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ABSTRACT

The crystal structure of pure jadeite has been determined by Rietveld refinement of powder neutron-diftraction data at 28
temperatures between 2.5 and 268 K, allowing a structural basis for the thermal expansion that is proposed. Characteristic
temperatures for the thermal expansion and the atomic displacement parameters have been derived from the experimental data
using either Debye or Einstein formalisms and are found to be in broad agreement with calorimetric measurements and mode
assignments from vibrational spectroscopy. The temperature dependence of the thermodynamic Griineisen parameter shows it
to be small, less than unity, in agreement with that in other pyroxene phases.
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SOMMAIRE

Nous avons déterminé la structure cristalline de la jadéite pure par affinement de Rietveld de données obtenues par diffraction
de neutrons a 28 températures allant de 2.5 4 268 K, ce qui nous a permis d’établir une base structurale de I’expansion thermique
proposée. Les températures caractéristiques pour I’expansion thermique et les parametres décrivant les déplacements des atomes
ont été dérivés a partir des données expérimentales au moyen des formalismes de Debye ou de Einstein; ils concordent en général
avec les mesures calorimétriques et les modes assignés selon la spectroscopie vibrationnelle. D’apres la dépendance du parametre
thermodynamique de Griineisen sur la température, ce parametre aurait une petite valeur, moins de un, tout comme pour les
autres membres de la famille des pyroxenes.

(Traduit par la Rédaction)

Mots-clés: jadéite, NaAlSiyOe, structure cristalline, diffraction de neutrons, propriétés thermoélastiques.

INTRODUCTION

In 1925, Wyckoff et al. demonstrated that jadeite
is isostructural with diopside using powder X-ray
diffraction, and some forty years later, Prewitt &
Burnham (1966) determined the crystal structure at
room temperature from single-crystal data. A study of
the temperature dependence of the crystal structure of
jadeite at four temperatures (297, 673, 873 and 1073
K) was subsequently made by Cameron ef al. (1973) as
part of the first definitive crystallographic study of the
clinopyroxene family at high temperatures. However,
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since this time, crystallographic work on pyroxenes
containing a significant mole fraction of jadeite
has been more focused on an understanding of the
omphacite (jadeite—diopside) solid solution than on the
end-member component itself. The reduction in space-
group symmetry from C2/c to P2/n in the omphacitic
pyroxenes results in two independent tetrahedral sites
within a single chain and in two independent octahe-
dral sites. This increase in the number of degrees of
freedom for the P2/n structure over the C2/c structure
makes a simple parameterization of structural changes
in temperature or pressure more difficult to disentangle
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and determine with precision. For simplicity, we have
therefore made our initial investigation of the structural
parameterization of clinopyroxenes at low temperature
by studying the end-member phase, jadeite.

Whereas there is little direct relevance of such low-
temperature pyroxene crystallography to terrestrial
geology, some of the earliest results from the Infrared
Space Observatory (ISO) have shown the presence
of crystalline silicates outside the solar system and at
temperatures below 150 K (Bowey et al. 2001, Molster
et al. 2002a, b, c). Before the launch of ISO, it had
been generally assumed that only amorphous silicates
were formed in the dusty winds of O-rich evolved
stars, but the mid- and far-infrared spectrometers on
ISO have shown the presence of crystalline silicates,
not only in the spectra of young stellar objects, but
also in comets and in the oxygen-rich dust in outflows
and discs of evolved stars. Comparison with laboratory
spectra has suggested that forsterite and orthoenstatite
are the dominant phases, with some evidence being
found for diopside and clinoenstatite (Molster et al.
2002b). Unfortunately, phase identification is rendered
difficult because the reference spectra were collected
at room temperature, whereas the emission bands from
the dust are associated with temperatures probably of
the order of 150 K (Bowey et al. 2001), but possibly
even as low as 50 K (Sylvester ef al. 1999). With
current techniques of modeling, one is not yet capable
of determining the temperature dependence of these
emission bands for pyroxenes, but clearly, knowledge
of the crystal structures will be a necessary prerequisite
for such calculations. There is therefore a need for low-
temperature structural characterization of the potential
astromineralogical silicate phases. In this paper, the first
in a series of structural studies of natural and synthetic
clinopyroxenes determined by powder neutron diffrac-
tion, the crystal structure, thermal expansion, Debye
and Einstein characteristic temperatures and Griineisen
parameters for jadeite are reported from 1.5 to 270 K.

BACKGROUND INFORMATION

The advantages of carrying out crystallographic
studies on minerals at ultra-low temperatures far
outweigh the experimental difficulties in data collection,
as it allows a number of thermodynamic parameters that
are generally difficult to measure directly to become
easily accessible. Provided data exist for both the heat
capacity and the bulk modulus, the measurement of the
unit-cell volume as a function of temperature allows the
temperature variation of the thermodynamic Griineisen
parameter to be determined and good estimates to be
made for both the Einstein and Debye temperatures
(Wood et al. 2002, Vocadlo et al. 2002a, b, Fortes et al.
2005). At low temperatures, the effects of the librational
modes of the constituent polyhedra are minimized, and
hence the determination of the temperature dependence
of bond lengths is not compromised by the use of
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traditional techniques of data analysis that solely rely
on Bragg scattering to determine atomic coordinates.
This is in marked contrast to high-temperature crys-
tallographic studies on materials containing librating
polyhedra that exhibit large displacements of atoms.
In the high-temperature case, the determination of the
instantaneous, rather than the time-averaged, short-
ened bond-lengths requires total scattering techniques
that utilize both the Bragg scattering and the diffuse
scattering in the data analysis (Tucker er al. 2000). At
low temperatures, the precise measurement of atomic
displacement parameters allows the determinations of
the zero-point displacements and the vibrational Debye
temperatures to be made from fitting the measured
temperature dependences to simple lattice-dynamical
models (Wood et al. 2002).

Collections of single-crystal X-ray-diffraction data
made at temperatures significantly lower than 77 K,
liquid nitrogen temperature, are difficult to perform
and still remain a somewhat specialized activity. By
contrast, neutron single-crystal and powder diffraction
are routinely carried out from temperatures of 1.2 K,
with temperatures as low as 30 mK readily achievable
in He/*He dilution inserts. The choice of which neutron
technique to use is, of course, sample-dependent, and
with a lack of suitably large crystals of jadeite, plus the
requirement for rapid collections of data in this study,
powder diffraction was the technique of choice.

With the exceptions of the single-crystal neutron-
diffraction study of diopside made at 10 K (Prencipe et
al. 2000), spodumene at 54 K (Tribaudino er al. 2003)
and the X-ray diffraction investigation of NaGaSiO¢
between 110 and 295 K (Nestola er al. 2007), almost
all low-temperature structural studies of pyroxenes have
been carried out using powder neutron diffraction on
natural or synthetic systems that exhibit antiferromag-
netic ordering (Herpin et al. 1971, Shamir & Shaked
1975, Wiedenmann & Regnard 1986, Wiedenmann et
al. 1986, Ghose et al. 1988, Ballet er al. 1989, Lotter-
moser et al. 1998, Knight er al. 2000, Lumsden et al.
2000, Redhammer er al. 2001, Knight 2001a, b). In
general, the particular aim of these measurements has
been the elucidation of the magnetic structure of the
pyroxene rather than an analysis of the nuclear struc-
ture at low temperatures. The detailed low-temperature
investigation of the structure, magnetism and the P2¢/c
to C2/c phase transition in the synthetic clinopyroxene
LiFeSi,0¢ by Redhammer ez al. (2001) is probably the
most notable exception.

EXPERIMENTAL METHODS AND DATA REDUCTION
Sample details

A monominrealic sample of jadeite was cut from
a small white boulder from the Hweka and Mamon

mining district of Burma, bearing Natural History
Museum catalogue number BM 1913,451. Part of the
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cut slice was broken up in a percussion mill before being
ground under acetone with an agate pestle and mortar
and sieved to <75 pwm to produce a sample suitable
for powder neutron diffraction. Electron-microprobe
analysis at 24 points on a small representative fragment
gave an average composition of essentially pure jadeite,
NaAlSi,Og, with only traces of Mg, Ca and Fe being
determined at some of the sampled points. In addition,
Ti, Cr, Mn and K were sought, but were not detected.
The sample composition was therefore assumed to be
ideal in the subsequent data-reduction and analysis,
including the corrections for self-shielding and absorp-
tion applied to the powder neutron-diffraction data used
in profile refinement.

Neutron diffraction

Powder neutron-diffraction data were collected
using two time-of-flight diffractometers, HRPD and
POLARIS, at the ISIS neutron spallation source of
the Rutherford Appleton Laboratory, UK. As the low-
temperature thermal expansion behavior of a number
of natural pyroxenes has been found to exhibit subtle
features, e.g., magnetostriction below the Néel tempera-
ture in aegirine and hedenbergite (Knight er al. 2000,
Knight 2001b, data at the highest resolution (Ad/d =
4 X 107*) were collected on HRPD to determine the
temperature dependence of the unit-cell parameters. The
results from these data have been used to determine both
the temperature dependences of the thermal expansion
tensor and the thermodynamic Griineisen parameter,
but also to calibrate the lower-resolution measurements
made with POLARIS. In addition, they have been used
to estimate both the Einstein and Debye temperatures
for jadeite from the variation of the unit-cell volume
with temperature. Data of structure-refinable quality
were collected on the medium-resolution (Ad/d =5 X
1073) high-flux diffractometer POLARIS.

For the HRPD measurements, 4 cm? of jadeite
powder was lightly packed in an aluminum sample
can of slab geometry with thin, neutron-transparent,
vanadium front and back windows. Heat was supplied
to the sample through a 100 W cartridge heater inserted
in the side wall of the sample can, and the temperature
was monitored through a Rh/Fe sensor located in the
opposite wall. To ensure a good thermal contact with
the sample can, the heater and sensor were smeared
with Jet-Lube SS-30, a copper-containing anti-seize
compound. A gadolinium neutron-absorbing mask was
attached to the side of the can facing the back-scattering
detectors and the incident beam to prevent contaminant
Bragg peaks arising from both the body of the sample
can, including sensor and heater, and the stainless steel
frames supporting the vanadium windows. The entire
assembly was attached to a center stick and located in
an AS Scientific “Orange” helium cryostat 50 mm in
diameter. The sample was slowly cooled to 4.2 K under
30 mbar of helium exchange gas before being pumped
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down to a stable base temperature of 1.5 K. Data were
collected at 1.5 K, 5 K and in 5 K steps to 50 K, there-
after in 10 K steps to 270 K. Data in the time-of-flight
window 40 — 140 ms, corresponding to a range in d
of 0.8 to 2.8 A in the back-scattering detectors, were
collected for a total of 8 wAh with a 5-minute thermal
equilibration step between measurements. On average,
each measurement took approximately 30 minutes to
complete. The data from the back-scattering detectors
were focused to a mean flight-path of 95.8924 m and
Bragg angle of 168.329° 29, background-subtracted,
normalized to the distribution of incident flux using an
upstream monitor and corrected for detector efficiency
using a vanadium standard. Data in the time-of-flight
range 42 — 130 ms, binned logarithmically as At/t = 3
X 1074, were used in cell and intensity least-squares
refinement (Pawley 1981) to determine the temperature
variation of the unit-cell parameters.

For the POLARIS measurements, 8.5 g of jadeite
powder was lightly packed into a cylindrical vanadium
sample can 11 mm in internal diameter, and cooled to
4.2 K using an identical cryostat to that used in the
HRPD measurements. The cryostat was then pumped
to achieve a stable base temperature of 2.5 K. Data
were collected at 2.5 K for 400 pAh, then 10 K for
200 wAh, and thereafter in 10 K steps to 280 K for 200
pAh. Between each data-collection point, a ten-minute
thermal equilibration step was performed, and the total
time to collect an individual temperature point was
of the order of 75 minutes. The quoted temperatures
represent the controlling set point for the cryostat; the
average temperature of the sample during data collec-
tion was determined by integrating the temperature log
file for the Rh/Fe sensor in the cryostat center-stick
located close to the top of the sample can. Data from
two detector banks with mean Bragg angles of 20
= 145° and 90° were focused, cryostat-background-
subtracted and normalized to the distribution of the
incident flux using a vanadium standard. These two
datasets were then corrected for self-shielding and
wavelength-dependent absorption for a sample of pure
jadeite composition, a measured number density of 5.44
X 102! cm™, and calculated cross-sections of 34.51 b
for scattering and 1.10 b, at a wavelength of 1.798 A, for
absorption (Sears 1992). Data, binned logarithmically
as AUt =5 X 10~ in the time-of-flight range 2 — 18.0
ms for 29 = 90°, and 2 — 19.6 ms for 29 = 145°, were
used in Rietveld profile analysis.

DATA ANALYSIS OF LATTICE PARAMETERS
AND UNIT-CELL VOLUME

Unit-cell parameters

On cooling to 1.5 K, the data in all three diffraction
detector banks of HRPD (168.329°, 90.0°, 30.0° 2)
were carefully scrutinized for evidence of loss of either
the lattice centering or the glide plane. No additional
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reflections were observed in the data, and hence the
space group of jadeite remains unchanged from that
at ambient temperature, namely C2/c. The temperature
dependence of the unit-cell parameters was determined
by cell and intensity least-squares refinement (Pawley
1981) of the HRPD data, as implemented in the Rietveld
refinement program TF12LS (David ez al. 1992), which
is based on the Cambridge Crystallographic Subroutine
Library, CCSL (Brown & Matthewman 1993). This
program allows a structural-model-free fit to neutron
time-of-flight data in which the integrated intensity
of each reflection, subject to the constraints described
in detail by Pawley (1981), the lattice constants, the
peak-shape function and instrumental parameters form
the variables to be refined. In this method, the whole
diffraction pattern, to the maximum resolution in d*
that has been measured, contributes to the final esti-
mated standard deviations of the lattice parameters. The
method is therefore free of the systematic errors and
bias that can arise from the selection of a small number
of reflections and using a conventional least-squares
unit-cell refinement. A trial unit-cell for jadeite at 1.5
K was derived from the ambient-temperature lattice
parameters of Cameron et al. (1973), and the 1.5 K
data were fitted using a peak shape described by the
Robinson-Taylor—Carpenter function, a convolution of
a Voigt function with a double exponential decay and
switch function. The background was modeled by a
10-term Chebychev polynomial of the first kind. During
the refinement, it was only found necessary to refine
the quadratic wavelength dependence of the Gaussian
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variance and the linear wavelength dependence of the
Lorentzian component of the Voigt function. Analysis
of the 280 K data was performed next and showed
that these two line-width terms were independent of
temperature within estimated standard deviations.
They were therefore fixed at the 1.5 K values for all
subsequent refinements in which the refined values of
the unit cell at one temperature were used as the starting
values for the next temperature. The refinement for the
1.5 K data converged with x> = 1.1 for 301 variables
with a similar goodness of fit being found for all the
datasets analyzed. An example of the quality and fit of
the data is shown in Figure 1 for the data collected at
1.5 K, for which the refined lattice parameters are a =
9.41582(9), b = 8.55515(4), ¢ = 5.22071(21) A and B

= 107.5634(7)°. The temperature dependence of the
unit-cell parameters between 1.5 and 270 K is shown
in Figure 2 and listed in Table 1.

All three axial lengths show the expected depen-
dence on temperature obeying Griineisen’s law both
at low temperature, where the thermal expansion
coefficient tends to zero magnitude, and at higher
temperature, where the thermal expansion coefficient is
beginning to tend to a constant value. By contrast with
the axial variations, the beta angle showed an unex-
pected sigmoidal variation with temperature, exhibiting
saturation behavior at both low temperature and at
temperatures greater than 200 K. This observation,
close to room temperature, is in good agreement with
the high-temperature results of Cameron ez al. (1973),
who found no significant variation in the beta angle of
jadeite with temperature from 297 to 1073 K.
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Cell and intensity least-squares fit to powder neutron-diftraction data for jadeite

collected at 1.5 K using HRPD. The observed data are points, and the full line shows the
calculated pattern. The lower plot shows the difference between the observed data and
the calculated pattern (A) divided by the estimated standard deviation of the observed
data (o). Values of +3A/c are shown as dotted horizontal lines on the difference plot.
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Fic. 2. The temperature dependence of the lattice parameters of jadeite between 1.5 and 270 K. For the three axial lengths, the
full line shows the least-squares fit to these data according to an Einstein function. For the interaxial angle {8, the full line
shows a fit to a four-parameter Chapman sigmoidal function. For the unit-cell axes a and b, the estimated standard deviation
of the unit-cell edges is smaller than the symbol used in the plot.

The unit-cell edges show a similar dependence
on temperature to that of the unit-cell volume. For
simplicity, they have been fitted using weighted least-
squares to an Einstein expression of the form (Wallace
1972):

A.
T)=1, +———
( ) i oBIT_q

where 1 is the magnitude of the lattice parameter at 0
K, and A; and B; are refinable constants. The unusual
behavior of the beta angle can be fitted to a similar
expression to that given above, but in this case, it
is necessary to introduce an additional temperature-
dependent term with a negative A; value. For beta to
exhibit saturation at high temperatures, it is a necessary

requirement for —L=-2 , which is clearly too much
B
1 2
greater a constraint to be physically realistic, and hence
for simplicity, the beta angle was fitted using weighted

least-squares to an empirical four-parameter Chapman
sigmoidal function of the form:

B(T)= B, +A(1- e’BT)C

where 3¢ is the magnitude of the beta angle at 0 K, and
A, B and C are refinable constants.

One can see from the figure that both parameteriza-
tions give excellent descriptions of the temperature
variation of the unit-cell parameters. The values of the
refined parameters determined from the fitting procedure
are listed in Table 2. One particular advantage of such
simple parameterizations is that the magnitude of the
thermal expansion coefficient of the individual lattice
constants may be easily calculated for any temperature
from above the saturation region up to the maximum
temperature measured. In agreement with the earlier
observations of Cameron ez al. (1973), the relationship
of db/dT > da/dT > de/dT holds for temperatures greater
than ~40 — 50 K up to 270 K. If the expression for B(T)
is considered, one can see by inspection for B > 0,
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TABLE 1. UNIT-CELL PARAMETERS OF JADEITE BETWEEN 1.5 AND 270 K

Temp. a A b A c, A B.°
15 9.41582(9) 8.55615(4) 5.22071(21) 107.5634(7)
5.0 9.41583(9) 8.55518(4) 5.22067(20) 107.5641(7)
10.0 9.41587(9) 8.55513(4) 5.22065(20)  107.5640(7)
15.0 9.41581(9) 8.55514(4) 5.22069(20)  107.5641(7)
20.0 9.41530(9) 8.55517(4) 5.22068(20) 107.5636(7)
25.0 9. 41597(9) 8.55517(4) 5.22077(20) 107.5649(7)
30.0 9.41585(9) 8.55521(4) 522076(20)  107.5649(7)
35.0 9.41590(9) 8.55516(4) 522071(20)  107.5646(7)
40.0 9.41585(9) 8.55518(4) 5.22073(20)  107.5643(7)
45.0 9.41587(9) 8.55525(4) 522076(20)  107.5646(7)
50.0 9.41598(9) 8.55530(4) 5.22072(20) 107.5651(7)
60.0 9.41604(9) 8.55531(4) 5.22080(20) 107.5659(7)
70.0 9.41608(9) 8.55554(4) 5.22082(20)  107.5669(6)
80.0 9. 41624(9) 8.55577(4) 5.22082(20)  107.5671(6)
90.0 9.41646(9) 8.55593(4) 522089(20)  107.5684(7)
100.0 9.41668(9) 8.55619(4) 522005(19)  107.5695(6)
110.0 9.41681(9) 8.55657(4) 522105(20)  107.5689(7)
120.0 9.41713(9) 8.55690(4) 522103(20)  107.5691(7)
130.0 9.41733(9) 8.55722(4) 5.22120(20)  107.5695(7)
140.0 9.41770(9) 8.55759(4) 5.22131(20)  107.5709(7)
150.0 9.41795(9) 8.55810(4) 522141(20)  107.5710(7)
160.0 9.41824(9) 8.55863(4) 5.22151(20)  107.5705(7)
170.0 9.41859(9) 8.55908(4) 5.22165(20) 107.5709(7)
180.0 9.41904(9) 8.55952(4) 5.22183(20)  107.5707(7)
190.0 9.41944(9) 8.56013(4) 522196(20)  107.5708(7)
200.0 9.41994(9) 8.56071(4) 5.22215(20)  107.5720(7)
210.0 9.42047(9) 8.56139(4) 5.22228(20) 107.5711(7)
220.0 9.42089(9) 8.56195(4) 522250(20)  107.5714(7)
230.0 9.42123(9) 8.56256(4) 5.22267(20) 107.5705(7)
240.0 9.42172(9) 8.56314(4) 5.22284(20)  107.5703(7)
250.0 9.42229(9) 8.56376(4) 5.22301(20)  107.5708(7)
260.0 9.42275(9) 8.56441(4) 5.22323(20)  107.5710(7)
270.0 9. 42330(9) 8.56511(4) 5.22346(21) 107.5709(7)

dp/dT — O as the temperature decreases toward 0 K or
increases to high temperatures. At high temperatures,
B =0+ A, ie., itis constant, as found by Cameron et
al. (1973). For the unit-cell edges at high temperatures,
a linear Taylor’s expansion of the exponential in the
parameterization used in the lattice parameter fitting
shows that 1/1,dl/dT — A/Bly, thus giving an estimate of
the high-temperature thermal-expansion coefficients on
lattice parameters. Comparing these asymptotic values
with the high-temperature measurements of lattice
parameters of jadeite by Cameron ez al. (1973) (which
are given in parentheses), we find 1/ap da/dT =5.7(3) X
109K (8.3 X 10°K-Y), 1/by db/dT = 8.3(3) X 1076
K™ (1.00 X 107 K1), 1/eo de/dT = 4.3(3) X 109K!
(5.7 X 109K~ and dp/dT = 0 K~ (0 K™'). The agree-
ments between these two sets of measurements are at
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TABLE 2. COEFFICIENTS DERIVED FROM LEAST-SQUARES FITS
TO THE TEMPERATURE VARIATION OF THE UNIT-CELL PARAMETERS

Celt parameter I, A A A B, K
a 9.41591(3) 0.0194(9)  351(8)
b 8.55521(1)  0.0235(7)  331(5)
c 522073(5) 0.0091(5)  401(12)
Bo © A° B, K™ C
B 107.5641(2)  0.0070(3)  0.0208(41) 7.3(2.4)

best only fair, and the discrepancies probably arise from
three sources. Firstly, only a limited range in tempera-
ture was measured in our study, and data measured up
to the Debye temperature would probably improve the
determination of the constants A and B. Secondly, the
estimated standard deviations of the lattice parameters
determined from the single-crystal study are relatively
poor by comparison with those derived from the
powder neutron-diffraction study, resulting in large
uncertainties in the calculated thermal expansivity
from the single-crystal measurements. Finally, and
probably most importantly, there is the influence of
anharmonicity, which will undoubtedly be present in
the highest-temperature single-crystal datasets. Owing
to this effect, the high-temperature thermal expansion
coefficients would be expected to exhibit higher-order
terms than only the linear term that has been assumed
for comparative purposes.

Thermal expansion tensor

As one advantage of the parameterizations used for
the cell-parameter characterization, the differentials of
these functions are also simply evaluated, and hence
allow the temperature dependence of the thermal expan-
sion tensor to be computed readily (Knight 1996, Knight
et al. 1999). Using the Institute of Radio Engineers
convention for the cartesian tensor basis: ez Il ¢, e; Il
b*, e; Il e; X e3 a monoclinic compound with b as the
unique axis has thermal expansion tensor coefficients
given by:

;[sinﬁﬁ + acos[}ﬁ]
drT

acosp d[3 cot[?)0 de

(T = asinB, L dT
0y, (T) = é%

a5 (T) = ij_;

o, (T) =0

oLy (T) LE 1

a, dT| sin2f, ZCOSBO

0,5 (T) =0

2aocos[30 dT  2¢, ar
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Using the refined parameters from the least-squares
fits to the temperature variation of the lattice constants,
the temperature dependence of the thermal expan-
sion tensor from 1 to 275 K was calculated using
the expressions above. Figure 3 shows the calculated
variation with temperature of the four-expansion tensor
coefficients, which all exhibit the expected Griineisen
behavior of being zero at the lowest temperatures and
progressively trending to a saturated value at higher
temperatures. The magnitudes of the principal axes of
the tensor («;”) were calculated for temperatures above
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80 K by solving the eigenvalue problem analytically,
and are shown in the lower part of Figure 3, with ¥
defined to be the angle between the eigenvector of azs’
from ez toward e;. The calculations were carried out
for temperatures greater than 80 K for two reasons;
firstly, at this temperature, the lattice-parameter data
recognizably move off the saturation base-line, and
secondly, the parameterization behaves non-physically
at much lower temperatures, leading to artefacts in the
magnitudes of the tensor components. A similar obser-
vation of non-physical behavior in the components of

8e-6
14
£ 666 -
o
=2
L=
)]
S 4e6 -
c
o
w
=
3 2e-6 1
>
w
©
E o
@
I
=
-2e-6 T T T T T
0 50 100 150 200 250
Temperature/K
8e-6 60
" =~ ’,_«""'”E )
é \,\ - @221 5g
k) 56—5 1 "
<
8
w
&) ©
c 4e-6 4 o
° F
= 3
@ =
4 E
4 2e-6 -
©
£
7]
£ 0
0 50 100 150 200 250
Temperature/K
Fic. 3. Upper: The temperature dependence of the thermal expansion tensor for jadeite

derived from the fitted temperature-variation of the lattice parameters. Lower: The
temperature dependence of the principal axes of the thermal expansion tensor and the

orientation angle W (defined in the text).
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the thermal expansion tensor at very low temperatures
has been found in perdeuterated gypsum, which was
attributed to the unusual oscillatory behavior of the 8
angle with temperature in this material (Knight et al.
1999). In general, the Einstein parameterization for
the cell edges fails to give acceptable behavior for the
thermal expansion coefficients at temperatures close
to, or lower than, the saturation temperature because
its derivative reduces far too rapidly with decreasing
temperature than is observed experimentally. At the
lowest useable temperature, the orientation of the
minimum principal axis, as3’, is close to the direction
determined for the minimum principal axis in diopside
determined at high temperatures (Finger & Ohashi
1976). Using the bond nomenclature in clinopyroxene
of Burnham ez al. (1967), the orientation of «as3’ is
close to the projection of the M2 — 02C2/02D2 bond
onto the a — ¢ plane, this bond length being the longest
of the six shorter M2 — O bonds in jadeite. In contrast,
in the case of diopside, this is the shortest of the six
bonds. However, as the temperature increases from
80 K, a3’ moves away from e toward es, eventually
becoming essentially saturated at ~10° by 200 K. This
saturated orientation is very close to the projection onto
the a — ¢ plane of the sum of the four bond vectors from
M2 to 02D2,01A1, 03C2 and O3D1. The change in ¥
mirrors the temperature dependence of the beta angle. It
can be readily shown that at temperatures of the order

0202
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of 100 K, dp/dT is comparable in magnitude with both
1/¢q dc/dT and 1/ag da/dT. The magnitude of dp/dT is
present in the tensor expressions of both ay; and a3,
and therefore strongly influences the orientation of the
principal axes in the a — ¢ plane. The saturated orienta-
tion of the thermal expansion tensor and its relation-
ship to both the crystal structure and the NaOg square
antiprism are illustrated in Figure 4. One can see from
the figure that the orientation of the principal axes of
the tensor in jadeite lies closer to the intrinsic layering
of the structural polyhedra than was found for diopside
in Finger & Ohashi (1976).

Unit-cell volume, heat capacity
and characteristic temperatures

Figure 5 shows the variation of the unit-cell volume
with temperature and a fit to the data based on a
Griineisen approximation for the zero-pressure equation
of state in which the effects of thermal expansion are
considered to be equivalent to elastic strain (Wallace
1972). For low-temperature data with a limited range
in temperature, as in this study, the volume scales with
the internal energy, and to a first order:

YU(T)

V(T)=V, +

0

Fic. 4. Left: the saturated orientation of the principal axes of the thermal expansion tensor showing its relationship to the
square-antiprismatic coordination of the NaOg polyhedron. Right: the relationship of the tensor to the structural layering in

the crystal structure of jadeite.
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Fic. 5. The temperature variation of the unit-cell volume of jadeite, with the full line
showing the results of fitting these data to a Debye model for the phonon density of
states. The dashed line shows the calculated thermodynamic Griineisen parameter for
temperatures between 50 and 300 K. Over this whole interval of temperature, the Grii-

neisen parameter is seen to be low.

where v’ is a Griineisen parameter, Ky is the bulk
modulus, and Vy is the volume at 0 K. For simplicity,
the internal energy U(T) may be calculated using either
an Einstein approximation:

3NA®y,

ol KsT g

U(T) =

or the Debye approximation

U(T) = 9N1<BT[i]3

where N is the number of atoms in the unit cell, kg is
Boltzmann’s constant, Up is the Debye temperature, and
the Einstein temperature, Ug, is hog/kg. Both approxi-
mations give essentially indistinguishable fits to the
data, with Figure 5 showing the results of the Debye
fit. Weighed least-squares fitting gave Vy = 400.950(2)
A3, 9= 369(6) K and y’/Ky = 4.6(1) X 10712 Pa™! for
the Einstein approximation to the vibrational density
of states, and Vo = 400.946(2) A3, 9p = 539(7) K and
v /Ko = 4.88(6) X 10712 Pa~! for the Debye approxi-
mation. Using the measured bulk modulus for jadeite
of 143(2) GPa (Kandelin & Weidner 1988) and the

values of y’/Kg from the fitting procedure, approximate
Griineisen parameters can be calculated for jadeite,
0.66(2) in the Einstein approximation and 0.70(1) in
the Debye approximation. More recent investigators of
the bulk modulus of jadeite, determined by fitting the
pressure dependence of the unit-cell volume to a third-
order Birch-Murnaghan equation of state, have found
slightly smaller values for the bulk modulus, 137(1)
GPa (McCarthy et al. 2008) and 134(1) GPa (Nestola
et al. 2006). The value of the Griineisen parameter for
both the Einstein and the Debye approximation are
unchanged within the estimated standard deviation on
substitution of either of these revised values for the
bulk modulus.

The temperature dependence of the thermodynamic
Griineisen parameter for the reduced temperature-
interval 1.93 < 9p/T < 10.78 has been calculated using
the expression below (Barron & White 1999):

(1) = SRV (1)

CV(T)

o(T)Ko Vi, (T)
Cp(T)

where V,, is the molar volume, Ky is the isothermal
bulk modulus (assumed to be temperature-independent),
« is the volume expansion coefficient, and Cv and Cp
are the heat capacities at constant volume and constant
pressure, respectively. For a solid at low temperature,
the difference between Cv and Cp (-TKoa’Vy) is
small enough to be ignored; vy was calculated using
the values of Cp obtained in the recent calorimetric
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study of jadeite made by Hemingway er al. (1998),
« as calculated in the Debye approximation using the
fitted values from this study, and K, from Kandelin &
Weidner (1988). The temperature dependence of vy,
is shown as the dashed line in Figure 5, which indi-
cates that only a slight variation in temperature exists
between 50 and 280 K, with vy, varying from 0.99 at
50 K to 0.91 at 280 K. A maximum in y,(T) occurs at
approximately 110 K, where it rises to 1.16. The values
of vy and v’ are physically reasonable, in quite good
agreement, and they superficially appear to be close to
the value of 1.06 for the ambient temperature value of
v determined in a high-temperature, high-pressure,
energy-dispersive X-ray diffraction (EDXRD) study of
jadeite (Zhao et al. 1997). However, it should be noted
that the value of vy, given by Zhao et al. is in error,
and according to their quoted values of Cp, Ko, a and
density, g, should in fact read 10.6, which is clearly a
physically unreasonable value, probably arising from
the intrinsic low resolution of the EDXRD technique.
The range in values of vy, calculated in this current
study is in excellent agreement with that determined
by X-ray diffraction for the enstatite — ferrosilite solid
solution, found to be independent of composition, with
values of vy, in the range ~0.85-0.89 (Yang & Ghose
1994). It is also in agreement with the compressibility
studies of Dietrich & Arndt (1982) on orthopyroxene
of composition (Cag g1Fe.13Mgo 85)S103; they found vy,
= 0.85, and for MgSiOs, vy, is 0.90 (Ostrovsky 1979).
From this limited documentation, it is evident that vy,
in pyroxenes appears to have a significantly smaller
value than other common crustal and mantle phases
(Poirier 2000).

It is quite clear that the magnitudes of the Einstein
and Debye temperatures derived from the low-temper-
ature volume expansion, 369 and 539 K, respectively,
are low if compared to the elastic Debye temperature
based on the average velocity of sound measured at
room temperature. From Poirier (2000), the elastic
Debye temperature is given by:

1/3
By = 251.2(2) Vin

M
where
173
1 2
v = 313 —+
vy Vg

p is the density, and M is the mean atomic mass. Using
p =3.348 X 103 kg m=, vp = 8.78 km sl and v, =
5.05 km s~! (Kandelin & Weidner 1988), the elastic
Debye temperature can be estimated to be 774 K.
Kieffer (1979) has discussed the discrepancy between
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the observed value of heat capacity and that calculated
from the elastic Debye temperature in a number of
papers, and has derived a sophisticated model to fit
the calorimetric data. In this study, we simply show
that the values of the Einstein and Debye temperatures
derived from the volume expansivity are consistent with
the data on heat capacity published by Hemingway et
al. (1998).

Figure 6 shows the experimentally determined value
of the heat capacity of jadeite compared with a number
of calculations and fits. The dotted line shows the heat
capacity calculated for a Debye model with the elastic
Debye temperature of 774 K, and the dashed line shows
the results of a least-squares fit to these data, for which
the Debye temperature was found to be 815 K. Consid-
eration of the figure shows that at low temperatures, the
heat capacity observed is greater than either calculation,
showing that jadeite has more active modes than those
predicted by a Debye model. At high temperatures,
the opposite effect is found, indicating that there are
significantly fewer active modes than the Debye model
predicts. The solid line in the figure shows the results
of fitting a simple model composed of the sum of two
independent specific heat contributions Cvi(E;) with the
assumption of Dulong—Petit behavior for n oscillators,
and the fraction of the specific heat contribution, x, a
refinable variable and 0 <x < 1.

Cp ~ Cv =(xCy (9, ) +(1x)Cv, (3,))

17.5 1

15.0 1

12.5 1

10.0 1

7.5 1

cpi10 Jmer Tk
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FiG. 6. The temperature dependence of the isobaric heat
capacity (Hemingway et al. 1998) and fits to these data. The
dashed line shows a least-squares fit to these data assuming
a Debye model for the isochoric heat capacity, whereas the
dotted line shows the expected temperature-variation for a
Debye model with a characteristic temperature based on
the experimentally determined speeds of sound. The full
line shows the result of fitting the data on heat capacity to
the sum of a Debye term and an Einstein term assuming
Dulong—Petit behavior at high temperature.
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3
ﬂDx T X4 ex

———dx for a Debye

where Cv;=3R|— >

Op, 0 (ex -1)

2 o
Vg e nr L
model and Cy, = 3R[—‘] —_— for an Einstein
T ( eﬂE, T _1)
model.

The figure shows that over the temperature range of
interest, the fit to the data using a sum of an Einstein heat
capacity with U7 = 1030 K and a Debye heat capacity
with &, = 511 K and x = 0.44 is excellent. An equally
good fit was found to the sum of two Einstein oscillators
with 91 = 920 K, 95 = 315 K and x = 0.57. The fit to
two independent Debye heat capacities was found to be
significantly poorer. There is consistency between the
Debye temperatures derived from the volume expansion
and the heat capacity data, the agreement between the
lower Einstein temperature in the two Einstein oscillator
model and that determined from the unit-cell volume
expansion is, however, less good. Despite this, there is
qualitative agreement between these temperatures and
modes observed by vibrational spectroscopy. A Debye
temperature of 511 K corresponds to a frequency of
355 cm~!, which is within the range predicted for lattice
modes in pyroxenes (Shurvell e al. 2001); an Einstein
temperature of 1030 K, with corresponding frequency
716 cm™, is very close to the frequency of the Si-O-Si
stretch in jadeite of 705 cm™!, measured by Ohashi
& Sekita (1982) using Raman spectroscopy. A more
detailed comparison would require full assignments of
modes in the vibrational spectra and the measurement
of the vibrational density of states function for jadeite,
neither of which have been made yet.

CRYSTAL-STRUCTURE REFINEMENT

To allow rapid data-collection times, of the order
of 75 minutes per temperature, with good estimated
standard deviations on all structural variables, it was
necessary to refine two separate banks of data from
POLARIS simultaneously. The CCSL-based software
used for the lattice-parameter extraction of the HRPD
data was not capable of carrying out multi-bank refine-
ment, and hence the Rietveld refinement was undertaken
using the GSAS suite of programs (Larson & Von
Dreele 1988). The lineshape used in the refinements was
profile function 3, a pseudo-Voigt convoluted with two
back-to-back exponentials, and is therefore different
from that used in the CCSL software. These differences
in peak parameterization, flight-path uncertainties and
resolution of the two instruments are sufficient to result
in differences in lattice constants far in excess of their
estimated standard deviations. To ensure consistency
between the lattice parameters collected on the two
instruments, therefore, the HRPD results were used to
calibrate those from POLARIS. To achieve this, the
sample-temperature log for each POLARIS run was
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integrated to determine the mean temperature experi-
enced by the sample during the data collection. The
lattice parameters for that particular temperature were
determined by calculation using the parameterization
of the HRPD results with estimated standard deviations
set to those derived from HRPD cell and intensity least-
squares refinement. The primary flight-paths for the two
detector banks from POLARIS were then introduced
as additional least-squares variables in the refine-
ment rather than the lattice parameters. The average
fractional variation of both flight paths (AL/L) for the
whole range in temperature was less than the estimated
standard deviations of the lattice parameters for a single
HRPD measurement. Furthermore, to ensure that the
estimated standard deviations of the unit cell were not
underestimated using this method, once convergence of
the Rietveld refinement had been achieved, the flight
paths were set and fixed at instrument-calibration values
and the refinement repeated. For all temperatures, the
estimated standard deviations of the lattice parameters
derived from this analysis were less than those being
applied from the HRPD results, indicating, if anything,
that the applied errors were overestimates. The struc-
tural parameters showed no significant changes between
these two refinement modes.

The 2.5 K data were refined first, with the converged
results being used as a seed for the subsequent tempera-
ture, this procedure being carried out iteratively until the
final-temperature dataset was processed. The starting
structural coordinates were derived from the ambient-
temperature structure of jadeite (Cameron et al. 1973),
with appropriate isotropic displacement parameters
taken from the 10 K single-crystal, neutron-diffraction
study of diopside (Prencipe er al. 2000). For the 2.5 K
datasets, convergence from these starting parameters
was rapid, resulting in % = 6.2, Rwp = 0.021, Rp =
0.036 for 50 variables. Attempts to refine the anions
anisotropically were unsuccessful at low temperatures,
always leading to non-positive-definite atomic displace-
ment parameters, even at temperatures greater than
200 K, the change in X2 for an anisotropic model over
an isotropic model was not statistically meaningful.
The isotropic model was therefore retained for all
temperatures. Owing to the compact, polycrystalline
nature of the source material, it was not necessary to
refine either a preferred orientation correction or an
extinction parameter for any of these data. This is in
marked contrast to the structural refinement of powder
samples of other clinopyroxenes derived from large
single crystals where the perfect cleavage gives rise
to acicular particles with a high degree of crystal-
lographic perfection. Agreement factors were found
to show little variation among datasets from different
temperatures, indicating that there were no additional
systematic temperature-dependent effects that were
not being accounted for in the refinements. The refine-
ment details are shown in Table 3, with the structural
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parameters listed in Table 4. A typical fit to the two
datasets is shown in Figure 7, in this case for the data
collected at 2.5 K.

Oxygen packing

In an O-rotated clinopyroxene C2/c structure, the
arrangement of oxygen atoms is close to being cubic
close-packed (Thompson 1970). A measure of the devi-
ation from this configuration has recently been proposed
by Hattori et al. (2000) using the average of the sums
of the root squares of the displacements of the anion
array from the ideal close-packed coordinates. Hattori
et al. proposed three separate deviation parameters,
Dyora, related to the total displacement, Dy« related to
the displacement along the stacking direction, and Dy,
related to the displacement within the stacking layer.

3
Dy = %Z\/(ani)z +(bAy, )’ +(cAz,
i=1
1g D
D= —Z,/(ani)
3 i=1
1 2 2
Dy, = gZ,/(bAyi) +(cAz,)
i=1

The temperature dependence of the three distortion
parameters was found to be linear throughout the whole
temperature-interval, with the dominant distortion
being the displacement within the stacking layer, as
illustrated by Figure 8. In contrast to the high-pressure

TABLE 3. INSTRUMENTAL AND REFINEMENT DETAILS
FOR DATA COLLECTED USING THE POLARIS DIFFRACTOMETER

Instrumental details

Diffractometer

Detectors Bank 1
Mean Bragg angle
Flight path

Data range

Time channel binning
Observations

Detectors Bank 2
Mean Bragg angle
Flight path

Data range

Time channel binning
Observations

Space group
z

Unit-cell refinement
Refined parameters
Structural

Profite

Background

Flight paths
Disptacement param.
Agreement factors

POLARIS {neutron time-of-flight powder diffractometer)

216 Zn$S scintiliation
90° 28

~12.8 m
20-19.0ms
Atft=5x 10

4395

58 *He gas tubes
145° 26

~12.8m
20~19.5ms
AYt=5x 10"
4565

Refinement details

C2/c
4
calibrated to HRPD parameterization

20 (14 coordinates, 6 atomic displacement parameters)
2 per bank

10 Chebychev polynomials of the first kind per bank

2 per bank (DIFC and DIFA)

all atoms isotropic

¥* = [R,, / R.,J’; see Table 4
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results on FeGeO; clinopyroxene, where increasing
pressure decreased the deviation parameters (Hattori et
al. 2000), the effect of increasing temperature in jadeite
is to increase the deviation parameters, i.e., to distort
the structure further away from ideality. Analysis of the
high-temperature data of Cameron ez al. (1973) shows
identical trends in the deviation parameters to those
we have determined at low temperature, albeit with
different gradients but similar magnitudes.

Atomic displacement parameters

Classical, rigid-ion lattice-dynamics calcula-
tions extended to the whole Brillouin zone has been
carried out on diopside, with the results suggesting a
significant zero-point motion contribution to the atomic
displacement parameters at room temperature (Pilati
et al. 1996). Experimental verification of this predic-
tion was made in a single-crystal neutron-diffraction
study of diopside at 10 K, where, on average, the
zero-point displacement contributed 35% of the room-
temperature values (Prencipe ef al. 2000). In particular,
the Ca cation was found to show a significantly larger
isotropic displacement parameter than the other cations,
reflecting the more relaxed polyhedron environment for
the M2 cation in clinopyroxenes. A similar observation
at temperatures of the order of 4.2 K has been found
for the Li ion in spodumene, the Ca ions in hedenber-
gite (HdgoFs13Diy) and diopside (Dig;Hds), the Co in
the M2 site of CoGeQs, and the Na ions in aegirine,
NaFeGe,Og¢ (K.S. Knight, unpubl. data in all cases) and
jadeite (this work).

Figure 9 shows the isotropic displacement param-
eters for jadeite between 2.4 and 268 K. All atoms show
the expected dependence on temperature, a saturation
at low temperatures, i.e., the zero-point displacements,
and the development of a more linear behavior at higher
temperatures (Willis & Pryor 1975). For the cations,
the relationship Na Usjs, > Al Ujg, > Si Uy, holds for
all temperatures measured, with the percentage contri-
bution of the zero-point displacements to the 268 K
displacements being 46% for Na, 55% for Al and 55%
for Si. The magnitude of the zero-point displacement
for Na is approximately three times greater than those
of Al and Si. For the anions, the behavior is more subtle,
and for all temperatures measured, O2 Uiy, exceeds O1
Usiso and O3 Uis. The zero-point displacements of O2
and O1 are approximately equal, whereas that for O3
is slightly smaller. The temperature dependencies of the
displacement parameters of O2 and O3 are such that O1
Usso exceeds O3 Uy, up to ~175 K, at which point this
trend reverses. The increase in O3 Uy, at this tempera-
ture may be related to the dominant structural distortion
within the chain of tetrahedra, which is the increase in
the O3 — O3 edge length beginning at temperatures of
the order of 100 K.
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We have demonstrated earlier that the volume
expansion of jadeite could be successfully param-
eterized in terms of a Debye internal energy function,
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where M is the mass of the vibrating species, h is
Planck’s constant, and the function &(Up/T) is given
by

and for a Debye solid, the variation of the isotropic

displacement with temperature parameters has the form Op /T
(James 1962)
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Fic. 7. Rietveld refinements of powder neutron-diffraction data for jadeite collected at 2.5
K for the two banks of POLARIS data. Observed data are points, calculated data are
shown by the full line. In these cases, the difference plots are simply observed intensity

minus calculated intensity.



TABLE 4. STRUCTURAL PARAMETERS FOR JADEITE BETWEEN 2.4 AND 259 K

Temp. a, A b, A c A B,° Nay NaUiso, A? Aly Al Uiso, A Six Siy Siz Si Uiso, A?

2.4 9.41591(9) 8.55521(4) 5.22073(20) 107.5641(7) 0.3012(1) 0.0049(1) 0.9070(1) 0.0016(1) 0.29103(5) 0.09346(6) 0.22808(9) 0.00138(6)
10.3  9.41591(9) 5.22073(4) 5.22073(20) 107.5641(7) 0.3010(1) 0.0050(1) 0.9070(1) 0.0017(1) 0.29097(5) 0.09342(6) 0.22806(9) 0.00138(6)
19.7 9.41591(9) 8.55521(4) 5.22073(20) 107.5641(7) 0.3011(1) 0.0049(1) 0.9070(1) 0.0016(1) 0.29103(5) 0.09349(6) 0.22815(9) 0.00137(6)
29.5 9.41591(9) 8.55521(4) 5.22073(20) 107.5642(7) 0.3011(1) 0.0049(1) 0.9070(1) 0.0016(1) 0.29102(5) 0.09347(6) 0.22813(9) 0.00137(6)
39.0 9.41591(9) 8.55521(4) 5.22073(20) 107.5645(7) 0.3011(1) 0.0051(1) 0.9070(1) 0.0015(1) 0.29106(5) 0.09347(6) 0.22806(9) 0.00138(6)
475 9.41592(9) 8.55523(4) 5.22073(20) 107.5650(7) 0.3011(1) 0.0051(1) 0.9070(1) 0.0016(1) 0.29104(5) 0.09350(6) 0.22813(9) 0.00141(6)
55.1 9.41594(9) 8.55527(4) 5.22074(20) 107.5655(7) 0.3012(1) 0.0053(1) 0.9089(1) 0.0016(1) 0.29107(5) 0.09349(6) 0.22808(9) 0.00144(6)
64.0 9.41599(9) 8.55535(4) 5.22075(20) 107.5662(7) 0.3011(1) 0.0055(1) 0.9071(1) 0.0017(1) 0.29104(5) 0.09349(6) 0.2281(1) 0.00150(7)
73.4 9.41607(9) 8.55547(4) 5.22077(20) 107.5670(7) 0.3010(1) 0.0055(1) 0.9071(1) 0.0016(1) 0.29105(5) 0.09342(6) 0.2281(1) 0.00145(7)
83.0 9.41620(9) 8.55566(4) 5.22080(20) 107.5677(7) 0.3011(1) 0.0057(1) 0.9069(1) 0.0018(1) 0.29104(5) 0.09344(6) 0.2281(1) 0.00149(7)
96.5 9.41644(9) 8.55600(4) 5.22088(20) 107.5686(7) 0.3012(1) 0.0059(1) 0.9070(1) 0.0018(1) 0.29100(5) 0.09347(6) 0.22805(9) 0.00153(6)
1064 9.41666(9) 8.55631(4) 5.22095(20) 107.5692(7) 0.3011(1) 0.0061(1) 0.9069(1) 0.0019(1) 0.29103(8) 0.09340(6) 0.2281(1) 0.00168(7)
114.5 9.41686(9) 8.55660(4) 5.22101(20) 107.5695(7) 0.3012(1) 0.0065(1) 0.9068(1) 0.0020(1) 0.29105(6) 0.09342(6) 0.2280(1) 0.00166(7)
121.9 9.41707(9) 8.55688(4) 5.22108(20) 107.5698(7) 0.3012(1) 0.0065(1) 0.9069(1) 0.0020(1) 0.29093(6) 0.09341(6) 0.2279(1) 0.00162(7)
138.8 9.41759(9) 8.55760(4) 5.22127(20) 107.5703(7) 0.3011(1) 0.0071(1) 0.9069(1) 0.0024(1) 0.29098(5) 0.09341(6) 0.2280(1) 0.00185(7)
149.6 9.41797(9) 8.55811(4) 5.22140(20) 107.5705(7) 0.3010(1) 0.0073(1) 0.9070(1) 0.0023(1) 0.29099(5) 0.09346(6) 0.2280(1) 0.00177(7)
156.8 9.41823(9) 8.55846(4) 5.22150(20) 107.5706(7) 0.3012(1) 0.0073(1) 0.9070(1) 0.0024(1) 0.29096(5) 0.09347(6) 0.2280(1) 0.00181(6)
165.9 9.41857(9) 8.55892(4) 5.22162(20) 107.5707(7) 0.3011
175.1 9.41893(9) 8.55941(4) 5.22176(20) 107.5708(7) 0.3011

( (1) 0.0076(1) 0.9068(1) 0.0024(1) 0.29100(6) 0.09349(6) 0.2279(1) 0.00191(7)
( (1
184.5 9.41931(9) 8.55991(4) 5.22190(20) 107.5708(7) 0.3010(1
( (1

)
) 0.0078(2) 0.9068(1) 0.0025(1) 0.29094(5) 0.09343(6) 0.2279(1) 0.00191(7)
) 0.0082(2) 0.9067(1) 0.0027(1) 0.29099(5) 0.09339(6) 0.2279(1) 0.00200(7)
194.3 9.41972(9) 8.56046(4) 5.22206(20) 107.5709(7) 0.3010(1) 0.0083(2) 0.9069(1) 0.0027(1) 0.29099(6) 0.09335(6) 0.2279(1) 0.00202(7)
203.6 9.42012(9) 8.56099(4) 5.22221(20) 107.5709(7) 0.3012(1) 0.0087(2) 0.9067(1) 0.0028(1) 0.29093(6) 0.09338(6) 0.2279(1)  0.00206(7)
2132 9.42054(9) 8.56154(4) 5.22237(20) 107.5710(7) 0.3011(1) 0.0089(2) 0.9067(1) 0.0028(1) 0.29099(6) 0.09334(6) 0.2278(1) 0.00210(7)
2224 9.42095(9) 8.56209(4) 5.22253(20) 107.5710(7) 0.3011(1) 0.0094(2) 0.9066(1) 0.0030(1) 0.29092(6) 0.09334(6) 0.2278(1) 0.00221(7)
231.6 9.42137(9) 8.56264(4) 5.22269(20) 107.5710(7) 0.3012(1) 0.0095(2) 0.9067(1) 0.0030(1) 0.29097(6) 0.09333(6) 0.2278(1) 0.00216(7)
240.6 9.42179(9) 8.56318(4) 5.22285(20) 107.5710(7) 0.3011(1) 0.0099(2) 0.9066(1) 0.0032(1) 0.29086(6) 0.09329(6) 0.2278(1)  0.00225(7)
249.8 9.42222(9) 8.56375(4) 5.22302(20) 107.5710(7) 0.3011(1) 0.0101(2) 0.9066(1) 0.0032(1) 0.29088(6) 0.09331(6) 0.2278(1) 0.00229(7)

(

(

PA-P -Gy

259.1 0.42266(9) 8.56432(4) 5.22320(20) 107.5710(7) 0.3011(1) 0.0105(2) 0.9064(1) 0.0034(1) 0.29090(6) 0.09329(6) 0.2276(1)  0.00236(7)
268.3 9.42310(9) 8.56490(4) 5.22337(20) 107.5710(7) 0.3012(1) 0.0106(2) 0.9065(1) 0.0034(1) 0.29090(6) 0.09329(6) 0.2276(1) 0.00249(8)
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TABLE 4 (cont'd). STRUCTURAL PARAMETERS FOR JADEITE BETWEEN 2.4 AND 259 K

Temp.

O1x Oly 01z O1Uiso, A? 02x o2y 02z O02Uiso,A? 03x O3y 03z 03 Uiso, A2 ¥

2.4
10.3
19.7
29.5
39.0
475
55.1
64.0
73.4
83.0
96.5

106.4
114.5
121.9
138.8
149.6
156.8
165.9
175.1
184.5
194.3
203.6
213.2
222.4
2316
240.6
249.8
259.1
268.3

0.10923(4) 0.07611(4) 0.12852(7) 0.00316(5) 0.36083(4) 0.26339(4) 0.29370(8) 0.00321(5) 0.35379
0.10921(4) 0.07611(5) 0.12841(7) 0.00315(5) 0.36088(4) 0.26341(4) 0.29378(8) 0.00316(5) 0.35376
)
)

(4) 0.00773(4) 0.00611(8) 0.00295(5) 6.21

(
0.10920(4) 0.07611(4) 0.12849(7) 0.00313(5) 0.36083(4) 0.26342(4) 0.29370(8) 0.00315(6) 0.35380(

(

)

(

4
5) 0.00772(4) 0.00612(8) 0.00292(5) 3.35
5) 0.00774(4) 0.00609(8) 0.00297(5) 3.40
0.10924(4) 0.07613(5) 0.12851(7) 0.00316(5) 0.36087(4) 0.26339(4) 0.29367(8) 0.00318(6) 0.35382(5) 0.00769(4) 0.00613(8) 0.00298(5) 3.39
0.10923(4) 0.07614(5) 0.12844(7) 0.00326(5) 0.36087(4) 0.26340(4) 0.29370(8) 0.00320(6) 0.35381(5) 0.00772(4) 0.00618(8) 0.00299(5) 3.39
0.10922(4) 0.07613(5) 0.12848(7) 0.00326(5) 0.36088(4) 0.26342(4) 0.29375(8) 0.00322(6) 0.35377(5) 0.00772(4) 0.00608(8) 0.00300(5) 3.38
0.10921(4) 0.07614(5) 0.12844(7) 0.00324(5) 0.36084(4) 0.26335(4) 0.29368(8) 0.00327(6) 0.35374(5) 0.00771(4) 0.00615(8) 0.00307(5) 3.35
0.10923(4) 0.07612(5) 0.12847(7) 0.00342(5) 0.36083(4) 0.26338(4) 0.29368(8) 0.00341(6) 0.35377(5) 0.00771(4) 0.00616(8) 0.00319(5) 3.40
0.10922(4) 0.07609(5) 0.12840(7) 0.00329(5) 0.36086(4) 0.26339(4) 0.29370(8) 0.00339(6) 0.35382(5) 0.00769(4) 0.00614(8) 0.00318(5) 3.32
0.10921(4) 0.07608(5) 0.12844(7) 0.00331(5) 0.36087(4) 0.26338(4) 0.29363(8) 0.00337(6) 0.35379(5) 0.00767(4) 0.00617(8) 0.00316(5) 3.38
0.10919(4) 0.07607(5) 0.12845(7) 0.00336(6) 0.36083(4) 0.26338(4) 0.29356(8) 0.00349(6) 0.35378(5) 0.00768(4) 0.00615(8) 0.00322(5) 3.28
0.10919(4) 0.07605(5) 0.12837(8) 0.00352(5) 0.36084(5) 0.26335(4) 0.29361(9) 0.00366(6) 0.35380(5) 0.00765(4) 0.00616(8) 0.00338(5) 3.61
0.10915(4) 0.07600(5) 0.12841(7) 0.00351(6) 0.36079(5) 0.26335(4) 0.29355(9) 0.00370(6) 0.35381(5) 0.00760(4) 0.00613(8) 0.00343(5) 3.39
0.10916(4) 0.07604(5) 0.12830(8) 0.00357(6) 0.36083(5) 0.26330(4) 0.29353(9) 0.00373(5) 0.35377(5) 0.00767(4) 0.00619(8) 0.00350(6) 3.36
0.10919(4) 0.07602(5) 0.12832(7) 0.00378(6) 0.36077(4) 0.26333(4) 0.29332(8) 0.00399(6) 0.35385(5) 0.00759(4) 0.00626(8) 0.00477(5) 3.13
0.10923(4) 0.07600(5) 0.12836(7) 0.00374(6) 0.36080(4) 0.26332(4) 0.29341(8) 0.00397(6) 0.35380(5) 0.00760(4) 0.00623(8) 0.00369(5) 3.08
0.10920(4) 0.07605(5) 0.12834(7) 0.00380(6) 0.36080(4) 0.26328(4) 0.29337(8) 0.00407(6) 0.35378(
(
(5

P

5) 0.00760(4) 0.00618(8) 0.00381(8) 3.12
5) 0.00755(4) 0.00617(8) 0.00378(6) 3.17
) 0.00759(4) 0.00619(8) 0.00393(6) 3.06

0.10922(4) 0.07602(5) 0.12840(8) 0.00371(6) 0.36077(5) 0.26332(4) 0.29337(9) 0.00407(6) 0.35384
0.10923(4) 0.07599(5) 0.12830(7) 0.00399(6) 0.36082(5) 0.26324(4) 0.29324(9) 0.00424(6) 0.35379
0.10917(4) 0.07598(5) 0.12826(7) 0.00400(6) 0.36083(5) 0.26323(4) 0.29324(9) 0.00435(6) 0.35375(5) 0.00760(4) 0.00622(8) 0.00406(6) 3.05
0.10925(4) 0.07592(5) 0.12829(8) 0.00400(8) 0.36078(5) 0.26321(4) 0.29318(9) 0.00435(8) 0.35374(5) 0.00756(4) 0.00624(9) 0.00409(6) 3.22
0.10913(4) 0.07591(5) 0.12817(8) 0.00414(6) 0.36077(5) 0.26320(4) 0.29312(9) 0.00463(6) 0.35379(5) 0.00750(4) 0.00621(9) 0.00428(6) 3.07
0.10918(4) 0.07595(5) 0.12820(8) 0.00419(6) 0.36077(5) 0.26323(4) 0.29310(9) 0.00462(6) 0.35381(5) 0.00753(4) 0.00619(9) 0.00427(6) 3.14
0.10917(4) 0.07594(5) 0.12831(8) 0.00425(6) 0.36077(5) 0.26321(4) 0.29311(9) 0.00425(6) 0.35375(5) 0.00753(5) 0.00611(9) 0.00450(6) 3.11
0.10914(4) 0.07584(5) 0.12815(8) 0.00430(6) 0.36079(5) 0.26313(4) 0.29306(9) 0.00500(7) 0.35370(5) 0.00750(5) 0.00604(9) 0.00463(6) 3.21
0.10918(4) 0.07600(5) 0.12821(8) 0.00448(6) 0.36076(5) 0.26317(4) 0.29302(9) 0.00509(6) 0.35375(5) 0.00752(5) 0.00612(9) 0.00473(6) 3.11
0.10916(4) 0.07590(5) 0.12815(8) 0.00454(6) 0.36079(5) 0.26311(4) 0.29295(9) 0.00514(7) 0.35368(5) 0.00745(5) 0.00608(9) 0.00483(6) 3.11
0.10917(5) 0.07588(5) 0.12812(8) 0.00458(6) 0.36077(5) 0.26311(4) 0.29296(9) 0.00534(7) 0.35368(5) 0.00755(5) 0.00611(9) 0.00491(6) 3.10
0.10914(5) 0.07591(5) 0.12808(8) 0.00478(6) 0.36073(5) 0.26312(4) 0.29288(9) 0.00548(7) 0.35367(5) 0.00747(5) 0.00607(9) 0.00499(6) 3.11
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Fic. 8. The variation with temperature of the three Hattori distortion parameters (Hattori

et al. 2000) for jadeite.

It should be noted that this temperature variation is
a single-parameter fit in Op, and hence it not only
requires data to be corrected for all systematic errors
to be truly assessed, it also probably applies too great
a constraint on the zero-point displacement in anything
other than structurally simple materials for which it was
originally derived. Indeed this was found to be the case
in jadeite, in which attempts to fit any of the individual
atomic displacement parameters to this expression
were generally unsuccessful. However, allowing the
zero-point displacement to be an additional variable in
the fitting procedure, whilst retaining the temperature
dependence implicit within the Debye function, i.e.,
using the expression below,

_ 2
u’ (T) T ¢(ﬁ—D)+A

 4n’Mkg9d \ T

resulted in the excellent fits to the data, shown as solid
lines in the figure.

The effective vibrational Debye temperatures for
the displacements of the individual atoms, determined
by weighted least-squares, are Na 442(3) K, Al 650(9)
K, Si 791(11) K, O1 855(7) K, 02 739(5) K and O3
764(4) K. The fitted zero-point displacements, A, are:
Na 4.87(4) X 103 A2, A11.57(3) X 103 A2 Si 1.39(2)
x 1073 A2, 01 3.18(2) X 103 A%, 02 3.17(2) X 1073
A2 and 03 2.96(1) X 1073 A2 Assuming the Debye
temperatures from the fitting procedure are correct, the
calculated zero-point displacements are: Na 3.58 X 1073
A% A12.07 x 107 A2, Si 1.64 x 107 A2, 01 2.66 X
103 A2 023.08 X 10 Aand 03 2.98 X 10 A% The
zero-point displacements of anions are in fairly good

agreement with the free refinement, but the cations show
significant differences from those expected for a simple
Debye solid. Both the lower vibrational Debye tempera-
ture and higher zero-point displacement for Na reflect
the softness of the NaOg square antiprismatic polyhedron
compared to the increasing rigidities of the AlOg octa-
hedral polyhedron and the SiOy, tetrahedral polyhedron.

The NaOg square antiprism

Figure 10 shows the NaOg polyhedron for jadeite
labeled according to the recommended nomenclature
for clinopyroxene structures of Burnham et al. (1967).
Four of the eight coordinating oxygen atoms, O3C1.2,
03D1,2, are shared with the chains of silicate tetrahedra
and four are shared with the AlQg octahedron, O1Al,
O1B1, 02C2 and O2D2. The sodic clinopyroxenes
are characterized by two long Na-O bonds at ~2.7 A
(Na—O3C2 and —O3D2), which link adjacent bands of
octahedra, and six shorter Na—O bonds in the range
2.3-2.4 A. Viewed down the ¢ axis, the coordination
polyhedra can be seen to be highly distorted square
antiprism.

The effect of temperature on the M2 site in clinopy-
roxenes is complex, with evidence of a change in
coordination number from 8 to 6 in the calcic clinopy-
roxenes diopside and hedenbergite at high temperatures
(Cameron et al. 1973). In contrast, the high-temperature
study of Cameron et al. (1973) showed jadeite to remain
8-fold-coordinated from 297 to 1073 K, and hence the
NaQjg polyhedron in jadeite can be treated in a simple
manner using the conventional distortion param-
eters of quadratic elongation and bond-angle variance
(Robinson et al. 1971). A regular square antiprism is



THE CRYSTAL STRUCTURE AND THERMOELASTIC PROPERTIES OF JADEITE

characterized by the ratio of its volume to the cube of
the center-vertex distance of (16\/2+16)/[3(2\/2+1)3/2]
and has two inter center—vertex distance ‘bond’ angles
of cos ! [-3/(2v2+1)], ~141.59°, and cos {[1/(2v2+1)],
~74.86°. In this work, the square antiprism angle vari-
ance has been calculated using the larger of the two

0.0110

0.0100 A

0.0090 A

0.0080 A

Na Uiso/A?
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Temperature/K

Al, Si Uiso/A?
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01, 02, 03 Uiso/A?
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Fi6. 9. The temperature dependence of the isotropic atomic
displacement parameters for jadeite and the results of least-
squares fits to a modified Debye model. All data show the
large fraction of the contribution to the zero-point motion
at the ambient temperature value. The large magnitude
of the M2 (Na) isotropic atomic displacement parameter
appears to be universal for clinopyroxenes irrespective of
coordination number.
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angles as the reference angle, the quadratic elongation
was calculated in the standard manner. At 2.5 K, the
quadratic elongation is 1.0377, and the square antiprism
angle variance is 408.28 degrees squared, the magni-
tudes of both reflecting the significant distortion from
ideality of this polyhedron.

The volume of the NaOg polyhedron shows a
significant variation with temperature, changing from a
saturated value of 24.53 A% at 2.5 K to 24.63 A3 at 268
K, with the volume moving away from the saturated
value at temperatures of the order of 80-100 K. Figure
11 shows the polyhedron volume and an unweighted fit
to the data using an identical expression to that used for
fitting the unit-cell edges. The fitted value of the energy
corresponds to a characteristic frequency of 237 cm™,
which is close to the observed bands of 203, 221 and
255 cm™! in the Raman spectrum of jadeite (Smith &
Gendron 1997), and is of the correct order of magni-
tude for some of the M2 mode assignments in diopside
(Tomisaka & Tishi 1980). From the fitted results, the
high-temperature volume-expansion coefficient for
the NaOg square antiprism is estimated at 2.9 X 107
K-!, whereas Cameron et al. (1973) determined 3.7 X
10~ K~! from their high-temperature data. Despite this
relatively large change in volume at low temperatures,
it is not accompanied by significant distortion of poly-
hedra with changes in either the angle variance or the
quadratic elongation, only showing weak tendencies to
increase with increasing temperature. The high-temper-
ature results of Cameron ez al. (1973) showed that all
four of the symmetry-independent Na—O bond distances
increase with increasing temperature; by comparison,
at low temperature, only Na-O1A1, Na-O2C2 and
Na-03C2 increase with increasing temperature, with

Fic. 10. The square antiprismatic coordination of sodium in
jadeite, labeled according to the nomenclature of Burnham
et al. (1967).
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Na—0O3C1 being independent of temperature, as shown
in Figure 12. The order of fractional change in bond
length with temperature shows that the bonds to the
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Fic. 11. The temperature dependence of the NaOg square

antiprism in jadeite. The full line shows a fit to these data
assuming an Einstein model.
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oxygen atoms shared with the chains of tetrahedra
expanded significantly less than those to anions shared
with the octahedra. The ratio of the Na—O1Cl1 distance
to the Na—O3C1 distance is essentially constant
throughout the whole interval of temperature, showing
that at these temperatures, the Na atom does not move
significantly away from the strip of octahedra, as had
been observed at high temperatures (Cameron et al.
1973). The displacement of the sodium from the center
of the coordination polyhedron is found to be indepen-
dent of temperature, with an average magnitude of 0.23
A. The bond angles within the NaQg polyhedron show
little variation with temperature; O1A1-Na-O3D1,
02C2-Na-02D2, 02C2-Na-03D1, 02C2-Na-03C2
and O3C2-Na-03D2 all decrease, whereas O1Al-Na—
03C1, O1A1-Na-0O3D2 are temperature-insensitive.
Only O2C2-Na-0O2D2 increases with increasing
temperature. The bond lengths and selected bond-angles
for the NaOg square antiprism are listed in Tables 5 and
6, respectively.

The AlOg octahedron

The volume of the AlO¢ octahedron shows a similar
but significantly smaller variation with temperature

% 2.416 %
é 2.414 %H%}ﬁ}
g 2.412 A % {% %Hﬂ

; 2.410-{{%ﬁ‘%ﬁ % ‘ ‘ |
;f 2736 1 ﬁﬁﬁﬁﬂ
é 2734 { H % % {{%H

Z 2732 { %{ﬂ{% % %

Fic. 12. The temperature dependence of the four independent Na—O bond lengths in jadeite.
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TABLE 5. SELECTED BOND-LENGTHS (A) AT THE SQUARE ANTIPRISMATIC
SITE OF NaO, AS A FUNCTION OF TEMPERATURE (K)

Temp. Na - O1A1 Na - 02C2 Na - 03C1 Na - 03C2
24 2.3581(8) 2.4110(5) 2.3626(7) 2.7326(6)
10.3 2.3572(8) 2.4103(5) 2.3636(7) 2.7337(6)
19.7 2.3579(8) 2.4110(5) 2.3628(7) 2.7325(6)
295 2.3580(8) 2.4110(5) 2.3622(7) 2.7328(6)
39.0 2.3576(8) 2.4108(5) 2.3628(7) 2.7332(6)
475 2.3577(8) 2.4107(5) 2.3629(7) 2.7329(6)
55.1 2.3580(8) 2.4110(5) 2.3626(7) 2.7332(6)
64.0 2.3580(8) 2.4110(5) 2.3626(7) 2.7332(6)
734 2.3575(8) 2.4106(5) 2.3631(7) 2.7336(6)
83.0 2.3581(8) 2.4111(5) 2.3626(7) 2.7336(6)
96.5 2.3586(8) 2.4116(5) 2.3623(7) 2.7332(6)
106.4 2.3585(8) 2.4112(5) 2.3626(8) 2.7338(7)
1145 2.3592(8) 2.4118(5) 2.3617(8) 2.7335(7)
121.9 2.3591(8) 2.4116(5) 2.3624(8) 2.7338(7)
138.8 2.3505(8) 2.4128(5) 2.3616(7) 2.7341(6)
1496 2.3594(8) 2.4122(5) 2.3628(8) 2.7349(7)
156.8 2.3505(8) 2.4126(5) 2.3623(8) 2.7344(7)
165.9 2.3591(8) 2.4126(5) 2.3625(8) 2.7349(7)
175.1 2.3601(8) 2.4131(5) 2.3627(8) 2.7348(7)
184.5 2.3595(8) 2.4129(5) 2.3635(8) 2.7357(7)
194.3 2.3605(9) 2.4134(5) 2.3632(8) 2.7361(7)
2036 2.3613(9) 2.4140(5) 2.3619(8) 2.7354(7)
2132 2.3604(9) 2.4139(5) 2.3631(8) 2.7359(7)
2224 2.3606(9) 2.4140(5) 2.3634(8) 2.7359(7)
2316 2.3622(9) 2.4142(5) 2.3631(8) 2.7358(7)
2406 2.3608(9) 2.4145(5) 2.3635(8) 2.7362(7)
2498 2.3617(9) 2.4147(5) 2.3637(8) 2.7368(7)
259 1 2.3623(9) 2.4149(5) 2.3633(9) 2.7370(7)
2683 2.3623(9) 2.4155(5) 2.3636(9) 2.7368(7)
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when compared to the NaOg square antiprism, varying
from 9.368 A% at 2.5 K to 9.379 A% at 265 K. The
temperature dependence of the polyhedron volume is
shown in Figure 13. In the same temperature interval,
both the variance of the quadratic elongation, 1.0144
at 2.5 K, and the octahedron angle, 46.26 degrees
squared at 2.5 K, increase approximately linearly with
increasing temperature, the variation in the variance of
the octahedron angle being a factor of ~6 greater than
the equivalent variance for the NaOg square antiprism.
The variations in quadratic elongation for both the AlOg
and NaQOg polyhedra were found to be approximately
equal. The temperature dependence of the octahedron
volume was fitted by an identical expression to that used
for the NaQOg polyhedron, with a derived characteristic
frequency of 409 cm™! and an estimated high-tempera-
ture volume-expansion coefficient of 1.9 X 1073 K-,
Comparing the low-temperature Al-O distances
with the high-temperature results of Cameron et
al. (1973), written in parentheses, it was found that
Al-O1Al is the most strongly temperature-dependent,
ranging from 1.987 A at 2.5 K to 1.991 A at 265 K (the
highest increase with temperature), AI-O1A2 showed
a weak decrease with temperature (the lowest increase
with temperature), whereas A1-O2C1 was found to
be invariant with temperature (intermediate increase
with temperature). Within the octahedron, O1A1-Al-

TABLE 6. SELECTED BOND-ANGLES (°) AT THE SQUARE ANTIPRISMATIC SITE OF NaOQ,
AS A FUNCTION OF TEMPERATURE (K)

Temp. O1A1-Na— O1A-Na— O1A1-Na— 02C2-Na— 02C2-Na— 02C2-Na— 03C2-Na—
03D1 03C1 03D2 02D2 03D1 0302 03D2
2.4 134.13(1)  121.68(1) 160.93(3) 15352(4) 139.32(3) 114.62(1) 106.50(3)
10.3 134.13(1)  121.68(1) 160.98(3) 153.56(4) 139.28(3) 114.61(2) 106.46(3)
19.7 134.13(1)  121.69(1) 160.94(3) 153.52(4) 139.32(3) 114.62(2) 106.49(3)
295 134.13(1) 121.68(1) 160.95(3) 153.52(4) 139.32(3) 114.64(2) 106.48(3)
39.0 134.13(1)  121.68(1) 160.96(3) 153.54(4) 139.29(3) 114.63(2) 106.48(3)
475 134.12(1) 121.68(1) 160.95(3) 153.52(4) 139.32(3) 114.62(2) 106.48(3)
55.1 134.13(1)  121.67(1) 160.94(3) 153.53(4) 139.31(3) 114.62(2) 106.51(3)
64.0 134.13(1)  121.68(1) 160.94(3) 15353(4) 139.31(3) 114.62(2) 106.50(3)
73.4 134.12(1)  121.69(1) 160.98(3) 153.57(4) 139.28(3) 114.62(2) 106.44(3)
83.0 134.13(1)  121.68(1) 160.96(3) 153.55(4) 139.29(3) 114.63(2) 106.47(3)
9.5 134.13(1) 121.69(1) 160.93(3) 153.52(4) 139.32(3) 114.63(2) 106.50(3)
106.4 134.12(1)  121.69(1) 160.96(3) 153.56(5) 139.29(3) 114.62(2) 106.46(3)
114.5 134.12(1)  121.70(1) 160.94(3) 15353(5) 139.33(3) 114.62(2) 106.46(3)
121.9 134.12(1)  121.69(1) 160.94(3) 153.56(5) 139.29(3) 114.62(2) 106.49(3)
138.8 134.12(1)  121.70(1) 160.96(3) 153.56(4) 139.29(3) 114.64(2) 106.45(3)
149.6 134.13(1) 121.68(1) 160.98(3) 153.60(5) 139.26(3) 114.61(2) 106.43(3)
156.8 134.12(1) 121.68(1) 160.96(3) 15357(5) 139.29(3) 114.62(2) 106.46(3)
165.9 134.12(1) 121.69(1) 160.99(3) 153.60(5) 139.28(3) 114.61(2) 106.40(3)
175.1 134.12(1)  121.69(1) 160.97(3) 153.61(5) 139.26(3) 114.62(2) 106.44(3)
184.5 134.13(1)  121.69(1) 160.98(3) 153.65(5) 139.23(3) 114.61(2) 106.43(3)
194.3 134.14(1) 121.88(1) 160.98(3) 153.65(5) 139.24(4) 114.60(2) 106.43(4)
203.6 134.11(1)  121.70(1) 160.96(3) 153.60(5) 139.28(4) 114.62(2) 106.44(4)
213.2 134.11(1)  121.70(1) 160.99(3) 153.64(5) 139.25(4) 114.61(2) 106.40(4)
222.4 134.12(1)  121.69(1) 160.97(3) 153.64(5) 139.26(4) 114.60(2) 106.41(4)
2316 134.10(1) 121.70(1) 160.96(3) 153.64(5) 139.27(4) 114.59(2) 106.43(4)
240.6 134.11(1)  121.69(1) 160.99(3) 153.65(4) 139.25(4) 114.60(2) 106.41(4)
249.8 134.10(4) 121.68(1) 160.99(3) 153.68(5) 139.24(4) 114.59(2) 106.41(4)
259.1 134.10(1) 121.68(1) 160.98(3) 153.66(5) 139.25(4) 114.59(2) 106.42(4)
268.3 134.09(2) 121.69(1) 160.98(3) 153.65(5) 139.26(4) 114.58(2) 106.42(4)
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01A2,01A1-Al-0O1B2, 0O1A1-Al-0O1B1 all decrease
with increasing temperature, O1B2-Al1-O2D1 and
02C1-Al1-02D1 are temperature-independent, and
01A1-Al-02C1 and O1A2-Al-02D1 both increase
with increasing temperature. These low-temperature
trends are broadly in keeping with the high-temperature
results of Cameron et al. (1973). Bond-length and
selected bond-angle variations are shown in Figure 14,
and the bond lengths and angles are given in Tables 7
and 8, respectively. The position of the Al atom with
respect to the center of the octahedron was found to
be independent of temperature, with a displacement
of 0.12 A. The parameterization of the temperature
dependence of the unit cell requires knowledge of the
temperature variation of the lengths of the octahedron
and tetrahedron edges. For jadeite at low temperatures,
the edges O1A1-O1B2 and O1B2-02D1 exhibit a
decrease with increasing temperature, O1A1-O1A2
and O2C1-02D1 are temperature-invariant, whereas
O1A1-01B1, O1A1-02C1 and O1B2-02C1 all
increase with increasing temperature. The fractional
change in edge distance with temperature is approxi-
mately constant for the edges that expand, and greater
in magnitude than those that exhibit contraction. With
the exception of O1B2-02D1, which was found to be
temperature-independent, the high-temperature results
of Cameron et al. (1973) show all the octahedron edges
to increase with increasing temperature.

The SiO, tetrahedron

The volume, angle variance and quadratic elonga-
tion of the SiQ, tetrahedron were found to be constant
between 2.5 and 265 K, with mean values of 2.179 1&3,
22.2°% and 1.0054, respectively. The four bond-lengths
in the tetrahedron show no significant variation with
temperature, and neither do the three tetrahedron angles

9.380

9.375 1

9.370 A

9.365 4

AlOg Octahedral '\.f'olurnef‘.ﬂ\3

9.360 T T T T T
0 50 100 150 200 250

Temperature/K

Fic. 13. The temperature dependence of the AlOg octahedron
in jadeite. The full line shows a fit to these data assuming
an Einstein model.
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from oxygen O1A1. Of the remaining three tetrahedron
angles, O2A2-Si-0O3A1 and O2A2-Si-O3A2 show a
slight decrease, and O3A1-Si—O3A2 shows a small
increase with temperature. These conclusions agree
broadly with the high-temperature results of Cameron
et al. (1973), with the exception of the bond angles from
O1A1, in which they found a decrease in bond angle
to the atoms O3A1,2, and an increase in bond angle to
O2A1. The temperature variation of the bond lengths
and bond angles in the tetrahedra are shown in Tables
9 and 10, respectively.

In this low-temperature study, three of the six edge
lengths in the tetrahedra are temperature-independent,
O1A1-03A1, O2A1-03A1, O2A1-03A2, and two
show a weak increase with temperature, O1A1-02A1,
O1A1-O3A2. By contrast, the edge O3A1-03A2,
related to the length of the ¢ axis, shows a strong
increase with temperature, from 2.6137 Aat25K to
2.6148 A at 265 K. The angle in the chain of tetrahedra,
03 — 03 — 03, increases approximately linearly from
174.2° to 174.4° over the same interval of temperature,
indicating that only a small straightening of the chain
occurs. Figure 15 shows the temperature variation of
the edge distance O3A1-0O3A2 and the associated chain
angle between linked tetrahedra.

Cameron et al. (1973) found that the volume of the
SiQy tetrahedron in aegirine, diopside, hedenbergite,
jadeite, spodumene and ureyite increases only slightly
with temperature over a wide range in temperature,
whereas in this low-temperature study, the volume
appears to remain constant. Defining the edge vector
03A2 — O1Al asry, O3A2 — O2A1 as rp, and O3A2

TABLE 7. BOND LENGTHS (A) AT THE OCTAHEDRAL SITE OF AlO,
AS A FUNCTION OF TEMPERATURE (K)

Temp. Al-O1A1 Al-O1A2 Al-02C1
24 1.9868(8) 1.9384(4) 1.8597(7)
10.3 1.9867(8) 1.9378(4) 1.8597(7)
19.7 1.9866(8) 1.9381(4) 1.8597(7)
295 1.9868(8) 1.9383(4) 1.8596(7)
39.0 1.9871(8) 1.9380(4) 1.8595(7)
475 1.9868(8) 1.9381(4) 1.8595(7)
55.1 1.9874(8) 1.9380(4) 1.8596(7)
64.0 1.9860(8) 1.9380(4) 1 8607(7)
734 1.9864(8) 1.9377(4) 1.8601(7)
83.0 1.9870(8) 1.9380(4) 1.8592(7)
96.5 1.9865(8) 1.9380(4) 1.8598(7)
106.4 1.9873(8) 1.9377(4) 1.8595(7)
114.5 1.9874(8) 1.9379(4) 1.8592(7)
121.9 1.9876(8) 1.9374(4) 1.8596(7)
138.8 1.9876(8) 1.9376(4) 1 8597(7)
149.6 1.9871(8) 1.9378(4) 1.8604(7)
156.8 1.9873(8) 1.9377(4) 1.8606(7)
165.9 1.9882(8) 1.9382(4) 1.8598(7)
175.1 1.9884(8) 1.9379(4) 1.8597(7)
184.5 1.9886(9) 1.9376(4) 1.8594(7)
194.3 1.9877(9) 1.9379(4) 1.8608(8)
2036 1.9889(9) 1.9374(4) 1.8595(7)
2132 1.9894(9) 1.9376(4) 1.8594(8)
2224 1.9898(9) 1.9383(4) 1.8590(8)
2316 1.9887(9) 1.9375(4) 18602( )
2406 1.9907(9) 1.9379(4) 1.8594(8)
2498 1.9901(9) 1.9377(4) 1.8596(8)
259.1 1.9916(9) 1.9378(4) 1.8586(8)
2683 1.9909(9) 1.9375(4) 1.8596(8)
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TABLE 8. SELECTED BOND-ANGLES (°) AT THE OCTAHEDRAL SITE OF AIO;
AS A FUNCTION OF TEMPERATURE (K)

Temp. O1A1-Al-  O1A1-A-  O1A1-A-  O1A1-A-  O1B2-A-  O1B2-A-  O2D1-Al-
0181 0182 01A2 02C1 0201 02D1 02C1

24 86.51(4) 77.69(2) 96.00(3) 89.43(1) 89.88(2) 95.79(2)  97.32(5)
10.3 86.54(4) 77.68(2) 96.02(3) 89.43(2) 89.87(2) 9578(2)  97.30(5)
19.7 86.51(4) 77.68(2) 96.01(3) 89.43(2) 89.87(2) 95.79(2)  97.33(5)
29.5 86.52(4) 77.70(2) 96.01(3)  89.44(2) 89.85(2) 9579(2)  97.29(5)
39.0 86.52(4) 77.69(2) 96.01(3)  89.44(3) 89.86(2) 95.79(2)  97.31(5)
475 86.52(4)  77.69(2)  96.02(3)  89.44(2) 89.87(2) 95.78(2)  97.31(5)
55.1 86.49(4) 77.67(2) 96.00(3) 89.45(2) 89.87(2) 95.80(2)  97.32(5)
64.0 86.57(4) 77.71(2) 96.04(3) 89.44(2) 89.84(2) 95.77(2)  97.25(5)
73.4 86.57(4) 77.68(2) 96.03(3) 89.43(2) 89.85(2) 95.78(2)  97.27(5)
83.0 86.52(4) 77.66(2) 96.00(3) 89.44(2) 89.87(2) 95.81(2)  97.31(5)
96.5 86.53(4) 77.66(2) 96.02(3) 80.45(2) 80.86(2) 95.81(2)  97.29(5)
106.4 86.52(5) 77.64(3) 95.99(3) 89.44(2) 89.88(2) 95.83(2) 97.32(5)
1145 86.48(4) 77.60(2) 95.97(3) 89.43(2) 89.90(2) 95.86(2)  97.38(5)
1219 86.50(5) 77.62(3) 96.00(3) 89.45(2) 89.88(2) 95.85(2)  97.31(5)
138.8 86.52(4) 77.62(2) 95.99(3) 89.45(2) 89.84(2) 95.89(2)  97.31(5)
149.6 86.57(4) 77.65(2) 96.00(3) 89.44(2) 89.83(2) 95.86(2) 97.26(5)
156.8 86.54(4) 77.65(2) 96.01(2) 89.47(2) 89.83(2) 95.86(2)  97.25(5)
165.9 86.50(5) 77.63(3) 95.96(2) 89.44(2) 89.85(2) 95.89(2)  97.34(5)
175.1 86.52(4) 77.62(2) 95.96(3) 89.47(2) 89.84(2) 95.92(2) 97.28(5)
184.5 86.49(5) 77.59(2) 95.96(3) 89.48(2) 89.86(2) 95.93(2)  97.29(5)
1943 86.50(5) 77.63(3) 95.97(3) 89.46(2) 89.82(2) 95.93(2)  97.23(5)
203.6 86.48(5) 77.54(3) 95.94(3) 89.48(2) 89.87(2) 95.97(2) 97.32(5)
213.2 86.48(5) 77.57(3) 95.94(2) 89.47(2) 89.85(2) 95.97(2) 97.33(5)
2224 86.42(5) 77.55(3) 95.90(3) 89.48(2) 89.87(2) 9598(2) 97.37(5)
231.6 86.52(5) 77.54(3) 95.94(3) 89.49(2) 89.86(2) 95.99(3)  97.26(5)
240.6 86.42(5) 77.56(3) 95.92(3) 89.49(2) 89.84(2) 96.00(3)  97.34(5)
249.8 86.46(5) 77.54(3) 95.91(3) 89.50(2) 89.85(2) 96.02(3)  97.29(5)
259.1 86.40(5) 77.50(3) 95.86(3) 89.49(2) 89.88(2) 96.06(3)  97.38(5)
268.3 86.43(5) 77.52(3) 95.91(3) 89.50(2) 89.84(3) 96.04(3) 97.34(6)

TABLE 9. BOND LENGTHS (A) AT THE TETRAMEDRAL SITE OF SiO,
AS A FUNCTION OF TEMPERATURE (K)

Temp. Si- 01A1 Si - 02A1 Si - O3A1 Si - 03A2
24 1.6387(6) 1.5897(6) 1.6259(6) 1.6395(6)
10.3 1.6383(6) 1.5905(6) 1.6258(6) 1.6394(6)
19.7 1.6391(6) 1.5896(6) 1.6263(6) 1.6393(6)
295 1.6386(6) 1.5897(6) 1.6264(6) 1.6392(6)
39.0 1.6390(6) 1.5897(6) 1.6255(6) 1.6398(6)
475 1.6389(6) 1.5896(6) 1.6263(6) 1.6392(6)
55.1 1.6393(6) 1.5890(6) 1.6254(6) 1.6396(6)
64.0 1.6389(6) 1.5893(6) 1.6257(6) 1.6397(6)
734 1.6391(6) 1.5900(6) 1.6258(6) 1.6392(6)
83.0 1.6390(6) 1.5899(6) 1.6257(6) 1.6394(6)
96.5 1.6390(6) 1.5896(6) 1.6259(6) 1.6397(6)
106.4 1.6391(6) 1.5899(6) 1.6261(6) 1.6390(6)
114.5 1.6398(6) 1.5896(6) 1.6261(6) 1.6390(6)
1219 1.6386(6) 1.5899(6) 1.6256(6) 1.6401(6)
1388 1.6390(6) 1.5898(6) 1.6262(6) 1.6397(6)
149.6 1.6387(6) 1.5895(6) 1.6264(6) 1.6398(6)
156.8 1.6388(6) 1.5893(6) 1.6265(6) 1.6398(6)
165.9 1.6390(6) 1.5894(6) 1.6265(6) 1.6402(6)
175.1 1.6385(6) 1.5895(6) 1.6261(6) 1.6403(6)
184.5 1.6395(6) 1.5898(6) 1. 6254(6) 1.6402(6)
194.3 1.6389(6) 1.5898(6) 1.6252(6) 1.6400(6)
2036 1.6394(6) 1.5897(6) 1.6263(6) 1.6400(6)
2132 1.6397(6) 1.5902(6) 1.6259(6) 1.6401(6)
2224 1.6392(6) 1.5904(6) 1.6260(6) 1.6401(6)
2316 1.6400(6) 1.5898(6) 1.6260(6) 1.6396(6)
2406 1.6386(6) 1.6907(6) 1.6264(6) 1.6400(6)
2498 1.6391(6) 1.5902(6) 1.6262(6) 1.6399(6)
259 1 1.6393(6) 1.5905(6) 1.6254(6) 1.6404(6)
268.3 1.6396(6) 1.5905(6) 1.6257(6) 1.6402(6)

— O3A1 as r3, the following expression is required to
hold for all temperatures if the volume is to be invariant
with change in temperature:

dry dr, dry 6de
I} XT, -—+rI X—="13 +—><r2 r; =0=
dr dT dT dT

As the edge lengths of the tetrahedra only begin to
move away from saturated behavior at ~100 K, this
temperature has been chosen as the reference from
which the derivatives have been calculated as dry/

= [ry(T) — ri(100)]/(T — 100). The results from the
expression were checked for consistency by calculating
[Vied T) — Ve (100)]/(T — 100), where V., is the volume
of the SiOy4 tetrahedron. Despite the fact that these
calculations are at the limit of the precision that could
be derived from the data, the following two observations
were found for all but one of the 18 temperatures above
the reference temperature

dr, dr
I XIy - ——=>—XT, 13 >0
dT

dT

dr,
nX—-r; <0
dT
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The tentative conclusions from these observations is
that the constant volume of the SiQy tetrahedron in
jadeite at low temperatures is maintained by a close
balancing of the action of O2A1, which moves toward
the tetrahedron face containing r; and rs, with that of
03A1, which moves away from the face containing
r; and rp. The latter is identified as arising from the
opening of the tetrahedron edge that governs the thermal
expansion of the ¢ axis, which is discussed in more
detail in a following section.

Inter-polyhedron torsion angles

The torsion angle, 7, between neighboring polyhedra
can be defined by the expression

cos(’c) = —(nl -nz)
n;n,

N =I; XI,

N, =r; X1,

where rq and r; are vectors from one central cation to
two polyhedron ligands, one of which is shared by the
second central cation. Vectors r3 and r4 are from the
second central cation to the shared ligand and an addi-
tional ligand within its coordination polyhedron. In the
case of the neighboring edge-sharing AlOg octahedra in
jadeite, both ligands are shared; with the vectors defined
as ry from M1H to O1D2, r; from M1H to O1Cl1, r3
from M11H to O1C1 and r4 from M11H to O1D2, 7 is

TABLE 10. BOND ANGLES (°) AT THE TETRAHEDRAL SITE OF SiC,
AS A FUNCTION OF TEMPERATURE (K}

Temp. O1A1-Si- O1A1-8i- OfA1-Si O2A1-Si  O2A1-Si- O3A1-Si-

02A1 03A1 03A2 03A1 03A2 03A2
24 118.3%(3) 107.62(3) 107.21(3) 110.52(3) 106.08(3) 106.34(3)
103 11841(3) 107.61(3) 107.25(3) 110.50(3) 106.05(3) 106.35(3)
197 11845(3) 107.60(3) 107.22(3) 110.54(3) 106.10(3) 106.33(3)
205  118.41(3) 107.61(3) 107.24(3) 110.50(3) 106.08(3) 106.33(3)
39.0  118.39(3) 107.61(3) 107.22(3) 110.54(3) 106.07(3) 106.34(3)
475  118.42(3) 107.58(3) 107.24(3) 110.53(3) 106.09(3) 106.34(3)
551  118.40(3) 107.58(3) 107.19(3) 110.56(3) 106.09(3) 106.36(3)
640  118.41(4) 107.60(3) 107.20(3) 110.54(3) 106.08(3) 106.34(3)
734 118.39(4) 107.60(3) 107.24(3) 110.52(3) 106.07(3) 106.36(3)
830  118.41(4) 107.61(3) 107.24(3) 110.52(3) 106.07(3) 106.36(3)
965  118.42(3) 107.61(3) 107.24(3) 110.51(3) 106.08(3) 106.33(3)
1064  11840(4) 107.60(3) 107.25(3) 110.50(3) 106.07(3) 106.36(3)
1145 118.40(4) 107.60(3) 107.21(3) 110.55(3) 106.06(3) 106.35(3)
1219 118.44(4) 107.63(3) 107.24(3) 110.49(3) 106.03(3) 106.33(3)
1388 11841(3) 107.62(3) 107.26(3) 110.48(3) 106.07(3) 106.33(3)
1496  11844(4) 107.59(3) 107.23(3) 110.56(3) 106.08(3) 106.32(3)
156.8  118.45(4) 107.60(3) 107.23(3) 110.50(3) 106.07(3) 106.31(3)
1659  118.43(3) 107.63(3) 107.20(3) 110.55(3) 106.05(3) 106.30(3)
1751 118.46(4) 107.63(3) 107.23(3) 110.48(3) 106.05(3) 106.32(3)
1845  11844(4) 107.61(3) 107.21(3) 110.50(3) 106.06(3) 106.36(3)
1943 11842(4) 107.61(3) 107.20(3) 110.50(3) 106.06(4) 106.38(3)
2036  118.46(4) 107.62(3) 107.25(3) 110.48(3) 106.03(3) 106.33(3)
2132 118.41(4) 107.63(3) 107.24(3) 110.50(3) 106.05(4) 106.35(3)
2224 118.43(4) 10165() 10722(3) 110.48(3) 106.04(4) 106 35(3)
2316 118.46(4) 107.59(3) 107.20(3) 110.50(4) 106.05(4) 106.38(3)
2406  118.42(4) 107.66(3) 107.28(3) 110.44(4) 106.03(4) 106.35(3)
2498  11846(4) 107.62(3) 107.23(3) 110.46(4) 106.03(4) 106.36(3)
2591 118.44(4) 107.64(3) 10721(3) 110.51(4) 106.00(4) 106.38(3)
2683  118.42(4) 107.63(4) 107.22(3) 110.49(4) 106.03(4) 106.38(3)
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0° and independent of unit-cell parameters. For the AlOg
ribbon, T has no pressure or temperature dependence
because ry and r, always remain antiparallel to r3 and
ry4, respectively.

The torsion angle between the bases of adjacent
SiQy4 tetrahedra along the chain of tetrahedra (Fig. 16)
is constant at ~3.21° throughout the whole interval of
temperature. This torsion angle is related to the tilting of
the normal to one of the bases with respect to a*, angle
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Fic. 14. The temperature dependence of the three indepen-
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{, and the angle the projection of this normal to the b — ¢
plane makes with ¢, angle £, through the expression

T=24\1-(§-m/2)*

As { is small, 1.61° at 265 K, and £ is slightly greater
than 90°, 92.80° at 265 K, T can be shown to be approxi-
mately 2Z. The angles { and £ can be identified with
the tilt and azimuthal tilt angles, respectively, in the
structural study of the jadeite — diopside solid-solution
series by Boffa Ballaran ez al. (1997).

The torsion angles between the AlQg octahedron and
the SiOy tetrahedron do, however, show temperature
variations. Figure 17 illustrates the two independent
torsion angles for a path through the jadeite structure
separated by the lattice vector b. Angle 71 is derived
from the vectors M1 to O1B1 (ry), M1 to O2D1 (r,),
T1B to O1B1 (r3) and 71B to O2B1 (r4). Angle 12
is derived from the vectors T1B to O1B1 (ry), 71B
to O2B1 (rp), M11 to O2B1 (r3) and M11 to O1D1
(r4). Neither 71 nor 72 show a strong temperature-
dependence, but both exhibit a trend to decrease with
increasing temperature (Fig. 18). Similar calculations
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can be performed for the two torsion angles described
by a path separated by the lattice vector a (Fig. 19). In
this case, 71 is derived from the vectors M1 to O1B1
(r1), M1 to O1A1 (r3), T1A to O1Al (r3) and T1A to
02A1 (ry), and 72 is derived from the vectors T1A to
O1A1 (ry), T1A to O2A1 (r3), M1H to O2B1 (r3) and
MI1H to O2A1 (r4). Angle 71 shows a weak tendency
to increase with increasing temperature, whereas 12
shows a marked decrease with increasing temperature.
Unfortunately, the changes in these four torsion angles
are too small to unambiguously identify the structural
basis for the observed temperature-dependence.

Bond-valence sums

Bond-valence sums for jadeite at 268 K, calculated
using the parameters from Brown & Altermatt (1985),
show the Na cation to be highly overbonded (1.42
valence units, vi), Al to be underbonded (2.87 vu) and
the Si to be charge-balanced (4.00 vu). For the anions,
results typical of a clinopyroxene were found (Cameron
& Papike 1980); O1 is close to charge-balanced (2.04
vu), O2 is underbonded (1.86 vi) and O3 is overbonded
(2.25 vu), these values being in excellent agreement
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Fic. 15. The temperature variation of the O3-03-O3 inter-
chain angle and the O3-O3 tetrahedron-edge distance in
jadeite. The temperature dependence of the thermal expan-
sion coefficient of the lattice parameter c is related to these
two variations, with 99% of the thermal expansion taken
up by the extension of the tetrahedron edge.
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with the results of Cameron et al. (1973) for an ambient
temperature. The temperature dependence of the bond-
valence sum for all atoms is minimal; all exhibit a small,
monotonic decrease with increasing temperature owing
to the lengthening of cation—oxygen bond distances.

PARAMETERIZATION OF THE TEMPERATURE
DEPENDENCE OF THE UNIT-CELL EDGES

To derive a rigorous structural basis for the thermal
expansion behavior of clinopyroxenes is problematic,
the difficulty arising primarily from the non-orthogo-
nality of the unit-cell basis vectors. With the exception
of the ¢ axis, it does not appear possible to find two
atomic positions within the clinopyroxene structure that
not only are separated by a single lattice vector but also
exhibit a connected path of polyhedra that only spans
a two-dimensional, orthogonal subspace. To a good
approximation, the temperature dependence of 3 can
be ignored, and in this section, we derive a basis for the
thermal expansion of the three unit-cell axes. As noted
earlier, the temperature variation of § mimics that of
the thermal expansion tensor, the orientation of which is
related to the bonding of the Na—O square antiprism.

The ¢ axis

Figure 16 shows the structure of jadeite viewed
down a*, with the atoms O3C1 and O3C1’ separated
by ¢, and with the vectors from O3C2, r; and r», lying
in the plane spanned by b and c. Hence
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Fic. 16. A connected polyhedron part of the crystal structure of jadeite viewed down
a*. Thermal expansion of the c axis is related to the orientation and magnitude of the
tetrahedron-edge vectors rl and r2. The torsion angle 7 is described in the text.
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the four polyhedron-edge vectors rl — r4. The two polyhedron
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tetrahedra are illustrated.
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b

Fic. 19. A connected polyhedron part of the crystal structure of jadeite viewed down —c*.
The lattice vector a is the sum of the four polyhedron-edge vectors r1 — r4. The two
polyhedron torsion angles t1 and 2 between the edges of octahedra and tetrahedra

are illustrated.

c= 2r1sin(g)
2

lde 1dr 1 (q)]dq)
= ——+—cot| — |—

cdT 1 dT 2 \2/)dT

where & is the chain angle among the tetrahedra and
rl is the length of the O3 — O3 tetrahedron edge.
For temperatures greater than ~100 K, dry/r;dT >>
0.5cot(db/2)ddb/dt; to a very good approximation, the
expansion of the c axis is purely governed by the rate
of change of the length of the O3 — O3 tetrahedron edge
and not by the straightening of the chain of tetrahedra.
Using the Einstein parameterization for the tempera-
ture dependence of the ¢ axis, dc/cdT (280 K) = 3.67
X 10°K-L, and dry/ridT = 3.64 X 10°K™., i.e., 99%
of the expansion is taken up by the expansion of the
tetrahedron edge.

The b axis

Figure 17 shows a path through the clinopyroxene
structure from O1B1 in one unit cell to the identical
atom in the neighboring unit-cell (O1B1°), separated by
the lattice vector b.

The path length is characterized by the tetrahedron
edge-length from O1B1 to O2B1, r; and its associated
direction cosine with respect to b, nj, and the octahe-
dron edge-length from O2B1 to O1D1, r, and its associ-
ated direction cosine with respect to b, no.

b=2r1><n1+2r2><n2

The expression above illustrates the difficulty of
parameterizing the cell dimensions in terms of simple
derived structural quantities such as bond lengths
and bond angles; it is necessary to know the explicit
temperature-dependence of the direction cosine compo-
nents of the edge vectors a priori. Despite this apparent
difficulty, the direction cosine components would not
be expected to show a large variation with temperature
in the clinopyroxene structure owing to the rigidity of
the edge-shared octahedra. However, neither can it be
safely assumed that they are constant in temperature.
A Taylor’s expansion would suggest that a linear
dependence on temperature is to be expected. Figure
18 shows that this is indeed the case for the required
components to parameterize the temperature variation
of the b axis. For temperatures greater than 100 K, both
the octahedron and tetrahedron edge-lengths are found
to be approximately linear with increasing temperature.
Differentiating the expression and substituting for the
temperature dependencies of the edge lengths and direc-
tion cosines shows that the opening of the octahedron
edges are the dominant structural mechanism for the
expansion of the b axis at low temperatures (~73%).
The opening of the tetrahedron edge-lengths are a
factor of about four times smaller, and the changes due
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to orientational effects are even smaller still. At room
temperature, the fractional change in the b axis with
temperature using the Einstein parameterization is 7.4
X 107K and 7.1 X 10°°K~! using the polyhedron-
edge parameterization discussed above.

The a axis

Figure 19 shows a path through the clinopyroxene
structure from O1A1 in one unit cell to the identical
atom in the neighboring unit-cell (O1A1’) separated by
the lattice vector a.

The path length is characterized by two octahedron
edge-lengths, the first from O1B1 to O1Al, r; and its
associated direction cosine with respect to a, nj, the
second, from O2A1 to O2B1, r3 with its associated
direction cosine, ns and the tetrahedron edge-length
from O1Al to O2A1, rp and corresponding direction
cosine, n.

a=ry Xny+2rp Xny+r; Xn;

Using the same method of data analysis as carried out
for the b axis was not as successful in this case, with
the calculated coefficient of thermal expansion being
4.2 X 107 K-! at room temperature, in comparison
with an observed value of 5.2 X 109 K-! using the
Einstein parameterization. However, empirically refit-
ting the data using expressions that were saturated at
low temperature, becoming linear at high temperature
was much more successful with a calculated coef-
ficient of thermal expansion of 5.4 X 1076 K-L. The
structural basis for the thermal expansion of this axis
is more complex than for the b axis, reflecting the
larger number of independent, interacting polyhedra.
Although both octahedron edges run almost parallel
to a and naively might be predicted to dominate this
effect, the opposite is in fact found. The octahedron
edge O2A1-02B1 shows negligible thermal expan-
sion, and, although the opening of the octahedron edge
0O1A1-0O1B1 comprises 38% of the calculated thermal
expansion, its change in orientation contributes a 14%
contraction. Somewhat surprisingly, it is the change in
both the tetrahedron edge-length and its orientation that
contribute 63% to the overall expansion. The relative
difficulty in determining a reliable parameterization to
accurately predict the fractional expansion of the a axis
probably lies with the small magnitude of the changes
in both the octahedron edge-length O2A1-O2B1 and
the tetrahedron edge-length O1A1-O2A1. It would be
of interest to attempt this analysis with data collected
at much higher temperatures, or, indeed pressure, where
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the changes in the polyhedra will be significantly larger
and will thus enable a more precise structural basis for
this axis to be derived.

CONCLUSIONS

For many years, the polyhedron approach to crystal
chemistry pioneered by Hazen & Finger (1982) and
Finger & Hazen (2000) has been of great benefit to
mineral physicists, allowing predictions to be made
of crystal structure in terms of both temperature and
pressure. The advent of third-generation synchrotrons,
state-of-the-art accelerator sources of neutrons, and
large area-detectors on laboratory-based X-ray single-
crystal diffractometers now offers opportunities to
re-examine the temperature and pressure dependence
of the crystal structures of major rock-forming minerals
with a new level of detail. In this paper, we show that
using a high-flux neutron source, coupled with a high
count-rate, and a high-resolution powder diffractometer,
it is possible to derive:

1) the temperature dependence of the unit cell with a
precision of a few parts in 10, in data-collection times
of the order of twenty-five minutes, with temperature
stabilities of less than 0.5 K. This allows the subtle-
ties in the temperature variation of thermal expansion
tensor to be investigated and related to changes in the
crystal (or magnetic) structures of the pyroxene under
investigation.

2) the temperature variation of the unit-cell volume
at a precision that allows the temperature dependence of
the thermodynamic Griineisen parameter of a pyroxene
to be determined for the first time. Using simple
statistical mechanical models, the Debye and Einstein
temperatures may also be derived from these data and
compared to values obtained directly through calorim-
etry, or indirectly, through vibrational spectroscopy.

3) highly precise crystal structures from data collec-
tions of the order of 1 hour with a Q maximum resolu-
tion of 20 A~L. The ability to collect data rapidly, under
controlled thermodynamic conditions, allows the subtle
changes in the crystal structure or atomic vibrations
to be determined directly without having to resort to
parametric methods of data analysis. These data have
provided a model of the structural basis for the thermal
expansion of a jadeite along the three crystallographic
unit-cell edges. Owing to the magnitude of the Q-space
resolution,the precise determination of the atomic
displacement parameters has allowed the derivation of
the vibrational Debye temperatures of a pyroxene for
the first time.
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