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Abstract Knowledge of the abundance and distribution of light elements in the core is fundamental
to the understanding of the Earth and other planetary systems. Recent studies (Li et al., 2018; Mashino

et al., 2019) suggest the particular importance of carbon for explaining core properties, yet knowledge of
carbon partitioning between the outer and inner core is unknown. By using the quasiharmonic
approximation, ab initio molecular dynamics, and thermodynamic integration techniques, we have
computed the chemical potential of carbon in liquid Fe and solid hcp-Fe at core conditions. We find that
substitutional carbon is more stable than interstitial carbon and other carbon defect cluster structures in
solid Fe. Lattice strain and overcoordination effects lead to a high chemical potential of C in solid Fe
compared to the liquid, and consequently carbon partitions almost completely into the liquid. We find that
carbon can account for most of the density jump at the inner-core boundary. This provides an alternative
mechanism to the necessity of an oxygen-rich outer core and may have significant implications for the
composition and structure of the deep Earth.

1. Introduction

It is generally accepted that the Earth's core is made predominantly of Fe (Birch, 1952). However, the density
of solid Fe at inner-core conditions is higher than the observed inner-core density by ~3 to 5% (Dubrovinsky
et al., 2000), and that of liquid Fe under outer-core conditions is higher by ~5 to 10% (Anderson & Isaak,
2002; Stevenson, 1981). This requires that both the inner and outer core contain some light elements, with
the concentration of light element being lower in the inner core. In addition to the density deficit, the
observed seismic velocities of the core also differ from those determined for pure Fe from both theory and
experiment (Mao et al., 2012; Martorell et al., 2013).

There are a number of approaches to identifying which light elements are in the core, including cosmochem-
ical arguments (e.g., McDonough & Sun, 1995), matching the densities and velocities of the core to experi-
mental and theoretical measurements of various Fe-alloys (e.g., Badro et al., 2014; Li et al., 2018), and
matching the density jump between the inner and outer core. Another constraint is that the concentration
of light element in the inner core is less than that of the outer core. In other words, the outer core must con-
tain at least one element, which does not partition equally into the inner core. Dario Alfé et al. (2000)
exploited this to suggest that oxygen must be a significant component of the outer core. This is because che-
mical potentials calculated from ab initio simulations show that both S and Si partition equally between solid
and liquid Fe, whereas O partitions very strongly only into the outer core. Therefore, of the three elements
studied, only oxygen satisfies the constraint of a lower light element concentration in the inner core than the
outer core. This has led to the common assumption that the core must have at least a couple of wt% O

However, there is increasing evidence that also C would not partition equally between the inner and outer
core. By measuring the melting curves of Fe-Fe;C-Fe,C3 up to 70 GPa, Lord et al. (2009) found that the
eutectic point of iron and iron carbide and the C solubility in solid Fe are reduced considerably for pressures
approaching ~50 GPa. The negligible amount of C in solid Fe in equilibrium with the Fe-C liquid means that
C does not partition into solid Fe above ~50 GPa. On the other hand, Fei and Brosh (2014) performed experi-
ments on the Fe-C system up to 20 GPa and fitted their data to a thermodynamic model. They found that
while the eutectic composition does indeed decrease from 4.3 wt.% at ambient pressure to 3.5 wt.% at 20
GPa, an extrapolation of their results gave a eutectic point of 2.24 wt.% and a solubility of ~1.5 wt.% at 330
GPa. Their results suggest that a significant amount of C can be partitioned into hcp-Fe. Most recently,
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Mashino et al. (2019) extended the pressure to 255 GPa and found a eutectic composition of 3 wt.% and a
maximum solubility of 1 wt.% in hcp-Fe at ICB conditions. Their results suggest that C partitions more into
liquid Fe, but their results generally agree with those of Fei and Brosh (2014). An attempt to estimate the
partitioning theoretically was made by Zhang and Yin (2012), who used a two-phase method combined with
ab initio molecular dynamics (AIMD) to obtain a partition coefficient of C between liquid Fe and silicate
melt of 943 at 3200 K and 40 GPa. Other circumstantial evidence for the incompatibility of C in the inner
core can be gleaned from Brodholt and Badro (2017). In Fe-melts they show that both S and Si substitute
for Fe with no change in volume, whereas O and C strongly decrease the volume. Assuming that the same
size mismatch happens in the solid phase, a consideration of lattice strain would suggest that the O and C
should partition almost entirely into the outer core. Using the previously calculated atom volume of C
(4.6 A% in Fe at 360 GPa and 6500 K and a predictive model based on lattice strain (Blundy & Wood,
1994), we can obtain a strain energy of 3.2 eV by moving C from the liquid to the solid. This is even larger
than that of O (Alfe, Gillan, & Price, 2002), and in metallic system this means C will be partitioned into
the liquid.

So the evidence is pointing toward a nonunity partitioning of C between the inner and outer core although
the amount of partitioning is still uncertain. In addition, none of the experiments were conducted at IC con-
ditions, and as we show here, P&T has a very strong effect on the partition coefficient. Moreover, the mag-
nitude of the partition coefficient is important since it controls the amount of C in the inner core and,
therefore, how much of another light element is needed to explain inner-core velocities and densities.

In this study, we employed the quasiharmonic approximation (QHA), AIMD, and thermodynamic integra-
tion (TI) techniques to calculate the free energies of Fe-C alloys. The chemical potential of C in solid and
liquid Fe and the partitioning were then derived under core conditions. We find that the substitutional
hcp-Fe-C binary alloy is thermodynamically most stable at 360 GPa and 6500 K compared to other solid alloy
structures. However, substitutional C has a much higher chemical potential in the solid than in liquid Fe. As
aresult, in this binary system, C almost completely partitions into the liquid Fe. We conclude, therefore, that
C cannot be the sole light element in the core. Moreover, the lack of partitioning of C means that it can play a
similar role suggested for O and explain the lower concentration of light element in the inner core. In other
words, the outer core must contain some O and/or C, as well as other light element.

2. Methods
2.1. Speciation of Carbon in hcp-Fe

Impurity atoms in a solid can be substitutional or interstitial. They can also interact with other defects and
develop defect clusters, which can dramatically change the physical and mechanical properties of the solid
(Li, Korzhavyi, et al., 2017). At low pressure, the small size of the C atom means it is incorporated in an inter-
stitial site, but density functional theory calculations show a switch to a preferred substitutional site at ~280
GPa (L. Huang et al., 2005). However, these calculations are only at 0 K and so it is not clear which mechan-
ism is favored in the core, nor is it known whether another mechanism, such as defect clusters, would be
more stable. Therefore, in this work, we explored substitutional C, the octahedral interstitial C, and their
clusters in hcp-Fe at 360 GPa and high temperature.

Figure 1 shows the interstitial sites in hcp-Fe. We shall systematically ignore the tetrahedral interstitial site
since this has already been shown to be ~5.5 eV less favorable than the octahedral interstitial site (Caracas,
2017). We denote the octahedral interstitial and substitutional C by C' and C%, respectively. We employed a
4 x4 x 3 hep supercell containing 96 Fe atoms and created the substitutional alloy structures FegsC} and Feo,
C} and the interstitial alloy structures Fe%Ci1 and Fe%Ciz. The two C atoms were placed at the neighbouring
lattice sites in FeysC5 and at the neighbouring octahedral sites in Fe96Ci2. We also placed one C atom at the
neighbouring octahedral site around a substitutional C atom to create a structure FeysC} Cil, and we then
placed more C atoms at the neighbouring octahedral sites to create structures including FegsC5C}, FegsC§
Cl, FeysCiCl, and FeysC5CL. There are six neighbouring octahedral sites around each lattice site in
hcp-Fe. Therefore, there are one, three, three, three, and one symmetrically distinct structures for FegsC}
Cl, FegsC5 Ch, Fegs C5 Cl, FeosCS Cl, and FegsC5 CL, respectively. In our calculations the lattice and ion positions
were fully relaxed at 360 GPa and 0 K. After relaxation, C atoms in FegsC§C}, FegsC5 Cl, FegsCS CL, FegsCS Cl,
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Figure 1. Illustration of interstitial sites in hcp-Fe.
and FegsC} Ci5 formed the dimer, trimer, tetramer, pentamer, and hexamer clusters, respectively, as can be
seen in Figure 2.
2.2. Chemical Potential From the Quasiharmonic Approximation
We derived the Gibbs free energy of solid Fe-C alloys using the QHA method. The chemical potentials of dif-
ferent C speciations were then calculated from the quasiharmonic free energies.
For a system at a volume V and temperature T, the Helmholtz free energy can be written as
F(V7 T) = U(V) +th(V7 T) +Fel(V7 T) (1)
where U(V) is the internal energy—equivalent to the 0 K static total energy in the framework of ab initio cal-
culations, F,,(V,T) is the vibrational free energy, and F,(V,T) is the electronic free energy. F,,,(V,T) can be
calculated by
Fon(V.T) = ks T3 L8 1 Lo [f24(@) @)
N 2ksT
where N is the number of atoms in the primitive unit cell, q is the wavevector, and N, is the number of wave-
vectors. kg and 7 are the Boltzmann constant and the reduced Plank constant, respectively. F(V,T) is
defined as
Fag(V,T)=Uu(V,T)-TSa(V,T) 3)
where U,(V,T) is the thermal electronic energy and S,; is the electronic configurational entropy.
Once we obtain F(V,T) as a function of V and T, pressure can be derived via
LI ET AL.
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Figure 2. Chemical potential (referenced to the isolated single C atom) of different C speciations in hcp-Fe at 360 GPa and
0 K. The insert figures show the configurations of C speciations. The gold and gray colored balls indicate the Fe and C

atoms, respectively.
OF(V,T)
= —1"7 4
r=—(T5). @

The quasiharmonic Gibbs free energy is therefore G(V,T)= F(V,T) — TScont+PV (Scont is the configurational
entropy in the alloy structures), which can be transformed to G(p,T) as a function of p and T. The chemical
potential of C in hcp-Fe was then calculated by

G(p7 TyNAaNX)_G(pa T7 NA)

:uX(pv T) = NX

©)

where X and A denote the solute C and solvent Fe, respectively. Ny and Nx are the number of solvent and
solute atoms.

2.3. Chemical Potential From Alchemical Free Energy Calculations

To account for the anharmonic effect, we employed the alchemical free energy approach. We used alchem-
ical TT to calculate the carbon chemical potential in both the liquid Fe-C alloys and the substitutional Fe-C
alloys. Unfortunately, this method cannot be applied to the interstitial and cluster structures.

The chemical potential of solute X in solvent A at specific T and p, (ux(p,T,cx)), can be written as

#X(p7 T, CX) = ﬁX(p7 T, CX) + kg Tlncx (6)

the first term on the right-hand side (RHS) is the pure component, and the second is from mixing entropy.
Due to solute interactions, iy (p, T, cx) is concentration dependent and can be approximated by

:HX(pv Ta CX) = :u;( +acx + 6CX2 (7)

where .}, is concentration independent and a and 8 are coefficients. We will see below that the second-order
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polynomial expansion of the pure component can well describe the concentration dependence. For the solid
in this paper, we have ignored the interaction between solute atoms by using ordered alloy structures. This is
still valid for the solid Fe-C system as the pair interaction energy is only 0.04 eV (calculated from energies of
FeysC} and FegsC5 as shown in Figure 2).

We calculated the chemical potential of C in both solid and liquid Fe using the alchemical free energy
method described before (Alfe, Gillan, & Price, 2002; Li, Vocadlo, et al., 2017). Namely, the Gibbs free energy
change uxa(p,T,cx) of transmuting solvent A atoms (Fe in our case) into solute X atoms (C in our case) was
calculated at the melting temperature of the pure solvent (T9,), and in this way we reference the solute che-
mical potential to the solvent chemical potential by

,L{)((P7 T7 CX) = :L‘XA(pv T7 CX) +:“A(p7 T, CX) (8)

From the Gibbs-Duhem equation cxdux+(1 — cx)dua = 0, we have

Cx kBT (0{+2ﬁ€x)€x kBT+ OC+26
=— = |— - = 26(1 e
dus o duy e - dex = |a+26(1+ cx) e dex 9)
and then,
Ua(p, T, ex) = p) + (kgT + a + 2B)In(1—cx) + acx + 2Bex + Bex” (10)

This can be well approximated by u, (p, T, cx) = uS—kpTex + B(p, T)ex? with an error <3% at cx<0.05. To
account for the nonlinearity of uxa(p,T,cx) at higher concentrations, this approximation cannot be made.
uxa(p,T,cx) is therefore,

uxa(p, Tycx) = ,u;—,uOA + kgTlnex—(kgT + a + 2B)In(1—cx)—2Bcx (11)

Practically, it is more convenient to calculate ux, at constant volume rather than at constant pressure. At
constant volume v, we have

,LLXA(E7 T7 Cx) = F(NA—LNX + 1)—F(NA,Nx)

_— Na Ax) _ {, dRexp[~U(Nx—1,Nx + 1;R)/(ksT)]
- kBTln(NX) + 3kgTIn (AA) kBTln{ deReXp[—U(NA,NX;R)/(kBT)] }

= kBTlI'l(C)() + kBTCX + 3kBT11’l <2—z) + m(i, T7 Cx) (12)
where the Helmholtz free energy F(Na, Nx) is for the system with N, solvent atoms and Ny solute atoms,
F(N4 — 1, Nx+1) is for the system with one less solvent atom and one more solute atom, and U(N,, Nx; R)
and U(N, — 1,Nx+1; R) are the total energy functions for the two systems, respectively (Alfe, Gillan, &
Price, 2002). Ax and A4 are the thermal wavelengths (h/(27erBT)1/ 2 h is Planck constant, and M is the
atomic mass) of X and A, respectively. m(v, T, cx) is the only quantity that needs to be treated by ab initio
calculations, and

(3, T, ex) = —ksTln {jvdRexp[—U(NA—LNX +1;R) /(kBT)]} )
[ dRexp[~U(Na, Nx; R)/ (ks T)]
Equating equations (11) and (12), we have
A
3kgTIn (A—z) +m,T,cx) = ,u;_,uOA—kBTcX—(kBT + o+ 28)In(1—cx)—2Bcx (14)

,u;—,uOA, a and f3 can be obtained by fitting equation (14) with calculated m(v, T, cx). In practice, we deal with

the number of atoms rather than the concentration cx. We therefore, introduce another quantity W(N,Nx)
(Alfe, Gillan, & Price, 2002) as
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WN.Ny) = _kBTln{deRexp[—U(N—Nx,NX;R) /(kBT)]} .
[ dRexp[~U(N,0; R)/ (ks T)]
which can be calculated by the TI technique
1
W(N,Nx) = [, dA(U,—Uy), (16)

where the total energy functions U;(R) = U(N — Nx, Nx; R) and Uy(R) = U(N,0; R). W(N, Nx)/Nx equals to
m(,T,cx) at Nx approaching 0. We can obtain m(¥, T, cx) from the calculated concentration dependent
WAN, Nx) by

W(N,Nx
om(v, T, cx) a[ b )]
-2 a7
aCx aCX

This is because the calculated free energy difference at Nx/N corresponds to the chemical potential differ-
ence at Nx/2N, according to the definition of chemical potential.

Now we have to convert uy, (v, T,cx) to uxa(@,T,cx) (Alfe, Gillan, & Price, 2002). A relationship exists
between m(v, T, cx) and m(p,T,cx) as

(0m(p, T,cx)/0cx)p = (0m(V, T, cX)/@cX)V—nBT(vX—vA)2 (18)

where vy and v, are the volumes of solute and solvent atoms, respectively. n = N/V is the atomic number
density. vy can be calculated via vx = dp - V/Br+v,. We can rewrite equations (14) as

A
3kgTIn <A7X> +m®, T, CX)_nBT(Vx—vA)ZCX = u;—#OA—kBTcX—(kBT + o+ 28)In(1—cx)—2Bcx (19)
A

a and 8 can be obtained by fitting the RHS to the calculated left-hand side.

2.4. Simulation Details

Density functional theory calculations were performed by using the Vienna Ab initio Simulation Package
(VASP) with the implemented projector augmented wave method (Blochl, 1994; Georg Kresse &
Furthmiiller, 1996; G. Kresse & Hafner, 1993; G. Kresse & Joubert, 1999). Fe—3p63d74s1 and C—2s22p2 were
treated as valence states, and the planewave cutoff energy was set to be 400 eV. The generalized gradient
approximation with the Perdew-Wang scheme (Perdew & Wang, 1992) was used to treat the exchange-
correlation interactions. Single-particle orbitals were populated according to the Fermi-Dirac statistics.
Plane-wave basis cutoff energy was set as 400 eV.

For the defect cluster calculations with the 4 X 4 X 3 hcp supercell, a 4 X 4 X 4 Monkhorst-Pack mesh was
used for structure relaxation and phonon calculations. The lattice and ion positions were fully relaxed at
360 GPa using the energy and force convergence criteria 1 x 105 eV and 1 x 10™* eV/A, respectively.
The volume was then changed to create 10 structures, and both the lattice shape and ionic positions were
fully relaxed. Phonon calculations were performed by using both the PHON code (Dario Alfe, 2009) and
Phonopy code (Togo & Tanaka, 2015) with the direct force constant approach.

For the alchemical TI calculations, we employed a 4 X 4 X 2 hcp supercell and used an energy convergence
criteria 2 x 107> eV. We performed constant volume AIMD calculations (NVT) to calculate the free energy
change W(N, Nx)/Nx and hence uxa at ~360 GPa and 6500 K (corresponding to an atom volume V/N=6.999
A3 for liquid and 6.859 A* for solid). The pure Fe supercells have been equilibrated under the NVT ensemble
for over 10 ps. We calculated W(N, Nx)/Nx by starting with the pure Fe system and transmuting 1, 2, 3, and 4
atoms for the solid and 1, 2, 3, and 8 atoms for the liquid. Five equally spaced A (0.0, 0.25, 0.5, 0.75, and 1.0)
were used for TI; the number of A used is sufficient to converge the integration within the statistical error,
since the integration along the path for the free energy change W(N, Nx)/Nx is smooth.

LI ET AL.

12,817



'AND SPACESCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2019JB018789

At each A, we calculated separately the energies and forces for the pure system and alloy system sharing the
same configuration and trajectory, and the configuration was updated after every MD step according to the
weighted forces from the two separate systems. The mass of C atoms was set equal to the mass of iron as
explained in Pozzo et al. (2019). The Verlet algorithm (with a time step of 1.0 fs) was used to integrate clas-
sical Newton's equations of motion. The Nosé thermostat was used for temperature control (Di Tolla &
Ronchetti, 1993; Nosé, 1984). Most MD runs are over 10 ps, and we dropped the first 2 ps except for the solid
FegoCy. The solid FegoC,4 supercell melted after ~2 ps equilibration at 4 = 1.0 and has a large uncertainty for
(U; — Up)1.0- We examined the root-mean-squared displacement to ensure the state does not change.

(Uy — Up), were initially calculated by sampling the Brillouin zone with the I'-point and then corrected to
the sampling with a 3 X 3 X 2 Monkhorst-Pack mesh, via the TT scheme (D. Alfe et al., 2001)

AFS~K = féd&(Uk—UG>Gz<Uk—UG>G—ﬁ<5U2>G (18)

where AF® ~ ¥ is the correction from the T-point to the multi-K-point (G — K) sampling. U and U are the
free energies of the I'-point and multi-K-point calculations, respectively. U is

8U = (U-US—(U*~U®), ) 19)

We resampled 100 snapshots spaced by 50 time steps with a 3 X 3 X 2 Monkhorst-Pack mesh.

A pressure correction as a result of the T' to multi-K-point sampling was also applied for calculations of vx
and nBr(vx — va)’cx. We used Br=1375 GPa for solid Fe (Li et al., 2018) and 1318 GPa for liquid Fe
(Vocadlo et al., 2003), respectively. For pure iron, the calculated pressure P (with G — K correction) deviates
from the target pressure P° of 360 GPa. This also requires a recalibration of| w8 with a correction of (P — PoYva

to Uxa-

3. Results
3.1. Stability of Different Carbon Speciations

The free energies of hcp-Fe-C alloys with different C speciations were plotted in Figure 3, and the chemical
potentials of C at 0 K were plotted in Figure 2 together with the cluster configurations. As can be seen, the
static calculations show that the substitutional structure is more stable than the interstitial structure, in
agreement with previous studies (L. Huang et al., 2005). However, the dimer structure is actually the most
stable one at 0 K. The chemical potential of C in the dimer structure is lowered by 1.79 eV than that in
the substitutional structure. The other C clusters also have lower chemical potentials than the substitutional
C. In addition, the two substitutional structures FeysC} and Fey4C5 have almost the same C chemical poten-
tial, suggesting little interaction between substitutional C atoms. The C chemical potential in FegCl is
higher than that in FegsC} by 0.14 eV, implying a repulsive interaction between interstitial C atoms.

As can be seen in Figure 3, the harmonic approximation (which assumes the vibrational frequencies are
independent of volume) results at 6500 K show that the dimer is still more stable than both the substitutional
and the interstitial. But, the difference between the dimer and the substitutional is much lower than that at 0
K. The loss of configurational entropy due to clustering and the strong bonding between C atoms tend to
increase the Gibbs free energy of the dimer structure at high temperatures. Thus, temperature destabilizes
the dimer structure. Under the QHA (which treats the volume-dependent vibrational frequencies explicitly)
at 6500 K, the stability of the dimer structure is further weakened and the substitutional structure becomes
slightly more stable than the dimer structure. This is because the electronic free energy also destabilizes the
dimer structure. In other words, at core conditions, the substitutional mechanism is the most likely incor-
poration mechanism for C in hcp Fe.

3.2. Free Energy of the Liquid and Substitutional Fe-C Alloys

In Table 1, we summarize the calculated key quantities described above for the alchemical TI calculations. In
Figure 4 we plot the calculated integrand (U; — Uy), for all our examined samples. The smoothness of the
integrand suggests that there is no phase change during the reversible process. Numerical integration was
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Figure 3. Gibbs free energy of Fe—C alloys with different carbon speciations from the static, harmonic approximation (HA) and quasiharmonic approximation
(QHA) calculations at 360 GPa.

Table 1

preceded based on a spline fitting. The difference with polynomial integration is less than 0.02 eV. The
integration Figure 5 shows the calculated left-hand side in comparison with the fitted RHS of
equation (19). The good match between the calculated and fitted data shows that the carbon chemical
potential can be well described by the second-order polynomial.

We derived the chemical potential of C from its difference to that of pure Fe (1) as described above. u3 is
4.921 and 4.931 eV for solid and liquid Fe at 360 GPa and 6500 K (Alfe, Price, & Gillan, 2002), respectively.
The calculated Gibbs free energies and C chemical potentials for the substitutional solid and liquid Fe-C
alloys are plotted in Figure 6. As can be seen, the chemical potential of C in solid Fe is much higher than

The Calculated Carbon Atom Volume vx and Its Uncertainty o(vy), W(N, Nx)/Nx and Its Uncertainty o(W(N, Nx)/Nx), I" to Multi-K-Point Sampling Correction
AFC = Ky W(N, Nx)/Nx, Correction (P — PO)vA Due to Pressure Deviation From 360 GPa for Pure Fe, Chemical Potential Parameters o, 3, and ;&—,ug, in Solid
and Liquid Fe at ~360 GPa and 6500 K

WN,Nx)/  o(WN, Nx)/
State Supercell  vx (A%  ovx) A3 Ny (eV) Ny) (eV) AFS 7K @v)  P—Pwa(eV)  ui—l eV)  « B
Liquid Feg3Cq 3.597 0.212 —10.144 0.448 —0.038 —0.157 —8.568 —73.940 707.707
Fegr,Co 3.582 0.135 —10.387 0.349 —0.075 —0.167
Fee1C3 3.578 0.085 —10.547 0.215 —0.048 —0.108
FescCs 3.769 0.029 —10.028 0.138 —0.242 —0.140
Solid Feg3Cq 4.391 0.172 —7.013 0.242 —0.698 —0.127 —4.958 —136.749 2036.666
FeerCo 4.432 0.084 —7.695 0.184 —1.176 —0.126
Feg1Cs 4.453 0.064 —7.916 0.175 —1.506 —0.116
FegoCy 4.556 0.089 —8.085 0.164 —2.167 —0.125
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Figure 4. The calculated integrand (U; — Up), as a function of A used for calculations of the free energy difference W(N,
Nx)/Nx in liquid and solid iron. The curves are spline fittings.

that in liquid Fe at all concentrations. At the infinitesimal concentration limit, the difference is 3.61 eV.
Although we did not explicitly treat the solute-solute interactions in solid Fe-C alloys, it is unlikely to make
a significant difference given such a large gap between solid and liquid C chemical potentials.

Solid
—Liquid
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c
X

Figure 5. The calculated left-hand side of equation (14) (3kgTIn (j‘ﬁ +m
(p, T, cx)) shown as dots with the error bar. The curves are fits (corre-

sponding to the right-hand side of equation (14)). Fitting parameters are
listed in Table 1.

4. Discussion
4.1. Carbon in Solid and Liquid Fe

We can perform the common tangent calculation on the Gibbs free energy
curves of the substitutional solid and liquid Fe-C alloys in Figure 6 to
determine the partition coefficient for C. We obtained a partition coeffi-
cient of 15,973 for carbon between liquid and solid Fe, implying a negligi-
ble concentration of C in hcp-Fe in equilibrium with liquid Fe at ~360
GPa. This is consistent with the large difference of C chemical potential
between the substitutional solid and liquid Fe-C alloys. One thing to note
is that we only performed the full anharmonic TI correction on the substi-
tutional mechanism. However, the magnitude of this correction is only
—0.20 eV compared to the QHA result. Since we would expect a similar
anharmonic correction to other incorporation mechanisms of C in solid
Fe, the chemical potential of C in solid Fe would always be much higher
than that in the liquid Fe regardless of the specific mechanism. So
allthough we did not perform full TT calculations on the dimer structure,
it should not be able to prevent us from concluding that C mostly parti-
tions strongly into liquid Fe rather than into the solid.

The average coordination number of 9.8 (see Figure 7) for C in solid Fe
suggests that the substitutional C is not well confined at the lattice site.
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Figure 6. (a) Calculated Gibbs free energy of the substitutional solid and liquid Fe—C alloys as a function of molar fraction
¢, of carbon. (b) The pure component (tty) of C chemical potential in the substitutional solid and liquid Fe—C alloys.

The C—Fe bond length of 1.90 A is also less than that of Fe-Fe of 2.09 A in solid (see the radial distribution
function in Figure 7). Clearly, substitutional C creates a significant lattice distortion. Apart from the low
coordination number of C in solid iron, the C-Fe bond is larger by 0.17 A (Figure 7) than that in liquid
Fe, indicating that the lattice vacancy is too large for C.

Fe atoms in the liquid remain in close-packed coordination with almost the same coordination number of 12
as in solid. C atoms in liquid Fe have an average coordination number of 6.8 as can be seen in Figure 7. This
suggests that C atoms in liquid Fe are inside the octahedron of Fe. The Fe—C—Fe bond angle has two peaks
at 71 and 129° as shown in Figure 7, implying the Fe octahedron is likely to be in a distorted shape. The
deflection from the bond angle of 90° in the octahedron is probably because C with 7 electrons prefers tetra-
hedral coordination. The radial distribution function shows C—C has a peak at 1.39 A, suggesting an attrac-
tive interaction between C atoms.

From the structural analyses above, it can be inferred that the C—Fe bond is subject to strain and C is over-
coordinated with Fe in the solid. Therefore, the high C chemical potential in the substitutional Fe—C solid
has contributions from both the strain effect and the chemical bonding. Notably, the behavior of C in Fe
shares many similarities with O, which has an atomic volume of 4.25 A® in liquid Fe and 4.62 A* in solid
Fe at 370 GPa and 7000 K (Alfe, Gillan, & Price, 2002). The volumes of both C and O are much lower than
that of Fe, and significant lattice distortion can be expected as they enter hcp-Fe in the substitutional form.
The molar volume of liquid Fe—O alloy is found to be insensitive to pressure and O has a coordination num-
ber of ~6 (Ichikawa & Tsuchiya, 2015; Posner et al., 2017), implying that O is also at the center of the Fe octa-
hedron in liquid Fe. Partition calculations also suggest that O almost completely partitions into the liquid Fe
rather than hcp-Fe (Alfe, Gillan, & Price, 2002).

The results above are strictly calculated at 360 GPa, but we can also apply our results to 330 GPa (the current
ICB pressure). From 360 GPa to the ICB pressure 330 GPa, the substitutional C chemical potential in the
solid Fe drops by 0.83 eV at 6500 K from the QHA result. Even if we make the unlikely assumption that
the chemical potential of C in liquid Fe does not decrease from 360 to 330 GPa, the C chemical potential
in solid Fe is still higher than that in the liquid Fe by 2.78 eV. However, at much lower pressures and
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Figure 7. The radial distribution function (RDF), coordination number of C, and Fe—C—Fe dihedral angle in solid and liquid Feg;C3. The coordination number
was searched with a cutoff distance up to the first valley position in RDF, and for C it was searched with a bond length of 1.73 + 0.42 A in solid and 1.90 + 0.50 A in
liquid. The averaged coordination number for C is 9.8 in liquid Fe and 6.8 in solid Fe.

temperatures, the carbon cluster or interstitial configurations are expected to be more stable than the
substitutional configuration, which may allow some C to be partitioned into the solid. This possibility
needs to be investigated in further studies, but at core pressures C partitions almost entirely into the liquid.

Our results are somewhat different from the experimental results, which show that hcp Fe can take up to
about 1 to 2 wt% C. However, all of these are at significantly lower pressure and temperature, and our results
show that the chemical potential of C in Fe is a strong function of temperature and pressure.

4.2. Implications for the Core

So far, only multicomponent alloys with C have been found to match the observed inner-core seismic prop-
erties (Li et al., 2018). Yet here we show that C partitions almost entirely into the outer core. While these may
appear to be contrary conclusions, it must be noted that this present study only looks at the binary system,
while our earlier work found compositions matching the seismic observations for ternary and higher sys-
tems. It is possible that the partitioning of carbon within a ternary or quaternary alloy may be substantially
different to that for the pure Fe—C binary system studied here. For instance, experimental results on carbon
partitioning between magma ocean and core-forming alloy liquid show that the presence of sulfur may dra-
matically change the solubility limit of carbon in the liquid iron alloy as well as partitioning coefficient
(Tsuno et al., 2018). However, what happens at inner core P&T is still unknown. While Fe,C; may be ruled
out as the solid phase (Li et al., 2016), other carbides may exist that match the seismic observations and have
different partitioning behavior.

Nevertheless, taken at face value, our results suggest that C does not partition into the inner core. As such, C
can be responsible for the density jump at the ICB, and the expulsion of C from the inner core may also play a
part in the generation of the geodynamo. In Figure 8 we plot the density difference between solid and liquid
Fe—C alloys in equilibrium and compare it with the ICB density jump. Assuming that carbon is the only
light element in the core, about 6.5-8.8 at.% C is required to match the density jump at the ICB,
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Figure 8. The calculated density difference between solid and liquid states for pure Fe and Fe—C alloys under core
conditions, in comparison with the estimates for the density jump at inner-core boundary (shaded region; Koper & Pyle,
2004; Tkalcic et al., 2009).
equivalent to 1.5-2.0 wt.% C in the outer core. This is close to many estimations of carbon budget in the
core (Wood et al., 2013). Although our work does not negate the need for a significant amount of O in the
core (H. Huang et al., 2011), it shows that O is not necessary to explain the ICB density jump. Together
with other light elements, the existence of C may also explain the density deficit of outer core.
5. Conclusions
We have studied hcp-Fe—C alloys with different incorporation mechanism including the substitutional,
interstitial, and other carbon defect clusters under QHA. The substitutional structure is the most stable
one at 360 GPa and 6500 K. We performed AIMD calculations and TI to obtain the chemical potential of
C in both liquid and solid Fe. We found that the C chemical potential in solid is higher than that in liquid
by 3.61 eV at the infinitesimal concentration limit. This is because C is subjected to extra strain and overcoor-
dination in solid hcp-Fe. Consequently, C will almost completely partition into liquid Fe in the Fe—C binary
system, which can account for most of the density jump at the ICB and reduce the necessity for significant
amounts of O in the core.
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