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Abstract
Using density functional theory electronic structure calculations, the equation of state, thermodynamic and elastic properties, and sound wave velocities of Fe3S at pressures up to 250 GPa have been
determined. Fe3S is found to be ferromagnetic at ambient conditions but becomes non-magnetic at
pressures above 50 GPa. This magnetic transition changes the c/a ratio leading to more isotropic compressibility, and discontinuities in elastic constants and isotropic sound velocities. Thermal expansion,
heat capacity, and Grüneisen parameters are calculated at high pressures and elevated temperatures
using the quasiharmonic approximation. We estimate Fe-Fe and Fe-S force constants, which vary with
Fe environment, as well as the 56Fe/54Fe equilibrium reduced partition function in Fe3S and compare
these results with recently reported experimental values. Finally, our calculations under the conditions
of the Earth’s inner core allow us to estimate a S content of 2.7 wt% S, assuming the only components
of the inner core are Fe and Fe3S, a linear variation of elastic properties between end-members Fe
and Fe3S, and that Fe3S is kinetically stable. Possible consequences for the core-mantle boundary of
Mars are also discussed.
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Introduction
The Earth’s core is composed of iron (Fe) alloyed with Ni
(~5 wt%) and lighter elements which account for a density
deficit compared to pure Fe (~10% for the liquid outer core and
~3% for the solid inner core) (Poirier 1994). The list of possible
light element candidates in the outer core includes S, Si, O, C,
and H (Hirose et al. 2013; Litasov and Shatskiy 2016). Sulfur
is a promising candidate because of its high abundance in iron
meteorites (Chabot 2004) and its compatibility with the liquid
outer-core density (Huang et al. 2013; Morard et al. 2013), but
it is also considered too volatile to be the major light element
in the core, a constraint, which imposes a limit of ~2 wt% on
the maximum S content (Dreibus and Palme 1996; McDonough
2003). However, a recent geochemical study has revised this
value to 6 wt%, potentially making S a major light element
in the core (Mahan et al. 2017). To rationalize geophysical
observations and to constrain the S concentration in the Earth’s
core, a detailed understanding from experiment and theory of
the physical properties of compounds in the Fe-S binary system
under extreme pressure is needed.
Many experimental studies have been used to study the stability and physical properties of the solid and liquid phases in the
Fe-FeS binary system under conditions of planetary interiors
(Li et al. 2001; Ono and Kikegawa 2006; Chen et al. 2007;
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Morard et al. 2008; Kamada et al. 2012, 2014). In the Fe-S phase
diagram, the intermediate compound Fe3S is stable from 21 GPa
(Fei et al. 2000) up to ~250 GPa (Ozawa et al. 2013). Above this
pressure, Fe3S decomposes into Fe2S-B2 and Fe-HCP. Mössbauer
spectroscopy (Lin et al. 2004) shows that a magnetic collapse
occurs in Fe3S at 21 GPa. In addition, using synchrotron X‑ray
diffraction and laser-heated diamond-anvil cells, the solubility
of S in the eutectic melt has been measured at pressures from
34 to 254 GPa (Mori et al. 2017).
It is now possible to use ab initio quantum mechanical methods,
usually based on periodic density functional theory (DFT), to study
the behavior of compounds under the high pressures and elevated
temperatures of the Earth’s core, allowing detailed examination
of the physical, mechanical and chemical properties of these materials and complementing experimental studies (Alfè et al. 2000,
2002b; Belonoshko et al. 2000, 2003; Gavryushkin et al. 2016).
In this work, we study the behavior of crystalline Fe3S structures
under pressure using such methods, considering the two most
stable polymorphs: a face-centered cubic (AuCu3-type) structure
with Pm3m symmetry, with one formula unit per primitive unit
cell (Sherman 1997) and the experimentally observed tetragonal
(Fe3P-type) structure with I4 symmetry, with eight formula units
per primitive unit cell (Fei et al. 2000; Martin et al. 2004). We
determine, as a function of pressure and temperature, the structural
and dynamical stability of these two structures shown in Figure
1. We estimate properties such as thermal expansion coefficients,
force constants, and sound velocities as a function of pressure and
248

