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Pressure dependence of the crystal structure of CuGe{to 6.2 GPa by neutron diffraction
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The structure of the spin-Peierls compound Cug®&@s 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 predss0&63-182609)11037-3

[. INTRODUCTION An investigation of these pressure dependencies at high
temperatures is important in order to investigate the spin-
The discovery of the spin-PeierSP transition, a dimer- lattice coupling, which is a precondition for the SP transition.
ization of spin magnetic chains associated with a lattice Experimentally a change of the antiferromagnetic coupling
distortion, in CuGe@ (CGO) has attracted a lot of attention as a function of structural parameters can be inferred from
since its rather simple crystal structure permits detailed mithe pressure dependence of the magnetic susceptmility.
croscopic experimental studit$.lt is well known that ap- These data and also measurements of the dispersion &urves
plying external pressure drastically influences the spinsignal a decrease of the magnetic coupling constaabng
Peierls transition in CGO. From the pronounced anomalieshe chains with increasing hydrostatic pressure. Magneto-
of the thermal expansion coefficients at the transition temstriction data show, in addition, a strong anisotropy of the
peratureTsp large, strongly anisotropic pressure derivativesspin-lattice coupling®~*?i.e., the uniaxial pressure deriva-
of Tgp are derived. For example, a pressure dependence @ifres of J differ in signs and sizes. The magnetic interaction
4.5 K/IGPa may be obtained from thermodynamic relationsdescribed byl depends sensitively on structural parameters,
i.e., for the thermodynamic limip— 0.2 This pressure de- and may be even quantitatively deduced from it. Therefore, a
rivative was later confirmed at finite pressures from measuredetailed knowledge of the high-pressure structure is highly
ments of the magnetic susceptibilty,from neutron- desirable, and will be a test for the proposé&dtructure
diffraction studies on the nuclear superstructure reflections inelationst3*4
the dimerized phaSes well as from Raman light-scattering  Results of high-pressure crystal structure studies were al-
experiments:® The latter indicate minor deviations from a ready available before the discovery of the SP transition.
strictly linear increase of sp, which becomes visible at high Adamset al. performed x-ray-diffraction measurements up
pressures of several GPa. The pressure dependence of the22 GPa® Below 6.6 GPa they observed a strongly aniso-
magnetic excitation spectrum in the dimerized phase of CG@ropic compressibility similar to the pronounced anisotropy
was studied in detail. From their neutron-scattering experiof the thermal expansion. The energy dispersive diffraction
ments Nishiet al® found a drastic enhancement of the spintechnique did not allow Adamst al. to perform a gquantita-
gapA with increasingp, which is even larger than tH@or-  tive analysis of the reflection intensities. Under the assump-
malized increase oflsp, i.e., the raticA/Tgp increases with  tion of rigid tetrahedra and CuQunits, Adamset al. de-
increasingp. The observed increase ofgd upon pressure duced a rotation of the CuO ribbons around theaxis.
should be considered as quite anomalous compared to typicAbove 6.6 GPa, a structural phase transition occurs.
magnetic transitions. A detailed knowledge of the pressure Due to the renewed interest in CGO two crystallographic
dependencies of the different magnetic coupling parameterstudies have been performed more recently. Based on the
promises an insight into the mechanism of the SP transitiopressure dependence of a few superstructure reflection inten-
in CGO. sities in the dimerized phase, Kataebal® calculated the
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shift of the dimerization distortion upon pressure. However, <[ ‘ ' ‘ ’ ]
6t-0.12GPa I

already the ambient pressure distortion does not agree with ¢
more detailed stud}® Upon pressure increase Kataabal.
observe a reduction of the positional shift of the Cu site
along ¢ and that of the oxygen closer to G@2) along a,
whereas the shift of O2 along increases. The Cu-O-Cu
bond anglen, which appears to dominate the magnetic in-
teraction in CGO, shows a smaller alternation upon pressure,
thereby weakening the modulation of the magnetic interac-
tion. Furthermore, they found that the average valueyof
increases under pressure.

The pressure dependence of the undistoRédn mstruc-
ture was analyzed by Buaingeret al. at room temperature
using a diamond-anvil cell and synchrotron radiatibhis
group, too, reported a slight increase sfunder pressure;
however, their experimental error of more than 1° is cer-
tainly insufficient for analyzing the extreme sensitivity of the
magnetic interaction on this angle. Other structural param-
eters shift rapidly enough in order to be detected by this
method, however. Bumingeret al. confirmed the rotation of
the CuQ ribbons around the axis together with a strong
redU(l:gion of the CuO1 bond length, as suggested by Adams -L
et al:

In order to obtain a more quantitative knowledge about T
the crystal structure of CGO under pressure and its relevance -
for the magnetic interaction parameters, we have performed T A
further crystallographic studies using powder neutron dif- T
fraction which permit a more precise analysis of the oxygen . . . ‘
positions. In addition we compare the pressure-induced ef- e B
fects to those arising from the substitution of the Ge by the
smaller Si. FIG. 1. Parts of the neutron-diffraction patterns of CGO ob-
tained at different pressures, with the crosses designating the data
and the lines the calculated and the difference spectra correspond-
ing to the Pomm structural model at 0.12, 2.58, and 6.16 GPa,

All diffraction data were taken at the POLARIS and respectively. The two sets of vertical bars indicate the positions of
PEARL/HiPr time-of-flight (TOF) diffractometers of the the Bragg reflections due to the CG@elow and WC (above
ISIS Neutron Facility at the Rutherford Appleton Laboratory Phases.
using the Paris-Edinburgh cell. This device permits a sample
volume of ~100 mn? to be compressed to 10 GPaFluo-  performed using thessas program packag¥. Parts of the
rinert (3M) was used as pressure transmitting medium. Thé&bserved diffraction patterns together with their calculated
Paris-Edinburgh cell with tungsten-carbitl/C) anvils does ~ profiles are shown in Fig. 1; the results of the refinements are
not permit a direct determination of the pressure by opticapiven in Table I. The absolute values of the lattice param-
methods. We have determined the pressure from the rapid§ters determined with the TOF technique depend sensitively
varying lattice constanb by comparison to Ref. 16. At a 0On the position of the sample. Hence, due to small uncertain-
small cell load of 3, which is necessary in order to seal the ties (~5 mm) in the positioning of the large pressure cell
cell without yielding a pressure on the sample, a referenc@ith respect to the instrument reference point, the measured
diffraction pattern was recorded with reduced counting timelattice parameters show a slight reduction-80.1% when
Patterns were then collected with progressively longer councompared with the results of earlier studfésr those at am-
ing times at various loads up to a maximum of 1.25his  bient conditions, see Table Il and below.
strategy was used to offset the partial loss of signal caused The stoichiometric sample used for the high pressure ex-
by the closing down of the anvils, which reduces the effecPeriments and the partially Si-substituted sample were ana-
tive sample volume visible to the detectors. Due to the largdyzed on the PEARL/HIPr diffractometer under ambient con-
compressibility of CGO this effect turned out to be ratherditions. These data were used for refining the standard
strong in our experiment. structural model in space groupbmm see Table II. All

The data were used for refining the structural model cor€rror bars given in tables and figures are taken from the
responding to the®ebmm phase of CG3® Contaminating refinement procedure.
reflections originating from the WC anvils were treated as a
secondary phase in the refinements. For patterns obtained at
pressures above 6.6 GPa, structural models corresponding to
several subgroups d?bmm were refined in order to de- Pressure dependence of the Pbmm structufde pres-
scribe the high-pressure phase of CGO. All refinements wersure dependences of the orthorhombic lattice parameters de-

Intensity ( arb. units )

d-spacing (A)

Il. EXPERIMENT

IIl. RESULTS AND DISCUSSION
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TABLE |. Results of the structure refinements at different pressures. The estimated standard deviations in
the last digits are given in parentheses; mean-square displacements are givenuip,Af 02 was fixed to

zero.

Load K 6t 12t 21t 30t 50t 65t
pressurgGPa 0 0.121) 0.91(1) 1.841) 2.581) 4.671) 6.161)
Rup (%) 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
aA) 4.7861)  4.78434) 4.77189) 4.756%5) 4.74645) 4.72237) 4.717Q9)
b (A) 8.4492) 8.42878) 8.30589) 8.18219) 8.095911) 7.893416) 7.7762)

c (A 2.93494) 2.93362) 2.93182) 2.92792) 2.92362) 2.91373) 2.90714)
V(A3 118.68 118.30 116.19 113.95 112.34 108.61 106.63
CuU, 0.0121) 0.01q1) 0.010%8) 0.01148) 0.00938) 0.01039) 0.01Q1)
Gex 0.076711) 0.07447) 0.06907) 0.06347) 0.0595%7) 0.051%9) 0.046110)
Uiso 0.0041) 0.00768) 0.00668) 0.00637) 0.00777) 0.007%8)  0.009410)
01x 0.864915 0.864@9) 0.85879) 0.85399) 0.84969) 0.842512) 0.832313)
Uiso 0.010516) 0.00799) 0.007@9) 0.00859) 0.008%9) 0.013613 0.0092)
02x 0.284813) 0.28368) 0.27669) 0.27478) 0.27339) 0.26729) 0.264410)
y 0.082%8) 0.083@5) 0.08146) 0.07875) 0.077%5) 0.07537) 0.7438)
Uip 0.0244) 0.01712) 0.0142) 0.01G2) 0.0212) 0.0182) 0.011(3)
Ups 0.0223) 0.0232) 0.0273) 0.0222) 0.0182) 0.0223) 0.0223)
Usg 0.0012) 0.0032) 0.0022) 0.0052) 0.0152) 0.0092) 0.052)

termined in Refs. 15 and 16 do not agree very well with eaclguantitative analysis of these effects. The rotation angle of
other. Adamset al. obtained a smaller compressibility bf  the ribbons increases continuously in the examined pressure
and Iarggr ones foa andc, which is mpst prqbably d_ue to range, but it exhibits pronounced nonlinearities above 2 GPa.
some _un|aX|aI pressure comp_onents in their experiment. Ahe flattening of the pressure dependence should be related
nonfluid pressure medium might be unable to follow theto the limited stability of the?bmmstructure in accordance
strong contraction of CGO along due to shear forces as \yith the observed phase transition near 6.6 GP&:1°Simi-
medium, the real structure of the.grallns in the polycrystalhr_leCu_Ol bond is strongly compressed under pressure, and the
sample appears to be important in this context. Larger graing,qyction of this bond by 10% appears anomalously large.
or single crysta_ls will necessitate _the use of a fluid me(]I'W“l'he Cu-0OL1 length observed at high pressure is comparable to
in order to obtain hydrostatic conditions. Furthermore, a highy, - b < o4 in some high- cuprates which are usually
filling of the cell with the polycrystalline sample implies a ; . . .

I . S ) onsidered as being sixfold coordinated. Therefore, one may
bridging between the grains resulting in rather comphcated: . . :

ﬁ:ﬁ)nclude that the coupling between the zigzag layers in CGO

local pressure components. The lattice constants observed i h 4 at high Th d vol
our experiment correspond well to those of “@minger ecomes enhanced at high pressure. The pronounced volume

et al’® (note that the pressure values given in Table | hav&ompressibility is fully explained as an approach of these
been determined by comparing theparameter to these re- 219zag planes, with an accompanying increase of the undu-
sults; in particular we obtain the same strong reductiomof ation described by the anglesor 6.
just below the transition to the high-pressure phase. This The rigid components of the CuGg6tructure, the Cu®
proves that the freezing of the Fluorinert in our powder ex-squares and GeQtetrahedra, are less affected by pressure.
periment does not lead to pronounced non—hydrostatic comFhe Ge-O distances are more compressed than the Cu-O2
pression, which is further supported by the nature of thelistance, in disagreement with the more covalent nature ex-
high-pressure phase observed above 6—7 Pa. pected for the Ge bonds. This indicates some internal con-
In agreement with all previous work, we find tlomm  straints imposed by th®€bmm symmetry. A pronounced
structure up to pressures 6f6.6 GPa. Furthermore, we con- shortening is further observed for the O2-O2 tetrahedron
firm the pronounced variation of the atomic parameters; thedge paralleb (related to the bond angtg), which contrasts
obtained bond lengths and angles are shown in Figs. 2 and & the absent thermal contraction of this length.
As observed as a function of temperafdr@and as reported Discussion of the pressure dependence of exchange pa-
previously*>1® the CuQ ribbons are rotated around tlee  rameters and Tp. The behavior of the bond angles O2-Cu-
axis. The angler decreases with increasing pressure, i.e., th€2, 5, and 02-02-Geg, appears to be particularly interest-
ribbons become more parallel to tleaxis. A temperature ing, as these angles dominate the magnetic interaction in
reduction by 100 K(Ref. 20 corresponds to an increase of CGO. For Cu@ chains with a 90° bond angle, and neglect-
the pressure by approximately 0.5 GPa, which demonstratésg the influence of side-groups, one expects a ferromagnetic
the stronger variation achieved by external pressure. Coninteraction between neighboring Cu spins, since there is no
pared to the previous x-ray experiments we obtain a higheantiferromagnetic superexchange in the 90° Cu-O-Cu con-
precision especially for the oxygen positions permitting anection. In order to render the interaction antiferromagnetic,
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TABLE Il. Results of the structure refinements on CGO and 2.8 v . - T v 331 o
CuGe 765ip.0405 at ambient conditions. The estimated standard de- T
vi_ations in the last Qigits_ are given in parentheses; mean-square 2.7t I §8] :8;?_ 30 ,9
displacements are given in A o = (02—-02 : =
~ Q—N |
CuGeq CUGE 76Sh 203 328 . 1298
2 (=
Rup (%) 2.86 2.75 <55l anq\s\ﬁ 280
X2 9.031 9.427 >
a (R) 4.80342) 4.77672) ogb oAb 07
b (A) 8.47862) 8.5345%3) ——————] 71180
cA) 2.944525) 2.91921) .96 1l 83=83 1"
V(A3 119.92 119.02 &
CuUy, 0.01758) 0.01069) 2 ¥ =
Uz 0.01366) 0.01016) & 163t H his g
Uss 0.00235) 0.00406) T f\%\I\I iy
U, 0.00695) 0.00575) e }\II\I\ =
Gex 0.07542) 0.07922) 1 =
Up 0.00936) 0.01748) Leop, . b . . o
(P 0.00846) 0.019G7) 0 2 4 6 0 2 4 6
Ugs 0.002@5) 0.00897) P (GPa) P (GPa)
01x 0.86623) 0.87774) , ,
Uy 0.01069) 0.021512) FIG. 2._ Pressure dependence of severa_l bpnd distances in CGO.
Usp 0.01658) 0.00848) ,::Lr?-o distances correspond to bonds within one Gea€irahe-
Uss 0.00047) 0.00279) '
02x 0.28262) 0.28582) —0.085, —0.033, and-0.029(1/GPa respectively. This re-
y 0.083@1) 0.08621) sult may be compared to the experimentally determined pres-
Un 0.01638) 0.01529) sure dependencies df Takahashet al. analyzed the mag-
Uz, 0.01436) 0.01306) netic susceptibility, and obtaine@/JoP = —0.07(1/GPa).
Uss 0.00535) 0.002%6) Fabricius et al. deduced? 9J/Jop=—0.08(1/GPa) from
Uz 0.009G5) 0.01226) magnetostriction dathThe agreement between the different

techniques appears rather satisfying; furthermore, these re-
) ) ) sults may be fully explained by the structural changes, con-
this degenerate arrangement has to be distorted either Byming rather strong coupling constants. The effect of the
elongating the Cu@squares or by hybridization with neigh-  gjge groups becomes enhanced due to the pronounced varia-
boring Ge atoms. This has been discussed in detail in Refgon of 5 upon pressure. A more quantitative analysis of the
13 and 14. In CGO both effects depend sensitively on theyessyre dependence, however, needs the incorporation of
angles: the elongation is directly described pyand the  the changes of the bond lengths, which vary significantly
hybridization influenced byé. The hybridization effect upon pressure. Recently, Wernet al?? obtained micro-
should be largest for the Ge lying in the plane of the GUO geopic  coupling constants  from  a  random-phase-
ribbons, and should vanish if the Ge-O2 bond is perpendicuapproximation treatment of the structural distortion below
Iar to the rlbbpns. Se\{eral attempts have been made to detef—sp and the polarization patterns of the involved phonon
miné tg‘i‘ microscopic couplings betweeh and these moges. This rather more complete set of parameters is, again,
angles>!* Qualitatively, it is obvious thad increases with in good agreement with experimeitThe influence of the
increasi_ngn ar_1d 6. Microscopic analyses by band structure pond-lengths od(P) gives corrections of the order of 10%
calculations yield?J/Jd7=0.44(1/deg) and 0.13/deg in  \yhich almost cancel each other. Note that for the calculation
Refs. 13 and 14, respectively, and/J96=0.011(1/deg)  of the modulation ofl in the dimerized phase beldWp, the

and 0.0061/deg. The bond angle dependences deduceggfects of the bond distances can be completely neglected.
from magnetostriction  data amount to 33397 Also the influence of thes modulation is much smaller on
=0.10(1/deg) and¥J/J96=0.01(1/deg). Due to the large the SP distortiob than on theJ(P) curve. In the Cross-

uncertainties in the parameters used for the microscopic cakisher theory of the SP transitiGthe value ofJ does not
culations and the rough estimations made in Ref. 21, thgnter directly the expression fdisp

agreement between the different attempts appears reason-
able. 492

The observed decrease dfagrees with previous reports. Tsp* 57, (1)
However, in contrast to the previous studi¢§we obtain a 0
weak decrease ofy. Due to the strong sensitivity of the with Q3 the bare phonon frequency agdhe spin-phonon
magnetic interaction on this angle, the small decrease of coupling constant. This theory was recently applied to the
still induces a large decrease dfwhich is enhanced by the case of CGO, where four phonon modes are invoRfadn
decrease ofs. Using the angular dependences reported in_oosdrechiet al® have analyzed the pressure dependence of
Refs. 13, 14, and 21 for the derivative one obtaidsldP the additional modes appearing in Raman scattering in the
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IncludingJ’ in the Cross-Fisher theory should alter the pro-
portionality in Eq.(1). The exchange along the path for next-
nearest-neighbor interaction Cu-02-02-Cu might slightly in-
crease due to the reduced O2-02 distance at high pressures.
However, the contribution of this effect on the frustration
ratio should be negligible compared to the large enhance-
ment due to the reduction af upon pressure. Direct evi-
dence of an enhanced frustration-ratio upon pressure was re-
ported in the neutron-scattering study by Nishal® which,
furthermore, clearly demonstrates the higher spin gap.

The fact that the frustration enhances the spirfyapthe
dimerized phase, or even induces the spin gap if high
enough, may qualitatively explain the increasefgh, since

8 Cu-01-Cu the energy gain due to the opening of the spin gap has to
% 11 overcome the elastic energy. If the magnetic energy gain

increases through the enhanced frustratibhl, the transi-
tion may occur at higher temperature. Furthermore, recent
density matrix renormalization-groufpMRG) calculations
by Klimperet al?® confirm this picture, leaving all param-
eters unchangedlsp definitely increases with frustration.
The direct dependence of tHep on the magnetic coupling
parameters was also deduced from the anisotropic uniaxial
1100 pressure dependencies and the magnetostrictionYata.
Structure of Si-containing CGQhere has been a contro-
versy about the influence of Si doping on the SP phase tran-
sition. In polycrystalline samples, Oseroét al. observed
« (01-Cu—02) 1 96 that 10% of the Ge can be replaced by Si without a pro-
prol 1o the ab-plone nounced reduction oTsp.% In contrast the single crystal
94 studies by Renardt al. show a drastic reduction dfsp upon
M0 7 160.0 Si doping: for a Si concentration of just 2% the SP transition
n Cu-02-Cu is completely suppressed in single crystdlsiowever, even
11585 in samples with a high Si content a short-range dimerization
order persists. A detailed investigation was performed by
Weidenet al.? who suggested that the differences would be
due to a nonstoichiometric oxygen occupation in the case of
1155.5 the single crystals, which are synthesized at higher tempera-
tures. Apart from an increase of thgparameter and a reduc-
154.0 tion in a andc,*? relatively little information has been avail-
able concerning the structural effects of Si doping. The linear
relationship which remains valid even at higher Si concen-

FIG. 3. (8) Schematic picture of the CGO structure projected tolrations proves that the Si really substitutes for Ge in the
thea,b plane, indicating the definitions of several bond angles. CGO structure.

Pressure dependence of the bond angles in CGO withil trem The Si-containing sample obtained by the standard pre-
phase. parative technique and the stoichiometric sample used for the

pressure experiments were studied under ambient conditions,

SP phase. In particular, the line at 228 cimwhich was later  which yielded much improved statistics over the experiments
identified as arising from the phonon mode most involved inin the pressure cell described above. A part of the diffraction
the dimerizatiorf® decreases by-2% GPa. Therefore, the pattern obtained on the PEARL/HiPr diffractometer is shown
elastic energy due to the distortion is reduced upon pressura Fig. 4. The corresponding structural results are given in
This effect yields an increase ®&p but appears to be far too Table II. Electron microsonde analyses revealed a Si content
small in magnitude. Furthermore, there is no indication thabf 27(3)%, reproducible at several positions on the surface of
the coupling constantg in Eq. (1) exhibit a pressure depen- the sample. A comparable Si concentration results, further-
dence of the order of 15% per GPa. more, from a comparison of the lattice parameteee Table

Within the Cross-Fisher theory, one may not relate thel) to those previously published,x=0.21(2). Si and Ge
large Tsp enhancement to the decrease of the magnetic coypossess rather different scattering lengths for thermal neu-
pling. Instead, one should argue that the decreasSeadults  trons, which allow an accurate determination of the Si con-
in an enlarged ratio between the frustrating next-nearestentration in the structural refinements. The obtained value
neighborJ’ and the nearest neighbor interactions. The frus-of 24(1)% confirms the other techniques.
tration through the next-nearest-neighbor interaction is now The cell volume of the Si-containing sample is reduced
well established to be essential for an understanding of theith respect to the stoichiometric compound, whereasbthe
magnetic susceptibiliff?"*?and other properties of CGO. parameter is strongly increased. This clearly demonstrates
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1 ’ J ' ' ' ' The Si insertion yields a lowen angle of 98.385)° and
i : an enhancement of to 160.95(14)°. These two effects im-
ply an opposite shift of the magnetic interaction. Using the
J-angle relations from Refs. 13, 14 and 21 one may estimate
° a 5-20 % smaller average magnetic interactiorlowever,
an analysis of only the bond angles is certainly insufficient
for estimating the local in the neighborhood of a Si atom.
As argued by Khomskiet al, the Si will disturb the mag-
netic interaction in both neighboring chaitisfurthermore, it
will favor an in-phase coupling between these two chains in
b AN et e Y contrast to the out-of-phase coupling between any neighbor-
ek , , , , , e ing chains in the dimerized phas&Therefore, a strong re-
1.0 1.2 1.4 1.6 1.8 2.0 2.2 duction of Tgp should be expected.

d-spacing ( A)

Intensity ( arb. units )

FIG. 4. Part of the diffraction pattern obtained on the TOF dif- IV. CONCLUSION
fractometer PEARL/HiPr for CuGeeSiy ,405; the crosses desig- . . . .
nate the data, and the line the calculated profile. Vertical bars indi- 1h€ Present neutron powder diffraction studies provide
cate the positions of Bragg reflections. accurate and detailed insight into the structural pressure de-

pendence of CGO up te7 GPa. The strongest influence of
xternal pressure involves the orientation of the guid-

ons which rotate around tleeaxis, being more parallel ta

at high pressure. This behavior corresponds to the tempera-
ture induced anharmonicities and reflects the general struc-

The Ge/Si-O bond lengths are significantly shortened witﬁmu;?rlﬂm‘j;t;"g{] ?;ecfa%eﬂzitg];ﬁtm%r;é)fmsalm mbtehiosr:]rugg(rjeto
respect to the stoichiometric compound, Ge=11748§13) y y y P

A and Ge-02-1.7098(13) A, as expected due to the smaller® negative pressure. . .
ionic radius of Si. In contrast, the Cu-O2 bond does no The pressure-induced structural changes imply an impor-

depend on the Si content and the Cu-O1 bond even increas %nt reduction of the nearest-neighbor coupling paramgter by
to 2.794611) A . This behavior reflects the observation at @ out &J/_J(?P=—0.03—0.0&1/GP5), in agreement with
high pressures that the covalent Ge-O-bonds are more co everal direct measurements. The small decrease of the Cu-
pressible. Stronger effects are again observed for the bon 2-Cu anglen.up_o_n pressure seems to be essent.@ll in this
angles. The angles related to the rotation of the Qxihons context. The significant enhancement of the transition tem-

around thec axis are changed by about 1.5°. The ribbons aréaerature itself, which may not be related directly to the value

less parallel in the Si-containing compound; therefore, oné)f‘]WIthIn the Cross-Fisher theory, seems to be caused by an

may argue that the Si-insertion acts like negative externa‘?nhanced frustration ratio at high pressure.
pressure of about-1.5 GPa. The smaller Si seems to par-
tially relax the mismatch responsible for the strong anhar-
monic behavior in CGO. The rotation of the ribbons ac-
counts also for the increase of the parameter and the The authors are grateful to J. S. Loveday for assistance in

enhanced Cu-O1 bond distance. the experiments and the data analysis.

that the effect of Si doping cannot be compared to that OE
either high pressure or low temperature, in which cell vol-
ume reduction is mainly a result of a decrease alongbthe
axis.
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