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PLANETARY SCIENCE

Crystal structure and equation of state of Fe-Si alloys at

super-Earth core conditions
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The high-pressure behavior of Fe alloys governs the interior structure and dynamics of super-Earths, rocky ex-
trasolar planets that could be as much as 10 times more massive than Earth. In experiments reaching up to 1300 GPa,
we combine laser-driven dynamic ramp compression with in situ x-ray diffraction to study the effect of composition on
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the crystal structure and density of Fe-Si alloys, a potential constituent of super-Earth cores. We find that Fe-Si alloy
with 7 weight % (wt %) Si adopts the hexagonal close-packed structure over the measured pressure range, whereas
Fe-15wt%Si is observed in a body-centered cubic structure. This study represents the first experimental determination
of the density and crystal structure of Fe-Si alloys at pressures corresponding to the center of a ~3-Earth mass
terrestrial planet. Our results allow for direct determination of the effects of light elements on core radius, density,

and pressures for these planets.

INTRODUCTION

From cosmochemical and geophysical constraints, Earth’s core is com-
posed of iron alloyed with nickel and some amount of lighter elements
such as H, C, S, O, and Si. The outer and the inner cores have a density
deficit of ~10% and 4 to 5% compared to Fe, respectively. In addition to
density, light elements affect the seismic velocity and phase diagram of
Fe, both of which can be compared to geophysical observations [see
Hirose et al. (1) for a review]. The abundance and identification of
the core light elements are crucial for constraining the bulk chemistry
of Earth, the process of core formation, and its subsequent thermal and
magnetic field evolution (I).

Light elements likely also play an important role in the cores of ex-
trasolar planets (2). The most abundant population of exoplanets de-
tected to date fall within a size range between Earth and Neptune (3).
Although a variety of planetary styles are possible in this range, mass-
radius observations show that many of these planets have compositions
(rock + metal) comparable to the terrestrial planets of our solar system
(4). Theoretical and numerical models of the interior structure of these
“super-Earth” planets have been constructed to address questions about
their bulk chemistry and thermochemical evolution (5-7). Knowledge
of the physical properties of a range of geological materials under very
high pressure and temperature conditions is needed as input into such
models (8); however, these are often highly uncertain because the requi-
site P-T conditions are far beyond the range of those accessible by stan-
dard experimental techniques such as diamond anvil cells (DACs).

A number of lines of evidence make silicon one of the most
promising candidates for a major light element of the core. Si is highly
abundant cosmochemically, not highly volatile, and forms a continuous
solid solution with iron over a wide compositional range. One long-
standing geochemical conundrum is that Earth’s mantle has a deficiency
in Si relative to the composition of the chondritic meteorites, a geo-
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chemical proxy for primitive solar system material from which Earth is
believed to have formed (9). Sequestration of 5 to 10% Si in the core can
explain this discrepancy, reconciling bulk silicate Earth and chondritic
compositions of this major element (9). Recent partitioning experiments
conducted under reducing conditions also propose a core composition of
8 to 9 weight % (wt%) Si with 2 to 4 wt% O (10). As a consequence, the
phase diagram and equation of state (EOS) of Fe-Si alloys has attracted
intense interest in recent years.

A number of static diamond anvil cell experiments have explored
the high P-T phase diagram of Fe-Si alloys (11-15). Most of the studies
are limited to pressures below 200 GPa and thus not able to directly
constrain these properties at the conditions of most of Earth’s core.
Shock wave experiments on Fe-Si alloys can provide important
information on liquid properties relevant to the outer core (16, 17),
but because of the sample heating on compression, these data cannot
address the nature of the solid phase of Earth’s inner core. In recent
years, ramp dynamic compression techniques have demonstrated ex-
perimental access to terapascal pressures within the solid state (18).
In ramp compression, dissipative heating is reduced, and the compres-
sion path is close to that of an isentrope, and as a result, the solid state is
maintained to peak pressure. Combining dynamic compression with
nanosecond x-ray diffraction has enabled the structure of materials to
be studied under these extreme conditions (18, 19).

We present the first measurements of structure and density (p) of
Fe-Si alloys up to 1300 GPa, more than three times the central pressure
of Earth and close to the conditions expected at the center of a 3-Earth
mass terrestrial-type exoplanet (20). We explore the effect of silicon
content by studying two compositions: 7 wt% Si (hereafter Fe-7Si),
which represents a potential terrestrial composition, and 15 wt% Si
(Fe-158i), a silicon-enriched composition. Our study provides the first
direct determination of the lattice structure and equation of state of Fe-
Si alloys that can be used to create data-based models of exoplanets and
eliminate the need to rely on long extrapolations of low-pressure data.

RESULTS

High-pressure ramp-compression experiments were conducted using
the Omega Laser at the Laboratory for Laser Energetics, University of
Rochester. Composite laser drives composed of three to seven individ-
ual beams were used to ramp compress Fe-7Si and Fe-15Si alloys in
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Fig. 7. Timing and pressure determination of an Fe-15Si ramp-compression
experiment (diamond window). (A) Composite laser drive for shot #78431 (1260 +
20 GPa) (blue trace). X-rays are generated using a pair of square pulses (red trace). (B) A
VISAR interferogram with extracted free-surface velocity history from two VISAR chan-
nels. (C) Calculated map of pressure distribution throughout the target package, where
the horizontal dashed lines indicate material boundaries in Lagrangian coordinates.
Shaded in light gray, predicted pressure release waves (see Materials and Methods).
(D) Calculated pressure history of the Fe-Si sample, integrated over the x-ray probe
time (vertical dashed lines).

processes. The effect of pressure on Si solubility in iron is currently
uncertain (41).

Kepler-10b is a representative example of a super-Earth exoplanet
with a radius of 1.47 (0.03) R and a mass of 3.72 (0.42) Mg, (42), where
Ry and M, are the radius and mass of Earth, respectively. We have con-
structed a model of this planet as composed of a silicate mantle and an
iron-rich core and used it to illustrate how light element incorporation
influences our interpretation of planetary interiors. The mantle is as-
sumed to have a Mg/Fe composition of Mg# = Mg/(Mg + Fe) = 0.9
and is divided into three layers as a result of structural phase transitions.
The uppermost mantle consists of 80 volume % olivine and 20% ensta-
tite. The middle layer contains perovskite and ferropericlase, and the
lowermost mantle is composed of post-perovskite and ferropericlase.
We compare three cases: a pure Fe core, an Fe-7Si core, and an Fe-
15Si core. The interior structure is calculated by solving the coupled
differential equations for hydrostatic equilibrium, mass within a sphere,
and the equation of state of each component with solutions constrained
to reproduce the observed mass and radius of the planet (2, 43). Interior
models for Fe and Fe-Si cores are shown in Fig. 6. Addition of the light
element silicon to the core increases its radius and reduces the planet’s
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Fig. 8. Timing and pressure determination of an Fe-15Si ramp-compression
experiment (LiF window). (A) Composite laser drive for shot #77742 (277 + 25 GPa)
(blue trace). X-rays are generated using square pulses (red trace). (B) Raw interferogram
from VISAR records sample-LiF particle velocity, which is reproduced by hydrocode
simulations (red dashed curve) to determine (C) pressure history in the target package.
The black rectangle represents the sample pressure conditions during the x-ray probe
period (bounded by vertical dashed lines). (D) Calculated pressure history of the
Fe-15Si sample.

central pressure and density. In the case of Kepler-10b, incorporation of
15 wt% Si increases the core radius by 16% while decreasing the central
density and pressure by 20 and 14%, respectively. Thus, the incorpora-
tion of light elements into exoplanetary cores may have important
effects on the range of possible interior structures.

CONCLUSIONS
This study provides the first direct determinations of the structure of
Fe-Si alloys at pressures spanning the range encountered in Earth
and super-Earth planets. Our results indicate that the crystal structure
of Fe-Si alloys in planetary cores will depend on the Si content. For
modest Si contents up to at least 7 wt %, the crystal structure remains
hep, but the B2 phase becomes stabilized at a Si content of 15 wt %.
Further comparison with static compression data will be necessary to bet-
ter assess the role of kinetic factors in these high—strain rate experiments.
The peak pressure achieved here corresponds to those pressures
expected at the center of a ~3-Earth mass terrestrial exoplanet. For such
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