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INTRODUCTION

The spinel structure, with general formula AB2O4, is ad-
opted by a variety of materials, including minerals, catalysts, 
superconductors, magnetic materials, and semiconductors. 
Ringwoodite, a spinel-structured polymorph of (Fe,Mg)2SiO4, 
is an important phase in the lower part of the Earth�s transition 
zone, and spinel-structured minerals can be found in various dif-
ferent classes of igneous and metamorphic rocks, and in several 
varieties of meteorite. 

The spinel structure consists of pseudo-close-packed planes 
of oxygen anions, in which there are tetrahedral and octahedral 
interstices where cations can be placed. The A and B cations 
may be distributed across these tetrahedral and octahedral sites 
in different ways. A spinel with the conÞ guration IVAVIB2O4 is 
termed �normal,� while one with the conÞ guration IVBVI(AB)O4 is 
termed �inverse.� The continuum of possible states between these 
two extremes is quantiÞ ed by the inversion parameter, x, which 

deÞ nes the fraction of B cations on tetrahedral sites. Hence, x is 
zero for a normal spinel, 2/3 for a spinel with completely random 
conÞ guration, and 1 for a fully inverse spinel. Alternatively, an 
order parameter Q can be deÞ ned, which has value 1 for the 
normal case, 0 for the random case, and �0.5 for the inverse case. 
The relationship between x and Q is thus Q = 1 � 3x/2.

Considerable research has been conducted into the thermody-
namics of cation ordering in minerals with the spinel structure. In 
particular, the thermodynamic model of O�Neill and Navrotsky 
(1983) has been shown to be very good at describing ordering in 
end-member spinels. The O�Neill-Navrotsky model states that 
the enthalpy of disordering can be represented as a quadratic 
function of the inversion parameter:

∆HD = αx + βx2  (1)

where α and β are coefÞ cients that can be determined for a par-
ticular spinel from experimental data for the cation distribution 
as a function of temperature. 
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ABSTRACT

The Monte Carlo (MC) simulation technique is a powerful tool for the investigation of thermody-
namic and kinetic phenomena in minerals, and is especially well suited to the study of cation ordering. 
We have performed MC simulations of eight end-member 2-3 spinels (X2+ = Mg, Fe, Zn, Ni; X3+ = Al, 
Fe) using pair interaction parameters, Ji, and chemical potentials, μ, derived from atomistic simulations. 
The Ji values for all but one of these spinels are remarkably similar, despite their different character 
(normal vs. inverse). The sign of μ, and hence the tendency to form a normal or inverse spinel, was 
correctly predicted in all cases. Agreement between the simulated and observed cation distributions 
as a function of temperature is good for the normal spinels and poor for the inverse spinels. Agree-
ment could be greatly improved for the inverse spinels through relatively modest adjustments to the 
simulation parameters (usually increasing the strength of the tetrahedral-octahedral, T-O, interactions, 
and decreasing the magnitude of μ). 

We have developed an atomistic random-mixing model for cation ordering in spinels and com-
pared it with the macroscopic O�Neill-Navrotsky model. In so doing, we have determined the relative 
contributions of μ, tetrahedral-tetrahedral (T-T), octahedral-octahedral (O-O), and T-O interactions 
to the O�Neill-Navrotsky coefÞ cients α and β. We found that the value of β depends on the relative 
enthalpy contributions of (T-T + O-O) vs. T-O interactions, a useful insight considering the large 
spread of values found experimentally to be taken by β.

We used the thermodynamic integration technique to quantify the entropy, and hence the amount 
of short-range order, present in the spinels studied. We found that there is virtually no short-range 
order in the normal spinels. There is signiÞ cant short-range order in the inverse spinels, though in the 
experimentally accessible temperature range, the contribution of this short-range order to the entropy 
is comparatively small. At very low temperatures, we Þ nd that the octahedral cations in the inverse 
spinels become ordered, reducing the symmetry to P4122, in agreement with other simulated Þ ndings 
for 2-3 spinels and experimental Þ ndings for 4-2 spinels.
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