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Abstract—Based on first-principle calculations in the framework of the density functional theory and structure prediction algorithms,
we have determined iron carbide phases stable at the Earth’s core pressures and temperatures. It is shown that Fe,C; is unstable and de-
composes into the mixture Fe,C + Fe,C over the entire range of pressures and temperatures specific to the Earth’s inner core. Subsequent
decomposition of Fe,C into the mixture Fe + Fe,C is unfavorable. We also predict a new low-temperature modification Fe;C-C2/m-II
dynamically and thermodynamically stable over the pressure range 290-305 GPa.
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INTRODUCTION

The Fe—C system is crucial in studies of the composition
of the Earth’s inner core (Wood, 1993; Wood et al., 2013).
This is because carbon is the fourth abundant element in the
Solar System. Its content in carbonaceous chondrites (CI)
reaches 3.2 wt.%. Numerous intermediate compositions of
the Fe-C system (Fe,C, Fe,;C,, Fe;C,, Fe,C;, and Fe,C)
(Chabot et al., 2008; Lord et al., 2009; Nakajima et al., 2009;
Weerasinghe et al., 2011; Bazhanova et al., 2012) were con-
sidered as a possible carbon-containing phase in the core.

The Fe—C phase diagram was thoroughly studied at
0-15 GPa. At these pressures two main carbides are distin-
guished in the system: Fe,C and Fe,C; (Chabot et al., 2008;
Nakajima et al., 2009). Nevertheless, it was shown in theory
that iron carbide Fe,C; is less energetically favorable at in-
ner core pressures (>330 GPa) than a mechanical mixture of
Fe,C and Fe,C at 0 K (Weerasinghe et al., 2011). No calcu-
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lations were made which would take into account thermal
vibrations of atoms and characterize the high-temperature
stability of Fe,C,, Fe,C, and Fe,C.

Under standard conditions Fe,C crystallizes as cementite
(Pnma), the stability of which was demonstrated experimen-
tally up to 250 GPa (Takahashi et al., 2012). A random
search revealed a new structure, with the Cmcm symmetry,
which was more favorable than cementite at >326 GPa
(Weerasinghe et al., 2011). In the work on structure predic-
tion (Bazhanova et al., 2012), evolutionary algorithms were
used to find two other structures with the /-4 and C2/m sym-
metry which were even more energetically favorable.

The carbide Fe,C forms in quenched steels as e-carbide
with the P6,/mmc symmetry (Jack, 1951). In quenched
martensite, Fe,C occurs as another polymorphic form,
n-Fe,C, which is isostructural with Co,N and Co,C (Hirotsu
and Nagakura, 1972). Ab initio calculations showed that the
n-Fe,C phase is more energetically favorable than e-Fe,C at
ambient pressure (Lv et al., 2008). A new structure, Fe,C-
Pnma, was detected at 150 GPa by random search with an
AIRSS program complex (Weerasinghe et al.,, 2011).
Another Fe,C-Pnma structure was found by the evolution-
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ary method using the USPEX code (Bazhanova et al., 2012).
Presently, both phases are denoted as Fe,C-Pnma, and no
structural comparison between them has been made. He-
reinafter, the phase predicted using the AIRSS algorithm
(Weerasinghe et al., 2011) is called Fe,C-Pnma-I, and the
phase predicted using the USPEX algorithm (Bazhanova et
al., 2012) is Fe,C-Pnma-11. Ab initio calculations indicate
that the transition from 7-Fe,C to Fe,C-Pnma-1I at 0 K takes
place at a pressure of about 28 GPa (Litasov et al., 2015).
This result, as the decomposition of Fe,C;, refers to a tem-
perature of 0 K.

We performed a detailed search for new Fe,C and Fe,C
structures and analyzed the influence of temperature within
quasi-harmonic approximation on the stability of known and
new phases of Fe,C;, Fe,C, and Fe,C.

METHODS

The structure search was performed with the USPEX
(Glass et al., 2006; Oganov and Glass, 2006; Oganov et al.,
2006; Lyakhov et al., 2010, 2013) and AIRSS (Pickard and
Needs, 2006, 2011) program complexes, using fundamen-
tally different approaches. Both methods proved effective in
predicting the crystal structures of a wide range of com-
pounds (Weerasinghe et al., 2015; Bazhanova et al., 2017;
Gavryushkin et al., 2017, 2018; Smith et al., 2018), includ-
ing carbides (Weerasinghe et al., 2011; Bazhanova et al.,
2012) and related iron nitrides (Gavryushkin et al., 2018).

Calculation of electronic structure was carried out under
the density functional theory (DFT) by the pseudopotential
method with the VASP 5.3 program complex (Kresse and
Furthmiiller, 1996; Kresse and Joubert, 1999). Exchange-
correlated interaction was taken into account in the Perdew—
Burke—Ernzerhof (PBE) generalized gradient approximation
(Perdew et al., 1996). The choice of pseudopotential was
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carried out based on a test with reproducing the experimen-
tal (Sata et al., 2010) and theoretical (Bazhanova et al.,
2012; Litasov et al., 2015) pressure dependence of the vol-
ume of the studied phases (Fig. 1). According to the latest
theoretical (Vocadlo et al., 2002; Mookherjee, 2011; Litasov
et al., 2015) and experimental studies (Ono and Mibe, 2010;
Chen et al., 2012), the magnetic moment for Fe,C disap-
pears at 40—-65 GPa, and the magnetic moment for Fe,C dis-
appears at 100 GPa. Therefore, calculations at higher pres-
sures were made without regard to spin polarization.

Structure prediction was carried out for the Fe,C and
Fe;C compositions at 100, 200, 300, and 400 GPa for two,
three, and four formula units. The number of first-generation
structures in the calculations by the USPEX algorithm was
equal to 50. After their optimization, 60% structures with
the lowest enthalpy were chosen. They were used for a new
generation in the following percentage: 35% were generated
by inheritance; 20%, by atomic mutations; 10%, by permu-
tation of lattice parameters; and 35%, by the random method.
In the calculations by the AIRSS algorithm, 1000-1200
structures were generated by the random method and opti-
mized, with the choice of the most energetically favorable
ones. The optimization in all the calculations was carried out
under the DFT by the conjugate gradient algorithm. The
optimization parameters were as follows: plane-wave basis
cutoff energy, 450 eV; Monkhorst-Pack grid of k-points
(Monkhorst and Pack, 1976) with a density of 0.5 A~!; elec-
tron smearing by the Methfessel-Paxton scheme (Methfessel
and Paxton, 1989); parameter 6 = 0.05 eV. The atomic posi-
tions of the most promising of the predicted structures were
optimized with higher accuracy: cutoff energy, 600 eV; den-
sity of k-points, 0.2 A~'; parameter ¢ = 0.01 eV.

To analyze the temperature effect, we used the method of
lattice dynamics in the quasi-harmonic approximation. For
this purpose, the frequencies of lattice vibrations were cal-
culated. The cutoff energy in this case was equal to 800 eV.
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Fig. 1. Relationship between the theoretical and experimental pressure dependences of the volume of the unit cell for cementite (Fe;C) and Fe,C-

Pnma-11 at 300 K.
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In calculations by the lattice dynamics method, the Helm-
holtz free energy of a system of volume V" at temperature 7'
has the form

F(V.T)=F,(V)+F, (V.T)+F,(V.T), (1)

where F(V) is the static-lattice energy; F,,(V, T), the contri-
bution of vibrations to free energy; F,(V, T), electronic con-
tribution to free energy.

The vibrational contribution in the quasi-harmonic ap-
proximation can be written as

Dg,i

Fvib (V5 T) = z %hmq,i + kBT In l—e_kBT

q.i

, 2

where 7 is the Planck constant; kg, the Boltzmann constant;
®,;, frequency of vibrations of the i-th mode at g-point;
T, temperature.

For dielectric materials, the electronic contribution to free
energy is negligible. For metals, this contribution should be
taken into account, because it becomes significant as temper-
ature increases. Thus, the electronic free energy has the form

F,(V.T)=E,(V,T)+TS,(V.T). 3)

Here, E(V, T) is the electronic internal energy; S,(V, 7),
electron entropy.

For electrons, E, and S, are expressible in terms of the
Fermi—Dirac distribution function and the electronic density
of states:

3

E,(V,T)= Tn(a,V) f(&)edz-+ [n(e.V )ede. @)

0

8

S,(V.7)= |n(e.V) fInf+(1-f)n(1-f)]de,  (5)

(=]

where ¢ is the Kohn—Sham orbital energy; &, Fermi level
energy; n(e, V), electronic density of states; f(€), Fermi—Di-
rac distribution function.

1 .
H = T Sk,i )
Note that n(s V)— N ZS(S(V) & (V)) where £ is
k ki

the wave vector and 7 is the energy eigenvalue index, does
not depend on temperature. The temperature dependence in
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this case is manifested only through the Fermi—Dirac func-
tion.

Having calculated the volume dependence of the Helm-
holtz free energy at the given temperature, we can write
down pressure as P = —(BF / GV)T. So, knowing the vol-
ume and temperature dependences of pressure, we can cal-
culate the Gibbs free energy: G = F + PV.

Phonon dispersion curves were calculated using the
PHONOPY program code (Togo and Tanaka, 2015), and
structures were visualized using the VESTA program
(Momma and Izumi, 2011). The symmetry and pseudosym-
metry of the predicted structures were analyzed with the
FindSym (Stokes and Hatch, 2005) and Pseudo programs
(Kroumova et al., 2001). The choice of compounds and to-
pological analysis were performed with the ToposPro struc-
tural and topological software package (Blatov, 2006; Bla-
tov et al., 2014). The adjacency matrix was calculated by
the solid angle method, and the structure topology was de-
termined in the full representation (with regard to all the
atoms of the structure). The search for topological correla-
tions was performed in the ICSD 2018 1 structural data-
base of the TORIS Client service (topospro.com).

RESULTS AND DISCUSSION

Iron carbide Fe;C. The results of prediction of Fe,C
structures at 100400 GPa are presented in Table 1. The
search for low-enthalpy structures detected the Fe,C struc-
tures predicted in the earlier works (Weerasinghe et al.,
2011; Bazhanova et al., 2012): cementite, Cmcm, and [-4.
Also, both methods made it possible to find a new structure,
Fe,C-C2/m. 1t differs from the structure with the same sym-
metry (C2/m) detected in (Bazhanova et al., 2012). Herein-
after, the structure from (Bazhanova et al., 2012) will be
denoted as C2/m-1, and that from the present study will be
denoted as C2/m-11. The structural data on the C2/m-11 mod-
ifications are given in Table 2.

The C2/m-Il structure is a monoclinic analog of the
Cmcm structure, predicted in (Weerasinghe et al., 2011). In
the C2/m-II structure, the carbon coordination number is
equal to 9, and the coordination polyhedron is a tricapped
trigonal prism. At 300 GPa, the difference between the en-
thalpies of C2/m-11 and Cmcm is ~18 meV/f.u., and it re-
mains constant up to 400 GPa.

Table 1. Predicted structures with the lowest relative enthalpy at different pressures compared to the earlier studies

P, GPa USPEX AIRSS (Bazhanova et al., 2012) (Weerasinghe et al., 2011)
Space group V4 Space group 4 Space group V4 Space group zZ
100 Pnma 4 Pnma 4 Pnma Pnma 4
200 Pnma 4 Pnma 4 Pnma Pnma 4
300 C2/m 4 C2/m 4 Pnma Pnma 4
400 C2/m 4 14 8 1-4, C2/m 8.8 Cmem 4

Note. Z, number of formula units in the unit cell.
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Table 2. Structural data on the predicted Fe,C phase

N.E. Sagatov et al. / Russian Geology and Geophysics 61 (2020) 1345-1353

Phase Pressure, GPa  Space group  Lattice parameters (A, deg) Atom coordinates
Atom X y z
C2/m-11 300 C2/m (#12)  a=7.360 b=2.232 c=5.827 Fel 0.3718 0.00000 0.55424
Fe2 0.36303 0.00000 —0.06767
a=90.00 B=93.075 v =90.00 Fe3 0.06651 0.0000 0.75963
C 0.75355 0.00000 0.73381

The C2/m-I1 phase narrows down the stability field of ce-
mentite, which remains stable up to 302 GPa. Above this
pressure, it transforms into the C2/m-II phase, which is stable
up to ~400 GPa (Fig. 2a). Above this pressure, the /-4 and
C2/m-1 phases become more energetically favorable than
C2/m-11. The contribution of zero vibrations to enthalpy has
a considerable influence on the pressure of phase transitions.
As a result, the /-4 phase becomes stable over the pressure
range of the Earth’s inner core; cementite turns into the C2/
m-1I phase at 291 GPa, and C2/m-II turns into /-4 at 305 GPa
(Fig. 2b). Phonon dispersion curves confirm the dynamic sta-
bility of cementite and the predicted /-4, C2/m-1, and C2/m-II
phases at the Earth’s core pressures (Fig. 3).

The P-T diagram plotted based on the quasi-harmonic
approximation (Fig. 4) shows that the wide stability field of
the /-4 phase covers the entire pressure and temperature
range of the Earth’s inner core. The predicted C2/m-1I phase
is a low-temperature phase. The upper limit of its stability
does not exceed 300 K. Above this temperature, the C2/m-I1
phase transforms into cementite and Fe,C-I-4. The C2/m-1
phase has no stability field in the considered pressure inter-
val up to 400 GPa.

The performed analysis of the pseudosymmetry of the
Fe,C-I-4 structure showed that symmetry increases to /-42m
in the case of atomic displacement for distances of no more
than 0.4 A. However, the more symmetric /-42m modifica-
tion turns out to be less energetically favorable in the entire
temperature interval.

Enthalpy, eV/f.u.
o
o
N
|
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002 b i \\
—0.04 ) !
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cementite —e— C2/m-11

Iron carbides Fe,C. As it is stated above, two Fe,C
structures with the Pnma symmetry were predicted: Pnma-1
and Pnma-1I. According to our topological analysis, these
are two different structures characterized by different coor-
dination polyhedra and their relative positions. In the Prnma-1
structure, the carbon atoms are surrounded by nine iron at-
oms; in the Pnma-1l structure, by eight. The coordination
polyhedron is a tricapped trigonal prism in the first case and
a bicapped trigonal prism in the second. Phonon dispersion
curves indicate the dynamic stability of both Pnma struc-
tures (Fig. 5).

Static calculations of the pressure dependence of enthal-
py showed that the Pnma-1 phase transforms into Pnma-1I at
350 GPa (Fig. 6). The consideration of zero vibrations re-
duces the transition pressure to 315 GPa.

The calculation of the Gibbs energy suggests that Pnma-
I is a low-temperature phase, which transforms into Pnma-11
on heating to 600 K (Fig. 7). Thus, the Pnma-1I phase is
more favorable over the entire range of the Earth’s core and
mantle pressures and temperatures.

Search for structural analogs. The performed topologi-
cal analysis showed that two carbides, Fe;C-/-4 and Fe,C-
Pnma-1, belong to widespread structural types. The third
structure, Fe,C-Pnma-11, is described by new topology,
which has no analogs in the structural database of inorganic
compounds. For Fe;C-I-4, 40 topological analogs were de-
tected; for Fe,C-Pnma-1, 406.
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Fig. 2. Pressure dependence of enthalpy for Fe,C without regard to vibrations () and with regard to zero vibrations (b) (7= 0 K).
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Fig. 3. Phonon dispersion curves of Fe,C modifications: cementite (a), C2/m-1 (b), I-4 (c), and C2/m-11 (d).

Of 40 analogs of the Fe,C-/-4 structure, there are 38 bi-
nary and two ternary compounds. Ten of 38 binary com-
pounds belong to intermetallics. The chemically closest ana-
logs are Fe,P (Blanc et al., 1967), Fe,S (Fei et al., 2000), and
Fe,B (Wang et al., 1980), as well as phosphides of transition
metals: Ni;P (Aronsson, 1955), Mn,P (Spriggs, 1970), Nb,P
(Lomnitskaya et al., 1988), and Tc,P (Riihl et al., 1982).

Of 406 analogs of Fe,C-Pnma-1, 46 compounds are bi-
nary; 358 are ternary; one is quaternary; and 208 are inter-
metallics. The compounds Fe,C-Pnma-1 and Fe,S-Pnma are
structural analogs (Bazhanova et al.,, 2017). Despite the
slight structural differences resulting in different topologies,
these structures are very similar and can be regarded as
structural analogs. Also, analogs were found among phos-
phides of transition metals—Co,P (Rundqvist, 1960a) and
Ru,P (Rundqvist, 1960b).

Possible reactions of decomposition of iron carbides.
Ab initio calculations indicate that Fe,C; is unstable at pres-
sures above 330 GPa and decomposes as follows:
Fe,C;—Fe;C + 2Fe,C (Weerasinghe et al., 2011). The pos-
sibility of this reaction at high temperatures is estimated be-

low. The most favorable phase at the Earth’s core pressure,
h-Fe,C;, was chosen as a structure of Fe,C; (Weerasinghe et
al., 2011; Bazhanova et al., 2012; Raza et al., 2015). Based
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Fig. 4. P-T diagram for Fe,C.



1350

a
300 GPa

35

30
N 25+
|_
. 20— L S~ ——
>
e = N
=
= =

[ —
5_
0
r R S r Y T zZ T

N.E. Sagatov et al. / Russian Geology and Geophysics 61 (2020) 1345-1353

b
350 GPa
S — .
30
L 25- ﬁ
=
- 20 =N =
§ \/—0
% 15 | =
(9] ]
T 10 : /‘\
5 \
0
r R S r YT zZT

Wave vector

Fig. 5. Phonon dispersion curves of Fe,C-Pnma-1 (a) and Fe,C-Pnma-11 (b).

on the above calculation results, we chose the most favor-
able structures for Fe,C and Fe,C in the corresponding pres-
sure intervals.

At 0 K, the decomposition of h-Fe,C; becomes energeti-
cally favorable starting from 256 GPa (Fig. 8). On the P-T
diagram, the boundary of this reaction has a curved shape
with several kinks (Fig. 8a) caused by phase transitions in
the reaction products Fe,C and Fe,C, which were described
above. According to the P-T diagram, the mixture Fe,C +
Fe,C is more energetically favorable than h-Fe,C, over the
entire range of the Earth’s core pressures and temperatures.
In this case the reaction products are stabilized owing to the
transition of cementite into the /-4 phase (Fig. 8b).

Also, as a result of the transition of cementite into the /-4
phase, Fe,C is stable with respect to the mechanical mixture
Fe + Fe,C over the entire range of pressures and tempera-
tures. At a pressure of 329 GPa, which corresponds to the

0.03

{ —=2— Pnma-1
0.02- —*— Pnma-II

0.01

Enthalpy, eV/f.u.
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T L L
280 320 360 400
Pressure, GPa

Fig. 6. Pressure dependence of enthalpy for Pnma modifications
of Fe,C.

boundary between inner and outer cores, and a temperature
of 0 K, the energy difference between Fe + Fe,C and Fe,C is
53.7 meV/f.u., and it increases as temperature increases. The
trend of stability of iron carbides with respect to decomposi-
tion vs. pressure and temperature is seen on the convex hull
(Fig. 9). The plotted convex hull suggests that

—at 100 and 200 GPa, Fe,C and Fe,C, are stable, which
is consistent with the latest experimental data (Mashino et
al., 2019);

— above 200 GPa, Fe,C becomes stable, thus destabiliz-
ing Fe,C; with respect to decomposition into Fe,C + 2Fe,C;

— Fe,C is stable over the entire range of pressures and
temperatures.

For the Fe;C-/-4 and Fe,C-Pnma-I1 phases, which are
stable at the pressures and temperatures of the inner core,
density was calculated at 240-360 GPa, and it was com-
pared with the density of the Earth’s inner core.
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Fig. 7. Phase P-T diagram for Fe,C.
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Fig. 8. Boundary of the Fe,C;—Fe;C + 2Fe,C reaction on the P-T coordinates. Figures show the stability fields of the mixture Fe,C + 2Fe,C
for different combinations of Fe,C and Fe,C structures: a, With regard to all the stable phases of Fe,C; b, with regard only to the cementite phase.
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Fig. 9. Thermodynamic convex hull of the Fe-C system at 0 and
2000 K. Stable structures are marked by filled symbols; metastable
structures, by blank symbols.

According to PREM (Dziewonski and Anderson, 1981),
the density of the inner core is lower than that of hcp-Fe by
4.6-5.0% (Litasov and Shatskiy, 2016). The densities of the
Fe,C-I-4 and Fe,C-Pnma-11 phases were lower than the den-
sity of hep-Fe by 8 and 12%. Thus, the density deficiency of
the inner core with respect to hcp-Fe can be compensated
for by extra 35.8-51.2 wt.% Fe,C-I-4 at 50006000 K or by
23.1-33.4 wt.% Fe,C-Pnma-11. Such carbide contents cor-
respond to 2.4-3.5 wt.% C for the Fe,C-I-4 phase and 1.5—
2.3 wt.% for the Fe,C-Pnma-1I phase (Fig. 10; Table 3). The
results presented in this paper are close to the estimates
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—_— FezC — FezC

Fig. 10. Change in the densities of Fe;C-/-4 and Fe,C-Pnma-II at the
Earth’s core pressures and temperatures compared to PREM and pure
hep iron.
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Table 3. Density of Fe;C-/-4 and Fe,C-Pnma-11 compared to PREM and pure hcp iron

Phase Temperature, K P320Gpar 2/CM° Pseacrar /CM3 C, wt.% M, am.u.

PREM 12.76 13.09 49

Fe,C-I-4 5000 12.252 12.559 34-35 49.6
6000 12.132 12.456 24-2.6 51.12

Fe,C-Pnma-11 5000 11.742 12.03 2223 51.63
6000 11.638 11.928 1.5-1.7 52.7

hep-Fe 5000 13.34 13.72 55.85
6000 13.14 13.53

based on calculations of Fe,C density at 0 K: 2.6-3.7 wt.%
(Bazhanova et al., 2012).
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