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Abstract Iron alloyed with Ni and Si has been suggested to be a major component of the Earth’s inner
core. High-pressure results on the combined alloying effects of Ni and Si on seismic parameters of iron are
thus essential for establishing satisfactory geophysical and geochemical models of the region. Here we have
investigated the compressional (VP) and shear (Vs) wave velocity-density (ρ) relations, Poisson’s ratio (ν),
and seismic heterogeneity ratios (dlnρ/dlnVP, dlnρ/dlnVS, and dlnVP/dlnVS) of hcp-Fe and hcp-Fe86.8Ni8.6Si4.6
alloy up to 206GPa and 136GPa, respectively, using multiple complementary techniques. Compared with
the literature velocity values for hcp-Fe and Fe-Ni-Si alloys, our results show that the combined addition of
9.0wt% Ni and 2.3wt% Si slightly increases the VP but significantly decreases the VS of hcp-Fe at a given
density relevant to the inner core. Such distinct alloying effects on velocities of hcp-Fe produce a high ν of
about 0.40 for the alloy at inner core densities, which is approximately 20% higher than that for hcp-Fe.
Analysis of the literature high P-T results on VP and VS of Fe alloyed with light elements shows that high
temperature can further enhance the ν of hcp-Fe alloyed with Ni and Si. Most significantly, the derived
seismic heterogeneity ratios of this hcp alloy present a better match with global seismic observations. Our
results provide a multifactored geophysical constraint on the compositional model of the inner core which is
consistent with silicon being a major light element alloyed with Fe and 5wt% Ni.

1. Introduction

Based on shockwave velocity-densitymeasurements on iron, Francis Birch [1952] first found that the Earth’s outer
core was less dense than pure iron by approximately 10% at relevant pressure and temperature (P-T) conditions.
Together with geophysical and geochemical evidence, it has been proposed that the Earth’s core is primarily con-
stituted of iron alloyed with approximately 5wt% nickel, together with a certain amount of elements lighter than
iron, hereafter named light elements [Dubrovinsky and Lin, 2009; Li and Fei, 2014]. The exact identity and the
amount of light elements in the core remains highly debated, although a number of candidates such as H, C,
O, Si, and S have been suggested to exist in the core based on cosmochemical, geochemical, and geophysical
arguments [Hirose et al., 2013]. Ever since Birch’s pioneering research, substantial studies have concentrated on
investigating physical and chemical properties of candidate Fe-light element(s) alloys in the binary and ternary
systems at relevant P-T conditions of the Earth’s core including their equation of states, velocity-density profiles,
crystal structures, melting curves, solubility in the liquid and solid iron-nickel alloy, as well as partition coefficients
between liquid iron and mantle silicates (see reviews by Dubrovinsky and Lin [2009] and Li and Fei [2014]). These
studies have indicated that the liquid outer core contains approximately 6–10wt% light element(s) while the
solid inner core contains approximately 1–4wt% light element(s) [Li and Fei, 2014].

Silicon has been considered as one of the most predominant light elements among the aforementioned can-
didate elements due to its abundance in the solar system, its preferential partitioning into iron-nickel metal
especially under relatively reduced conditions, as well as the velocity-density profile of Fe alloyed with Si that
matches seismic observations of the core [e.g., Gessmann et al., 2001; Lin et al., 2002; Mao et al., 2012; Seagle
et al., 2013; Siebert et al., 2013; Zhang et al., 2014]. The alloying effects of Si on the structural stability and
elasticity of Fe at high P-T relevant to the Earth’s core are of particular interest in regard to the geophysical
constraints on the light elements in the core. Theoretical and experimental results have shown that the
incorporation of Si into Fe can enhance the stability field as well as the VP and VS anisotropy of Fe in the
body-centered cubic (bcc) structure [Lin et al., 2002; Belonoshko et al., 2003; Lin et al., 2003; Liu et al., 2014],
although Fe with approximately 4–5wt% Si is likely to be stable in the hexagonal close packed (hcp) struc-
ture at relevant P-T conditions of the inner core [Lin et al., 2002; Asanuma et al., 2011; Tateno et al., 2015].
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Furthermore, hcp-Fe with up to approximately 8wt% Si exhibits a similar compressional wave velocity and
density (VP-ρ) behavior to that of the hcp-Fe at high pressure, except that there is a decrease in density
due to the light element Si substitution in the hcp-Fe lattice [Mao et al., 2012]. That is, the main alloying effect
of Si on the VP-ρ of hcp-Fe is a decrease in the density of the alloy due to the lighter mass of the substituting
Si. These results further show that the VP-ρ profile of hcp-Fe with 4–8wt% Si provides a better match to that
of seismological observations in the Earth’s inner core.

Since the core likely contains approximately 5wt% Ni, knowledge of the combined alloying effects of Ni and
light element(s) on physical and chemical properties of Fe at the P-T conditions of the Earth’s core is impor-
tant for our understanding of the geophysical constraints on the region. Ab initio calculations and high P-T
synchrotron X-ray diffraction experiments on Fe-Ni alloys have shown that Fe with up to approximately
10wt% Ni is most likely stable in the hcp structure at the P-T conditions of the inner core [Kamada et al.,
2014]. In terms of the alloying effects of Ni on the elasticity of Fe, previous studies have shown that substitu-
tion of Ni into Fe has relatively small effects on the equation of state (EoS) parameters and the VP-ρ and VS-ρ of
hcp-Fe at high pressure because Ni has relatively similar mass and electronic states to that of Fe [Mao et al.,
1990; Lin et al., 2003; Martorell et al., 2013]. These studies also found that Fe with up to 20% Ni has nearly
identical EoS parameters as pure Fe up to 300GPa at 300 K, while the VP and VS of hcp-Fe at a given density
are slightly reduced by the addition of 8% Ni [Mao et al., 1990; Lin et al., 2003].

The combined effects of Ni and light element(s) on physical and chemical properties of Fe are of particular
interest to our understanding of the geophysics and geochemistry of the Earth’s core, because the region
is expected to contain not only Fe with approximately 5wt% Ni but also a certain amount of major as well
as minor light elements such that Ni and Si possibly coalloy with Fe in the core. However, other than a handful
of studies [Antonangeli et al., 2010; Asanuma et al., 2011; Sakai et al., 2011], the high-pressure compression
and sound velocities of Fe-Ni-Si alloys have been relatively unexplored. Fe83Ni9Si8 and Fe88Ni4Si8 alloys have
been reported to remain in the hcp structure up to 374GPa at 300 K and 304GPa at approximately 3000 K,
respectively, indicating that the crystal structure is likely to be the hcp structure for Fe alloyed with approxi-
mately 4wt% Si and 9wt% Ni under inner core conditions [Asanuma et al., 2011; Sakai et al., 2011]. The VP-ρ
profile of hcp-Fe89Ni4Si7 alloy measured up to 108GPa at 300 K suggested an inner core composition contain-
ing 4–5wt% Ni and 1–2wt% Si [Antonangeli et al., 2010], while static compression results for hcp-Fe83Ni9Si8
alloy, covering the entire pressure conditions of the core, indicated that the inner core would contain
approximately 5wt% Ni and 5wt% Si [Asanuma et al., 2011]. It should be noted that most previous mineral
physics studies on the compositional model of the core typically use one seismic parameter (e.g., VP or den-
sity) for comparison with seismic models (e.g., preliminary reference Earth model (PREM)) in order to estimate
the amount of a potential light element in the core, leading to major discrepancies in the derived composi-
tions among different studies. The composition of the core can bemuch better deciphered if multiple seismic
parameters, including VP, VS, Poisson’s ratio, and seismic heterogeneity ratios of hcp Fe-Ni alloyed with a
candidate light element are experimentally investigated simultaneously at relevant core conditions.

In this study, multiple seismic parameters of hcp-Fe and Fe86.8Ni8.6Si4.6 alloy including the measured sound
velocity-density profiles (VP- and VS-ρ) and the further derived Poisson’s ratio and seismic heterogeneity ratios
(dlnρ/dlnVP, dlnρ/dlnVS, and dlnVP/dlnVS) have been investigated together using high-energy resolution
inelastic X-ray scattering (HERIX), nuclear resonant inelastic X-ray scattering (NRIXS), and X-ray diffraction
(XRD) spectroscopies in a diamond anvil cell (DAC) up to 206GPa. Combining with literature values on the
velocity-density relations of hcp-Fe alloys, these multiple seismic parameters are jointly used to evaluate
the combined alloying effects of Si and Ni on seismic behavior of hcp-Fe which in turn allows us to provide
a multifactored geophysical constraint on the compositional model of the Earth’s inner core.

2. Experimental Methods

The 57Fe enriched iron (>95% enrichment) powder sample was purchased from Cambridge Isotope Laboratories,
Inc. For synthesizing the polycrystalline Fe-Ni-Si alloy (with 57Fe enrichment of >99%), a mixture of powder iron,
nickel, and silicon with a starting atomic ratio of 85:10:5 was used for the arc-melting synthesis above 2000K in
an arc furnace in a pure argon atmosphere at Max Planck Institute Stuttgart. Consequently, the ingots were milled
and then homogenized in vacuum at 900°C for approximately 5days at the Bayerisches Geoinstitut. Electron
microprobe analyses showed that the alloy was chemically homogeneous and had a chemical composition of
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Fe86.8Ni8.6Si4.6 containing 9.0 (±0.1) wt
% Ni and 2.3 (±0.1) wt% Si, which is
slightly different from the starting com-
position likely due to the more loss of
Ni and Si during the arc-melting pro-
cess; other impurities such as oxygen
were below the detection limit of the
technique. XRD patterns showed that
the alloy was in the bcc structure with
lattice parameter a=2.8695 (±0.0009)
Å at ambient conditions. For high-
pressure X-ray diffraction experiments,
an alloy sample of approximately
35μm in diameter and 10μm thick
was loaded into the sample chamber
of 90μm in diameter and 25μm thick
in a DAC, which was drilled in the
center of a Re gasket of 250μm
thick, together with micron-sized Pt
powder as the pressure calibrant [Fei
et al., 2007]. Ultrapure Ne pressure-
transmittingmediumwas loaded using
the high-pressure gas loading system
in the Mineral Physics Laboratory of
the University of Texas at Austin. XRD
measurements were conducted using
a highly monochromatized incident
X-ray beam with an energy of
37.08keV (0.3344Å) and 30.82 keV
(0.4024Å) at the High Pressure
Collaborative Access Team (HPCAT)
and GeoSoilEnviroConsortium for
Advanced Radiation Sources
(GSECARS) of the Advanced Photon
Source (APS), Argonne National
Laboratory (ANL), respectively. The X-
ray beamwas focused down to a beam
size of ~5μm in diameter (full width at
half maximum) at the sample position,
and the diffraction patterns were col-
lected by a MAR CCD detector.
Diffraction patterns were integrated
using the Fit2D program to derive the
unit cell parameters of the Fe-Ni-Si
sample and Pt pressure calibrant.
Pressures and their uncertainties were

calculated from the Pt pressure calibrant using a third-order Birch-Murnaghan EoS and standard error pro-
pagation procedures [Fei et al., 2007]. Note that the EoS of pressure medium Ne was not systematically
cross checked with Pt pressure calibrant in this study due to the spotty and intensity saturation of Ne
diffraction peaks at high pressures.

High-pressure HERIX measurements were conducted using a highly monochromatized incident X-ray beam
with an energy of 21.657 keV (0.5725 Å), an energy bandwidth of 1.15meV with an overall spectrometer
(analyzer and high-resolution monochromator) resolution of 2.1meV and a beam size of 15–20μm at the

Figure 1. HERIX spectra and phonon dispersion curves of hcp-
Fe86.8Ni8.6Si4.6 alloy at high pressure. (a) Representative HERIX spectra as a
function of momentum transfer (Q) at 136 GPa. (b) The longitudinal acoustic
phonon dispersion curves of hcp-Fe86.8Ni8.6Si4.6 alloy as a function of
pressure. Open circles with error bars: HERIX experimental data and solid
lines: fits with a Lorentzian function for the longitudinal acoustic phonon
peak (LA). The up arrow denotes the elastic peak at zero energy position.
Transverse acoustic (TA-D) and longitudinal acoustic (LA-D) phonon peaks
from the diamond anvils were also recorded at the momentum transfers (Q)
of 5.0 and 8.3 nm�1, respectively. Note that the elastic peaks at zero energy
position are not fully shown in order to avoid the elastic peak dominating
the plot since the intensity of elastic peaks is typically 20–40 times higher
than that of the acoustic phonon peak of the alloy [Liu et al., 2014]. The
measured momentum-energy (Q-E) relations (open symbols) from the HERIX
spectra were fitted using a sine function (dashed lines), in which the Q-E
transfers at the origin of the first Brillouin zone are intrinsically set at zero for the
data analyses. The uncertainty of the momentum transfer (Q) is 0.30–0.35 nm�1.
Errors (±1σ) of the energy transfer (E) are typically less than 1%. Error bars smaller
than the symbols are not shown for clarity.
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3IDC of the APS, ANL (see Alatas et al.
[2011], Toellner et al. [2011], and Mao
et al. [2012] for more details). A Re
gasket of 250μm thick was prein-
dented to ~25μm thick by a pair of
diamond anvils with 150–300μm
beveled culets, and a hole of 90μm
in diameter was then drilled in the
center. A powder sample of ~30μm
in diameter and ~15μm in thickness
was then loaded into the sample
chamber with Ne as the pressure
transmitting medium; the use of the
pressure medium and a small sample
size helped to reduce potential gradi-
ents in the measurements. In order to
have the transverse acoustic peak of
the diamond anvils at a higher
energy to avoid potential peak over-
lapping with the sample longitudinal
acoustic peak and to achieve a lower
diamond background noise close to
the sample longitudinal acoustic

peaks, the diamond anvils were preoriented with fast velocity direction aligned along the momentum trans-
fer. The collection time for each energy scan was approximately 1.5 h, and about 20 spectra were added
together for each given pressure in order to obtain high-quality HERIX spectra of the samples. The density
of the sample and its uncertainty were calculated from X-ray diffraction patterns taken during the HERIX
measurements and were then used to calculate the pressure of the sample using the EoS calibrated against
the Pt scale in this study using XRD. The pressure uncertainty was determined from XRD patterns collected

Table 1. Compressional Wave Velocity of hcp-Fe86.8Ni8.6Si4.6 From High-
Pressure HERIX Measurementsa

P (GPa)b ρ (g/cm3)c VP (km/s)d Qmax (nm
�1)e

27 (±1) 9.22 (±0.01) 7.29 (±0.08) 14.2 (±0.2)
37 (±1) 9.53 (±0.01) 7.68 (±0.09) 14.3 (±0.2)
49 (±1) 9.86 (±0.01) 8.15 (±0.09) 14.4 (±0.2)
79 (±2) 10.54 (±0.01) 8.82 (±0.13) 14.8 (±0.2)
110 (±2) 11.12 (±0.02) 9.41 (±0.11) 15.2 (±0.2)
136 (±2) 11.55 (±0.02) 9.89 (±0.16) 15.3 (±0.3)

aNeon was used as the pressure-transmitting medium. Pressures were
calculated from the equation of state (EoS) of the alloy itself in this study.

bPressure was calculated from the equation of state (EoS) of the alloy
itself in this study.

cDensity (ρ) was for the 57Fe-enriched alloy, which was calculated from
analyzing unit cell parameters from X-ray diffraction patterns collected
during the HERIX measurements, after considering the sample composi-
tion of 99% 57Fe-enrichment in the alloy. Density for the naturally isotopic
composition (with 2% 57Fe) shall be converted by dividing a factor of
1.018 for the alloy.

dThe compressional wave velocity (VP) was for the 57Fe-enriched
sample. The VP for the naturally isotopic composition (with 2% 57Fe) shall
be converted by multiplying a factor of 1.009 for the alloy.

eQmax was considered as a free parameter when fitting the measured
phonon dispersion curve to a sine function of the momentum and energy
transfers (see supporting information for more details).

Table 2. Sound Velocities of hcp-Fe and Fe86.8Ni8.6Si4.6 From High-Pressure NRIXS Measurements

P (GPa)a Energy Range (meV)c ρ (g/cm3)d VD (km/s)e VS (km/s)f

hcp-Fe86.8Ni8.6Si4.6
30 (±1) 3.5–13.0 9.34 (±0.01) 3.89 (±0.02) 3.45 (±0.02)
44 (±1) 3.5–12.5 9.72 (±0.01) 4.08 (±0.04) 3.62 (±0.04)
57 (±1) 3.5–13.5 10.06 (±0.01) 4.21 (±0.04) 3.73 (±0.04)
83 (±2) 3.5–15.2 10.62 (±0.02) 4.48 (±0.05) 3.97 (±0.04)
106 (±2) 3.5–16.0 11.05 (±0.02) 4.61 (±0.03) 4.08 (±0.03)
133 (±2) 3.5–16.5 11.50 (±0.03) 4.75 (±0.05) 4.20 (±0.05)

hcp-Fe
145 (±3)b 4.0–17.8 12.04 (±0.05) 5.58 (±0.05) 4.97 (±0.07)
182 (±5)b 4.0–17.3 12.58 (±0.07) 5.80 (±0.05) 5.17 (±0.07)
206 (±6)b 4.0–18.5 12.90 (±0.07) 5.94 (±0.05) 5.29 (±0.07)

aPressure for the alloy was calculated from the equation of state (EoS) of the alloy itself in this study; pressure for
hcp-Fe was calculated from the EoS of hcp-Fe reported by Dewaele et al. [2006].

bNaCl was used as the pressure-transmitting medium for NRIXS measurements on hcp-Fe. For the alloy, neon used as
the pressure-transmitting medium.

cThe energy range was used to derive the Debye sound velocity (VD) by the best fit of the PDOS according to χ
2 analysis.

dDensity (ρ) for the 57Fe-enriched samples was calculated from analyzing unit cell parameters from X-ray diffraction
patterns collected during the NRIXS measurements, after considering the sample composition of 95% and 99% 57Fe-
enrichment for hcp-Fe and Fe86.8Ni8.6Si4.6 alloy, respectively. Density for the naturally isotopic composition (with 2%
57Fe) shall be converted by dividing a factor of 1.018 for the alloy and 1.020 for hcp-Fe.

eThe Debye sound velocity (VD) was for the
57Fe-enriched sample. The VD for the naturally isotopic composition (with

2% 57Fe) shall be converted by multiplying a factor of 1.009 for the alloy and 1.010 for hcp-Fe.
fThe shear wave velocity (VS) for the

57Fe-enriched sample was calculated from the NRIXS and HERIX measurements,
independently from the EoS (see supporting information for more details).

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012625

LIU ET AL. SEISMIC PARAMETERS OF FE-NI-SI ALLOY 4



before and after the HERIX measure-
ments and included the propagated
uncertainty from the EoS reported in this
study. Based on the analyses of the dif-
fraction patterns of the alloy up to
136GPa, the sample slightly developed
some textures, but the degree of textur-
ing did not resemble those of hcp-Fe in
nonhydrostatic conditions [Wenk et al.,
2000] (Figure S2 in the supporting infor-
mation). Therefore, the velocity reported
here is treated as the aggregate VP of the
polycrystalline hcp-Fe86.8Ni8.6Si4.6 alloy.

For high-pressure NRIXS measurements,
a threefold panoramic DAC was used to
increase the detection area and thus
enhance the detecting efficiency of the
fluorescence signal [Mao et al., 2001]. A
Be gasket with a cubic boron nitride
(cBN) gasket insert was employed to
permit a thicker sample chamber as well
as higher pressure measurements (see
Lin et al. [2010] for more details). The
cBN insert in the Be gasket was
preindented to 25GPa (approximately
25–30μm thick) using a pair of diamond
anvils with culets of 150μm in diameter.
Consequently, a 90μm diameter hole

was drilled in the center of the preindentation using a mechanical drilling machine in the Mineral Physics
Laboratory of the University of Texas at Austin. The alloy sample of ~15μm thick and ~30μm in diameter
was loaded into the sample chamber together with a ruby sphere of<5μm. Ultrapure neon was then loaded
into the sample chamber as the pressure transmitting medium. For NRIXS measurements on hcp-Fe, an iron
sample disk of<10μm thick and ~15μm in diameter was loaded into the sample chamber alongwith a pair of
beveled diamond anvils having the culet size of 60-180-300μm (or 50–300μm). Two layers of dry NaCl of ~1μm
thick were placed on each side of sample at the center of the diamond culets and used as the pressure medium.
Similar to HERIX experiments, the density of the sample was taken from analyses of the XRD patterns, while the
pressure of the sample was calculated based on the EoS and XRD patterns of the sample. NRIXS experiments were
performed at 3IDB of the APS, ANL. The incident X-ray beamwith a bandwidth of 1.2meV (energy resolution) was
focused by a Kirkpatrick-Baezmirror system to a beam size of ~10μmby 10μmat the sample position [Zhao et al.,
2004]. The NRIXS energy spectrum was obtained by tuning the incident X-ray energy approximately from�90 to
+110meV for the alloy and�110 to +150meV for hcp-Fe around the 57Fe nuclear transition energy at 14.4125keV
with a step size of 0.25meV and a collection time of 5 s per energy step. Fifteen to 40 spectra per pressure were
collected in order to achieve good statistics for the data.

3. Results

XRD patterns of the hcp-Fe86.8Ni8.6Si4.6 alloy were collected at pressures up to 147GPa and 300 K (Figure S1).
The compression curve of the alloy shows a volume reduction of ~4% across the phase transition from the
bcc to hcp phase around 16–20GPa, consistent with that reported for Fe83Ni9Si8 alloy by Asanuma et al.
[2011] (Tables S1 and S2). Comparison of the P-V curves between hcp-Fe and the alloy indicates that the com-
bined effects of Ni and Si on the compression curve of the hcp-Fe under core pressures are negligible
[Asanuma et al., 2011]. Furthermore, the axial ratio (c/a) of the sample is approximately 1.60 at pressures from
approximately 70GPa to 147GPa (Figure S1 insert).

Figure 2. Phonon density of states and the derivation of VD of hcp-Fe
and hcp-Fe86.8Ni8.6Si4.6 alloy from high-pressure NRIXS measurements.
(a) Phonon density of states (PDOS) of hcp-Fe and hcp-Fe86.8Ni8.6Si4.6 alloy
as a function of pressure. (b) Low-energy portions of the PDOS of hcp-Fe
and hcp-Fe86.8Ni8.6Si4.6 alloy as a function of the energy squared. Red and
blue margins represent uncertainties of the PDOS of hcp-Fe and hcp-
Fe86.8Ni8.6Si4.6 alloy, respectively. The solid lines represent the best linear
fits of the PDOS versus the energy squared (open symbols), from which
Debye velocities are derived according to χ2 analysis.
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HERIX spectra of the alloy at momentum transfers (Q)
from 4.0 to 14.9 nm�1 were collected from the hcp-
Fe86.8Ni8.6Si4.6 at six given pressures of 27, 37, 49, 79,
110, and 136GPa (Figure 1 and Table 1). The energy spec-
tra were fitted to a Lorentzian function using the
OriginPro 9.0 software to derive the energy of the
longitudinal acoustic (LA) phonon peak (E) of the alloy
and the transverse acoustic (TA) phonon peak of the dia-
mond anvils (Figure 1). The VP of the hcp-Fe86.8Ni8.6Si4.6
was then derived from fitting the measured LA phonon
dispersion curve to a sine function of the momentum
(Q) and energy transfers (E) (see Fiquet et al. [2001] and
supporting information for further details). Together with
the density of the sample from complementary in situ
XRD measurements, the derived VP-ρ profile of the alloy
up to 136GPa can be fitted to a power law function
and a linear regression function within the statistical
uncertainties of the experimental data (Figure 3a) (see
supporting information for more details). Both the power
law and linear fitting results were reported in the present
study for comparison with literature results.

NRIXS spectra were collected at ambient conditions and
at 6, 17, 30, 44, 57, 83, 106, and 133GPa for the 57Fe-
enriched hcp-Fe86.8Ni8.6Si4.6 and at 145, 182, and
206GPa for hcp-Fe (Tables 2 and S3). The measured
NRIXS spectra were processed using the PHOENIX pro-
gram (Version 2.1.1) via removing the elastic contribu-
tion and applying the quasi harmonic lattice model to
extract the partial phonon density of states (PDOS) of
the 57Fe isotope in the aggregate hcp-Fe86.8Ni8.6Si4.6
alloy and the full PDOS of the aggregate hcp-Fe
[Sturhahn, 2000] (Figure 2a). The low-energy portion of
the PDOS can be used to derive the Debye sound velo-
city (VD) using the Debye model [Sturhahn, 2000]
(Figure 2b). The low-energy range of the PDOS was
determined using the best fit in the χ2 analysis and then
used to derive VD. Together with the density from in
situ XRD measurements, the VD-ρ profile of hcp-
Fe86.8Ni8.6Si4.6 from 30 to 133GPa can be well fitted
using a linear function within statistical uncertainties
(Figure 3b). We note that Gleason et al. [2013] pointed

out the sound velocity of hcp-Fe measured by NRIXS measurements relatively higher under hydrostatic than
nonhydrostatic conditions. In particular,Murphy et al. [2013] and Gleason et al. [2013] reported the VD of hcp-
Fe was 4.79 (±0.04) at 69GPa and 4.97 (±0.02) at 71 GPa, respectively. Both VD values were derived from the
PDOS spectra measured at the same beamline using neon as the pressure-transmitting medium. The differ-
ence in VD is approximately 4% at 69–71GPa between these two studies, likely due to theminimum energy of
1.7meV fitted in Gleason et al. [2013] which marginally fell within the width of the measured resolution func-
tions. We found that the new VD data of hcp-Fe between 145 and 206GPa could be fairly combined with the
literature results by Murphy et al. [2013]. The combined data set is fairly well represented by a linear function
(Figure 3c) (see supporting information for more details).

Since the sound velocities derived from NRIXS and HERIX measurements could represent an aggregate sample in
this study, it is reasonable to combine these two experimental techniques to derive the VS of the polycrystalline

Figure 3. Sound velocities of 57Fe-enriched hcp-Fe and
hcp-Fe86.8Ni8.6Si4.6 alloy as a function of density. (a) VP
of hcp-Fe86.8Ni8.6Si4.6 alloy derived from HERIX mea-
surements. (b) VD and VS of hcp-Fe86.8Ni8.6Si4.6 alloy
derived from NRIXS measurements. (c) VD and VS of
hcp-Fe derived from NRIXS measurements. VS reported
in this study was calculated from the VP and VD. The
density in this figure is calculated by considering 95%
and 99% 57Fe-enrichment in the Fe and Fe86.8Ni8.6Si4.6
alloy, respectively. Black and blue solid symbols: hcp-
Fe86.8Ni8.6Si4.6 and hcp-Fe, respectively (this study);
half-filled symbols: hcp-Fe [Murphy et al., 2013]; open
symbols: hcp-Fe [Gleason et al., 2013]; solid lines: linear
fits; dashed line: power law fit; and vertical ticks:
representative errors (±1σ) calculated using standard
error propagations. Error bars smaller than the symbols
are not shown for clarity.
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iron and iron-alloy at high pressure; however, read-
ers should be aware of that the energies and
polarization of the phonons probed by NRIXS
measurements are not the same as HERIX mea-
surements. We have also calculated VS and
Poisson’s ratio (ν) of the sample from VP in HERIX
measurements and VD in NRIXS measurements
using equations (S5) and (S6) in the supporting
information. The derived VS-ρ profiles of hcp-Fe
and the alloy were then fitted by a linear function
(see supporting information for fitting parameters).

The difference in the sound velocity-density rela-
tion between the 57Fe-enriched sample and Fe
with a natural isotopic ratio should not be
neglected. When comparing experimental
results with seismological observations (e.g.,
PREM) for geophysical implications, the relation
should be corrected for Fe or Fe alloys with a
natural Fe isotopic ratio. The polycrystalline sam-
ples used for our high-pressure experiments are
all enriched in the heavier isotope of 57Fe and
have a relatively higher density and a lower
velocity than the corresponding samples with a
natural 57Fe-content of approximately 2%. With
the assumption that the elastic modulus and
the unit cell volume are independent of the
isotopic mass, the sound velocity of the 57Fe-

enriched samples VEnrich
P;S;D

� �
was converted for

that of the corresponding natural 57Fe-content

samples VNatl
P;S;D

� �
using the following relation

[Sturhahn and Jackson, 2007; Gao et al., 2011]:

VNatl
P;S;D ¼ VEnrich

P;S;D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MEnrich=MNatl

q
;

whereMEnrich andMNatl represent the atomicmass
of the 57Fe-enriched and natural samples, respec-
tively, and the subscripted P, S, and D represent
compressional, shear, and Debye sound velocity,

respectively. For the 95% 57Fe-enriched hcp-Fe sample, MEnrich = 56.95g/mol and MNatl = 55.85g/mol are used
in the conversion, resulting in approximately �2.0% correction for density and +1.0% correction for velocity of
the natural composition. For the 99% 57Fe-enriched Fe86.8Ni8.6Si4.6 alloy, the alloy has MEnrich = 55.77g/mol
and MNatl = 54.81g/mol, resulting in approximately �1.8% and +0.9% corrections for the density and sound
velocity of the natural composition, respectively. The fitting parameters for the velocity-density profiles of the
57Fe-enriched and naturally isotopic samples are provided in the supporting information.

4. Discussion and Implications
4.1. Combined Alloying Effects of Ni and Si on the VP-ρ and VS-ρ Profiles of hcp-Fe

Comparison of seismic observations of the Earth’s core and the pressure-velocity-density relations of
candidate Fe-rich alloys provides one of the most accepted geophysical means to constrain the type and
the amount of potential light elements needed to compensate the sound velocity and density deficit in
the core [Badro et al., 2007]. It is worthwhile to note thatmany experimental techniques have been used to explore

Figure 4. Sound velocity and density relations of hcp-Fe and
Fe-Ni-Si alloys at high pressure. (a) Compressive wave velocity
(VP) derived from HERIX measurements. (b) Shear wave velocity
(VS) derived from NRIXS measurements. The reported sound
velocity and density were converted from the corresponding
57Fe-enriched sample for Fe atoms with a natural 57Fe isotope
concentration of 2% (see Tables 1 and 2 for more details). Black
solid lines: linear fits for hcp-Fe86.8Ni8.6Si4.6 alloy (this study);
red dashed line: a power law fit for hcp-Fe86.8Ni8.6Si4.6 alloy
(this study); black dash-dotted line: VS of hcp-Fe (this study)
[Murphy et al., 2013]; blue, olive, and orange dash-dotted lines:
VP of hcp-Fe from HERIX measurements [Antonangeli et al., 2012;
Mao et al., 2012; Ohtani et al., 2013]; black dash-dot-dotted
line: VP of hcp-Fe89Ni4Si7 [Antonangeli et al., 2010]; gray dash-
dot-dotted line: VP of hcp-Fe85Si15 [Mao et al., 2012]; blue and
olive dash-dot-dotted lines: VS of hcp-Fe85Si15 and hcp-Fe92Ni8
alloys, respectively [Lin et al., 2003]; and vertical ticks: represen-
tative errors (±1σ) calculated using standard error propagations.
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the sound velocities of iron and its alloys at high pres-
sure and/or high temperature, including the pulse-echo
ultrasonics, picosecond acoustics, impulsive stimulated
light scattering, shock compression, and inelastic X-ray
scattering [e.g., Mao et al., 1998; Fiquet et al., 2001; Mao
et al., 2001; Nguyen and Holmes, 2004; Decremps et al.,
2014]. To date, results from most previous studies are
not all in agreement on the absolute velocity value
and pressure-density-velocity relation of hcp-Fe, likely
due to their differences in the technical aspects (see
Antonangeli and Ohtani [2015] for a recent review).
Therefore, amore consistent comparison could bemade
using results derived from the same techniques. To
understand the combined alloying effects of Ni and Si
on the sound velocity of hcp-Fe, here we have systema-
tically examined the high-pressure HERIX or NRIXS mea-
surements for the velocities of hcp-Fe, Fe-Si, Fe-Ni, and
Fe-Ni-Si alloys (Figure 4) [Lin et al., 2003;Antonangeli et al.,
2010; Antonangeli et al., 2012; Mao et al., 2012; Murphy
et al., 2013; Ohtani et al., 2013].

Compared to pure Fe, hcp-Fe86.8Ni8.6Si4.6 alloy exhibits
a higher VP-ρ profile but with a similar curvature
(Figure 4a). The hcp-Fe89Ni4Si7 alloy in a previous study
displays a slightly higher VP-ρ profile than the alloy in
this study, due to the addition of more silicon and less
nickel [Antonangeli et al., 2010]. Based on HERIX results,
the VP of hcp-Fe at a constant density of 10g/cm3

increases by 0.081 (±0.009) km/s by adding 1mol% Si,
but the addition of 1mol% Ni decreases the value by
approximately 0.005 km/s. That is, nickel has a negligi-
ble effect on the VP of Fe-Ni-Si alloys, consistent with
previous studies on the hcp-Fe92Ni8 alloy [Lin et al.,
2003]. On the other hand, the combined alloying effect
of Ni-Si on the VS is different from that on the VP of hcp-
Fe. Compared to hcp-Fe, the hcp-Fe86.8Ni8.6Si4.6 alloy
exhibits a lower VS-ρ profile (Figure 4b). The VS-ρ pro-
files of the Fe-rich Fe-Ni and Fe-Ni-Si alloys are lower
than that of hcp-Fe, while the Fe-Si alloy displays a
higher VS-ρ profile than hcp-Fe. According to high-
pressure NRIXS results, the VS of hcp-Fe at a constant
density of 10g/cm3 is modified by +0.012 (±0.002)
km/s and �0.039 (±0.005) km/s with the addition of
1mol% Si and Ni, respectively. In contrast to the com-
bined effect on VP, Ni has a greater effect on VS than
Si in the hcp Fe-rich Fe-Ni-Si alloy. It should be noted

that theoretical calculations found that the addition of Ni strongly reduces the VS of hcp-Fe via the significant
reduction in c44 at relatively low temperature [Martorell et al., 2013]. The VS reduction in the Fe-rich Fe-Ni-Si alloy
caused by the Ni addition may help explain the large discrepancy in the VS between hcp-Fe and the inner core
[e.g., Steinle-Neumann et al., 2001; Lin et al., 2005; Sha and Cohen, 2010; Gao et al., 2011].

4.2. Light Element Alloying Effects on the Poisson’s Ratio of hcp-Fe

The Poisson’s ratio (ν) of the Earth’s inner core from seismic observations can also be used as a geophysical
constraint on the composition of the region [Prescher et al., 2015]. According to seismological observations

Figure 5. Poisson’s ratio of hcp-Fe and Fe-rich alloys as a
function of density. Temperatures are labeled next to the
symbols to specify temperature conditions, while the ones
without temperatures labeled are under ambient tem-
perature. Solid line and diamonds: hcp-Fe86.8Ni8.6Si4.6 at
300 K (this study); black dashed line: hcp-Fe at 300 K [this
study; Murphy et al., 2013]; gray dashed and dash-dotted
lines: hcp-Fe85Si15 and hcp-Fe92Ni8 alloys at 300 K,
respectively [Lin et al., 2003]; black dash-dotted line: Fe-H
alloy at 300 K [Mao et al., 2004; Shibazaki et al., 2012]; black
dash-dot-dotted line: Fe3S at 300 K [Lin et al., 2004;
Kamada et al., 2014]; black and red pentagons: the low-
spin orthorhombic Fe7C3 at 300 K and 1800 K, respectively
[Prescher et al., 2015]; black and red circles: orthorhombic
Fe3C at 300 K and 1450 K, respectively [Gao et al., 2011];
black and red squares: hcp-Fe at 300 K and 700–1700 K,
respectively [Lin et al., 2005]; magenta short-dashed line:
hcp-Fe along the Hugoniot from shock wave experiments
[Duffy and Ahrens, 1992]; black and red triangles: theore-
tical calculations, hcp-Fe at 0 K and 6000 K, respectively
[Sha and Cohen, 2010]; blue dashed line: Fe3O4-magnetite
at 300 K and 0–20 GPa [Lin et al., 2014]; and blue dash-
dotted line: Fe0.94O-wüstite at 300 K and 0–16 GPa [Kantor
et al., 2004]. Note that the theoretical values of the
Poisson’s ratio were calculated from single-crystal elastic
constants of hcp-Fe reported by Sha and Cohen [2010]
using the Voigt-Reuss-Hill average method by Hill [1952].
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(e.g., PREM), the Poisson’s ratio of the inner core ranges from approximate 0.444 to 0.441, while the Poisson’s
ratio of hcp-Fe at 300 K is about 0.33–0.34 at given densities relevant to the inner core in the present study
[Mao et al., 2001; Murphy et al., 2013]. Such large divergence for ν between the inner core and hcp-Fe at
300 K implies two possibilities: (a) the existence of candidate light element(s) would greatly enhance the
Poisson’s ratio being closer to the inner core value and (b) high-temperature effect on the ν of hcp-Fe and
Fe-rich alloys can be significant and cannot be neglected. Since the Poisson’s ratio represents an expression
of the VP/VS ratio, it is conceivable that the VP and VS of a given Fe-rich alloy can respond to the alloying
and/or high-temperature effects differently. Here we have examined the Poisson’s ratio of hcp-Fe and Fe
alloys in order to evaluate potential alloying effects (Figure 5) [Duffy and Ahrens, 1992; Lin et al., 2003;
Kantor et al., 2004; Lin et al., 2004; Mao et al., 2004; Lin et al., 2005; Sha and Cohen, 2010; Gao et al., 2011;
Shibazaki et al., 2012; Murphy et al., 2013; Kamada et al., 2014; Lin et al., 2014; Prescher et al., 2015]. Analysis
of these results of the alloying effects on the ν of hcp-Fe shows that at a given density, H has negligible alloy-
ing effects, S and Si individually enhance the ν of hcp-Fe, and C and O cause the Poisson’s ratio to increase
drastically (Figure 5a). Among all candidate light element compounds investigated at high pressures and
room temperature, Fe7C3 compound has a very high ν value at core pressures, which has been used as an
argument for carbon being a major light element component in the Earth’s core [Prescher et al., 2015].
Fe7C3 exhibits the anomalously low VS at core pressures, which in turn raises up the values of VP/VS and ν.
This anomalously low VS is proposed to be caused by the shear softening associated with a pressure-induced
spin-pairing transition of iron in Fe7C3 [Chen et al., 2014]. We note that iron oxides (Fe3O4 magnetite and
Fe0.94O wüstite) exhibit extremely high Poisson’s ratios at pressures of less than 20GPa largely due to the
pressure-induced mode softening of the C44 elastic constant [Kantor et al., 2004; Lin et al., 2014]. Based on
our study, the ν of hcp-Fe86.8Ni8.6Si4.6 alloy is comparable to the Fe7C3 under core pressures at 300 K as a
result of the enhanced VP due to Si addition and the reduced VS via Ni alloying (Figure 5a).

4.3. High-Temperature Effects on the VP, VS, and υ of hcp-Fe and Fe Alloys

Temperature-dependent sound velocity of hcp-Fe and its alloys have been studied theoretically and experi-
mentally [e.g., Steinle-Neumann et al., 2001; Lin et al., 2005; Vočadlo et al., 2009; Sha and Cohen, 2010; Gao et al.,
2011; Antonangeli et al., 2012;Mao et al., 2012; Ohtani et al., 2013]. Early first-principle calculations on the elas-
ticity of hcp-Fe at high temperatures indicated that the VP of hcp-Fe decreases by 3% from 0K to 6000 K at a
given inner core density of 13.04 g/cm3 [Steinle-Neumann et al., 2001], but more recent first-principle calcula-
tions by Sha and Cohen [2010] suggested that the VP of hcp-Fe decreases by 9–10% from 0K to 6000 K at
10.43 and 12.52 g/cm3. Mao et al. [2012] modeled the combined data sets of hcp-Fe from shockwave and
high P-T HERIX measurements and found a decrease of approximately 2% in the VP of hcp-Fe from 300 K
to 6000 K at given inner core densities. These results suggested that the temperature dependency on VP of
hcp-Fe is significant at moderate pressures but becomes weaker under inner core pressures. On the other
hand, Ohtani et al. [2013] observed a small temperature dependence on VP of hcp-Fe up to 1000 K from high
P-T HERIX measurements, while Antonangeli et al. [2012] proposed that the high-temperature anharmonic
corrections on VP of hcp-Fe are negligible at least up to 1100 K.

High-temperature effect on VS has been theoretically and experimentally observed to be much stronger than
the effect on VP [e.g., Steinle-Neumann et al., 2001; Lin et al., 2005; Sha and Cohen, 2010; Gao et al., 2011]. First-
principle calculations suggested the VS of hcp-Fe decreases by approximately 53%, 36%, 37%, and 27% from
0 to 6000 K at 10.43, 12.52, 13.04, and 15.65 g/cm3, respectively [Steinle-Neumann et al., 2001; Sha and Cohen,
2010]. Similarly, Lin et al. [2005] and Gao et al. [2011] reported that the VS of hcp-Fe and Fe3C showed a strong
temperature dependence up to 1700 K and 1450 K at moderate high pressures, respectively, from the laser-
heated NRIXS measurements. Therefore, the high-temperature effects on sound velocity should be considered
when comparing the sound velocity-density profiles of iron-rich alloys with seismic observations to determine
the species and quantity of light element(s) in iron.

Here we have systematically analyzed Poisson’s ratios of hcp-Fe and its alloys based on literature theoretical and
experimental results in order to simultaneously evaluate high P-T effects on VP as well as VS because the Poisson’s
ratio reflects the VP/VS ratio. This ratio has been reported to increase with increasing temperature for hcp-Fe and
Fe-rich alloys, although such a temperature effect has been neglected in studies supporting or arguing
against light element(s) in the inner core [e.g., Duffy and Ahrens, 1992; Lin et al., 2005; Sha and Cohen, 2010;
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Gao et al., 2011; Chen et al., 2014; Prescher et al.,
2015]. Recent theoretical calculations on hcp-
Fe have shown that the VS of hcp-Fe signifi-
cantly decreases with increasing temperature
at core pressures such that the Poisson’s ratio
approximately increases 65% and 37% from
0K to 6000K at 10.43 and 12.52g/cm3, respec-
tively (Figure 5b) [Sha and Cohen, 2010]. On the
other hand, analysis of the shock wave mea-
surements showed that the Poisson’s ratio of
hcp-Fe can reach to approximately 0.40 at rele-
vant conditions of the core [Duffy and Ahrens,
1992], indicating that other factors such as the
addition of light element(s) and/or the pre-
sence of partially melted materials are still
needed to account for the very high Poisson’s
ratio of the inner core [e.g., Duffy and Ahrens,
1992; Singh et al., 2000]. The strong high-
temperature effect on Poisson’s ratio has also
been observed for iron carbides (Fe3C and
Fe7C3) from high P-T NRIXS experiments
(Figure 5a) [Gao et al., 2011; Prescher et al.,
2015]. The increased Poisson’s ratio at high
temperatures mostly results from the consider-
able reduction in VS of hcp-Fe and Fe-rich
alloys, while VP is not as strongly reduced at
high temperatures [e.g., Lin et al., 2005; Sha
and Cohen, 2010]. Therefore, high-temperature
effect should be considered for the Poisson’s
ratio and VS of hcp-Fe and Fe-rich alloys at
inner core conditions.

4.4. Seismic Heterogeneity Ratios of
hcp-Fe and Fe-Ni-Si Alloys

We have evaluated representative seismic
heterogeneity ratios of hcp-Fe and Fe-Ni-Si
alloys at high pressures and room tempera-
ture, including the ratio of relative density to
compressional velocity heterogeneity (Rρ/
P= dlnρ/dlnVP), the ratio of relative density to
shear velocity heterogeneity (Rρ/S= dlnρ/
dlnVS), and the ratio of relative compressional

to shear velocity heterogeneity (RP/S= dlnVP/dlnVS) (Figure 6). To the best of our knowledge, this is the first
mineral physics attempt to evaluate these seismic heterogeneity ratios of hcp-Fe and Fe-Ni-Si alloy at pres-
sures relevant to the Earth’s core. Analysis of these ratios shows that the addition of either Si or Ni has a rela-
tively minor effect on these ratios at high pressures and 300 K. Comparison of the seismic heterogeneity
ratios of hcp-Fe86.8Ni8.6Si4.6 to pure hcp-Fe at 300 K shows that the combined effects of 9.0wt% Ni and
2.3wt% Si increases dlnρ/dlnVP from approximately 0.8 (±0.1) to 1.0 (±0.1), decreases dlnρ/dlnVS from
approximately 1.0 (±0.2) to 0.8 (±0.2), and drops dlnVP/dlnVS from approximately 1.2 (±0.2) to 0.7 (±0.2),
making them better match PREM values at approximately 1.2, 0.55, and 0.45, respectively. We should note,
however, that our estimated seismic heterogeneity ratios carry significantly large uncertainties that are about
15% for dlnρ/dlnVP, 20% dlnρ/dlnVS, and 20% dlnVP/dlnVS (Figure 6); these large uncertainties are due to the
difficulties in measuring the velocity-density relations of Fe and Fe-rich alloys precisely at the inner core

Figure 6. Modeled seismic heterogeneity ratios of hcp-Fe and Fe-
Ni-Si alloys as a function of density at 300 K. The density range
corresponds to that in the Earth’s inner core. (a) The ratio Rρ/P of
density to compressional velocity anomaly (dlnρ/dlnVP). (b) The
ratio Rρ/S of density to shear velocity anomaly (dlnρ/dlnVS). (c) The
ratio RP/S of compressional to shear velocity anomaly (dlnVP/dlnVS).
Black solid and red dashed lines: linear and power law fits of hcp-
Fe86.8Ni8.6Si4.6 alloy, respectively (this study); black dash-dotted
lines: hcp-Fe (this study) [Murphy et al., 2013]; and blue and gray
dash-dot-dotted lines: hcp-Fe0.85Si0.15 and hcp-Fe92Ni8 alloys,
respectively [Lin et al., 2003]. The PREMmodel (crosses) for the inner
core is also plotted for comparison [Dziewonski and Anderson, 1981].
Vertical ticks are representative errors (±1σ) calculated using
standard error propagations.
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conditions. The extrapolated VP-ρ profiles of hcp-
Fe at 300 K, 700 K, and 6000 K display a similar
trend under inner core pressures, implying that
the high-temperature effects on the Rρ/P, Rρ/S,
and RP/S ratios of hcp-Fe and Fe-Ni-Si alloys might
be weak probably due to a smaller thermal
expansion of Fe-rich alloys in the Earth’s core
[Mao et al., 2012]. Although these ratios have
been extensively discussed to interpret the seis-
mic heterogeneities in the Earth’s mantle [e.g.,
Simmons et al., 2009; Wu and Wentzcovitch,
2014], the use of these ratios in deciphering the
presence of seismic heterogeneities in the
Earth’s inner core remains challenging due to
the extreme remoteness of the inner core with
low probabilities in seismic traversals [Wang
et al., 2015]. Our results here thus provide con-
straints for future high-resolution seismic studies
of the inner core that may one day be able to
use these ratios to reveal detailed compositional,
structural, and/or dynamic heterogeneities of the
region [Deuss, 2014].

4.5. Fe-Ni-Si Alloy in the Earth’s Inner Core

In order to reliably constrain the composition and
seismic structures of the Earth’s inner core, physical
properties of Fe-Ni alloyed with light element(s) at
relevant high P-T conditions should match all seis-
mic observations of the region including VP, VS, ρ, υ,
and aforementioned seismic heterogeneity ratios,
instead of satisfying one constraint while neglect-
ing others. To decipher whether or not hcp-Fe
alloyed with Ni and Si can satisfy these multiple
geophysical constraints, the VP-ρ, VS-ρ, and
Poisson’s ratio profiles of hcp-Fe and Fe-Ni-Si alloys
have been extrapolated to the pressures of the
inner core (Figures 7 and 8). The VP-ρ of the natu-
rally isotopic hcp-Fe86.8Ni8.6Si4.6 composition was
extrapolated to the inner core density by a linear
function and a power law relation, respectively
(Figure 7). The VP of the alloy from the linear fit at
300 K is approximately 4% higher than that of the
inner core at a given density (e.g., PREM), while
the VP of the alloy from the power law fit at 300 K
matches well with the values of PREM (Figure 7).
The VS of hcp-Fe and Fe86.8Ni8.6Si4.6 alloy extrapo-
lated at 300K displays much greater values than
that of PREM, by approximately 50% and 35%,
respectively. Among all the Fe-rich alloys, the
hcp-Fe86.8Ni8.6Si4.6 shows a high Poisson’s ratio of
about 0.4 at 300 K, which is lower than the ratio
of Fe7C3 (Figure 8). It is worthwhile to point out that
the VP of Fe7C3 is ~13 km/s in the inner core as

Figure 7. Sound velocity-density relations of hcp-Fe and
Fe86.8Ni8.6Si4.6 alloy as a function of density. The density-
velocity profile from the PREM model (crosses) is also plotted
for comparison [Dziewonski and Anderson, 1981]. Solid and
dashed lines: linear and power law fits for hcp-Fe86.8Ni8.6Si4.6
at 300 K, respectively (this study); dash-dotted line: the VS of
hcp-Fe at 300 K (this study) [Murphy et al., 2013]; squares: hcp-
Fe at 0 K and 6000 K [Steinle-Neumann et al., 2001]; and vertical
ticks: representative errors (±1σ) calculated using standard
error propagations. For comparison with PREM, the density for
57Fe-enriched samples have been converted using the corre-
sponding natural isotopic compositions with 2% 57Fe [Hu et al.,
2003; Sturhahn and Jackson, 2007].

Figure 8. Poisson’s ratio of hcp-Fe and Fe-rich alloys as a func-
tion of density. The density range corresponds to that in the
inner core. The Poisson’s ratio of the inner core from the PREM
model (crosses) is also plotted for comparison (Dziewonski and
Anderson, 1981). Black and red line: the ν of hcp-Fe86.8Ni8.6Si4.6
alloy calculated from the linear and power law fits of VP–ρ at
300 K, respectively (this study); blue dashed line: hcp-Fe at 300 K
(this study); blue dash-dotted lines: hcp-Fe at 0 K and 6000 K
estimated from theoretical calculations [Sha and Cohen, 2010];
squares: theoretical calculations for hcp-Fe at 0 K and 6000 K
[Steinle-Neumann et al., 2001]; gray dash-dotted line:
orthorhombic Fe7C3 at 300 K [Prescher et al., 2015]; olive and gray
dash-dot-dotted line: hcp-Fe85Si15 and hcp-Fe92Ni8 alloy at
300 K, respectively [Lin et al., 2003]; blue dash-dot-dotted line: Fe-
H alloy at 300 K [Mao et al., 2004; Shibazaki et al., 2012]; and gray
dashed line: Fe3S at 300 K [Lin et al., 2004; Kamada et al., 2014].
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extrapolated from Prescher et al. [2015] and thus ~15% higher than PREM and that the high temperatures seem
to raise up the Poisson’s ratio of Fe7C3 much greater than that of the inner core, which most likely excludes
Fe7C3 as the major component of the inner core. On the other hand, since the high temperature (e.g.,
6000K) is expected to greatly reduce the VS of the Fe-rich Fe-Ni-Si alloy but slightly decrease the VP, it is
conceivable that the Poisson’s ratio of the hcp-Fe86.8Ni8.6Si4.6 alloy at relevant high P-T conditions of the inner
core will be enhanced to a value that better matches seismic observations (e.g., PREM). We note that our experi-
mental results on the hcp-Fe86.8Ni8.6Si4.6 alloy at 300K were not extrapolated to high temperatures relevant to
inner core conditions because of the large uncertainty of the high-temperature effects on seismic parameters of
the alloys among previous experimental and theoretical results. Future high-quality data sets of the Fe alloys at
high P-T conditions are critically needed to eventually provide reliable experimental constraints in order to solve
these longstanding issues regarding the geophysics and geochemistry of the Earth’s core.

The use of the multiple geophysical constraints reported here provides a convincing argument for the Fe-Ni-Si
alloy in the hcp structure as a candidate major component of the Earth’s inner core and shows that the addition
of Ni and Si can significantly reduce the VS of hcp-Fe, together with the high-temperature effect on VS, thus
accounting for the anomalously high υ in the Earth’s inner core. It remains to be further understood as to
how the existence of hcp-Fe alloyed with Ni and Si in the Earth’s inner core can result in the presence of seismic
heterogeneities in this region, which in turn may help us understand the thermal and compositional evolution
of the inner core. Moreover, the accurate determination of silicon abundance in the core needs more critical
constraints on the temperature dependence of seismic parameters of hcp-Fe and Fe-Ni-Si alloys at high pres-
sures from future studies, together with geochemical constraints on the distribution of siderophile elements
during the metal-silicate differentiation in the primitive Earth [Badro et al., 2015].
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