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Abstract

Using elastic constants determined by ab initio molecular dynamics over a range of temperatures, we show that the seismic
anisotropy of MgSiOj perovskite is significantly temperature dependent. At 90 GPa, the direction of greatest shear wave
splitting changes from [001] at 0 K to [010] at 3500 K. In addition, there is no shear wave splitting in the [100] direction at 0 K,
but a significant amount of splitting is exhibited at 3500 K. We have also calculated the first set of high-temperature elastic
constants of the new post-perovskite phase by ab initio molecular dynamics methods. We find that, in contrast to MgSiO3
perovskite, temperature has little effect on the acoustic anisotropy of this phase. We determine dln Vg/dln Vp for the post-
perovskite phase and find it to be very low, about 0.9. This may be an important parameter for mapping out the post-perovskite
phase in the lowermost mantle.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The core-mantle boundary (CMB) is overlain by
a layer that is distinct from the mantle above. This
layer, known simply as D", is only a few hundred
kilometres thick, and is thought to act as a thermal
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and/or compositional boundary separating the pre-
dominantly silicate/oxide solid lower mantle from
the hotter molten iron outer core. It is also
postulated to be the source of plumes and hotspots
[1] and perhaps also a graveyard for subducted plates
[2].

Seismological investigations of the D” region
show considerable lateral variation in elastic veloc-
ity structure, but several prevalent features are
distinguishable. In places, the top of the layer is
bound by a seismic discontinuity [3,4]. There is
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also growing evidence that thin (540 km) ultra-
low-velocity zones lie at the base of D” in some
regions [5,6]. In addition, shear-wave splitting has
been observed in the lower-most part of the mantle
[7]. In the circum-Pacific region horizontally polar-
ised shear waves are observed to travel faster than
vertically polarised ones by an average of about
1%, while in the central-Pacific area rapid spatial
variations are seen. In some regions of the central-
Pacific, horizontally polarised waves travel faster
than vertically polarised ones, in other areas the
opposite is true, and in some places no shear-wave
splitting is observed. For further details, see recent
reviews [8—12].

These unusual seismic observations may be
explained in terms of the crystalline alignment of
seismically anisotropic minerals (lattice-preferred
orientation (LPO)), which is proposed to develop
via dislocation creep, induced by convective flow
along the CMB and in upwellings [7,8,10,13]. Other
possible theories include the development of ori-
entated melt inclusions (generating shape-preferred
orientation (SPO)), and the formation of periodic
thin layering (PTL) of minerals with different elastic
properties [10,14]. In order to be able to interpret
seismic observations in terms of such mechanisms it
is essential to know the minerals present and their
elastic properties. This poses a problem, since it is
still not routine to perform experiments at the high
temperature and pressures associated with the CMB.
Calculation of elastic properties and seismic aniso-
tropy of potential mineral phases via theoretical
mineral physics is therefore invaluable.

The elastic and seismic properties of mineral
crystals may be determined from ab initio methods,
which solve, to a good approximation, Schrodinger’s
equation to model interactions in a system of nuclei
and electrons. Of these, density functional theory
(DFT) [15-17] is one of the most reliable and most
efficient methods. The method is able to calculate
the equilibrium single crystal structure of mantle
minerals and also the stresses induced in them by a
given strain, enabling the determination of elastic
constants. The literature shows that many mantle
minerals have been successfully studied using DFT-
based simulation methods [18-35,37—40].

The most common method for structure optimisa-
tion using density functional theory is athermal

geometry optimisation [18-27]. This neglects thermal
effects, such as zero-point motion and lattice-vibra-
tions, which can result in non-insignificant effects on
unit cell volumes and elastic constants. Some authors
have therefore attempted to correct for thermal effects
using an approximation based on the Mie-Griineisen
equation of state [28,29]. More recently, density
functional theory-based methods explicitly incorpo-
rating thermal effects have been applied to mantle
minerals. These encompass lattice-dynamics [30,31]
and finite-temperature molecular dynamics [32]. Such
methods show that elastic and seismic properties of
minerals vary significantly with both pressure and
temperature.

The temperature of the core-mantle boundary
region ranges from approximately 2800 K up to
4000 K (the temperature of the outer core at the
CMB). It is therefore clear that in order to
accurately interpret the observed seismic anisotropy
it is necessary to know the elastic and seismic
properties of mantle minerals at the relevant
temperatures and pressures, and not only at the
correct pressures (and 0 K), which are commonly
calculated. This is illustrated in the present calcu-
lations for MgSiO; perovskite, where temperature is
shown to have a very significant effect on the
magnitude of acoustic anisotropy. The effect of
temperature on the acoustic properties of the newly
discovered post-perovskite phase [36-38] is also
thoroughly investigated and compared with those
determined from high-pressure athermal calculations
[39.,40].

2. Method

In order to calculate the nine independent elastic
constants of the post-perovskite phase, molecular
dynamics simulations were performed within the
canonical ensemble (NVT), using the projector-
augmented-wave implementation [41,42] of the
density functional theory-based VASP code [43,44].
This utilises a plane-wave basis set, periodic
boundary conditions, and k-point sampling. The
time-step used in the molecular dynamics simula-
tions was 1 fs. The exchange-correlation functional
used adhered to the PW91 form of the generalised
gradient approximation [45,46]. The large size of the



S. Stackhouse et al. / Earth and Planetary Science Letters xx (2004) xxx—xxx 3

cell meant Brillouin zone sampling was restricted to
the I'-point. For a general overview of density
functional theory-based simulations, the reader is
referred to Payne et al. [47].

Preliminary tests were performed to determine a
suitable kinetic energy cut-off for the plane-wave
expansion during the molecular dynamics simulation.
First, a 20-atom unit cell was constructed from the
atomic coordinates and cell parameters published by
Murakami et al. [36]. This was optimised at a
simulated pressure of 120 GPa, with the Brillioun
zone sampled using Monkhort—Pack grids [48] of
gradually increasing density (up to a maximum of
8Xx8x%8) and increasing cut-off (up to a maximum of
600 e¢V). Elastic constants were determined at each
level of accuracy by calculating the stresses induced
by making three different orthorhombic and one
triclinic type strains, of magnitude +0.3%, +0.7%,
and +1.0%, to the equilibrium models. It was found
that using a Monkhort—Pack grid denser than 6X6x6
and a cut-off larger than 600 eV caused an average of
only 0.3% change in the absolute values of the nine
calculated elastic constants, which were considered
converged.

Next, a much larger post-perovskite simulation
cell (60 atoms) was constructed, identical to that
which would be used in subsequent molecular
dynamics simulations. This was optimised at a
simulated pressure of 120 GPa with an increasingly
large cut-off. Due to the large size of the cell, only
the I'-point was considered, as would be the case for
the molecular dynamics simulations. To make a fair
error assessment, elastic constants were calculated
for each cut-off value from £1.0% strains only, as
this would be the case for the finite temperature
calculations, due to the large computational cost of
molecular dynamics. It was found that using a cut-
off of 500 eV, elastic constants were obtained that
differed by an average of 1.0% from those deter-
mined with the small model using a 6X6X6
Monkhort-Pack grid and cut-off of 600 eV, which
was considered acceptable, as well as being compu-
tationally tractable.

Finite temperature molecular dynamics simulations
were therefore performed on the larger post-perov-
skite model, as is described above, using a cut-off of
500 eV, for a simulated pressure of approximately
136 GPa (corresponding to a depth of 2890 km,

commensurate with the bottom of the D" layer) and
temperatures of 3000 K and 4000 K. The equilibrium
structures were obtained from 2 ps simulations. Three
different orthorhombic and one triclinic type strains
of magnitude +1.0% were applied to the equilibrium
structures and the induced stresses were calculated as
the average of a 1 ps simulation. In each case the final
atomic velocities of the equilibrium simulation were
used as initial velocities for the strained model. In this
way the model equilibrated extremely quickly.
Equilibration was verified by running a longer
molecular dynamics simulation of 4 ps—specifically
that of post-perovskite at 135 GPa and 4000 K. This
showed that the standard deviation in the average
values of the stresses calculated over the first, second,
third, and fourth picoseconds was, on average, only
0.5 GPa.

The finite temperature elastic constants for
MgSiOj; perovskite discussed in this paper were taken
from our previous studies [32,33]. These were
calculated using an almost identical method, at a
simulated pressure of approximately 90 GPa (corre-
sponding to a depth of 2070 km, commensurate with
the mid lower mantle) and temperatures of 1500 K
and 3500 K. The bulk and shear moduli determined
from these studies were later shown to be in good
agreement with those calculated from molecular
dynamics simulations of much larger models (>1000
atoms) using a non-empirical variation-induced
breathing potential [49]. This implies that the size of
simulation cell used in our previous studies (80 atoms)
[32,33] and that of similar size used in the present
study (60 atoms) lead to valid results.

The single-crystal compressional and shear wave
velocities for both MgSiO5 perovskite and the post-
perovskite phase were calculated from their corre-
sponding elastic constants by solving the Christoffel
matrix [50-52]. Single-crystal elasticities are con-
verted to transversely isotropic symmetries using the
method outlined by Wentzcovitch et al. [20] where the
symmetry axis is assumed to be one of the crystallo-
graphic axes.

3. Results

Table 1 lists our elastic constants for MgSiO3
perovskite calculated previously by Oganov et al.,
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Table 1

Calculated elastic moduli of MgSiO; perovskite (GPa), at selected
pressures and temperatures

P/GPa T/K C11 C22 C33 C12 C13 C23 C44 C55 C66 K G

90 0 851 1044 995 449 360 385 351 272 293 583 294
88 1500 826 991 945 477 362 396 336 266 264 579 270
88 3500 783 878 850 431 356 395 270 234 195 543 227

Taken from Oganov et al. [32,33].

using finite-temperature molecular dynamics [32,33],
with corresponding unit cell parameters, volumes,
and densities given in Table 2. The average
percentage difference between the elastic constants
calculated at 0 K and those determined at 3500 K is
about 14%. Of course, a general decrease in their
values is expected. If this were a systematic
decrease, then using elastic constants from 0 K
calculations to predict the relative change in wave
velocities with propagation direction would be
reasonable, but this is not the case for perovskite.
Temperature affects some elastic constants by a few
percent (C,3) and others (Cgg) by up to 40%. This
gives an indication of the magnitude of errors that
are incurred in seismic velocities calculated when
neglecting to consider the effect of temperature.
The compressional and shear wave velocities
associated with the elastic constants calculated for
perovskite are shown in Figs. 1 and 2. These show
that for MgSiOs; perovskite, at a pressure of
approximately 90 GPa, temperature significantly
effects seismic wave velocities. For compressional
wave velocities there is an expected decrease in
magnitude with temperature, while the dependence
on propagation direction remains unaffected. For
shear wave velocities, however, there is a pro-
nounced change in dependence on propagation
direction in addition to the expected decrease in
magnitude. This is seen clearly in Table 3 where
shear wave splitting is tabulated for selected prop-

Table 2
Calculated unit cell parameters of MgSiO3 perovskite at selected
pressures and temperatures

P/Gpa T/K  al/A bIA /A 7N plkg m—?
90 0 - - - 130.60 5106
88 1500  4.435 4655 6420 13255 5031
88 3500 4499 4.674 6492 13648 4886

Taken from Oganov et al. [32,33].
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Fig. 1. Variation of compressional wave velocities of MgSiO;
perovskite with propagation direction at approximately 90 GPa and
0 K—light grey, 1500 K—dark grey, and 3500 K—black.

agation directions under various different pressures
and temperatures. It can be seen that the direction of
greatest shear wave splitting is [001] at 90 GPa and
0 K, but [010] at 88 GPa and 3500 K. In addition,
whereas there is almost no shear wave splitting in
the [100] direction at 90 GPa and 0 K, a significant
amount is seen at 88 GPa and 3500 K.

The elastic constants calculated for the recently
discovered post-perovskite phase at 136 GPa and
various temperatures are listed in Table 4, with
associated unit cell parameters, volumes, and densities
presented in Table 5. Elastic constants determined at 0
K and 120 GPa are also presented alongside values
calculated from previous studies for comparison.
There is, in general, excellent agreement between
the elastic constants calculated in this study and those
determined by Oganov and Ono [37], Tsuchiya et al.
[39], and litaka et al. [40] and also, as a direct result,
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Fig. 2. Variation of shear wave velocities of MgSiO; perovskite
with propagation direction at approximately 90 GPa and 0 K—light
grey, 1500 K—dark grey, and 3500 K—black.
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Table 3

Shear wave splitting ((Vs1—Vs2)/<Vs>)*100 for MgSiO3 perov-
skite in various propagation directions at various pressure and
temperatures”

P/GPa T/K 100 010 001 110 111
90 0 3.6 9.4 13.1 11.4 7.9
88 1500 0.4 12.7 12.3 16.7 8.8
88 3500 8.9 16.4 7.5 11.8 3.9

? Vg, is taken to be the faster than Vg, in each case.

between predicted seismic anisotropy. If we now
consider only our own results, it can be seen that the
average percentage difference between the elastic
constants calculated at 0 K and those determined at
4000 K is approximately 16 percent. In contrast to the
perovskite case, however, this is always a decrease in
magnitude and the range in the percentage decrease is
a lot smaller, going from 7% to 23%. This is reflected
in the change in calculated wave velocities with
temperature.

The compressional and shear wave velocities
associated with these values are shown in Figs. 3
and 4. It can be seen that, in contrast to MgSiO;
perovskite, temperature has very little effect on
seismic wave velocities of the post-perovskite phase,
other than the expected general decrease with
temperature. The [100] direction exhibits the greatest
degree of shear wave splitting under all conditions,
observed in Table 6. This suggests that relative
changes in wave velocities with propagation direc-
tion may sometimes be correctly determined from 0

Table 5
Calculated unit cell parameters of post-perovskite at selected
pressures and temperatures

P/GPa T/K  alA bIA c/A VIA3 plkg m3
136 0 2458 8.041 6.103 120.62 5528
136 3000 2500 8.118  6.157 12496 5336
135 4000 2508 8.175 6.180 12671 5262

K calculations, but as the results for perovskite
illustrate this is not always the case and one does not
know without checking. The anomalously large shear
wave splitting in the post-perovskite phase is
independent of temperature, and greater than that
calculated for MgSiO5 perovskite.

There is some evidence that the core—mantle
boundary is transversely isotropic in regions [53].
This results from deformation along a glide plane, but
with no preferred slip direction. For this reason it is
also useful to examine the seismic anisotropy of
transversely isotropic aggregates of MgSiO; perov-
skite and post-perovskite phase, shown in Figs. 5 and
6. These show the seismic anisotropy for transversely
isotropic aggregates of the two mineral phases with
symmetry axis along [100], [010], and [001]. In the
case of compressional waves, this corresponds to the
percentage difference in their velocity as they travel
through or perpendicular to the plane. In the case of
shear waves, it corresponds to the percentage differ-
ence in velocity of horizontally and vertically polar-
ised waves travelling through the plane. Note that a
positive value infers that the horizontally polarised

C13 C23 C44 CSS C66 K G

326 478 277 266 408 647 328
343 507 295 278 439 681 344
329 493 291 264 412 660 332
328 479 271 261 407 650 327
315 480 279 258 408 650 328
362 525 291 279 442 702 345
347 500 273 230 360 640 300
318 441 251 221 361 604 285

Table 4
Calculated elastic moduli of post-perovskite phase (GPa), at selected pressures and temperatures
P/GPa T/K Cyy Cxn Cs; Ciy
N 120 0 1252 929 1233 414
b 120 0 1308 968 1298 444
N 120 0 1270 937 1264 425
d 120 0 1258 936 1235 414
N 120 0 1275 931 1242 416
d 136 0 1332 995 1318 461
f 136 3000 1198 909 1183 400
f 135 4000 1107 847 1131 429

* Taken from Oganov and Ono [37]—20-atom cell, 6x6x4 Monkhort-Pack grid and 500 eV cut-off.
® Taken from Tsuchiya et al. [39]—20-atom cell, 4x4x2 Monkhort-Pack grid and 950 eV cut-off.

¢ Taken from litaki et al. [40]—20-atom cell, 8 X2 x4 Monkhort—Pack grid and 800 eV cut-off.

4 This work-static optimisation using 20-atom cell, 6X6x6 Monkhort-Pack grid and 600 eV cut-off.
¢ This work-static optimisation using 60-atom cell, only I'-point considered and 500 eV cut-off.

' This work-molecular dynamics using 60-atom cell, only I'-point considered and 500 eV cut-off.
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Fig. 3. Variation of compressional wave velocities of post-
perovskite phase with propagation direction at approximately 136
GPa and 0 K—Ilight grey, 3000 K—dark grey, and 4000 K—black.

wave travels faster than that vertically polarised and
vice versa.

One can see that the calculated transverse aniso-
tropy of MgSiO; perovskite is greatly affected by
temperature. In particular the shear wave splitting for
a transversely isotropic aggregate with a symmetry
axis in the [010] plane is relatively large at 0 K, while
at 3500 K it has almost completely diminished. In
addition, shear wave splitting for a transversely
isotropic aggregate with a symmetry axis in the
[001] plane increases quite significantly with temper-
ature. The effect of temperature on transverse aniso-
tropy is much less pronounced in the case of post-
perovskite. The most significant is the decrease in
shear wave splitting for a transversely isotropic
aggregate with a symmetry axis in the [100] plane
at 3000 K. Similar to azimuthal anisotropy, transverse
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Fig. 4. Variation of shear wave velocities of post-perovskite phase
with propagation direction at approximately 136 GPa and 0 K—
light grey, 3000 K—dark grey, and 4000 K—black.

Table 6
Shear wave splitting ((Vs;—Vs2)/<Vs>)*100 for post-perovskite in
various propagation directions at various pressure and temperatures”

P/GPa T/IK 100 010 001 110 111

136 0 232 21.3 2.0 8.8 21.1
136 3000 22.0 14.1 7.9 11.7 21.0
136 4000 24.4 18.7 5.7 6.0 22.6

& Vg, is taken to be the faster than Vs, in each case.

anisotropy is much greater in post-perovskite as
compared to MgSiO; perovskite.

The dependence of bulk and shear modulus on
temperature is shown in Fig. 7 and that of the
compressional, shear, and bulk velocities is illustrated
in Fig. 8. Important derivatives for these are also
reported in Tables 7 and 8. The temperature depend-
ence of bulk and shear moduli of both mineral phases
are comparable. There are, however, significant
differences in the temperature dependence of seismic
velocities. For MgSiO; perovskite, compressional
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Fig. 5. Temperature dependence of seismic wave velocity aniso-
tropy for a transversely isotropic aggregate of MgSiO; perovskite
phase with symmetry axis along [100], [010], and [001].
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Fig. 6. Temperature dependence of seismic wave velocity aniso-
tropy for a transversely isotropic aggregate of post-perovskite phase
with symmetry axis along [100], [010], and [001].

wave velocities decrease approximately half as fast as
do shear wave velocities, as the temperature increases,
while for post-perovskite they decrease at a similar
rate. This leads to an anomalously low Rgp value of

800
700

600

..... MgSiO, perovskite (90 GPa)

post-perovskite phase (136 GPa)

0 1000 2000 3000 4000
Temperature (K)

Fig. 7. Temperature dependence of bulk (K) and shear ( G) moduli
for MgSiO; perovskite at approximately 90 GPa and post-
perovskite phase at approximately 136 GPa. See Table 7 for
important derivatives.
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Fig. 8. Temperature dependence of compressional (Vp), shear (Vs),
and bulk (V) isotropic wave velocities for MgSiO; perovskite at
approximately 90 GPa and post-perovskite phase at approximately
136 GPa. See Table 8 for important derivatives.

0.9 for post-perovskite, in comparison to 1.9 for
perovskite.

4. Discussion and conclusions

To assign part, or all, of the observed seismic
anisotropy at the core—mantle boundary to a particular
mineral, it is necessary to know both the slip systems
and seismic anisotropy of the mineral at the relevant
temperature and pressure. Although the slip systems
of MgSiOz perovskite and post-perovskite under
CMB conditions are not known, we can make simple
arguments presuming the relevant slip systems at low
pressures are the same as at the conditions of the core—
mantle boundary.

For example, assuming the most important slip
system in MgSiO; perovskite is <100> {001}, as
implied in a recent study of the mineral at 25 GPa and
1673 K [54], horizontal “mantle-flow” would produce
a transversely isotropic aggregate, with a symmetry

Table 7

Temperature dependence of bulk (K) and shear (G) moduli for
MgSiO; perovskite at approximately 90 GPa and post-perovskite
phase at approximately 136 GPa

(0K1/0T)p/1073

(0GH/0T)p/1073

(GPaK ™) (GPaK ™)
MgSiO; perovskite [32] —21 —18
Post-perovskite phase —24 —15
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Table 8

Temperature dependence of compressional (Vp), shear (¥s), and bulk (¥) isotropic wave velocities for MgSiO; perovskite at approximately 90

GPa and post-perovskite phase at approximately 136 GPa

(0ln Vp/dT)p/107°

(0ln Vs/dT)p/107°

(3ln Vg/dT)p/107 Rsp=(dIn Vy/

(kms 'K (kms 'K (kms™ 'K dln Vp)p
MgSiO; perovskite [32] —1.98 —3.78 —0.92 1.91
Post-perovskite phase —2.07 —1.87 —2.20 0.90

axis in the [001] direction. Looking at Fig. 5, we see
that at 0 K the shear wave transverse anisotropy is
—7%, while at 4000 K it is —12%, which is
significantly larger. If a transversely isotropic aggre-
gate with a symmetry axis in the [010] was expected,
as suggested by Karato et al. [55], the contrast would
be, more extreme, with —8% transverse anisotropy at
0 K, but virtually none at 3500 K. Note that neither of
these explain the more common observation that
horizontally polarised shear waves travel faster than
vertically polarised, but rather the opposite. For this to
be the case, the slip plane in MgSiO; perovskite
would have to be normal to the [100] axis, as pointed
out by Wentzcovitch et al. [20].

In the case of the post-perovskite phase, temper-
ature is calculated to have little effect on transverse
anisotropy. Therefore our inference with regard to its
slip-planes is the same as that of Tsuchiya et al. [39],
made on the basis of athermal results, namely: that
for horizontally polarised shear waves to travel faster
than wvertically polarised shear waves the post-
perovskite phase must form a transversely isotropic
aggregate with a symmetry axis in the [001]
direction. The most probable slip system of post-
perovskite is, as yet, unknown under any conditions.

The ratio of lateral variation of compressional to
shear wave velocities has been estimated from seismic
observations and provides a constraint on the compo-
sition of the lower mantle [56,57]. In particular, Rg,
p=0In Vg/0In Vp, is shown to increase from a value of
about 1.5 up to approximately 2.5, going from a depth
of 1000 km down to 2400 km. The calculated value of
Rgp for perovskite and the post-perovskite phase are
given in Table 6. The calculated value for the post-
perovskite phase is remarkably low, about 0.9. This
low value comes mainly from the very low (dln Vg/
dT)p value for post-perovskite as compared to
perovskite, with their (dln Vp/dT)p values being very
similar. Taken at face value, this low value of Rgyp is
totally incompatible with that observed and would

seem to cast doubt on the existence of the post-
perovskite phase in D”. It is quite likely, however, that
the proportion of perovskite and post-perovskite
varies considerably in D” and it is not clear how this
would be reflected in an average value of Rgp, which
is what is determined from seismic tomography. We
point out, however, that this low value of Rgp for the
post-perovskite phase may make it possible to map
out regions of post-perovskite in the lowermost
mantle.

The effect of iron, thought likely to be present in
post-perovskite at lower mantle conditions [58],
remains to be investigated.
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