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ABSTRACT

The full elastic constant tensor of orthorhombic MgSiO, perovskite has been determined
from first principles for the first time at high pressure using the plane-wave pseudopotential
method. The athermal elastic moduli, determined throughout the pressure regime of the
earth’'s mantle (0—140 GPa) from stress-strain relations, are found to be in excellent agree-
ment with Brillouin scattering data at zero pressure. The degree of elastic anisotropy of
the minera is found to be strongly pressure dependent. The anisotropy at first decreases
with pressure and then increases showing corresponding changes in the propagation direc-
tions of the slowest compressional (P) and shear (S) waves. Comparisons with seismolog-
ical observations show that a Mg-rich silicate perovskite-dominated composition can plau-
sibly account for the radial P- and S-wave velocity structure of the lower mantle.

INTRODUCTION

Magnesium silicate perovskite has long been consid-
ered as the mgjor constituent of the earth’s lower mantle;
the largest single region of the planet making up about
55% of its volume. Despite the geophysical significance
of this mineral, our knowledge of its propertiesis limited,
in most cases, to measurements at zero pressure. No ex-
perimental measurements of the elastic constants exist be-
yond ambient conditions (Yeganeh-Haeri 1994). Knowl-
edge of the elastic constants at lower mantle pressures are
particularly important geophysically as they determine
the seismologically observable longitudina (P) and shear
(S) eastic wave velocities of this region.

Recent theoretical developments now make it possible
to determine the elastic constants of MgSiO, perovskite
from first principles. These theoretical methods are com-
pletely independent of experiment and solve the quantum
mechanical eguations of density functional theory (Kohn
and Sham 1965) with a minimum of approximations, us-
ing the plane-wave pseudopotential method. Difficulties
faced by these elaborate electronic structure methods in
the past, associated with the large unit cell and structural
complexity of the orthorhombic (Pbnm) structure, are
now overcome by the implementation of an ab initio mo-
lecular dynamics technique that allows the structure to be
efficiently optimized (Wentzcovitch et a. 1993; Warren
and Ackland 1996; Karki et a. 19974). Both plane-wave
pseudopotential (Wentzcovitch et al. 1993) and linearized
augmented plane-wave calculations (Stixrude and Cohen
1993) have shown that the orthorhombic phase is stable
throughout the pressure regime of the lower mantle. Here
we report the first-principles determination of the nine
elastic stiffness coefficients of orthorhombic MgSiO, pe-
rovskite at lower mantle pressures (up to 140 GPa) and
discuss the geophysical implications of our results.
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METHODS

Our results are based on density functiona theory
(Kohn and Sham 1965) within the local density approx-
imation (LDA) and pseudopotential thoery (Payne et al.
1992). We use optimized norm-conserving, nonlocal
psuedopotentials generated by the Q. tuning method (Lin
et a. 1993; Lee 1995) in the Kleinman-Bylander form
(Kleinman and Bylander 1982). A plane-wave basis set
is used with a cutoff energy of 850 eV, corresponding to
approximately 9200 waves per band at each of four spe-
cial k points (Monkhurst and Pack 1976). Finite basis set
(Pulay) corrections to the total energies and the stresses
(about 10 GPa at zero pressure) are included (Francis and
Payne 1990; Karki et a. 1997a) so that the corrected en-
ergies and stresses are well converged.

In essence, determination of the elastic constants pro-
ceeds as follows. For a given pressure, we first determine
the equilibrium structure of the 20-atom orthorhombic
unit cell by minimizing the Hellman-Feynman forces and
stresses acting respectively on the nuclei and the lattice
parameters (Karki et al. 1997a; Wentzcovitch et al. 1993;
Warren and Ackland 1996). The elastic constants are then
determined by applying small strains and calculating the
resulting stress tensor (Karki et al. 1997a; Nielsen and
Martin 1985). Because strains couple to vibrational
modes in the orthorhombic structure, the atomic positions
are re-optimized in the strained configuration. Three or-
thorhombic and one shear (triclinic) strains are used to
calculate the nine elastic moduli C,;, C,, Cs, Cuss Css, Cees
Cy» Ciay @Nd C,,. We vary the magnitude of the strain and
derive the corresponding elastic constants from the re-
sulting (non-linear) stress-strain relations as done by Kar-
ki et al. (1997a). This method has been applied previously
to the determination of the elastic constants of MgSiO,
perovskite at zero pressure (Wentzcovitch et a. 1995) and
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TAaBLE 1. Zero-pressure elastic moduli (GPa) of orthorhombic MgSiO, perovskite compared with previous calculations and an
experiment
Cll 022 CES 044 CSS CGG 012 013 C23 K G
Calculations
This study 487 524 456 203 186 145 128 144 156 258 175

Wentzocovitch et al. (1995) 496 560 151

198 171 132 136 267 179

Cohen (1987) 548 551 441 241 253 139 54 153 175 256 196

Matsui et al. (1987) 460 506 378 162 159 112 139 184 177 260 140
Experiment

Yeganeh-Haeri (1994) 482(4) 537(3) 485(5) 204(2) 186(2) 147(3) 144(6) 147(6) 146(7) 264(5) 177(4)

those of MgO and SIO, at high pressure (Karki et al.
19973, 1997b). In all cases, the results have been found
to compare favorably with available experimental data.

REsuLTs

The structure of magnesium silicate perovskite consists
of a corner-linked network of SiO, octahedra, with Mg
atoms surrounded by cages of eight octahedra. The stable
orthorhombic (Pbnm) phase differs from the ideal cubic
polytype (Pm3m) in that the octahedra are distorted and
rotated about the crystall ographic axes, and the Mg atoms
are displaced from the centers of the octahedral cages.
Our calculated structural parameters (three cell and seven
internal) of orthorhombic MgSiO, perovskite at zerg pres-
sure are a = 4.789, b = 4.922, and ¢ = 6.893 A; and
Mgx = 0.5129, Mgy = 0.5521, O1x = 0.0980, Oly =
0.4686, O2x = 0.1983, O2y = 0.2033, and O2z = 0.5507
compared to corresponding values of 4.779, 4.932, and
6.908 A; and 0.5141, 0.5560, 0.1028, 0.4660, 0.1961,
0.2014, and 0.5531, respectively, from experiment (Hor-
iuchi et al. 1987). As at zero pressure, the calculated lat-
tice parameters of perovskite at higher pressures are with-
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Ficure 1. Pressure variation of elastic moduli (lines with
symbols) of orthorhombic MgSiO, perovskite.

in 1% of the experiments (Mao et a. 1991; Ross and
Hazen 1990; Knittle and Jeanloz 1987).

The predicted elastic constants of MgSiO, perovskite
at zero pressure are in better agreement with measure-
ments (Yeganeh-Haeri 1994) than the previous calcula
tions (Wentzcovitch et al. 1995; Matsui et a. 1987; Co-
hen 1987) (Table 1). The relatively high values of the
elastic moduli compared with other silicates reflect the
dense packing of the perovskite structure and the rigidity
of the SIO, octahedra, which form a corner-sharing three-
dimensional network. Differences between the present
and previous pseudo potential calculations (Wentzcovitch
et a. 1995) are attributed to the nonlinearity of the stress-
strain relations (which we have taken into account) and
to more extensive sampling of the irreducible wedge of
the Brillouin zone of our study. The fact that both pseu-
dopotential results are substantialy better than the pre-
dictions based on semi-empirical rigid-ion or ab initio
modified-electron-gas models (Matsui et al. 1987; Cohen
1987) indicates an important influence of covalent forces
on the elagticity of silicate perovskite. Figure 1 shows the
pressure variations of the calculated elastic moduli. We
find at zero pressure c,, > C,, > Cy, Whereas Brillouin
scattering data (Yeganeh-Haeri 1994) show c,, > Cy; >
C., 8s do previous pseudopotentia results (Wentzcovitch
et al. 1995). However, our results are consistent with stat-
ic compression data (Mao et a. 1991), which find that
the c axis is most compressible and the b axis least com-
pressible at low pressure. Above 20 GPa, we find c,, >
Cy > Cyy, indicating that the a axis is the most compress-
ible at higher pressures.

MgSiO, perovskite is eagtically anisotropic as indicated
by its three different axial compressibilities. We calculated
the single-crystal elastic wave velocities in different direc-
tions (Karki et a. 19974) and found that the azimutha an-
isotropy of shear (S) waves (A is much stronger than that
of compressiona (P) waves (A,) (Fig. 2). At zero pressure,
the maximum and minimum longitudina and shear veloci-
ties differ by 8 and 17%, respectively, consistent with the
results of Yeganeh-Haeri (1994) (7 and 18%, respectively),
whereas a 140 GPa the P- and S‘wave velocities vary with
propagation direction by 12 and 21%, respectively. The
maximum polarization anisotropy of the shear waves varies
from 17% at zero pressure to 14% at 140 GPa (Fig. 2). The
pressure dependence of the anisotropy is not monotonic:
The changes in the pressure dependence (at about 20 and
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Ficure 2. Pressure dependence of azimuthal anisotropy (sol-
id line) of compressional wave velocity (A.) and azimuthal (solid
line) and polarization (dashed line) anisotropy of the shear wave
velocity (As) of MgSiO, perovskite:
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where V,, represents the isotropic value.

40 GPafor A, and A, respectively) are reflected in changes
in the dowest propagation directions of the P- and S
waves beyond 20 and 40 GPa, respectively. At 0 GPa, the
fastest and dowest longitudinal waves propagate aong
[011] and [001], respectively, whereas the fastest and
dowest shear waves both propagate dong [010] and are
polarized in the (001) and (100) planes, respectively. How-
ever, a 140 GPa, the longitudina and shear waves are
dowest dong [100] and [110], respectively, and the direc-
tion of maximum polarization S-wave anisotropy is [001].

We computed the elastic properties of an isotropic poly-
crystalline aggregate from the elastic constants by using
the Hill averaging scheme (Hill 1952). At zero pressure,
the isotropic bulk and shear moduli are K, = 258 and G,
= 175 GPa, in excellent agreement with experimental and
previous pseudopotential results (Table 1). The differ-
ences between the upper (Voigt) and lower (Reuss)
bounds for the bulk and shear moduli are 0.5 and 2.5
GPa, respectively, at zero pressure, and 8.0 and 10.2 GPa
a 140 GPa. Figure 3 shows the calculated compressional
(P) and shear (S) wave velocities, V, and Vs, respectively,
using

where p is the density.
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Ficure 3. Isotropic wave velocities, V, and V,, of MgSiO,
perovskite. Calculated velocities (solid lines with solid circles)
are compared with the seismic values (open circles) from Dzie-
wonski and Anderson (1981). The ambient pressure velocities
(squares) are from Brillouin spectroscopy (Yeganeh-Haeri 1994).
The inset compares theoretical (solid line) with seismic (open
circles) and experimental (squares, Knittle and Jeanloz 1987) val-
ues of density. The dashed line represents the theoretical result
corrected for 10% Fe content (Duffy and Anderson 1989).

GEOPHYSICAL IMPLICATIONS

Our calculations alow, for the first time, the compar-
ison of the high-pressure density, P- and S-wave veloci-
ties, and elastic anisotropy of MgSiO, perovskite with
observed lower mantle seismic properties. Comparison
with the spherically averaged (radial) structure of the
lower mantle (Dziewonski and Anderson 1981) shows
that our theoretical P- and S-wave velocity curves are
essentialy parallel with those of the lower mantle (Fig.
3). Moreover, predicted elastic wave velocities are similar
in magnitude to those observed: Theoretical P- and S
wave velocities are 6 and 8% higher, respectively, than
those observed seismologically (Fig. 3). These results are
consistent with a lower mantle mineralogy dominated by
Mg-rich silicate perovskite. The small differences be-
tween theoretical and observed seismic velocities can be
explained by the presence of Fe in the lower mantle (ex-
pected to reduce velocities by 1-2%), and the high tem-
perature of the lower mantle (2000-3000 K), which is
expected to reduce velocities by several percent from
their zero temperature values (Duffy and Anderson 1989).
The possible presence of secondary phases in the lower
mantle (e.g., magnesiowustite, CaSiO, perovskite) may
also contribute to the difference between predicted and
observed seismic velocities.

Our results are an important test of the prevailing view



638

that Mg-rich silicate perovskite is the most abundant min-
era in the lower mantle. This picture has been supported
in the past by only a limited set of seismological obser-
vations: the density and bulk sound velocity (Bukowinski
1990, Stixrude et a. 1992; Yeganeh-Haeri 1994). The
present results show for the first time that the properties
of perovskite sensitive to the shear modulus, such as V;
and Vg, are also consistent with seismological observa
tions of the lower mantle.

Our prediction that MgSiO, perovskite remains signif-
icantly anisotropic throughout the pressure regime of the
lower mantle bears on seismic observations of anisotropy
(Karato 1997). Shear-wave splitting observations show no
detectable polarization anisotropy throughout the bulk of
the lower mantle (Meade et a. 1995). Our results then
imply that anisotropic single crystals of perovskite must
be randomly oriented in the lower mantle, that is, the
preferred orientation (texture) in this region must be
weak. The isotropy of the bulk of the lower mantle con-
trasts sharply with that of the upper and lower few hun-
dred kilometers of the mantle. Our predictions of single-
crystal elastic wave velocities of perovskite and their
pressure dependence will be relevant for interpreting ob-
servations of anisotropy in the D” region at the base of
the mantle (Kendall and Silver 1996).
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