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Abstract
We examined pressure-induced phase transitions in Fe2S based on high-pressure and high-

temperature X‑ray diffraction measurements in a laser-heated diamond-anvil cell. Fe2S is not stable at 
ambient pressure but is known to form above 21 GPa with the Fe2P-type (C22) structure. Our experi-
ments demonstrate a novel phase transition in Fe2S from the C22 to C23 phase with the Co2P-type 
cotunnite structure above ~30 GPa. The experiments also reveal a transformation from the C23 to 
C37 (Co2Si-type) phase above ~130 GPa. While the C23 and C37 structures exhibit the same crystal-
lographic symmetry (orthorhombic Pnma), the coordination number of sulfur increases from nine in 
C23 to ten in C37. Such a sequence of pressure-induced phase transitions in Fe2S, C22 → C23 → C37, 
are similar to those of Fe2P, while they are not known in oxides and halogens that often adopt the C23 
cotunnite-type structure. The newly found cotunnite-type Fe2S phase could be present in solid iron 
cores of planets, including Mars.
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Introduction
Sulfur is frequently observed in iron meteorites and could be a 

common impurity element in planetary iron cores in our solar sys-
tem and beyond. Solid iron sulfide can be an important constituent 
in such metallic cores, although it is not dense enough for the Earth’s 
inner core. Phase relations in Fe-S alloy are of great importance 
to understand metallic cores of terrestrial planets. While Fe-FeS is 
a simple binary eutectic system at ambient pressure, intermediate 
compounds of Fe3S, Fe2S, and Fe3S2 form above 14–21 GPa (Fei 
et al. 2000). The phase relations and elastic property of Fe3S have 
been relatively well studied (e.g., Kamada et al. 2014; Thompson et 
al. 2020); Fe3S does not undergo a structural phase transformation 
but decomposes into Fe + Fe2S above ~250 GPa (Ozawa et al. 2013; 
Mori et al. 2017; Bazhanova et al. 2017). In contrast, those of Fe2S 
and Fe3S2 have been little investigated so far (Tateno et al. 2019).

It is known that Fe2S adopts the hexagonal P62m Fe2P-type 
(C22) structure at 22 GPa (Koch-Müller et al. 2002). The recent 
experiments performed by Tateno et al. (2019) observed the 
orthorhombic Pnma Co2Si-type (C37) structure in a pressure range 
from ~190 to 306 GPa. Phase relations in Fe2S remain unexplored 
by experiments between 22 and ~190 GPa, though theoretical cal-
culations showed that C37 Fe2S is stable between 50 and 400 GPa 
(Bazhanova et al. 2017). Tateno et al. (2019) reported the equation 

of state (EoS) of C37-type Fe2S on the basis of experimental data 
collected at 180 to 294 GPa, demonstrating that it is elastically 
anisotropic with a-axis three times more compressible than b- and 
c-axes.

Iron sulfides are known to have affinities with iron phosphides 
(Stewart and Schmidt 2007; Gu et al. 2014). A sequence of struc-
tural phase transitions has already been examined in Fe2P; hexago-
nal C22-type Fe2P undergoes transformation to the orthorhombic 
Co2P-type (cotunnite-structured, C23) phase above 8 GPa and 
further to the Co2Si-type (C37) phase above 42 GPa (Nakajima 
et al. 2020). C23 and C37 Fe2P are orthorhombic with identical 
crystallographic symmetry (space group: Pnma) but differ in the 
coordination number of phosphorus, leading to a 2% volume change 
across the phase transition. Similar isosymmetric phase transition 
is known in PbF2 that occurs at ~10 GPa (Haines et al. 1998).

To reveal a sequence of phase transitions in Fe2S, we carried 
out synchrotron X‑ray diffraction (XRD) measurements in situ at 
high pressure-temperature (P-T) to 164 GPa and 2400 K in this 
study. The results demonstrate stability of cotunnite-type (C23) 
Fe2S between ~30 and ~130 GPa at high temperatures, indicating 
the sequence of pressure-induced structural phase transitions (C22 
→ C23 → C37), which is similar to those in Fe2P. The EoS of the 
new C23-type Fe2S phase is also reported. We discuss the possible 
presence of cotunnite-type Fe2S in solid metallic iron cores of 
planets including Mars and Mercury.

Methods
XRD measurements were performed at high P-T in a laser-heated diamond-

anvil cell (DAC) at beamline BL10XU, SPring-8 (Hirao et al. 2020). We used 
diamond anvils with flat 300 µm or beveled 120 µm culet size. Two different Fe2S 
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