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INTRODUCTION

High-pressure phases of FeS are of interest to planetary sci-
ence because Fe-FeS alloy is thought to constitute the core of 
Mars based on geochemical arguments, and FeS has been found 
in many meteorites. (e.g., Fei et al. 1995; Kavner et al. 2001; 
Urakawa et al. 2004). In the case of Earth, the density of the 
outer core is ~10% less than the density of pure iron (Anderson 
and Ahrens 1994), and there is also evidence that the inner core 
is less dense than pure iron (Jephcoat and Olson 1987). The 
difference in density indicates the possible presence of a low-
atomic-weight component such as H, C, N, O, Si, or S. Therefore, 
it is important to understand the phase stability and density of 
FeS at high pressures and high temperatures.

The phase stability and structural properties of high-pressure 
phases of FeS have been investigated by numerous previous stud-
ies (King and Prewitt 1982; Fei et al. 1995; Kusaba et al. 1998; 
Takele and Hearne 1999; Marshall et al. 2000; Kavner et al. 2001; 
Urakawa et al. 2004; Kobayashi et al. 2004). The stable phase 
of FeS under ambient conditions is troilite (FeS I), a superstruc-
ture of the NiAs structure. Troilite transforms to an MnP-type 
structure (FeS II) at 3.4 GPa and to a monoclinic structure (FeS 
III) at 6.7 GPa as pressure increases at room temperature. At 
high temperatures, troilite transforms to a hexagonal NiAs-type 
structure (FeS IV) and to a simple NiAs-type structure (FeS V). 
Kavner et al. (2001) showed that FeS III and FeS V are stable 
to at least 35 GPa, however pressure at the center of the Martian 
core is greater than 35 GPa. Accordingly, knowledge of the phase 
stability of FeS at extremely high pressure is important in under-

standing the planet�s structure, dynamics, and evolution.
In this study, we conducted laser-heated diamond anvil cell 

experiments combined with X-rays from a synchrotron radiation 
source to acquire precise data on FeS phases at high pressures up 
to 120 GPa. We report the results of in situ X-ray powder obser-
vations of FeS and the compressibility of a new orthorhombic 
FeS phase identiÞ ed here for the Þ rst time. 

EXPERIMENTAL METHODS

The starting material, FeS (purity >99%), was purchased from Kojundo 
Chemical Laboratory Corporation, Japan. X-ray diffraction analysis under ambient 
conditions revealed that the starting material had a troilite structure (FeS I) with a = 
5.971(1) Å and c = 11.682(8) Å. Stoichiometric FeS with the troilite structure has 
a = 5.9676 Å and c = 11.7610 Å (JCPDS 37-0477). A small pellet of the sample 
with a thickness of ~10 μm was produced using a hand press. Rhenium gaskets 
were preindented to a thickness of 50 μm and then drilled to give a 50 μm hole. 
The sample was ground to a Þ ne powder and loaded into a diamond anvil cell 
(DAC) with sodium chloride as the pressure-transmitting medium. The pressure-
transmitting medium remains a quasi-hydrostatic solid compared to other harder 
materials. Sodium chloride was also used as an internal pressure calibrant (Brown 
1999; Ono et al. 2006). Synchrotron X-ray diffraction in a DAC was performed 
at BL13A, Photon Factory, KEK, Japan (Ono et al. 2005). The monochromatic 
X-ray beam was focused to less than 30 μm to minimize peak broadening caused 
by pressure gradients in the sample chamber. The detector-to-sample distance was 
calibrated using a standard CeO2 reference sample. An angle-dispersive diffraction 
patterns were obtained on an imaging plate with exposure times of 10�20 min. The 
observed intensities on the imaging plates were integrated as a function of 2θ using 
the ESRF Fit2d code (Hammersley et al. 1996). The d-spacings of the sample and 
the internal pressure standard were determined by Þ tting a Gaussian curve to each 
of the diffraction peaks. The cell parameters of the samples were then calculated 
from the d-spacings with the standard deviations of the cell parameters calculated 
from variations in d-spacings. The sample was heated using a multi-mode YAG 
laser to induce the observed phase transformation. The typical heating time was 
5�10 min at each P-T condition with the size of the heating spot being ~50 μm. 
The sample temperature was measured using the spectroradiometric method. The 
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ABSTRACT

Iron sulÞ de (FeS) has been examined in a diamond anvil cell to 120 GPa pressure using an in situ 
angle-dispersive X-ray diffraction technique. The transformation from a monoclinic phase (FeS III) to a 
newly described orthorhombic phase (FeS VI) was observed at 35�40 GPa and high temperatures. This 
phase remained stable during the temperature quench. After the decompression, however, the recovered 
sample was transformed to the troilite structure (FeS I). The relative volume change that accompanies 
this transformation is ~1%. No further phase transformations were observed at higher pressures up 
to 120 GPa, even when the sample was laser-heated to ~2000 K. There are four molecules in a single 
unit cell (Z = 4) of the orthorhombic phase. The isothermal bulk modulus (K0) of the orthorhombic 
phase is 156(6) GPa, with V0 = 99.5(7) Å3 when K0' is Þ xed at 4. The a axis of the unit-cell parameter 
is more compressible than the b and c axes. Our study indicates that the phase transformation from 
NiAs-type (FeS V) to orthorhombic (FeS VI) phases could occur in the Martian core.
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