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Abstract

An in situ synchrotron powder X‑ray diffraction study on (Fe0.89,Ni0.11)3S was conducted up to 141 
GPa and 1590 K. (Fe0.89,Ni0.11)3S has a tetragonal structure, which is the same structure as Ni-free 
Fe3S. Fitting a third-order Birch-Murnaghan equation of state to data at ambient temperature yielded 
a bulk modulus of K0 = 138.1(7.2) GPa and its pressure derivative K0′ = 4.5(3) with a zero pressure 
volume V0 = 375.67(4) Å3. The density of (Fe0.89,Ni0.11)3S under the core-mantle boundary condition 
is 1.7% greater than that of Fe3S. The axial ratio (c/a) of (Fe0.89,Ni0.11)3S decreases with increasing 
pressure. The addition of nickel to Fe3S leads to a softening of the c-axis. Assuming that the nickel 
content of the outer core is about 5 at%, we estimated 12.3–20.8 at% sulfur in the outer core for the 
given 6–10% density deficit between the outer core and pure iron at 136 GPa.
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Introduction

Based on a comparison of the density of pure iron and the 
density of the Earth’s core, it is considered that the Earth’s core 
is composed mainly of iron along with a small amount of light 
elements (Birch 1952). Sulfur is one of the major candidates 
for these light elements owing to its high solar abundance and 
its presence in iron meteorites in the form of troilite (FeS). In 
the Fe-S system, Fei et al. (2000) reported that the Fe3S phase 
(tetragonal structure, space group = I4) is stable as a subsolidus 
phase at pressures above 21 GPa. Various studies on the Fe3S 
phase and the Fe-Fe3S system have been conducted, such as those 
on the melting relationships in the Fe-Fe3S system (Campbell 
et al. 2007), the subsolidus phase relationships of the system 
(Morard et al. 2008; Kamada et al. 2010), the thermal equation 
of state of Fe3S (Seagle et al. 2006), and magnetic transitions in 
Fe3S at 21 GPa (Lin et al. 2004). The stability of Fe3S having a 
tetragonal structure has been confirmed up to 220 GPa by Ka-
mada et al. (2010). On the other hand, an AuCu3-type structure 
has been predicted theoretically for Fe3S at high pressures (Sher-
man 1995). Moreover, Fe3P (schreibersite), which is isostructural 
with Fe3S, transforms into an unidentified structure between 17 
and 30 GPa (Scott et al. 2007).

Cosmochemical studies on iron meteorites have provided 
evidence for the existence of 5–15% of nickel in the Earth’s core 
(e.g., McDonough and Sun 1995; Bottke et al. 2006). Li and Fei 
(2003) pointed out the importance of considering the effect of 
nickel in sulfur-bearing systems, because the Ni-S binary phase 
diagram at ambient pressure contains more intermediate com-
pounds than its Fe-S counterpart. Thus, nickel may affect the 
pressure range of the phase stability field of Fe3S. For example, 
Ni3S2 is stable at ambient pressure in the Ni-S system, although 

Fe3S2 is only observed at high pressures (Fei et al. 1997). Zhang 
and Fei (2008) reported that nickel can substitute for iron in the 
Fe3S structure to form an (Fe,Ni)3S solid solution up to an Fe/Ni 
atomic ratio of at least 0.5. Recently, Urakawa et al. (2011) found 
that Ni3–xS is isostructural with Fe3S above 5.1 GPa and suggested 
a complete solid solution is possible between Fe3S and Ni3S. 
Based on an analysis of recovered samples, an (Fe,Ni)3S phase 
has been identified up to 40 GPa and 1520 K (Stewart et al. 2007), 
but its crystal structure and the stability field of (Fe,Ni)3S at high 
pressures and temperatures is unknown. Thus, it is important to 
confirm the stability field of (Fe,Ni)3S at the pressure present at 
the Earth’s core (>136 GPa).

Here, we report on the crystal structure, stability, and the 
equation of state of (Fe0.89,Ni0.11)3S based on in situ powder 
X‑ray diffraction experiments up to 141 GPa and 1590 K using 
a laser-heated diamond-anvil cell (LHDAC).

Experimental methods
The (Fe0.89,Ni0.11)3S phase was synthesized at 21 GPa and 1173 K for 60 min 

using a Kawai-type multi-anvil apparatus (1000 ton press) located at Tohoku 
University in Japan. The chemical composition of the synthesized (Fe0.89,Ni0.11)3S 
was determined using an electron probe microanalyzer (JEOL JXA-8800M), 
and is shown in Table 1. The synthesized (Fe0.89,Ni0.11)3S was used as the starting 
material for the LHDAC experiments at high pressures and temperatures. The 
synthesized (Fe0.89,Ni0.11)3S sample was sandwiched between layers of the pres-
sure medium and loaded into the sample chamber, which was a 40 µm hole that 
was drilled into an preindented rhenium gasket. We used three types of pressure 
medium: sodium chloride (NaCl) for Run numbers FN3S03, FN3S04, FN3S05, 
and FN3S07; periclase (MgO) for Run numbers FN3S10 and FN3S11; and alumina 
(Al2O3) for Run FN3S09.
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Table 1. The composition of synthesized (Fe0.89,Ni0.11)3S
(Fe0.89,Ni0.11)3S	 Fe	 Ni	 S	 Total

wt%	 74.3(4)	 9.9(3)	 16.0(2)	 100.2(5)
at%	 66.6(4)	 8.4(3)	 24.9(3)	 100.0(5)

Note: The number(s) in parentheses refers to uncertainty in the last digit(s).


