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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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spectroradiometric system consisted of a thermoelectrically cooled CCD detector 
and a spectrograph. The use of the spectrometer allowed us to measure the tem-
perature proÞ le across the laser-heated spot. The temperature was determined by 
Þ tting the thermal radiation spectrum to the Planck radiation function. The system 
response was calibrated using a tungsten Þ lament lamp of known radiance that 
was calibrated relative to a NIST standard. The radial temperature gradient in the 
probed region was 200�300 K. In this study, the heating temperatures were unstable, 
ß uctuating by a couple of hundred K during the 10 minute periods at constant 
laser power. Therefore, the estimated temperature errors at high temperatures were 
about ±500 K. After each change in pressure, the sample was heated to minimize 
the generation of pressure inhomogeneity in the sample. After laser heating, the 
shape of each peak in the diffraction pattern became signiÞ cantly sharper. The 
amount of pressure was determined from the observed unit-cell volume of B1- or 
B2-type sodium chloride using the equations of state of Brown (1999) and Ono et 
al. (2006). Equation-of-state parameters for FeS phases were obtained from pres-
sure-volume data from the Birch-Murnaghan equation of state (Birch 1947). The 
determination of cell symmetry for the unknown crystal structure was performed 
using the CrysÞ re software (Shirley 2002). 

RESULTS AND DISCUSSION 
In the Þ rst experimental run, the sample was compressed to 60 

GPa. Before laser heating, the diffraction pattern of the sample 
showed broad peaks reß ecting compression-related differential 
stress. The sample was then heated to 1000�2000 K to relax the 
differential stress and synthesize a high-pressure phase of FeS. 
Following heating, the pressure decreased to 56 GPa because of 
stress relaxation. During the heating stage, new diffraction peaks 
appeared, and these remained stable after the temperature quench. 
The observed diffraction pattern after heating is shown in Figure 
1. The new peaks could not be indexed using known high-pres-
sure phases of FeS. This indicated that a new high-pressure phase 
was synthesized at 60 GPa and high temperatures.

In the second experimental run, pressure was increased 
directly to 120 GPa at room temperature, and the sample was 
then heated. After heating, the same high-pressure phase was 
observed. This indicates that the new high-pressure phase (FeS 
VI) remains stable at least up to 120 GPa, corresponding to 
the pressure at the core-mantle boundary in the Earth. Follow-
ing decompression, the new high-pressure phase could not be 
recovered. The recovered sample transformed to the troilite 

structure (FeS I). Thus, this phase is unquenchable at ambient 
conditions.

In the third experimental run, the sample was gradually 
compressed to investigate the stability of the new high-pressure 
phase of FeS (FeS VI). At each pressure increment, the sample 
was heated to overcome transition kinetics. At 19 and 28 GPa, 
we observed FeS III with a monoclinic structure. When the pres-
sure was increased to 43 GPa, however, the new high-pressure 
phase of FeS VI appeared. The experimental results are shown 
in Figure 2. Kavner et al. (2001) reported that FeS III and FeS V 
are stable at least to 35 GPa. According to previous studies and 
our current Þ ndings, the phase boundary is likely to be at ~40 
GPa, however, further experiments are necessary to determine 
the phase relationships in FeS.

The diffraction peaks of FeS VI were reasonably indexed by 
an orthorhombic symmetry, and there are four molecules of this 
phase in a unit cell (Z = 4). The lattice parameters at 56.3 GPa 
and 300 K, for example, are a = 5.153(3) Å, b = 4.938(4) Å, and 
c = 3.088(1) Å, with a unit-cell volume of 78.59(9) Å3 for the 
orthorhombic cell. Table 1 shows the observed and calculated 
d-spacings of FeS VI.

The measured unit cell parameters and volumes are shown 
in Table 2. We observed that the a axis is approximately 15% 
more compressible than the b or c axes, which have similar 
compressibilities. Observed variations in the volume of FeS 
phases with pressure are shown in Figure 3. The pressure-volume 
data were used for a least-squares Þ t of the Birch-Murnaghan 
equation of state,
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FIGURE 1. Example of diffraction pattern from FeS. These diffraction 
patterns were obtained at 56 GPa and room temperature. Numbers for 
peaks represent hkl values of orthorhombic phase (FeS VI). N represents 
B2-type NaCl. The wavelength of the monochromatic incident X-ray 
beam was 0.42755(5) Å.

FIGURE 2. Experimental conditions and schematic phase relation 
of FeS. Solid circles are orthorhombic phase (FeS VI). Abbreviations 
of symbols reported by previous DAC study (Kavner et al. 2001) are 
as follows: solid squares, NiAs-type phase (FeS V); solid diamond, 
hexagonal phase (FeS IV); solid triangle, monoclinic phase (FeS III); 
open circle, melting. The phase boundaries determined by multi-anvil 
press experiments are shown as solid lines (Urakawa et al. 2004). A 
dashed line shows the inferred phase boundary.
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and V0, K0, and K0' are the volume, isothermal bulk modulus, 
and Þ rst pressure derivative of the isothermal bulk modulus, 
respectively. Because FeS VI could not be quenched to ambi-
ent pressure, uncertainties in V0 and K0' are likely to be large. 
Accordingly, the data were constrained by Þ xing K0' equal to 
4. Using all the data for FeS VI, K0 and V0 were 156 (6) GPa 
and 99.5 (7) Å3, respectively. At 40 GPa and room temperature, 
the relative volume change from FeS III to FeS VI was ~1%. 
The molar volume of FeS VI is 24.9 Å3 at ambient conditions, 
which is also smaller than those of high-P-T phases of FeS IV 
(27.7 Å3) and FeS V (27.9 Å3) at ambient conditions (Urakawa 
et al. 2004).

The detailed structure of the Martian interior remains an 
open question because of a lack of observational data. Previous 
high-pressure experimental studies indicate that the Martian 
core-mantle boundary consists of perovskite-bearing rock and 
sulfur-bearing iron (Fei et al. 1995; Kavner et al. 2001; Urakawa 
et al. 2004). Urakawa et al. (2004) estimated the Martian core 
pressure (36�48 GPa) for various cases, because the estimated 
core pressure depends on the assumed core radius, core compo-
sition and crustal thickness. If stoichiometric FeS exists in the 
Martian core, the stable phase could be FeS V within the outer 
core. As we discovered the new phase transformation in FeS at 

~40 GPa, our study indicates that the Martian core may have 
two layers, with orthorhombic FeS VI possibly occurring at the 
inner core of the Mars. If seismological data can be obtained 
for Mars in the future, it will be possible to observe the seismic 
discontinuity in the Martian core related to the phase transforma-
tion from FeS V to FeS VI.

In the case of the Earth�s interior, it is known from seismic 
observations that an ultra-low velocity zone exists at the base of 
the mantle. In the present experiments, we conÞ rmed that FeS VI 
is stable at least up to 120 GPa. The seismic velocities of FeS VI 
are likely to be lower than those of the PREM model (Dziewon-
ski and Anderson1981). Our experimental results suggest that 
if a small amount of iron sulÞ de precipitated from the core is 
present at the core-mantle boundary, the FeS VI contributes to 
a decrease in seismic velocity.
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Notes: Numbers in parentheses represent the error of lattice parameters. 
* Brown (1999).
† Ono et al. (2006).
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