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Abstract
Elastic anomalies and acoustic dissipation associated with spin-state transitions of Co3+ in Co3O4
have been investigated using resonant ultrasound spectroscopy (RUS) at high frequencies (0.1–1.5
MHz) between 6 and 1107 K, and dynamic mechanical analysis (DMA) at low frequencies (0.1–50
Hz) between 127 and 775 K. Above ~800 K, the shear modulus decreases with increasing temperature
and the acoustic dissipation increases. The amount of softening scales linearly with an empirical order
parameter for low spin → low spin + high spin states derived from analysis of changes in unit-cell
volume with temperature. The mechanism for anelastic losses is not understood but must be due to
relaxation of strains coupled either to changes in spin state or to changes of cation configuration between tetrahedral and octahedral sites occurring by electron exchange. The pattern of shear modulus
softening, in proportion to the spin order parameter, is likely to be general for cubic structures containing cations, which undergo spin-state transitions, such as Fe2+ in (Mg,Fe)O. Below ~30 K, RUS
data show a large softening of the shear modulus and a steep increase in acoustic dissipation due to
the magnetic transition from paramagnetic to antiferromagnetic. This could be understood in terms of
the influence of a symmetry breaking strain coupled to the magnetic order parameter such that cubic
lattice geometry is not maintained. Possible magnetic space groups for the antiferromagnetic structure
are considered through the use of the group theory.
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Introduction
Although Co3O4 is not a naturally occurring mineral, its
physical and thermodynamic properties have attracted attention
in an Earth sciences context because of the analogous spin-state
transitions displayed by Co3+ and Fe2+ (O’Neill 1985; Mocala et
al. 1992). Magnesiowüstite, (Mg,Fe)O, is an important component of the Earth’s lower mantle and the Fe2+ in it undergoes a
spin-state transition from high spin (HS, S = 2, t42ge2g) to low-spin
(LS, S = 0, t62ge0g) at high pressures. This leads to changes in bulk
modulus and shear modulus, which have significant implications
for the physical and chemical properties of the lower mantle (Lin
et al. 2005; McCammon 2006; Lin and Tsuchiya 2008; Speziale
et al. 2007; Fei et al. 2007; Crowhurst et al. 2008; Marquardt et
al. 2009a, 2009b; Zhuravlev et al. 2009). By way of contrast, the
LS → HS transition of Co3+ in Co3O4 occurs with increasing temperature at ambient pressure, which makes it a convenient analog
material for investigating the associated elastic and anelastic
effects under relatively straightforward laboratory conditions.
Although they do not have the same structure, both Co3O4 and
(Mg,Fe)O remain cubic and the influence of spin-state transitions
is seen most overtly as a change in volume due to the change
in effective radii of ions with LS or HS electronic configurations. There has also been extensive interest in the properties of
Co3O4 for various technological applications, as listed by Zhu et
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al. (2008), Varghese et al. (2008), Thota et al. (2009), Xu et al.
(2009), and Hill et al. (2011), and renewed scientific interest in
the antiferromagnetic (AFM) ordering transition, which occurs
at ~30 K (Ikedo et al. 2007; Dutta et al. 2008).
At room temperature, Co3O4 has the normal spinel structure
[Co2+]A[Co3+Co3+]BO4 with space group Fd3m. Co2+ ions are at the
3 4
tetrahedral (A) sites and in a high-spin state (S = 3/2, t2g
eg). Co3+
ions are at octahedral (B) sites, and their spin state changes from
low spin to high spin with increasing temperature (Roth 1964;
O’Neill 1985; Brabers and Broemme 1992; Mocala et al. 1992).
The spin-state transition is accompanied by a marked increase in
thermal expansion due to the increasing population of HS Co3+
(radius 0.61 Å) relative to LS Co3+ (0.545 Å) (Touzelin 1978;
Kale et al. 1988; Liu and Prewitt 1990; Brabers and Broemme
1992; ionic radii of Shannon 1976). There are changes also in
electrical conductivity (Koumoto and Yanagida 1981; Kale et
al. 1988; Brabers and Broemme 1992), and a large excess heat
capacity (Mocala et al. 1992). Estimates of a transition temperature reported in the literature are given in Table 1, though it
should be noted that the spin-state changes occur continuously
over a broad temperature interval, with an onset temperature in
the vicinity of ~600–800 K. Behavior at high temperatures is
masked by the dissociation to Co1–xO and O2 at ~1173 K in air
and ~1233 K in pure oxygen (Touzelin 1978; Kale et al. 1988;
Mocala et al. 1992). Liu and Prewitt (1990) proposed that detailed changes in structure obtained from a neutron diffraction
study can be understood in terms of changes in cation order

