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Isothermal compression of face-centered cubic iron
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Abstract
Isothermal compression curves of face-centered cubic iron (γ-Fe) were determined at high temperatures (1273 and 1073 K) up to 27 GPa by in situ X‑ray diffraction experiments using synchrotron
radiation and the Kawai-type multi-anvil apparatus. Fits of the third-order Birch-Murnaghan equation
of state to pressure-volume data yielded V0 = 48.997 ± 0.040 Å3, KT0 = 108.3 ± 2.4 GPa, and KT′ = 5.8
± 0.2 for 1273 K, and V0 = 48.600 ± 0.098 Å3, KT0 = 88.9 ± 5.1 GPa, and KT′ = 8.9 ± 0.7 for 1073 K,
where V0, KT0, and KT′ are unit-cell volume, bulk modulus and its pressure derivative, respectively, at
ambient pressure. The relatively large values of KT′ are attributable to successive electronic spin state
transitions from mixed-spin at lower pressures to low-spin at higher pressures. When discussing the
constituents of Earth’s (or other planets’) solid inner core in terms of density and equations of state,
one must carefully consider the influence of the electronic spin state.
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Introduction
Although it is widely accepted that the Earth’s inner core
consists of iron with a minor amount of nickel and light elements,
its crystal structure remains controversial. The hexagonal-closepacked phase of iron (ε-Fe) has been considered to be the most
probable candidate for the major phase in the inner core primarily
based on experimental studies at high-pressure and high-temperature conditions (e.g., Li and Fei 2005; Tateno et al. 2010). On
the other hand, some experimental and theoretical studies showed
that the face-centered cubic (fcc) phase of iron (γ-Fe) is also a
possible candidate as the major constituent of the Earth’s inner
core (Mikhaylushkin et al. 2007; Kuwayama et al. 2008; Vočadlo
et al. 2008). γ-Fe is also expected to be stable under pressure and
temperature conditions of the cores of Mercury (e.g., Rivoldini et
al. 2009) and Mars (e.g., Gudkova and Zharkov 2004). Therefore,
the knowledge of the physical properties of γ-Fe at high pressure
and high temperature is important to understand the nature of the
metallic cores of the Earth and other planets.
At ambient pressure, γ-Fe is characterized by unusually high
thermal expansion which is called “anti-Invar” behavior (e.g.,
Acet et al. 1994; Wassermann and Acet 2005). Invar, which is
characterized by very small thermal expansion, and anti-Invar behavior have been found in many 3d element-based metals with fcc
structure. Several models have been proposed to explain Invar and
anti-Invar behavior (Wassermann 1990). The 2-γ state model is one
of the most well-known hypotheses where the very high thermal
expansion in anti-Invar is due to the gradual change in occupancy
of electronic spin states (e.g., Moruzzi 1990). This spin transition proposed by the 2-γ state model may also have a significant
* E-mail: yunishi@sci.ehime-u.ac.jp
0003-004X/12/0809–1417$05.00/DOI: http://dx.doi.org/10.2138/am.2012.3958

influence on the thermoelastic behavior of γ-Fe at high-pressure
and high-temperature conditions corresponding to the Earth’s and
planetary interiors. Although pressure-volume-temperature (P-VT) measurements of γ-Fe were reported in several previous studies
(Boehler et al. 1989, 1990; Funamori et al. 1996; Campbell et al.
2009; Komabayashi and Fei 2010), none of these studies made
isothermal compression experiments. A systematic study on the
compression behavior of γ-Fe is needed to examine the influence
of the electronic spin state at high pressure. In this paper, we report
new isothermal compression data of γ-Fe at 1273 and 1073 K up
to 27 GPa and discuss the influence of the spin transition on its
thermoelastic behavior.

Experimental methods
High-temperature compression experiments were conducted using a Kawai-type
multi-anvil apparatus, SPEED-Mk.II, installed at the synchrotron beamline BL04B1
at the SPring-8 synchrotron facility, Japan (Katsura et al. 2004). The 14M/8 (where
14M stands for octahedral pressure medium of 14.0 mm edge length and 8 stands
for 8.0 mm truncation of the tungsten-carbide anvils) and 8M/3 cell assemblies were
used for the experiments in run M605 and runs M620 and M622, respectively. The
sample was heated with a cylindrical graphite (14M/8) or TiB2 + hBN composite
(8M/3) furnace embedded in a pressure medium made of MgO doped with 5 wt%
Cr2O3, and the temperature was measured using a W5%Re-W26%Re thermocouple
(Fig. 1). The grooves made for the thermocouple path were filled with Al2O3 cement.
The reagent of Fe powder sample (99.998% purity, Newmet Koch) was mixed
with MgO powder (99.9% purity, Wako Pure Chemical Industries) to inhibit grain
growth during high-temperature compression experiments [Fe:MgO = 21:79 (M605),
30:70 (M620, M622) in volume ratio]. During the beginning stages of this study,
hBN powder was mixed with the Fe sample; however, this yielded significant contamination of the sample with nitrogen during experiments. Thus, MgO was mixed
in later experiments because the composition of the Fe sample itself does not change
during experiments although (Mg,Fe)O is formed by the reaction of Fe, MgO, and
oxygen with air. Since contamination with hydrogen has significant influence on the
unit-cell volume of γ-Fe at high pressure (e.g., Fukai 2005; Sakamaki et al. 2009),
it is critically important to remove water from the sample and cell assembly prior to
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