26,27,12 and other properties of CGO

FIG. 3. ~a! Schematic picture of the CGO structure projected
the a,b plane, indicating the definitions of several bond angles.~b!
Pressure dependence of the bond angles in CGO within thePbmm
phase.
n

re.

t

e
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st
-
w
e

Including J8 in the Cross-Fisher theory should alter the pr
portionality in Eq.~1!. The exchange along the path for nex
nearest-neighbor interaction Cu-O2-O2-Cu might slightly
crease due to the reduced O2-O2 distance at high press
However, the contribution of this effect on the frustratio
ratio should be negligible compared to the large enhan
ment due to the reduction ofJ upon pressure. Direct evi
dence of an enhanced frustration-ratio upon pressure wa
ported in the neutron-scattering study by Nishiet al.9 which,
furthermore, clearly demonstrates the higher spin gap.

The fact that the frustration enhances the spin gap28 in the
dimerized phase, or even induces the spin gap if h
enough, may qualitatively explain the increase ofTSP, since
the energy gain due to the opening of the spin gap ha
overcome the elastic energy. If the magnetic energy g
increases through the enhanced frustrationJ8/J, the transi-
tion may occur at higher temperature. Furthermore, rec
density matrix renormalization-group~DMRG! calculations
by Klümper et al.29 confirm this picture, leaving all param
eters unchanged;TSP definitely increases with frustration
The direct dependence of theTSP on the magnetic coupling
parameters was also deduced from the anisotropic unia
pressure dependencies and the magnetostriction data.10

Structure of Si-containing CGO.There has been a contro
versy about the influence of Si doping on the SP phase t
sition. In polycrystalline samples, Oseroffet al. observed
that 10% of the Ge can be replaced by Si without a p
nounced reduction ofTSP.30 In contrast the single crysta
studies by Renardet al.show a drastic reduction ofTSP upon
Si doping: for a Si concentration of just 2% the SP transit
is completely suppressed in single crystals.31 However, even
in samples with a high Si content a short-range dimerizat
order persists. A detailed investigation was performed
Weidenet al.,32 who suggested that the differences would
due to a nonstoichiometric oxygen occupation in the case
the single crystals, which are synthesized at higher temp
tures. Apart from an increase of theb parameter and a reduc
tion in a andc,32 relatively little information has been avail
able concerning the structural effects of Si doping. The lin
relationship which remains valid even at higher Si conc
trations proves that the Si really substitutes for Ge in
CGO structure.

The Si-containing sample obtained by the standard p
parative technique and the stoichiometric sample used for
pressure experiments were studied under ambient conditi
which yielded much improved statistics over the experime
in the pressure cell described above. A part of the diffract
pattern obtained on the PEARL/HiPr diffractometer is sho
in Fig. 4. The corresponding structural results are given
Table II. Electron microsonde analyses revealed a Si con
of 27~3!%, reproducible at several positions on the surface
the sample. A comparable Si concentration results, furth
more, from a comparison of the lattice parameters~see Table
II ! to those previously published,32 x50.21(2). Si and Ge
possess rather different scattering lengths for thermal n
trons, which allow an accurate determination of the Si co
centration in the structural refinements. The obtained va
of 24~1!% confirms the other techniques.

The cell volume of the Si-containing sample is reduc
with respect to the stoichiometric compound, whereas thb
parameter is strongly increased. This clearly demonstr
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that the effect of Si doping cannot be compared to tha
either high pressure or low temperature, in which cell v
ume reduction is mainly a result of a decrease along thb
axis.

The Ge/Si-O bond lengths are significantly shortened w
respect to the stoichiometric compound, Ge-O151.7488~13!
Å and Ge-O251.7098(13) Å, as expected due to the sma
ionic radius of Si. In contrast, the Cu-O2 bond does
depend on the Si content and the Cu-O1 bond even incre
to 2.7946~11! Å . This behavior reflects the observation
high pressures that the covalent Ge-O-bonds are more c
pressible. Stronger effects are again observed for the b
angles. The angles related to the rotation of the CuO2 ribbons
around thec axis are changed by about 1.5°. The ribbons
less parallel in the Si-containing compound; therefore, o
may argue that the Si-insertion acts like negative exte
pressure of about21.5 GPa. The smaller Si seems to pa
tially relax the mismatch responsible for the strong anh
monic behavior in CGO. The rotation of the ribbons a
counts also for the increase of theb parameter and the
enhanced Cu-O1 bond distance.

FIG. 4. Part of the diffraction pattern obtained on the TOF d
fractometer PEARL/HiPr for CuGe0.76Si0.24O3; the crosses desig
nate the data, and the line the calculated profile. Vertical bars i
cate the positions of Bragg reflections.
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The Si insertion yields a lowerh angle of 98.33(5)° and
an enhancement ofd to 160.95(14)°. These two effects im
ply an opposite shift of the magnetic interaction. Using t
J-angle relations from Refs. 13, 14 and 21 one may estim
a 5–20 % smaller average magnetic interactionJ. However,
an analysis of only the bond angles is certainly insufficie
for estimating the localJ in the neighborhood of a Si atom
As argued by Khomskiiet al., the Si will disturb the mag-
netic interaction in both neighboring chains;33 furthermore, it
will favor an in-phase coupling between these two chains
contrast to the out-of-phase coupling between any neigh
ing chains in the dimerized phase.13 Therefore, a strong re
duction ofTSP should be expected.

IV. CONCLUSION

The present neutron powder diffraction studies prov
accurate and detailed insight into the structural pressure
pendence of CGO up to;7 GPa. The strongest influence o
external pressure involves the orientation of the CuO2 rib-
bons which rotate around thec axis, being more parallel toa
at high pressure. This behavior corresponds to the temp
ture induced anharmonicities and reflects the general st
tural instability of CGO. The insertion of Si in the structu
mainly acts on the same instability and may be compare
a negative pressure.

The pressure-induced structural changes imply an imp
tant reduction of the nearest-neighbor coupling paramete
about ]J/J]P520.0320.08~1/GPa!, in agreement with
several direct measurements. The small decrease of the
O2-Cu angleh upon pressure seems to be essential in
context. The significant enhancement of the transition te
perature itself, which may not be related directly to the va
of J within the Cross-Fisher theory, seems to be caused b
enhanced frustration ratio at high pressure.
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