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Theoretical determination of the Raman spectra of single-crystal forsterite (Mg2SiO4)
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Abstract
Density functional perturbation theory is used to calculate the Raman spectrum of forsterite
(Mg2SiO4). In addition to the fundamental mode frequencies and atomic displacements, the scattering
intensities are computed from first principles for the first time. Six independent single-crystal Raman
spectra are measured for synthetic forsterite, and good agreement is found between calculation and
experiment over a range of nearly six orders of magnitude of scattered intensity. Calculated atomic
displacements of these fundamental Raman modes generally agree closely with the results of previous
lattice dynamics studies. Modes with frequencies above 500 cm–1 consist primarily of motions internal
to the SiO4 tetrahedra, while those below 500 cm–1 are dominated by Mg2 displacements mixed with
SiO4 translations and rotations. The considerably larger Raman amplitudes for modes above 500 cm–1
appear to be due to displacements within the highly polarizable oxygen environments surrounded by
covalently bonded Si4+ and ionically bonded Mg2+. With regard to calculated frequencies, the theory
underestimates frequencies by as much as 8 cm–1 for modes over 500 cm–1, while it generally overestimates frequencies by as much as 17 cm–1 for modes below 500 cm–1. An equivalent set of Raman
spectra were measured for the Fe end-member of the olivine solid-solution series, fayalite (Fe2SiO4),
and compared to the results for forsterite.
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Introduction
Olivine, (Mg,Fe)2SiO4, is one of the major mineral constituents of the Earth’s crust and upper mantle. It is widespread in various magmatic and metamorphic basic and ultrabasic rocks. Due
to its mineralogical importance and its relatively simple structure
(Boström 1987) for a silicate (Fig. 1), many of its physical properties have been characterized under various thermodynamic
conditions. The study of its spectroscopic properties has been
a center of interest for several experimental and computational
mineral physicists and petrologists (Noel et al. 2006; Lam et al.
1990; Kolesov and Geiger 2004; Chopelas 1991; Mouri et al.
2008; Iishi 1978). Despite this extensive effort, there remains
room for improvement, particularly with regard to the detailed
description of the Raman scattering spectrum.
Here, we perform first-principles calculations based on the
density functional theory (DFT) (Kohn and Sham 1965) and density functional perturbation theory (DFPT) (Gonze et al. 2005a;
Baroni et al. 2001) in the ABINIT implementation (Gonze et
al. 2002, 2005b) on the Mg end-member (Mg2SiO4, forsterite),
computing for the first time the Raman spectrum with both
peak positions and intensities. Until recently, calculations of the
Raman spectrum of forsterite reported only the peak positions.
Now we are able to compute the intensities as well, obtaining the
Raman scattering factors from linear response within the DFPT
approximation. These were compared with Raman scattering
measurements performed on a forsterite synthetic single crystal
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in six scattering geometries, corresponding to the independent
components of the Raman tensor. This study is part of an ongoing
series attempting to calculate the Raman spectra of crystalline
silicates of various degrees of structural complexity.
The results presented here for forsterite can be compared with
findings from four studies (Noel et al. 2006; Kolesov and Geiger
2004; Chopelas 1991; Iishi 1978) that used various combinations
of observation and theory to assign vibrational modes to spectral
features. Iishi (1978) used three different models to calculate
Raman-mode frequencies and associated eigenmodes. Chopelas
(1991) observed changes in Raman features correlated with
composition differences among six different olivine samples.
Kolesov and Geiger (2004) used Mg isotope substitution and
Raman mode frequency shifts observed in the powder Raman
spectra of forsterite to determine vibrational assignments for
25 modes. More recently, Noel et al. (2006) used the ab initio
program CRYSTAL to calculate frequencies and atomic displacements, as well as Mg, Si, and oxygen isotopic effects on
the Raman and IR spectra.
Noel et al. (2006) were able to calculate the frequencies of the
zone-center phonons, including the effects of isotopic substitutions. When the Mg2 isotope is changed, modes with frequencies
below 600 cm–1 generally shift significantly, with maximum
shifts taking place for modes near 200 to 400 cm–1. When the Si
isotope is changed, modes above 600 cm–1 are the most affected,
with maximum shifts occurring for modes at the highest frequencies, near 1000 cm–1. When the oxygen isotope is changed, modes
above 300 cm–1 exhibit the greatest effects, with shifts becoming

