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Abstract. A high-pressure single-crystal x-ray diffraction
study of perovskite-type MgSiO, has been completed
to 12.6 GPa. The compressibility of MgSiO; perovskite
is anisotropic with b approximately 23% less compress-
ible than a or ¢ which have similar compressibilities.
The observed unit cell compression gives a bulk modulus
of 254 GPa using a Birch-Murnaghan equation of state
with K’ set equal to 4 and V/V, at room pressure equal
to one. Between room pressure and 5 GPa, the primary
response of the structure to pressure is compression of
the Mg—O and -Si—O bonds. Above 5 GPa, the SiO
octahedra tilt, particularly in the [bc¢]-plane. The distor-
tion of the MgO, , site increases under compression. The
variation of the O(2)—O0(2)—0(2) angles and bond-
length distortion of the MgO,, site with pressure in
MgSiO, perovskite follow trends observed in GdFeO,-
type perovskites with increasing distortion. Such trends
might be wuseful for predicting distortions in
GdFeO;-type perovskites as a function of pressure.

Introduction

Synthesis and characterization of silicate perovskites
have presented a formidable challenge to mineral physics
researchers since Ringwood (1962, 1966) first noted the
possible importance of MgSiO; and CaSiO, perovskites
in lower mantle petrology. Several workers subsequently
demonstrated high-pressure transformations from py-
roxene and garnet structures to perovskite in analog sys-
tems, including Ca(Ge, Si)O; and Ca(Ti, Si)O, (Marezio
et al. 1966; Ringwood and Major 1967, 1971; Reid and
Ringwood 1975). Pure silicate perovskites of composi-
tion MgSiO; and CaSiO; were prepared by Liu and
Ringwood (1975) and Liu (1974; 1975a, b; 1976 a—), and
laboratories in Japan and the United States soon dupli-
cated the Australian results (Sawamoto 1977; Ito 1977;
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Ito and Matsui 1977, 1978, 1979; Mao et al. 1977). By
the late 1970s many geophysicsts were convinced that
the 650 km mantle seismic discontinuity coincides with
a perovskite phase transition boundary, and that
(Mg, Fe)SiO; perovskite is a dominant lower mantle
mineral (Anderson 1976; Liu 1977, 1979; Yagi et al.
1979). Characterization of silicate perovskite became a
major objective of scientists interested in the deep earth.
The first experimental studies of silicate perovskite
properties relied on microgram quantities of polycrystal-
line MgSiO;. Yagi et al. (1978, 1982) documented the
perovskite’s room-pressure orthorhombic crystal struc-
ture and room-temperature compressibility. Other
workers reported thermal conductivity (Knittle et al.
1986), electrical conductivity (Li and Jeanloz 1987), and
vibrational spectroscopy (Weng et al. 1983; Williams
et al. 1987; Hofmeister et al. 1987). Recent phase equilib-
ria investigators have focused on the ternary MgO
—FeO—SiO, system, especially for assumed mantle
compositions near Mg, oFe, SiO; (Yagi et al. 1979; Ito
1982; Ito et al. 1984; Heinz and Jeanloz 1987; Jackson
et al. 1987; Knittle and Jeanloz 1987).
 Present experimental limitations generally preclude
measurement of silicate perovskite properties at the ex-
treme mantle temperatures and pressures of synthesis.
Computer modeling of MgSiO; and CaSiO; has proven
an attractive alternative for obtaining estimates of per-
ovskite structures and properties. Computational tech-
niques based on nearest-neighbor interactions were em-
ployed by Ito and Matsui (1978) and Miyamoto and
Takeda (1984) to predict structural parameters. More
recent calculations have focused on the elasticity and
equations of state of endmember magnesium and calci-
um silicate perovskites. Lattice-dynamical calculations
using empirical potentials provided estimates of elastic
properties (Matsui et al. 1987; Choudhury et al. 1988)
as well as defect energies (Wall et al. 1986) and ion migra-
tion paths (Miyamoto 1988). Models based on ab initio
potentials (non-empirical, in the sense that interatomic
potentials do not depend on experimental data) have
also been applied to silicate perovskites by Wolf and




Bukowinski (1985, 1987), Hemley et al. (1987), Cohen
(1987), and Hemley et al. (1989). The latter study is par-
ticularly successful in reproducing experimental values
of room-pressure structure parameters and elastic modu-
li.

Ito and Weidner’s (1986) synthesis of single crystal
MgSiO; perovskite up to 300 um diameter represented
an important advance. Single crystals, unlike powdered
samples, facilitate the measurement of anisotropic struc-
tural and physical properties. The Ito and Weidner sam-
ples have allowed the precise measurement of crystal
structure at room conditions (Horiuchi et al. 1987) and
high pressure (Kudoh et al. 1987), elastic moduli (Yegan-
eh-Haeri et al. 1989), thermal expansion (Ross and Ha-
zen 1989), and vibrational spectra (Hemley et al. 1989).

In spite of these improved samples, however, there
remains considerable uncertainty regarding the behavior
of MgSiO; perovskite at high pressure. Yagi et al. (1982),
for example, determined the following order for the com-
pressibilities of the lattice parameters: a>b~c and cal-
culated an isothermal bulk modulus of 258 GPa. Knittle
and Jeanloz (1987) found cx~b=a and K;=266 GPa.
Results from Kudoh et al.’s (1987) single-crystal study
are c>a>b and K;=247 GPa. Single-crystal Brillouin
spectroscopy by Yeganeh-Haeri et al. (1990) suggest
¢>a>b and an adiabatic bulk modulus of 246 GPa. Re-
cently, Mao etal (1989) found c¢>a>b and K7
=272 GPa.

We undertook a single-crystal x-ray diffraction study
of MgSiO; perovskite to 12.6 GPa in order to resolve
these differences. Since the compression results are sensi-
tive to non-hydrostatic stresses, two hydrostatic pressure
. media were employed this study: the first, a 4:1 methan-
ol:ethanol solution was used for studies to 5 GPa, while
the second medium, neon, was used in runs exceeding
6 GPa. Trends in the axial compressibilities and isother-
mal bulk modulus are reported and compared with re-
sults from the previous studies. In addition, the subtle
changes in the structure of MgSiO; perovskite with in-
creasing pressure are described and compared with other
GdFeO;-type perovskites.

Experimental

The single crystals of MgSiO; perovskite, synthesized at 22 GPa
and 1000° C in the presence of a small amount of water (Ito and
Weidner 1986), were generously provided by Dr. E. Ito of Okayama
University, Japan. We examined a dozen crystals with a precession
camera and an automated four-circle diffractometer and selected
three untwinned samples for high-pressure study. The peak profiles
were broad in all three of the crystals, possibly due to a small
mosaic size formed upon quenching from high pressure and temper-
ature. Crystal # 1, a 80 x 80 x 40 um plate, was mounted in a trian-
gular Merrill-Bassett type diamond-anvil cell with an Inconel 750X
gasket (350 pm-diameter hole). The perovskite crystal and several
10 um chips of ruby pressure calibrant were afixed to one diamond
face with a thin smear of the alcohol-insoluble fraction of vaseline,
and a 4:1 mixture of non-dried methanol:ethanol was the hydrosta-
tic pressure-transmitting medium. Procedural details of crystal
mounting, pressure calibration, and cell operation are given by
Hazen and Finger (1982). Perovskite crystal 4 1 was oriented with
the (210) direction perpendicular to the anvil faces; thus the ¢ axis
was parallel to the diamonds.
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Table 1. Cell parameters and volume of MgSiO; perovskite

P a(A) b(A) c(A) Vol. (A%}  Ref.

(GPa)
0001 4.7754(3) 49292(4) 6.8969(5) 16235(2) 1
0.001 4.7787 (4) 4.9313(4) 6.9083 () 162.80(3) 2
0001 4774(1) 4929(5) 6903(4)  1624(2) 3
0001 4.777(2) 4927(1) 6.89772(9) 16236(7) 4
1.0 4768 (3)  4.922(2) 6.8898(15) 161.69(12) 4
22 4762(1) 4918(1) 6.8767(9) 161.03(6) 4
3.0 4758 (2) 4911(3) 6.8680(14) 16046(9) 4
35 4754(2) 4911(2) 6.8653(12) 16030(8) 4
5.0 4746 (2) 4899(3) 6.8538(16) 159.34(10) 4
0.01 4774(2) 49262 (6) 6.8927 (6) 162.10(5) 5
1.7 4761(2) 49148 (7) 6.8760(7) 160.89(6) 5
25  4759(1) 49134(6) 6.8714(6) 160.67(5) S
33 4752(1) 49096 (6) 6.8637 (6) 160.14(5) 5
3.8 4750 (1)  4.9071(6) 6.8596 (6) 159.88(5) 5
3.9 4.7495(6) 4.9066 (3) 6.8590 (3) 15984 (2) 5
0.01 4778 (2)  4.933(1)  6.9010(6) 162.65(7) 6
55  4745(3) 4903(3)  6.8550(13) 15947(11) 6
10.8 4710(1) 4873(1) 6.8079(26) 156.26(8) 6
65  4735(1) 4895(1) 6843(3)  15861(8) 7
1.5 47321 (8) 4.892(1) 6.836(2) 15822(06) 17
10.6 4710(1) 4.873(2) 6.807(3) 15624 (9) 7
126 4.698(2) 4866(2) 6790(4)  15523(12) 7

References: 1. Ito and Matsui (1978); 2. Horiuchi et al. (1987); 3.
Kudoh et al. (1987) (in diamond anvil cell); 4. This study, crystal
# 1; 5. This study, crystal # 1+fluorite; 6. This study, crystal # 2;
7. This study, crystal # 3

Unit-cell parameters were obtained at 0.94, 2.2, 3.0, 3.5, and
5.0 GPa as well as at room-pressure while the crystal was still
mounted in the cell. At each pressure from 16 to 20 reflections
with 20° <2 @ < 30° were centered at eight equivalent positions fol-
lowing the procedure of King and Finger (1979). Initial unit-cell
refinements were made without constraints (i.e., as triclinic) to test
for deviations from orthorhombic dimensionality. All unit-cell an-
gles at all pressures were 90° within two estimated standard devia-
tions. Final cell parameters, recorded in Table 1, were calculated
with orthorhombic constraints (Ralph and Finger 1982). Full sets
of intensity data were collected at 0.0, 2.2 and 5.0 GPa with the
crystal still in the diamond cell.

Crystal # 1 was dismounted and remounted in the Merrill-
Bassett cell in the same approximate orientation, but with the addi-
tion of 150 x 150 x 10 um-thick single crystal of fluorite (CaF,),
which was fixed against one diamond anvil face and served as
a second internal pressure standard (Hazen and Finger 1981). Unit-
cell data were obtained at 1.72, 2.51, 3.33, 3.76, and 3.86 GPa as
well as at room pressure in the diamond cell.

Crystal # 2, a 30 x 30 x 20 equant fragment, was selected for
study in a diamond cell designed to use solidified gas as the pressure
medium (Mills et al. 1980; Jephcoat et al. 1987). This four-screw
cell, which features opposite pairs of screws oppositely threaded
for uniform pressurization, is suitable for x-ray diffraction studies
of single crystal to above 20 GPa (Hazen and Finger 1982). Perovs-
kite crystal # 2 and ruby fragments were mounted against one
diamond face and enclosed by a preindented Inconel gasket with
200 pm-diameter hole. The crystal was oriented with 110 perpendic-
ular to the anvil faces. We placed the cell, slightly opened, in a
steel bomb, which was pressurized to 0.2 GPa with neon gas. The
diamond cell seals by a remote-controlled motorized gear assembly,
and cell operation then procedes in the normal manner.

Unit-cell parameters were obtained at 5.5 and 10.8 GPa, as
well as at room pressure, but the crystal proved too small (ie.,
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peak-to-background ratios were too low) for meaningful collection
of intensity data. This difficulty is inherent in single-crystal studies
at pressures above 10 GPa; crystals must be less than 25 pm thick
to prevent crushing, and the beryllium backing pieces must be
thicker to support the diamonds. Thus, peak-to-background ratios
are often small in high-pressure single crystal experiments.

Crystal 4 3, a 35 x40 x 25 pm plate flattened in the (001) plane
was mounted in the gas cell with neon as the pressure medium.
Angular measurements for unit-cell determinations were obtained
at 6.5, 7.5, 10.6 and 12.6 GPa and complete sets of intensity data
were obtained at 7.5 and 10.6 GPa. Unfortunately, crystal # 3 was
crushed between the diamond anvils in an effort to attain 15 GPa,
so no room-pressure information in the cell could be obtained
for that crystal. It appears, given the inevitable tradeoff between
crystal size and maximum attainable pressure, that 15 GPa repre-
sents an approximate pressure limit for the study of single-crystal
MgSiO, perovskite with a conventional sealed X-ray source.

Monochromatized Mo Ko radiation (4=0.7107 A) was used
for all the diffraction-intensity measurements. All accessible reflec-
tions, including crystallographically equivalent reflections, to sin &/
A<0.7, were obtained by the w-scan technique using a Huber four-
circle diffractometer. Intensity data were collected in the Merrill-
Bassett diamond anvil cell with 0.025° steps and 4.0 second-per-step
counting times; 0.020° steps and 20.0 second-per-step counting
times were used for collection of intensity data in the gas-cell. Cor-
rections were made for Lp effects and absorption by the compo-
nents of the diamond anvil cell. No correction was made for absorp-
tion by the crystal because of the sufficiently small value of u
(14.07 cm ™). In all of the data collections, the systematic absences
were consistent with space group P bnm. Refinements were carried
out with RFINE4 (Finger and Prince 1974) applying the weight
of 1/(62,+(0.01 F,,)?) for each reflection. The refinements were
initiated with the atomic coordinates of Horiuchi et al. (1987) and
complex scattering factors for neutral atoms were taken from the
International Tables for X-ray Crystallography (1974). Conditions
of refinement and refined structural parameters are recorded in
Table 2 and 3, respectively. Bond lengths and angles are presented
in Tables 5, 6 and 7.

Results and Discussion
Systematic Errors in High-Pressure Studies

Single-crystal diamond cell experiments are subject to
a number of systematic errors. Only about a third of
reciprocal space is accessible, so any data set is initially
biased, with crystallographic axes and structural param-
eters perpendicular to the diamond anvil faces less well
constrained than those parallel to the faces. Other prob-
lems intrinsic to a diamond-cell experiment include non-
uniform absorption by beryllium and diamond compo-
nents of the cell, shielding of off-center crystals by the
x-ray-opaque gasket, and possible crystal deformation
at high pressure due to non-hydrostatic media. These
difficulties can be recognized, and for the most part elimi-
nated, by always measuring the crystal’s unit cell and
structure at room pressure in the diamond cell. These
reference unit-cell and structure data must be obtained
using the same experimental conditions (e.g., the same
set of reflections for unit-cell refinement) as at high pres-
sure. Only in this way can meaningful comparisons be-
tween room and high pressure behavior be ascertained.
Previous high-pressure studies reveal the dangers of
combining conventional room-pressure data with dia-
mond cell high-pressure data. Hazen and Finger (1978),

Table 2. Summary of data collections and refinements

Pressure (GPa): 0.001 22 5.0 7.5 10.6
Crystal # 1 1 1 3 3
No. of symmetry- 113 96 95 75 80
equivalent
reflections
with I>30;
R;, of symmetry- 0.033 0.047 0.045 0052 0.069
equivalent
reflections
for averaging
R 0.042 0036  0.052 0.040 0.062
R, 0.029 0.030 0049 0.025 0.042
G.O.F. 1.04 1.22 1.96 0.99 1.97

for example, obtained pyrope and grossular garnet com-
pressibilities that were almost 20% too high (Levien et al.
1979) because they used precise room-pressure lattice
parameters measured with high-angle reflections on crys-
tals in air. Those room-pressure data were combined
with high-pressure unit-cell parameters obtained by cen-
tering low-angle peaks. Systematic diffractometer errors
resulted in the room-pressure values appearing too large
relative to high-pressure values (Swanson et al. 1985);
thus, the calculated bulk moduli were too low.

In this study, unit cell parameters and intensity data
were obtained, whenever possible, at room pressure and
temperature in the diamond anvil cell. The refined posi-
tional parameters from data collected at room-pressure
in the diamond anvil cell show good agreement with
Horiuchi et al.’s (1987) results (Table 3). The largest dis-
crepancy between the two studies is in the z-coordinate
of O(2), illustrating that structural parameters perpendic-
ular to the diamond anvil faces are less well constrained
than those parallel to the faces. The unit cell parameters
also show excellent agreement with those of previous
studies (Table 1) and show similar variations, especially
in b and c. Special care was taken to use the same set
of reflections to determine the cell parameters at pres-
sure. For different mounts with crystals in different orien-
tations, reflections in the same 26 range were chosen
for the lattice determinations. Unfortunately, we were
unable to collect a cell at room pressure and temperature
for crystal # 3. Values of the lattice parameters at room
pressure, obtained from linear regressions of the high-
pressure data (a=4.778 A, b=4.928 A and ¢=6.899 A),
are in excellent agreement with crystal 1 (Table 1).
Moreover, systematic errors are minimized for higher-
pressure data because the magnitude of changes are
much larger and are less influenced by small errors in
room-pressure values.

MgSiO5-Perovskite Axial Compressibilities

The three crystals in this study, loaded with different
orientations in the diamond anvil cell and with different
pressure media, displayed anisotropic behavior as a func-
tion pressure of pressure. We found that the b-axis was
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Table 3. Refined atomic coordinates and isotropic temperature factors
Pressure (GPa): 0.001* 0.001° 22 5.0 7.7 10.6
Mg X 0.5141 (1) 0.5131 (7) 0.5155(8) 0.5151 (14) 0.5138(9) 0.5114 (16)
y 0.5560 (1) 0.5563 (4) 0.5573 (5) 0.5558 (8) 0.5567 (5) 0.5566 (9)
z 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500
B 0.46 1.00 (5) 0.72 (6) 0.81(9) 0.42 (8) 0.40 (8)
Si X 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000
y 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
z 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000
B 0.25 0.66 (3) 0.37 (4) 0.51 (7) 0.31(4) 0.40 (8)
01 X 0.1028 (2) 0.1031 (12) 0.1007 (15) 0.1019 (24) 0.1021 (10) 0.0991 (16)
y 0.4660 (2) 0.4654 (9) 04637 (11) 0.4627 (20) 0.4648 (13) 0.4640 (22)
z 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500
B 0.32 0.67 (9) 0.77 (11) 0.87 (19) 0.25(13) 0.23 (19)
02 X 0.1961 (1) 0.1953 (7) 0.1979 (8) 0.1976 (14) 0.1954 (6) 0.1964 (10)
y 0.2014 (2) 0.2010 (6) 0.2026 (7) 0.2014 (12) 0.2019 (8) 0.2012 (13)
z 0.5531 (1) 0.5510 (4) 0.5524 (5) 0.5518 (7) 0.5547 (12) 0.5612 (19)
B 0.34 0.66 (6) 0.44 (7) 0.41 (12) 041 (9) 0.08 (14)

* Horiuchi et al. (1987); ® This study, in diamond anvil cell

approximately 23% less compressible than a or ¢ which
had very similar compressibilities (Fig. 1). The axial com-
pressibilities calculated from unweighted, least-squares
fit of the compression data yields axial compressibilities
of 1.30(2)x107* GPa™!, 1.04(3)x1073*GPa~! and
1.24(2)x 1072 GPa™! for a, b and c, respectively. The
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1.000 |

0.990

(b/by)

0.980 - : ‘ .

1.000

0.990
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Pressure (GPa)

Fig. 1. The variation of (a) a/a,, (b) b/b,, and (¢) ¢/c, with pressure.
Dashed lines representing results from Brillouin spectroscopy are
shown for comparison with axial compressibilities of this study
(symbols and solid lines)

figures in the parentheses represent one estimated stan-
dard deviation of the least-squares fit. If errors of
0.1 GPa for pressure uncertainty are included, the axial
compressibilities are: 1.30(5)x 1073 GPa™!, 1.04(4)
x107*GPa™!, and 1.24(4)x 1073 GPa~!. Thus the
compressibility of a and ¢ are not significantly different.
Results from other studies are presented for compari-
son in Table 4. The largest discrepancy is found between
our study and the powder diffraction studies of Yagi
et al. (1982) and Knittle and Jeanloz (1987). Pressure con-
ditions in Yagi et al’s (1982) study became nonhydros-
tatic between 7.5 and 9 GPa, thus only data below
7.5 GPa were used for compressibility calculations. The
pressure conditions in the measurements of Knittle and
Jeanloz (1987) were nonhydrostatic. Moreover, the rela-
tive compressibilities of the lattice parameters could not
be accurately determined since there was inadequate res-
olution to separate the orthorhombic splitting of equiva-
lent cubic diffraction peaks. Recently, Mao et al. (1989)
used monochromatic synchrotron X-ray radiation to ob-
tain high resolution powder diffraction data to measure
the lattice parameters of (Mg,Fe)SiO; perovskite at high

Table 4. Comparison of experimental determinations of the zero-
pressure bulk modulus, K, and linear compressibilities of a(8,),
b(B,), and c(B,), for MgSiO; perovskite at 298 K

Kr Ky
(GPa)

B. Sample Ref.

:Ba ﬂb
(GPa™') (GPa™') (GPa™}

246
247
254
258
266
272

0.00131
0.00141
0.00130
0.00158

0.00120
0.00107
0.00104
0.00119

0.00156
0.00157
0.00124
0.00110

single crystal 1
single crystal 2
single crystal 3
powder 4
powder 5
powder 6

WA AR

0.00129  0.00105 0.00133

References: 1. Yeganeh-Haeri et al. (1990); 2. Kudoh et al. (1987);
3. This study; 4. Yagi et al. (1982); 5. Knittle and Jeanloz (1987);
6. Mao et al. (1989)
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pressures and temperatures. They were able to resolve
the triplet consisting of the 020, 112, and 200 diffraction
lines which are equivalent to the 110 diffraction peak
of cubic perovskite. They found that b was approximate-
ly 25% less compressible than a or ¢ which had similar
compressibilities (Table 4). Results from the Mao et al.’s
(1989) study show excellent agreement with our study.
Kudoh et al. (1987) studied several single crystals at high
pressure and found compressibilities of the cell parame-
ters varied as follows: ¢>a>b for crystal #2, a>c>b
for crystal 3 3, and ¢>a=~b for crystal 4 4. This varia-
tion may reflect the fact that their room pressure values
for a, b and ¢ were determined from an average of three
room-pressure unit-cells: from crystal # 4 in the dia-
mond anvil cell, from crystal # 1 in air, and from Horiu-
chi et al’s (1987) results. Results from this study, Mao
et al.’s (1989) study and Kudoh et al.’s (1987) study, how-
ever, all agree that b is the least compressible axis. Conse-
quently, the axial ratios, a/b and ¢/b, increase with pres-
sure.

Single-crystal Brillouin spectroscopy by Yeganeh-
Haeri et al. (1989) suggests the compressibility of ¢ is
greater than a which is slightly greater than b (Table 4).
These data should, in principle, be more accurate than
compression studies. They are, however, appropriate for
very low pressures. It is interesting that at low pressures
our data, within the experimental uncertainty of our
data, show reasonable agreement with the Brillouin data
(Fig. 1). At pressures above 4 GPa, however, the com-
pressibility data, especially for b and ¢, deviate from the
slopes of the compressibility curves calculated from the
acoustic experiments. This finding is consistent with our
observations of the structural response of MgSiO; per-
ovskite to pressure discussed in detail below.

MgSiO; Perovskite Bulk Modulus

The variation of the molar volume of MgSiO; perovskite
with pressure is shown in Fig. 2. The pressure-volume
data from the three crystals were combined for a least-
squares fit of a Birch-Murnaghan equation of state,

P=3K[(Vo/V) = (Vo/ VY1 [1—-2(4— K] [(Vo/ V) — 1](1)

where P, V,,, V, K1 and K’ are the pressure, molar volume
at room pressure, molar volume at pressure, bulk modu-
lus, and pressure derivative of the bulk modulus, respec-
tively. Since the total range of volume compression is
less than 5%, the data were constrained by fixing K’
equal to 4 and V/V, equal to 1.00 at room pressure.
Using all of the data, a value of 254(13) GPa was ob-
tained for K. Similar results were obtained by fitting
a Murnaghan equation of state to the data.

The isothermal bulk modulus determined from this
study is compared with those from other studies in Ta-
ble 4. The various determinations of the bulk modulus
from compressibility studies range from 247 GPa to
272 GPa. The total difference in uncertainty, however,
is within the experimental uncertainties of each study.
In fact, the difference is much smaller than those typically

T T T T T T
1.000 - :
<
<
= 0.990 1
£
5 0980 r 1
o
=
v 0.970 - .
2
-+
©
T 0.960 1
o=
0950 { i I 1 1 1 1

00 =20 40 6.0 80 100 120

Pressure (GPa)

Fig. 2. Room-temperature compression of MgSiO; perovskite.
Squares represent results from crystal 4 1 (both mounts), triangles
represent results from crystal 4 2 and circles represent results from
crystal # 3

observed in other materials when interlaboratory com-
parisons are made. Pressure-volume data do not provide
very strong constraints on the bulk modulus since there
are so many free variables in the Birch-Murnaghan equa-
tion of state (including K% and the zero-pressure volume)
combined with the fact that the total compression being
measured is small. In order to decrease the number of
free variables, values of K% are assumed, as described
above. Brillouin spectroscopy experiments should pro-
vide a much more reliable value for the bulk modulus
since they measure the elastic moduli directly. Yeganeh-
Haeri et al. (1987) obtained a value for the adiabatic
bulk modulus, K, of 246(1) GPa from Brillouin spectro-
scopy. The isothermal bulk modulus, K, is related to
the adiabatic bulk modulus, K, by

Ks

=1+<xyT @

T

where « is the thermal expansion coefficient and vy is
the Gruneisen parameter. Substitution of « at 300 K,
220x107°K~! (Ross and Hazen 1989), and y, 1.9
(Hemley et al. 1989), into equation (2) yields a value of
243 GPa for K1 which is less than the lowest determina-
tion of K from compressibility measurements (Table 4).

MgSiO; Perovskite Crystal Structure at High Pressure

There has been considerable interest whether the degree
of orthorhombic distortion in MgSiO; perovskite will
increase or decrease at pressures characteristic of Earth’s
lower mantle. Yagi et al. (1978) suggested that MgSiO,
perovskite should tend toward cubic symmetry with in-
creasing pressure. They argued that the ratio of effective
ionic radii, R ,/(Rg+ Ry), would increase under pressure
because the oxygen anion is more compressible than the
cations. Thus the cubic form would be favored at high
pressure. O’Keeffe et al. (1979), on the other hand, argued
that the perovskite structure would not favor the cubic



Fig. 3. Room-pressure, room-temperature structure of MgSiO; per-
ovskite projected on (001); Mg sites are ruled, Si sites are solid,
O(1) sites are open and O(2) sites are doubled. Each atom is num-
bered with lower-case Roman numerals

form at high pressure. They derived a relationship be-
tween the angle of rotation of the SiO4 octahedron about
its three-fold axis in terms of the relative compressibili-
ties of the Mg—O and Si—O bonds. They argued that
the ratio, (R, + Ro)/(Rg+ Rp), would decrease with pres-
sure and would thus give rise to larger tilting of SiOgq
octahedra and increased distortion with pressure. A re-
cent theoretical study of the structure of MgSiO; perovs-
kite at pressure (Hemley et al. 1987) supports O’Keeffe
et al’s (1979) analysis, predicting a general increase in
the degree of distortion with compression. Kudoh et al.
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(1987) observed that pressure moves coordination of Mg
towards 8-fold, rather than 12-fold coordination, consis-
tent with the two latter studies.

A projection of the room temperature, room pressure
structure of MgSiO; perovskite is shown in Fig. 3. Be-
tween 0 and 5 GPa, the primary response of the structure
is through compression of the Si—O and Mg—O bonds
(Tables 5 and 6) resulting in the decrease of the volumes
of the Si octahedron and Mg dodecahedron (Fig. 4).
Above 5 GPa, the bonds continue to shorten and the
SiOg¢ polyhedral bulk modulus calculated between 0 and
12.6 GPa is 333 GPa, similar to the value obtained for
SiOg in stishovite (Ross et al. 1990). In addition to com-
pression of the Si—O and Mg—O bonds above 5 GPa,
the SiO¢ octahedra begin to tilt. Tilting in the [ab] plane
is reflected in the decrease of the Si'—O(2)"—Si'
(Fig. 6) and O(2)' —0(2)"{ —O(2)" angles (Table 7). This
is accompanied by a smaller degree of tilting in the [bc]
plane as indicated by the increase in O(2)" —O(2)¥
—0O(2)" and Si'—O(1)!—Si* angles (Table 7). This onset
of tilting of the SiOg octahedra above 5 GPa coincides
with the divergence of the axial compressibilities from
the acoustic measurements (Fig. 1).

Sasaki et al. (1983) formulated a way to describe the
tiltings and distortions in GdFeQ;-type perovskites such
as MgSiO; perovskite in a systematic way. They defined
the observed tolerance factor, ¢, as follows:

S ®

tobs - ma

where {(A—0) and {(B—0) are the mean interatomic
distances with twelve and six coordination for A (e.g.
Mg) and B (e.g. Si) sites, respectively. The t,,, values
for MgSiO, perovskite calculated at different pressures
are listed in Table 6. The observed tolerance factor shows
no change between 0 and 5 GPa, but displays a small
decrease above 5 GPa, signifying an increase in distor-
tion (¢,ps=1.0 for an ideal cubic perovskite). Thus the

Table 5. Interatomic distances (A) and angles (°) in Si octahedra. Standard deviations are in parentheses

Pressure (GPa): 0.0 22 50 7.5 10.6
Sii—O(1)i x2 1.801 (1) 1.794 (2) 1.790 (3) 1.784 (1) 1773 (2)
Sii—0(2)v x2 1.795 (4) 1.787 (4) 1.777 (6) 1.787 (4) 1.783 (6)
Si i—O(2) viii x2 1.779 3) 1.777 (4) 1.773 (6) 1.767 (4) 1.775(7)
Mean (Si—O) 1.792 1.786 1.780 1.779 1.777

Ag 0.027 0.015 0.017 0.025 0.006
o()i—0Q2)v x2 2.566 (4) 2.574 (5) 2.559 (8) 2.568 (8) 2.598 (13)
0(1)i—0(2)iv x2 2.572 (5) 2.561 (7) 2.564 (11) 2.534 (7) 2.500 (11)
o1)i—-0o@Q) 1 x2 2.520 (6) 2.489 (7) 2.485(11) 2.480 (8) 2428 (12)
O(1) i—0(2) viii x2 2.491 (3) 2.487 (4) 2.474 (6) 2.487(7) 2.518 (12)
0(2) v—0(2) viii x2 2.518 (1) 2.508 (2) 2.499 (3) 2.500(1) 2.488 (2)
O02)v—-0(2)iv x2 2.536(2) 2.532(2) 2.522 (4) 2.526 (5) 2.543 (9)
Mean <O—-0} 2.534 2.525 2.517 2.516 2.513
0O(1)i—Sii—0(2) viii 88.2(2) 88.3(2) 88.0(3) 88.9 (3) 90.3(1)
o(1)i-Sii—0@2)v 91.0 (2) 91.9 (33) 91.7 (4) 92.0(3) 93.7(3)
0O(2) v—Sii—0(2) viii 89.59 (5) 89.45 (6) 89.5(1) 89.4 (1) 88.6 (2)
0(2)i—Sii—0(2) viii 90.41 (5) 90.55 (6) 90.5 (1) 90.6 (1) 914 (4)
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Table 6. Interatomic distances {A) for cuboctahedron. Standard deviations are in parenthescs

Pressure (GPa): 0.0 2.2 5.0 7.5 10.6
Mgi—O(1)i x1 2.009 (7) 2.029 (8) 2.013(13) 1.999 (7) 1.994 (11)
Mgi—O0O(1)iv x1 2.091 (5) 2.073 (6) 2.069 (11) 2.070 (7) 2.052(11)
Mgi—0(1)iii x1 2.853(7) 2.825(8) 2.822(13) 2.820 (7) 2.804 (11)
Mgi—O()v x1 2.963 (5) 2.970 (6) 2.958 (11) 2.947 (6) 2.934 (10)
Mgi-O(2)1 x2 2.061 (4) 2.058 (4) 2.046 (7) 2.029 (6) 1.997 (10)
Mgi—0(2)iv x2 2.292 4) 2.258 (5) 2.263 (8) 2.252 (6) 2.222(9)
Mgi—O@2)v x2 2411 (3) 2423 (4) 2.410 (6) 2.412 (8) 2.438 (12)
Mg i—0(2) viii x2 3111 (3) 3.107 (4) 3.092 (7) 3.101 (6) 3.113(10)
Mean {(Mg—O)»'! 2.204 2.198 2.190 2.182 2.170
Mean (Mg—O)>X! 2.472 2.466 2.457 2.452 2.444
A, 26.9 27.0 27.0 279 29.6
tobs 0.976 0.976 0.976 0.974 0.972
Oo()i—-0o()v x2 2.835 (6) 2.840 (7) 2.824 (11) 2.818 (5) 2.821 (8)
O(1) v—0(1) iii x2 4177 (9) 4.148 (11) 4.142 (18) 4.134 (8) 4.093(12)
o) v— 0(2) vii x4 2.566 (4) 2.574 (5) 2.559 (8) 2.568 (8) 2.598 (13)
o) v=0(2)ir x4 2.572 (5) 2.561 (7) 2.564 (11) 2.534 (7) 2.500 (11)
O(1) iv—0(2) iii’ x4 2.520 (6) 2.489 (7) 2.485 (11) 2.480 (8) 2.428 (12)
O()iv—0Q) vi x4 2.491 (3) 2.487 (4) 2.474 (6) 2.487 (7) 2.518 (12)
0Q)iI'—=0() it x2 2.745 (6) 2.717 (6) 2.718 (10) 2.669 (16) 2.570 (3)
0(2) vii—O(2) viii x2 4.153 (6) 4.160 (6) 4.137 (10) 4.164 (16) 4.237 (26)
O@2)i'—0(2)iv x4 2.518 (1) 2.508 (2) 2.499 (3) 2.500 (1) 2.488(2)
0O(2)iii' —O(2) vi x4 2.536 (2) 2.532(2) 2.522 (4) 2.526 (5) 2.543(9)
O 1'—0(2)iil’ x4 3.725 (4) 3.697 (5) 3.692 (8) 3.657 (12) 3.577 (18)
0(2) ' —0(2) vii x4 4.223(7) 4.209 (8) 4.195 (1) 4.182 (1) 4.166 (1)
0oQQ)i—0@2)v x2 2.811 (6) 2.836 (7) 2.814 (12) 2.807 (8) 2.822 (13)
0(2) iv' —O(2) viii x2 4.201 (6) 4.165 (7) 4.159(12) 4.169 (7) 4.166 (12)

results from this study support Hemley et al.’s (1987) cal-
culations and the crystal chemical arguments of O’Keeffe
et al. (1979). The degree of distortion from ideal cubic
symmetry in MgSiO; perovskite increases as a function
of pressure.
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Fig. 4. Plot of the polyhedral volume of (a) the SiO¢ octahedron
and (b) the MgO, , dodecahedron as a function of pressure

Although the most prominent distortion with pres-
sures greater than 5 GPa is tilting of the polyhedra, the
degree of distortion within the polyhedra also changes
under compression. The bond length distortion factor
(Sasaki et al. 1983),

L[i—7)? |
= — AL . 4
A4 o Z[ . 10°], 4
provides a measure of this distortion. The Mg cubocta-
hedron, which is very distorted at room temperature and

pressure (4, =26.9), shows an increase in distortion with
pressure to 29.6 at 10.6 GPa (Table 6). The value of Ay
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Fig. 5. Variation of the Si'—0(2)"—Si'! with pressure, showing
the increased tilting of SiO¢ octahedra in the ab-plane
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Fig. 6. The trends of (a) OQ2) —OQ)" —(OQ2)'" vs. t.,, and (b)
O2) —O(2)" —O(2)" vs. t,, for the GdFeO;-type perovskites (see
Sasaki et al. 1983). The ideal cubic perovskite structure has ¢,
=1.000. The arrows show the changes observed in MgSiO; perovs-
kite with increasing pressure and are in the direction of increasing
distortion

for the Si octahedron, however, shows no systematic
variation with pressure (Table 5).

Several trends between ¢, and the angles showing
tilting of polyhedra and distortions of polyhedra are ap-
parent in MgSiO; perovskite as a function of pressure.
First, as pressure increases, t.,,, decreases, concommittant
with a decrease in O(2)'—O(2)"1—OQ(2)" (tilting in ab-
plane). Second, the O(2)" —O(2)' —O(2)' angle (tilting
in bc-plane) decreases with decreasing t,,, (increasing
pressure). Third, as ¢, decreases, the bondlength distor-
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tion for the A-site, 4 4, increases. There is no systematic
relationship between decreasing ¢, and the bond-length
distortion of the B-site, A;. These observations conform
with observed systematic relationships in GdFeO,-type
perovskites noted by Sasaki et al. (1983). Figure 6 shows
the variation of O(2))—O0(2)"-0(2)" and O(2)"
-0 —0(2)"" with t,,, in MgSiO, perovskite with
increasing pressure. The polynomial equations formulat-
ed by Sasaki et al. (1983) from a number of GdFeQ;-type
perovskites are included in Fig. 6. With an increase of
10.6 GPa, MgSiO; perovskite has undergone a degree
of distortion similar to that found in YFeO;. Sasaki
et al’s (1983) trends may provide a method to predict
structural distortions in GdFeO;-type perovskites with
pressure. By 30 GPa, for example, it is likely that
MgSiO; perovskite is approaching a structure as dis-
torted as InCrO; (£, =0.964).

Conclusions
The conclusions from this study can be summarized as

follows:
1. The compression of MgSiO; perovskite is an-

‘ isotropic. The b-axis is least compressible and the com-

pressibility of a and ¢ are similar and are approximately
23% more compressible than b.

2. The isothermal bulk modulus obtained from the
15 pressure-volume data in this study is 254 GPa if V;,
is fixed and K’ is set to 4. This value is consistent with
previous determinations of the isothermal bulk modulus.

3. Between 0 and 5 GPa, the primary response of
the structure to pressure is compression of the Mg—O
and Si—O bonds. Above 5 GPa, the SiO4 octahedra be-
gin to tilt.

4. The degree of distortion from the ideal cubic per-
ovskite structure increases with pressures greater than
5 GPa. With increasing pressure, the observed tolerance
factor decreases, the tilt in the [ab]-plane decreases, the
tilt in the [bc]-plane increases, and the bond-length dis-
tortion of the MgO,, site increases, thus following the

Table 7. Metal-metal distances (A) and Si—O— Si, and 0(2)—0(2)—0O(2) angles (°) with standard deviations in parentheses

Pressure (GPa): 0.0 22 5.0 7.5 10.6

Si 1—Si iii 34313 (2) 3.4225(2) 34101 (3) 3.4028 (3) 3.4035(3)
Sii—Siii 3.4485 (2) 3.4385(2) 3.4270 (3) 3.4165(3) 3.3886 (3)
Mg i—Mg iii 3.520(5) 3.527 (6) 3.5119) 3.495 (6) 3.464 (10)
Mgi—Mgv 3.345(5) 3.321 (5) 3.312 (9) 3.313(6) 3.315(10)
Mgi—Mgii 3.4950 (7) 3.4875(8) 3473 (1) 3.4637(9) 3.450 (1)
Mgi—Sii 3.010 (3) 3.011(3) 2.998 (5) 2.984 (4) 2.962 (6)
Mg i—Si iii 3.239 (2) 3.235(2) 3.217(3) 3.215(2) 3.203 (4)
Mgi—Siv 2.908 (3) 2.891 (3) 2.882(5) 2.879 (4) 2.875 (6)
Mg i—Si vii 2.785 (2) 2.774 (2) 2.770 (3) 2.761 (2) 2.751 (3)
Sii—O(1)i—Siii 146.4 (3) 146.8 (4) 146.4 (7) 146.6 (3) 147.3 (5)
Sii—0(2) viii—Si it 147.5(2) 147.7 4) 147.7 (4) 146.5 (4) 144.5 (6)
0(2)i—02)viii—0Q) I’ 140.7 (2) 1403 (3) 140.4 (5) 139.1 (6) 1357 (1.0)
0(2) viii—O0(2) ' —~O(2) iv’ 1124 (2) 111.5(1) 111.8 (4) 112.1(2) 111.8 (3)
0(2)1'—0(2) ii' —O(2) vii 106.1 (1) 106.5 (1) 106.3 (2) 107.2 (4) 109.1 (6)
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systematic relationships amoung GdFeO;-type perovs-
kites.
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