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ABSTRACT. Ab initio and semi-empirical interionic potentials were
tested against crystal structure and thermodynamic properties of peri-
clase, forsterite, and MgSiO, perovskite with energy minimization and
lattice dynamics calculations. Comparison of thermodynamic proper-
ties of these minerals derived fromr lattice dynamics and molecular
dynamics calculations are also made. The potentials were then used in
molecular dynamics simulations of crystal-melt systems in forsterite
and MgSiO, perovskite to study melting reactions as a function of
pressure. Amorphization of MgS10, perovskite at low pressure was also
simulated.

INTRODUCTION
The compositions Mg,SiO,, MgSiO,, and MgO are of primary impor-
tance for understanding the chemical behavior of the upper and lower
mantle. Forsterite and an assemblage of MgSiO, perovskite (with =12
mol percent Fe) and magnesio-wiistite (Fe,Mg)O are believed to domi-
nate the petrology of the Earth between 100 and 300 km and 550 to 1000
km depth, respectively (Liu, 1975; Liu and Ringwood, 1975; Yagi, Mao,
and Bell, 1978). Hence, much experimental and theoretical work has
focused on these phases. Many of the physical and thermodynamic
properties of these minerals have ‘been determined from experiments
(Williams, Knittle, and Jeanloz, 1989; Mao and others, 1991), but difh-
culties associated with experiments at high pressure and temperature
have hindered progress toward a complete understanding of these
materials as they exist within the Earth. For example, the bulk modulus,
K,, for MgSiO, perovskite has been measured by a number of groups at
300 K; however, the temperature-dependence of this property is not well
known. Knowledge of these parameters at high temperature is critical for
calculating densities of proposed petrologic models of the Earth’s inte-
rior. Theoretical calculations and numerical simulations are keys to the
study of our planet’s dynamics and chemical evolution.
Molecular dynamics (MD) simulates the motion of ions over a wide
range of pressure and temperature so that thermodynamic and struc-
tural properties of minerals may be predicted under the conditions
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prevalent at depth. Further, knowledge of the ionic positions and veloci-
ties calculated during the simulation allows the investigator to observe
reaction mechanisms on an atomic scale that is not possible with any
current experimental technique. Anharmonic effects that become increas-
ingly important with temperature are explicitly included in solving the
equations of motion for each ion. Hence, quasi-harmonic approxima-
tions are not necessary to calculate thermodynamic properties. In this
study, MD simulations and quasi-harmonic lattice dynamics (LD) calcula-
tions were used in tandem to predict thermodynamic properties of these
phases at high pressure and temperature. With this approach, it is
possible to compare simulation and experimental results at low tempera-
ture. If model results accurately reproduce experimental data, then the
simulation results may be used to predict structure and thermodynamics
of the phase at high pressure and temperature.

The ab initio approach to ionic modelling entails the development of
an interatomic potential from quantum mechanical calculations (Cohen
and Gordon, 1976; Lasaga and Gibbs, 1987). Energy versus interatomic
distance results obtained in these theoretical calculations may then be fit
to analytic potentials for use in the simulation of larger systems. No
parameters were adjusted within the potential equation in order to fit
experimental data as is done in semi-empirical MD simulations. Values
derived for physical properties of the system from the simulations are
then completely independent of experimental results.

In the first part of this paper, we present the results of equation state
determinations from MD and LD calculations with a potential based on
the work of Lasaga and: Gibbs (1987) and Cohen and Gordon (1976).
Recently, more accurate potentials for MgSiO, perovskite have been
developed from semi-empirical studies (Matsui, 1988; Leinenweber and
Navrotsky, 1988), but the purpose of this section is to show that the ab
initio potential gives a reasonable approximation of the behavior of
forsterite and MgSiO, perovskite over a range of temperature and
pressure. This agreement is used to establish a foundation for using this
potential in the subsequent sections of the paper on the high pressure
melting behavior and structure of melts in these systems. Hence, al-
though the simulation results may not reproduce exactly T, or K,, for
example, the results are accurate enough to reproduce the trends with
pressure and temperature observed in these crystals and melts.

METHODS AND RESULTS

Crystal structures, equations of state, thermal expansion, and heat capacities.
—Crystal structure energy minimizations at 0 K and 0 GPa were calcu-
lated on periclase, forsterite, and MgSiO, perovskite with a program
provided by R. E. Cohen. The lattice parameters and independent
fractional coordinates of each ion within the respective space groups were
allowed to vary in order to obtain the lowest energy configuration.
Results are listed in table 1 and compared to experimental crystal
structure determinations. Agreement with the observed crystal structure
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TABLE 1

Crystal structure parameters for periclase, forsterite, and MgSiO, perovskite from
experiment, energy minimization calculations, lattice dynamics, and molecular
dynamics. Zero-pressure volumes, V,, for lattice dynamics and molecular
dynamics calculations were determined from third-order fits to a
Birch-Murnaghan equation of state at 300 K (eq 1). Volumes are in A’ /unit cell
and lattice parameters in A.

Theoretical (this study)

Mineral Parameter ~ Experimental Static Lattice Dynamics MD
Periclase \Y% 18.67* 18.73 18.68 18.75
a 2.65 2.66 2.65 2.66
Forsterite v 289.80** 310.37 294.3 325.10
a 4.7535 -4.913 4.778 5.052
b 10.1943 10.543 10.248 10.471
c 5.9807 5.992 6.010 6.145
Mg(2) x 0.9915 0.9872
Mg(2)y 0.2774 0.2810
Six 0.4262 0.4591
Siy 0.0940 0.1097
O(1) x 0.7657 0.7885
O(l)y 0.0913 0.0896
0O(2) x 0.2215 0.2005
O(2)y 0.4492 0.4537
O(3) x 0.2777 0.2851
O@3)y 0.1628 0.1670
0(8) z 0.0331 0.0278
Perovskite A% 162.75%** 178.99 182.76 183.20
a 4.780 4.881 4.967 4.970
b 4.933 5.063 5.125 5.129
c 6.902 7.242 7.180 7.185
Mg x 0.974 0.971
Mgy 0.063 0.063
O(l) x 0.096  0.010
O(l)y 0.477 0.452
O(2) x 0.696 0.699
O@2)y 0.291 0.288
02) z 0.056 0.057

* Chang and Graham, 1977.
** Hazen, 1976.
*** Yagi, Mao, and Bell,.1978.

is excellent for periclase; the forsterite and MgSiO, perovskite unit cell
volumes are overestimated by =10 percent with these potentials. The
energy-minimized crystal structures were used as input for LD calcula-
tions and molecular dynamics simulations on these minerals over a range
of temperature and pressure. The zero-pressure volumes at 300 K
obtained from Birch-Murnaghan fits to the lattice and molecular dynam-
ics results are also listed in table 1. Lattice dynamics predict volumes that
are smaller than the static 0 K values for periclase and forsterite when
they should be nominally larger due to thermal expansion. Hence, even
though the LD results arg¢ closer to the experimental values at 300 K, the
better agreement is fortuitous.
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Experimental equations of state are usually determined from X-ray
diffraction studies over a range of pressures. Knowledge of the volume as
a function of pressure allows one to calculate the bulk modulus and its
derivatives with respect to pressure for the crystal. Calculation of the
equation of state from computer simulations has several advantages over
experimental equations of state. First, the volume range accessible in
theoretical work is much larger than is attainable in the laboratory.
Crystals can be compressed to almost any volume in theoretical studies.
For example, we studied energy changes in the range from V/V, = 1.15
to 0.75 (where V, is the zero pressure volume). In experimental work,
compression to V/V, = 0.90 is unusual for the highly incompressible
materials such as forsterite and perovskite. In addition, theoretical simu-
lations may expand the crystal into the negative pressure regime in order
to better fit the chosen equation of state. Furthermore, equations of state
from LD results can be based on Helmholtz free energy versus volume
relationships as compared to the pressure-volume data available from
experiment. Thus, a Birch-Murnaghan equation of state (Birch, 1978)

dv (1)

—A= SR+ 2652 |1 — 24— KyE
Vi 0 2 0

where A is the Helmholtz free energy, K, is the bulk modulus, K/ is the
derivative of the bulk modulus with pressure, and {f = 0.5((V,/V)** — 1)]
may be fit directly to energy versus volume data (fig. 1). In experimental
studies, the equation of state must be integrated from P = (-9A/dV),
(with significant errors in P and V) to obtain the Helmholtz free energy of
the crystal. The fits between the Birch-Murnaghan equations of state and
the theoretical calculations have maximum errors = 4.4 X 107° Hartrees/
unit cell.

Helmholtz free energies as a function of temperature are calculated
within the quasi-harmopic approximation (Born and Huang, 1954)
according to

1 X TN
A=U+5 X hv+ kT X n (1 - exp [~hw/KT]) (2)

where U is the static lattice energy, v, is a vibrational frequency, N is the
number of vibration modes, h is Planck’s constant, and k Boltzmann’s
constant. The total energy, E, of the crystal is then calculated from the
thermodynamic relationship E = A+ TS

9A (hv,/kT)
E=A- T(aT) =U+ 22hv + sz(exp[hv/kT] 5 3)

Differentiating eq (3) provides the constant volume heat capacities

N (hv,/KT)?
2 (ex
p [hv/kT] —

T P [hv,/KT]. 4)
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Fig. 1. Equations of state for periclase (A), forsterite (B), and MgSiO, perovskite (C)
from lattice dynamics calculations. Note that irregularities are apparent in (C) at 1000 K.
The perovskite structure is becoming unstable at this temperature with this interionic
potential. Molecular dynamics simulations show that this instability causes a transformation
to an amorphous structure similar to MgSiO, glass (see MgSiO; pervoskite amorphization, p. 172).

Molecular dynamics simulations may also be used to determine
theoretical equations of state. The pressure of the simulated system may
be calculated with the equation

NKT NKT
TV eV

N N ad)ij
2 3= " 3rij> ©)
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where N is the number of atoms in the system, V is the volume, r; is the
distance between ions i and j, and d/dr; is the derivative of the potential
energy of ion i with respect to ion j. Volumes are set within the MD
simulation by the length of the periodic boundaries, and temperatures
may be set by scaling the velocities of the ions for a few hundred time
steps (Kubicki and Lasaga, 1990). Hence, the P-V-T relationships of the
simulated system may be determinéd over a wide range of conditions.
Bulk moduli and their derivatives are then found by fitting K, and K to
the differentiated form of eq (1). The P-V-T relationships for periclase;
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Fig. 1(continued)

forsterite, and MgSiO, perovskite are plotted in figure 2. The derived
bulk moduli are listed in table 2; the thermal expansion coefficients, heat
capacities, and temperature derivatives of the bulk moduli are given in
table 3.

Molecular dynamics simulations were based on systems of 108 for-
mula units for periclase and 72 formula units for forsterite and MgSiO,
perovskite. Thermodynamic properties determined from MD simula-
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Fig. 2. Equations of state for periclase (A), forsterite (B), and MgSiO, perovskite (C)
from molecular dynamics calculations.

tions depend to a certain extent on the size of the system (Winkler and
Dove, 1991), but, for our purposes, this effect is not critical. Mineral
simulations were run for 2000 time steps (1 time step = 1 fs) to determine
average pressures. Crystal-melt simulations were run for 10,000 time
steps, each with twice the number of particles in the crystal only runs.
Details of the interatomic potential employed for these simulations are®
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Fig. 2(continued)

given in Kubicki and Lasaga (1991). (For a more complete description of
the molecular dynamics method see Kubicki and Lasaga, 1990.)

The agreement in tables 2 and 3 between experiment and simulation
are encouraging. For periclase, the LD and MD give similar results for
all the calculated thermeodynamic parameters except for C,. The two
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Fig. 2 (continued)

methods predict quite different results in forsterite and MgSiO, perov-
skite, however. The differences indicate the magnitude of quantum
effects in these minerals at room temperature. As temperature increases,

the difference between equations of state predicted with LD and MD
simulations become larger. This is most easily seen in the order of
magnitude differences between the thermal expansion coefficients, «, in.
forsterite and the (9K,/dT) values for MgSiO, perovskite (table 3). These



