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Abstract
Powder ZnAl2O4 (gahnite) samples doped with 0–100 at% Co were obtained by a sol-gel technique.
X-ray powder diffraction was used to characterize the samples. Gahnite samples are cubic with the
normal spinel structure, space group Fd3m. Cobalt doping caused a nonuniform increase of unit-cell
parameter. The structure of the gahnite samples was refined by the Rietveld method. The location of
Co2+ was determined by EPR spectroscopy. Cobalt doping of gahnite induces the inverse spinel structure
at only 4 at% Co, and the inversion parameter increases with Co2+ doping level. Metal-oxide distances
in the (Al,Co)O6 octahedra dominantly influence the unit-cell parameter of Co-doped gahnite.
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Introduction
Zinc aluminate (ZnAl2O4), known by the mineral name gahnite, is a semiconductor with a wide energy band gap of ~3.9
eV. It is transparent for wavelengths greater than 320 nm, but
shows large absorbance in the UV region. Due to its properties,
zinc aluminate can be used for various ultraviolet photoelectronic
devices (Sampath and Cordaro 1998; Omata et al. 1994). Furthermore, it is used as a catalytic material in various chemical
and petrochemical industries (El-Nabarway et al. 1995; Valenzuela et al. 1997), and also as a ceramic material (Roesky et al.
1990). When doped with Co2+, Mn2+, and rare earth cations, it
exhibits luminescence and can be used as a cathodoluminescent
material (Müller 2002). Zinc aluminate possesses a normal spinel structure (O’Neill and Dollase 1994; Sickafus et al. 1999)
that can be described with the general formula AB2X4. Spinels
crystallize in the cubic system, in the space group Fd3m. The
unit cell contains 32 X2– anions in a face-centered cubic packing
(fcc). Inside the anion lattice, cations have 32 octahedral and 64
tetrahedral interstices available. In normal spinel structures, 1/8
of the tetrahedral interstices are occupied by divalent cations A2+,
while 1/2 of the octahedral interstices are occupied by trivalent
cations B3+. The conventional choices for the unit-cell origin in
spinel are either on the A-site cation (43m symmetry) or on the
octahedral vacancy (3m symmetry) as reported by Sickafus et al.
(1999). Regardless of origin setting, anions are always located
on position 32e. The coordinates of the anions at equipoint 32e
are not special: they vary according to a single parameter, the
anion positional parameter, u. For a perfect fcc anion arrangement, u(43m) = 3/8 and u(3m) = 1/4, respectively. Depending on the
A/B cation radii ratio, the anion sublattice expands or contracts
by varying u until the volume of the tetrahedral and octahedral
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voids match the radii of constituent cations. As u increases from
its ideal value, anions move along the [111] direction away
from the tetrahedraly coordinated cations, which increases the
volume of each tetrahedral site, while octahedral sites become
correspondingly smaller. Spinels can demonstrate some degree of
cation disorder, which Verwey and Heilmann (1947) described by
introducing an inversion parameter, δ. This parameter is defined
as a fraction of trivalent metal cation B3+ on tetrahedral cation
sites (or a fraction of divalent metal cations A2+ on octahedral
cation sites). In this way, the structural formula for spinels may
be written as IV[A1–δBδ] VI[B2–δAδ] X4. Some of the principal factors that influence cation inversion are temperature, cation radii,
cation charge, electrostatic contribution to the lattice energy, and
crystal-field effects.
O’Neill and Dollase (1994) performed a detailed structural
study of zinc aluminate powder samples annealed in the temperature range from 700 to 1400 °C and then rapidly quenched
in water. It was found that the unit-cell parameter a slightly
increased and oxygen positional parameter u slightly decreased
in annealing, reflecting a small increase of inversion parameter
δ (0.01–0.06 depending on the temperature of annealing). Also,
the unit-cell parameter a of the powder sample annealed at 1200
°C was found to be equal (within the standard deviation) to the
unit-cell parameter of single-crystal sample annealed at the same
temperature. From these investigations, it could be concluded that
gahnite generally possesses a normal spinel structure regardless
of temperature.
In contrast to the structure of zinc aluminate, the structure
of cobalt aluminate (CoAl2O4) displays a pronounced inversion
even at room temperature (δ = 0.155) as found by Toriumi et
al. (1978). Nakatsuka et al. (2003) performed a structural study
by means of X-ray powder diffraction and Rietveld structure
refinement of CoAl2O4 samples, which were annealed at various

