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A computational study of order-disorder phenomena in Mg2TiO4 spinel (qandilite)
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INTRODUCTION

Spinels are important accessory minerals in a wide variety of 
igneous and metamorphic rocks in the crust and upper mantle. In 
the spinel structure, there is a three-dimensional array of pseudo-
cubic-close-packed O atoms, with cations occupying half of the 
octahedral interstices and one-eighth of the tetrahedral interstices. 
The general formula for a spinel oxide is AB2O4, and the cation 
distribution for a given spinel can vary as a function of tem-
perature, with the two limits being a normal spinel, [4]A[6]B2O4, 
and an inverse spinel, [4]B[6](AB)O4. The cation distribution can 
be described by the inversion parameter, x, which is defined as 
the fraction of B cations on tetrahedral sites. Normal spinels 
therefore have x = 0, inverse spinels have x = 1, and spinels with 
a random distribution of cations have x = 2/3. Alternatively, a 
thermodynamic order parameter, Q, may be defined as 1 – 3x/2, 
such that Q = 1 for a normal spinel, Q = –0.5 for an inverse spi-
nel, and Q = 0 for a random configuration. An order-parameter 
based formalism (e.g., Carpenter et al. 1994; Carpenter and Salje 
1994) facilitates the consideration of cases in which there may 
be coupling between order parameters, e.g., interacting cation 
ordering and magnetic ordering processes.

This study forms part of a larger study of coupled magnetic 
and cation ordering in the system Fe3O4-MgFe2O4-Fe2TiO4-

Mg2TiO4. In a previous paper (Palin and Harrison 2007), we used 
computer simulations to study the cation distribution of several 
spinel-structured oxides containing 2+ and 3+ cations (“2-3 
spinels”). In this paper, we turn to the case of qandilite, Mg2TiO4, 
where the cation species have charges 4+ and 2+ (a “4-2 spinel”). 
Qandilite is an analog for ulvöspinel (Fe2TiO4), and allows us to 
study cation ordering in these systems without the complicating 
effect of magnetic interactions. The thermodynamics of qandilite 
are also of interest in the context of Ti substitution into forsterite 
(Mg2SiO4), since buffering Mg2SiO4 with qandilite maximizes 
the Ti solubility in the former (Hermann et al. 2005; Berry et al. 
2007). Finally, cation ordering in qandilite is interesting in the 
sense that there are three order-disorder phenomena occurring 
over similar temperature ranges—non-convergent ordering, a 
long-range ordering transition, and short-range order.

Experimental studies of non-convergent order-disorder in 
qandilite (O’Neill et al. 2003) have shown that it is strongly 
inverse, i.e., the preferred cation configuration is [4]Mg[6](TiMg)
O4. Disordering only commences at around 900 °C, and even at 
1400 °C, x is only around 0.96 (i.e., only 4% of the Ti is present 
in the tetrahedral site). 

It is also known that qandilite undergoes a phase transition 
in which the octahedral cations become ordered onto two dis-
tinct sites, lowering the symmetry to P4122 (tetragonal), with a 
transition temperature of 933 ± 20 K (Wechsler and Navrotsky 
1984). However, diffraction experiments (Wechsler and Nav-

ABSTRACT

We have used a combination of classical and quantum-mechanical atomistic calculations, together 
with Monte Carlo simulations, to study order-disorder phenomena in the spinel mineral qandilite, 
Mg2TiO4. Using an interatomic potential model akin to those previously used for 2-3 spinels yielded 
a general increase in energy E as a function of inversion parameter x, and thus incorrectly predicted 
a normal-spinel ground state, whereas the E(x) behavior as modeled by density-functional theory 
exhibited a maximum at an intermediate degree of inversion and correctly predicted an inverse-spinel 
ground state. We therefore used the quantum-mechanical simulations to derive pair interaction param-
eters (for nearest-neighbor tetrahedral-tetrahedral, octahedral-octahedral, and tetrahedral-octahedral 
interactions) and chemical potential to use in Monte Carlo simulations of order-disorder in qandilite. 
The simulated cation distributions compared favorably with those obtained experimentally, although 
the long-range ordering transition to the tetragonal P4122 phase was not observed when using only 
nearest-neighbor interactions. However, this transition could be observed following the addition of 
two extra parameters to the model.

The simulations were used to calculate the effect of short- and long-range cation order on the 
configurational entropy of qandilite as a function of temperature. The calculated entropy of the high-
temperature cubic phase was in very good agreement with the experimental value recently determined, 
supporting the suggestion that there is considerable short-range order in qandilite. 
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