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The melting curve of MgSiO3 perovskite is simulated using molecular dynamics simulations method at high

pressure. It is shown that the simulated equation of state of MgSiO3 perovskite is very successful in reproducing

accurately the experimental data. The pressure dependence of the simulated melting temperature of MgSiOg perovskite

reproduces the stability of the orthorhombic perovskite phase up to high pressure of 130GPa at ambient temperature,

consistent with the theoretical data of the other calculations. It is shown that its transformation to the cubic phase and

melting at high pressure and high temperature are in agreement with recent experiments.
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1. Introduction

When containing some Fe, MgSiO3 perovskite is
the most abundant mineral in the Earth, compris-
ing 60-100 vol.% of the lower mantle, and dominat-
ing many of its properties.'] Therefore, the proper-
ties of MgSiOs perovskite at high temperature and
high pressure are of great interest to geophysicist.2—?!
At present, however, such information is difficult to
obtain directly through laboratory experiments. The
lower mantle comprises over 50% of the Earth’s vol-
ume, extending between the depths of 670km and
2,891 km, it is characterized by very high pressure
(24-136 GPa) and high temperature, ranging roughly
between 2,000 K and 3,000 K, possibly extending to
about 4,000K.[6l At such high temperature atomic
motion is essentially classical and possibly signifi-
cantly anharmonic, making it appropriate to use the
molecular dynamics approach to simulate. We have
therefore performed molecular dynamics simulations
of the physical properties of MgSiO3 perovskite under

the relevant thermodynamic conditions.

The melting temperature of MgSiO3 perovskite

plays a fundamental role in the chemical differentia-
tion, rheology and geodynamics of the Earth’s lower
mantle. The prediction of melting temperature by
molecular dynamics simulations has been found to be
rather successful recently,[”! and, furthermore, it al-
lows tracking the physical properties of the atoms not
only as global averages but also locally. This capabil-
ity is indispensable for correlating the theories and the
atomic-level mechanisms at the onset of melting. In
this paper, we simulate the melting curve of MgSiOg3
perovskite by the method of molecular dynamics sim-
ulation at constant pressure, and compare our results

with that of previous works.®:9]

2.Method

2.1. Interatomic potential

Following our previous studies,['°=13! the crystal
lattice energy is taken to be the sum of interactions

between atoms of the form
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where Z; or Z; is the effective charge of the ith atom,
e is the electronic unit charge, A;; and B;; are param-
eters for the repulsive interactions, and Cj;; are the
van der Waals constants. The first term represents
the Coulomb interaction, the second one is due to

overlap repulsion. Here r;; is the interatomic distance

between atoms ¢ and j. Because the interparticle in-
teraction is the most important factor in molecular
dynamics simulations, a proper choice of interaction
potential is necessary for good results. Values of the
parameters/!¥ of MgSiOs perovskite used in the sim-

ulations are listed in Table 1.

Table 1. Parameters of the potential of MgSiO3 perovskite used in simulations.

source AleV B/nm™! C/107%eV-.nm®
Mg-O 1041.4350 34.8918

Si-O 1137.0280 35.3732

O-0 2023.8000 37.3972 13.8300

2.2. Technique of simulation

Molecular dynamics simulation is a  well-
established technique in mineralogy, especially for
studying the effects of high pressure and high temper-
ature on the properties of solid and their melts. De-
tailed description of the molecular dynamics method
has been given elsewhere.1>1¢! In short, the molecu-
lar dynamics method consists in solving numerically
equations of atomic motion, assuming initial coordi-
nates and velocities of atoms and a model of inter-
action between them. Normally, as is also the case
in molecular dynamics calculations. periodic bound-
ary condition is applied. Periodic boundary condition
means that if a particle leaves a computational cell
on one side of the cell, an identical particle enters the
cell from the opposite side. The electrostatic interac-
tions are evaluated in both real and reciprocal spaces

according to the Ewals method.[!7]

Simulations in NT'P (constant N is the number
of particles, T is the temperature, and P is pressure)
ensemble!’® are performed. Simulations are started
from an orthorhombic perovskite lattice adjusted for
density. Simulation runs are carried out with 360 par-
ticles (72 Mg, 72 Si, 216 O atoms). The results of
molecular dynamics simulations in the N7 P ensemble
with the chosen model of the interatomic interaction
depend on, apart from the initial arrangement of par-
ticles, the size of time step 7, the number of time steps
n, number of particles IV, and temperature of windows
Twin. Therefore, the influence of these parameters was
carefully studied by carrying out runs at various 7" and
P. Tt was found that correct results could normally be
obtained with equilibration and measurement of the
number of time-step n=5000, a time-step 7=1fs, tem-

perature of windows Ty, =23K. These measurements

are very accurate. Usually we re-equilibrated at the
required temperature and pressure for 5ps and then
measured the temperature, pressure and volume over
a further 5ps. Typically, the actual temperature dif-
fered from the required temperature by less than 1K,
the actual pressure differed from the required pressure
by less than 1 MPa, and the discrepancy in the volume

was less than 0.002cm?®/mol.

3. Results and discussions

3.1. Equation of state of MgSiO3 perovskite

The simulated molar volume V; (=24.698 cm? /
mol) value agrees well with the study by Belonoshko
and Dubrovinsky!'® within 0.7% under 300 K at zero
pressure. The volume thermal expansivity is obtained
by fitting the computed T' — V results to the equa-
tion o = ag + ou T + axT~ 1 4+ a3T~2, where ag, o,
as and as are the coefficients of thermal expansion.
The molecular dynamics a value at 300K are esti-
mated to be 2.09 K~!, which compare very well with
the measured valuel®®! of 2.2 K~'. As shown in Fig.1,
we illustrate the simulated temperature dependence
of volume over the wide temperature range between
300K and 2000K at 25GPa of MgSiO3 perovskite. It
is found that the simulated T dependence of V/Vj
(Vo being the molar volume at 300 K and P=25GPa)
values at 25GPa is in excellent agreement with the ex-
perimental values.[?!! The equation of state of MgSiOs
perovskite at T=300K obtained by our simulation is
shown in Fig.2, and it is in good agreement with the
experiment data,[?2! the fitting data of Shanker and
Kushwah(?3 and the first-principles simulation result
of Wentzcovitch et al based on the LDA.[?4 Thereby,

the above results provide a strong support for the po-
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Fig.1. Volume as a function of temperature for
MgSiO3 perovskite at 25GPa.
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Fig.2. The equations of state of MgSiO3 perovskite
at 300 K. The closed squares are for the present study.
The opened squares are the fitting data of Shanker and
Kushwah.[23] The closed triangles and the closed cir-
cles are the first-principles simulation at 7=0K based
on the LDA by Wentzcovith et al[24] and experimental
data of Mao et al,[22] respectively.

3.2. Heat capacity and entropy of MgSiO; per-
ovskite

In Fig.3, it is shown that the specific heat capac-
ity at ambient pressure calculated from the present
model is in an excellent agreement with the experi-
mental data.l?®/ Because the present theory is able to
reproduce the above thermodynamical experimental
data satisfactorily, we use it for prediction of prop-
erties at high temperatures and pressures where ex-
perimental data are not yet available. The calculated

entropy of MgSiOj3 perovskite is shown in Fig.4.
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Fig.4. Molecular dynamics simulated temperature de-
pendence of entropy of MgSiOs perovskite.

3.3. Melting curve of MgSiOj3 perovskite

Melting is the first-order phase transition from an
ordered solid to disordered liquid. The melting curve
of MgSiOg is calculated by method of constant pres-
sure molecular dynamics simulations. The calculated
volume changes at 10°Pa and at temperatures from
300 up to 4200 K are shown in Fig.5. It is shown that
the sudden change of the calculated volume of MgSiOg3
occurs at a temperature of about 3396 K. This value
is higher than the normal melting temperature. The
reason is that molecular dynamics simulations in free
space are known to exhibit high hysteresis,[26! which
prevents us from judging how well the experimental
value of melting temperature at 10°Pa pressure is re-
produced. Cohen and Gong!?%! noted the high hystere-
sis at 10°Pa. This hysteresis decreases with increasing
pressure, and it is also the result of the existence of a
substantial metastable overheating. Overheating of a

crystalline solid occurs when the long-range order of
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the crystalline structure is maintained up to certain
temperature above the equilibrium melting tempera-
ture. Unstable overheating due to the melting kinet-
ics during the rapid heating is insignificant because
of the transient nature of melting at such a high de-
gree of overheating. Melting is a dynamic process and
melting temperatures of a crystal can be modified by
certain melting mechanism. According to catastrophic
melting2728] and homogeneous nucleation(2?:3% theo-
ries, the equilibrium melting temperature T;, due to
overheating melting of MgSiO3 perovskite at ambient

pressure can be described as

(T — Tino)

=0.212 2
— , 2)

where Ty, is the conventional melting temperature for
the bulk. A substantial overheating melting process
results from heating rate, it is not much dependent on
pressure, and will be applied to correct the melting
temperatures for overheating of crystal (T}, in Eq.(2))

to Ty as the first approximation.
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Fig.5. Molecular dynamics calculated volume of

MgSiO3 perovskite at the pressure of 10°Pa as a func-
tion of temperature. The calculated points are con-
nected by solid line for convenience. The volume is
suddenly changed at a temperature of about 3396K.

As shown in Fig.6, the present melting curve of
MgSiO3 perovskite is in good agreement with the
molecular dynamics simulations data of the system
with 1% vacancies by Chaplot et all® The various
experimental data and the differences among them
have been discussed by Brown.3!] Molecular dynamics
simulated melting temperatures is significantly lower
than that of the perfect lattice system which was re-
ported by Chaplot et al®) The melting temperature

in molecular dynamics simulation may be somewhat

higher than those in experiments. This is the reason
why the eye-evident surface texture change is usually
used as the melting criterion to the melting of sample
heated by laser in DAC experiments.'8! When a very
thin melting layer exists at the sample/DAC interface
and the heat balance between this thin layer and the
crystal beyond this layer is built, the visually observed
surface texture is in fact a result of surface melting. In
experiment, large variations might occur, as discussed
by Chaplot et al,[® due to the sample not being under
thermodynamic equilibrium at a uniform temperature
and hydrostatic pressure, or due to sample history etc.
Thus the alternative is that there is some systematic

error in the experiments.
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Fig.6. The melting curve of MgSiO3 perovskite. The
present simulated melting temperatures (closed cir-
cles) are significantly lower than for perfect lattice
system (closed squares).[gl Comparison is made with
the experimental datal® up to 62.5GPa and its ex-
trapolations(L, S, KK) to higher pressures using dif-
ferent melting relations as reported in ZB and also
with earlier laser heating experiments(HJ,[SQ] KJ,[?’B]
SH[34| (SH indicates a lower bound only)). The data
below 25GPa are from Ito and Katsural®! and Kato

[36]

and Kumazawa. The open circles are the molecu-

lar dynamics simulations data of the system with 1%

vacancies by Chaplot et al.9],

4. Conclusions

In summary, whereas our molecular dynamics
simulations reproduce the stability of the orthorhom-
bic perovskite phase up to high pressures of 130 GPa
at ambient temperature and are consistent with the
theoretical data of Chaplot et all® At lower man-
tle pressures, the transitions are found to occur at
temperatures substantially higher than the mantle
temperatures. Therefore, it would appear that the

920 km seismic discontinuity®”) may not be related
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to any phase transition of the perovskite structure.

This strengthens the suggestion of possible chemical

changes®” at that depth, which would have far reach-

ing consequences as it is at variance with the currently

accepted mineralogical models assuming chemical ho-

mogeneity of the lower mantle.

References

(1]
(2]
(3]
(4]

[10]
[11]
[12]
[13]
[14]
[15]

[16]

Oganov A R, Brodholt J P and Price G D 2001 Nature
411 934

Oganov A R, Brodholt J P and Price G D 2001 Earth
Planet. Sci. Lett. 184 555

Fiquet G, Dewaele A, Andrault D, Kunz M and Le Bihan
T 2000 Geophys. Res. Lett. 27 21

Shim S H, Duffy T S and Shen G Y 2001 Science 293
2437

Serghiou G, Zerr A and Boehler R 1998 Science 280 2093
da Silva C, Wentzcovitch R M, Patel A and Price G D
2000 Phys. Earth. Planet. Inter. 118 103

Wang J 1995 Phys. Rev. B 52 12627

Zerr A and Boehler R 1993 Science 262 553

Chaplot S L, Choudhury N and Rao K R 1998 Am. Miner.
83 937

Liu Z J, Cheng X L, Zhang H and Cai L. C 2004 Chin.
Phys. 13 384

Liu Z J, Cheng X L, Chen X R, Zhang H and Lu L' Y 2004
Chin. Phys. 13 1096

Cheng X L, Liu Z J, Cai L C and Zhang F P 2003 Chin.
Phys. Lett. 20 2078

Chen Q F, Cai L C, Duan S Q and Jin F Q 2004 Chin.
Phys. 13 1090

Oganov A R, Brodholt J P and Price G D 2000 Phys.
Earth Planet. Inter. 122 277

Allen M P and Tildesley D J 1987 Computer Simulation
of Liquids (Oxford: Clarendon)

Hail J M 1992 Molecular Dynamics Simulation: Elemen-
tary Methods (New York: Wiley)

(36]
(37]

Ewald P P 1921 Annal. Physik 64 253

Hoover W G 1985 Phys. Rev. A 31 1695

Belonoshko A B and Dubrovinsky L S 1996 Geochim. Cos-
mochim. Acta. 60 1645

Ross N L and Hazen R M 1989 Phys. Chim. Miner. 16
415

Funamori N, Yagi T, Utsumi W, Kondo T and Uchida T
1996 J. Geophys. Res. 101 8257

Mao H K, Hemley R J, Fei Y, Shu J F, Chen L C, Jephcoat
A P and Wu'Y 1991 J. Geophys. Res. 96 8069

Shanker J and Kushwah S S 1998 Phys. B 254 45
Wentzcovitch R M, Martins J L and Price G D 1993 Phys.
Rev. Lett. 70 3947

Akaogi M and Ito E 1993 Geophys. Res. Lett. 20 105
Cohen R E and Gong Z 1994 Phys. Rev. B 50 12301
Fecht H J and Johnson W L 1983 Nature 334 50

Tallon J L 1989 Nature 342 658

Rethfeld B, Sokolowski-Tinten K, von der Linde D and
Anisimow S I 2002 Phys. Rev. B 65 092103

Lu K and Li Y 1998 Phys. Rev. Lett. 80 4474

Brown J M 1993 Science 262 529

Heinz D L and Jeanloz R 1987 J. Geophys. Res. 92 11437
Knittle E and Jeanloz R 1989 Geophys. Res. Lett. 16 421
Sweeney J S and Heinz D L 1993 Geophys. Res. Lett. 20
855

Ito E and Katsura T 1992 High Pressure Research in Min-
eral Physics—Applications to Earth and Planetary Sci-
ence (Tokyo: Terra Scientific)

Kato T and Kumazawa M 1985 Nature 316 803

Kawakatsu H and Niu F 1994 Nature 371 301



