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Abstract We perform a computational study based on first-principles calculations to investigate the
relative stability and elastic properties of the doped and undoped Fe carbide compounds at 200–364 GPa.
We find that upon doping a few weight percent of Si impurities at the carbon sites in Fe7C3 carbide phases,
the values of Poisson’s ratio and density increase while VP, and VS decrease compared to their undoped
counterparts. This leads to marked improvement in the agreement of seismic parameters such as Pwave and
S wave velocity, Poisson’s ratio, and density with the Preliminary Reference Earth Model (PREM) data. The
agreement with PREM data is found to be better for the orthorhombic phase of iron carbide (o-Fe7C3)
compared to hexagonal phase (h-Fe7C3). Our theoretical analysis indicates that Fe carbide containing Si
impurities can be a possible constituent of the Earth’s inner core. Since the density of undoped Fe7C3 is low
compared to that of inner core, as discussed in a recent theoretical study, our proposal of Si-doped Fe7C3 can
provide an alternative solution as an important component of the Earth’s inner core.

1. Introduction

Ever since the discovery of the Earth’s solid inner core 80 years ago, its composition has been controversial
[Lehmann, 1936]. It is now well understood that the Earth’s inner core is dominantly composed of iron along
with some fraction of nickel (~5%) [Allégre et al., 1995]. However, seismic observations suggest that the
density of the core is significantly lower than that of pure Fe and Fe-Ni alloy under core pressure and
temperature conditions [Stevenson, 1981], suggesting the presence of some light element in the core
[Birch, 1952; Badro et al., 2007]. Based on cosmochemical and petrological studies, there have been several
different proposals of possible light elements [Poirier, 1994; Li and Fei, 2003].

Among the various proposed light elements, carbon is a strong candidate because of its high cosmic
abundance, chemical affinity to iron at low pressures, and its ability to lower the density of molten iron
[Wood, 1993]. Theories on the formation of planets [Sasaki and Nakazawa, 1986; Ikoma and Genda,
2006] predict that the formation of the Earth’s core took place from a magma ocean that was surrounded
by H-, He-, and C-rich atmosphere. Thus, it is highly possible that some carbon got incorporated into the
core during the formation, which is additionally supported by the fact that C1 chondrites contain
~3.5 wt % of C [Lodders, 2003]. Furthermore, graphite and iron carbide such as cohenite (Fe, Ni)3C are
found in iron meteorites which also advocate the presence of C in the cores of the terrestrial planets
[Goodrich, 1992].

Iron carbides in the form of Fe3C (cementite) are found in ironmeteorites [Brett, 1966]. Thus, initially, Fe3C was
proposed as the ideal inner core candidate, which could also account for the density deficit of the core [Wood,
1993]. These conclusions, however, were drawn from thermodynamic extrapolations of the bulk modulus of
the ferromagnetic phase, which is comparatively less stiff than a nonmagnetic phase. The first-principles
simulations [Vočadlo et al., 2002] later revealed a ferromagnetic to nonmagnetic transition at 60 GPa, with
the nonmagnetic phase having a substantially stiffer bulk modulus, which was also later confirmed by experi-
ments [Sata et al., 2010]. Hence, Fe3C as an inner core constituent was ruled out. High-pressure experiments
[Lord et al., 2009; Nakajima et al., 2009] on Fe-C system suggests that Fe7C3 would be a stronger candidate
than Fe3C for the inner core since it becomes liquidus phase above 10 GPa. The structure of Fe7C3 is, however,
controversial. While some studies [Mookherjee et al., 2011; Nakajima et al., 2011; Chen et al., 2014] predict a
hexagonal phase (h-Fe7C3) [Herbstein and Snyman, 1964], also known as the Eckstrom-Adcock carbide
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phase, the study by Prescher et al. [2015] concludes that Fe7C3 takes up an orthorhombic phase (o-Fe7C3) at
inner core conditions. In our study, we have thus considered both h-Fe7C3 and o-Fe7C3 phases.

Fe carbide can occur in pure form as well as in a phase containing a few percentage of impurities. One of the
important possible impurities is silicon. Since the overlying mantle is very rich in silicate minerals, one cannot
rule out the presence of Si in the core. The higher Mg/Si ratio seen in the mantle than that reported for chon-
drites [Wänke, 1981; Allégre et al., 1995] suggests partitioning of Si under highly reducing condition [Badro
et al., 2014; Chabot et al., 2014; Fischer et al., 2017]. Further support for the presence of silicon in the core
comes from the study of silicon isotopes of meteorites on lunar and terrestrial samples [Georg et al., 2007].
Diamond-anvil cell experiments also suggest that a large amount of silicon should be dissolved in the liquid
outer core [Takafuji et al., 2005; Fischer et al., 2014]. On the basis of the “deep magma ocean” models of the
core formation, it has been suggested that the core contains 2–8 wt % silicon [Rubie et al., 2011; Hirose et al.,
2013; Badro et al., 2015], which is in good agreement with cosmochemical and geochemical estimates.
Furthermore, Li and Fei [2003] have already proposed that combinations of carbon and silicon are likely
because they both have equal charge and therefore silicon may be easily substituted at the carbon sites of
the Fe7C3 structure.

In view of the above, in the present study we have carried out density functional theory (DFT) based calcula-
tions and have theoretically derived the seismic parameters such as P wave velocity (VP), S wave velocity (VS),
Poisson’s ratio (σ), and density (ρ) of pure o-Fe7C3 and h-Fe7C3 phases and Si-doped Fe7C3 phases. To simu-
late the Si-doped phases, we replaced some of the carbon atoms with Si atom (amounting to 3.2 wt % Si dop-
ing, i.e., 16.7% of Si at C sites) in the h-Fe7C3 and o-Fe7C3 phase. The effect of higher level of Si (amounting to
6.4 wt %, i.e., 33.3% of Si at C sites) has also been checked. We have also considered the effect of Ni doping at
Fe site together with Si doping at C site, which did not change our conclusion. We have compared our results
with that of the Preliminary Reference Earth Model (PREM) [Dziewonski and Anderson, 1981]. Based on our
results, we predict that Si doping in Fe carbide plays an important role and provides a plausible and alterna-
tive solution of the issue of the composition of Earth’s core

2. Methodology

All calculations have been performed using plane wave based Vienna Ab initio Simulation Package (VASP)
[Kresse and Hafner, 1993; Kresse and Furthmuller, 1996; Kresse and Joubert, 1999], within the choice of
Generalized Gradient Approximation (GGA) for exchange correlation functional as implemented in the
Perdew-Burke-Ernzerhof (PBE-GGA) [Perdew et al., 1996] formulation. The effect of strong correlation effect
in Fe(d) manifold on the results was cross-checked in terms of supplemented +U calculations in representa-
tive cases. The trend of the results presented here is found to remain unaffected upon the inclusion of U. In
our plane wave calculations, core electrons have been approximated using projector-augmented wave pseu-
dopotentials, and valence electrons have been represented using a plane wave basis set having the cutoff
energy of 800 eV. The valence configurations have been chosen as Fe (3d64s2), Ni (3d84s2), C (2s22p2), and
Si (3s23p2). To ensure the convergence of electronic energies during the self-consistent run and the calcula-
tion of Hellmann-Feynman forces on atoms during structural optimization using conjugate gradient algo-
rithm, we have used a convergence criterion of 1 × 10�8 eV and 1 × 10�3 eV/Å, respectively. Since at
Earth’s core pressure and temperature conditions, most of these materials are known to lose magnetism
[Vočadlo et al., 2003a], all calculations have been performed considering the material to be nonmagnetic.

In order to simulate the structures of the different phases addressed here, at pressures pertaining to the
Earth’s core, we have employed Murnaghan’s equation of state [Murnaghan, 1944] (Text S5 in the supporting
information) together with experimental pressure-volume data, experimental bulk modulus, and its pressure
derivative data obtained from available literature [Takahashi et al., 1968;Mookherjee et al., 2011; Prescher et al.,
2015]. For the Brillouin zone sampling, Monkhorst-Pack k-mesh sampling of size 8 × 8 × 8 was used, which
was found sufficient to achieve convergence in terms of k points. The convergence of k points on the calcu-
lated properties has been checked. The elastic tensor has been determined by performing calculations
considering a couple of finite distortions of the lattice and deriving the elastic constants from the stress-strain
relationship [Page and Saxe, 2002]. The bulk and shear modulus were then calculated from the elastic tensor
using the Voight-Hill-Reuss approach [Voigt, 1928; Simmons and Wang, 1971]. Further, using the calculated



bulk and shear modulus, the Poisson’s ratio and P and Swave velocities (VP, VS, respectively) have been deter-
mined using the following set of formulas:

σ ¼ 3K � 2Gð Þ
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where, σ, K, G, and ρ are respectively Poisson’s ratio, bulk and shear modulus, and density of the material.

Phonon dispersion and free energies have been calculated within the framework of quasi-harmonic approx-
imation as implemented in the PHONOPY code [Togo and Tanaka, 2015]. For the calculation of real space
force constants as well as for studying doping effect, a 1 × 3 × 1 super cell was constructed for the orthorhom-
bic Fe7C3, while for hexagonal Fe7C3 a super cell of size 2 × 2 × 3 was constructed in order to maintain the
same number of atoms (a total of 240 atoms) in the cell for both the symmetries. The real space force con-
stants were obtained using Density Functional Perturbation Theory as implemented in the VASP code.
Starting from the Helmholtz free energies, computed at 10 different volumes within pressures range between
100 and 364 GPa, the effect of thermal expansion was considered in the quasi-harmonic approximation to
obtain the Gibbs free energies of the different phases at Earth’s core pressure. The effect of Si and Ni doping
was considered within the periodic setup of DFT, by replacing a fraction of C atoms by Si atoms, and Fe atoms
by Ni atoms within the constructed super cell.

3. Results
3.1. Stability Analysis

In order to study the relative stability of one phase over the other, we have calculated the pressure-
dependent enthalpy difference between different phases, which provides us the information of the stability
of a given phase over the other at a given pressure. The pressure range has been considered between 200
and 364 GPa and temperature between 2000 and 5500 K, in order to cover the pressure-temperature range
at Earth’s core. One thus needs to incorporate the effect of vibrational entropy and compare the Gibbs free
energy of the two phases, in order to obtain a realistic estimate of the stability. For this purpose, as mentioned
in section 2, the Helmholtz free energies at fixed volumes were calculated from the information of phonon
density of states, as a first step, following which the effect of thermal expansion was taken into account in
the quasi-harmonic approximation to obtain the temperature-dependent Gibbs free energy. The pressure
value for the phonon and free energy calculations was fixed at 364 GPa, the estimated pressure of the center
of the Earth. It is to be noted that any possible anharmonic effect that becomes effective at such extreme
temperature condition has not been taken into account within the present scope of the theory. The obtained
results have been summarized in Figure 1, with the left, middle, and right columns in the figure showing the
plots of the difference in enthalpy between of the two considered phases, phonon density of states, and
difference in Gibbs free energy, respectively plotted as a function of pressure in case of enthalpy and phonon
density of state and as a function of temperature in case of Gibbs free energy. The relative stability analysis
has been carried out between h-Fe7C3 and o-Fe7C3 phases (cf. Figures 1a–1c) and between Si-doped h-Fe7C3
and o-Fe7C3 phases (cf. Figures 1d–1f).
3.1.1. Relative Stability of Orthorhombic and Hexagonal Fe7C3
In order to investigate the relative stability of the orthorhombic and hexagonal Fe7C3 phases, we first calcu-
lated the difference in enthalpy of formation of these two phases as a function of pressure, as shown in
Figure 1a. We find that for the studied pressure range the hexagonal phase has a lower enthalpy of formation
compared to the orthorhombic phase, being lower by 0.21 eV/atom at 364 GPa. We have also investigated
the effect of 4 wt % (i.e., 3.9% Ni at Fe sites) and 14 wt % (i.e., 11.7% Ni at Fe site) Ni doping at the Fe sites
for both o-Fe7C3 and h-Fe7C3. Ni doping is found to keep the trend of the undoped compounds intact, with
only small changes in the numerical values (Text S3 in the supporting information). Thus, in the following
discussion, we do not consider Ni doping. We have calculated the phonon dispersion for both the orthor-
hombic and hexagonal phases, as shown in Figure 1b. Using this phonon dispersion, we have next calculated
the temperature-dependent Gibbs free energy difference for both h-Fe7C3 and o- Fe7C3 at 364 GPa as shown
in Figure 1c. As found in the DFT study by Raza et al. [2015], we also found h-Fe7C3 to be stable compared to
o-Fe7C3, in the studied temperature range. This, in turn, questions the recent experimental discovery of
orthorhombic iron carbide, o-Fe7C3 [Prescher et al., 2015] which designated o-Fe7C3 as a potentially



important phase for interpretation of the properties of the Earth’s core. A possible solution to this puzzle, as
indicated by Raza et al. [2015], is that Fe7C3 may decompose to more stable stoichiometries such as Fe2C and
Fe3C. However, this conjecture is based on zero temperature calculation, which is questionable at a high
temperature that corresponds to that of Earth’s inner core.
3.1.2. Si-Doped Iron Carbide
We consider 3.2 wt % Si-doped in h-Fe7C3 as well as in o-Fe7C3. Total energy calculations suggest that Si
substitution is best suited at the carbon sites of Fe7C3 (refer to Text S1 of supporting information for details).
In order to test the stability of this new phase, we have calculated the enthalpy of formation and phonon
density of states as a function of pressure and temperature-dependent Gibbs free energy. We have consid-
ered two different arrangements of Si at carbon sites of Fe7C3: (i) uniform distribution of Si among the C
atoms and (ii) clustering of Si atoms. The energy difference between the two was found out to be small,
i.e., 4 meV/atom. In the calculations that follow, we have considered only the first case, where Si is uniformly
distributed among the C sites in Fe7C3.

The results in Figures 1d–1f are presented for 3.2 wt % of Si doping. Qualitatively similar results were obtained
for higher doping, i.e., 6.4 wt %. From the plot of the difference in the enthalpy of the formation between
h-Fe7C3 and o-Fe7C3 (cf. Figure 1d), we find that Si doping makes the hexagonal phase even more stable
compared to orthorhombic phase at T = 0 K. The phonon DOS for 3.2 wt % (16.7% Si at C sites) Si-doped
o-Fe7C3 and h-Fe7C3, in comparison to that of the pure compounds, are shown in Figure 1e. The calculated
Gibbs free energy employing the information of phonon DOS shows a rather interesting result. While for
the pure carbide phases, the hexagonal phase remains stable compared to orthorhombic phase even at high
temperature, the introduction of Si impurities makes this trend reversed at finite temperature with orthor-
hombic phase being more stable compared to hexagonal phase by about 50 meV/atom. The situation is

Figure 1. DFT calculated pressure variation of difference in (a) enthalpy between h-Fe7C3 (Hh) and o-Fe7C3 (Ho), (b) phonon Density of States (DOS) calculated at
364 GPa, and (c) temperature dependence of difference in Gibbs Free Energy between h-Fe7C3 (Gh) and o-Fe7C3 (Go) calculated at 364 GPa. The blue and orange
lines in Figure 1b represent phonon DOS for h-Fe7C3 and o-Fe7C3, respectively. DFT calculated pressure variation of difference in (d) enthalpy between h-Fe7C3 (Hh) and
o-Fe7C3 (Ho), (e) phonon DOS calculated at 364 GPa, and (f) temperature dependence of difference in Gibbs Free Energy between h-Fe7C3 (Gh) and o-Fe7C3 (Go)
calculated at 364 GPa, of pure and Si-doped compounds. In Figures 1d and 1f, blue line represents the pure phase, while orange line represents Si-doped phase. In
Figure 1e solid (dashed) blue line represents pure (Si-doped) hexagonal phase, while solid (dashed) orange line represents pure (Si-doped) orthorhombic phase.



rather similar to the behavior of pure Fe, where the stability of bcc Fe over hcp is achieved upon Si doping
[Vočadlo et al., 2003a, 2003b; Côte et al., 2012].

We would like to conclude the section on analysis of relative stability with a note of caution. Our thermody-
namic calculations have been carried out in quasi-harmonic approximation. Although this approach is
expected to be valid at an intermediate temperature, at a temperature of Earth’s core the anharmonic effect
should be important. Thus, drawing a firm conclusion concerning the relative stability of phases at extreme
conditions of Earth’s core is not possible within the present scope of theory and needs
experimental verification.

3.2. Calculated Elastic Properties

Following the study of stability of undoped and Si-doped Fe carbide compounds in their probable high-
pressure phases, we embark onto the discussion of the density and elastic properties of these phases
using ab initio methods. The pressure range is chosen to be 330 GPa to 364 GPa, which covers the pres-
sures of Earth’s inner core. The elements of the elastic tensor have been employed to calculate the bulk
and shear moduli for each of these phases over the indicated pressure range. The calculated elastic moduli
are further used to estimate the longitudinal and shear wave velocities, designated as VP and VS, respec-
tively, and the Poisson’s ratio. The calculated density in comparison to that obtained from PREM data is
shown in Figure 2 for all different phases studied in this work, which include pure h-Fe7C3 and o-Fe7C3,
and Si-doped h-Fe7C3 and o-Fe7C3. Considering the calculated densities at 364 GPa, we find that the den-
sity is underestimated by 6.1%, 5.3%, 4.3%, and 2.9% for h-Fe7C3, o-Fe7C3, and Si-doped Fe carbide phases,
respectively. However, we note that the densities of Si-doped h- and o-Fe7C3 increase by several percent
compared to undoped h- and o-Fe7C3. The density, as expected, does not change significantly with
14 wt % Ni doping at Fe sites of these phases. Considering the case of the undoped carbides, VP and
VS for both hexagonal and orthorhombic phases are found to be overestimated to a large extend
compared to the PREM (Figure 2a). While the effect of Ni-doping on h- and o-Fe7C3 is found to be only
marginal, Si doping on Fe carbide phases is seen to have an appreciable improvement, especially in the
case of o-Fe7C3 (Figure 2a). Si doping on o-Fe7C3 makes the overestimation of VS much smaller, bringing
it more in agreement with PREM data, at the same time maintaining good agreement in case of VS. The
densities of Si-doped h- and o-Fe7C3 are found to be increased several percent compared to undoped
h- and o-Fe7C3. Specially, the calculated density of Si-doped o-Fe7C3 is found to be underestimated by
only 2.9% compared to PREM (Figure 2b). Notably, as suggested by our calculations, Si doping also makes
o-Fe7C3 thermodynamically more stable compared to h-Fe7C3. We have also extrapolated our Poisson’s
ratio versus density data of h- and o-Fe7C3 and Si-doped h-Fe7C3 and o-Fe7C3 phase to densities of inner
core as obtained from the PREM (Figure 3). The calculated Poisson’s ratio for Si-doped o-Fe7C3 phase at
inner core pressures is also found to be the largest among all different phases considered in this study
and closest to the value of 0.44, the known Poisson’s ratio at Earth’s inner core. The theoretically proposed
Si-doped o-Fe7C3 phase thus appears to be a suitable candidate in terms of the agreement with PREM
data. The calculated values of the lattice parameters, density, and elastic constants at 100 GPa and
364 GPa for h-Fe7C3, o-Fe7C3, h-Fe7(C, Si)3, and o-Fe7(C, Si)3 have been listed in the supporting information
(cf. Text S4 in the supporting information).

4. Discussion

Based on the depleted carbon content in bulk silicate earth, it is now obvious that the core has carbon
and that carbon may be present either in the Fe metal phase or as a carbide phase or in any other
phases. This is additionally supported by a recent study of the fractionation of carbon isotopes between
Fe-carbide melt and graphite/diamond, which suggests that there is an enrichment of carbon in the
Earth’s core [Satish-Kumar et al., 2011]. Based on a thermodynamic model, Wood [1993] initially predicted
that Fe3C was the first phase to crystallize from Fe-S-C liquid under core conditions. However, it has been
suggested that Earth’s inner core consists mainly of Fe7C3 because Fe7C3 becomes liquidus phase at core
pressures and replaces Fe3C [Lord et al., 2009; Nakajima et al., 2009; Fei and Brosh, 2014; Chen and Li,
2016]. Furthermore, recent experimental results also suggest that o-Fe7C3 [Prescher et al., 2015] is a
potentially important phase for interpretation of the properties of the Earth’s core. However, results



Figure 2. (a) Calculated velocities of h-Fe7C3 and o-Fe7C3 with their Si-doped equivalents at inner core conditions as a
function of density and compared with pure Fe (solid gray circle, Badro et al. [2007]; filled white diamond, Murphy et al.
[2013]) and the PREM [Dziewonski and Anderson, 1981]. The computed densities of Si-doped h- and o-Fe7C3 (filled olive and
cyan circles, respectively) and h- and o-Fe7C3 (filled blue and orange circles, respectively) is lower than the PREM. However,
the densities of Si-doped h- and o-Fe7C3 increase several percent compared to undoped h- and o-Fe7C3. (b) Densities of
h- and o-Fe7C3 and Si-doped h- and o-Fe7C3 as a function of pressure and compared with pure Fe and PREM. The solid blue
curve is the measured densities of hcp-Fe from static experiments at 300 K [Mao et al., 1990]. The dashed magenta curve is
the calculated density of hcp-Fe at 5000 and 7000 K with Mie-Grüneisen-Debye EOS parameters from Seagle et al. [2006].
The calculated densities of paramagnetic h-Fe7C3 (gray filled diamond; Nakajima et al. [2011]) and nonmagnetic h-Fe7C3
(green filled diamond; Chen et al. [2012]) match the PREM at inner core pressures and 300 K. The density of paramagnetic
h-Fe7C3 at 6230 K is lower than that of PREM (red filled diamond; Liu et al. [2016]). The densities of Si-doped h- and o-Fe7C3
increase several percent compared to undoped h- and o-Fe7C3. However, the calculated density of Si-doped o-Fe7C3 is
3% lower than PREM.



obtained from ab initio molecular
dynamics simulations claim that
the density of Fe7C3 can have a
too low density relative to the inner
core [Li et al., 2016]. Recent inelastic
X-ray scattering measurements of
liquid iron-carbon alloy show that
VP is substantially slower than a
phase consisting of pure Fe and
Fe3C and faster than that of liquid
Fe [Nakajima et al., 2015]. These
results are additionally supported
by the iron isotope composition
[Shahar et al., 2016] which suggests
that carbon is not the only light ele-
ment component in the core. In
view of this, we evaluate the stabi-
lity of Si-doped Fe7C3 phase and
present a new model for the com-
position of the inner core. Our first-
principles calculations suggest that

the incorporation of a few weight percent of silicon into the solid o-Fe7C3 phase makes the Si-doped
o-Fe7(C, Si)3 phase stable at inner core conditions over the Si-doped h-Fe7(C,Si)3 phase. Our data also
demonstrate that the substitution of carbon by silicon in o-Fe7C3 expands the density field with respect
to that of h-Fe7C3. Our calculations show that while the S wave velocities for undoped o-Fe7C3 phase at
inner core pressures are faster than the PREM by 30%, Si doping in carbide phases improves upon this
discrepancy, making the velocities faster than that of the PREM by only 15% (Figure 2a). The density and
Poisson’s ratio for the Si-doped o-Fe7C3 phase is underestimated by only 3 and 4%, respectively
(Figures 2b and 3). It is to be noted that compared to Si-doped o-Fe7C3 phase, VS of hcp-Fe solid phase
at inner core conditions increases by more than 14% [Badro et al., 2007; Murphy et al., 2013]. Our
proposal of Si doping in Fe7C3 phase thus provides an alternative and good solution for the issues
related to undoped Fe7C3 phase, which as discussed makes the comparison with PREM data
significantly improved.

The solubility of silicon in the solid Fe phase is much higher than that of carbon, both at 1 atm [Chipman,
1972; Baker et al., 1992] and up to the lower mantle conditions [Gessmann et al., 2001; Lin et al., 2002;
Nakajima et al., 2009]. Furthermore, the stable structure for Fe-Si phase with 0 to 9 wt % Si [Tateno et al.,
2015] and Fe-Ni-Si alloy containing 7.7 wt % Si [Sakai et al., 2011] remains a single phase with the hcp struc-
ture at inner core conditions. Based on low-pressure experimental data for the partitioning behavior of silicon
and carbon between solid metal and liquid phase in Fe-Si-C ternary, we calculate Dsolid/liquid for silicon and it
lies between 0.8 and 1.1 and for carbon Dsolid/liquid is ~0.3 [Lacaze and Sundman, 1991; Miettinen, 1998].
Similar to the known effect of sulfur on the activity of carbon [Wood, 1993], adding Si is expected to decrease
the amount of carbon in a Fe7C3-saturated melt because the activity coefficient of C is increased when Si is
added to the melt. In that case, even more than 6 wt % Si-containing Fe-rich liquid will crystallize in Fe7C3
with Si impurities even if the carbon content of the liquid is very low (< 1%). However, the effect of silicon
on the phase diagram of solid Fe7C3, liquid phase, and solid Fe phase is not known yet and should to be
examined experimentally at Earth’s core conditions. It has been found that between 330 and 364 GPa,
3.6 wt % Si and 1.0 wt % C would be dissolved in the solid inner core of Earth with bulk Earth composition
[McDonough, 2004; Badro et al., 2015], to balance the inner core’s density deficit. We have additionally
performed calculations on the stability of o- and h-Fe7(C,Si)3 with respect to hcp-Fe-Si at core pressures
(Text S2 in the supporting information) and confirmed that Si would prefer to occupy a C-site in Fe7C3 instead
of a Fe-site in hcp-Fe-Si which is stable at inner core conditions [Fischer et al., 2014; Tateno et al., 2015].
Therefore, the crystallization of solid Fe7(C,Si)3 from a liquid outer core with ~1 wt % carbon may still be pos-
sible if silicon is also included in the core.

Figure 3. Variation of Poisson’s ratio of h- and o-Fe7C3 and their Si-doped
counterparts versus the densities estimated to the Earth’s inner core condi-
tions. The Poisson’s ratio of Si-doped o-Fe7C3 increases significantly com-
pared to Si-doped h-Fe7C3, o-Fe7C3, and h-Fe7C3. Also, the calculated
Poisson’s ratio of o-Fe7(C, Si)3 is very close to the Poisson’s ratio of the PREM
[Dziewonski and Anderson, 1981] at densities of the inner core conditions.



5. Conclusion and Outlook

In our attempt to identify a suitable phase that could possibly be the major constituent of the Earth’s core, we
considered the possible high-pressure phases of pure and doped Fe carbide phases. We have proposed and
investigated Si-doped Fe carbide phases. We discovered that o-Fe7C3 gets thermodynamically stable com-
pared to the competing h-Fe7C3 upon our theoretical proposal of Si doping. In the absence of Si doping,
we find h-Fe7C3 to be more stable compared to o-Fe7C3 in agreement with the conclusion of Raza et al.
[2015] based on DFT study. Having ascertained thermodynamic stability at Earth’s core condition, we moved
forward to calculate their elastic properties as a function of pressure, which were compared to the data put
forth by the PREM. Considering the Fe carbide phases, we found that by doping a few percentage of Si atoms
at the carbon sites, all the elastic properties such as density, VP, VS, and Poisson’s ratio improve in a substantial
manner compared to their undoped counterparts, the comparison being best for o-Fe7C3 phase. Thus, con-
sidering the various aspects of elastic properties with available experimental data, our theoretical proposal of
Si-doped o-Fe7C3 phase stands out compared to other phases considered in this study. Our theoretical pre-
diction, however, needs to be verified experimentally. Finally, this study did not include consideration of
other possible light elements like O, H, or S, which calls for a separate investigation.
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