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In situ Raman spectroscopy of MgSiO3 enstatite up to 1550 K
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Abstract
Significantly reduced detection of thermal radiation in gated spectroscopy allowed us to measure the Raman scattering of natural enstatite up to 1550 K at 1 bar. The intrinsic anharmonicity,
ai = [(∂lnνi)/(∂T)]V, of the Raman-active modes in orthoenstatite (OEn) was obtained from temperature
(T) shifts of vibrational frequencies measured in this study combined with previous high-pressure (P)
Raman scattering data. Although the ai values of the lattice modes of OEn are similar to those for forsterite (Fo), the Si-O stretching modes have significantly lower intrinsic anharmonicity in OEn than in Fo,
suggesting that the connectivity of the SiO4 tetrahedra plays an important role in mode anharmonicity.
At the phase transition at 1500 K, a doublet related to the stretching vibration of bridging O atoms in
the SiO3 chains becomes a singlet, and a doublet related to the stretching vibration of non-bridging O
atoms remains as a doublet, consistent with the expected spectral change for a phase transition from
OEn to protoenstatite. Two intense, low-frequency modes of OEn show a strong nonlinear decrease
in frequencies with heating that cannot be explained solely by thermal expansion. This may indicate
the reorganization of the structure around Mg atoms and unkinking of the SiO3 chains at temperatures
well below the phase transition.
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Introduction
Magnesium-rich pyroxene (Mg,Fe)SiO3 composes approximately 40% of the Earth’s upper mantle (Ringwood 1975). Therefore, a comprehensive understanding of the thermal properties
and phase transitions of pyroxene under geologic conditions is
important.
The pressure-volume-temperature (P-V-T) equations of state
for mantle minerals are fundamental to understanding the composition and dynamics of the mantle in the context of seismic data
(Knittle and Jeanloz 1987; Stixrude et al. 1992; Ita and Stixrude
1992). Gillet et al. (1997) showed that the volume and temperature dependence of the intrinsic anharmonicity is important to
consider for the thermal part of the equation of state. Because
the mantle temperature is expected to be very high, T > 1500 K,
constraining anharmonicity for mantle minerals is important.
However, only a few measurements exist for anharmonicity of
mantle minerals [e.g., forsterite (Fo) (Gillet et al. 1993, 1997)],
and the anharmonicity of (Mg,Fe)SiO3-pyroxene has not yet
been measured.
MgSiO3 undergoes many phase transitions during heating
and compression. The most abundant low-T phase of En is orthoenstatite (OEn), with an orthorhombic unit cell in space group
Pbca. MgSiO3 undergoes a phase change around 1300 K (Smyth
1974; Yang and Ghose 1995; Jackson et al. 2004). X-ray diffraction (XRD) studies have revealed that the SiO3 chains unkink
drastically and tilt during this transformation, and the M2-O bond
distance increases (M2 is the larger Mg site) (Yang and Ghose
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1995); this high-T phase is protoenstatite (PEn). There are also
reports of a phase transition to clinoenstatite (CEn) above 1500 K
(Perrotta and Stephenson 1965) (hereafter HTCEn), which has
a distinctly different structure from low-T CEn (LTCEn), but it
appears that the occurrence of HTCEn may be related to shear
stress or other non-equilibrium conditions (Shimobayashi and
Kitamura 1993).
A Brillouin spectroscopy study reported severe softening of
some single-crystal elastic moduli at temperatures well below
that of the phase transition (Jackson et al. 2004). Considering
that elastic softening below a transition T can lead to a displacive
transition, Jackson et al. (2004) proposed the possible existence
of a new phase with a Cmca structure in the phase diagram of
MgSiO3 at high T. They further proposed, however, that because
of the reconstructive OEn → PEn transition at similar T, the
system does not undergo a transition to the Cmca phase. A recent
molecular dynamics simulation proposed that OEn may undergo
an isosymmetric phase transition at ~1000 K (Miyake et al.
2004), which is related to the unkinking of the SiO3 chain and the
rearrangement of bonds between Mg in the M2 site and oxygen
atoms. However, the actual existence of such an isosymmetric
phase transition has yet to be confirmed in MgSiO3.
Raman spectroscopy is a standard laboratory tool for studying
minerals and materials (e.g., McMillan and Hofmeister 1988;
Gillet et al. 1998; Weber and Merlin 2000; Eremets 1996). It
provides structural information. Furthermore, changes in Raman
mode frequencies with heating combined with high-P Raman
measurements provide opportunities to measure intrinsic anharmonicity (Gillet et al. 1989, 1991, 1997).
A single spectrum of the high-T phase of MgSiO3 was
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