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High-pressure phase transitions in MgSiO3 orthoenstatite studied by atomistic computer 
simulation
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abStract

Molecular dynamics simulations and first-principles electronic structure calculations are used to 
study the structural behavior of orthoenstatite, MgSiO3, at high pressures. The calculations suggest 
two possible high-pressure polymorphs of orthoenstatite, one with P21ca and the other with Pbca 
symmetry. Both polymorphs are structurally related to orthoenstatite. Molecular dynamics simulations 
reveal the displacive nature of the phase transitions between the three phases. Electronic structure 
calculations predict a phase transition from orthoenstatite to the metastable P21ca structure at 9 GPa, 
which may explain the anomalies in elastic and vibrational properties observed experimentally. A 
second metastable transition from the P21ca to the high-pressure Pbca structure may be observable 
above 20 GPa.
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IntroductIon

Pyroxenes, (Mg,Fe)SiO3, are important constituents of the 
Earth’s crust and upper mantle (Ringwood 1975; Anderson 1989). 
A detailed understanding of their phase relations as a function of 
pressure and temperature is required to model the properties and 
the dynamics of the Earth’s upper mantle and transition zone. The 
phase diagram of the Mg end-member, MgSiO3, includes several 
polymorphic structures with a pyroxene structure, which is based 
on chains of edge-sharing MgO6 octahedra and corner-sharing 
SiO4 tetrahedra. The different polymorphs differ in the stacking 
sequence of the oxygen layers, which in the “ideal pyroxenes” 
are close packed (Thompson and Downs 2003).

The ground state structure at ambient conditions is monoclinic 
low-clinoenstatite (LCEn) with space group P21/c (Presnall 
1995). A displacive phase transition at high pressure leads to the 
monoclinic high-pressure clinoenstatite (HP-CEn) with space 
group C2/c (Angel et al. 1992). Besides the monoclinic phases, 
two polymorphs with orthorhombic symmetry are well known: 
orthoenstatite (OEn, space group Pbca) and protoenstatite (PEn, 
space group Pbcn). While the latter is a high-temperature phase 
in the MgSiO3 system, OEn may exist as a metastable phase at 
ambient conditions. This is due to the reconstructive nature of 
the phase transition between OEn and any of the CEn structures, 
which requires reorientation of the stacked layers (Coe and Kirby 
1975; Jahn and Martoňák 2008).

Recent experimental studies suggest the existence of meta-
stable, unquenchable phases that should be structurally related 
to either PEn or OEn. Yang et al. (1999) reported a structural 
transformation in (Mg1.54Li0.23Sc0.23)Si2O6 protopyroxene from a 
phase with space group Pbcn to a phase with space group P21cn at 
pressures between 2.03 and 2.50 GPa. Early molecular dynamics 

simulations proposed a high-temperature PEn phase with space 
group Bmcm just below the melting point (Matsui and Price 
1992). Jackson et al. (2004) predicted a new high-temperature 
phase of OEn with space group Cmca from the softening of the 
elastic moduli. Such a high-temperature OEn phase was observed 
in recent molecular dynamics simulations (Miyake et al. 2004), 
but with no change in symmetry. 

Furthermore, a high-pressure phase transition in OEn was 
observed in several experimental studies. Kung et al. (2004) 
observed a substantial softening of the bulk modulus above 10 
GPa and before the intended transition from OEn to HP-CEn. 
The existence of a metastable phase was also deduced from Ra-
man and X-ray diffraction data (Lin 2003; Lin et al. 2005). The 
reversibility of the transition suggests a displacive mechanism, 
which excludes the possibility of an OEn to HP-CEn transition. 
In the latter case, pressure release would lead to the LCEn phase 
(Angel et al. 1992). However, the structure of the high-pressure 
OEn phase has not yet been resolved.

Here, classical molecular dynamics (MD) simulations and 
first-principles electronic structure calculations in the framework 
of density functional theory (DFT) are used to study possible 
high-pressure phases of orthoenstatite (HP-OEn). Whereas the 
MD simulations are used to demonstrate the displacive nature of 
the phase transformations, the more accurate DFT calculations 
are needed to refine the structural models and to obtain reliable 
transition pressures. 

computatIonal detaIlS
MD simulations are performed using an advanced ionic interaction model 

(AIM) (Aguado et al. 2003; Madden et al. 2006). The model takes into account the 
Coulomb interaction between charged particles, short-ranged repulsion due to the 
overlap of the charge densities, dispersion, ionic polarization effects and ion shape 
deformations. Recently, a set of AIM potentials for the Ca-Mg-Al-Si-O system was 
parameterized by reference to first-principles electronic structure calculations. The 
model was shown to be accurate and transferable in a wide range of pressures, * E-mail: jahn@gfz-potsdam.de


