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Abstract: In recent decades, global seismic observations have identified increasingly complex anisotropy of the Earth’s inner core.
Numerous seismic studies have confirmed hemispherical variations in the inner core’s anisotropy. Here, based on ab initio molecular
dynamics calculations, we report how the anisotropy of hexagonal close-packed (hcp)-iron, under inner core conditions, could be altered
when alloyed with light elements. We find that light elements in binary allows with iron — hcp-Fe-X (X =C, O, Si, and S) — could have
significant effects on density, sound velocities, and anisotropy, compared with the behavior of pure hcp-iron; the anisotropy of these
binary alloys depends on combined effects of temperature and the particular alloying light element. Furthermore, the change in
anisotropy strength with increasing temperature can be charted for each alloy. Alloying pure iron with some light elements such as C or
O actually does not increase but decreases core anisotropy at high temperatures. But the light element S can significantly enhance the

elastic anisotropy strength of hcp-Fe.
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1. Introduction

Seismic observations have increasingly confirmed that longitudinal
waves across the Earth’s solid inner core travel faster along the
polar axis than in the equatorial plane (Morelli et al., 1986; Wood-
house et al., 1986). The earliest explanation offered to explain this
anisotropy, thirty years ago, was that crystalline iron, the main
component of the Earth’s inner core, is intrinsically anisotropic
(Jeanloz and Wenk, 1988; Wenk et al., 2000; Buffett and Wenk,
2001). Nevertheless, recent research has suggested that the
anisotropy of Earth’s inner core may be more complex and inter-
esting than we have realized (e.g. Niu FL and Wen LX, 2002; Lythgoe
et al, 2014; Wang T et al, 2015; Romanowicz et al., 2016). This
anisotropy is not uniform in the whole inner core, and it becomes
stronger with the increase of depth. Furthermore, significant
hemispherical differences have also been observed: the eastern
hemisphere has a relatively weak anisotropy, of about 0.5-1.5%,
whereas the western hemisphere has a strong anisotropy —
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about 3.5-8.8% with the increase of depth (Lythgoe et al,, 2014).
These observations suggest that the inner core may be heteroge-
neous in composition, which would bring a clear challenge to the
related mineralogy: What form of iron would produce the
observed 3.5-8.8% seismic anisotropy in the western hemisphere
of the inner core, given known conditions in the core? (Lincot et
al,, 2015; Romanowicz et al., 2016; Romanowicz and Wenk, 2017).

There has been general agreement that the most possible phase
of core iron is the hcp-structure, which has a strong anisotropy.
Recently, experimental work (e.g., Tateno et al, 2010, 2012)
strengthened confidence that the hcp-crystalline structure is
indeed most likely to be the structure of pure iron and relevant
alloys at inner core conditions. However, different studies have
yielded greatly different degrees of anisotropy for hexagonal
close-packed iron. The corresponding longitudinal wave
anisotropies do not exceed 8% (e.g. for Mattesini et al., 2010, 5.7%
at 364 GPa), which lies below the maximum observed seismic
anisotropy of 8.8% in the western hemisphere of the inner core
reported by Lythgoe et al. (2014). Besides, it must be observed
that an anisotropy of only 8.8% is not adequate, because a huge
single crystal of iron could not possibly exist in the inner core.
Clearly, compositions and behaviors of greater complexity should
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be considered, such as possible new phases beyond the hcp-
phase and possible alloying of the iron with light elements in the
inner core. Hence, to throw greater light upon the phenomenon
of seismic anisotropy and upon inner core structures more gener-
ally, detailed knowledge of the elasticity of iron and iron alloys
under complicated conditions would seem to be a promising
approach.

Although many phases, such as face-centered cubic (fcc) or body-
centered cubic (bcc) (Belonoshko et al., 2003, 2017), seem possible
at inner core conditions, a large number of experiments have
concluded that the hcp-phase remains the most likely structure (e.
g., Tateno et al., 2010, 2012; Merkel et al., 2013). Hence, in the
present study, we focus on the effects of light elements on the
hcp-phase rather than other phases; other phases will be consid-
ered in the future. From a standpoint of materials science, light
elements can significantly affect the key properties of hcp-iron,
such as density and anisotropy. The Earth’s inner core is thought
to contain ~10 wt.% light elements, the most probable of which
include C, Si, O, S, and H (e.g., Vocadlo, 2007; Belonoshko et al.,
2007; Martorell et al., 2013b, 2016; Li YG et al., 2016, 2018; Hirose
et al, 2017). The effect of these light elements on the core’s
anisotropy can be explored by assuming that core iron is alloyed
with these different light elements. Many studies have been
performed to explore such alloy structures and their properties (e.
g. Lin JF et al., 2003; Fischer et al., 2014; Li YG et al., 2018). Fischer
et al. (2013, 2014) determined the phase relations and equations
of state of part Fe-Si alloys at high pressures and temperatures,
and found that iron and silicon atoms have similar volumes at
high pressures. By combining a solid solution model with direct
simulations on the ternary hcp-Fe alloys, Li YG et al. (2018)
reported a number of compositions that appear able to match the
observed properties of the inner core. However, despite that
result, a detailed investigation of the anisotropy of hcp-iron
alloyed with light elements has been needed, to determine
whether hcp-iron and iron alloys can adequately explain all
observed details of the seismic anisotropy.

In this study, to investigate in detail the impact of light elements
on the anisotropy of core iron, we focus on the thermoelasticity of
hcp-iron alloyed with C, Si, O, and S under inner core conditions.
Although Ni is also a possible core element, it can be safely
ignored due to the negligible effect of Ni content on the
anisotropy of iron at inner core pressures and temperatures
(Martorell et al., 2013a).

2. Methods

2.1 Ab Initio Calculations

The calculations in this work were performed using density func-
tional theory (DFT) as implemented in the Vienna ab initio Simula-
tion Package (VASP) (Kresse and Furthmiiller, 1996). The projector
augmented wave (PAW) approach was used for describing the
electron-ion interaction, with energy cutoffs of 500 eV (Blochl,
1994; Kresse and Joubert, 1999). We employed a hard version of
the PAW potential that is specially designed for high pressure
applications. The effects of exchange-correlation interaction were
treated within the generalized gradient approximation (GGA) in

the scheme of the Perdew—Burke—Ernzerhof (PBE) formula
(Perdew et al., 1996). The self-consistent convergence of the total
energy was 1.0 X 10 eV/atom, and the maximum ionic Hellmann-
Feynman force was set to 0.01 eV/A. For all necessary conver-
gence tests, total energy change was held below 1.0x104 eV/
atom by increasing cut-off energy and k meshes in the Brillouin-
zone.

The ab initio molecular dynamics (AIMD) calculations were
performed within the NVT ensemble with Nosé-Hoover thermostat
(Nosé, 1984) at different volumes and three temperatures, 2000 K,
4000 K, and 6000 K. The time step for the ion motion was set to
1 fs. Electron temperature refers to the kinetic energy generated
by the movement of electrons and the temperature changes at
the same time. Here, the Fermi-Dirac function (Mermin, 1965) was
used to describe the electron contribution to free energy at finite
temperature. The supercells with both 64 and 128 atoms were
tested; mainly, we used the supercell of 64 atoms due to the fact
that the calculations with 128 atoms supercell were too expensive.
In these AIMD calculations, Gamma k-point, 4 irreducible k-points,
and 8 irreducible k-points were tested; most of our results were
based on 4 irreducible k-points, arrrived at by balancing reliability
of the obtained results against computational cost. We ran the
AIMD simulations of several structures for up to 10 ps and found
that results at higher ps agree with the simulation run between 6
and 8 ps. Thus, all AIMD simulations were run at 8 ps to give
reasonably accurate results using the least expensive levels of
theory. A time step of 1 fs was used for the integration; the AIMD
data were recorded every 2 fs. To reach reasonable convergence,
a minimum of eight electronic steps was also forced to run for
each ionic step. The time-averaged lattice parameters were deter-
mined from the recorded data, based on the last 2 ps of the simu-
lation. The final temperatures and stresses were averaged exclud-
ing the first 2 ps. The statistical errors were evaluated by the
blocking method for correlated data (Flyvbjerg and Petersen,
1989). The standard deviation is defined as:

ozl,% (1+ 1 ) (1)
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ation of the final statistics in temperature shows that the statistical
errors are less than 0.5% in all cases.

2.2 Elastic Properties Calculations

The isotropic elastic constants were obtained via the strain-stress
relationship (Page and Saxe, 2002). The elastic tensor is obtained
by performing six finite distortions of the lattice and deriving the
elastic constants from the strain-stress relationship o; = ¢;gq- The
six distortion are £(6) = (6,0, 0,0, 0, 0), (0, 6,0, 0,0, 0), (0,0, 6, 0, 0,
0),(0,0,0,6,0,0),(0,0,0,0,6,0),and (0, 0,0, 0, 0, §), where & is the
magnitude of the strain (+0.6%, +0.4%, and +0.2%). We choose
these strains because the crystal is likely to be beyond linear elas-
ticity when the strain is in excess of 1%j; strains of 0.1% and below
will generate a set of structures that are very similar to one
another. Then, for a given strain pattern and strain amplitude, the
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stresses on the simulation box were obtained from NVT simulations
run over ~8 ps. Each of them represents a geometry optimization
run at a fixed cell. Elastic moduli, including the corresponding
uncertainty, are obtained from the results of linear fitting for each
strain pattern. To obtain the elastic constants at certain pressures,
linear fitting is used here to fit the elastic constants and pressures
computed from our simulations. To demonstrate the validity of
elastic constants, we calculate the Degree-of-Freedom adjusted
coefficient of determination (Adj. R-Square) and analyze the linear
fitting variance. Therefore, the final error estimates of the elastic
constants reflect three uncertainties: statistical errors of the
stresses, of the linear fitting of stresses and strains, and of the
linear fitting of the elastic constants and pressure.

An important problem is the break of symmetry with the addition
of light elements. The hexagonal lattice symmetry will be
breached and will follow triclinic symmetry. The triclinic tensor
can be projected to the hexagonal tensor using the following rela-
tionship: Chexagonal = P * Guiclinicc Where P is the projector matrix
defined by Moakher and Norris (2006). Our calculations of elastic
constants follow the triclinic symmetry at finite temperature, but
the simulation box remains hexagonal in structure, which ensures
the reliability of the projection. On the other hand, Li YG et al.
(2018) compared elastic constants obtained from the projector
matrix and directly calculated following the hexagonal symmetry,
and found the difference to be insignificant, with the exception of
Cy4, for which the difference in aggregated properties was small.
These results confirm the reliability of the projection approach.

There are two approximation methods to calculate the polycrys-
talline modulus, namely Voigt method (Voigt, 1928) and Reuss
method (Reuss and Angew, 1929). For the hexagonal structure,
the bulk and shear moduli using Voigt method (By, Gy) and Reuss

method (Bg, Gg) are given by
|

C11/>2< + C66I;2/ + C44/§
2
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The phase velocities in different mediums can be deduced from
the relationship v,= w/k. In the case of cylindrical symmetry and P-
wave propagation, the Christoffel equation can be reduced to:

PV;za(‘f) = Cyq + (4G4 + 2G5 - 2C11)C052(‘f)

4 (11)
+(Ga3 + Gy — 4C44 — 2Gy3) cos ' (€),

where v(€) is the longitudinal acoustic velocity along the angle &.
If the seismic anisotropy of the inner core is assumed to be domi-
nated by cylindrical anisotropy, a perturbation to a spherically
symmetric model can be expressed as (Creager, 1992)

St Sv
—=——=qa+ bc052{+ ccos4(,

-3 (12)

where v and dv present the P-wave velocity and the velocity
perturbation in the reference model, t and 5t are the time the ray
spends and the measured travel time residual in the inner core,
and (is the angle between the inner core ray path and the rotation
axis. Combining Equation (11), if all crystals are aligned in one
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The Voigt-Reuss-Hill (VRH) average is used to estimate elastic
modulus of polycrystals (Hill, 1952). The VRH averages for shear
and bulk moduli are

G= %(GR+GV), (6)

B=3 (B +By). 7)

The isotropic wave propagation velocities (v, and v) can be evalu-
ated via the above elastic moduli, together with the density p
from Navier's equation (Panda and Chandran, 2006):

Vp = (B+ gG)/p, Vg = m

The relative P-wave velocities are related to the elastic constants
by the Christoffel equation:

8)

K (IxCrelyj) vi = k2/',-jv,- = pw’v..

©)

1

constants and directions of plane waves. For hexagonal symmetry
crystals, the corresponding Christoffel equation can be repre-
sented as:

where r;; = [ Cy l;- The matrix element of [; is a function of elastic

(Ciz + Caa)ll; Vy Vy
(Ciz + Caa)ly1; X [ Yy } = sz[ Vy } (10)
C44/>2( + C44/§ + C33/§ vz 'z
\
direction, the travel time residual can be approximated by
ov,
¥, (13)

where vy isthe average velocity and Jdv, is the difference
between v, and vpo. It should be noted that use of the different
averaging methods mentioned above could cause a positive or
negative impact on vp.

2.3 The Process of Structure Optimization

First, pure hcp-iron was optimized in the pressure range of the
inner core and at zero temperature; the obtained optimal struc-
tures were then extended to 4 x 4 x 2 supercells. Next, the light
elements were introduced by replacing iron atoms in different
positions of the supercells. To determine the lowest energy struc-
ture, Gibbs free energies were calculated for each supercell with
the replacing atom at a different position. The obtained lowest
energy structure for each different replacement was used in the
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following calculations. Equilibrium optimization procedures were
then conducted: first, for a fixed volume V, we took a series of
different axial ratios c/a to calculate the total energies E, and thus
determine the lowest energy Enmin for the given volume V and its
corresponding lattice parameters (c and a). In these energy calcu-
lations, the 9 x 9 x 9 I-centered k meshes were used. This procedure
was repeated over a wide range of V. Finally, by fitting Emin—V data
to the third-order Birch—-Murnaghan equation of state (EOS)

/3 /3
9 N N N
E(V):-ﬁ (4—BO)F-(14—330)W+(16—330)W +E,

(14)

the equilibrium cell volume V;, the bulk modulus By, and its pres-
sure derivative B, were harvested. The equilibrium lattice parame-
ters ¢, a, and c/a were then available. The equilibrium pressures
emerge from the relationship: P(V) = -9E/dV. Considering that the
anisotropy of hcp-structured materials may be related to the ¢/a
axial ratio, the initial structure parameters were carefully opti-
mized. The ¢/a ratios of the lattice parameters for FegoCs, FegoOs,
FeeoSis, and FegoSs, respectively, were 1.58, 1.57, 1.59, and 1.60 in
the pressure range of the inner core. For Fes¢Xg (X=C, O, Si, and S),
the c/a ratios were 1.59, 1.55, 1.60, and 1.60, respectively. A slight
increase of the ¢/a ratios was found with increasing pressure in
the core pressure range.

Considering the change of c¢/a with temperature, the following
procedures were performed to determine the equilibrium axial
ratio c¢/a at finite temperatures. For a simulation box with fixed
volume V, a series of different axial ratios ¢/a were adopted to run
finite temperature ab initio molecular dynamics. The equilibrium
axial ratio c/a corresponding to the lowest statistical average
energy Emin could then be obtained by numerical fitting the data
of statistical average energy £ and axial ratio c/a at the given
volume V. In the following, finite temperature ab initio molecular
dynamics was performed in the simulation box with the equilib-
rium axial ratio c/a for the given volume V. This procedure was
repeated for the full range of volumes V considered here. A unit
cell to calculate the corresponding isothermal elastic constants
was then constructed from the average lattice parameters from
these NVT simulations based on the equilibrium axial ratios c/a. To
reduce the impact of statistical error, this unit cell was relaxed
around the equilibrium axial ratio c/a before the calculation of
elastic constants; that is, keeping the ions and the cell volume
fixed, the cell shape was allowed to change. This relaxed unit cell
was then used as the initial configuration (the one subjected to
strains) in the process of calculating the elastic constants. In addi-
tion, the initial configuration was initially under quasi-hydrostatic
pressure that was very close to known hydrostatic pressure (the
deviations were kept to less than 0.2%). The quasi-hydrostatic
pressure is the average force from XX, YY, and ZZ directions in the
NVT simulations with the equilibrium axial ratio c/a.

3. Results and Discussion

3.1 Structure, Density, and Sound Velocity of Binary hcp-
Fe Alloys

As a key structure parameter, the unit cell axial ratio (c/a) has a

direct effect on the elastic anisotropy of hcp-Fe and its alloys. In

our calculations, the c/a axial ratios at high pressures and temper-
atures are fully considered with the minimum energy principle;
see Figure 1. We find that the ¢/a ratio changes with temperature:
for hcp-Fe, this ratio increases from slightly less than 1.59 at low
temperature to 1.61 at 6000 K. However, compared with the
impact of temperature, the temperature variation of the axial ratio
can be ignored as pressures approach the inner core. The yielded
axial ratio of pure hcp-Fe (1.605 at 333 GPa and 6000 K) is in close
agreement with the experiment of Tateno et al. (2010) (1.602 at
332 GPa and 4820 K). This ratio also agrees with the calculation of
Belonoshko et al. (2004), Steinle-Neumann et al. (1999), and Niu
ZW et al. (2015), although it is significantly lower than the calcula-
tion of Voc¢adlo et al. (2009). The resulting c/a is ~1.59 at inner core
pressure and 0 K, which is in good agreement with the linear
response result (~1.591) reported by Sha XW and Cohen (2006).
The ratio c/a has a direct effect on the elastic anisotropy of hcp-Fe,
and hcp-Fe tends to be isotropic at high temperature if c/a is close
to ideal axial ratio of 1.633. According to linear response result,
Sha XW and Cohen (20104, b) claimed that both the compressional
and shear waves of hcp-Fe become elastically isotropic under the
Earth’s inner core conditions, where the volume of hcp-Fe is
~46 bohr3/atom. The corresponding c/a is likely to be higher than
1.609 and close to 1.633, because Sha XW and Cohen (2006) calcu-
lated c/a to be ~1.609 using linear response method at the
volume of 50 bohr3/atom and 6000 K. In our AIMD simulation, c/a
is ~1.607 under the Earth’s inner core conditions (360 GPa, 6000 K,
and ~46 bohr3/atom), at which hcp-Fe is still substantially
anisotropic. The axial ratios of the binary hcp-Fe alloys increase
with temperature with a variation trend similar to that of hcp-Fe,
and are far below the ideal axial ratio of hcp-Fe (1.633). There
exists measurable distinctions among the axial ratios of hcp-Fe
alloyed with different light elements. The axial ratios of FegoX4 (X =
C, O) are ~0.01 below those of pure iron at 2000 K and ~0.005
below at 4000 K, but both are close to each other at 6000 K; the
axial ratios of FegoXs (X = S, Si), however, become larger than
those of pure iron at high temperatures. In comparison with
FesoXs (X=C, O, S, Si), for FesgXg (X =C, O, S, Si), the light elements
have more substantial impact on the axial ratio c¢/a of hcp-Fe at
finite temperature. Different light elements show entirely different
influence on the axial ratio of hcp-Fe. C and O substitutions
reduce the axial ratio significantly. For instance, the axial ratio of
FeseOg is ~1.58 at ~360 GPa and 6000 K, which is obviously lower
than that of hcp-Fe (~1.61) at the same conditions. But alloying
iron with S results in a huge increase of the axial ratio of hcp-Fe.
The axial ratio of FeseSg is ~1.62 at 4000 K under inner core pres-
sures, and then reaches and even exceeds 1.625 at 6000 K, much
larger than that of hcp-Fe (~1.61) and close to the ideal axial ratio
of hcp-Fe (1.633) where hcp-Fe tends to be isotropic. This also
explains why the anisotropy strength of relative P-wave velocity
exhibits a remarkable decrease at 6000 K, compared with 4000 K,
in our calculations with pressures below 360 GPa. Alloying iron
with light elements therefore has an impressive influence on the
c/a axial ratio of pure iron, which is in agreement with available
experimental results from Morrison et al. (2018), Lin JF et al. (2003),
and Tateno et al. (2012).

Several general conclusions can be drawn about the c/a axial
ratios: axial ratios increase negligibly with increasing pressure at a
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Figure 1. Calculated axial ratios c¢/a for hcp-Fe and binary hcp-Fe alloys.

given temperature; when pressure is fixed, changes in ¢/a are not
always correlated positively with finite temperature change; at
inner core conditions, the c/a axial ratio is influenced significantly
both by temperature and by type of light element alloyed with
iron.

As the most important physical quantity for core modeling,
density is one of the few that can be directly compared with seismic
observations. Iron is proposed as the dominant element of the
inner core, but it is too dense with respect to seismic models. In
order to match seismic models (e.g. Beghein and Trampert, 2003;
Wang T et al., 2015), some light elements with different content
need to be introduced. The pressure of the inner core varies from
~330 GPa at the boundary of inner and outer core to ~364 GPa
at the inner core’s center; our simulations focus primarily on the
pressure range of the inner core at different temperatures.
Figure 2 illustrates the changes of the densities of different binary

alloys with temperature and pressure, and the densities as a func-
tion of temperature at 360 Ga are compared with previous ab
initio molecular dynamics simulations in Figure 3. The density-
pressure relationship of pure hcp-Fe at 0 Kis far above the Prelimi-
nary Reference Earth Model (PREM) data (Dziewonski and Ander-
son, 1981), but it agrees well with the extrapolation from experi-
mental data at high pressure and ambient temperature (Sakai et
al., 2014). There occurs a drop of 4.5% at 330 GPa and a drop of
3.7% at 360 GPa when temperature increases to 6000 K. The
density at 360 GPa and 6000 K is predicted to be 13.67 g/cm?,
which is significantly higher than the PREM data but close to
previous results obtained with ab initio methods (Martorell et al.,
2013a, b; Niu ZW et al,, 2015). We note that only Li YG et al. (2018)
has reported a slightly lower density at high temperatures, which
may be due to the difference between their structure models and
ours. For binary alloys FegoX4 (X = C, O, Si, and S), the introduction
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Figure 2. Calculated densities as functions of pressures at different temperatures for pure iron, FegoXs, and FesgXg (X = C, O, Si, and S). The solid,
dash, and short dash lines represent the densities of pure iron, FegoX4, and FesgXg (X = C, O, Si, and S), respectively. The black, red, blue, and green

hues signify 0 K, 2000 K, 4000 K, 6000 K, respectively.

of light elements causes a significant decrease of density
compared to pure iron. The densities remain higher than PREM
data for temperatures not exceeding 6000 K, although a significant
drop is observed. It is worth noting that FegCy4 is already unstable
and melts at 5500 K — see Li YG et al. (2018), while we find that
FeeoCs and even Fes¢Cg are still stable at 6000 K. First, the difference
is probably attributable to different judgments of melting criteria.

In our calculations, melting is assumed to occur when the second
peak disappears in the radial distribution function (Figure S1a)
and the root-mean-square displacements (Figure S1b) continu-
ously increase with time (Martorell et al., 2013b; Ganz et al., 2017).
Second, different theory methods can also lead to the differences.
Compared with the ab initio molecular dynamics (AIMD) methods
within the NPT ensemble used in Li YG et al. (2018), our calculations
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utilize the AIMD within the NVT ensemble. In addition, it should
be noted that Si leads to the most significant density decrease of
hcp-Fe compared with other light element hcp-Fe alloys in the
same stoichiometric ratio, which agrees with the previous report
of Li YG et al. (2018). Moreover, the obtained relationships of
density and temperature at 360 GPa are consistent with those of
LiYGetal. (2018).

For another kind of binary alloy FesgXg (X =C, O, Si, and S), different
elements have significantly different impacts on density. At
6000 K, the densities of FesgXg (X = C, O, and Si) at all inner core
pressures lie far below the PREM data, while the density of FessCsg
at 330 GPa and the density of FeseSig at all applied pressures and
are slightly lower than the PREM data at 4000 K. With regard to
FeseSg, only at 360 GPa and 6000 K the density is slightly lower
than the PREM data. Though the disordered structures are more
relevant to the Earth’s core, the effect on the density can be
reasonably ignored with very few exceptions (Li YG et al., 2018).
By comparing these AIMD results, which considered only pure hcp-
Fe-Si binary alloy, the content of Si in the inner core falls within
3.23-6.67 wt.%; this result coincides with the estimation of 4—
8 wt.% given by ideal mixing models (Lin JF et al., 2003; Asanuma
et al.,, 2011; Fischer et al., 2014). For S, a potential element in the
inner core that has commonly been found in meteorites (Alfe et al.,
2000), the amount is at least 7.55 wt.% for pure hcp-Fe-S binary
alloy. This agrees well with the estimation of 6.4—8.4 wt.% based
on the equation of state of Fe,S (Bazhanova et al.,, 2017). For C and
O, their content may not exceed 2.97 wt.% and 3.92 wt.% in corre-
sponding pure binary alloys. It is important to note that the slopes
of density with pressure for these binary alloys are close to those
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of the PREM data. The resulting slopes of the curves between
density and pressure at fixed temperature approach the PREM
data; however, single binary hcp-Fe alloy may be an insufficient
candidate in the inner core, because the temperature of the inner
core is not a constant but rises with the depth.

Density is less precisely determined by seismic observations than
is sound velocity. Thus, tighter constraints on compositional
models of the inner core can be obtained by comprehensive
comparisons of density, sound velocity, and related anisotropy of
candidate alloys with seismic models. Figure 4 depicts the variation
of the compressional sound velocity (v,) for different binary alloys
from 0 K to 6000 K at core pressures. For binary alloys FegoX4 (X =
C, O, Si, and S), the compressional sound velocities decrease
by 1300-1770 m/s from 0 K to 6000 K at core pressures, and the
drop seems more remarkable for C and O than for the other two
elements. For example, the maximal drop of FegC4 reaches
1770 m/s from 0 K to 6000 K. For binary alloys FesgXg (X = C, O, Si,
and S), the effects of temperature and pressure are similar to
those found for FegoX4 (X = C, O, Si, and S). Our results indicate
that increasing the content of light elements clearly influences the
compressional sound velocity. The compressional sound velocities
of FegpX4 and FesgXg (X = C and O) at 4000-6000 K are close to the
PREM data. In comparison with the content of light elements,
temperature is the primary influence factor on the compressional
sound velocity. Figure 5 presents the temperature variation of
compressional sound velocity at 360 GPa and compares our
results with those of previous ab initio molecular dynamics simula-
tions. For pure hcp-iron, the variation of compressional sound
velocity with temperature agrees well with the results in previous
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simulations (Martorell et al., 2013a, b; Niu ZW et al., 2015; Li YG et
al.,, 2018), though our values are slightly lower. It should be noted
that the vp values of pure iron in previous simulations (Martorell et
al., 2013a, b; Niu ZW et al,, 2015; Li YG et al,, 2018) are larger than
the vp value derived by second-order polynomial fitting from the
experimental data of Mao HK et al. (1998, 2001) and theoretical
data of Vocadlo et al. (2003) at normal temperature. Our obtained
values of vp are slightly smaller than the former but obviously
larger than the latter. Fortunately, the relative errors among these
results are within 3%. The differences can be explained in various
ways. For the results of Niu ZW et al. (2015), one possible reason is
the underestimation of the Cs33/Cy¢ ratio, which was obtained on
the base of long-wave limit approximation. In general, an accurate
phonon spectrum is needed for long-wave limit approximation,
especially for modes near the G point. This approximation will
bring negative effects on the computation of elastic constants
when the phonon frequencies exhibit certain softening. Second,
the difference between our calculation and the calculation of Li
YG et al. (2018) may be caused by different averaging; their calcu-
lations use the Voigt average, which calculates polycrystalline
elastic moduli based on invariant strain and often overestimates
the moduli; the alternative Reuss average, based on invariant
stress, often underestimates them (see Table S6). For these
reasons, we have chosen to use the VRH average.

In our calculations, the vp results based on the VRH average are
about 20-200 m/s lower than the vp results based on the Voigt
average, and high temperature leads to large difference (see
Table S7). Another possible reason for differences between our
results and those of Li GY et al. is that our calculations fitting the
curves of elastic constants and pressures at different temperatures
assume linear relationships. Apart from the reasons above, differ-
ent potentials can differ in several GPa of elastic moduli, causing
changes of sound velocity to a certain extent (Sun T et al, 2018; Li
YG et al.,, 2018). Furthermore, the trend of density changes with
temperature may also influence the calculations of compressional
sound velocity. Overall, even at 6500 K, all of these AIMD simulation

results for pure iron are much larger than the PREM data, which
means that pure iron cannot alone account for the seismic obser-
vations. However, Figure 5 shows that, despite the introduction of
light elements, the compressional sound velocity does not drop
remarkably, except for alloys involving the element carbon. Our
results show that the largest drop is not more than 600 m/s for the
various binary alloys, which is similar to the results of Li YG et al.
(2018) with the exception of FegoCs and FessCg; they report that
the compressional sound velocity of binary alloy FesoC4 decreases
quickly with increasing temperature, as does that of binary alloy
FesoS4 when the temperature is higher than 5500 K. Our results
also show that the compressional sound velocity of FesoCs and
FessCg are lower than the PREM data when the temperature is
higher than 5000 K. These findings mean that high temperature
has greater influence on the binary iron alloys than on pure iron.
In general, combining the results of density and sound velocity in
our calculations, we speculate that the highest contents of
oxygen and carbon will not exceed 1.4 wt.% and 1.8 wt.% in the
Earth's inner core. This means that the inner core is an oxygen-
depleted environment, which is similar to the findings regarding
the Earth's core by Huang HJ et al. (2011). In addition, if only hcp-
Fe-Si binary alloys are considered, the Si content would be nearly
4 wt.% in the inner core, which is consistent with the estimated
4-8 wt.% of the ideal mixture model (Lin JF et al.,, 2003; Asanuma
et al,, 2011; Fischer et al., 2014). If only hcp-Fe-S binary alloys are
taken into account, the S content becomes approximately 6 wt.%,
close to the previous evaluation results from meteorites research
(Alfe et al., 2000).

Because the ratio of compressional elastic moduli C33/Cyq is one
common measure of elastic anisotropy for hcp-structured materi-
als, we explored the relation of c/a and Cs3/Cy4; Figure 6 presents
the results obtained from our calculations at 360 GPa. We find that
high c/a is correlated with high elastic anisotropy where C33/Cyq is
larger than 1. But no significant linear relation exists between the
two quantities, and the relation is likely not unique. Hence, we
caution against predicting the elastic anisotropy of C33/C;1 based
on the ratio of ¢/a. Temperature correlation with C33/Cy; is more
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significant than the ratio of ¢/a; the elastic anisotropy of C33/Cy; is
above 1.0 at temperatures higher than 2000 K when c/a is fixed.
This agrees with the calculations of Voc¢adlo et al. (2009). Further-
more, alloying iron with light element also considerably affects
the Gs3/Cq; of hep-Fe. The elastic anisotropies of C33/Cyq are larger
than 1.1 at finite temperature when S or Si is included, but when C
or O are included, most are smaller than 1.1. Hence, due to the
influence of temperature and alloying, the relationship under core
conditions between c¢/a and C33/Cyq; is complicated and implicit.

3.2 Anisotropy of Iron Alloys and Implications for the
Inner Core

Recently, many seismic studies have confirmed that the
anisotropy of the inner core proves to be surprisingly more
complex than previously thought (e.g. Niu FL and Wen LX, 2002;
Lythgoe et al., 2014; Tkalci¢, 2015). Pure iron alone does not have
properties that could explain such complicated anisotropy,
though most seismic models have tried to use the lattice
preferred orientation (LPO) of iron crystals to explain the
anisotropy of inner core (Sumita and Bergman, 2007). Hence, the
following section focuses on the impact of light elements on the
anisotropy of pure hcp-iron.

Figure 7 shows the variation of the computed relative P-wave
velocity for hexagonal iron at 360 GPa, based on our, Li et al.’s,
and Martorell’s elastic properties at various temperatures; note
that, at a certain temperature, our profile of the relative P-wave
velocity variation curve is different from the profiles by Li YG et al.
(2018), and Martorell et al. (2013b), which could be because of
methodological differences. Nevertheless, we all report values
relatively close to the IMIC model based on Wang et al.'s OIC
model at high temperatures. Moreover, hexagonal iron shows
greater P-wave anisotropy in these AIMD simulations compared
with ab initio results at relatively low pressures (e.g. Voc¢adlo et al.,
2009; Mattesini et al., 2010). Figure 8 presents calculated relative
normalized P-wave velocities of the various binary alloys, based
on their elastic properties at core pressures and at different
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Figure 7. Variations of the computed relative P-wave velocity for
hexagonal iron at 360 GPa based on elastic properties at various
temperatures. Black solid lines represent best fitting IMIC model by
Wang et al.'s model for OIC anisotropy corrections; black dash lines
stand for the region of uncertainty in the IMIC model (Wang T et al.,
2015; Romanowicz and Wenk, 2017).
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temperatures. In general, temperature and the specific light-
element content obviously affect the profiles of the relative P-
wave velocity variation curves, while the effect of pressure
becomes insignificant except in the case of O element alloys. For
FegoXs (X = C, O, Si, and S), the profiles at high temperatures,
compared with the profiles of variation curves of the relative P-
wave velocity at 0 K, are closer to those of the IMIC model based
on Wang et al.’s OIC model. At 0 K, in comparison with FegoX4 (X =
C, and Si), increasing the content of C and Si in FessXs (X = C, and
Si) makes the minima of the curves decline dramatically, while
increasing the content of S in FeseSg has little impact on the
curves. At high temperatures, increasing the content of light
elements in FesgXg (X = C, O, Si, and S) sharply influences the
curves, particularly in the cases of Fes¢Cg at 6000 K and FesgOg at
both 4000 K and 6000 K, where the trend of the curves even
appears to reverse. This may be caused by the fact that the ratio of
C33 and Cyq is close to 1. Moreover, compared with the curves
associated with three other light elements, those associated with
S are affected primarily by temperature rather than by pressure
and the level of content of light element. Figure 9 shows the varia-
tions of the calculated relative normalized P-wave velocity based
on the elastic properties of binary iron alloy by Li YG et al. (2018)
at 360 GPa and at different temperatures. It can be found that
most of these relative velocity variations are close to those from
the IMIC model based on Wang et al.’s model.

The anisotropy strength of relative P-wave velocity at core pres-
sures is presented in Figure 10; note that results with large
deviation are not included. It can be seen that, for FegoXs (X =C, O,
Si, and S), pressure has only a small effect on the anisotropy
strength of relative P-wave velocity, but the effect of temperature
is strong. With increasing temperature at a fixed pressure, the
strength of anisotropy first decreases and then increases —
except for FegoO4, whose anisotropy strength increases continu-
ously. This phenomenon could be an artifact of the calculation
methods; results at zero temperature are calculated from the opti-
mal structure while the results at finite temperature are calculated
from average time-averaged structure. Furthermore, compared
with other binary hcp-Fe alloys at 360 GPa and 6000 K, only the
anisotropy strength of Feg,Ss exceeds 8.8%, the maximum inner
core anisotropy at the western region (Lythgoe et al., 2014).

For FeseXg (X = C, O, Si, and S), the effect of pressure on the
anisotropy strength is more complex than for FegoXs (X = C, O, Si,
and S). For example, the anisotropy strength of FessCg at 2000 K
increases quickly with increasing pressure but at 4000 K it
decreases quickly. The anisotropy strength of FessOg, however,
exhibits the contrary pattern: it decreases quickly with rising pres-
sure at 2000 K but at both 4000 K and 6000 K it increases quickly.
As for FesgSig, pressure has negligible effect on its anisotropy at
fixed temperatures except at 0 K. For FessSg, however, the
anisotropy strength rises modestly as pressure increases at high
temperatures, specifically at 2000 K, 4000 K, and 6000 K. Further-
more, similar to what we found for FegoX4 (X = C, O, Si, and S), only
the anisotropy strength of FessSg exceeds 8.8% at 360 GPa and
high temperatures, 4000 K and 6000 K, which may suggest that
these alloys may explain the anisotropy of inner core.

However, combining the calculated densities and aggregate
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velocities, Lythgoe et al. (2014) suggest that the binary hcp-Fe-S
alloys have limitations in providing a good explanation for the
anisotropy of inner core, particularly at the western region. Never-
theless, the anisotropy strength of these binary hcp-Fe alloys at

high temperatures is close to or more than 8%, which is the maxi-
mum anisotropy estimated by Wang T et al. (2015). Considering
the concentration of light elements, adding S and Si will cause
the anisotropy strength to increase, especially in the range 350 to
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360 GPa. Conversely, adding C and O will decrease the anisotropy
strength at all applied pressures and temperatures, expect zero
temperature. This means that high content of C and O elements
may not be appropriate to explain the strong anisotropy of inner
core.

The computed strengths of the anisotropy of hcp-iron and its
alloys at 360 GPa are illustrated in Figure 11, in comparison with
different AIMD simulations. Consistency among the different
calculations, but also significant differences, can be seen. Intrigu-
ingly, in most cases, both our results and those reported by Li YG
et al. (2018) show similar increases of anisotropy strength with
rising temperature. Compared with pure hcp-Fe, at some temper-
atures the introduction of light elements reduces, rather than
increase the strength of the anisotropy. Considering that the
temperature in the boundary of the inner core is probably far
more than 4000 K, we find, based on these AIMD calculations, that
increasing temperature, rather than increasing pressure, is likely
to be the major factor causing the anisotropy to become stronger
towards the center of inner core. In addition, taking into consider-
ation the uncertainties in these calculations, we note that the
strength of the anisotropy shows roughly an increasing trend with
increasing concentrations of the light elements (Si and S) at a
given temperature. On the contrary, with increasing concentra-
tions of element C, the strength of the anisotropy shows a
descending trend.

Multiple studies have indicated that the anisotropy of hcp-iron is
associated with the c/a axial ratio, which means the elastic
anisotropy can be constrained by a certain c/a ratio. In order to

ensure full consideration of the impact of the c/a axial ratio, in our
calculations we have explored the relationship between elastic
anisotropy strength and c/a axial ratio. The results for iron and its
various alloys are plotted in Figure 12. Due to the considerable
deviation of the values, only a weak linearity can be detected
between elastic anisotropy strength and c/a axial ratio. Further-
more, our results indicate that the influence of light elements is
remarkable, which means that the elastic anisotropy strength may
be changed by alloying. An effective light element such as S,

o Fe
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A Feg 0,
5009 Y Feeods
3 & FegSi, .
3 4 FeyCy 3
& 008 > Fe, 0O, o {
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Figure 12. The correlation between axial ratio (c/a) and the strength
of anisotropy of hcp-iron and its alloys at 360 GPa and various
temperatures. The colors brown, blue, green, and red represent 0 K,
2000 K, 4000 K, and 6000 K, respectively.
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rather than C or O, can raise the elastic anisotropy strength
considerably, compared to that of hcp-Fe at the same tempera-
ture. For instance, the elastic anisotropy strength of FegS4 is 0.004
larger than that of hcp-Fe, while the anisotropy strength of FegoO4
is 0.004 smaller than that of hcp-Fe at 6000 K. We therefore
conclude that the anisotropy depends on combined effects of
temperature and the type of alloying element.

For Earth’s inner core, because of the improbable existence of a
huge single crystal, the anisotropies of iron alloys must be 8% at
least or even more than 8.8% to be able to account for the
anisotropy of the inner core (Martorell et al., 201343, b; Lythgoe et
al.,, 2014; Wang T et al., 2015; Romanowicz and Wenk, 2017; Li YG
et al.,, 2018). From these reliable AIMD calculations, only the Fe-S
alloys appear able to account for an anisotropy strength of 8.8%
or greater. The strength of anisotropy of the Fe-S alloys is larger
than 9% at high temperature, while their aggregate velocities are
far larger than the PREM data. These observations strongly
suggest that the roles played by various light element binary
alloys of iron in the behavior of the Earth’s inner core are far from
simple though they are likely to be important; caution is advised
in attributing to them, singly or collectively, an explanation of the
complex anisotropy of the inner core.

4. Conclusions

We have investigated the anisotropy of hcp-iron and eight kinds
of hcp-Fe-X (X = C, O, Si, and S) binary alloy under inner core
conditions based on ab initio molecular dynamics calculations. In
these alloys, the anisotropy depends on combined effects of
temperature and the type of light element. The impact of pressure
on the anisotropy strength may reasonably be ignored, because it
is far smaller than the impacts of temperature and the type of
light element. More importantly, at inner core pressures the
strengths of anisotropy of hcp-iron and these eight kinds of alloy
vary non-linearly with increasing temperature. At high tempera-
tures, alloying iron with some light elements, such as C or O, actu-
ally does not increase but decreases the strength of the
anisotropy relative to that of pure iron. However, substituting the
light element S can significantly increase the elastic anisotropy
strength of hcp-Fe. Considering the limitations of the alloys data
analyzed here, more detailed calculations, in which phase transi-
tions and inelastic phenomena are also taken into account, are
needed to clarify the effect of light elements on core anisotropy.
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Supplementary Materials for “The anisotropy of hexagonal close-
packed iron under inner core conditions: the effect of light

elements”

Introduction

We report the details of the process of calculating the elastic
constants and the elastic anisotropy for hcp-Fe and its alloys. To
confirm the simulated structures are solids, the root-mean-square
displacement and radial distribution function analyses for ab initio
molecular dynamics (AIMD) simulations are presented in Figure S1.
The calculated elastic constants for FeggXs (X = C, O, Si, and S) are
shown in Figure S2. Taking FegS4 as an example, the equilibrium
axial ratio ¢/a corresponding to the lowest statistical average
energy Enmi, are shown in Figure S3 by numerical fitting the data of
statistical average energy £ and axial ratio ¢/a at the given volume
420.7 A3. Taking FegoX4 (X = C, O, Si, and S) as an example, the
computed unit cell parameters and the forces at different direc-
tions are given in Table S1 and Table S2, respectively. The calcu-
lated isothermal elastic constants with errors are listed in Table S3
and S4.To demonstrate the validity of elastic constants, the analysis
of variance for the linear fitting of C44 is shown in Table S5. In
order to exclude the influence of different average methods,
taking FesoSis as an example, the strength of anisotropy of acoustic
velocity obtained with Voigt, Reuss, and VRH average methods is
compared, as listed in Table S6. The comparison of acoustic velocity
for pure iron, FegoX4, and FesgXg (X = C, O, Si, and S) obtained with
Voigt and VRH average methods at 360 GPa are listed in Table S7.

Text S1: The State of the Simulated Structures

To confirm the simulated structures are solids, both the root-
mean-square displacements (RMSD) and the radial distribution
function (RDF) were retrieved for the last 3 ps of each AIMD simu-
lation. Our AIMD tests with the simulation time of 8, 10, and 12 ps
show that the system is in equilibrium for the last 3 ps in three
cases, and the state of the simulated structures can be analyzed
from the simulation of the last 3 ps. On the other hand, similar
operation can be found in the literature (Martorell et al., 2013). As
an example, the RMSDs and RDFs of FegoX4 (X = C, O, Si, and S) are
exhibited in Figure S1. Their RMSDs generally oscillate around a
constant value with time, which is the typical behavior of solids.
The corresponding RDFs indicate that there exist two well-defined

peaks for the first and second coordination shells. Both RMSDs
and RDFs demonstrate that the simulated structures are solids.

Text S2: Analysis of Variance for Linear Fitting of Elastic
Constants and Pressures

To demonstrate the validity of elastic constants, we calculate the
Degree-of-freedom adjusted coefficient of determination (Adj. R-
Square) and take analysis of variance for the linear fitting. It is
found that the Adj. R-Squares of the elastic constants except Caq
are greater than 0.97, which means the linear fitting is reliable. For
Cas, the Adj. R-Square lies in the range from 0.83 to 0.93 (Table S5).
In order to validate the reliability of the linear fitting of Cs4, an
analysis of variance is needed. The P-value and F-value are
measures of statistical evidence in analysis of variance. The results
suggest that the F-values are larger than 29 and the P-values are
much less than 0.01, which verifies the reliability of the linear
fitting of C44 and the trustworthy precision. Furthermore, Cy4 is
relatively small compared to the other elastic constants and has
an insignificant contribution to the aggregated properties. The
influence of fitting error of C44 on the calculation of aggregated
sound velocity is no more than 1%.

Text S3: The Anisotropy with Different Average
Methods

The strength of anisotropy is obtained based on the calculated
elastic constants, and therefore the strength of anisotropy error
mainly comes from the propagation of the errors of the elastic
constants. In order to exclude the influence of different average
methods, the strength of anisotropy of acoustic velocity obtained
with different average methods are tested. As an example, the
test results of FegSis are listed in Table S6. It shows that the gap of
the strength of anisotropy is only 0.0009 between Voigt-Reuss—
Hill (VRH) average and other average methods. The strength of
anisotropy of acoustic velocity is a relative value, and the differ-
ences of different average methods are not more than 0.002 in all
of our simulations.
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Figure S1. Root-mean-square displacement (a) and radial distribution function (b) analysis for FegX4 (X = C, O, Si, and S) as a function of the
temperature for the last 3 ps of AIMD simulation. The colors with blue, green, and red represent 2000 K, 4000 K, and 6000 K, respectively.
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Figure S2. The calculated elastic constants of FegoX4 (X = C, O, Si, and S) as a function of the pressure at 2000 K (a), 4000 K (b), and 6000 K (c),

respectively.

Figure S3. The relationship of statistical average energy £ and axial ratio c/a at the given volume 420.7 A3. The inset shows the results of

corresponding average force.
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Table S1. The computed supercell parameters of FegoXs (X = C, O, Si, and S) with 64 atoms. The ratio of c/a is twice of Csuper/Asuper ratio.

T(K) vV (A3) P (GPa) Asuper (B) Csuper (B) c/a
2000 410.6 358.8 8.450 6.641 1572
2000 412.2 353.1 8.458 6.653 1.573
2000 4145 344.5 8.476 6.662 1572
4000 4184 350.1 8.476 6.725 1.587
FesoCa 4000 420.0 345.6 8.484 6.737 1.588
4000 421.6 339.6 8.499 6.739 1.586
6000 420.0 368.5 8.453 6.787 1.606
6000 4216 361 8.467 6.790 1.604
6000 4247 349.8 8.490 6.804 1.603
2000 414.0 356.5 8.466 6.671 1.576
2000 416.4 347.9 8.482 6.684 1.576
2000 417.9 342.3 8.492 6.692 1.576
4000 420.3 352.2 8.485 6.741 1.589
FegoOa 4000 4219 347 8.497 6.747 1.588
4000 423.5 341.5 8.506 6.758 1.589
6000 4242 359.3 8.474 6.822 161
6000 425.0 355.9 8.479 6.826 161
6000 426.6 351.3 8.495 6.826 1.607
2000 4207 355 8482 6.752 1.592
2000 4239 343.6 8.504 6.769 1.592
2000 4255 338 8.514 6.778 1.592
4000 425.5 356 8.502 6.797 1.599
FesoSs 4000 427.1 350.5 8.513 6.806 1.599
4000 4287 3452 8.521 6.817 16
6000 430.3 358.2 8.514 6.854 161
6000 431.9 3535 8.523 6.865 1.611
6000 4335 347.8 8.536 6.871 161
2000 4229 3535 8.504 6.752 1.588
2000 426.1 342.3 8.525 6.769 1.588
2000 427.7 337.1 8.538 6.775 1.587
4000 426.1 359.1 8.508 6.797 1.598
FesoSia 4000 4293 3483 8.530 6.812 1.597
4000 430.9 342.6 8.543 6.817 1.596
6000 430.9 360.3 8.523 6.849 1.607
6000 4325 355 8.537 6.851 1.605
6000 435.7 3444 8.561 6.865 1.604

Note. T is temperature, V is volume of supercell and P is pressure.
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Table S2. The force (GPa) of FegoX4 (X =C, O, Si, and S) on cell in Cartesian coordinates at different directions.

Vv (A3) XX (GPa) YY (GPa) ZZ (GPa) XY (GPa) YZ (GPa) ZX (GPa)
410.6 358.7 358.8 358.8 0.01 0.09 -0.08
FegoC4-2000 K 4122 353.2 3531 353.0 0.10 0.11 0.08
414.5 3445 3447 3444 0.05 -0.04 -0.08
4184 350.1 350.0 349.9 -0.02 0.29 -0.17
FegoC4-4000 K 420.0 345.8 3454 3455 0.21 -0.25 -0.18
421.6 3394 3399 339.6 -0.27 -0.13 -0.16
420.0 368.2 368.5 368.8 0.62 0.50 0.81
FegoC4-6000 K 421.6 361.0 3614 360.5 0.72 -0.59 -0.02
424.7 349.2 3503 349.8 0.41 -0.47 0.52
414.0 356.6 3564 356.6 0.12 -0.08 -0.13
Feg004-2000 K 4164 347.9 348.0 347.7 0.15 0.16 -0.09
417.9 3422 3426 3421 0.12 0.12 -0.10
420.3 3524 3519 3522 0.17 0.18 0.17
Fee004-4000 K 4219 346.8 346.9 3471 0.32 0.18 -0.16
4235 3415 341.8 340.9 -0.33 0.16 -0.21
424.2 359.6 3585 357.7 -0.48 0.69 -0.17
Feg004-6000 K 425.0 355.2 3529 353.8 0.16 -0.56 -0.67
426.6 351.8 3515 3522 -0.65 -0.33 0.65
420.7 355.0 355.2 354.8 -0.01 0.14 0.11
Fes0S4-2000 K 4239 343.7 3438 3434 0.16 -0.03 -0.07
425.5 3383 3381 3379 -0.18 0.06 0.10
425.5 356.0 3564 356.0 -0.21 -031 0.10
Fes0S4-4000 K 427.1 350.3 350.3 350.6 0.10 0.19 -0.28
428.7 345.0 3451 3451 0.08 0.36 -0.32
430.3 3584 3579 358.2 0.05 0.32 0.02
Fes0S4-6000 K 4319 3534 353.2 353.8 0.49 0.13 0.04
4335 3475 347.8 347.8 0.24 -0.06 -0.01
422.9 3535 3533 3539 -0.14 -0.07 -0.12
FegoSis-2000 K 426.1 3423 341.9 342.6 -0.02 0.13 -0.18
427.7 3371 3371 336.8 0.14 -0.14 -0.06
426.1 359.2 3593 3589 -0.00 -0.31 0.19
FesoSis-4000 K 4293 3484 348.0 348.0 0.38 -0.15 0.20
430.9 3427 342.8 3425 -0.01 0.16 0.24
430.9 360.8 360.1 360.1 -0.36 -0.21 0.62
Feg0Sis-6000 K 432.5 3551 3553 354.8 -0.46 0.71 0.67
4357 344.6 3443 3444 -0.17 -0.63 -0.47
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Table $3. Calculated isothermal elastic constants of FegoX4 (X = C, O, Si, and S) at different pressure (P) and temperature (7). The values in
brackets are the errors of the elastic constants.

P (GPa) T (K) Cu: (GPa) C12 (GPa) C1s (GPa) Cs; (GPa) Cas (GPa)
330 2000 2004 (16) 1131 (11) 942 (8) 2224 (16) 329 (5)
FegoCs 330 4000 1896 (23) 1123 (16) 930 (14) 2107 (22) 164 (6)
330 6000 1742 (26) 1069 (21) 894 (17) 1967 (30) 53 (9)
330 2000 1974 (16) 1109 (11) 932 (9) 2214 (20) 302 (6)
FegoOs 330 4000 1847 (22) 1085 (15) 947 (13) 2096 (26) 191 (9)
330 6000 1737 27) 1053 (19) 900 (16) 1997 (31) 76 (16)
330 2000 2042 (12) 1115 (11) 903 (9) 2297 (15) 470 (7)
FeeoSs 330 4000 1928 (24) 1108 (14) 917 (13) 2142 (27) 332(19)
330 6000 1808 (31) 1057 (22) 884 (16) 2040 (35) 168 (18)
330 2000 1985 (17) 1119 (11) 915 (8) 2185 (19) 445 (9)
FeeoSia 330 4000 1906 (23) 1088 (16) 903 (13) 2147 (27) 378 (20)
330 6000 1781 (29) 1040 (20) 874 (17) 2014 (34) 182 (17)
340 2000 2042 (17) 1150 (11) 959 (9) 2253 (16) 336 (5)
FesoCs 340 4000 1934 (24) 1141 (16) 949 (14) 2142 (22) 162 (6)
340 6000 1777 27) 1079 (21) 914 (18) 2008 (30) 65 (9)
340 2000 2005 (16) 1126 (11) 950 (9) 2257 (20) 324 (6)
FegoOs 340 4000 1883 (23) 1106 (15) 959 (14) 2134 (27) 182 (10)
340 6000 1770 (28) 1079 (19) 918 (16) 2022 (32) 90 (16)
340 2000 2075 (12) 1135 (11) 921 (9) 2327 (16) 473 (7)
FeeoSs 340 4000 1962 (24) 1119 (14) 926 (14) 2197 27) 340 (20)
340 6000 1844 (32) 1083 (22) 898 (17) 2085 (36) 177 (18)
340 2000 2024 (17) 1134 (11) 929 (9) 2240 (20) 450 (9)
FeeoSia 340 4000 1935 (23) 1111 (16) 919 (13) 2171 (27) 366 (20)
340 6000 1819 (30) 1064 (21) 883 (17) 2046 (34) 189 (18)
350 2000 2080 (17) 1169 (11) 977 (9) 2282 (17) 344 (5)
FesoCs 350 4000 1971 (25) 1159 (17) 968 (14) 2177 (22) 161 (6)
350 6000 1801 (27) 1099 (21) 934 (18) 2040 (31) 77 (10)
350 2000 2036 (16) 1143 (11) 968 (9) 2300 (20) 346 (6)
FesoO4 350 4000 1919 (23) 1127 (15) 972 (14) 2172 (27) 174 (10)
350 6000 1804 (28) 1105 (19) 937 (17) 2047 (32) 104 (16)
350 2000 2108 (12) 1156 (11) 939 (9) 2357 (16) 475 (7)
FeeoSs 350 4000 1997 (24) 1131 (14) 934 (14) 2252 (27) 347 (20)
350 6000 1880 (33) 1109 (22) 911 (17) 2130 (37) 185 (19)
350 2000 2063 (17) 1148 (11) 942 (9) 2295 (21) 456 (9)
FeeoSia 350 4000 1973 (24) 1135 (17) 936 (14) 2195 (28) 354 (21)
350 6000 1857 (30) 1087 (21) 893 (17) 2078 (35) 195 (18)
360 2000 2118 (17) 1189 (11) 994 (9) 2312 (17) 351 (5)
FesoCs 360 4000 2009 (25) 1177 (17) 986 (15) 2213 (23) 160 (6)
360 6000 1826 (27) 1099 (21) 954 (18) 2071 (31) 89 (10)
360 2000 2067 (17) 1159 (11) 986 (9) 2343 (21) 368 (6)
FesoO4 360 4000 1955 (24) 1148 (16) 984 (14) 2210 (28) 165 (10)
360 6000 1837 (29) 1131 (19) 955 (17) 2071 (33) 118 (17)
360 2000 2141 (13) 1176 (11) 957 (9) 2387 (16) 478 (7)
FeeoSs 360 4000 2031 (25) 1142 (15) 943 (14) 2307 (28) 354 (21)
360 6000 1915 (33) 1135 (23) 925 (17) 2175 (38) 193 (19)
360 2000 2102 (18) 1163 (12) 955 (9) 2351 (21) 461 (9)
FegoSia 360 4000 1991 (24) 1158 (17) 952 (14) 2219 (28) 343 (21)
360 6000 1895 (31) 1111 (21) 902 (18) 2110 (35) 202 (18)
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Table S4. Calculated isothermal elastic constants of FesgXg (X = C, O, Si, and S) at different pressures and temperatures. The values in brackets
are the errors of the elastic constants.

P (GPa) T(K) C11 (GPa) C12 (GPa) C13 (GPa) Cs3 (GPa) Cus (GPa)
330 2000 1897 (14) 1180 (8) 1016 (11) 1986 (21) 296 (7)
FessCs 330 4000 1763 (27) 1129 (20) 1096 (19) 1918 (29) 176 (8)
330 6000 1609 (30) 1083 (19) 1059 (17) 1602 (27) 47 (5)
330 2000 1766 (15) 1108 (12) 1046 (12) 1974 (17) 263 (7)
FessOs 330 4000 1757 (28) 1075 (16) 1024 (17) 1807 (27) 168 (9)
330 6000 1606 (30) 1112 (18) 980 (19) 1625 (32) 77 (8)
330 2000 1924 (12) 1113 (9) 997 (9) 2129 (15) 406 (7)
FessSs 330 4000 1808 (21) 1063 (17) 919 (15) 2050 (27) 318 (13)
330 6000 1747 (27) 1041 (19) 918 (16) 1971 (32) 190 (16)
330 2000 1895 (15) 1131 (11) 1005 (11) 2029 (17) 360 (7)
FessSis 330 4000 1794 (27) 1076 (17) 938 (15) 1994 (30) 315 (18)
330 6000 1725 (31) 1047 (18) 887 (17) 1915 (34) 180 (19)
340 2000 1934 (14) 1198 (8) 1026 (11) 2046 (22) 306 (7)
FessCs 340 4000 1685 (27) 1155 (20) 1085 (19) 1943 (29) 166 (8)
340 6000 1639 (31) 1108 (20) 1065 (17) 1642 (27) 60 (5)
340 2000 1813 (15) 1144 (13) 1052 (13) 2007 (17) 275 (7)
FessOs 340 4000 1763 (29) 1108 (16) 1054 (17) 1820 (27) 159 (9)
340 6000 1624 (30) 1125 (19) 1015 (19) 1651 (32) 89 (8)
340 2000 1960 (12) 1132 (9) 1009 (9) 2183 (16) 413 (7)
FessSs 340 4000 1852 (21) 1077 (17) 930 (15) 2107 (28) 323 (13)
340 6000 1773 (27) 1067 (19) 928 (16) 2005 (32) 191 (17)
340 2000 1932 (16) 1152 (11) 1015 (11) 2065 (17) 371 (7)
FessSis 340 4000 1813 (27) 1111 (18) 955 (16) 2025 (31) 324 (19)
340 6000 1742 (31) 1067 (19) 904 (17) 1941 (35) 186 (19)
350 2000 1971 (14) 1217 (9) 1035 (11) 2105 (22) 316 (7)
FessCs 350 4000 1786 (28) 1182 (20) 1074 (20) 1969 (30) 157 (8)
350 6000 1669 (31) 1134 (20) 1072 (17) 1683 (28) 71 (5)
350 2000 1860 (16) 1181 (13) 1058 (13) 2039 (17) 287 (7)
FessOs 350 4000 1769 (29) 1142 (17) 1084 (18) 1832 (28) 150 (9)
350 6000 1641 (30) 1137 (19) 1051 (19) 1676 (33) 102 (8)
350 2000 1996 (13) 1150 (9) 1022 (9) 2236 (16) 420 (8)
FessSs 350 4000 1906 (21) 1100 (18) 951 (15) 2174 (28) 329 (13)
350 6000 1800 (28) 1093 (20) 939 (17) 2039 (33) 191 (17)
350 2000 1968 (16) 1173 (12) 1025 (11) 2102 (17) 381 (8)
FessSis 350 4000 1832 (28) 1147 (18) 972 (16) 2057 (32) 332 (19)
350 6000 1759 (32) 1087 (19) 920 (17) 1967 (35) 192 (20)
360 2000 2008 (14) 1235 (9) 1045 (11) 2165 (23) 327 (7)
FessCs 360 4000 1887 (28) 1208 (21) 1063 (20) 1995 (31) 148 (8)
360 6000 1699 (32) 1159 (20) 1079 (17) 1723 (28) 83 (6)
360 2000 1907 (16) 1217 (13) 1065 (13) 2172 (17) 299 (7)
FessOs 360 4000 1775 (30) 1176 (17) 1114 (18) 1845 (28) 142 (9)
360 6000 1659 (30) 1150 (19) 1086 (20) 1702 (33) 114 (9)
360 2000 2032 (13) 1168 (9) 1034 (9) 2289 (16) 428 (8)
FessSs 360 4000 1940 (22) 1103 (18) 951 (15) 2221 (29) 334 (13)
360 6000 1826 (28) 1119 (20) 949 (17) 2073 (33) 192 (18)
360 2000 2005 (16) 1194 (12) 1035 (11) 2138 (17) 391 (8)
FeseSis 360 4000 1851 (29) 1182 (18) 989 (16) 2088 (32) 341 (19)
360 6000 1777 (32) 1107 (19) 936 (18) 1993 (36) 198 (20)
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Table S5. The analysis of variance for the linear fitting of C44 of FegoXs (X =C, O, Si, and S) at different temperatures.

Adj. R-square Mean square F-value P-value
FesoCs-2000 K 0.929 692.032 106.183 1.755%10-3
FesoC4-4000 K 0.877 12.162 51.074 3.784x104
FesoC4-6000 K 0.927 1129411 102.835 1.951x10-5
Feg004-2000 K 0.958 4499.990 182.773 2.846x106
Fes004-4000 K 0.842 617.770 43.753 3.002x104
Fes004-6000 K 0.924 1383.866 62.125 14x103
Feg0S4-2000 K 0.866 67.113 46.115 4.99%x104
Feg0S4-4000 K 0.855 560.069 42.293 6.295x104
Fes0S4-6000 K 0.877 492.679 43.929 1.18x103
FegoSis-2000 K 0.850 140.455 29.272 5.65x1073
FegoSis-4000 K 0.830 972.558 30.025 2.76x103
FegoSia-6000 K 0.836 419.103 31.522 2.48x103

Table S6. The comparison of the strength of anisotropy of acoustic velocity for FesoSis obtained with different average methods, together with
bulk modulus B, shear modulus G, and isotropic wave propagation velocity vpo.

P (GPa) T (K) B (GPa) G (GPa) Voo (km/s) The anisotropy strength Method
1340 478 12.17 0.0641 Voigt
330 2000 1340 467 12.13 0.0624 Reuss
1340 473 12.15 0.0633 VRH
1305 437 11.97 0.0753 Voigt
330 4000 1304 423 1191 0.0734 Reuss
1305 430 11.94 0.0744 VRH
1238 331 11.40 0.0798 Voigt
330 6000 1238 275 11.14 0.0781 Reuss
1238 303 11.27 0.0789 VRH
1364 488 12.24 0.0665 Voigt
340 2000 1364 477 12.20 0.0647 Reuss
1364 483 12.22 0.0656 VRH
1326 435 11.99 0.0753 Voigt
340 4000 1326 419 11.93 0.0735 Reuss
1326 427 11.96 0.0744 VRH
1260 340 11.48 0.08 Voigt
340 6000 1260 283 11.22 0.0782 Reuss
1260 312 11.35 0.0791 VRH
1387 499 1231 0.0673 Voigt
350 2000 1387 487 12.26 0.0654 Reuss
1387 493 12.29 0.0663 VRH
1347 433 12.02 0.0748 Voigt
350 4000 1347 414 11.94 0.073 Reuss
1347 423 11.98 0.0739 VRH
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Continued from Table S6
P (GPa) T (K) B (GPa) G (GPa) Vpo (km/s) The anisotropy strength Method
1282 349 11.56 0.0805 Voigt
350 6000 1282 291 11.30 0.0788 Reuss
1282 320 1143 0.0796 VRH
1411 509 12.38 0.0683 Voigt
360 2000 1410 497 1233 0.0671 Reuss
1411 503 1235 0.0675 VRH
1369 431 12.04 0.0751 Voigt
360 4000 1369 410 11.95 0.0734 Reuss
1369 421 11.99 0.0742 VRH
1304 358 11.63 0.0809 Voigt
360 6000 1304 300 11.38 0.0793 Reuss
1304 329 11.51 0.0801 VRH

Table S7. The comparison of acoustic velocity for pure iron, FegoXs, and FeseXg (X = C, O, Si, and S) obtained with Voigt and VRH average
methods at 360 GPa.

T (K) FegoCa FeseCs FeeoSia FeseSig FeeoSa FeseSg Fe Method
m/s) 12689 12503 12836 12640 12857 12739 13104 Voigt
Vp (M/s 0
P 12665 12465 12812 12603 12832 12705 13082 VRH
12203 12127 12377 12270 12445 12353 12695 Voigt
Vp (M/s) 2000
12155 12095 12352 12254 12420 12334 12676 VRH
11746 11615 12036 11943 12106 12027 12281 Voigt
Vp (M/s) 4000
11557 11489 11994 11914 12057 11982 12251 VRH
11283 11106 11614 11553 11633 11591 11780 Voigt
Vp (M/s) 6000
11007 10957 11506 11463 11493 11483 11712 VRH
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