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[1] High-resolution synchrotron X-ray diffraction mea-
surements were performed at 20—46 GPa on CaSiO;
perovskite (Ca-pv) synthesized in a laser heated diamond
cell. After heating, we observed peak splittings for the cubic
200 and 211 diffraction lines, attributable to a tetragonal
distortion of Ca-pv. The bulk modulus of the tetragonal phase
is 255 + 5 GPa for K7 = 4. The observed intensities and d-
spacings of the split lines indicate that the c-axis is shorter
than the a-axes (c/a=0.993 — 0.996). This is compatible with
either SiOg octahedron rotation around the a-axes or SiOg
octahedron distortion (shorter Si-O bonds along the c-axis
than the a-axes), provided that the observed phase has a
tetragonal unit cell. These structural distortions in Ca-pv
can affect its physical properties and capacity for large
cations. INDEX TERMS: 3620 Mineralogy and Petrology:
Crystal chemistry; 3924 Mineral Physics: High-pressure behavior;
3954 Mineral Physics: X ray, neutron, and electron spectroscopy
and diffraction; 8124 Tectonophysics: Earth’s interior—
composition and state (old 8105). Citation: Shim, S.-H., R.
Jeanloz, and T. S. Duffy, Tetragonal structure of CaSiO; perovskite
above 20 GPa, Geophys. Res. Lett., 29(24), 2166, doi:10.1029/
2002GL016148, 2002.

1. Introduction

[2] CaSiO;5 perovskite (Ca-pv) is believed to be an
important phase in the Earth’s transition zone and lower
mantle. Experimental studies have shown that Ca-pv forms
in mantle-relevant compositions under deep Earth condi-
tions [Funamori et al., 2000; Wood, 2000], and its physical
properties are important to understanding the transition zone
seismic structure [Sinogeikin and Bass, 2002].

[3] The stability and equation of state of Ca-pv have been
investigated to core-mantle boundary (CMB) conditions
[Mao et al., 1989; Shim et al., 2000b] by energy-dispersive
synchrotron X-ray diffraction (XRD) in the laser-heated
diamond anvil cell (DAC). Within the resolution of these
studies, CaSiO5 has a cubic perovskite structure (Pm3m).
However, a theoretical study [Stixrude et al., 1996] has
proposed that the tetragonal phase of Ca-pv is more stable at
all pressures at 0 K, and a tetragonal-to-cubic transition may
occur at lower mantle conditions. An even lower symmetry
(orthorhombic) has been recently proposed by other studies
[Akber-Knutson et al., 2002; Magyari-Kope et al., 2002]
[for a detailed review of studies of Ca-pv, see Shim et al.,
2000b]. In order to investigate possible structural distortions
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in Ca-pv, we performed high-resolution angle-dispersive
diffraction measurements.

2. Experimental Technique

[4] Pure natural wollastonite powder was mixed with
platinum which serves as both a pressure standard [Holmes
et al., 1989] and laser absorber. The sample was loaded into
a DAC together with argon as both a pressure medium and
thermal insulator. We also loaded ruby chips at the edge of
samples as a secondary pressure calibrant. In order to
synthesize Ca-pv and/or anneal differential stresses, samples
were heated for at least 15 minutes to more than 1500 K
before each XRD measurement by scanning a continuous
Nd:YAG laser across the sample.

[s] We conducted high-resolution diffraction measure-
ments at the B-2 sector of the Cornell High Energy Synchro-
tron Source and the 10-2 sector of the Stanford Synchrotron
Radiation Laboratory. Image plates (IPs) (2048 x 2048 and
4096 x 8192 pixels) were used at 20—27 cm distances from
the samples to collect diffraction by monochromatic X-rays
(24.999 and 17.038 keV). Two-dimensional diffraction
images were integrated to one-dimensional patterns after
correcting for IP tilt using the SImPA program [Desgreniers,
1998]. Sample-to-IP distance and IP tilting were measured
for each data acquisition by collecting XRD patterns of MgO
or NaCl loaded on the table face of the diamond anvil. Two
different types of DACs were used: symmetric cells whose
conical aperture allows integration over a 140° range of the
diffraction rings for d-spacings larger than 1.5 A, and Mao-
Bell cells whose slot-type aperture allows to cover a wider
range of d-spacing (>1.3 A) for a 7—15° portion of the rings.

[6] Non-linear regressions were performed for the meas-
ured d-spacings to obtain unit-cell parameters using the
Unitcell program [Holland and Redfern, 1997]. Rietveld
refinements were also performed for the measured patterns
using GSAS [Larson and Von Dreele, 1988]. We refined
unit-cell parameters, atomic positions, and thermal factors
of atoms with preferred orientation correction.

3. Results and Discussions

[7]1 A total of six diffraction images was collected at
pressures of 19.7, 24.2, 25.2, 26.6, 36.1, and 45.8 GPa for
four different samples. Peak splittings were observed for the
200¢ and 211 diffraction rings (the subscript “C” indicates
the index for a cubic unit cell with the Pm3m space group)
for all of the images measured above 20 GPa (Figure 1). In
the images (e.g., Figure la), the 200 diffraction ring is
much broader and spottier than other Ca-pv diffraction
rings. The dots in the ring are clearly split and lie along
two separate rings. The splittings are also detected in the
integrated one-dimensional diffraction patterns (Figure 1b
and 1c). The splittings are not clear for the sample below 20
GPa. However, the peak width of the 200 line is almost a
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Figure 1. XRD patterns of Ca-pv at high pressure. (a)
Portion of a diffraction image at 45.8 GPa. (b) Integrated
one dimensional pattern of (a) (crosses). A Rietveld
refinement result based on the P4/mmm space group is
shown as a solid line overlapping the crosses. The solid line
in the mid-portion shows the difference between observed
and calculated patterns. Calculated diffraction patterns for
14/mmm, PA/mmm, PA/mbm, and I4/mcm space groups
(vertical bars below) are shown for comparison. The insets
show the peak splittings of 200¢ and 211 diffraction lines
of Ca-pv. Diffraction lines in (a) and (b) are roughly aligned
for comparison (x-axis in (a) is a length scale based on IP
dimension, not an angle scale). (c) Integrated XRD pattern
of Ca-pv measured at 25.2 GPa. This pattern was obtained
by integrating a larger portion of the rings (140°). Indexed
lines are the diffraction lines of Ca-pv based on P4/mmm
(Pt: platinum, Ar: argon).

factor of 1.5 greater than those of other diffraction lines at
these pressures [Wang and Yagi, 1998], indicating a possible
tetragonal distortion below 20 GPa.

[8] Peak splittings were detected more readily after laser
heating. Even after annealing, some samples show less clear
peak splittings, possibly because these samples contain less
pressure medium (argon) as shown by the weaker diffrac-
tion from argon in Figure 1b relative to lc.

[o] The observed peak splittings are consistent with those
expected for a tetragonal distortion: larger splittings will be
observed for the diffraction lines from the planes perpendic-
ular to the cubic unit-cell axes, i.e., peak splittings will be
largest in the order of 200, 211¢, and 110c. We observed the
most pronounced splitting for the 200 diffraction line
(Figure 1). Both individual peak fitting and Rietveld refine-
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ment yield identical results for the unit-cell parameters of Ca-
pv (Figure 2). In addition, the refined values of the unit-cell
parameters are insensitive to the space group used in Rietveld
refinements. All data obtained show 0.4% shorter c-axis than
a-axes, except for a single data point, and this ratio (c/a) does
not change with compression (Figure 2b). This amount of
distortion is smaller than the estimated resolution of energy-
dispersive XRD [Shim et al., 2000a].

[10] The volume of Ca-pv from the present study lies
between the compression curves of Mao et al. [1989] and
Shim et al. [2000a] (Figure 2a). Fitting our data points to the
Birch-Murnaghan equation assuming that the pressure deriv-
ative of the isothermal bulk modulus is 4 and the volume at
ambient conditions is 45.58 A® [Wang et al., 1996], the
isothermal bulk modulus of Ca-pv is 255 £ 5 GPa, which is
lower than the values of earlier measurements (281-325
GPa) [Tamai and Yagi, 1989; Mao et al., 1989; Yagi et al.,
1989; Tarrida and Richet, 1989] but higher than more recent
values (232—-236 GPa) [Wang et al., 1996; Shim et al.,
2000a]. However, it should be noted that all previous
measurements were analyzed based on a cubic unit cell.

[11] Insights into the distortion in Ca-pv can be obtained
from the intensities of split lines of 200c. We always
observed this line splits such that the more intense peak
of the doublet occurs at lower angle (Figure 1b and lc).
Since minor structural changes are expected from the
observed XRD patterns, we can assume that the tetragonal
structure will be close to the cubic perovskite structure.
Under this assumption, the more intense peak of the 200¢
doublet corresponds to a more repetitive feature of the
crystal structure. This implies that the intense line should
originate from atomic planes normal to the two identical a-
axes of the tetragonal unit cell and the less intense line
should originate from the planes normal to the c-axis. Thus,
we assign 2007 (the subscript “T” indicates an assignment
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Figure 2. (a) Volume and (b) c/a ratio of tetragonal Ca-pv.
The cell parameters of tetragonal Ca-pv are calculated using
the P4/mmm perovskite structure. At 19.7 GPa, we
performed the refinement with a cubic cell (open symbol).
Error bars hereafter are 10 uncertainties.
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Figure 3. Possible crystal structures of Ca-pv. (a) 4/mmm,
(b) P4/mmm, (c) P4/mbm, and (d) I4/mcm. The octahedra
represent SiOg and the balls represent Ca atoms. Dashed
rectangles show unit cells. Atomic positions were obtained
from the Rietveld refinements at 45.8 GPa. Projections
along the c-axes are shown above and projections along the
a-axes are shown below.

using a tetragonal cell with the P4/mmm space group) to the
more intense line and 002t to the less intense line.

[12] Indeed, if we index differently in both unit-cell refine-
ments and Rietveld refinements, i.e., 200+ for the split line at
higher angle and 002t for the split line at lower angle, the
refinements diverge. In addition, our interpretation is con-
firmed by the integration of the large portions of the dif-
fraction rings (Figure 1c), which should be less affected by
preferred orientation. According to this assignment, the split
line of 211 at lower angle should be more intense. However,
Figure 1b shows a different trend than expected. In other
XRD patterns, this line indeed splits with a more intense line
at a lower angle. Only a small portion of the rings could be
measured for this line due to the limited diamond cell aperture
for the high-angle diffraction line. In fact, the excess intensity
in 112 is mainly due to the strong diffraction spot indicated by
an asterisk in Figure la. Thus, this apparent discrepancy is
likely due to preferred orientation.

[13] It is known that distortion in many perovskite-struc-
tured materials is caused by the rotation of rigid octahedra
[Glazer, 1972; Woodward, 1997]. Octahedron rotation
around a particular axis usually decreases the unit-cell
dimensions along a plane normal to the rotation axis. As
the c-axis is shorter than the a-axes in Ca-pv, octahedron
rotation around the g-axes is expected (Figure 3a), if the SiO¢
octahedra are rigid. The space group of this rotation type is 74/
mmm. Rietveld refinements with this space group show that
the octahedron rotates by 4.9 + 1.7° at 45.8 GPa. We also find
that the Si-O bond length along the c-axis is shorter by 0.6 +
0.3% than those along the ag-axes (Figure 4). An interesting
feature of this structure is that it has three crystallographically
different Ca sites (Figure 3a).

[14] It is worth mentioning that some degree of preferred
orientation may be directly inferred from the measured
patterns. For example, intensities are greatest in the order
of 111,110+ 011, and 200 + 002 in Figure 1b, but 200 + 002,
110+ 011, and 111 in Figure 1c. Since Figure 1c is obtained
by integrating a much larger portion of the diffraction rings,
the excess intensity of 111 diffraction in Figure 1b is due to
preferred orientation along this direction. We corrected for
preferred orientation using the March-Dollase function [Dol-
lase, 1986] for the refinement of Figure 1b.
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[15] We also performed Rietveld refinements with a space
group allowing only SiO4 octahedron distortion without
rotation (P4/mmm). This tetragonal perovskite structure has
almost the same unit cell as cubic perovskite (Figure 3b), the
only difference being that the c-axis is no longer identical to
the a-axes. In this structure, the atomic positions are deter-
mined from the unit-cell parameters. This simple model
provides a good fit to the observed XRD pattern, with almost
identical residuals (R,,, = 6.9%) to the /4/mmm case (R,,, =
7.1%). In these two extreme cases (with and without octahe-
dron rotation), the refinements always require the octahedron
to be distorted. This implies that the tetragonal distortion of
Ca-pv is associated with anisotropy of the octahedra, with or
without accompanying octahedra rotation.

[16] We also fit the observed XRD patterns with a model
that has octahedron rotation around the c-axis, such as P4/
mbm and I4/mcm (Figure 3¢ and 3d). Octahedron rotation
around the c-axis leads to relative contraction of the a-axes,
whereas our measured XRD patterns show relative contrac-
tion of the c-axis. Indeed, if these models were used, longer
Si-O bond lengths along the a-axes (0.6—2.5%) are obtained
to counterbalance the a-axis contraction from the assumed
octahedron rotation around the c-axis.

[17] In fact, anisotropic SiOg octahedra can also be found
in MgSiO; perovskite (Mg-pv) (Figure 4). Three different
pairs of Si-O bonds exist in the Pbnm space group of Mg-
pv, whereas two different pairs of Si-O bonds exist in the
tetragonal perovskite structures. The Si-O bond lengths in
Mg-pv measured by single crystal XRD studies [Horiuchi et
al., 1987; Kudoh et al., 1987; Ross and Hazen, 1989] are
roughly grouped into two based on their length: two pairs of
Si-O bonds are longer than the other pair of Si-O bonds. In
addition, the compressibilities of these two groups of Si-O
bonds in Mg-pv are well aligned with those in Ca-pv
(Figure 4). This may be an indication of intrinsic anisotropy
of the Si-O bond in these silicate perovskites.
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Figure 4. Si-O bond lengths in Ca-pv at high pressures
(solid circles and squares: Si-O bond along c-axis; open
circles and squares: Si-O bond along a-axes). Si-O bond
lengths were calculated with both P4/mmm (circles) and 74/
mmm space groups (squares). Solid lines are to guide the
eye. We also include the Si-O bond lengths in Mg-pv at
high pressures from single crystal XRD studies [Horiuchi et
al., 1987; Kudoh et al., 1987; Ross and Hazen, 1989] with
their closest crystallographic orientations (diamonds).
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[18] It is important to characterize the differential stress in
our sample to understand the stability of the distorted
structure. The differential stress in the sample can be
estimated using the relative diffraction peak (111 and 200)
shift of platinum and the lattice strain theory [Singh, 1993].
Using the ambient pressure value of the elastic anisotropy of
platinum, the differential stress is less than 0.2 GPa at 46
GPa. In addition, the fact that the peak splitting is more
pronounced with more pressure medium (i.e., much less
differential stress) (Figure 1c) indicates that the distortion is
not induced by differential stress.

[19] However, it should be noted that /4/mmm and P4/
mmm space groups are extremely rare among known
perovskite structures [e.g., Woodward, 1997]. Furthermore,
in more recent first-principles calculations [Akber-Knutson
et al., 2002; Magyari-Képe et al., 2002], an orthorhombic
structure has been proposed for the structure in the ground
state. Based on the observed peak width of diffraction lines,
the resolution limit of the technique we used is 0.13%.
Thus, if a phase with lower symmetry than tetragonal exists,
the distortion should be less than 0.13%. Further studies are
necessary to confirm the space group assignment and to
investigate the possibility of lower symmetry structures.

[20] Because our diffraction patterns were measured after
laser heating, it is not clear whether the tetragonal structure
is stable at simultaneously high temperature and pressure.
Although the tetragonal structure may be formed at high
temperature and preserved during temperature quench, it is
also possible that Ca-pv has a higher symmetry, such as a
cubic structure, at high temperature and transforms to the
tetragonal structure during temperature quench. If the tet-
ragonal structure is indeed stable at the high P—T conditions
of the Earth’s transition zone and lower mantle, elastic
properties and their direction dependencies can be very
different from those expected for a cubic structure, as shown
in the case of SrTiO; perovskite [Okai and Yoshimoto,
1975; Fischer et al., 1989]. It is also important to investigate
whether a cubic-tetragonal phase transition can occur at
mantle conditions. Since the dodecahedral site (Ca site) of
Ca-pv provides the main repository of large cations in the
deep mantle [Kato et al., 1988], the distortion of this site in
the tetragonal structure can influence the partitioning of
trace elements, such as U, Th, and Sr. High-temperature
XRD and elasticity measurements will be important to
answer these remaining questions.
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