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Abstract
Elastic and anelastic anomalies associated with spin-state transitions of Co3+ in NdCoO3 and
GdCoO3 perovskites with the Pnma structure have been investigated using resonant ultrasound
spectroscopy (RUS) at high frequencies (0.1–1.5 MHz) and dynamic mechanical analysis (DMA) at
low frequencies (0.1–50 Hz). Analysis of spontaneous strains related to octahedral tilting transitions
and calculated using lattice parameter data from the literature show that the sequence of changing
spin states with increasing temperature, low spin → low spin + high-spin → intermediate spin, is
accompanied by significant variations in shear strain due to changes in ionic radius of the Co3+ ions.
This implies significant spin state/strain coupling, which, in turn, leads to renormalization of the
shear modulus. In NdCoO3 the shear strains are small, so the coupling is weak and the shear modulus
increases with falling temperature in a manner that scales semi-quantitatively with an empirical spin
order parameter. In GdCoO3 the shear strains are much greater and softening of the shear modulus by
up to ~35% in the low-spin + high-spin field arises through the influence of both the spin state/strain
coupling and the order parameter susceptibility. Enhanced acoustic dissipation is also observed in
the low-spin + high-spin field and is tentatively attributed to mobility of transformation twin walls,
which are likely to have structures modified by changes in local Co3+ spin-state populations. Co3+
is isoelectronic with Fe2+ and, although the spin-state transitions observed in cobaltate and silicate
perovskites are not the same, the large shear strains associated with octahedral tilting in (Mg,Fe)SiO3
at high pressures suggest that the effects of a high-spin → intermediate-spin transition of Fe2+ would
be closely analogous to those shown by GdCoO3. A spin-state transition of Fe3+ in silicate perovskite
would have a similar influence, due to the change in radius and its influence on octahedral tilting via
the Goldschmidt tolerance factor.
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Introduction
The high-spin/low-spin transition of Fe could be a significant factor in determining changes of bulk elastic properties of
(Mg,Fe)O in the lower mantle (Lin et al. 2005, 2006; 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; Antonangeli et al. 2011). The structure remains cubic
throughout and the main structural effect is simply a change in
volume as the ionic radius of Fe2+ changes from ~0.78 Å (high
spin, HS) to ~0.61 Å (low spin, LS) with increasing pressure (radii of Shannon 1976). This can be expressed in terms of a volume
strain, Vs = (V – Vo)/Vo, where V is the unit-cell volume of the
low-spin structure and Vo the volume of the high-spin structure
extrapolated into the stability field of the low-spin structure.
Maximum values of Vs are around –0.020 to –0.015 and around
–0.030 to –0.025 estimated from the lattice parameter data of Fei
et al. (2007) for Mg0.8Fe0.2O and Mg0.61Fe0.39O, respectively, and
around –0.020 to –0.015 estimated from the lattice parameter data
of Lin et al. (2005) for Mg0.83Fe0.17O. In turn, there is a continuous
2+
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change in bulk modulus, K, through the transition region as the
partitioning between high- and low-spin state changes. There is
no equivalent shear strain accompanying the spin-state transition
and a much smaller influence on the shear modulus, G, would
be expected in the first instance. Experimental data show that
G varies, although the effect is indeed significantly smaller and
different in form from that shown by K (Marquardt et al. 2009a).
The situation for spin-state transitions of Fe in (Mg,Fe)
(Si,Al,Fe)O3 is much less clear but potentially of equivalent
importance for the physical properties of the lower mantle (Badro
et al. 2004; Li et al. 2004; Sturhahn et al. 2005; Stackhouse et al.
2007; McCammon et al. 2008; Keppler et al. 2008; Narygina et
al. 2010; Catalli et al. 2011). There has been some controversy
in relation to the nature of the stable spin configuration of Fe2+ at
high pressures and temperatures (Li et al. 2004, 2006; Badro et
al. 2004; Jackson et al. 2005; McCammon et al. 2008; Bengtson
et al. 2009; Umemoto et al. 2010; Hsu et al. 2010), but recent
experimental work has been interpreted as indicating that the HS
state, stable at ambient conditions, gives way to an increasing
population of intermediate-spin (IS) states with increasing pressure between ~30 and 65 GPa (McCammon et al. 2008; Lin et
al. 2008; Narygina et al. 2009, 2010). High temperatures would
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