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abstract

FeSi remains crystalline up to at least 2350 (t200) K at 23 GPa and 2770 (t200) K at 47 GPa in 
a laser-heated diamond-anvil cell, showing that addition of silicon does not cause a large amount of 
melting point depression; the melting temperature of pure iron ranges from 2300 (t100) K to 2700 
(t150) K between 20 and 50 GPa. The transition between J (B20) and B2 (CsCl-structured) crystalline 
phases occurs at 30 (t2) GPa at all temperatures from 1200 to 2400 K. The resulting 5% density increase 
may cause an increase in the miscibility of silicon in iron at P > 30 GPa, with potential implications 
for the cores of small rocky planets such as Mars and Mercury.
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IntroductIon

Equations of state, melting curves, mixing relations, and 
solid-solid phase boundaries in iron and its alloys are the key 
equilibrium properties needed for modeling the constitution and 
evolution of planetary cores. Silicon is one element that is likely 
to be alloyed with iron in the cores of rocky planets; it is abundant 
in the rocks found on the surfaces of Mercury, Venus, Earth, 
and Mars (de Pater and Lissauer 2010), and in the laboratory 
it is known to alloy with liquid iron at high pressures (Sanloup 
and Fei 2004) or at low oxygen fugacity (McCoy et al. 1999).

Recently, the cubic J-phase (B20) of FeSi was found to 
transform to another cubic phase, B2 (CsCl-structured), at 24 
GPa and high temperature (Dobson et al. 2002): conditions that 
exist in the cores of Mars and Mercury. Some thermodynamic 
properties of these phases have been documented, but others 
remain uncertain.

Experimental studies have determined the P-V equation of 
state of J-FeSi (Lin et al. 2003; Knittle and Williams 1995), and of 
B2-FeSi (Dobson et al. 2003; Sata et al. 2010), in addition to iron-
rich iron-silicon alloys (Asanuma et al. 2011; Fisher et al. 2012). 
A computational study using DFT with GGA derived equations 
of state that are similar to the experimental result, though slightly 
stiffer: for B2-FeSi, the zero-pressure bulk modulus is 9% higher 
than in Sata et al. (2010); and for J-FeSi, the pressure derivative 
of bulk modulus is 7% higher than in Lin et al. (2003) (Caracas 
and Wentzcovitch 2004). The computational work also estimated 
the J-B2 transition pressure: 40 GPa assuming a GGA functional, 
and 30 GPa assuming the LDA functional (Caracas and Wen-
tzcoitch 2004). Yet, less experimental data exists to constrain the 
transition pressure and its temperature dependence.

The density and entropy changes due to the crystal-crystal 
phase transition are expected to affect the melting curves of 
iron-silicon alloys, as well as their mixing relations. In fact, one 
experimental study associates a kink in the melting curve of FeSi 
to the solid-solid phase transition (Santamaría-Pérez and Boehler 

2008), though a second study of melting in diamond-anvil cells 
infers a melting curve of FeSi that is c500 K higher and shows 
no kink (Lord et al. 2010). Most recently, Fisher et al. (2013) 
mapped out phase boundaries for FeSi up to 150 GPa using a 
laser-heated diamond-anvil cell, casting doubt on the melting 
curve of Santamaría-Pérez and Boehler (2008), and providing 
high-quality diffraction data that suggest an extended region of 
mixed phase between J and B2, from 14 to 42 GPa.

By varying the composition of their starting materials, two 
studies provide evidence for miscibility gaps between pure iron 
and FeSi. Kuwayama and Hirose (2004) detects a gap from 37 
to 50 mol% Si at 21 GPa while Lin et al. (2002) detects a gap 
from 10 to 20 mol% Si in the pressure range of 11 to 42 GPa.

The current study adds new data on stoichiometric FeSi that 
tightly constrain the J to B2 phase boundary, provide a lower 
bound on the melting curve, and confirm previously proposed 
equations of state that indicate a 5% density increase due to the 
phase transition.

experIMental Method
Stoichiometric FeSi was synthesized and given to us by Ravhi S. Kumar. It 

was ground to a powder, pressed into a thin foil, and placed on top of ruby spheres 
into diamond-anvil cells with rhenium gaskets. The samples were surrounded 
with an argon or neon pressure transmitting medium, which was loaded at room 
temperature and 25 000 PSI using the system at GSECARS (Rivers et al. 2008).

High-pressure samples were laser-heated at GSECARS end-station ID-D, 
and simultaneous emission spectra and X-ray diffraction images were collected 
(Prakapenka et al. 2008). The X-ray wavelength was 0.33 Å and the sample to 
detector distance was 200 mm. By looking at the relative position of the two laser 
spots (one from each side) and fluorescence from the X-ray spot before and after 
heating, we estimate that the centers of all three beams were within 3 Rm of each 
other. Laser-heating hotspots are at least c10 Rm wide at FWHM of emission 
intensity. Since intensity scales as T4, the FWHM of the temperature distribution 
of the hotspot is c40 Rm, meaning a 3 Rm deviation causes less than c5% error in 
temperature, assuming a Gaussian temperature distribution.

X-ray exposure times ranged from 1 to 5 s, while temperature measurement 
times ranged from 5 ms to 1 s. The temperatures reported here are averages of at 
least two exposures during the X-ray experiment. The 1X temperature uncertain-
ties plotted in Figure 1 are standard deviations of at least four fitted temperatures, 
which come from the two sides of the sample and the two or more thermal emission 
records collected during a single X-ray exposure. The statistical uncertainty in 
fitting graybody curves to collected emission spectra can be ignored, as it is typi-
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