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Abstract: With the goal of answering the highly debated question of whether the presence of Ni at
the Earth’s inner core can make body-centered cubic (bcc) Fe stable, we performed a computational
study based on first-principles calculations on bcc, hexagonal closed packed (hep), and face-centered
cubic (fec) structures of the Fe;_,Niy alloys (x = 0, 0.0312, 0.042, 0.0625, 0.084, 0.125, 0.14, 0.175) at
200-364 GPa and investigated their relative stability. Our thorough study reveals that the stability of
Ni-doped bcc Fe is crucially dependent on the nature of the distribution of Ni in the Fe matrix. We
confirm this observation by considering several possible configurations for a given concentration of
Ni doping. Our theoretical evidence suggests that Ni-doped bcc Fe could be a stable phase at the

beck Earth’s inner core condition as compared to its hcp and fcc counterparts.
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min11030258 The fact that the Earth’s metallic solid inner core is dominated by iron (Fe) with
5-15% of nickel (Ni) is well established by a combination of seismology and iron-meteorite
Academic Editors: Anna Pakhomova  geochemical studies [1,2]. Thus, the physical properties of Fe-Ni alloy at relevant thermo-
and llya Kupenko dynamic conditions are important to understand the chemical composition and dynamics
of the Earth’s core. In the past, several studies have reported a phase diagram of pure Fe
from relatively modest to high (as compared to Earth’s inner core; 330 GPa < P < 360 GPa)
pressures and temperatures [3-10]. Based on these results, there is a growing consensus
that pure Fe would stabilize in the hexagonal closed packed (hcp) structure at inner core
conditions [11]. However, theoretical calculations and experimental results suggest that the
addition of a small amount of Ni in Fe alloy may have a profound effect on the properties of
_ o ~ Fe [10,12-18]. Experimental studies at modestly high pressures and temperatures (72 GPa
published maps and institutional affil- -, 4 3000 K, [12]; 86 GPa and 2382 K, [19]; <107 GPa and <2600 K, [13]) show that the
ations. presence of Ni prefers a face-centered cubic (fcc) structure, whereas recent experimental
results on Fe with 10% Ni suggest that the hcp structure of Fe is the stable phase at Earth’s
core conditions (250 GPa and 2730 K; [20]; 2011; 340 GPa and 4700 K; [10]). However, if
= the temperature at the inner core boundary is higher than 6400 K, a two-phase (hcp and
fcc) outer region may also exist [12,21]. Mikhaylushkin et al. (2007) reported a mixture
of hep- and fcc-Fe phase at 165 GPa that was quenched from high temperature, which
may be interpreted as an indication of body-centered cubic (bcc)-Fe at high pressure and
temperature condition [22]. While Dubrovinsky et al. [23] showed that the presence of Ni
stabilized the body-centered cubic (bcc) structure of Fe under inner-core conditions (up
to 225 GPa and 3400 K) using X-ray diffraction technique in combination with the use of
diamond anvil cells (DAC) to 300 GPa and 2000 K on Fe-Ni alloys, Kuwayama et al. [14]
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suggested that the crystallizing phase of Fe-Ni alloy depends on the amount of Ni present
in the core the during early core formation period and indicated the possibility of Fe-Ni
alloy taking up an fcc structure upon cooling.

Seismological observations indicate that the Earth’s inner core is elastically anisotropic
with both hemispherical and depth variations [24-27]. It has been interpreted that the
preferred orientation of the hcp phase of Fe may explain the seismic anisotropy at core
temperatures [28,29]. However, the aligned hcp-Fe is not sufficient to explain the observed
anisotropy as the c/a axial ratio of hcp-Fe becomes more ideal at higher pressures and
temperatures, effectively lowering the elastic anisotropy [4,30]. In addition, aligned bcc-Fe
can display a large elastic anisotropy required for explaining the inner core anisotropy [31,32].
It is worth noting here that since the bcc structure is a more open structure (with a lower
atomic packing fraction, i.e., 0.68) compared to the close-packed fcc or hcp (with an atomic
packing fraction = 0.74), it might partly overcome the density deficit at the inner core,
exhibited by Fe in its close-packed hcp/fcc structure. The crucial issue, however, is the
stability of the bcc phase of Fe at Earth’s inner core condition of pressure and temperature
and the role played by the presence of Ni, which needs a careful investigation.

A recent ab initio quantum mechanical simulation [16] suggested that the fcc structure
of Fe-Ni alloy is dynamically stable over bcc structure, evidenced in terms of negative
phonon frequencies in Ni-doped bcc Fe structure and its absence in the fcc phase. It is
to be noted that the conclusion by C6té et al. was arrived at based on calculations that
considered only a specific configuration of Ni distribution in the Fe matrix. In particular,
Ni atoms were placed at the body center position of each bcc motif of the supercell. In
such a situation, the distance between any two Ni atoms is constant and therefore can be
considered as a uniform distribution. However, there can be many other possible ways in
which Ni can be distributed in the bcc matrix of Fe; e.g., Ni atoms can cluster together in
the bec-lattice, or there can be several other random distributions of Ni, where the uniform
Ni-Ni distance is not maintained. Our first-principles density-functional-theory-based
calculations, which take into account different possible arrangements of Ni distribution in
the Fe matrix, find that apart from the atypical case where Ni is uniformly distributed in
the bec-Fe lattice, Ni doping makes bec Fe both dynamically and thermodynamically stable
at inner core conditions. This forms the central finding of our study. Although the hcp
phase has been suggested to be the most stable phase at the Earth’s inner core conditions
by a huge majority of experiments [3,4,7,33-35], nonetheless, with pure Ni crystallizing in
the fcc phase, the fcc phase also forms a part of our study. We have therefore investigated
the thermodynamic stability of the bcc phase with respect to both the hep and fcc phases of
Fe/Fe-Ni. Our results strongly support the idea of bcc Fe-Ni alloy as a promising candidate
for the Earth’s inner core.

2. Methodology

All calculations have been performed using first-principles density functional theory
(DFT) as implemented in the plane-wave based Vienna Ab initio Simulation Package
(VASP) [36-38], within the option of Generalized Gradient Approximation (GGA) for
exchange-correlation functional as implemented in the Perdew-Burke-Ernzerhof (PBE-
GGA) [39] formulation. The possible correlation effect in Fe-d and Ni-d manifold on the
results was cross-checked in terms of supplemented +U calculations in representative
cases. It was found that the trend of the results presented here remains unchanged upon
the inclusion of U. We have used projector-augmented wave (PAW) potentials, and the
wave functions were expanded in a plane wave basis with a kinetic energy cut-off of
900 eV. For the valence configuration, we employed eight electrons for Fe (3d®4s?) and
10 electrons for Ni (3d%4s?). To ensure the convergence of electronic energies during the
self-consistent run and the calculation of Hellmann-Feynman forces on atoms during
structural optimization using the conjugate gradient algorithm, we used a convergence
criterion of 1 x 1078 eV and 1 x 10~ eV/A respectively. Our calculations suggest that
under Earth’s core pressure and temperature conditions, both Fe and Ni [40,41] in Fe-Ni
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alloy become non-magnetic [42], though that does not rule out the possibility of some
disordered magnetic moments, especially at Ni sites. In all our calculations, symmetry
was switched off during structural optimization, and Fermi-smearing was implemented in
order to account for the contribution of electronic excitations to the free energy.

We have considered two different cell sizes, namely 4 x 3 x 2 (48 atoms per cell) and
4 x 4 x 4 (128 atoms per cell) and varied the concentration of Ni (3.125%, 4.2%, 6.25%, 8.4%,
12.5%, 14%, and 17.5%). The effect of Ni doping was considered within the periodic set-up
of DFT by replacing a fraction of Fe atoms by Ni atoms within the constructed supercell.
With a given specific concentration of Ni, various different configurations can be realized.
For example, the Ni atoms can be uniformly distributed such that the distance between
any two nearest-neighbor Ni atoms is maintained at a constant value. This can be achieved
if Ni is made to occupy the body centers of the bce structure. A representative case of such
uniform distribution of Ni is shown in the inset of Figure 1, where there are eight Ni atoms
uniformly distributed in a bec lattice containing 128 atoms. In addition to such uniform
distribution, there can be many other possibilities, where the nearest-neighbor distance
between the various doped Ni atoms can vary. As opposed to the uniform distribution of
doped Ni atoms, we attribute such configurations as “random”, although technically they
are not random and constitute one of the many different configurations of Ni-doping in
the bec-Fe lattice. A representative case of a random arrangement of eight Ni atoms in a
bcc Fe lattice of total 128 atoms is shown in the inset of Figure 1. In our study, we have
considered “uniform” as well as various different “random” arrangements of Ni atoms
for different doping concentrations. For the Brillouin zone sampling of the bcc lattice,
Monkhorst-Pack k-mesh sampling of size 4 x 6 x 8 was used for the 4 x 3 x 2 super-cell
and a k-mesh sampling of 4 x 4 x 4 was used for the supercell of dimension 4 x 4 x 4.
Similarly, for the hcp lattice, Monkhorst-Pack k-mesh sampling with a size of 4 x 4 x 4
was used for the 4 x 4 x 4 supercell. For the fcc lattice, Monkhorst-Pack k-mesh sampling
of size 4 x 4 x 4 was used for the 4 x 4 x 2 supercell. The convergence of k-points on
the calculated properties has been checked. In order to predict the volume of a given
bce-Fe-Ni alloy at Earth’s inner core pressure, we calculated the energy as a function of
volume for a 128-atom unit cell containing 6.25% Ni (cf Model 2 in the inset of Figure 1).
We found that third-order Birch-Murnaghan equation of state adequately describes the
energy-volume results with V, = 10.91 A3/atom, K = 220.19 GPa, and K’ = 4.49. The P-V
equation of state has been presented in the supplementary materials (Figure S1). In order to
estimate the volume of hcp Fe at the Earth’s inner core pressure, we employed third-order
Birch-Murnaghan’s equation of state (3 B-M EOS) [43] with V, = 10.25 A3 /atom, bulk
modulus K = 290.6 GPa and K’ = 4.29 as obtained from the DFT derived energy-volume
relationship of hcp Fe-6.25%Ni. The corresponding 3 B-M EOS parameters for fcc Fe-
6.25%Ni alloy were: V, = 10.34 A3/atom; K = 272.6 GPa; K’ = 4.4. A comparison of the
EOS parameters to those we obtained with previously reported EOS parameters for pure
and Ni-doped bcc, hep, and fcc phases of Fe is presented in the SI (refer to S3). The elastic
tensor has been determined from the stress—strain relationship [44]. The bulk and shear
moduli were calculated subsequently from the elastic tensor using the Voight-Hill-Reuss
approach [45,46]. Further, using the calculated bulk and shear moduli and the density, the
P and S wave velocities, i.e., Vp and Vs, were determined using the following formulas:

K+4G
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where K and G and p are, respectively, the bulk and shear moduli and density of the
material. The adiabatic bulk modulus (Bs) and the isothermal bulk modulus (B7) are
related through

Bs = Bt + (1+a9T) (3)

where « is the thermal volumetric expansion co-efficient and v is the Griineisen
parameter [47].

N
(4]

20

10

Phonon DOS (States/THz)

o
1

-15 -10 -5 0 5 10 15 20
requency (THz)

Figure 1. Phonon density of states (DOS) for body-centered cubic (bcc)-Fe (black shaded curve),
6.25% Ni containing bec Fe-Ni alloy in two different configurations; Model-1: uniform (orange) and
Model-2: random (blue) calculated at 364 GPa. The inset shows the corresponding models of the
Ni-doped cases for which the phonon DOS has been shown.

Phonon dispersion and free energies were calculated within the framework of quasi-
harmonic approximation as implemented in the PHONOPY code [48]. The real space
force constants were obtained using Density Functional Perturbation Theory (DFPT) as
implemented in the VASP code. Starting from the Helmholtz Free energies, computed at
ten different volumes within pressures range between 100-364 GPa, the effect of thermal
expansion was considered within the quasi-harmonic approximation to obtain the Gibbs
free energies of the different phases at Earth’s core pressure.

3. Results

We determined the dynamical stability of the Ni-doped and undoped bcc, hep, and fec
phases of iron at inner core conditions from the calculated phonon density of states (DOS).
In Figure 1, we present a comparison of the phonon density of states for bcc Fe and 6.25% Ni
containing bec Fe in two different configurations, namely uniform and one of the possible
random configurations (cf inset) at 364 GPa, which corresponds to the pressure at the center
of the Earth. The presence of imaginary modes (represented as negative frequencies in
the figure) in the phonon DOS of undoped bcc-Fe shows that it is dynamically unstable
under inner-core conditions in confirmation with previous experimental and theoretical
investigations ([16] and references therein). The phonon DOS for uniformly distributed
Ni atoms in the bcec lattice is also found to be unstable with large imaginary frequencies,
confirming the findings of [16]. However, remarkably, the phonon DOS for the randomly
distributed Ni is found to be dynamically stable. To ascertain this fact, we considered
six different configurations for 3.125% (four Ni out of 128 atoms per cell) Ni containing
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bec Fe-Ni alloy as shown in supplementary materials Figures S2-57 of the SI. It was
observed that when the Ni atoms are not distributed uniformly, the atoms in the resultant
optimized structure are slightly displaced (~1%) from the perfect bcc lattice, maintaining
the overall cubic symmetry. This slight displacement of atoms happens because Ni does
not prefer a bec structure and is known to take up an fcc structure at all temperatures.
When these Ni atoms are randomly distributed, they try to distort the structure in order to
increase its coordination, thereby making the lattice structure dynamically stable. However,
when these Ni atoms are symmetrically placed, as is the case when they sit at the body
centers of the bcc lattice, the distortion caused by one Ni atom is counter-balanced by the
neighboring Ni atoms, thereby retaining the body-centered cubic structure, which is shown
to be dynamically unstable. Calculation of free energy difference of uniform and random
structures shows that apart from being dynamically stable, the random configuration is
also energetically more favorable as compared to the symmetric arrangement of Ni. For
the specific examples of the uniform and random structures shown in the inset of Figure 1,
the free energy difference turned out to be 0.305 eV /atom, which is substantial.

We repeated the above exercise for different concentrations of Ni in the range of 3.125%
to 17.5% in order to ascertain whether the stabilization of bcc Fe by randomly distributed Ni
doping remains valid in all cases. The results are summarized in Figure 2. It is reassuring
to find that the bcc Fe phase remains dynamically stable for a wide range of Ni doping if
the distribution of dopants is considered to be random.
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Figure 2. DFT calculated phonon DOS at 364 GPa for Fe-Ni alloy with varied Ni concentrations.
The Ni atoms were carefully distributed in a random fashion in the bce Fe matrix. Inset shows the
phonon band structure of the 3.125% Ni-containing case.

In the next stage, the thermodynamic stability of bcc Fe was further investigated in
terms of enthalpy and free energy. As is already known from previous studies [49], we
found that up to about 12 GPa bcc-Fe is more stable than hcp-Fe, beyond which the rela-
tionship reverts. However, a comparison of enthalpy of fcc-Fe with respect to bce-Fe shows
that the transition to fcc takes place at about 42 GPa (refer to Figure S8 of supplementary
materials for details). We next consider Ni-doped systems. The calculated difference in
enthalpy of the bcc phase of Fe-Ni alloy with respect to the other two competing phases,
namely fcc and hep, as a function of pressure is shown in the left panel of Figure 3, for
the specific case of 6.25% Ni doping. We found that with the introduction of Ni into
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the system, the bcc to hep transition pressure was barely affected, whereas the bec-to-fec
transition takes place at a comparatively lower pressure, thereby showing that Ni-doping
increases the stability field of the fcc phase of Fe. The respective transition pressures for
bece to hep and bec to fcc were found to be 13 GPa and 34 GPa, respectively. However, the
extreme conditions of Earth’s inner core involves high-temperature conditions, in addition
to high-pressure conditions. The stability analysis thus needs to be argued in terms of
Gibbs energy. Considering the difference in the Gibbs energy for the Ni-doped bcc and
hcp phases of Fe, we find that the difference is negative in the entire temperature range
of 3000 K to 6000 K, suggesting that at 364 GPa the bcc phase is more stable over the hcp
phase as the temperature is increased. Similarly, the difference in Gibbs energy between
the bcc and fcc phases of 6.25% Ni-doped Fe suggests that the bcc phase is stable in the
entire temperature range. We, therefore, conclude that few percentages of Ni doping in an
appropriate manner can stabilize the bcc phase of Fe under Earth’s inner core conditions,
both from dynamic and thermodynamic considerations. However, it is to be noted that all
our calculations were performed within the purview of quasi-harmonic approximation.
Previously, Alfe et al. [50] calculated the total anharmonic contribution to free energy in the
case of hcp-Fe to be about 60 meV /atom at 6000 K. The fcc phase with the same packing
index is expected to have a similar contribution [16]. However, for the less densely packed
bcc phase, anharmonicity might have a greater contribution to free energy. However, small
anharmonic perturbations to the harmonic ground states can be safely ignored because
differences between small quantities are negligible relative to the total energy. Our cal-
culations show that the Ni-doped bcc-Fe phase is stabilized by about 300 meV /atom as
compared to the close-packed structure at 6000 K temperature and 364 GPa pressure.
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Figure 3. (a) Enthalpy of hexagonal closed packed (hcp)-Fe [H(hcp)] and face-centered cubic (fcc)-Fe [H(fcc)] with respect to
bee-Fe [H(bcc)] plotted as a function of pressure in the presence of 6.25% Ni doping. Black dashed line: H(bcc)-H(hep). Red
dashed line: H(bcc)-H(fcc). (b) Gibbs energy of hep-Fe [G(hep)] and fcc-Fe [G(fec)] with respect to bee-Fe [G(bec)], plotted as
a function of temperature. Black dashed line: G(bcc)-G(hcp). Red dashed line: G(bcc)-G(fec).

4. Discussion

It has been suggested that the free energy difference between hcp-, bec-, and fcc-Fe
is small (of the order of a few mRy/atom) at Earth’s inner core conditions, making all of
them possible constituents of the Earth’s inner core [4,43,51,52]. While high-pressure laser
heating diamond anvil cell experiments [7,10] and ab-initio calculations [43,51,53] support
the possibility that the hcp-Fe or Fe-Ni alloy is the most stable phase at Earth’s inner core
conditions, only a few studies suggest that the fcc phase of Fe or Fe-Ni alloy may be stable
at inner core pressure and temperature conditions [14,16,54]. However, both these phases
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of Fe suffer from a severe drawback in terms of the over-estimation of density at Earth’s
core conditions as compared to the Preliminary Reference Earth Model (PREM) [55]. This
specific discrepancy in addition to a few others (most important among them being the
anisotropy) can be overcome by the bce-phase of Fe or Fe-Ni alloy, which, due to its open
structure, is expected to better reproduce the measured density. Unfortunately, one of the
major problems with the bcc Fe model so far has been its stability, because it is shown to
be elastically and vibrationally unstable at core pressures [12,49]. In the present study, we
report our detailed first-principles calculation, which establishes that the bcc-Fe structure
can be stabilized at Earth’s inner core condition upon the doping of a few percentages (3%
to 17.5%) of Ni, subject to the condition that the dopants are randomly distributed in the Fe
matrix, thereby restoring the bcc model in discussion for possible candidates.

Sound velocities of Fe-Ni alloy at inner core conditions are essential for the interpreta-
tion of seismic observations of the Earth’s core. We have therefore calculated the adiabatic
compressional-wave (Vp) and shear-wave (V) sound velocities of the two comparatively
more stable phases of Fe-Ni alloy, namely, hcp and bcc as a function of density (p), as
shown in Figure 4. It is to be noted that the computed elastic properties are static; i.e.,
they do not include the high-temperature effect and would therefore only approximate
the actual values at Earth’s core temperatures. Our calculations find that the density of
the hcp phase of Fe and Fe-Ni alloy at inner core conditions is higher than that given by
PREM [55] by 5.7% and 6.4%, respectively. However, bcc Fe-Ni alloy is seen to reproduce
the density of the inner core within a reasonable limit. The density of bcc-Fe-Ni alloy is
found to differ by 3.3% from the actual density of the inner core as given by the PREM
model. The calculated phase wave velocity was also seen to be well satisfied for the case of
bcc-Fe-Ni alloy, where we find that the calculated data are lower than the PREM data by
1%, whereas in the case of hcp-Fe-Ni alloy, it is off by 16%. We compared our theoretically
observed sound velocity vs. density trend with the coherent experimental results using
consistent pressure scale, equation of state of hcp-Fe, etc. [33,34,56-61] and shock wave
determination along the Hugoniot curve at high temperatures [62]. Mao et al. (1998) ob-
tained the compressional wave velocity on hcp-Fe at the relatively low pressure of 16.5 GPa
using pulse-echo ultrasonic techniques in multi-anvil large-volume presses. Using the
impulsive stimulated light scattering (ISLS) method, Crowhurst et al. (2004) measured
aggregate sound velocities of hcp-Fe up to 115 GPa, whereas, by using picosecond acoustics
method in diamond anvil cell, Decremps et al. [61] reported sound velocity measurements
of iron up to 152 GPa. Ohtani et al. [33] determined the compressional wave velocity of
powdered hcp-Fe using high-resolution IXS and in situ X-ray powder diffraction at 300 K
and pressure up to 174 GPa. Antonegeli et al. [57,58] carried out sound wave velocity
measurements at 300 K and pressure up to 112 GPa using inelastic X-ray Scattering (IXS)
and X-ray diffraction (XRD). The linear fit to the experimental values of sound velocities is
extrapolated to inner core densities and compared to PREM, which shows slightly higher
values than PREM for both Vp and V5, i.e., 3% to 4% above PREM, with slightly steeper
slope. This is probably due to the fact that different spectrometer techniques and absolute
energy calibration were used in these experimental studies. More details can be obtained in
Antonangeli and Ohtani [63] for hcp-Fe under static compression by different methods on
the pressure and density dependence of the sound velocities. In addition, the most accurate
nuclear resonant inelastic X-ray scattering (NRIXS) measurements [34,60] were used to
compare Vg at ambient temperature and pressure up to 171 GPa. In addition, the tem-
peratures in high-pressure experiments are much lower than inner core temperatures [5].
As can be inferred from Figure 4, the computed densities of Ni-doped bcc Fe are higher
than the PREM. However, the densities of Ni-doped bcc Fe decrease several percent (~3%)
compared to hcp Fe and hep Fe-Ni alloy. Our calculated Vs of bee Fe-Ni alloy at inner core
conditions deviates to a great extent from the PREM. This may be partly due to anharmonic
and/or premelting activity at high-temperature [64-66] or frequency-dependent viscoelas-
tic relaxations [67] as well as the presence of melt [68,69] in the inner core (as suggested by
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Figure 4. Calculated compressional and shear velocities of Ni-doped bcc and hep Fe equivalents at inner core conditions as a
function of density and compared with hcp-Fe and the experimental results from 300 K to 1000 K [33,34,56—61] and PREM [55]
and shock wave Hugonoit measurements at high temperatures [62]. The computed densities of hcp-Fe-Ni alloy and hep-Fe

(filled green and brown circles and diamonds, respectively) are higher than PREM. However, the density of bcc-Fe-Ni

alloy (filled blue circle and diamond) is close to PREM. Light grey circle: Mao et al. [56]; grey circle: Crowhurst et al. [59];

yellow circle: Antonangeli et al. [57,58]; cyan circle: Ohtani et al. [33]; magenta circle: Decremps et al. [61]; green hexagon:

Brown and McQueen, [62]; red diamond: Murphy et al. [34]; grey diamond: Gleason et al. [60]. The solid lines are a linear

regression across all previous experimental results and theoretical data from the present study.

Seismological studies also suggest that there exists strong seismic anisotropy in the
Earth’s inner core, with the longitudinal waves traveling faster along the Earth’s rotational
axis than in the equatorial plane [24]. Several studies indicate that this seismic anisotropy
can be explained in terms of the preferred lattice orientation of the hcp-Fe [70]. However,
there are also conflicting reports, which suggest that since the c/a ratio of hcp-Fe comes
close to the ideal 1.63 at the temperature of the inner core [71], hcp-Fe is not elastically
anisotropic under inner-core conditions. A recent report by Mattesini et al. [72] on the other
hand, suggests on the basis of modelling of seismic data that anisotropy of the Earth’s
core can only be disclosed by a lattice-preferred orientation of a body-centered-cubic iron
aggregate, having a fraction of their {111} crystal axes parallel to the Earth’s rotation
axis. A few theoretical calculations and experimental studies also suggest an hcp-to-bcc
transition of iron at high pressure and temperature condition [4,43,73,74]. A recent paper
by Belonoshko et al. [22] shows the stability of pure bce-Fe at temperatures of the order of
7000 K and 360 GPa pressure using ab initio molecular dynamics at constant pressure and
temperature on a cell size of 1024 atoms. They suggest that the dynamical stability at high
temperature is achieved by diffusion of atoms along the directions of the soft modes, which
would otherwise make bcc-Fe lattice unstable at low temperatures. Such a diffusion may
have profound consequences for the formation of lattice preferential orientation anisotropy,
extremely low shear resistance, and high attenuation of seismic waves. Examination of their
structure by extracting the snap-shots of the actual dynamics finds that the co-ordination
of the atoms in the bcc lattice increases in a way such that the first co-ordination sphere
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contains half of the atoms from the second shell due to thermal motion, which they suggest
has been misinterpreted as a closed packed structure by shock-wave experiments [75]. It
is to be noted that our proposed crystal structure of Ni-doped bcc-Fe also indicates slight
distortion of the bcc lattice (in an attempt to increase the co-ordination around the doped
Ni-atoms). In addition, based on the melting temperature of iron at extreme conditions,
a recent experimental study suggests that the predicted temperature at the inner core
boundary is more than 6200 K [5]. If this is true, then Fe stabilizes the bcc structure at the
Earth’s inner core condition [22]. Seismic observations suggest that the density of the solid
inner core is slightly lower than pure Fe and Fe-Ni alloy under inner core pressure and
temperature conditions [76], suggesting the presence of some light element such as oxygen,
sulfur, silicon, and carbon in the inner core. The solid inner core also crystallizes from the
liquid outer core, and therefore, a small amount (<3%) of light elements could be present
in the Earth’s inner core [77]. This seems plausible, which together with our analysis of
results, strongly suggests that bcc structure of Fe phase, along with few percentage points
of Ni doping and few percentage points of one or more light elements with preferred
orientation, may produce seismic anisotropy that could be used to explain the observed
seismic anisotropy in the Earth’s inner core [78-80]. However, it is to be noted that a detailed
investigation requires performing ab initio molecular dynamics (AIMD) simulation up to
Earth’s core pressure and temperature on all possible dynamically stable configurations of
Ni-doped bcc Fe. Calculations to implement this, though computationally very expensive
(owing to (i) the large size of the supercell; (ii) the lack of symmetry in the calculations, and
(iii) the huge number of possible “random” configurations in a large supercell), form a part
of our future endeavours.

5. Concluding Remarks and Implications

Using first principles DFT, we investigate the effect of Ni doping at Earth’s inner core
condition on the thermodynamic stability of the bec phase of Fe. Our calculation finds that
the manner in which the Ni atoms are distributed in the bce-Fe lattice plays a very crucial
role in making the lattice dynamically stable at inner core conditions. It was found that
only those configurations where Ni is distributed randomly in the bcc-Fe lattice become
dynamically stable at inner conditions as determined from our calculation of the phonon
dispersion relation. However, for those configurations where the Ni atoms are distributed
uniformly in the bec-lattice, the structure turns out to be dynamically unstable at inner core
conditions, as predicted previously. The calculated density of the stable 6.25% Ni-doped
bce-Fe was found to give a better agreement with PREM, differing by 3% as opposed to
6.4% for the hcp phase of Fe-Ni alloy. The remaining discrepancy in the calculated value of
our predicted structure of bcc Fe-Ni alloy with respect to PREM presumably hints towards
the presence of some light elements [79] in the Earth’s inner core as indicated by several
geochemical and cosmochemical studies. The true nature and the incorporation mechanism
of the appropriate light element, however, is a matter that needs to be studied.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2075-163
X/11/3/258/s1, Text S1: The P-V third order Birch-Murnaghan-s equation of state for bcc-Fe-Ni
alloy; Text S2: Six different models involving 3.125% Ni doped bcc Fe (i.e., there are 4 Ni atoms and
124 Fe atoms per unit cell); Text S3: The third order Birch-Murnaghan’s equation of state(3B-M) fitting
parameters for the different compositions considered in this study presented in comparison with
previous first principles based studies; Text S4: The calculated enthalpy of hcp-Fe and fcc-Fe with
respect to bec-Fe in eV /atom in the range 0 GPa to 100 GPa.
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