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Bonding and dynamics of Mg in pyrope: a theoretical investigation
BJÖRN WINKLER,1,* VICTOR MILMAN,2 ELENA V. AKHMATSKAYA,3 AND ROSS H. NOBES3
1

Kristallographie/Institut für Geowissenschaften, Olshausenstrasse 40, D-24098 Kiel, Germany
2
Molecular Simulations Inc., The Quorum, Barnwell Road, Cambridge CB5 8RE, U.K.
3
Fujitsu European Centre for Information Technology, 2 Longwalk Road, Stockley Park, Uxbridge UB11 1AB, U.K.

ABSTRACT
The bonding and dynamics of Mg in pyrope are investigated using density functional theory calculations. The potential which the Mg experiences is highly anisotropic and in one direction is strongly
anharmonic. Frequencies corresponding to displacements of a Mg atom along various directions have
been obtained from frozen phonon calculations. From the shape of the computed potential, it follows
that there is no subsite dodecahedral ordering of the Mg around the 24c site in pyrope.

INTRODUCTION
Garnets are a chemically diverse group of minerals whose
abundance and usefulness in petrologic and petrogenetic investigations has put them at the center of numerous studies
(Meagher 1982; Ungaretti et al. 1995). To establish the relationship between their crystal chemistry and their macroscopic
properties, it is most efficient if synthetic end-members and
solid solutions are studied, thus avoiding the influence of the
complex crystal chemistry of natural samples on properties
(Geiger 1996). These studies have led to a detailed understanding of the relationship between structure and properties
(Armbruster et al. 1992; Armbruster and Geiger 1993; Geiger
1996) but questions remain. One concern is how the Mg cation
occupies the large “X”-site (the dodecahedral site, oriented sitesymmetry symbol 2.22) in pyrope, Mg3Al2Si3O12. The relevant
literature has been summarized in Armbruster et al. (1992).
Crystal chemistry arguments based on ionic radii imply that
the Mg is “too small” for the large dodecahedral site. Conventional crystal chemical concepts suggest that such a cation will
try to satisfy its bonding requirements by becoming “dynamically” or “statically” disordered. This would have consequences
for the energetics of inter- and intra-crystalline cation partitioning and for the volumes of mixing in solid solutions with
compositions close to the end-member composition. It could
also be the cause of the experimentally observed low-temperature excess entropy, and would have implications for the interpretation of phonon spectra. For pyrope, “dynamic disorder”
has been advocated by some authors (Gibbs and Smith 1965;
Armbruster et al. 1992; Geiger et al. 1992; Pavese et al. 1995;
Kolesov and Geiger 1998) while others conclude that there is
static disorder on a “subsite” (Zemann and Zemann 1961;
Cressey 1981; Pilati et al. 1996).
To better understand the bonding of the Mg in pyrope, the
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lattice dynamics of synthetic pyrope has been investigated by
several methods (Geiger et al. 1989; Hofmeister and Chopelas
1991; Hofmeister et al. 1996; Artioli et al. 1996; Pavese et al.
1998; Kolesov and Geiger 1998, 1999). Empirical band assignments are generally used to interpret vibrational spectra, but
such assignments are often rather controversial (Hofmeister and
Chopelas 1991; Hofmeister et al. 1996; Chaplin et al. 1998;
Kolesov and Geiger 1998, 1999). Sometimes the use of isotopically enriched samples can be helpful, to identify specific
modes. From experiments with isotopically enriched samples
it was concluded, for example, that a hindered Mg translation
occurs at 135 cm–1 (Kolesov and Geiger 1998). However, the
frequency shifts on isotopic substitution are proportional to the
mass difference of the isotopes, and hence, with the exception
of deuteration, are rather small. Irrespective of whether vibrational (infrared and Raman) spectroscopy or coherent inelastic
neutron scattering is used, a quantitative interpretation of the
spectra requires a reliable lattice dynamical model. Given the
comparatively long Mg-O distances (2.20–2.35 Å), the interaction with the coordinating oxygen anions will be relatively
weak. Mg in the dodecahedral site in garnet represents an unusual bonding situation, and conventional empirical models
(Winkler et al. 1991; Patel et al. 1991) may not be sufficiently
reliable. This is supported by the results from a recent study
(Chaplin et al. 1998) where the discrepancies between calculated and observed frequencies for high-frequency phonons are
within the expected range of ~5% whereas for the low-frequency modes discrepancies of up to 25% arise. It has often
been mentioned in the literature that the dynamics of the Mg
cation is “anharmonic.” This was based on the qualitative argument that certain atomic displacement parameters are rather
large. Temperature-induced frequency shifts are, however, generally small (a few cm–1) when cooling from room temperature
to ≈5 K. This is accompanied by comparatively small changes
in half-widths (Kolesov and Geiger 1999). To the best of our
knowledge there have been no attempts to demonstrate unambiguously the magnitude of the anharmonicity and how it affects the lattice dynamics.
Quantum mechanical simulations are a well-established
technique to study the connection between the “microscopic”

