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Neutron diffraction study of the nuclear and magnetic structure of the quasi-one-dimensional
compound CuSiQ; around Ty=8K
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We investigated the nuclear and magnetic structure of Cu8iOneutron powder diffraction methods at
room temperature and arouiigj=8 K. With decreasing temperature the lattice parameters showed, similar to
CuGeQ, decreasing andb parameters and a slightly increasimgarameter down the chain direction. Below
the second order phase transitionTat we observed for CuSiQthe appearance of a small set of magnetic
superstructure reflections; the determined antiferromagnetic order can be described by a commensurate propa-
gation vector ofy=(1/2, 0, 1/8) with respect to the chemida@bmmunit cell. From the long modulation along
the chain a ferromagnetic next neighbor magnetic exchange is deduced, whereas next nearest neighbor cou-
pling is expected to be antiferromagnetic.
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I. INTRODUCTION low-dimensional spin-gap systems was recently reviewed by
Uchinokurat! Also a magnetic field induced transition from
Low-dimensional quantum spin systems are of considerthe spin-Peierls state into an incommensurate spin-lattice
able theoretical and experimental interest together with som&odulated phase forming a soliton lattice has been
applications to which they may lead. Copper po|ygermanat@bserved.2 Pure CuSiQ, on the other hand, was considered
CuGeQ with its rather simple crystal structure of single NONexistent in the past. it was therefore a great surprise
chains of GeQ tetrahedra an®=1/2 spin chains of edge- when Otto and Mel_b_ohf'ﬁ succeeded in the synth_e_S|s of the
sharing CuQ. , octahedrd:? is the unique inorganic com- Puré copper ponS|I|gate by therme}l decomposition of the
pound showing the spin-Peierls transitishin this com- ~ Mineral dioptase (48isO,5-6H,0. Dioptase was proposed
pound neighboring antiferromagnetic Heisenberg chain eXh'b_'t a quantum phase transition between_ an %’?“fe”o'
exhibit a spin dimerization alg,=14.3 K resulting in an magnetically ordered state and a quantum spin liguiét

exponentially vanishing magnetic susceptibility in all crys- room temperature QUSpS isotypic to the CuGegproto- :
type. Copper polysilicate, however, does not show the spin-

tallographlc dlrect|0n§ with decreasmg temperature, M eierls effect, instead we will show that it exhibits a long-
CU?" spins condgnse into anor?magn_e'tlc spln-glnglet grounpange antiferromagnetic ordering below 8 K. The
state. A small shift qf the atomic posmops, which med,'atesc_ompound has lattice parameters, which are changed in a
the superexchange in the magnetic chains, accompanies this5rkable way in comparison with CuGgQOa and ¢ are
magnetic dimerisation. The space group transforms belowsqyced by about 3.5 and 3.7 %, respectively, whekess

Tsp from Pobmminto Bbcmwith a doubling of thea andc  enpjarged by about 3.5%. As a consequence of the reduced
lattice parameters. As a quasi-one-dimensional system witBhain periodicityc the bond valence contribution of the2)
unique properties CuGe(has been the subject of intensive atoms to copper is increased. This increase has to be com-
experimental and theoretical work in the past years. Fortupensated for by a larger separation of th@)Gatoms of the
nately, the very stable crystal structure is receptive to partiatopper surrounding leading to the very large Jahn-Teller dis-
ionic substitutions and the influence of doping effects on its¢ortion observed, the CuQ, “octahedral” chains are de-
thermodynamic and magnetic properties could be systematgenerated to CuQribbons. The changed atomic distances
cally investigated® For instance, the substitution of Ge by cause a rotation of these chains in thab plane of Az

Si according to CuGe ,SiyO; was possible up t«=50 ~10°, shortening thea axis and enlarging thé axis of
atomic percent® Even a minute Si concentration causes firstCuSiQ; in comparison to CuGeQ In this way the Cu@

a reduction and finally a suppression of the spin-Peierls trarndbbons have a larger separation from each other inkthe
sition and induces a Méstate Ty<Ts).> "*This impurity-  direction beings/2=4.39 A for the silicate compared to 4.23
induced magnetic state can coexist with the singlet ground\ for the germanate. Thac layerlike character of the ger-
state® The complexity of impurity-induced ordered phases inmanate as a consequence of its large chain separation in the
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a direction, corresponding to the lattice parameter order to avoid a wrong fit of displacement coefficients for the
=4.80 A, turns over into a more three-dimensio(®D) be-  main phase atoms. Finally, the main phase reflections may be
havior of the silicate with onlya=4.63 A. A case in pointis broadened in two ways; in addition to effects of the small
that for the silicate the @)-Cu-O2) angle is abouty  size and elongated crystallite shape there exists an influence
=95° and nearer to 90° than the corresponding 99° angle fopn the linewidths due to strain which is partially caused by
the germanate; this angle is considered to be important, ben intergrowth between CuSiGnd CuO**
sides the strength of the crystal field, for the different mag- The neutron diffraction experiments were performed on
netic interaction and ground state properties found for bottwo different two-axis powder diffractometers at the Orphee
compounds. reactor of Laboratoire Len Brillouin (LLB), Saclay. Mea-
We notice that very recently another compound, the copsurements on the thermal beam tube high resoluti®n23
per arsenate  hydroxide mineral theoparacelsitaliffractometer were done at room temperature, 15 K (
CuAsy3H,:05 was identified to be isotypic to the two com- >Ty=8K) and 5 K (T<Ty) in the scattering angle range
pounds mentioned above. This phase shows disrupted arsehem 7° to 114° in 20, step width 0.05%20), using an
ate single chains, because one third of the As positions ari@cident wavelength ok =1.2251 A selected by a G285
vacantt’ monochromator. These diffractograms include 244 main
Comparing further properties of CuGg@nd CuSiQ we  phase reflections. In addition, a larger number of diffraction
are faced with the very different color of the two compounds.patterns was recorded in order to characterize the less intense
Whereas CuGeQis light greenish blue, the color of the superstructure reflections of CuSi®elow the second order
mixture, consisting of the main phase Cu§i@ addition to  phase transition. These measurements were done at seven
minor phases Cu@enoriteé and SiQ (amorphouy is very  selected temperatures from 14.9 down to 1.4 K on the cold
rich brownish black and definitely darker than pure CuO.neutron guideG4-1 high flux powder diffractometer)(
Therefore, absorption bands of the optical spectrum for=2.4266 A, focusing pyrolithic graphite monochromatior
CusSiQ; are tailing off into the blue end of the visible spec- the scattering angle range from 0 up to 125° i® 2ind with
trum. a step width of 0.172 ®). The diffractograms cover 22 main
It was the objective of the present study to complete thghase reflections.
various experiments already done on Cusyi®uch as x-ray
diffraction* measurements of magnetization, specific heat,
63Cu-NQR and ESR®!8as well as Raman and IR spectro-
scopic studie’ with neutron diffraction investigations at low The neutron powder data measured were evaluated
temperature as an essential tool to probe phase transitiotisrough the Rietveld technique to obtain the most reliably
and related critical phenomena. Here we present results o&fined structural and magnetic data using room temperature
the nuclear and magnetic structure of Cugi@rived from  starting parameters from x-ray results for the CuSi@ain
neutron scattering investigations at room temperature anghase and the minor phase CuO and black dioptase,
around Ty=8 K and compare the conclusions with those CusSigO,q, as a relic:*?3~?The refinements are performed
given for the isotypic compound CuGg32°~22 with the aid of theFuLLPROF program package, applying a
Thompson-Cox-Hasting pseudo-Voigt profile functfGn.
Il. EXPERIMENTAL DETAILS O\_/ving to the lack of experimentgl low temperature Qata the
minor phases CuO and black dioptase were considered as
About 1 cnt of a multiphase sample containing around 72perturbation and some parameters, structural and magnetic,
wt. % of CuSiQ, 16 wt.% CuO(tenorite and 12 wt.% were fixed in the course of the refinement of the low tem-
amorphous Si@, were synthesized for the neutron scatteringperature data sets in order to restrict the number of free pa-
experiments according to a sintering procedure describethmeters. The very short periodicity along the chain axis in-
previously by Otto and Meibohif,using dehydrate¢black) dicating strong bonding favours a needle habit. So the best
dioptase CpSigO,5 as a starting material. Unfortunately, a profile fits could be performed by choosingiG®1] elongated
route for the synthesis of the pure polysilicate Cugsddes needle shape for the CuSj@rystallites with a habitus aspect
not exist up to now. The multiphase nature of the sample andatio of about 2.7 in order to correct for different half-peak
the small size and anisotropic form of the crystallites of thewidths of the reflections. Results for the refined lattice pa-
main phase introduce some difficulties into the evaluation ofameters and structural parameters of CyS#Pe summa-
the diffractograms obtained. The small content of amorphousized in the Tables | and II. All the atomic sites were found to
SiO, causes a modulation of the background in addition tabe fully occupied in the limit of the estimated standard de-
the contributions from the cryostat and sample support maviations. The derived bond lengths, bond strengtrend
terial. Furthermore, CuO contributes because of its antiferroangles as well as thermal displacement data are given in the
magnetic phase transition & =220 K (Refs. 23, 24 both  Tables Il and IV. Experimental patterns for selected tem-
broad Bragg reflections and superstructure reflections. In agperatures are depicted in the Figs. 1 and 2, showing at the
dition, a small relic of the black dioptase starting material,bottom the differences between observed and calculated step
although less than 2 wt. % of the whole sample, could bentensities. Thermal ellipsoid plots are illustrated with the
detected. Some of these reflections almost coincide witlorTEP-I (1.0.3 program forwinpows? in Figs. 3 and 4.
magnetic superstructure reflections of the copper polysilicatdhe quantitative phase analysis revealed a content of about
main phase. A thorough scaling of this phase is needed iB0 wt. % of CuSiQ, 18 wt. % of CuO, and less than 2 wt. %

IIl. RESULTS
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TABLE |. Temperature dependence of the lattice paramegidos CuSiO; in comparison to CuGeQ

p 295 K 15 K 5K Ap/p (%) Reference
CuSiG,
a(h) 4.63434) 4.62244) 4.62274) +0.25
b (A) 8.78027) 8.74647) 8.74487) +0.40 this work
c(A) 2.83302) 2.83382) 2.83382) —0.03
V (A3 115.282) 114.572) 114.562) +0.62
CuGeQ
a(A) 4.795@13) 4.78928) 4.789412) +0.13
b (A) 8.4664) 8.4026) 8.4025) +0.76 (Ref. 20
c(A) 2.940413) 2.94447) 2.944513) -0.14
V (A3 119.3810) 118.4811) 118.4910) +0.74

of black dioptase, considering only the crystalline phases. =g K, as shown in the Figs. 5 and 6. Two weak reflections of
Magnetic scattering gives only a weak contribution to themagnetic origin can be clearly identified in the low scattering
high resolution pattern but may be easily followed with theangle part of the records bela¥y,. They can be indexed as
high flux diffractometer. We have collected diffraction pat- satellites to the ordinary 110 Bragg reflection of Cugi@th
terns at 14.9 K T>Ty) and below the Nel point, Ty a commensurate propagation vectorgef (1/2, 0, 1/8). We

TABLE Il. Result of the structural analyses of CuSiét selected temperatures. Numbers in parentheses
are the estimated standard deviations in the units of the least significant digit given. The displacement
coefficientsU (isotropig or Uj; (anisotropi¢ are given in & units. The displacement factor &= exp
{—27*2U;hhal a'}, whereU ;3= U,3=0. Reliability factorsRg,,4gas well as profile parameteRg, andR,,,
are given at the bottom of the tafi2DW represents the estimated value of the Durbin-Watson statftics.

Neutron
X-ray (Ref. 14
Parameter 295 K 300 K 15K 5K

Cu X 0.5 0.5 0.5 0.5

y 0 0 0 0

z 0 0 0 0

Uy 0.0594) 0.02652) 0.012713) 0.013313

Uy, 0.0424) 0.025811) 0.013Q10) 0.013210

Uss 0.0123) 0.00148) 0.001Q9) 0.00129)

Uio 0.02713) 0.0055%9) 0.00568) 0.0055%8)
Si X 0.09622) 0.09756) 0.09576) 0.09636)

y 0.25 0.25 0.25 0.25

z 0.5 0.5 0.5 0.5

U 0.0263) 0.0095%7) 0.00427) 0.0055%7)
o) X 0.9183) 0.91296) 0.90766) 0.90796)

y 0.25 0.25 0.25 0.25

z 0 0 0 0

U 0.0095) 0.00715) 0.005@5) 0.00575)
0(2) X 0.2852) 0.29535) 0.29064) 0.29094)

y 0.09999) 0.09913) 0.098@3) 0.097713)

z 0.5 0.5 0.5 0.5

Uy 0.03Q9) 0.028313) 0.012711) 0.011311)

Uy, 0.04510) 0.02099) 0.01229) 0.01079)

Uss 0.0064) 0.00797) 0.00278) 0.00428)

U, 0.00438) 0.020@9) 0.00899) 0.00948)
Reragg (%) 1.50 2.34 2.42 2.40
Rp (%) 4.20 7.64 7.23 7.47
Rup (%) 5.20 8.00 7.57 7.89
DW 0.65 0.93 0.87 0.92
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TABLE lIl. Bond lengths(A) and angles for CuSiQat selected temperatures as well as further inter-
atomic distances and angles important for the comparative interpretation. The nomenclature of the different
angles corresponds to that given by Bradgral. (Ref. 20. Bond valences are calculated according to
Brown and ShannotRef. 27. O(1) bridging oxygen atom, @) terminal oxygen atom of the silicate chain.
Standard deviations given for the 5 K data in parentheses are also valid for the 300 and 15 K data sets.

300 K 15 K 5K
distances distances distances

Atoms (angles s (angles s (angles s
Cu-0O(1)x2 2.9120 0.042 2.8864 0.044 2.8872) 0.044
Cu-0(2)x4 1.9139 0.523 1.9179 0.517 1.9162 0.519

S 2.17 2.15 2.16
Si—0(1)x 2 1.6548 0.908 1.6623 0.889 1.6632 0.887
Si—0(2)x 2 1.6113 1.024 1.6062 1.039 1.6022 1.036

S 3.87 3.86 3.85
0O(1)-0O(1)ic 2.8330 2.8338 2.8338)
0(2)-0(2)Ic 2.8330 2.8338 2.8338)
0(2)-0(2)Ib (tetr) 2.6500 2.6594 2.66323)
0O(2)-0(2)I(001) (oct, 2.5742 2.5853 2.57993)
0O(1)-0(2) 2.6274 2.6286 2.630R0)
@ O(1)-Cu—0(2); 88.55 89.23 89.30)
B Cu-Q1)-Cu 97.84 98.50 98.44)
v O(2)-Si-Q2) 110.64 111.75 111.928)
6 Cu—0(2)—Sjr, 167.21 165.64 165.523)
e Cu—Q1) ontoa 48.92 49.25 49.23)
¢ O()-Si-Q1) 117.74 116.94 116.89)
¢’ O(1)-Si-Q2) 107.11 107.06 107.0%85)
70(2)-0(2) onto a 42.53 41.52 41.48)
7 Cu—Q2)—-Cu 95.48 95.25 95.3%)
o (|O-Si-0-109.47) 3.15 3.23 3.25

notice with respect to the zerg, component that for the result for 8, using the same modified power law with the
space groug”’bmmthe structural motive is already repeated first correction-to-scaling term include#ig. 7). The critical
along theb direction by the action of the glide mirror plane exponent obtained i8,,=0.34(3) at a Nel temperature of
perpendicular to tha axis withb/2 glide component. Figure Ty=8.01(5) K. As with other inconsistent values of the
7 shows the temperature dependence of the integrated netritical exponent reported for CuGgQ our first fit to a
tron diffraction intensityl ,(T) of the strongesf1/2,1-1/8]  simple power law yielded a misleading value ¢,
magnetic satellite for CuSiQgiving clear evidence for the =0.25(4) atTy=7.8 K.3*%

onset of magnetic scattering at abdy{=8.0 K. The inte- From the scaling of the magnetic onto the nuclear Bragg
grated magnetic reflection intensity scales with the square dhtensities, we obtained for the experimental magnetic mo-
the ordered momerit,(T)> w2, In view of the fact that the ment atT=1.4 K a value as high ag,=0.83(2)ug, When
phase transition starts at a very low temperature it is difficultattributing the magnetic moment to the hole on th¥ 8op-

to tell apart the critical behavior and beginning of the satu-per site with spin alignment along ttzedirection. A slightly
ration of the order parameter. In the asymptotic critical redarger value ofu,=1.09(3)ug with a deceptively good fit
gion nearTy the temperature dependence of the intensitieseliability (R~ 3.6%) was determined for spin alignment
may be described by a critical magnetic expongpt In a  along thex direction. With the little scattering information, a
convincing x-ray diffraction study of critical phenomena at definite determination of the ordered moment and especially
the spin-Peierls transition in isotopic CuGgOLumsden its orientation is difficult. At first sight one may discard the
et al® indicated a rather narrow asymptotic critical region orientation alongx due to its physically questionable high
and obtained the best fit of the intensity data to a modifiedbrdered moment. On the other hand, on the basis of a reliably
power law of the reduced temperature 1—-T/Tg, accord-  observed intensity of the magnetic single peak with
ing to I(T)=1,t>A(1+At%9, vyielding an exponent of8  =2.343 A it would be possible to decide whether the spin
=0.345(30) at a transition temperature offg, alignment is along the& or thez direction, because the cal-
=14.05(1) K. This value ofB is consistent with 3DXY  culated intensities for the two possibilities of spin orientation
universality>> =33 Although our intensity data for CuSiO result in a ratio of about 10:@Table \). Figure 8 shows the
have been measured much less densely in the asymptotieutron scattering difference intensity obtained by subtrac-
region nearTy, we were able to fit the data with a similar tion of measurements with magnetic scattering from those
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TABLE V. Size and orientation of the atomic displacement ellipsoids for CySiO

Angles (deg)
between ellipsoid and unit-cell axes

Principal displacements

T (K) Atom (r.m.s. amplitudes in A a b c
300 Cu 0.178 43.1 46.9 90
0.144 46.9 —43.1 90
0.038 90 90 0
Si 0.092 90 0 90
0.127 0 90 90
0.062 90 90 0
0(1) 0.111 90 0 90
0.056 0 90 90
0.077 90 90 0
0(2) 0.212 39.8 50.2 90
0.065 50.2 —39.8 90
0.089 90 90 0
15 Cu 0.135 45.7 44.3 90
0.076 44.3 —45.7 90
0.032 90 90 0
Si 0.077 90 0 90
0.070 0 90 90
0.038 90 90 0
o(1) 0.066 90 0 90
0.080 0 90 90
0.063 90 90 0
0(2) 0.144 44.1 45.9 90
0.057 45.9 —44.2 90
0.063 90 90 0
5 Cu 0.137 44.6 454 90
0.083 454 —44.6 90
0.034 90 90 0
Si 0.095 90 0 90
0.057 0 90 90
0.038 90 90 0
o(1) 0.091 90 0 90
0.073 0 90 90
0.057 90 90 0
0(2) 0.143 44.1 45.9 90
0.039 45.9 —44.1 90
0.065 90 90 0
without a magnetic scattering contribution after suitable scal- IV. DISCUSSION

ing. Exploiting the remarkable width of genuine magnetic

peaks with full width at half maximum FWHK20)~0.5° .
in comparison with the 0.1° step width, we were able toanhydrous silicates of copper, apart from completely dehy-

discriminate between such peaks and the background noigkated dioptase(black dioptasg with the same chemical

by convolving the difference diagram with a smoothing func-COmposition. The competing network forming catlonszt_)u
tion. In this way, at least four magnetic peaks could be sigand St* both share chains dowi®01] in this orthorhombic
nificantly measured, the intensity of which exceeds its fiveCrystal structure as a result of almost identical length of the
fold uncertainty. The diagram clearly indicates magnetictetrahedral edge for Siand the distance between edges of
scattering intensity of the examined peak with-2.343 A the “octahedral” basis of the CuQ, polyhedron(Fig. 9.

in an amount that favourg spin alignment and does not On the other hand, even the misfit between the two chain
show evidence of spin direction, although the decisive es- periods may lead to a strained crystal structure.

timation may be slightly influenced by artefacts of intense The dependence of structural parameters on temperature
Bragg peaks. in CuSiO; (Tables I-l1l) is remarkably similar to that ob-

The single chain silicate CuSjiQds the unique example of
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300 FIG. 1. High resolution neu-

tron diffraction record of the mul-
tiphase sample with the main
compound CuSi@ at 5 K (A
=1.2151A). The bar diagrams
below indicate peak positions of
the main phase, CuO and black di-
optase. The difference between
observed and calculated step in-
tensities is depicted at the bottom.
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served in CuGe@Q?%2! Both compounds should be consid- Silicate and by about 0.7° in the germanate and consequently
ered as nearly planar quasi-two-dimensional crystal structhe folding anglgg=2e¢ increases upon cooling in both ma-
tures with the layers being deformed into a zig-zagterials. Whereas these rather large effects are well understood
arrangementFigs. 10 and 1)l The thermal expansion of a with purely structural arguments for both compounds, the
layered structure is expected to be manifested mainly in thgermanate exhibits at low-temperature additional thermal ex-
distance between the layers, in addition the zig-zag foldingransion anomalie€. These are characterized by a remark-
of the layers allows for efficient contraction by an enhance-able increase in the parameter and a merely moderate de-
ment of the zig-zag angle upon cooling. This describes vergrease in thea lattice parameter in comparison with the
well the main part of the temperature induced structurakilicate. These effects arise from the strong magnetoelastic
changes. In both compounds, one finds a very similar temeoupling in CuGe@: at lower temperatures magnetic cou-
perature related rotation of the Cy@bbons around the  pling becomes important and an enhancement of the mag-
axis. The angler (Fig. 10 decreases by about 1° in the netic exchange parameter yields a decrease in free energy.
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sample with the main phase
CuSIiO; at 1.4 K \=2.4266 A).
Three structural and two magnetic
intensity contributions were taken
into account in the data fit. Their
peak positions are indicated in the
bar diagrams below reading from
top to bottom: CuSig@, CuO,
ol | oo s b A CleSigOyg relic, and then mag-

[ i [ | RN R netic parts of CuSi@and CuO.
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FIG. 3. Thermal ellipsoidfORTEP ploj of the coordination
tetrahedron around Si for different temperatures.
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FIG. 4. Thermal ellipsoids(ORTEP ploj of the Cu-G2)
plaquette for different temperatures.
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FIG. 5. Low scattering angle detail of the 11 temperature scan
diffractograms recorded with the high flux G4-1 diffractometer (
=2.4266 A). Near #=22.9° the strongest magnetic peak appears,
when the temperature crossgg=8 K.

The enhancement of the magnetic exchange parameter may
be achieved with minor deformations of the Gu@rrange-
ment associated with the anomalies in the thermal expansion.
A glance at Table | shows the temperature dependence of
the orthorhombic lattice parameters obtained from neutron
diffraction data for CuSi@together with results for CuGeO
for comparisorf’ Whereas the periodicities along ta@ndb
directions decrease with decreasing temperature, the period-
icity down the chain directiorc increases only slightly in
contrast to CuGeQ) The chain arrangement in CuSi@ith
its very short translation period is extremely stiff and obvi-
ously does not allow any large alteration with temperature.
As for CuGeQ the pronounced change in theaxis param-
eter may also be evidence of a “softd direction for
CuSiQ;. According to results from the high flux data ob-
tained at different temperatures below 15 K, a significant
change in the lattice parameters could not be proved, when
the temperature crosses the phase transitidnat8 K. The
anomalous effects observed in the germanate are obviously
absent in the silicate. This strongly suggests that the silicate
is not a magnetically one-dimensional system with a compa-
rable exchange interaction in agreement with the conclusion
obtained from the antiferromagnetic propagation vector.
Turning to crystal-chemical results, the trend of the bond
valence sums towards values calculated too high fat*Cu
and too low for G&" is more pronounced for CuSiQTable
Il than for CuGeQ®.?° Giving the mean for the neutron
scattering data sets measured at different temperatures, we
find 2.16 instead of the2 valence for Cu and 3.86 instead
of the 4+ valence for Si; the values reported for CuGesde
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] the other hand, it is the x-ray diffraction method, from which
} Relic of black . . .
a dioptase in general the coefficients for bond-valence—bond-length re-
} lations are derived. Because neutrons probe the atomic core
whereas x rays measure the center of gravity of the electron
shell, there may exist especially for strongly polarizable ions
such as oxygen a difference in the derived atomic locations
comparing results of both methods. This can explain at least
partially misleading bond valence sums in the case of neu-
s tron diffraction. The discrepancy between x-ray and neutron
uper-structure ) i i L.
reflection of CuO ' results for CuSi@ may be understood in this sense, pointing
Magnetic [1/2.1.-1/] t[O the p035|b|]|ty of gr_aduall_y. poIanze_d (® oxygen atoms
satelltite of CuSiO, in view of their acentric positions of site symmetny
' From the structural data obtained one can prove that in the
silicate single chain, representing the most stretched case of
all silicate chains?® the covalent bonding character between
silicon and oxygen is highly enhanced at the expense of the
ionic part. The Si-Q,-Si valence angle ofp=117.7° at
room temperatur€116.9° at 5 K represents the ultimate
limit observed for condensed silicate anions, compared to the
most frequent 139° angle determined from a large number of
718 19 20 21 22 23 24 accurate silicate data séts’® The six O-Si-O valence
20 (deg) angles, having values of >X107.11)°, 110.61)°, and at
least 117.71)°, deviate in the mean only about=3.2° from
FIG. 6. Sum and difference curves using neutron diffraction datgN€ ideal 109.47° tetrahedral angle indicative for strongest
in order to clearly illustrate and characterize the weak superSP° hybridization of St* (Table Iil) and in turn for a rather
structure and secondary phase reflections in the low scattering angférong sp hybridization of oxygen. This information is im-
range: (8) sum curve of 11 temperature scan diagrams recordedportant in view of recent®Si NMR measurements indicating
from T=1.4 K to 14.9 K;(b) difference curve of the eight lower that the Si-@2) path is strongly involved in the magnetic
temperature recordd..4 to 6.5 K minus the three higher tempera- exchange interaction beloWy .*° The corresponding @)-
ture diagramg7 to 14.9 K after adequate scaling, showing solely Si-O(2) valence angley is considerably increased with tem-
the foremosf{1/2, 1, —1/8] super-structure reflection of magnetic perature decrease; its change from 15 dosvh K was about
origin belowTy=8 K. 0.2° (Table 1II).
In accordance with crystal-chemical rules and common
2.13 and 3.94, respectively. If we deal with very anisotropicexperiences, the copper coordination, representing a very
displacements of atoms, and this is the case especially fatrongly elongated Jahn-Teller “octahedron,” is typical for
CusSiQ;, the bond lengths are actually enlarged and in turrcopper in the 8° state with the unpaired electron in the
the bond valence sum is indeed smaller than derived fron3d,._,2 orbital. The four short Cu-@) bond distances in-
the central distances only. In addition, the crystal structure o€rease, but not significantly, from 1.9139) to 1.916211)
CusSiQ; is strained both sterically with respect to the Si sur-A, when the temperature is reduced from room temperature
rounding and electronically with respect to the anisotropydown to 5 K, whereas the alteration of the two long C@#0O
related to the huge Jahn-Teller distortion around ‘Curhis ~ bond distances goes in the opposite direction from
can explain the discrepancies in the bond valences found. On9120q14) to 2.887114) A. Near the transition temperature

t

Intensity (arb. units)

200 -

FIG. 7. Temperature dependence of the inte-
grated magnetic neutron diffraction intensitigs
for the [1/2, 1, —1/8] satellite @=6.121 A) of
CuSiQ;. The solid line represents the fit of,
to a power law in the reduced temperattrel
—T/Ty modified by the first correction-to-scaling
term according to I,=I,t?A(1+At>9: B
=0.343), A=-0.553), I1_o=Ig(1+A)
=196.

150

100

(2]
o
|

Intensity (arb. units)

background
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TABLE V. Comparison of the observed and calculated intensities of magnetic reflections derived from
high flux diffractometer data at 1.4 K for CuSjOThe reflections are indexed using the scattering vector
h=H+q, whereH is the reciprocal lattice vector of the chemical unit cell ape(1/2,0,1/8) is the propa-
gation vectork is always an odd integer due to the motive doubling inlitgirection for thePbmmspace
group. The magnetic moment with spin alignment alongstiirection resulted inu,=1.09(3)ug (Rmag
=3.6%), spin alignment down the direction yielded a magnetic moment @f,=0.83(2)ug (Rmag
=6.4%). The fits using the difference diagram depicted in Fig. 8 gave less reliable result®yyjth
=12% for thex spin direction anR,,,=30% for thez spin direction.

Iobs Icalc(x) Icalc(z) d (A) H K L h k |
109 109 109 6.1180 1 1 0 1/2 1 -1/8
39 35 5 2.8865 1 1 1 1/2 1 718
4 20 2.8830 1 1 0 3/2 1 1/8
27 29 18 2.7596 1 3 0 1/2 3 -1/8
21 20 2 2.3426 -1 1 1 -1/2 1 9/8
8 10 5 2.1636 -1 1 1 —3/2 1 7/8
21 14 5 2.1100 1 3 1 1/2 3 7/8
7 8 2.1087 1 3 0 3/2 3 1/8
7 6 3 1.9041 1 1 1 3/2 1 9/8
10 10 3 1.8672 -1 3 1 -1/2 3 9/8

Ty a flat maximum(minimum) in the bond distances is ob- for the oxygen atoms belonging to the Si coordination sphere
served(Table IlI). lies almost perpendicular to the directions of covalent bond-

Turning to the surrounding of the oxygen atoms, tH@)O ing and are again indicative of very strong bor(@gy. 3.
atom is found in a distorted tetrahedral environment of twoThe Cu and @) atoms forming the coordination “octahe-
Si and two Cu atoms, in this way formirgp® hybridized  dron” basis show their largest displacement almost in the
orbitals. More interesting of course in view of the magneticdirection normal to this basis, deviating only a few degrees
properties is the nearly planar arrangement of cations arourfdlom the angles~49°, which represents the angle between
the oxygen @2) with one Si and two Cu atoms forming the Cu-Q1) direction and thea axis. In this way the @)
valence angles Cu4@)-Cu of 95.4° and Cu-@)-Si of 2  atoms obviously move in thab plane towards two empty
x130.7°. structural channels, which are formed doj@01], the first

In general, the mean-square displacements for all atomisitersecting the unit-cell origin and the second the coordi-
are similar for both CuGeQ(Ref. 20 and CuSiQ (Table natesx=1/2,y=1/4 on the mirror plangFig. 9).
IV) showing the smallest component down the chain direc- The reduction of the displacement amplitudes with tem-
tion with its very short periodicity and, only for CuandZ),  perature happens to be quite normal at first siffgs. 3 and
strongly anisotropic displacements orthogonal to this direc4). But the still remarkable residual atomic displacements for
tion. The largest principal axis of the displacement ellipsoid90(2) and Cu perpendicular to the plaguettes at low tempera-

Zz CuSi0,
o
8 m magnetic peak
E a Bragg peak artefact
[
Q m
!
B
=
o=
a
o
| It | [ |
) e e
0 20 40 60 80

20 (deg)

FIG. 8. Representation of magnetic peaks using a difference

diagram and the scaling procedure according to that of Figubre
b). Bar diagrams at the bottom indicate the position of magnetic FIG. 9. Picture of the crystal structure of CuSi6howing the
peaks and of possible Bragg peak artifacts. connection of silicate and cuprate chains running downcthgis.
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a
%b
- A [ A
FIG. 10. Projection of the crystal structure of Cu§i&longc \ \
showing the different angles in discussi@Refs. 20, 21
T AT A

ture may suggest that a predisposition for a structural trans-
formation as found for CuGeQis intrinsically imposed in FIG. 11. Polyhedra drawing of the crystal structure of CuSiO
the CuSiQ system too. In case of a completely statisticalas projection dowrf001] showing the empty structural channels.
ordering of the atomic split positions, which characterize theThe projected unit cell is outlined.

spin-Peierls transition in CuGgQa similar feature for both

amplitude and direction of atomic principal displacement as

found for CuSiQ would result for the prototypic structure.
The reason why such a magnetically induced phonon mod
does not condense at low temperature in CySiay be
indeed the markedly reducedperiodicity as a consequence
of “chemical pressure” caused by the substitution of the
Gt by the smaller Si*. Even though theb plane G2)-
0O(2) distance in CuSiQis already considerably increased in

which suggested a dominant but weak antiferromagnetic in-
feraction along the chain directidhWe have tested several
magnetic ordering schemes with antiferromagnetic coupling
along the chain, but they do not explain the magnetic reflec-
tions observed at lov value. From the long modulation
along the chain one has to deduce that nearest-neighbor mag-

comparison to CuGe{) there is no real possibility for the netic -eX(-:har_\ge .is ferromagn_etlc n -nature. This is not that
copper atom to move in tH@01] direction as copper does by 2stonishing in view of the slightly different CyCarrange-
the magnetoelastic spin-Peierls transition in CuGeO ment and thg extremely high sen3|t!V|ty of the magnetic ex-
The oxygen atoms around Cu in the form of a flattenegchange to minor structural deformations. In CuGee Cu-
tetrahedron may be modeled from the strongly vibratingo(z)'cu angle of 99° yielded an antiferromagnetic exchange
O(2) atoms, which would suggest some charge transfer toParameter o=13 meV, and the dependence Xy, on this
wards monovalent copper. But a vibrational mode transformangle was calculated in detail in order to explain the dimer-
ing the O2) plaquette into such a tetrahedron is forbiddenization in the spin-Peierls phadtTaking these results one
due to the mirror symmetry perpendicularddn the Pbomm  would expect a ferromagnetic exchange interaction in
space group. CuSiQ; with the Cu-@2)-Cu angle of only 95°. However,
Considering the magnetic properties, the main antiferrothe next-nearest-neighbor couplidg,, should not be very
magnetic interaction is attributed to the Cy2PCu super- much different in the two compounds. Therefore, one would
exchange path. According to the Goodenough-Kanamoriexpect a still antiferromagnetid,,, in CuSiO;, and also
Anderson rule this interaction is stronger the more the Cuhigher interactions should remain antiferromagnetic.
O(2)-Cu bond angley deviates from the 90° cad®In the = Thereby, one may understand the long period &fc8ob-
near 90° configuration, in which the(®)-O(2) separations of served for the magnetic ordering in CuSiOStructurally
the CuO(2) plaquette along the direction (L;) and in the similar CuQ chains are also found in the spin ladder com-
ab plane (,p) would be almost equal, a small or negligible pounds, in particular in Lg_,CaCu,404;. This material
antiferromagnetic interaction would enter in competitionalso exhibits an antiferromagnetic ordering at low tempera-
with a ferromagnetic contribution. We obtain for CuGg&h  ture (Ty=10.5 K) with a ferromagnetic coupling along the
aspect ratid_. /L ,p,=2.9446/2.5072 1.174, using the mean chains* Furthermore, the temperature dependence of the
values of the @) split positions at 4 K° and for CuSiQ at  magnetic susceptibility in this compound closely resembles
5 K L. /Ls,=2.8338/2.57991.098. The corresponding that of CuSiQ giving further support to our interpretation.
bond angles, most relevant for the magnetism, are clearlfhe size of the ordered moment in Cu§i@ppears some-
different to 90° giving »=99.2° for CuGeQ@ and justy  what high compared to the expected reduction of the moment
=95.4° for CuSIiQ. due to quantum fluctuations. In the refined model, we assume
The observation of an antiferromagnetic ordering witha sinusoidal modulation of the spin density, which actually
propagation vectofl/2, 0, 1/§ contradicts the first interpre- might not be justified in CuSiQ If the long range period
tation of CuSiQ deduced from macroscopic measurementsesults from a periodic switching of ferromagnetic fragments
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across domain boundaries, the refined ordered moment igady some CU in addition to Cd*. A comparative study
overestimated with the sinusoidal model. Therefore, the highising a differently synthesized sample could not confirm this
value of the ordered moment should be interpreted as eVqueQ modulation, neither of |0ng_range nor of short-
dence for such nonsinusoidal spin density modulation. range typ&*

In view of the high polarizability of &~ and the influence  Finally, the quite small size of the crystallites in the pow-
of covalency there may exist the possibility that the spinger sample used may surely affect the magnetic ordering too.
density observed does not reside entirely orf Cbut par-  From the peak widths of an x-ray diffraction experiment of
tially on O(2) sites, e.g., that charge is transferred from oxy-pigh resolution, a mean crystallite size in the chain direction
gen to copper creating some holes on th@)Csites and  ¢ou|d be estimated to be about 500 A; in the other two di-
leaving singlet Cti" with a filled 3d shell. Several important rections the size is in fact about two times smaller. Strain
features including some experimental evidence of such statesfects have been taken into account. For such a semi-infinite
were collected recently showing at the moment a still quali-g— 1/ spin chain it has been proposed that staggered mo-
tative picture’® If we follow the proposed oxygen tunnel ments near the chain ends would be induced, which may lead
dimers and pile up the spins midway between the tW8)O {5 an antiferromagnetic ord&t** The narrow crystallite
nuclei, we obtain a spin lattice that is shifted hal period  poundaries ira andb direction may act in a similar way.
with respect to the Cu sublattice. In this case the fit of the |, conclusion, it is shown by a neutron scattering study on
ordered magnetic moment would get the same result, apagt powder sample that orthorhombic Cu§i® a quasi-one-
from the changed magnetic form factors for such an oxygengimensional compound, which undergoes belBy=8 K a
Alluding to the possibility of Cti* formation we stress that second order phase transition to a long-range antiferromag-
every synthesis undertaken to prepare any silicate 8f Cu netic Nel state order. The magnetic structure can be de-
reportedly failed. . . scribed by a propagation vectge= (1/2, 0, 1/8) with respect

An other idea may be considered further, regarding thgg the nominaPbmmcrystal structure. The in-chain coupling
chemical ~ substitutions,  which . chf\racterlze ISOtypICis expected to be ferromagnetic in nature in view of the Cu-
theoparacelsite. In this compound 3#i3,; completely re-  O(2)-Cu valence angle of only 95.4° and the long-periodic
places G&" (or Si**) in the prototypic compound, forming magnetic modulation along, but the next nearest neighbor
OH™ groups with the protons confined in the otherwiseexchange coupling may be still antiferromagnetic. The low
empty structural channet$.We may ask, whether a similar temperature magnetic moment determined experimentally on
substitution of protons at least in a fairly small amount iscondition that the spin density resides fully on the Cu3d
possible in copper polysilicate, in this way producing sjtes yielded too high a value in comparison with the ex-
Cu'*SiO,(OH) ‘impurities.’ The result would be a highly pected moment suggesting a nonsinusoidal spin density
correlated population of Cti and Cd™ ions. The appear- modulation. The question of spin density residing partially or
ance of copper ions with different valeno@s mixed-valent  solely on G2) non-bonding orbitaf is beyond the bounds
stateg could explain the dark brownish color of the sample, of this first and basically structural study. Cu§i@ith its
and it also could be the reason for the long magnetic modumore densely packed succession of zig-zag sheets down the
lation observed down the direction in CuSiQ. Residual a direction is believed to be closer to an anisotropic 3D
nuclear density is smeared out on #0 level of the rhom-  structure than the CuGgQ@rototype. This statement is fur-
bic shaped empty channel dowWAO01]. But we could not ther supported by the small low temperature reduction of the
decide, whether this is an artifact or stems from, for instancegrdered magnetic moment. The extent and the direction of
protons of not more than 1/8 site occupation. In the course ofesidual principal displacements of atoms at low temperature
the x-ray analysis reported previousfysuch small proton may give the picture of a short-range, statistically frozen in
amounts would surely have gone undetected as a result of thfhonon mode or strain wave in the heavily deformed crystal
poor scattering power. Resonance spectroscopic investigatructure of CusSiQ.
tions would provide useful further information in order to
verify this proposal.

The long-periodic magnetic modulation covering eight V. OUTLOOK
periods along: of the chemical unit cell may pose the ques-
tion, whether the crystal structure of CuSi@3 additionally The assumption of a possible intergrowth between

subjected to a long-range magnetoelastic distortion, for inCuSiO; and CuO built up some hope for improving the
stance, with a halving of the magneticperiod. The pro- sample quality of CuSi@by hydrothermal treatment follow-
posed type of modulation could not be verified experimending the thermal decomposition of dioptase, even though this
tally. In this context the work of Hidakat al*is interesting. ~ experiment turns out to be time consuming. Indeed, the mi-
From the authors the appearance of super-structure reflenor phases in the mixture, Cu@enorite and SiQ (amor-
tions at room temperature has been reported for CyGeQphous, were observed to transform under conditions of
single crystals, which could be indexed using lattice paramabout 438 K and 16.5 MPa partly into CuSiOThe reduc-
eters 2<Xa, b, 4Xc with respect to the nomindPbbmmunit  tion of the half-peak widths of the CuSj®@eflections and the
cell. The crystals were annealed at 1423 K in an oxygerobserved decrease of peak intensities of CuO compared to
atmosphere in order to develop the superstructure. Under g¢hose of CuSi@ give evidence that crystallites of CuSiO
ambient atmosphere, not even under oxygen, the appliegrew broader at the expense of CuO and S#dd are less
high annealing temperature may be sufficient to produce alstrained. This experiment shed light on the question about
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