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SPINELS RENAISSANCE: THE PAST, PRESENT, AND FUTURE OF THOSE UBIQUITOUS MINERALS AND MATERIALS

Spectroscopic study of ordering in non-stoichiometric magnesium aluminate spinel†
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Abstract
FTIR and RAMAN spectroscopic methods were used to study the ordering of non-stoichiometric
nano-magnesium aluminate spinels (MgOnAl2O3, 0.4 < n < 12) synthesized using a combustion synthesis method. It was established that the degree of structural disorder (i.e., the inversion parameter,
i) can be quantified using the intensities of the γ1 and γ5 IR modes or 670 and 723 cm–1 Raman shifts.
The results indicated that the as-synthesized materials were heavily disordered and obey earlier conclusions that the defect chemistry of non-stoichiometric spinels is dominated by clusters formed from
anti-site defects. Analysis of the temperature dependency of cation distribution in the Mg- and Alrich samples showed that the spinel phase moved toward equilibrium upon increases in temperature.
Where decomposition occurred, the disordered level decreased at temperatures up to 1000 °C. Above
this temperature, the order level dropped far below the expected equilibrium value and the γ3 mode
(a mode that is characterized for ordered structures, such as a natural spinel) that appears. These findings, together with Raman results of partly decomposed Al-rich samples, support the hypothesis that a
MgAl2O4-γ-Al8/3o1/3O4 solid solution comprises of series of complex micro-phases with considerable
short-range order.
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Introduction
Magnesium aluminate spinel is an interesting material from
both the fundamental and the applied perspectives. In the MgOAl2O3 system, only one stable intermediate phase, magnesium
aluminate spinel (MgAl2O4), exists (Hallstedt 1992). At temperatures above 1300 K, the spinel phase can exhibit considerable
non-stoichiometry. The high-temperature spinel phase field is
not symmetric in terms of stoichiometric ratio, accommodating a greater degree of Al2O3 excess than of MgO (Hallstedt
1992). This spinel solid solution can be viewed as one between
MgAl2O4 and a defect spinel Al8/3o1/3O4 related to γ-alumina.
The spinel structure with the general formula AB2O4 presents
an almost-perfect cubic close-packed anion-oxygen arrangement
in which the cations A and B reside on tetrahedral and octahedral
interstices, respectively. The unit cell is obtained by doubling
the approximately face-centered cubic oxygen sub-lattice
along each of three directions. In the normal MgAl2O4 spinel
structure, Mg2+ ions occupy eight tetrahedral or A sites (out of
64 in a unit cell), while Al3+ ions occupy 16 octahedral or B
sites (out of 32 in a unit cell) (Bragg 1915; Nishikawa 1915).
In stoichiometric spinel (i.e., MgAl2O4), the main intrinsic
defects correspond to anti-site pairs where Mg2+ and Al3+ ions
exchange sites. A measure of the degree of cation disorder is
provided by the inversion parameter, i, defined as (Mg1–iAli)
[MgiAl2–i]O4, where the parentheses refer to the tetrahedral
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sites and the square brackets to the octahedral sites. In other
words, i represents the fraction of tetrahedral sites occupied by
trivalent cations. The inversion parameters are 0, 2⁄3, and 1 for
normal, statistically random and inverse spinels, respectively
(Bragg 1915; Nishikawa 1915). It was previously established
that the energy associated with the anti-site defects is an order of
magnitude lower than for those related to other intrinsic defect
processes and that the anti-site disorder dominated the defect
chemistry of this system (Nishikawa 1915). As such, cation
anti-site defects play a central role in the accommodation of
non-stoichiometry. These charged defects are compensated for
by other oppositely charged point defects but not the opposite
cation of the anti-site pair, as this would not lead to changes in
stoichiometry. In particular, spinel crystals with a Al2O3 excess
are characterized by Al●Mg defects (Ball et al. 2008; Sickafus et
″
al. 1996), which can be charge-compensated by Oi″, oMg
, or oAl″′
′
defects. MgO-rich spinel crystals incorporate MgAl defects (Hinklin and Laine 2007) that can be charge-compensated by oO●●,
●●●
Mg●●
i , or Ali . Jagodzinski and Saalfield (1958) suggested that
non-stoichiometry in an Al2O3-rich system is characterized by an
increased concentration of cation vacancy. Murphy et al. (2010)
studied the defect chemistry accommodating non-stoichiometry
in the MgOnAl2O3 spinel system using empirical and quantum
mechanical (density functional theory) atomistic simulation
methods. The authors concluded that the defect chemistry of the
non-stoichiometric spinel is dominated by defect clusters from
anti-site defects and other point defects that preserve overall
charge neutrality. While these results support the prediction of
Jagodzinski and Saalfield (1958), no clear preference for oAl″′
″
over oMg
was established. The MgO-rich system is character-
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