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Computational searches for iron carbide in the Earth’s inner core
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We have used density-functional-theory methods together with a structure searching algorithm to determine
stable structures and stoichiometries of mixtures of iron and carbon at high pressures and zero temperature. The
most favorable stoichiometries at Earth’s inner-core pressures (~350 GPa) are those with between about 20%
and 35% carbon atoms. The most stable stoichiometries were found to be (Fe and C), Fe;C, Fe;C3, and Fe,C.
The latter has not to our knowledge been discussed previously in relation to the Earth’s core. The stoichiometries
Fe,C and Fe;C, were found to be close to stability at Earth’s inner-core pressures. We find that Fe;Cj; is unstable
to decomposition into Fe;C + 2Fe,C at pressures greater than ~330 GPa. At 150 GPa only Fe, C, Fe;C, and
Fe;C; are stable. Formation of Fe/C compounds is energetically more favorable at 350 GPa than at 150 GPa. We
also report a new phase for Fe;C with Cmcm symmetry to be more stable than the well-known cementite phase
at 350 GPa. A number of pressure-induced phase transitions are identified in Fe;C, Fe;C,, FeC, FesC, and FeC,.
The lowest enthalpy Fe/C phases were found to be metallic at the pressures studied.
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I. INTRODUCTION

The Earth’s inner core is believed to be composed primarily
of Fe with about 8% Ni and 8% —12% of other light elements. '
The identities of these light elements have yet to be fully
determined, although various arguments favor O, Si, C, S, and
H as the most likely candidates.> Wood' suggested that there
might be a significant amount of C in the Earth’s core, and
the likely stoichiometries of the most stable Fe/C compounds
at high pressures have been discussed. In particular, Fe;C and
Fe;C3 have been proposed as significant phases.' There is
evidence for the formation of other phases at low pressures
such as FesC,° and Fe,C.7-%

The great difficulties involved in making measurements
on the Earth’s core and in performing laboratory experiments
under similar conditions have stimulated a number of theo-
retical studies. Atomistic simulations have been performed on
pure Fe under inner-core conditions using density functional
theory (DFT) methods’ and some studies have included
impurities.'>'? In this work we have searched for stable
structures of Fe and C with stoichiometries: FegC, FegC, FesC,
FC3C, FCSC2, FC7C3, FCQC, FC3C2, F62C3, FCC, FCCQ, and
FeC;s. The small percentage of Ni present within the core can
safely be ignored for our purposes. We have used a convex
hull diagram to determine which of the Fe/C stoichiometries
would be likely to form at inner-core pressures. We have
also investigated pressure-induced phase transitions for each
stoichiometry.

II. FERROMAGNETISM IN FE/C AT HIGH PRESSURES

Many Fe/C structures show magnetism at low pressures
arising from the large magnetic moment of the Fe atom.
Magnetism is generally reduced and eventually destroyed
under strong compression because the electronic states tend
to become delocalized. Ferromagnetism leads to a gain in
exchange energy at the cost of kinetic energy, but the small
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volumes that arise at high pressures mean that it is increasingly
important to smooth out the electronic charge density so as to
reduce the kinetic energy. Experimental studies have shown
that ferromagnetism in Fe;C cementite collapses at about
55 GPa.'® This result is supported by first-principles DFT
calculations which show that the ferromagnetic order in Fe;C
ceases at around 60 GPa.'* Recent DFT calculations* have
predicted that the magnetic moment of Fe;C; collapses at
about 67 GPa, although experiment suggests lower values.’
Pure iron is nonmagnetic at pressures above about 15 GPa,
where it transforms from the ferromagnetic body-centered-
cubic phase to the hexagonal-close-packed phase (hcp) in
which ferromagnetism is frustrated.'> The nonmagnetic hcp
structure remains the most stable phase of iron to pressures far
above the highest we have investigated of about 350 GPa.'¢
We performed spin-polarized DFT calculations for structures
of Fe;C, Fe;C,, FesC,, and Fe,C, but found no evidence
for ferromagnetism in these systems at 70 or 350 GPa.
In conclusion, it is very unlikely that magnetism plays a
significant role in the Fe/C system at the large pressures used
in this investigation, and magnetic effects are not included in
the results presented below.

III. RANDOM STRUCTURE SEARCHING

The structures most likely to be found in nature lie at or close
to the global minimum of Gibbs free energy. Finding the global
minimum in the potential energy surface is difficult because the
number of local minima increases exponentially with system
size.!” The complexity of this problem falls into the category
of NP hard (nondeterministic polynomial time hard). For such
problems it is believed (but not proved) that no algorithm can
be designed which is guaranteed to find the global minimum
in a time which scales as a polynomial in the number of
degrees of freedom. Exponential scaling algorithms, which
could guarantee to find the global minimum, are conceptually
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simple. Such an algorithm would have to locate all minima
and calculate their energies in order to determine the global
minimum. However, the exponential scaling of this algorithm
makes it unfeasible for large systems. It is for this reason
that we use a nondeterministic method for finding the global
minimum.

The approach we use is called ab initio random structure
searching (AIRSS),'® which has already proven to be suc-
cessful in predicting structures at high pressures which have
subsequently been verified by experiments.!>*’ The principle
behind AIRSS is to randomly sample the local minima. In
this process starting structures are generated with randomly
chosen atomic positions and cell lattice vectors which give
a reasonable volume. Each starting structure corresponds to a
random coordinate lying in a basin of attraction of the potential
energy surface. We then use the CASTEP plane-wave DFT
code?! to relax the structure to the local enthalpy minimum.
This process is repeated many times with different random
starting structures and the search is terminated when the
lowest enthalpy structure has been found several times, or
when the available computing resources have been exhausted.
Some structures can only be created with unit cells containing
several formula units (fu). We have performed searches using
multiple formula units where feasible with cells containing up
to 20 atoms. As the number of atoms in the cell is increased,
the process of searching becomes more expensive and thus a
balance needs to be struck between feasibility and obtaining a
reliable result.

The pressures within the inner core are thought to be in the
range 330-360 GPa.?? All of our searches were performed at
zero temperature using a fixed pressure of 350 GPa. The final
structures were determined using a two-step procedure. We
first used the AIRSS technique in a medium-quality calculation
which was optimized for computational speed. The medium
quality settings consisted of a k-point sampling grid of spacing
of 2 x 0.07 A~! and a plane-wave cut-off energy of 350 eV.
Structures were relaxed until the lowest enthalpy phase was
found several times, which typically required about 100
relaxations. The low enthalpy structures for each stoichiometry
were then further relaxed in a higher-quality calculation
consisting of a finer k-point sampling grid of spacing of
27 x 0.03 A~" and a plane-wave cut-off energy of 1000 eV.
Such higher quality calculations are not particularly expensive
because each structure is already close to its local enthalpy
minimum. In all of our calculations we used the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) exchange correlation functional.”

We used ultrasoft pseudopotentials®* to represent the cores
of the Fe and C atoms. For structure searching we used
a fairly soft Fe pseudopotential in which only the 4s and
3d electrons were treated explicitly, while for C we treated
the 2s and 2p electrons explicitly. We found the overlap of
the pseudopotential cores on neighboring atoms to be very
small at 350 GPa, and we judged that these pseudopotentials
were adequate for searching purposes. For the higher quality
calculations we used a Fe pseudopotential in which the
3s, 3p, 4s, and 3d electrons were treated explicitly. This
pseudopotential has been successfully tested up to terapascal
pressures.'® Both the searching and high quality relaxations
were performed by constraining the up- and down-spin
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densities to be equal, which prevents magnetic moments from
developing.

A completely unbiased search can often be inefficient,
especially when dealing with large numbers of atoms. We
can improve the efficiency of a search by imposing a bias.
For example, one can generate initial structures by randomly
packing structural units rather than individual atoms. The
structural units should be chosen to be consistent with the
chemistry of the system. The simplest example in the Fe/C
system would be to choose chemical units containing Fe—C
bonds in preference to Fe—Fe or C—C bonds. Once a structural
unit containing m fu has been chosen, we can apply a space
group with n symmetry operations to generate an initial
structure with m x n fu. For example, we used this type of
approach when searching for structures of Fe;C with 4 fu,
as unconstrained searches with 16-atom cells are costly.
Random structure searching was first performed on 1 fu of
Fe;C at 350 GPa. The lowest enthalpy structure was then used
as a structural unit and a space group with four symmetry
operations was chosen at random and applied to create a larger
4 fu initial structure. Another useful bias is to reject all initial
structures in which the smallest bond length is less than some
predefined value. Structures in which atoms are very close are
extremely high in enthalpy and we found that the geometry
optimization sometimes fails when the starting configuration
is unrealistic. We therefore rejected initial structures in which
the atoms were too close together, using various minimum
separations between 0.5 and 1 A, so that the shortest bond
length encountered in a relaxed structure of ~1.3 A was
substantially larger than the minimum separation. This bias
helps to preserve the chemical bonds of the chosen structural
units. In this study we have relaxed a total of about 4000
structures.

IV. RESULTS FROM STRUCTURE SEARCHING

To assess the stability of the phases with respect to
decomposition into different compounds we use a convex hull
diagram. To construct this diagram we also need the enthalpy
of pure iron in the hcp structure, which calculations show to
be the lowest in enthalpy at 350 GPa, and the enthalpy of
carbon diamond. Both of these calculations were performed
with high quality settings. The formation enthalpy per atom of
a compound with respect to its elements is

H, — (Ng. Hj NcH
ag = s (NreHre + Nc C)7 M
NC+NFe

where N, and H, are the number of atoms and enthalpy per
atom of element x, respectively, and H is the enthalpy of the
structure. A negative A H indicates that a structure is stable
with respect to decomposition into its elements, although
it may be unstable with respect to decomposition into two
compounds of different stoichiometries. Only structures on
the convex hull are thermodynamically stable and those lying
above the convex hull are less likely to form. Fe;Cs is known
to adopt a structure with P63mc symmetry and 20 atoms in
the primitive cell at low pressures.>>?® We did not attempt
to find this structure by an unconstrained search because of
its large unit cell. We performed random structure searching
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FIG. 1. (Color online) Convex hull plot for various stoichiome-
tries of Fe and C at (a) 350 GPa and (b) 150 GPa. The red-circled
points are structures known prior to this work.

at 350 GPa on 1 fu of Fe;C; and 1 fu with two symmetry
operations but did not find a structure with a lower enthalpy
than the known P63mc phase. Our most stable structure was
1.04 eV per fu higher in enthalpy than the P63mc phase. The
search with 4 fu of Fe;C using starting structures consisting
of randomly placed four-atom Fe;C units gave a number of
different relaxed structures, including the cementite structure
of Pnma symmetry, which is known to be stable at low
pressures and a new lower enthalpy structure with Cmcm
symmetry, which was also found in the 2 fu searches. Note
that the FeCs structure shown in Fig. 3 consists of layers of
hcp iron and diamond, which clearly shows that segregation
into the elements is favorable. The details of the new Fe/C
structures found in our searches are given in the supplemental
material.’
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FIG. 2. (Color online) Variation of the enthalpies of Fe;C; and
of Fe;C + 2Fe,C with pressure, showing that Fe;C + 2Fe,C is more
stable above ~330 GPa.

The convex hull diagram of Fig. 1(a) shows that the
compounds which are most likely to form in equilibrium at
350 GPa are FesC, FesC,, Fe;C5, Fe,C, Fe, and C. Fe;C and
Fe,C lie directly on the hull while FesC, and Fe;Cj lies very
close to it. Figure 2 shows that Fe;Cj is energetically unstable
to decomposition into Fe;C + 2Fe,C at pressures greater than
~330 GPa. It is worth noting that some stoichiometries, such
as Fe4C, lie fairly close to the hull and therefore might also
form at 350 GPa. Figure 1(a) shows that the most favorable
structures at 350 GPa have C fractions in the range 20% to
35%. The convex hull diagram of Fig. 1(b) shows that the
compounds most likely to form in equilibrium at 150 GPa are
Fe;Cs, FesC, Fe, and C.

As can be seen in Fig. 3, the most stable structures at each
stoichiometry containing C fractions of less than one half do
not contain any C—C close contacts. The C atoms tend to avoid
one another in the Fe/C structures, but when the C fraction
is greater than one half this is no longer possible and so C—C
close contacts are formed. Fe—Fe close contacts are found even
in structures with high C content. The convex hull diagrams
of Fig. 1 show that structures with C fractions of greater than
one half tend to be unstable. The Fe/C system is stable against
decomposition into Fe and C so that, at zero temperature and
pressures of 150 or 350 GPa, the formation of Fe/C compounds
is energetically favorable.

V. PHASE TRANSITIONS

Random structure searching yields a considerable amount
of data which can, for example, be used to predict pressure-
induced phase transitions. Expanding the enthalpy around a

pressure pg at which a search is performed gives
dH 1 ,d*H
H(p)=H(po)) +(p—po)——| +5(p—p0) —=
dp Po 2 dp Po

2

The second-order derivative in Eq. (2) can be written in
terms of the bulk modulus, whose evaluation would require
substantial computational effort. We find, however, that a
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FIG. 3. (Color online) Structures for various stoichiometries of
Fe and C found from searching at 350 GPa. The structures are those
listed in Table I.

useful approximation can be obtained by neglecting the
second-order term and using the fact that the first deriva-
tive of H with respect to pressure p is the volume, so
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TABLE I. The lowest enthalpy structures found in the searches at
350 GPa which are pictured in Fig. 3. Z; and Z, are the number of
formula units used in the searches and the number of formula units
in the primitive unit cell, respectively. A x B denotes a search with
A formula units and B symmetry operations.

Stoichiometry Z, Z,  Space Group
FegC 1 1 C2/m
FesC 1,1 x2 1 C2/m
Fe,C 1,2,1 x3 2 P2;/m
Fe;C 1,2,3,1 x4 2 Cmcm
FesC, 1,1 x2 1 C2/m
Fe,C; 1,1 x2 2 Cmc2,
Fe,C 1,2,3,2x2,2x3,3x2 4 Pnma
Fe;C, 1,2,1x3,1x4 2 P2/m
FeC 2,3,4,2x3,2x4 2 Cmcm
Fe,C3 1,1 x2,1x3 1 R3m
FeC, 2,3,4 3 P3ml
FeC; 1,1 x2,1x3,1x4 2 Fmm?2
that

H(p) =~ H(po) + vo(p — po). (3)

where vy is the volume of the phase at py. The quantities
H(pop) and vy are calculated during the structure search, and
therefore Eq. (3) can be used to estimate the enthalpies of the
phases at any pressure p. This allows the estimation of phase
transition pressures, which we refined by performing further
DFT calculations in the pressure region of interest. It should
be noted that we use Eq. (3) only in the preliminary analysis of
our search data and none of the results reported in this paper
depend on this approximate relation. The data in Fig. 4 shows
that the linear approximation of Eq. (3) works well for these
systems over quite large pressure ranges.

Figure 4(a) shows that a phase transition in FegC between
a structure with Cm symmetry and one with C2/m symmetry
occurs at 170 GPa. Figure 4(b) shows the enthalpy-pressure
plot for Fe;C, relative to the cementite phase. From this
data we predict that Fe;C will undergo a phase transition at
326 GPa from cementite to a new structure of Cmcm symme-
try, which could be the most stable at inner core pressures. Our
results are consistent with high pressure experiments, which
have shown that the cementite phase is stable up to at least
187 GPa.”® The Cmcm phase was found to lie close in enthalpy
to cementite with an enthalpy difference of 0.015 eV per
fu at 350 GPa. The relative stability of the Cmcm phase
with respect to cementite was found to increase linearly with
pressure beyond 350 GPa. Figure 5 shows that the volumes per
fu for each structure are also similar, with the Cmcm phase
possessing a volume which is 0.107 A? per fu smaller than
cementite at 350 GPa. Note that the agreement between the
experimental and theoretical data in Fig. 5 improves at higher
pressures.

Figure 4(c) shows the enthalpy-pressure plot for Fe;C,,
relative to the P2;/m phase. At lower pressures, Fe;C; is
predicted to adopt a structure with Cm symmetry but a
transition is predicted to occur at 113 GPa to a new phase with
P2,/m symmetry. Figure 4(d) shows the enthalpy-pressure
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FIG. 4. (Color online) Plots of relative enthalpy against pressure
for (a) FegC, (b) Fe;C, (¢) Fe;C,, (d) FeC, and (e) FeC,. The reference
structures appear as horizontal lines at 0 eV.
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FIG. 5. (Color online) Volume-pressure plot for the Fe;C ce-
mentite and Cmcm structures. Experimental data for the cementite
structure are also shown.?

plot for FeC, relative to the Cmcm phase. At lower pressures,
FeC adopts a structure with /4;md symmetry and a phase
transition occurs at 129 GPa to a new structure with Pmmn
symmetry. At 279 GPa this structure transforms to the high
pressure Cmcm phase. Across the pressure range a different
structure with P2;/m symmetry was found to be very close
in enthalpy to the Cmcm structure. At 350 GPa the enthalpy
difference between the two structures was found to be 0.11 eV
per fu. Finally, Fig. 4(e) shows a phase transition in FeC,. At
lower pressures FeC; is predicted to adopt a structure of R3m
symmetry but at 252 GPa it transforms to a structure of P3m1
symmetry.

It should be remembered that our study is for zero
temperature, while the temperatures within the Earth’s inner
core lie in the range 5000-7000 K. Finite temperatures give
rise to contributions to the free energy from vibrations and
electronic excitations. Calculating the relative stabilities of
different phases at finite temperatures requires the calculation
of their chemical potentials, which is possible using DFT
methods, although it is an arduous task.%? Tt is possible to
calculate finite temperature effects within DFT simulations
using, for example, the quasiharmonic approximation to
calculate the phonon frequencies or by performing classical
molecular dynamics simulations. Thermal effects could also be
calculated within the quasiharmonic Debye model,* although
this is unlikely to give an accurate description of the differences
in free energies between phases. We have not attempted
such work here, although providing candidate structures for
high-pressure Fe/C phases is an essential building block for
such studies.

VI. DENSITY OF ELECTRONIC STATES

Analysis of the electronic densities of states of the phases
was performed using the LINDOS CODE®' which uses a linear
extrapolation method.’>3* Figure 6 shows the densities of
states for the two phases of Fe;C and for the remaining
stoichiometries found to lie on the convex hull. A Gaussian
smearing of width 0.3 eV was applied to the density of states
in all cases. Figure 6 show a significant density of states at
the Fermi energy and these phases are metallic. Using the
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integrated density of states, we found that the Fe 3s and Fe
3p states lie at, respectively, ~87 and ~54 eV below the
Fermi energy in both Fe;C phases. The full widths at half
maxima of the Fe 3s and Fe 3 p states were found to be ~0.8
and ~1.7 eV, respectively. In addition, the C 2s states lie
~15 eV below the Fermi level, as can be seen in Fig. 6. The
C-derived 2p levels lie at 7-12 eV below the Fermi energy, and
almost all of the occupied electronic density of states above
the C-2p levels arises from the Fe d bands. We used LINDOS
to investigate the remaining stoichiometries of interest to us,
namely, FesC,, Fe;C,, FesC, FeC, FeC,, Fe,C, and Fe;Cs. The
lowest enthalpy phases for each stoichiometry were found to
be metallic across the pressure range investigated.

VII. CONCLUSIONS

Very little information about the high-pressure behavior
of Fe/C compounds is currently available. We have predicted
stable phases of 12 different Fe/C compounds at pressures
in the range 70-350 GPa. We predict that the well-known
cementite phase of Fe;C transforms to a structure of Cmcm
symmetry at 326 GPa. Our study suggests that Fe;C and Fe;C;
are the most favorable phases at 150 GPa, with FesC, and
Fe,C also being quite favorable. We find that Fe;C, Fe;Cs3,
FesC,, and Fe,C are energetically competitive at 350 GPa. We
have demonstrated that it is energetically favorable for Fe;Cs
to decompose into Fe;C + 2Fe,C at pressures greater than
~330 GPa. We are not aware of any previous suggestions
that FesC, or Fe,C might be close to stability at core
pressures, and our study suggests that these stoichiometries
should be considered on an equal footing to the Fe;C and
Fe;C; stoichiometries considered previously. The maximum
enthalpy gain on forming Fe/C compounds is calculated to be
0.10 eV per atom at 150 GPa and about 0.26 eV per atom
at 350 GPa. It is of course always possible that even more
stable Fe/C structures exist than the ones that we have found,
which would make formation of Fe/C compounds even more
favorable at high pressures. At both 150 and 350 GPa we find
that phases containing large fractions of C are not stable.

Static diamond-anvil-cell experiments are very difficult
at the pressures found within the Earth’s inner core and
consequently no such experimental studies of the Fe/C system
have been reported at the relevant pressures. Theoretical
studies are therefore of particular importance in this area. It
is very important to determine the zero-temperature structures
and stoichiometries of the system and their energetics, and
our work represents a significant advance in this endeavor.
Future theoretical work could involve studying the candidate
structures that we have identified at finite temperatures using
quasiharmonic methods and molecular dynamics simulations.
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