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Molecular Dynamics Simulation of MgO Melting at High Pressure
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Molecular dynamics simulation was used to study the melting of MgO at high pressures. The melting
temperature of MgO was accurately obtained at elevated temperature and high pressure after corrections
based on the modern theory of melting. The calculated melting curve was compared with the available
experimental data and other theoretical results at the pressure range of 0-135 GPa. The corrected melting
temperature of MgO is in good agreement with the results from Lindemann melting equation and the two-

phase simulated results below 15 GPa.
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I. INTRODUCTION

The phenomenon of melting has attracted much at-
tention for a long time [1,2]. The knowledge of the
melting temperatures of minerals of the Mg-Fe-Si-O sys-
tem is very useful in chemical differentiation and rhe-
ology, and is also fundamental for understanding of the
geodynamics of the Earth’s lower mantle. Therefore,
determination of the melting curves of these materi-
als in a broad pressures range has remained a major
challenge [3,4]. The difficulties in experimental mea-
surement have greatly limited the availability of the
melting data, resulting in a poor understanding of the
melting mechanism of solids at high pressure conditions.
Molecular dynamics (MD) simulation is quite suitable
for calculation of thermoelastic properties of a solid or
a melt. However, as a complex phenomenon, melting is
believed to be initiated around defects, including vari-
ous point defects and extended defects at the surface. In
order to deal with the complexities, various techniques
have been applied to evaluate the melting phenomenon,
such as the two-phase, bulk transition, radial distribu-
tion functions (RDF), snap shot techniques, and so on.
MD simulation not only allows one to track the phys-
ical property averages of the atoms globally, but also
locally. This capability is indispensable for corrections
between the theories and the atomic-level mechanisms
at the onset of melting.

MgO has been extensively studied at high pressure
because of its simplicity in structure and its geophys-
ical importance. It is an important component of the
Earth’s lower mantle in the form of magnesiowiistite-
(Mg, Fe)O, whose stability at high pressures [5] makes
the pressure calibration standard for high pressure and
temperature experiments. Estimation of the melting
temperature and other thermodynamic parameters of
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MgO at elevated temperatures and high pressures is
important for understanding the mantle structure. Sev-
eral theoretical methods have been applied to MgO; and
several of these studies used semiempirical or simplified
nonempirical models (e.g., potential-induced breathing
model) [6-8]. Lattice dynamics of MgO has been studied
with first principles only at zero pressure, although its
elasticity has been determined at high pressure [9,10].
MgO has also been extensively employed in the devel-
opment of experiment methods for shear strength deter-
mination at low pressure (to 40 GPa). A major problem
with current data, however, is that the equation of state
from shock, ultrasonic, and static experiments are not
consistent with each other. Furthermore, theoretical
models for MgO have been complicated by questions
concerning the degree of ionicity and characterization
of the charge distribution of oxygen [5]. In this work,
we apply the two-body empirical potential MD method
to study the melting of MgO at high pressures. Mean-
while, the radial distribution function of MgO is also
calculated.

Il. THEORETICAL METHODS

MD simulation is a well-established technique for
ionic solid studies [11], especially for studying the ef-
fects of high pressure and elevated temperature on the
properties of the solids. This method solves the numer-
ically equations of atomic motions, by assuming initial
coordinates and velocities of atoms and a model of in-
teraction potential between them. The system is made
pseudo-infinite by the application of periodic boundary
conditions. A simulation proceeds in a series of time
steps. At each step the forces resulting from the inter-
actions are evaluated.

Simulations in the NTP ensemble were performed.
The system consisted of 216 particles (108 Mg and
108 O). For the rocksalt structure, this is equivalent
to 3x3x3 unit cells. The results of MD simulations in
the NTP ensemble with the chosen model of the in-
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teratomic interaction depend on, apart from the initial
arrangement of particles, the size of time step 7, the
number of time steps n, and the number of particles N.
Therefore, the influence of these parameters was care-
fully studied by carrying out runs at various 7" and P.
It was found that equilibration was normally reached
with n=2000 and 7=1 fs.
We used the following interaction potentials:

1 ZZ'Z‘€2
Uij (rig) = o=+ Ai
i
iy
-exp (—Bijriz) — rf]ﬁ (1)
i

where the right-hand side terms represent Coulombic
part, repulsion energy and van der Waals force, respec-
tively. Here Z; or Z; is the effective charge, e is the
electronic unit charge, A;; and B;; are parameters for
the repulsive interaction, C;; is the van der Waals con-
stant.

The long-range electrostatic interactions are evalu-
ated both in real and in reciprocal space according
to the Ewald’s method [12]. The short-range non-
Coulombic potential parameters (A;j, B;; and Cj; in
Eq.(1)) are given in Ref.[13]. Mitchell et al. have stud-
ied the pressure-volume-temperature relations for MgO
at high pressures and temperatures [14]. Our results
were compared with those of other works, so agreement
is available.

I1l. RESULTS AND DISCUSSION

Melting is the first-order phase change from an or-
dered solid to a disordered liquid. The melting curve of
MgO was calculated at constant pressure MD simula-
tions. The melting transition starts at 3758 K under the
pressure of 0.1 MPa. As in Fig.1 the mean atomic vol-
ume undergoes a sudden upward jump, the temperature
is higher than that for normal melting. It can be seen
that the calculated temperature is about 22% higher
than normal equilibrium melting point 3083 K. This is
the result of the existence of a substantial metastable
overheating. Overheating of a crystal in MD simulation
of melting is a well-known phenomenon [15,16]. Over-
heating happens with several possibilities. Firstly, a
nucleus of melt is unstable unless it reaches a certain
size [17], and the size might be quite large compared
with the size of the computation box (which usually
does not exceed a few dozen angstroms). Therefore,
the appearance of melt is suppressed by the size of a
stable nucleus. Secondly, the creation of an interface
between solid and melt requires excess energy, which
can be available by increasing the system temperature.
Thirdly, simulations at constant volume might lead to
instability of both solid and liquid phases (the volume
is too small for a liquid and too large for a solid) [18].
Therefore, we believe that bulk transition simulation
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FIG. 1 The MD calculated volume of MgO at a pressure
of 0.1 MPa. The volume exhibits a abrupt change at a
temperature of about 3758 K.

at constant pressure indeed provides a useful tool for
studying the melting transition. According to modern
theory of melting, melting is a dynamic process and
melting temperatures of a crystal can be modified by
certainly melting mechanism [19], corresponding over-
heating melting of MgO at ambient pressure can be con-
cluded from

T-Th,
— =10.22 2
=0 2

where T, is the conventional melting temperature for
the bulk. This melting process resulting from the tem-
perature increase is basically independent on the pres-
sure, and can be applied to correct the melting temper-
atures for overheating of crystal.

Figure 2 compares the calculated pressure depen-
dence of the melting transition of MgO with experi-
mental data and other theoretical calculations. For a
comparison, Lindemann law is used to extrapolate the
high pressure melting temperatures. It is clear that the
Lindemann melting equation, MD simulations, and two-
phase simulated results of MgO are in excellent agree-
ment in the lower pressure range [20]. At high pres-
sure, Lindemann melting curve has a higher melting
slope, significantly deviating from the exact melting of
MgO. This is due to the fact that empirical melting
equation is based on early experimental results with
melting measurements covering a relatively lower pres-
sure range [21]. MD calculation curves for the melting
of MgO and other theoretical results are systemically
with larger pressure range than that from experiments
[22]. In experiments, the eye-evident surface texture
change is usually used as the criterion of melting of the
samples heated by laser in diamond anvil cell (DAC)
experiments. When a very thin melting layer exists
at the sample/DAC interface and the heat balance be-
tween this thin layer and the crystal beyond this layer is
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FIG. 2 Melting curve of MGO from MD simulation.

built, the eye-sighted surface texture is in fact a result
of surface melting. In an experiment, large variations
might occur, as discussed by Chaplot et al. [23], due to
the sample not being under thermodynamic equilibrium
at a uniform temperature and hydrostatic pressure, and
due to sample history etc. Thus, there is generally some
systematic error in the experiments.

RDF is one of the most important structural quanti-
ties used to characterize a system, particularly for lig-
uids. Melting and crystallizing can also be identified
from the long-range disorder and order manifested in
RDF’s. Figure 3 and 4 show the structure of MgO
at pressure 0.1 MPa and two temperatures, i.e. 3000
and 3782 K. There are changes of MgO with the NaCl
structure from a solid to liquid structure when heated.
As one can see, the difference between two structures
is quite evident. At 3000 K, the RDFs of Mg—Mg,
O—Mg, and O—O ion pairs are rather clear with the
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FIG. 3 RDFs for Mg—Mg, O—Mg, and O—0 at 3000 K and
at a pressure of 0.1 MPa.
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FIG. 4 RDFs for Mg—Mg, O—Mg, and O—O0 at 3782 K and
at 0.1 MPa.

solid structure. When the temperature is 3782 K, the
RDFs of these ion pairs show an obvious first peak,
a visible second peak and a featureless tail. The ab-
sence of strong peaks in the RDFs at distances larger
than the position for the second peak is typical for non-
crystalline structure, and this is the indication that the
rocksalt structure has lost its long-range order and has
begun melting. So, the simulated melting temperature
is bracketed between 3000 and 3782 K.

IV. CONCLUSION

In this work, MD simulations of the MgO with
two-body empirical potential were presented using
the interaction potentials in order to investigate the
behavior of melting behavior at high pressures. Our
simulated melting temperature of MgO is consistent
with results obtained from Lindemann melting equa-
tion and the two-phase simulated results with an ideal
lattice in the lower pressure range. It can be see that
MD simulated curves for the melting of MgO and other
theoretical results are systemically higher than the
experimental measurements. This is because that the
eye-evident surface texture change is usually used as
the melting criterion to the melting of samples heated
by laser in DAC experiments. At the end, we have
calculated the RDFs for each pair of Mg and O atoms
at 0.1 MPa, and at the temperatures of 3000 and
3782 K, respectively. The melting properties of MgO
are summarized in the temperature 300-4500 K ranges
and the pressure up to 135 GPa.



318 Chin. J. Chem. Phys., Vol. 19, No. 4

[1] R. W. Cahn, Nature 413, 582 (2001).
[2] R. Boehler, Nature 363, 534 (1993).
[3] R. Boehler, M. Ross and D. B. Boercher, Phys. Rev.
Lett. 78, 4589 (1997)
[4] R. Boehler, M. Ross and D. B. Boercher, Phys. Rev.
Lett. 53, 556 (1996)
[5] T. S. Duffy, R. J. Hemley and H. K. Mao, Phys. Rev.
Lett. 74, 1371 (1995).
[6] D. G. Isaak, R. E. Cohen and M. E. Mehl, J. Geophys.
Res. 95, 7055 (1995).
[7] H. Zhang and M. S. T. Bukowinski, Phys. Rev. B 44,
2495 (1991).
[8] I. Inbar and R. E. Cohen, Geophys. Res. Lett. 22, 1533
(1995).
[9] O. Schtt, P. Pavone and W. Windl, Phys. Rev. B 50,
3746 (199).
[10] B. B. Karki and R. M. Wentzcovitch, Phys. Rev. B 61,
8793 (2000).
[11] M. P. Allen and D. J. Tildesley, Computer Simulation

Shou-yi Li et al.

of Liquids 15, 385 (1987).

[12] D. Fincham, Mol. Simul. 8, 165 (1992).

[13] G. V. Lewis and C. R. A. Catlow, J. Phys. C 18, 1149
(1985).

[14] D. Fincham, W. C. Mackrodt and P. J. Mitchell, J.
Phys.: Condens. Matter 6, 393 (1994).

[15] B. Kapusta and M. Guillope, Phys. Earth. Planet. Int.
75, 205 (1993).

[16] M. Matsui and G. D. Price, Nature 351, 735 (1991).

[17] P. J. Mitchell and D. Fincham, J. Phys.: Condens. Mat-
ter 5, 1031 (1993).

[18] M. Matsui, Phys. Chem. Miner. 23, 345 (1996).

[19] K. Lu and Y. Li, Phys. Rev. Letter. 80, 4474 (1998).

[20] A. B. Belonoshko and L. S. Dubrovinsky, Am. Mineral.
81, 303 (1996).

[21] Z. Wang, P. Lazor and S. K. Saxena, High
Temperatures-High Pressures 33, 357 (2001).

[22] A. Zerr and R. Boehler, Nature 371, 506 (1994).

[23] S. L. Chaplot, N. Choudhury and K. R. Rao, Am. Min-
eral. 83, 937 (1998).



