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ABSTRACT

Single-crystal neutron-diffraction data, collected at 10 K on a natural sample of diopside, provided a structure that refined t
R=4.5% for 415 independent reflections. The structure refinement showed significant reductidh(2j-+a3C2),(3D2) bond
lengths, resulting in a more reguld(2) polyhedron than at higher temperatures. A signifizenb-pointcontribution to the
atomic displacement parametefA®P) was found. On average, it accounts for the 35% of the room-temperature determination.
Such results confirm previous predictions based on lattice-dynamics calculations.

Keywords diopside, neutron diffraction, low-temperature structure, zero-point motion.
SOMMAIRE

Des données en diffraction neutronique, prélevées a 10 K sur un cristal unique de diopside naturel, ont mené a une structure
affinée jusqu’a un résidr de 4.5% en utilisant 415 réflexions indépendantes. L’affinement de la structure indique une réduction
importante de la longueur des liaisdh@)—0(3C2),(3D2) et, par conséquent, un polydd2) plus régulier qu’'aux températures
plus élevées. Le mouvement des atomes au point zéro contribuerait de fagon importante aux parameétres décrivant les déplacements
atomiques. Par exemple, en moyenne, ce mouvement rend compte de 35% des valeurs établies a température ambiante. Ces
résultats confirment les prédictions antérieures fondées sur les calculs de la dynamique du réseau.

Mots-clés diopside, diffraction neutronique, structure a basse température, mouvements au point zéro.

INTRODUCTION cited papers was a description of the evolution of the
average bond-lengths and distortion of polyhedra as a
Clinopyroxenes are important rock-forming minerfunction of temperature (T), pressure (P) and composi-
als. The reference clinopyroxene end-member is dioflen.
side (CaMgSiOg); in fact, the composition of natural At present, no data exist on the diopside structure at
clinopyroxenes, for example augite, can be derived Ayclose to 0 K; the purpose of this work is to provide
solid solution in the cation sites of diopside. Thereforstructural data on diopside at low temperature. A refine-
several structural investigations have been performed orent at low T is of interest (i) to show the structural
both natural and synthetic diopside to clarify its struasariations that occur at low T with respect to the room-
tural features in relation to those of other clinopyroxenésmperature and high-temperature data (Cametrah
at room (Clarlket al. 1969, Bruncet al 1982) and non- 1973, Fingeret al 1976); (ii) to evaluate experimen-
ambient conditions (high pressure: Levien & Prewitially the extent okzero-point motiorin diopside and to
1981, Zhanget al 1997; high temperature: Camermein compare these results with theoretical predictions pro-
al. 1973, Finger & Ohashi 1976). The main result of theded by lattice dynamics (Pilagit al 1996). Experi-
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mental investigations of several minerals at low T The SHELX-93 package (Sheldrick 1993) was used
(Smithet al 1986, Paveset al 1995, Lageet al 1982) for an isotropic refinement based on a total of 825
have shown that the contribution of thero-point mo- reflections, resulting in 415 independent ones, having
tion to the atomic displacement paramet&BRPs) may | = 0, 2 and 4; a standard twin correction, as imple-
be between 30 and 60% of the obser&&Ps at room mented in SHELX-97, was performed assuming an
temperature. almost merohedral twinning (see below for a justifica-
A neutron-diffraction single-crystal refinement at 1@ion of this assumption). Neutron-scattering lengths
K on diopside was done with these objectives in mint(Ca) = 4.9 fmb(Mg) = 5.375 fm,b(Si) = 4.149 fm,
The fortuitous occurrence of (100) non-merohedrdd(O) = 5.805 fm were used (lbers & Hamilton 1992).
twinning in the crystal chosen for study enabled us fBhe effects of extinction were corrected according to
test corrections and the reliability of results for this twiharson’s (1970) model, as implemented in SHELX-93

orientation, very common in clinopyroxenes. (Sheldrick 1993). A fixed weighting schemed(f,)?
was used. Thagreement indefR) and thegoodness of
EXPERIMENTAL fit (GooF) were found to be 4.6% and 1.07, respectively,

for all 415 independent reflections (23 variables re-

The collection of single-crystal neutron-diffractionfined). Refined coordinates, bond lengths and angles are
data was performed on a crystal of diopside from given in Tables 1 and 2, with the site labels used ac-
rodingitic rock sampled at Bellecombe, Aosta Valleygcording to Burnhanet al (1967). A table of squared
Italy; its dimensions are 46 5.8 X 1.0 mm. Its chemi- structure-factors is available from the Depository of
cal composition, determined by electron-microprobenpublished Data, Canada Institute for Scientific and
analysis (energy-dispersion spectrometry) at the endBéchnical Information, National Research Council,
the experiment, is (Gad\Nay.01)(MJo.od&.07)Si1ofs.  Ottawa, Ontario K1A 0S2, Canada.

The collection of neutron-diffraction single-crystal
data was done on the four-circle diffractometer E5 at ResuLTsAND Discussion
the BER Il reactor of the Hahn-Meitner-Institut in Ber-
lin. The crystal was mounted with [001] approximatelffwinning
parallel to thes axis of the instrument and was cooled
to 10 K using a closed-cycle refrigerator. Positions and A correction for twinning on (100) was required. In
intensities (I) of the diffracted beams were measurgtinciple, such twinning is non-merohedral, but in view
with a position-sensitivéHe detector (PSD), 9& 90 of the particular cell-parameter values adopted, the mis-
mn? in area. A Cu(220) monochromator was usedit of the reciprocal lattices from the two twin compo-
giving the neutron wavelength dE& 0.912 A. Data col- nents is almost negligible. With reference to one
lection was performed on the whole reciprocal latticeomponentA4), the twin law is such that a reflection of
sphere, up to®= 110, resulting in a total of 2471 re- the second twinned compone) (with indiceshkl
flections; data were corrected both for absorption aridkes the indicesh—I.klin the reference reciprocal lat-
for extinction by using laboratory-supplied softwaretice of A. Taking into account th€ centering of the
The Bragg peaks were integrated with the RACER prtattice, reflections with indicelskl with (1) h + k = 2n,
gram, which uses parameters to describe the shapes af2m (wheren andm are integers) receive contribu-
the strong peaks to improve the precision of the statiens from both thé andB components (note thatlit
dard deviationg(1)/I (Wilkinson et al 1988). 0, thehk0 reflections fromA exactly overlap witk-hkO

A few reflections withh + k= 2n + 1 (withn an
integer) were found to have intensities higher than
100(l), thus violating the establish&®/c symmetry of
diopside. To test whether these apparent violations are ~ TABLE 1. POSITIONAL PARAMETERS AND
due to some unknown phase-transition, a powder spec- ISOTROP I%;I%PII()[;EEN;EETT IF(;\ISTORS @)
trum was collected at 4 K on the E2 diffractometer at
the same neutron facility. Careful comparison of the

low-T spectrum with the room-T one did not show any Coordinates Bixo

extra reflections violating th€ lattice; a cell refined x/a y/b zfc 10K 0K 208KE
from the powder data[0.735(1)p 8.898(1)c 5.242(1)  m(2) 0 0.3020(3) 025 |026(4) 0.19 0.38
A, B 105.72(1y] was used for bond-length calculations. ;-f(l) . 28&2 ggggé(? . 2%;;(6) 8(1)5138 8}2 83‘3
It was instead found during refinement (and subseg oi115;t2§ 0:088055 01425(5) | 0.13(3) 023 047
quently optically confirmed) that the crystal used for theo(2) | 0.3612(2) 0.2504(2) 0.3193(5) | 0.18(3) 0.26 0.5
refinement is twinned along the (100) plane. This kind>(3) | 0.3510(1) 0.0180(2) 0.9946(4) | 0.18(3) 021  0.53

of orientation induces specific reflections on positions
forb|dd_en byC2/c sym metry; deta‘_ls concerning the« The isotropic-displacement parameters are calculated (at 0 K)
corrections performed and discussion of the results odd measured (at 298 K), from Pilati ez al. (1996). Errors on the
tained with the different models are given below. last digit, in parentheses.
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TABLE 2. BOND LENGTHS (&) AND ANGLES (°) FOR DIOPSIDE
AT 10K, AT ROOM TEMPERATURE, AND
AT HIGHER TEMPERATURES

Bond 0K | 207K® 207K 6T3KS 973KS LI23KS  1273K

2361010 2.360(1)
2.337(1)  2.353(3)
2566(1)  2.561(2)

0(3C15.(3D1)

-0(3C2 ) (3D2) 2.724(1 2.717(1)
AL(2)-O mean 2.197 2.498
Volumne 25.73 25.7
AM(2) 0.303 0.292
M(1D-O(TA1).(1B1) 116(2)  2125(1)  2.115(1)  2.135(2)  2.147(2)  2.150(2) 2. IG()( )
SO(1A2),(1132) )l)FIU) 2.060(1)  2.065(3) 2.067(2) 2.070(2) 2.069(2) 175(2)
-00207).(2D1) 2.051{2)  2.057(1) 2.050(1) 2.063(2) 2.076(2) 2.081(2) 2 Ob()' 3)
A{1)-0O mean 2.076 2.081 2.077 2.088 2.098 2.100 2107
Volume 11.83 11.92 11.85 12.05 12.21 12.24 [2.35
7-0(1) 1.603(2)  L601(1} 1.602(2) 1.601{2) 1.600(2) 1.603(2) 1.602(2)
-0(2) 1.584(2)  1.583(1) 1.385(2) 1.386(2) 1.586(2) 1.383(2) 1.586(2)
Mean non brg. 1.594 1.593 1.393 1.593 1.593 1.593 1.591
T-O(3A1) 1.667(3)  1.667(1) 1.664(2) 1.671(2) 1.670(2) 1.670(2) 1.671(2)
-O{3A2) 1.686(3)  1.686{1) 1.687(2) L1.687(2) 1.683(2) L.689(2) 1.690(2)
Mean brg. 1.676 1.676 1.676 1.679 1.679 L.680 1.681
T-0O mean 1.635 1.635 1.635 1.636 1.636 1.636 L.637
Volume 2,22 2.22 2.22 2.23 2.23 2.23 2.24
O(3A2)-0(3A1)-0O(3A2) | 166.1{1) 166.1(1) 166.4(1) 167.1(1) 167.7(2) 168.2(2) 168.5(2)
T(AL-0O(3) T(A2) 135.7(2)  136.0(1) 136.0(1)  136.3(1) 136.8(1) 137.0(1) 137.3(1)

The data at room temperature [(a) Brueioal. (1982), (b) Clarket al. (1969)] and higher
temperatures [(c) Cameren al (1973)] are compared with those from this work. Errors on the
last digit, in parentheses.

reflections fromB, which are equivalent in the pointrefinement is expected, as reflected in the higher agree-
group 2m); (2)h + k=2n,1= 2m+ 1, receive a contri- ment-factors. Moreover, the misfit between A&ndB
bution fromA only; (3)h + k=2n+ 1,1 = 2m+ 1, reciprocal lattices increases at higleso that the
receive a contribution frofd only and, finally (4h + k  merohedral approximatiobecomes less effective.
=2n + 1, | = 2m, are not present. Note that in case (3), Refinements using only reflectiohs+ k =2n, | =
apparent violations of the lattice would result. 2m + 1 are summarized in columns 5 (a) and 6 (b): in
The results of refinements using different groups dhis case, since the diffracted intensities receive a con-
reflections are summarized in Table 3: the first two cotribution from theA component only, which amount to
umns refer to refinements done using only the refleebout 10% of the whole crystal, the overall scale-factor
tionsh + k = 2n, | = 0. In this case, since reflections[SF(A] is lower. Owing to the low intensity of the re-
from B overlap with equivalent ones frofp the refine- flections from the smaller component, the refinement
ment could be performed without taking twinning intended with agreement factors that are significantly
account; the overall scale-fact@H) reflects the scat- worse than those of the other refinements.

tering from the whole crystal(+ B); the volume frac- Results from a refinement with reflections belong-
tion of theB individual (Fr) and thez coordinate were ing to theB individual only (reflectiond + k =2n + 1,
not refined (sincé = 0). | = 2m + 1) are summarized in column 7; these reflec-

The refinement done using all the reflectibns k  tions were originally collected to test for tBecenter-
=2n,1=0, 2, 4is summarized in column 3: the overaling, but turned out to be useful in establishing the
scale-factor reflects the scattering from the whole cry&action of theB component of the twin.
tal, but the contributions from the two twin components Refinements using all reflections withodd (not
had to be separated; from the refinemenfrftneB  overlapping reflections from both andB) and all the
component constitutes nearly 90% of the crystal. Thigflections collectedA + B with and without overlap)
is thereferencerefinement, on which the later discus-are shown in the last three columns.
sion about the structural features of diopside is based. The results in columns 2, 6 and 9 were obtained af-
Column 4 summarizes the results for a refinement witer processing the data with the program EQUIV
all the reflections having= 2m (mup to 4); since re- (Prencipe 1998), which replaces the standard deviations
flections with highet are weaker, a higher error in theof F.? derived from the counting statistics by those
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TABLE 3. STATISTICS OF REFINEMENTS OF THE STRUCTURE OF DIOPSIDE
USING DIFFERENT DATASETS, AS DISCUSSED IN THE TEXT

1 M2-O3C1,D1

+0B.71 . 2n Al=2n-1 B A+B. L —2n+1 ] A+D
{=0,a (—0.b [=024 all a b l=2n+1 a b all
N 336 336 825 989 841 &41 110 951 951 1940
Ny 320 305 813 979 683 781 108 793 702 1772
Sk 6.3(1} 6.2(1) 6.1(1) 6.2(1) | 2.3(1)  2.1(1) 6.1(2) 6.3(1)  6.2(1) | 6.2(7)
Fr - - 0.88(1)  0.89(1) - - - 0.89(1)  0.90(1) | 0.89(2)
P 18(2)  16(2) 19(2) 21(2) | 10(2)  8(1) 16(3) 24(4)  23(4) | 21{2)
n 4.7 4.5 1.6 7.6 16.9 15.4 5.0 14.6 13.5 9.1
R. 4.4 3.6 1.5 7.3 139 12.4 4.9 12.4 11.1 8.7
(ooF 124 119 1.07 1.16 1.29 1.32 1.31 1.26 1.31 1.19
fML N Y N N N Y N N Y N

Nis the total number of reflections. N, is the number of reflections with F, > 40(F,). SFis the refined
overall scale-factor. F7 is the refined volume-fraction of the B individual (see text). fox is the refined
extinction-factor. R and R, are, respectively, the agreement factors based on all the reflections and on
the subset of those with F, > 40(F,). GooF is the Goodness of Fit. The Lquiv flag (N/Y; a and b
columns, respectively) indicates whether or not the dataset has been processed with the program
EQUIV (see text). For the refined values of SF, Fr and £x, errors on the last digit are given in

parentheses.

M2-03C2,D2

i M2-01A1,B1

- M2-02C2,D2
1 |

0 500 1000

T (K)

0.36

0.32

0 500 1000

T (K)

Fic. 1. a)M(2)-O bond lengths, and hM(2) for diopside at
various temperatures. Triangles: at 10 K (this work), 298 K
(Clark et al 1969), and higher temperatures (Cameybn
al. 1973). The square refers to synthetic diopside (Betino
al. 1982).

obtained from the distribution of,% within each set of
equivalent reflections.

As far as coordinates and displacement parameters
(available from the authors) are concerned, the refine-
ments based on the various datasets did not show any
significant difference; this result supports the conclu-
sion that the structural parameters refined are not greatly
affected by the presence of twinning and, therefore, they
can be used confidently for the subsequent discussion.
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Fic. 2. a)M(1)-O bond lengths, and B)}-O bond lengths for diopside at various temperatures. Symbols as in Figure 1.

Average structure at 10 K data from relatively low T, can be predicted to occur
also in hedenbergite at a temperature close to its melt-
In Figure 1 and 2, the bond lengths for ¥é€l), ing point (Cameromt al 1973). On the other hand, in
M(2) andT polyhedra at high T and 10 K are shownpyroxenes where thil(1) site is partly occupied by
The overall trend of the average structural parametdrss/alent cations, such features were not observed or
follows the behavior that could be expected by extrapextrapolated, even in cases where only 0.3 Al substi-
lation from higher-temperature data. tutes for Mg in theM(1) site, as in the RiCaTsp
In the case of th&1(2) polyhedron, a significant clinopyroxene (Tribaudino 1996).
decrease of th#1(2)-0(3C2),(3D2) bond lengths is  Inthe case of th€ polyhedron, the individual bond-
observed with decreasing temperature, whereas tleagths have, within error, the same values from 10 K
other M(2)-O bonds are only slightly shorter (2.4220 1273 K, indicating almost no thermal expansion, at
versus2.425 A, on average). As an effect, a decreasel@ast for bond lengths not corrected|fbration effects
the polyhedron distortion is observed, as shown by tiiBownset al 1992), following the well-known appar-
decrease in the distortion parameter (Fig.Al)2) = ent lack of volume expansion of the tetrahedra (Hazen
M(2)-O(3C2) — M(2)-O(3C1) +M(2)-0O(2) +M(2)- & Finger 1982).
0O(1)]/3) (Dal Negreet al 1982). This behavior confirms
previous findings fromn situ high-temperature mea- Displacement parameters and zero-point motion
surements (Camerost al 1973, Bennat al 1990,
Tribaudino 1996); these indicate a greater approach of Table 1 presents the isotropic-displacement param-
the furthermost and least strongly bonded O(3) oxygeters of the atoms in the 10 K refinements for diopside,
atom toM(2) with decreasing temperature and an evavith comparison to those of a diopside sample refined
lution toward aneightfold coordination for theM(2) at 298 K by Pilatet al (1996) and with theoretical pre-
cation at low T. From the geometrical point of view, thélictions from lattice-dynamics calculations at 0 K. Our
regularization of polyhedra is obtained by a shift in theesults indicate the presence of a significzerb-point
chains of tetrahedra facing th#2) polyhedron (Benna motion which ranges from 25 to 35% of the room-T
et al. 1988, 1990). value, apart from th&1(2) cation, which has a higher
A comparison with higher-T data for tiv(1) site value (45%), in reasonable agreement with the predic-
of diopside confirms the minimal expansion of theions by Pilatiet al (1996).
M(1)-0O(1A2),(1B2) distance with T, which results in The observed differences between calculated and
an inversion in the shortegl{1)-O bond length: at low measuredDPs at 10 K are of the same order of magni-
T theM(1)-O(1A1),(1B1) bonds are longer thislif1)— tude as those found by Pilatial (1996) at higher tem-
0O(2C1),(2D1) whereas at higher T, the situation is rgperatures. A similazero-pointcontribution was found
versed. Such behavior was observed only in diopsidealbite (Smithet al. 1986), anorthite (Kalus 1978) and
and in DoEmnyg (Bennaet al 1990) and, extrapolating pyrope (Paveset al. 1995).
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Fic. 3. Isotropic-displacement parameteessustemperature for &yi(2), M(1) andT sites, and b) O(1), O(2) and O(3) sites.
Symbols as in Figure 1.

The twinning problem does not seem to have had an , ARINI, G. & BRUNO, E. (1990): The crystal
impact on the above conclusion: different selections of structure of Cagvig: 2SiOs clinopyroxene (QjoEnzo) at T=
reflections included in the refinements, as discussed —130, 25, 400 and 700C. Z. Kristallogr. 192, 183-199.
above (Table 3), could give individuADPs, which

may change significantly (up te} The averageero- tures of Ca-rich clinopyroxenes on the CaMg%hi-
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changed. This is shown in Figures 3a and 3b, where the 53240
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BRUNO, E., GARBONIN, S. & MoLIN, G.M. (1982): Crystal struc-
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