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[1] Constant-pressure constant-temperature ab initio molecular dynamics simulations at
high temperatures have been used to study MgSiO3, the major constituent of the Earth’s
lower mantle to conditions of the Earth’s core-mantle boundary. The calculated
equilibrium volumes and densities are compared with simulations using an orthorhombic
perovskite configuration under the same conditions. For molten MgSiO3, we have
determined the diffusion coefficients and shear viscosities at different thermodynamic
conditions. Our results provide new constraints on the properties of molten MgSiO3 at
conditions near the core-mantle boundary. The volume of the liquid is greater than that of
the solid throughout the pressure-temperature conditions examined, and the volume
change on fusion ranges from 5% at 88 GPa and 3500 K to 2.9% at 120 GPa and
5000 K. Existing experimental constraints on solid-liquid partition coefficients for Fe
suggest that Fe is preferentially partitioned into the liquid. Such enrichment of Fe
increases the density of the liquid, thus allowing the possibility of negatively buoyant
melts from (Mg,Fe)SiO3 perovskite compositions at deep lower mantle conditions
for plausible values of solid-liquid partition coefficients for Fe. At 120 GPa and
4500–5000 K, the diffusion coefficient of liquid MgSiO3 is 2–3 � 10�5 cm 2/s and the
diffusion rates of the different chemical species are similar. The shear viscosity is
estimated using Zwanzig’s formula to be 19–31 cP under these conditions. On the basis of
our calculated diffusivities, MgSiO3 is above the glass transition temperature at 120 GPa
and 4500 K.
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1. Introduction

[2] Melting is a ubiquitous process in planetary interiors
and one of the dominant mechanisms for thermal transport
and chemical differentiation in planets. Knowledge of the
properties of silicate liquids are thus necessary for under-
standing a wide range of geophysical phenomena related to
the deep Earth and its origin and evolution. (Mg,Fe)SiO3

perovskite is the most abundant mineral in the Earth’s deep
mantle. Here we report ab initio simulation of the properties
of liquid MgSiO3 at conditions corresponding to the deep
interior of the Earth.

[3] There are a number of lines of evidence that strongly
indicate the Earth (and other terrestrial planets) were par-
tially or wholly molten, at least at certain intervals, during
the accretion process [Stevenson, 1989; Solomatov, 2000].
The subsequent cooling and crystallization of a magma
ocean might have lead to the chemical differentiation of
the mantle [Ohtani, 1985]. Thus understanding the dynam-
ics of a terrestrial magma ocean is essential to understanding
the initial conditions for the subsequent thermal and chem-
ical evolution of the Earth. The liquid viscosity and its depth
dependence are among the important parameters that char-
acterize an early (liquid-rich) magma ocean [Solomatov,
2000] and melt/crystal density inversions could greatly
modify the structure and cooling history of such an ocean
[Solomatov, 2000]. At present, only low-pressure experi-
mental data or calculations mainly based on empirical
potentials have been used to constrain these models
[Wasserman et al., 1993; Dingwell et al., 2004; Liebske et
al., 2005].
[4] In the present Earth, the existence of small degrees

(<1%) of partial melt has been suggested as an explanation
for the strong relative variations of shear velocity relative to
compressional (@lnVS /@lnVP) velocity in the deep lower
mantle [Duffy and Ahrens, 1992]. In the D00 region at the
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base of the mantle, a seismic ultralow-velocity zone (ULVZ)
of thickness 5–40 km has been detected locally on top of
the core-mantle boundary [Garnero et al., 1993; Revenaugh
and Meyer, 1997; Helmberger et al., 2000; Wen and
Helmberger, 1998]. These regions are characterized by
seismic compressional and shear velocity reductions of
�10% and �30%, respectively. The presence of relatively
large degrees of partial melt (�5–30%) has been proposed
as the most plausible explanation for these features
[Williams and Garnero, 1996]. There is also evidence for
smaller shear velocity reductions in D00, plausibly consistent
with lesser amounts of partial melt at depths as great as
300 km above the core mantle boundary [Wen et al., 2001].
[5] The presence of melt in the deep mantle can greatly

affect a number of physical properties of the region. The
viscosity of the melt may strongly modify heat transport and
convective circulation within the boundary layer [Williams
and Garnero, 1996]. The presence of a partially molten
layer suggests that the density contrast between solid and
melt should be small. The buoyancy of the melt will be
controlled by the intrinsic density difference, as well as
compositional differences (i.e., Fe enrichment) between the
melt and solid. Density inversions between silicate melts
and equilibrium liquidus crystals have been extensively
studied at upper mantle conditions [Agee, 1998; Rigden et
al., 1984; Suzuki and Ohtani, 2003; Sakamaki et al., 2006;
Matsukage et al., 2005]. However, there are only limited
constraints on possible density inversions under conditions
of the Earth’s lower mantle. It has been proposed on the
basis of laboratory measurements to 15 GPa that basaltic
melts may become denser than mantle peridotite at con-
ditions near the base of the mantle [Ohtani and Maeda,
2001]. However, these results are subject to considerable
uncertainty due to the long extrapolations involved. More
direct determination of physical properties of the compo-
nents of deep mantle melts is needed.
[6] Recent developments in the atomistic simulation of

solids and liquids, based on the full solution of the quantum
mechanical equations for the electrons, allow the theoretical
study from first principles, i.e., without empirical or adjust-
able parameters, of the structural, thermal, and elastic
properties of minerals at arbitrary conditions of pressure
and temperature. Recent works have addressed successfully
the thermoelastic properties of solid MgSiO3 perovskite at
Earth’s mantle conditions [Karki et al., 1997, 2000; Oganov
et al., 2001a, 2001b; Wentzcovitch et al., 2004]. Here we
focus on the properties of liquid MgSiO3 at high pressures,
which we study using first-principles molecular dynamics at
constant pressure. We determine liquid densities and com-
pare them with solid perovskite densities at similar con-
ditions to extract melting properties. We also calculate or
estimate dynamical properties of liquid MgSiO3 such as
diffusion and viscosity. Other studies that used first-principles
molecular dynamics simulations to examine MgSiO3 and
MgO liquids were also recently reported [Stixrude and
Karki, 2005; Karki et al., 2006].

2. Technical Details

[7] Ab initio molecular dynamics (AIMD) simulations
[Car and Parrinello, 1985] were performed using density
functional theory [Hohenberg and Kohn, 1964; Kohn and

Sham, 1965] within the generalized gradient approximation
(GGA) [Perdew et al., 1996]. We use ultrasoft pseudopo-
tentials [Vanderbilt, 1990] for O and norm-conserving
pseudopotentials [Troullier and Martins, 1991] for Mg
and Si. Nonlinear core corrections [Louie et al., 1982] were
used for Mg. Kohn-Sham orbitals were expanded in plane
waves with a kinetic energy cut off of 30 Ry. The simulation
cell contained 80 atoms (16 MgSiO3 units) and a time step
of 13 atomic time units was used (�0.31 fs). The simu-
lations were performed in constant-pressure constant-
temperature (NPT) statistical ensemble: variable-cell
dynamics was used to impose the required pressure
[Parrinello and Rahman, 1980], and the temperature was
controlled by Nosé thermostat technique [Nosé, 1984;
Hoover, 1985]. The variable-cell dynamics allows the cell
parameters to be optimized automatically during simulation.
The fictitious kinetic energy of the electronic wave func-
tions was controlled by the scheme proposed by Blöchl and
Parrinello [1992]. For simulations of the solid phase the
first 0.5 ps of the simulations were discarded and statistical
averaging was then carried out for at least 2 ps. The liquid
configurationwas obtained by heating the system to 10,000K
and then decreasing the temperature to 5000 K in a total
time of 1 ps. Depending on the thermodynamic condition,
the first 2–4 ps of the liquid simulations were discarded,
and then the simulations were run for additional 8–12 ps to
obtain sufficient statistical data for the calculation of the
diffusion coefficient [Allen and Tildesley, 1987].
[8] The properties of MgSiO3 liquid have also been the

subject of another recent study using first-principles molec-
ular dynamics simulations [Stixrude and Karki, 2005]. Our
methods differ from this other work in some aspects
including the choice of exchange correlation function, the
statistical ensemble taken and the way the atomic trajecto-
ries were generated. In their recent work, Stixrude and
Karki [2005] used the local density approximation (LDA)
to approximate the exchange correlation; fixed-volume unit
cells were used to ensure constant-volume constant-
temperature (NVT) statistical ensemble, and the atomic
trajectories were generated by Born-Oppenheimer molecular
dynamics. In addition, we calculate the diffusivity and shear
viscosity of MgSiO3 liquid which was not contained in the
other work. We also note our work focuses exclusively on
deep lower mantle conditions (88–135 GPa, 3500–5000 K)
and provides dense data coverage for this region.
[9] To test convergence of volumes, we performed both

160-atom and 80-atom simulations at 5000 K and 120 GPa
and found that the calculated volumes were unchanged
within statistical uncertainties. The statistical deviations in
volume were found to be within 1.9% in all simulations. To
justify the validity or our simulations, we performed an
ambient pressure simulation for the perovskite structure at
300 K and the calculated molar volume of MgSiO3 is
25.8 cm3. This is consistent to the calculated volume
(25.3 cm3) using GGA by Oganov et al. [2001a]. These
calculated values are 5% higher than the experimental values
(24.5 cm3). Typically, density functional theory (DFT)-GGA
calculations overestimate cell parameters by 2%, thus our
calculated ambient solid volume is within the typical DFT-
GGA calculation error. Recent work by Oganov et al.
[2001a] suggests that a DFT-calculated equation of state
(EOS) can mimic an experimental EOS by applying a
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constant shift of pressure to it. However, as one of the main
purpose of this work is to compare the difference in volumes
of solid and liquid MgSiO3 by using first-principles
approaches. The application of a pressure correction would
introduce extra artifacts to the calculations. Hence we would
not employ the pressure correction in this work.
[10] The diffusion coefficient (D) is estimated by calcu-

lating the mean square displacement, hdR2(t)i, of the atoms
as a function of time. The diffusion coefficient is given by
the Einstein relation [Allen and Tildesley, 1987]:

D � lim
t!1

1

6t
hjr t0 þ tð Þ � r t0ð Þj2i ¼ lim

t!1

1

6t
hdR2 tð Þi: ð1Þ

The calculated mean square displacements were fitted to a
straight line:

hdR2 tð Þi � 6Dtþ b: ð2Þ

The uncertainty of D is given by the asymptotic error when
fitting equation (2). It should be noted that hdR2(t)i is
obtained by taking the average over time origins t0 for, say,
a period of tens. In practice, tens has to be large enough to
ensure statistical accuracy and the correlation time t has to
be smaller then tens. Typically, tens > 3t [Allen and Tildesley,
1987]. Hence the total simulation time ttotal must exceed the
sum of t and tens, i.e., ttotal > t + tens. In the case of solids,
where no diffusion is observed in the timescale of a
simulation, D = 0 and the constant b coincides with the
Debye-Waller factor, which could in principle be extracted
from the intensity of the peaks in diffraction experiments.
[11] The viscosity (h) is estimated using the generalized

Debye-Stokes-Einstein formula derived by Zwanzig [1983]:

Dh
kBTn1=3

¼ 0:0658 2þ h=hlð Þ ¼ Cl: ð3Þ

Here n = N/V is the number density of the atoms. The
constant Cl depends on the ratio of the shear viscosity (h) to
the longitudinal viscosity (hl). Although these numbers are
not actually available, Cl has bounds that can vary between
0.132 and 0.181. In our work, we adopt a typical value of
Cl = 0.171. The upper and lower bounds of Cl result in
uncertainties of �23% and +6% in h, respectively.
Wasserman et al. [1993] studied the transport properties
of perovskite melts by molecular dynamics under high
temperatures (3500–6000 K) and pressures (5.1–78 GPa)
and their results agreed reasonably well with Zwanzig’s
formula. The general validity of Zwanzig’s formula has

been studied in detail in other systems [March and Tosi,
1999; Bagchi, 2001; Gezelter et al., 1999].

3. Simulation Results

3.1. Materials Properties at High Pressures
and Temperatures

[12] The calculated equilibrium volumes of four MgSiO3

units (20 atoms) at 3500 K as a function of pressure are
given in Table 1. The results are shown in Figure 1 (top).
Our simulation results agree well with the AIMD-fitted

Figure 1. (top) Equations of state of solid and molten
MgSiO3 at 3500 K. Our results (symbols) are compared
with values from the Mie-Grüneisen equation of state (bold
solid and dashed lines) of Stixrude and Karki [2005]
(SK05). Our equations of state are consistently different
from the SK05 results by �18 GPa (solid) and �14 GPa
(molten). The AIMD calculation of solid pervoskite by
Oganov et al. [2001a] is also shown. (bottom) Volumes of
solid and molten MgSiO3 at different temperatures. Pressure
is fixed at 120 GPa. Note the difference between T > 4500 K
and T < 4000 K. Lines serve only to connect data points.
Errors in volumes are within 2%.

Table 1. Calculated Properties of MgSiO3 at 3500 K as a Function

of Pressure Using Solid Perovskite and Liquid Configurationsa

P, GPa

Solid Perovskite Liquid

VS, Å
3 rS, g/cm

3 VL, Å
3 rL, g/cm

3 DV/VS, %

88 140.79 4.72 147.76 4.50 4.96
93 139.08 4.78 145.30 4.57 4.47
100 137.26 4.84 142.10 4.67 3.52
110 134.79 4.93 138.68 4.79 2.89
120 132.01 5.03 135.36 4.91 2.54
135 128.82 5.16 131.76 5.04 2.29
aFor liquid configuration at 88 GPa, atoms are diffusive and the estimated

diffusion coefficient is 1.14 � 10�5 cm2/s.
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equation of state by Stixrude and Karki [2005]. The
discrepancies in pressures between our results and that of
Stixrude and Karki [2005] are mainly due the choose of the
exchange-correlation functional (i.e., GGA versus LDA)
[Oganov et al., 2001a]. This demonstrates the reproducibil-
ity of ab initio calculations despite differences between
the present computational techniques and those used by
Stixrude and Karki [2005] (i.e., GGA versus LDA, NPT
versus NVT, Car-Parrinello versus Born-Oppenheimer).
From linear fits to the data of Figure 1, the estimated
thermal expansion coefficients a (in units of 10�5 K�1) of
solid and molten MgSiO3 at 120 GPa are 1.88 and 2.15,
respectively. The equation of state by Stixrude and Karki
[2005] gives a = 1.58 and 2.11 for solid and molten
MgSiO3 at this pressure.
[13] Our results at 88 GPa with the liquid configuration

showed that atoms are diffusive with a diffusion coefficient
of 1.14 � 10�5 cm2/s. This thermodynamic point (3500 K
and 88 GPa) is below the AIMD melting line by Stixrude
and Karki [2005], but is close to the melting line obtained
experimentally by the Berkeley group [Jeanloz and Kavner,
1996; Knittle and Jeanloz, 1989; Heinz and Jeanloz, 1987].
Thus the stability of the liquid in our simulations does not
allow us to conclude that 3500 K is above the melting line
of the theoretical model employed. However, the finite
diffusion coefficient estimated indicates that molten
MgSiO3 is not amorphized. In other words, the liquid is
metastable. Liquid metastability in our first-principles sim-
ulations is due to supercooling effects [Allen and
Tildesley, 1987]. The supercooled, molten MgSiO3 is there-
fore above the glass transition temperature at 3500 K and
88 GPa. We did not estimate the diffusion coefficients at
higher pressures because all the available melting curves
suggest that MgSiO3 can only be solid at these thermody-
namic conditions.
[14] Regarding the simulations with liquid configuration:

when pressure increases, the atoms approach each other
and become nondiffusive. This can be observed by our esti-
mated diffusion coefficients at 88 GPa (1.14 � 10�5 cm 2/s)
and 120 GPa (0.04 � 10�5 cm2/s). In other words, the
undercooled liquid is amorphized. In addition, as pressure
increases, the percentage difference of volumes between
solid and liquid MgSiO3 becomes smaller, which indicates
a tendency toward density inversion at higher pressures.
[15] In Figure 1 (bottom), the volumes are shown as a

function of temperature up to 5000 K. Pressure is fixed at
120 GPa. This is close to the top of the D00 region in the
mantle. This pressure is also close to where MgSiO3 trans-
forms to a postperovskite phase [Murakami et al., 2004]. In
this study, our solid state calculations are restricted to the
perovskite crystal structure. The volume of the postperov-

skite (CaIrO3 type) phase is �1–1.5% less than perovskite
[Oganov and Ono, 2004; Tsuchiya et al., 2004; Shieh et al.,
2006] at deep lower mantle pressures, so this transformation
will increase the density contrast between solid and liquid.
Because of uncertainties associated with the Clapeyron
slope of the transition and the deep mantle geotherm, it is
possible that at the base of the mantle, the geotherm will
cross back into the perovskite stability field [Hernlund et
al., 2005] and thus a comparison of perovskite and liquid
densities may still be the relevant case for consideration of
the ultralow-velocity zone.
[16] Although melting has not been observed during the

simulations, our DFT-GCA calculated results provide an
upper bound on the solid volume. The numerical results are
given in Table 2. For liquid simulations, the changes of
volume and density can be approximately divided into two
regions: T > 4500 K and T < 4000 K. The diffusion
coefficient decreases from 0.46 � 10�5 cm2/s at 4000 K
to 0.04 � 10�5 cm2/s at 3500 K. Thus the molten MgSiO3

can be regarded as nondiffusive at 3500 K. However, the
melt structure at the lower temperatures (T < 4000 K) and
high pressures (�120 GPa) may not be stabilized within our
simulation time (�10 ps), which results in uncertainties of
the estimated diffusion coefficient. In particular, the stability
of diffusion in molten MgSiO3 at 4000 K may be question-
able and requires a longer simulation.

3.2. Diffusion Near the Core-Mantle Boundary

[17] In Table 2, we tabulate the estimated diffusion
coefficients and viscosities of MgSiO3 as a function of
temperature. Pressure is fixed at 120 GPa. The estimated
diffusion coefficient drops drastically as the temperature
drops from 4500 K to 4000 K. This is a strong indication of
amorphization of molten MgSiO3. The mean square dis-
placements of molten MgSiO3 at different temperatures are
shown in Figure 2. As seen, the atoms are clearly diffusive
at higher temperatures (4500–5000 K). With a pressure
shift of 14 GPa (Figure 1), our calculated EOS of molten
MgSiO3 at 3500 K is highly consistent with that of SK05,
which was calculated by using LDA. As a result, our
simulations of molten MgSiO3 at 120 GPa correspond to
the results of SK05 at 106 GPa. At 106 GPa, the melting
temperature determined by SK05 is �5000 K, with a lower
bound of �4500 K. Hence, despite that melting temperature
has not been determined in our work, our simulations
provide evidence that MgSiO3 is diffusive and is above
the glass transition temperature at T > 4500 K.
[18] The mean square displacements of different species

of atoms at 5000 K are shown in Figure 3. Results for both
solid and liquid are shown. In the solid, Si atoms are
bounded by the octahedra formed by the O atoms, and each

Table 2. Calculated Materials Properties of MgSiO3 at 120 GPa as a Function of Temperature Using Solid Perovskite and Liquid

Configurations

T, K

Solid Liquid

VS, Å
3 rS, g/cm

3 VL, Å
3 rL, g/cm

3 D, 10�5 cm2/s DD/D, % h, cP

3500 132.01 5.03 135.36 4.91 0.04 2.26 -
4000 133.34 4.98 135.71 4.90 0.46 0.23 107.74
4500 134.48 4.94 138.45 4.80 1.77 0.18 31.46
5000 135.79 4.89 139.80 4.75 3.33 0.08 18.51
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