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INTRODUCTION

The oxide spinels comprise a structural class that includes
several rock-forming minerals. End-member spinels have the
formula AB2O4, where, usually, either A is a divalent and B a
trivalent cation, or A is a quadravalent and B is a divalent cat-
ion. These types are known as 2–3 and 4–2 spinels respectively
(other types, such as the spinel form of Na2WO4 with a 1–6
cation content, are also known). Examples of 2–3 spinels are
the minerals spinel sensu stricto (MgAl2O4), chromite
(FeCr2O4), and magnetite (Fe3O4, i.e., Fe2+Fe3

2
+O4). Examples

of 4–2 spinels are found in nature somewhat less commonly,
but include the important minerals ringwoodite (g-Mg2SiO4,
the most abundant phase in the lower part of the transition zone
of the Earth’s mantle) and ulvospinel, Fe2TiO4. Another min-
eral with the 4–2 spinel-structure is the magnesium equivalent
of ulvospinel, the rare mineral Mg2TiO4, which has been given
the name qandilite (Al-Hermezi 1985; Oktyabrsky et al. 1992).

One well-known feature of spinel crystal chemistry is the
temperature-dependent disordering of the A and B cations be-
tween the octahedrally and tetrahedrally coordinated sites. This
cation order-disorder may influence many of the physical prop-
erties of a spinel crystal; for example, the magnetic properties
of the ferrite spinels (2–3 spinels with B = Fe3+) are particu-
larly sensitive to their cation distribution. Cation order/disor-
der also contributes to the free energy of a spinel, hence its
stability. To describe this cation order-disorder, the formula of
a spinel may be written (A(1–x)Bx)tet[AxB(2–x)]octO4, where x is
called the inversion parameter. If x is 0, the cations are com-
pletely ordered onto the two cation sites; the structural formula
is (A)tet[B2]octO4, and the spinel is said to have the “normal”
cation distribution. The opposite extreme occurs if x is 1, cor-
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ABSTRACT

Temperature-dependent cation order-disorder has been studied in many 2+ – 3+ oxide spinels
but 4+ – 2+ spinels have been found to be either completely normal or completely inverse when
examined at room temperature. Here we report the temperature dependence of the cation distribu-
tion in the 4–2 spinel synthetic qandilite (Mg2TiO4) from in situ time-of-flight neutron powder dif-
fraction experiments to 1416 ∞C. At room temperature, Mg2TiO4 is confirmed to have completely
inverse cation distribution, with Ti atoms occupying half the octahedrally coordinated cation sites.
Cation disordering becomes observable above about 900 ∞C, with 4% of the Ti occupying the tetra-
hedral site by 1416 ∞C. The rate of reordering on cooling is fast, such that high-temperature disorder
is not preserved on cooling to room temperature. The thermodynamics of the change in cation distri-
bution with temperature can be described by an enthalpy of Mg-Ti disorder of –46.1 ± 0.4 kJ/mol.

responding to (B)tet[AB]octO4, in which case the spinel is said to
have the “inverse” cation arrangement. With increasing tem-
perature there will be a tendency for both normal and inverse
spinels to disorder toward the random, maximum entropy, cat-
ion arrangement, at x = 2/3. The relationship between order-
disorder and temperature has been studied experimentally in
many 2–3 spinels, both on samples quenched from high tem-
perature, and, more recently, directly at temperature, using
powder neutron diffraction (e.g., Peterson et al. 1991; Redfern
et al. 1999; Harrison et al. 1998).

However, no study on the temperature dependence of the
cation distribution in a 4–2 spinels has hitherto been attempted,
probably because quenched samples of 4–2 spinels are either
completely normal (i.e., x = 0 within experimental error), or
completely inverse (x = 1). The completely normal 4–2 species
include the silicate and germanate spinels (M2SiO4 and M2GeO4,
where M = Mg ± Fe2+), whereas the titanates, stannates, and all
other 4–2 spinels have the inverse arrangement.

There are two possible reasons for the apparent lack of cat-
ion disorder in quenched 4–2 spinels: either these spinels sim-
ply do not show measurable disorder up to their melting
temperatures (e.g., MgCr2O4 among the 2–3 spinels, see O’Neill
and Dollase 1994), or some disordering does occur, but the
kinetics of reordering are so fast that the disorder cannot be
preserved on quenching. With the prospect of performing mea-
surements directly at temperature by powder neutron diffrac-
tion, it should now be possible to distinguish between these
two alternatives. The importance of even a small amount of
order-disorder in ringwoodite (g-Mg2SiO4) to its stability rela-
tions was pointed out by Navrotsky (1977), and has more re-
cently been discussed by Hazen et al. (1993).

Mg2TiO4 (synthetic qandilite) is a good choice for a first
test of whether 4–2 spinels might show high-temperature cat-
ion order-disorder, as there is a large difference in the neutron




