
INTRODUCTION

The 2-3 class of oxide spinels (space group Fd3m) is repre-
sented by the general formula unit AB2O4 where A is a divalent
cation and B is a trivalent cation. The oxygen anions form an
approximately cubic close packed arrangement, and the cations
distribute themselves over one tetrahedral site and two octahe-
dral sites per formula unit, according to the general scheme:
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where brackets represent cations on octahedral sites. The vari-
able i is referred to as the inversion parameter. Two ordered
configurations of the spinel structure can be adopted at low tem-
peratures; the normal configuration with i = 0 and the inverse
configuration with i = 1. At elevated temperatures, the cations
became increasingly randomly distributed over tetrahedral and
octahedral sites. A value of i = 2/3 corresponded to a completely
random distribution of A and B over the three cation sites per
formula unit. Because the order-disorder process in spinel is of
the non-convergent type (there is no symmetry difference be-

In-situ neutron diffraction study of non-convergent cation ordering in the
(Fe3O4)1-x(MgAl 2O4)x spinel solid solution

RICHARD  J. HARRISON,1,* M ARTIN  T. DOVE,2 KEVIN  S. KNIGHT ,3 AND ANDREW PUTNIS1

1Institut für Mineralogie, Universität Münster, Corrensstrasse 24, 48149 Münster, Germany
2Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge  CB2 3EQ, U.K.

3Rutherford Appleton Laboratories, Oxfordshire OX11 OQX, U.K.

ABSTRACT

Non-convergent cation ordering in the (Fe3O4)1-x(MgAl 2O4)x solid solution was investigated us-
ing in-situ time-of-flight neutron powder diffraction. The approach to equilibrium in a sample with
x = 0.75 was observed at 923 K by performing in-situ structure refinements at intervals of 5 min,
and the ordering behavior was traced through the time-dependence of the lattice parameter, the
cation-oxygen bond lengths, and the cation-site scattering lengths. The data are consistent with a
two-stage kinetic process in which relatively rapid exchange of Fe3+ with Mg and Fe2+ between
tetrahedral and octahedral sites was followed by slower exchange of Mg with Al. The Fe3+ cations
are shown to order onto tetrahedral sites, contrary to the predictions of thermodynamic models for
the solid solution.

Equilibrium cation distributions in samples with x = 0.4, 0.5, and 0.75 were determined between
1073 and 1273 K by combining the structure refinements with measurements of saturation magne-
tization in quenched material. The adopted cation distribution was a compromise between the nor-
mal and inverse distributions observed in the end-members. The conflict of site preference between
these two ordering schemes resulted in a simple behavior in the middle of the solid solution in
which Al occurred predominantly on octahedral sites and the Mg, Fe2+, and Fe3+ cations were dis-
tributed randomly over the remaining sites. The ordering scheme adopted away from the middle of
the solid solution was obtained by combining this pseudo-random scheme with a tetrahedral site
preference of Fe3+ relative to Mg and Fe2+. Comparison of the structure refinements with published
thermodynamic models demonstrates that quantitative agreement was poor between calculated and
observed behavior in this system. Qualitative agreement with the O’Neill-Navrotsky thermody-
namic model was found near the middle of the solid solution.

tween an ordered and a totally disordered spinel), such a com-
pletely random distribution would only be anticipated at infi-
nite temperature and is approached asymptotically on increas-
ing temperature.

The end-members magnetite (Fe3O4) and spinel (MgAl2O4)
adopt the inverse and normal cation distributions respectively
at low temperature (Millard et al. 1992; Peterson et al. 1991;
Wood et al. 1986; Wu and Mason 1981). Cation ordering in
their solid solutions is expected to be a complex function of
composition, due to the conflict of site preference displayed by
Mg and Fe2+ cations in the end-members (O’Neill and Navrotsky
1984). Experimental determination of the ordering is made dif-
ficult by several factors. First, the experiments have to be per-
formed in situ, due to the unavoidable problem of cation redis-
tribution during quenching from high temperature (Wood et al.
1986; Millard et al. 1992; Larsson et al. 1994; Harrison and
Putnis 1996). This is especially a problem in spinels containing
Fe2+ and Fe3+ cations, because these can exchange with each
other relatively rapidly by the transfer of an electron. Second,
the experiments have to be performed either under high vacuum
or controlled oxygen fugacity to prevent oxidation of Fe2+ to
Fe3+. Finally, because of many independent variables needed to
describe the cation distribution, a combination of several inde-
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