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Abstract: The crystal structure of Earth's solid inner core is fundamental to understanding the
chemical composition and dynamical evolution of the core. However, despite extensive
research, the structure still remains controversial with competing hypotheses regarding the
stability of various Fe phases (e.g., bcc, fec, and hep). In this paper, we review the studies on
the crystal structure of Fe under inner core conditions, and find, in line with previous work, that
the main challenges come from the small energy differences between these structures. This has
led to a variety of different conclusions across varying theoretical methods and precision,
including ab initio, force field and machine learning methods. To address this problem, we
employ a Bain path thermodynamic integration approach to reach consistent conclusions
among different methods; we find that bcc Fe is mechanically stable but thermodynamically
less stable under inner core conditions. Using the energetics from the Bain path method as a
benchmark, we establish the requirements for converging free energy calculations through a
two-phase thermodynamic modelling approach. These calculations confirm that the hcp phase
is the most stable, exhibiting the highest melting temperature regardless of the method used.
This unified conclusion on the hcp phase as the stable crystal structure provides a robust

foundation for future studies on Earth's core.
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Plain Language Summary: Understanding the crystal structure of Earth's solid inner core
is crucial for interpreting its chemical composition and dynamical evolution. Despite extensive
efforts, the phase stability of iron (e.g., bec, fcc, hep) under core conditions remains heavily
debated. The extreme P-T conditions of the inner core present a significant challenge to
experiments, while the difficulty in theoretical studies stems from the minute energy differences
among these structures. In this study, we introduce a thermodynamic-integration framework
based on the Bain path, which offers enhanced accuracy and serves as a rigorous benchmark
for evaluating phase-stability predictions. Applying this approach with stringent convergence
criteria, we demonstrate that all commonly used potentials and computational methods
uniformly confirm bcc as a metastable phase while hep as the most stable phase under core
conditions. Our findings reconcile previous disparities and establish a solid thermodynamic

foundation for future studies of inner-core properties and dynamics.

Key Points:

1. Bcc Fe is mechanically stable under inner core conditions from either ab initio or force
field methods

2. The thermodynamic metastability of bee Fe is independent of the simulation cell size

3. Hcp Fe has the highest melting temperature thus being the most stable phase in the Earth's

inner core



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

Journal of Geophysical Research: Solid Earth

1. Introduction

The Earth's core, located ~2890 km beneath the surface with a radius of ~3480 km, comprises
a solid inner core crystallising out from a liquid outer core (Dziewonski & Anderson, 1981).
Understanding the composition and structure of the core is essential for comprehending various
aspects of Earth's long-term evolution (e.g., Hirose et al., 2021). The crystal structure of the
solid inner core is particularly important for determining the partitioning and abundance of light
elements between the inner and outer core, as well as the core's temperature profile because of
the different chemical potentials, densities and melting temperatures of various iron crystal
structures. Previous studies suggest that the solid inner core is primarily composed of an Fe-
rich solid solution, which may include substitutional and/or interstitial solid solutions of Fe
with alloying elements such as Ni, Si, S, C, and H (Hikosaka et al., 2022; Li et al., 2018; Litasov
& Shatskiy, 2016). Fe compounds like Fe;Cs and Fe,S are unlikely to be significant constituents
of the inner core as the eutectic points contain high concentrations of light elements and exhibit
densities much lower than that of the inner core (Li et al., 2016; Tateno et al., 2019). Although
it is well established that the inner core is primarily composed of Fe solid solution, the

crystalline structure of the inner core remains debated.

The changes in the crystal structure of Fe at varying pressure and temperature (P-7) conditions
are a critical scientific issue of interest in high-pressure physics and planetary sciences. At
ambient P-T conditions, Fe exhibits a body-centred cubic (bcc) structure (o phase, which is not
the close-packed with a space utilization rate of 68%); as temperature increases (~1185 K), it
transforms into a face-centred cubic (fcc) structure (y phase, stacking mode of ABCABC, close-
packed with the highest space utilization rate of 74%), and at higher temperatures (~1666-1901
K), it reverts to a paramagnetic bcc structure (6 phase); while when the pressure exceeds ~15
GPa, it transitions to a hexagonal close-packed (hep) structure (¢ phase, stacking mode of
ABAB with the highest space utilization rate of 74%) (Dewaele et al., 2006; Kraus et al., 2022;
Mikhaylushkin et al., 2007; Pushcharovsky, 2019; Shen et al., 1998). Despite considerable
efforts which have been made to investigate the phase diagram of Fe and its alloys under high
P-T conditions, the precise crystalline structure of the inner core still remains controversial

(Anzellini et al., 2013; Belonoshko et al., 2003; 2017; Dubrovinsky et al., 2007; Matsui &
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Anderson, 1997; Ross et al., 1990; Stixrude, 2012; Sun et al., 2024; Tateno et al., 2010; Vocadlo
et al., 2003). This has led to discrepancies in the inferred physical and chemical properties of
the core, including estimates of core temperature (Alfe, 2009; Belonoshko et al., 2021; Boehler,
1993; Li et al., 2020; Sun et al., 2023; Williams et al., 1987), elastic properties (Ikuta et al.,
2022; Li et al., 2018; Martorell et al., 2015), seismic anisotropy (Belonoshko, Simak et al.,
2022; Sha & Cohen, 2010; Steinle-Neumann et al., 2001; Voc¢adlo, Wood, Alfé & Price, 2008),
transport properties (Belonoshko et al., 2019; Gleason & Mao, 2013; Li & Scandolo, 2022; Xu
etal., 2025), and thermal evolution of nucleation processes (Davies et al., 2019; Sun et al., 2022;

Wilson et al., 2023).

The reason for the continual uncertainty in the correct phase of Fe at inner-core (IC) conditions
is that accurately determining the crystal structure of Fe at the extreme P-T conditions of the
Earth's core is a significant challenge. Early experiments conducted at room temperature by
Brown & McQueen (1986) measured the elasticities of Fe under core pressures using shock
wave techniques. They revealed discontinuous changes in Fe sound velocities, indicating a
possible transition from hcp to fcc structure in the inner core. Subsequent experiments
employing laser-heated diamond anvil cell (LHDAC) techniques not only suggested the
potential presence of a stable bce structure in the core (Dubrovinsky et al., 2007; Matsui &
Anderson, 1997; Ross et al., 1990), but also demonstrated that the fcc structure could be stable
within the P-T range of the inner core, exhibiting stability comparable to that of the hcp
structure (Mikhaylushkin et al., 2007). Collectively, these previous findings suggested that the
actual structure of the core may involve a complex phase with significant stacking faults.
Advances in experimental techniques allowed later studies using LHDAC and laser-driven
shock waves combined with X-ray diffraction to achieve in situ measurements of Fe crystal
structures under high P-T conditions (Anzellini et al., 2013; Hrubiak et al., 2018; Kraus et al.,
2022; Kuwayama et al., 2008; Sinmyo et al., 2019; Tateno et al., 2010; Turneaure et al., 2020;
Zhang et al., 2023). However, discrepancies remain regarding the stability of hcp and bec
structures in these experiments. For instance, Hrubiak et al. (2018) reported the stabilisation of
bee, while Tateno et al. (2010) and other groups predominantly observed hep (Anzellini et al.,

2013; Kraus et al., 2022; Kuwayama et al., 2008; Sinmyo et al., 2019; Turneaure et al., 2020;
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Zhang et al., 2023). These uncertainties are largely due to the challenges of experiments in
simultaneously achieving the extreme P-T conditions (~330-360 GPa, ~5000—7000 K) of the
inner core (Anderson, 2003), making it very difficult to reach a consensus among these

experimental results to date.

From a theoretical perspective, a major challenge in precisely determining the crystal structure
of the Earth's inner core lies in the closely competitive energies—on the order of tens of
meV/atom between the various possible Fe phases, including bee, fce, and hep structures
(Belonoshko et al., 2011, 2021; Sun et al., 2023; Vocadlo et al., 2003; Vocadlo, Wood, Alfe, &
Price, 2008). This energy competition leads to inconsistent conclusions across different
methodologies, force fields, system sizes, and levels of computational precision (Belonoshko
et al., 2017; Cui et al., 2013; Li & Scandolo, 2024a; Schultz et al., 2018; Stixrude & Cohen,
1995; Vocadlo et al., 2000). For instance, discrepancies arise between ab initio calculations
using small cells and empirical potential simulations employing much larger cells (Belonoshko
et al., 2017; Vocadlo et al., 2003). Variations in methodologies, as well as in the precision of
vibrational entropy and free energy calculations, can result in contradictory conclusions
(Belonoshko et al., 2021; Li & Scandolo, 2024a; Sun et al., 2023), even when identical system
sizes and the same methods (EAM) are used (Belonoshko et al., 2017; Schultz et al., 2018).
Consequently, these theoretical inconsistencies significantly impede a clear and unified
understanding of both the crystalline structure and the associated properties of the Earth's inner

core.

Indeed, a central theoretical debate on the crystal structure of Fe in the inner core is the stability
of the bee phase, particularly with respect to its mechanical and thermodynamic stabilities,
while its dynamic stability at high temperatures has been firmly established (Coté et al., 2010;
Luo et al., 2010; Vocadlo et al., 2003). According to density functional theory (DFT)
calculations with small simulation cells, the bce structure of Fe is generally believed to be
unstable at IC conditions, mainly because it exhibits mechanical instability when subjected to
tetragonal strain at high pressures (Soderlind et al., 1996; Stixrude & Cohen, 1995; Vocadlo,
Wood, Gillan, et al., 2008). Even consideration of extremely high temperatures and the

incorporation of appropriate amounts of light elements, such as Si and S, cannot overcome this
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instability (Cui et al., 2013). However, this hypothesis has been recently challenged by studies
proposing that the mechanical stability of the bce structure may be enhanced by self-diffusion
(Fe atoms diffusing like liquid, yet preserving all the properties of a solid), as demonstrated by
the Born stability criteria through 2000-atom ab initio calculations (Belonoshko, Simak, et al.,
2022) and 1000-atom deep-learning potential simulations (Li & Scandolo, 2024a). Further
clarification is needed to obtain a clearer understanding of the mechanical stability of bce Fe at

IC conditions.

However, it is also the case that it has long been considered that the bcc phase is
thermodynamically less stable with respect to the hcp and fcc structures, as evidenced by
thermodynamic integration (T1) free energy calculations using various force fields, cell sizes,
and reference systems (Gonzalez-Cataldo & Militzer, 2023; Li & Scandolo, 2024b; Sun et al.,
2023; Vocadlo et al., 2003; 2008). An alternative perspective has been put forward by
Belonoshko et al. (2017), who proposed that the bce structure may exhibit stability under
specific conditions involving a large number of atoms (N > 1024) and extremely high
temperatures (~7000 K). This thermodynamic stability was linked to a cooperative diffusion
(collective drifting of Fe atoms) occurring in the <110> direction within an ultra-large system
only, accompanied by a substantial increase in vibrational entropy (derived from the power
spectrum of the velocity autocorrelation function), which is attributed to size-dependent
diffusion effects. However, efforts to replicate this thermodynamic stability (calculated by TI)
and the associated size effects using identical force fields, system sizes, and temperature-
pressure conditions have proven unsuccessful (Schultz et al., 2018). Moreover, recent ab initio
simulations (Ghosh et al., 2023) and deep-learning potential calculations (Li & Scandolo, 2024a)
have demonstrated that cooperative diffusion behavior in the bcc structure can manifest even
within a relatively small unit cell containing as few as 128 atoms. Nonetheless, their findings
regarding the thermodynamic stability of the bce phase and the direction of diffusion are
inconsistent (Belonoshko et al., 2017; Ghosh et al., 2023; Li & Scandolo, 2024a). This
discrepancy implies that the self-diffusion behavior of bee Fe is not strongly dependent on the
simulation size, whereas the accuracy and convergence of free energy calculations may be

significantly influenced by the system size (Belonoshko et al., 2011; 2017), which, in turn, may
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affect the thermodynamic results.

In light of these theoretical challenges and discrepancies, a more precise approach to free energy
calculations and a comprehensive understanding of size effects is crucial for resolving the long-
standing controversy regarding the stability of competing Fe phases under IC conditions.
Generally, all theoretical results should be reproducible; however, thermodynamic calculations,
particularly those involving entropy, impose stringent requirements on both simulation cell
sizes and durations. Consequently, earlier studies may harbor inherent uncertainties, leading to
conflicting conclusions. To address this, we propose using the Bain Path Thermodynamic
Integration (BP-TI) technique (Ozolins, 2009; Vocadlo, Wood, Gillan, et al., 2008), which
simultaneously evaluates the mechanical and thermodynamic stabilities of the bcc and fcc
phases by integrating the differences in internal stress. The BP-TI does not work for bee-hep
and fcc-hcep since there is no reversible path for these transitions. The BP-TI method eliminates
the need for an additional reference system and avoids direct entropy calculations to determine
thermodynamic properties. Instead, it calculates the system's free energy by integrating internal
stress differences, which converge significantly faster with cell size compared to entropies and
energies. This approach provides an ideal tool for testing various theoretical methods with
different levels of precision, including ab initio calculations, force field models, and machine
learning methods. Furthermore, the results may also serve as a benchmark for other free energy

calculation methods.

Using these techniques, we hope to clarify the factors influencing the stabilities of Fe structures
under core conditions and reach a unified consensus on the inner core crystalline structure. The
rest of the paper is organized as follows: in Section 2 we introduce the techniques discussed
and used in this study; Section 3.1 presents the stability of the bce and fce phases using the BP-
TI method; Section 3.2 presents the results of free energy calculation for bec, fcc and hep Fe
using two-phase thermodynamic (2PT) method, building on the results of the BP-TI
calculations; in Section 3.3 we present their melting temperatures and discuss their possible

occurrence in the core; Section 4 summarises the main findings and conclusions.
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2. Methods

In this section, we introduce the techniques that will be used and discussed in this study. These
include the two widely used EAM potentials and the AIMD method used in earlier work. The
BP-TI method was previously used to evaluate the mechanical and thermodynamic stabilities
of the bcce and fec phases under IC conditions (Cui et al., 2013; Vocadlo, Wood, Gillan, et al.,
2008). The energetics from the BP-TI method can be used to benchmark the free energy
calculation. We also introduce the 2PT method that can treat both the solid and liquid states,

allowing direct calculation of the free energies of diffusive system.
2.1 Bain path thermodynamic integration

The bcecesfee transformation can be continuously connected through a straightforward
tetragonal path, known as the Bain path (Bain, 1924). This transformation is reversible and does
not undergo any first-order phase transition. Therefore, in the spirit of the thermodynamic
integration technique, the free energy differences can be calculated by integrating the reversible
work required to drive the system from the reference state to the target state (Frenkel & Smit,
2002). Importantly, integrating along the Bain path corresponds to treating each point on the
integral path as the reference frame for the subsequent point, thus eliminating the necessity for
introducing additional reference systems. This characteristic is a key factor that enables the BP-
TI method to achieve high-precision free energy calculations. Another significant advantage of
this approach is that by integrating the work done by internal stresses, the convergence of these
stresses is less dependent on the simulation cell size, thereby facilitating more rapid free energy
convergence. Consequently, the mechanical and thermodynamic stability between bec and fce
structures can be accurately determined by calculating the free energy difference during the

beefee phase transition.

The tetragonal strain involves distorting the bcc lattice by altering the c/a ratio while
maintaining constant volume. Under this strain, both bcc and fce structures can transform
smoothly into one another, as there are two special cases of the body-centred tetragonal (bct)
lattice for these structures: bee corresponds to ¢/a = 1 and fec to c/a= V2 (Stixrude & Cohen,

1995). To facilitate the integration, as outlined by Ozolins (2009), it is more convenient to
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introduce a tetragonal distortion parameter 7 that is equivalent to the previously mentioned c/a
ratio. Then the bct lattice with a volume of @® can be described by the vectors a = (a/7'2, 0, 0),
b = (0, a/7"?, 0), and ¢ = (0, 0, az). Clearly, 7= 1 for the bcc structure, and 7 = 2! for the fcc

structure. The work (w) associated with an infinitesimal tetragonal strain can be evaluated using
dw = frdu =Yg Aq 0gqduy (D

where f is the force, the summation is taken over a = x, y, z. A, represents the area of the
faces of lattice cell perpendicular to the axial, o, is the principal component of stress tensor
(the contributions of non-principal components g,z are 0 as they are perpendicular to the
displacements of lattice faces), and du, is the elastic displacement of lattice faces. Since A, =

Ay= a7, A. = &’/ 7, uy = u, = a/7"”, and u. = ar, Equation (1) can be reduced to
dw = a*[0,, — (Oxx + oyy)/2]/tdr (2)
By taking the integral on both sides of Equation (2), we can obtain the Helmholtz free energy

difference AF, between the bct and bee phases along the Bain path when we choose the bee

phase (7= 1) as the reference system:
AFy = [dw = [ a®[o,, — (0xx + 0yy)/2]/7dT 3)

The Gibbs free energy of the bct lattice at reference pressure (G,_,) is calculated by integrating

its equation of state:
Gy =F+PVy + [V dP (4)

where F, is the Helmholtz free energy, P, is the pressure of the bct phase after applying the
tetragonal strain, while P; and V; are the pressure and volume of the bcc phase, respectively.
The third term V represents the equation of state of the bct lattice. The Gibbs free energy of

the bcce phase (G1) is expressed as:
Gy =F + Py (5)

where F; isthe Helmholtz free energy of the bee phase. Then, the Gibbs free energy difference
AGp, between the bet and bee phases along the Bain path at isobaric pressure can be evaluated

by the following equation:
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AGp,= G,y — Gy = AFy + (P,— PV + [,V dP (6)

The shape and position of the free energy difference curves, AF, and AGp,, decisively

indicate the mechanical and thermodynamic stability of bce and fec structures.
2.2 Two-phase thermodynamic model

The 2PT model (Lin et al., 2003) was also employed to compute the entropy and free energy of
the different Fe phases under inner core P-T conditions. This involves decomposing the
Velocity Autocorrelation Function (VACF) and its associated Vibrational Density of States
(VDoS) into a gas-like diffusion component and a solid-like vibrational component. The
vibrational entropies of these two components were calculated using the Hard Sphere (HS)
model and the Harmonic Oscillator (HQ) model, respectively (Desjarlais, 2013; Lai et al., 2012).
The VACF (@), derived from the time evolution of velocities of N atoms, and its VDoS (F),

obtained through the Fourier transform, are the two fundamental quantities in the 2PT model:

_ Z’iilvi(t)-vi(o)>
*@) = <2£V=1vz(o)-vi(o) " )
F(v) = fooo @ (t)cos(2mvt)dt (®)

where T,, represents the vibration time, N denotes the number of atoms, and v;(t) signifies
the velocity of the i-th atom at time ¢. For systems like amorphous liquids or gases where low-
frequency modes predominantly influence entropy, it is necessary to partition the total

correlation function into solid-like and gas-like components:
(1) = (1 = fPs(t) + fgPy(t) )
Fv) = (1~ fpEW) + fyF ) (10)

where F; and F; are the gas-like and solid-like contributions to the vibrational density of
states, f; is a fluidity factor to be determined. The vibrational entropy and other
thermodynamic properties are then determined by weighting the solid-like and gas-like

components with weighting functions:

Svip = Nkg [ [f, B, W) W, + (1 — f,) E(0)Wsldv (11)
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where W and W, are the solid and gas entropy kernels, respectively. For exact methodology
details, we refer to Wilson & Stixrude (2021) as we implemented their formulations of this

method.

Compared to traditional free energy calculation methods, such as TI (Frenkel & Smit, 2002)
and free energy perturbation (FEP) (Zwanzig, 1954), the 2PT model significantly simplifies the
calculation of entropy by only requiring the post-processing of a single equilibrium MD
trajectory. When the MD simulations are sufficiently large and long enough, a single
equilibrium trajectory will contain ample information to fully characterize the entropy of the
system (Wilson & Stixrude, 2021). This model has been widely adopted for determining
thermodynamic properties across various complex systems (Hernandez et al., 2022; Sun et al.,
2017), including those relevant to the Earth's inner core, such as pure Fe and FeH, alloys with

significant self-diffusion components (Yang et al., 2023).
2.3 EAM potentials

There are two EAM potentials developed by Alfe, Gillan, and Price (2002) (EAM-A hereafter)
and Belonoshko et al. (2017) (EAM-B hereafter) that have been previously used to study the
structure and properties of the Earth's core. In the present study they were used to calculate the
thermodynamic properties with BP-TI and 2PT methods across the entire P-T range of the inner

core. The total energy of the EAM potential has the form:
Etor = 2i E; (12)
where E; is the potential energy of atom i, which consists of two parts:

n
E; = E[*" + F(p,) =zje(i) —eCp;? (13)

Tij

E lr P is a purely repulsive function of the interatomic distance 7; ; and F(p;) isthe embedded

energy function accounting for the metallic bonding, with the densities p; = ¥ ;; (%)m The
fitting parameters for EAM-A are: n=5.93, € =0.1662 eV, C=16.55,a=3.4714 A and m =
4.788 (Alfe, Gillan, and Price, 2002), and for EAM-B are: n = 8.7932, ¢ =0.0220225 ¢V, C
=28.8474,a=13.48501 A and m = 8.14475 (Belonoshko et al., 2017). The differences between

these two EAM potentials can be attributed to the variations in the temperatures and
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configurations used during their fitting procedures. This may introduce different

thermodynamic properties such as entropy, free energy and melting temperatures.
2.4 Ab initio calculations

We conducted ab initio molecular dynamics (AIMD) simulations and employed the BP-TI
technique to examine the mechanical and thermodynamic stability of the bee structure under
tetragonal strain at ~330-360 GPa and 5000—7000 K. Density functional theory (Kohn & Sham,
1965) calculations were performed within the generalized gradient approximation (GGA)
(Perdew et al., 1996) and the projector-augmented wave (PAW) method (Blochl, 1994). The
calculations were performed by using the Vienna 4b initio Simulation Package (VASP) code
(Kresse & Furthmiiller, 1996). To avoid any overlapping of core states at high pressures and
temperatures, we treated fourteen electrons of Fe (Fe-3p®3d’4s') as valence. A single Gamma
point with a cutoff energy of 550 eV was selected for supercells of 128 atoms (4 x 4 x 4
supercell of the cubic 2-atom box), consistent with the setup used in the previous study (Cui et
al., 2013). A dense Gamma-centered 2 x 2 x 2 k-point mesh was adopted for static corrections
on 40-100 snapshots extracted every 100-250 steps from the Gamma point MD simulations,
and the final stress was obtained by averaging the corrected stresses to achieve higher accuracy
in BP-TI calculations. The total energy was converged to 2 x 1075 eV. These settings are
sufficient to converge the stress and total energy within 0.1 GPa and 1 meV/atom, respectively
(Table S1). Molecular dynamics trajectories were propagated in the NVT ensemble using the
Nosé thermostat (Nosé, 1984) with a time step of 1 fs. The AIMD simulations lasted for 10 ps,
and the last 80% were used for statistical sampling. The electronic population was accounted
for through the Fermi—Dirac smearing approach (Mermin, 1965). Spin polarization was not
considered since the thermal excitation of electrons would essentially destroy the residual

magnetic moment at high temperatures (Sun et al., 2024; Vocadlo et al., 2003).
2.5 Computational details

Cell sizes up to 8192 atoms were tested for sufficient convergence using simulations based on
the EAM potentials. For the BP-TI method, a system with a 1024-atom cell (8 x 8 x 8 supercell

of the cubic 2-atom box) with a simulation duration of 100—200 ps, was sufficient to converge
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the Helmholtz free energy difference (AFf¢._pcc) between the fce and bee phases to within 1
meV/atom (Figure S1). For the 2PT method this cell size, with an equilibrium duration of 60
ps, provided adequate convergence of the Gibbs free energy (G) of the bce phase to within 2
meV/atom (Figure S2). For the fcc phase, a cell size of 864 atoms (6 X 6 x 6 supercell of the
cubic 4-atom box) was suitable, while for the hcp phase, a slightly larger1200-atom cell (10 %
6 x 5 supercell of the 4-atom C-centred unit cell box) was used, ensuring consistent

convergence levels for all free energy calculations using the 2PT model (Table S2).

To investigate whether diffusion affects the thermodynamic stabilities of the bce phase, we
tested different cell sizes from 1024 atoms (8 x 8 x 8 supercell) to 65536 atoms (32 x 32 x 32
supercell) at 360 GPa and 7000 K, with all simulations maintaining identical densities.
Subsequently, the 2PT model was employed to calculate its vibrational entropy as a function of
cell size. Additional MD simulations of 500 ps duration were performed to further examine
how cooperative diffusion in the bee phase depends on both system size and simulation time.
To verify the phase state (solid or liquid) in the simulations, we retrieved the radial distribution
function (RDF), the coordination number (CN), and the mean-square displacement (MSD) from
a 15-ps segment of the equilibrium trajectory, with the results depicted in the supporting
information Figures S3 and S4. Finally, the thermodynamic properties were evaluated using
both the BP-TI technique and the 2PT model, based on these extensive MD simulations. The

statistical error was assessed by the blocking method (Flyvbjerg & Petersen, 1989).

3. Results and Discussion
3.1. Mechanical and thermodynamic stabilities of bcc Fe from BP-TI method

As outlined in Section 2.1, the bece>fee transformation can occur along the Bain path via
tetragonal strain at constant volume, which does not involve any first-order phase transition.
Therefore, the free energy change of this transformation can be determined by integrating the
reversible work required to drive the system from the reference state to the target state. The
mechanical stability of the bece phase under tetragonal strain necessitates that its free energy

must be at a local minimum. If this is not the case, the bcc phase will spontaneously convert to
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fcc and as a result, cannot remain stable. It is important to note that some previous studies have
focused on the hydrostatic nature of stresses to assess the mechanical stability of the bce phase
(Belonoshko et al., 2011; 2017; Vocadlo et al., 2003). However, hydrostatic equilibrium, as
inferred from the stress analysis, does not necessarily correspond to a global free energy
minimum. Instead, it may represent a local maximum, with the unit cell being unstable under a

finite tetragonal strain (Godwal et al., 2015).

The stress anisotropy (0, — (0xx + 0y,)/2) and the difference in integrated free energies (AFy,
and AGp,) for various bct lattice structures along the Bain path at inner core P-T conditions, as
determined from both EAM-A and EAM-B potentials, are illustrated in Figures 1 and 2,
respectively. These two potentials show somewhat different behavior, as detailed in the

following two paragraphs.

For the EAM-A potential, both the bee (7= 1) and fce (7 =2'3) phases are found to be in a
nearly hydrostatic state, exhibiting only minimal stress variations (Figures la and 1d). The
stress anisotropy of the bct lattice initially increases from 7= 0.948 to 7= 1.052, then decreases
to 7= 1.206, and subsequently increases again with further distortions. The integrated free
energy changes suggest that the bce phase would be mechanically stable, as its free energy is
at a local minimum when integrating Equation (2) with respect to tetragonal strain. However,
the fcc phase has a lower free energy than the bec phase at temperatures of 5000 and 6000 K,
and so the EAM-A potential predicts that the bcc phase would be metastable under IC
conditions relative to fcc. Moreover, the temperature appears to enhance the stability of the bee
phase, while pressure tends to reduce it. The almost overlapping AF and AG can be attributed
to the small volume changes (i.e., the equation of state) during the beecfee transformation.
Notably, at 7000 K, a shift in the relative stability between the bcc and fcc phases becomes
evident, as indicated by the positive values of both the AF and AG. However, according to
established melting curves (Alfe, 2009; Anzellini et al., 2013; Sun et al., 2023), Fe is expected
to melt at this elevated temperature. The persistence of solid-like states in BP-TI calculations
at 7000 K reflects the superheating phenomenon in MD simulations, where crystals can remain
metastable above their equilibrium melting temperature until sufficient fluctuations or defects

trigger melting. Consequently, the free-energy values obtained for both bee and fcc at 7000 K
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correspond to metastable solid-like configurations sustained under superheating conditions.
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Figure 1. Stress anisotropy (a, d) and integrated free energy change (b-c, e-f) of the bct lattice with
respect to tetragonal strain at inner core P-T conditions (330 GPa upper, 360 GPa lower), based on the
EAM-A potentials (Alfe, Gillan, & Price, 2002). Uncertainty in stress anisotropy is typically less than
0.1 GPa, which is smaller than the symbol size; while uncertainty in the free energy difference accounts
for both the error in stress tensor calculations and the integration process, which is less than 2 meV/atom

in all cases. The dashed curves serve as guides for the eyes only.

Figure 2 shows the results from the EAM-B potential. At 5000 K, the stress anisotropy of the
bet lattice initially decreases from 7 = 0.948 to 7 = 1.182 before increasing with further
distortions. At 6000 K, the stress anisotropy firstly decreases from 7= 0.948 to 7= 0.974 and
then increases to 7= 1.026. As shown in Figures 2b—2c and 2e-2f, the free energy of the bce
phase resides at a local minimum, indicating its mechanical stability. At high temperatures of
7000 K, the stress anisotropy and integrated free energy changes for the bct lattice exhibit

similar behavior to that observed using the EAM-A potentials, in which the energy of the bce
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phase lies clearly at a local minimum, while the fcc phase consistently occupies the global
minimum. Consequently, the EAM-B potential also predicts that the bcc phase would be
metastable under IC conditions relative to fcc. Note that the abrupt change in stress anisotropy
(i.e., 7=1.104 and 1.156 at 5000 K) observed with the EAM-B potentials corresponds to the
formation of a stacking fault on the (101) plane of the bct lattice, with the stacking-fault
direction oriented diagonally across this plane (from top left to bottom right), as confirmed by

direct visual inspection of the MD trajectories (Figure S5).
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Figure 2. Stress anisotropy (a, d) and integrated free energy change (b-c, e-f) of the bct lattice with
respect to tetragonal strain at inner core P-T conditions (330 GPa upper, 360 GPa lower), based on the
EAM-B potentials (Belonoshko et al., 2017). Uncertainty for the stress anisotropy is typically less than

0.1 GPa, while uncertainty for the free energy difference is less than 2 meV/atom in all cases.

Recent studies have reported that the bce phase can remain stable under conditions involving
large cell sizes (N > 1024 atoms) and extreme P-T conditions (360 GPa and 7000 K)

(Belonoshko et al., 2017). In contrast, our BP-TI calculation results based on various EAM
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potentials demonstrate that bee Fe is metastable under IC conditions with respect to fcc. To
further validate the results obtained from the EAM potentials, we carried out AIMD simulations
using the same BP-TI techniques at comparable P-7 conditions. Although with shorter
simulation times of 10 ps and smaller system sizes containing 128 atoms, the AIMD results
confirm that bce Fe remains mechanically stable but thermodynamically less stable even up to
temperatures of 7000 K (Figure 3), generally consistent with the EAM predictions. Note that at
lower temperatures of 5000 K, however, the bce phase lies near an energy maximum and does
not exhibit mechanical stability (Figure 3 and Figure S6). This becomes more apparent in the
stress anisotropy, where stability is characterized by negative values at 7< 1 and positive values
at 7> 1. Nevertheless, considering that inner core temperatures would exceed 5000 K, both
EAM and AIMD calculations now consistently indicate that bcc holds a subtle mechanical
stability under IC conditions (Figures 1-3). These findings differ from earlier ab initio
simulations (Cui et al., 2013; Godwal et al., 2015), where the relatively large distortions applied
(e.g., 7= 0.052) may have overlooked the subtle mechanical stability of bcc, particularly at
lower temperatures (50006000 K). This comparison underscores the importance of employing
smaller distortion steps in BP-TI calculations to more accurately capture the weak mechanical
stability of the bcc phase under IC conditions (Figure 3 and Figure S6). In addition, our
convergence tests indicate that while a Gamma-point mesh was employed in Cui et al. (2013),
denser k-point sampling is required to achieve higher accuracy in BP-TI calculations. Our
results are consistent with more recent studies at 330—360 GPa (Zhang et al., 2025) and at 400

GPa (Ghosh et al., 2023; Li & Scandolo, 2024a).
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Figure 3. Stress anisotropy (a) and integrated free energy change (b) of the bct lattice with respect to
tetragonal strain at inner core P-T conditions, based on ab initio calculations. The statistical uncertainty
in stress anisotropy, evaluated using the blocking method, is typically less than 0.5 GPa, corresponding

to an uncertainty in the free energy difference of no more than 5.5 meV/atom.

We also tried to use available Machine Learning (ML) potentials to assess the mechanical and
thermodynamic stabilities of the bce phase. The ML potential developed by Jana & Caro (2023)
is suggested to be suitable for simulating Fe phases under IC conditions. However, our
calculations show that this ML potential is unable to simulate the bccfcc phase transition
along the Bain path, as the simulated structures melted at 6000 K (Figure S7), as well as
premelting at 5000 K (Figure S8). As this ML potential was trained on ab initio results, it should
have the same melting temperature as the ab initio simulations. Furthermore, other existing ML
potentials have not been publicly released, and discrepancies persist among these potentials in
simulating Fe properties, such as the melting temperature (Li & Scandolo, 2024b; Wu et al.,
2024; Yuan & Steinle-Neumann, 2023; Zhang et al., 2020). This highlights the critical need for
the development of ML-based potentials suitable for long-duration and large-scale MD

simulations of core Fe alloys.

In summary, we conclude that both EAM potentials and ab initio simulations show that the bcc
phase is mechanically stable, but remains thermodynamically less stable than the fcc phase
under IC conditions. As it is well established that the fcc phase is less stable than the hcp phase
(Li & Scandolo, 2024a; Stixrude, 2012; Vocadlo et al., 2000; 1999), it is clear that bcc cannot
be the stable phase of pure Fe under core conditions. Nevertheless, it has been suggested that
diffusion may stabilise the bcc phase, and that this is only seen in simulations with large

numbers of atoms. We examine that next.
3.2. Thermodynamic stabilities of Fe structures from 2PT free energy calculations
3.2.1 Size effects and self-diffusion

The cooperative diffusion mechanism has been proposed to stabilise the bce phase of Fe under
IC conditions, with large systems being necessary for this stabilisation (Belonoshko et al., 2017).

Their analysis of configurations and trajectories unveiled diffusive processes that may
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contribute to entropy, thereby stabilising the bee phase (Figure 4). More importantly, it was
argued that such diffusion mechanisms cannot be supported in small systems without
destroying their structure, emphasising the significant size dependence in the stability of the
bcce phase. However, a subsequent study by Schultz et al. (2018) argued that the entropy of bee
Fe exhibits no system size-dependent anomalies, based on their extensive TI thermodynamic
calculations. They claimed the accurate free energy calculations for this system can be
computed using ab initio methods without the need for excessively large atomistic models.
Although both studies used identical EAM potentials, cell sizes, and P-T conditions, they
differed in the approaches employed to determine the entropy and free energy of the system.
Schultz et al. (2018) argued that the VACF method used in Belonoshko et al. (2017) does not
accurately predict free energies for systems with self-diffusion. This challenges the notion that
prohibitively large systems are necessary for proper simulations of bec Fe. Therefore, further
clarification is required regarding the size dependence on the stability of the bce phase to gain

a clear understanding of the inner core structures.

Here, we used the 2PT model to examine the discrepancies of size dependence on the bce phase
stabilities, with results presented in Figure 4. The system size modelled for the bee phase ranged
from 1024 to 65536 atoms, consistent with the sizes used in the previous study (Schultz et al.,
2018). For the hep phase under IC conditions, simulations were conducted with system sizes
ranging from 256 to 4000 atoms, as previous work has shown that no obvious system-size
anomalies in entropy with the system containing more than 1000 atoms (Belonoshko et al.,
2017; Schultz et al., 2018; Sun et al., 2018). Our results reveal that the entropy of the bee phase
exhibits negligible size dependence, maintaining a nearly constant value as the system size
increases. This can be confirmed from the convergence of the total VDoS versus simulation
cell size (Figure S9). The entropy calculated using the 2PT model is systematically larger than
that obtained from the TI method of Schultz et al. (2018) (Figure 4). This is likely due to the
use of EAM potential. Theoretically, the energy difference between two structures should be
identical from different free energy calculation methods. However, the potential may not be
well trained to provide accurate description of the phase space explored during simulations.

Therefore, variations in methods and integration paths in TI calculations could result in energy



494

495

496

497

498

499

500

501

502
503

504

505

506

507

508

509

510

511

512

513

Journal of Geophysical Research: Solid Earth

shifts. Nevertheless, the entropy difference between the bee and hep phases (ASpce—pep) 18
estimated to be ~1.2 J/mol/K (0.1443 kg/atom), which is very close to the value of ~1.3 J/mol/K
(0.1564 kg/atom) reported by Schultz et al. (2018) in their TI calculations. Such an entropy
difference is not sufficient to render the bce structure thermodynamically more stable than the
hep structure, as stability would require ASpcc_pep > 1.52 J/mol/K (0.1831 kg/atom). This
finding is further corroborated by Li & Scandolo (2024a), who, based on the deep-learning
potential calculations, suggested that the self-diffusion mechanism is inadequate to stabilise bcc

Fe thermodynamically over other competing phases.

100 | bee -

O hep
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g (Belonoshko et al., 2017)
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Figure 4. Size dependence of entropy of the bee and hep phases computed at 360 GPa and 7000 K using
the EAM-B potentials, compared with results from the literature that employed the same potentials.
System size is provided in NXNXN unit cells, where each unit cell contains 2 atoms for the bce phase
and a 4-atom C-centred unit cell for the hcp phase (normalized to 2 atoms for unified representation).
For N = 32, the system consists of 65536 atoms. Although diffusion is observed in large supercell
configurations (e.g., with 32768 and 65536 atoms), the entropy difference of the bee phase is very small
and nearly constant, consistent with the TI results reported by Schultz et al. (2018). Dashed lines are the

linear fit to the data points.

Although our MD trajectory analysis reveals some diffusion in large bcc supercell
configurations, as indicated by the MSDs depicted in Figure 5, the calculated entropy does not

exhibit a rapid increase as observed by Belonoshko et al. (2017). In their study, cooperative
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diffusion was found to significantly contribute to low-frequency modes, resulting in a
substantial rise in entropy within the bcc phase. However, Schultz et al. (2018) argued that
diffusion per se does not directly contribute to the free energy, which is an equilibrium
thermodynamic quantity that can be defined and computed without any reference to dynamic
behavior. They proposed that anomalous entropy scaling can be rigorously demonstrated
through precise free energy calculations using various simulation methods, and the presence or
absence of diffusion has no effect on the entropy. In contrast, Li & Scandolo (2024a) contend
that the existence of self-diffusion invalidates direct TI approaches for free energy calculations
by using ideal or Einstein crystals as references. Reconciling these divergences calls for
diffusion-aware reference models or advanced sampling methods such as metadynamics or
Monte Carlo dynamics that can accommodate atomic mobility without compromising
thermodynamic rigor. While the self-diffusion in bcc phase may contribute to entropy, our
current study, along with previous works (Li & Scandolo, 2024a; Schultz et al., 2018), suggests

that such contributions are likely limited and not scaled significantly with cell size.

1.2
Number of atoms
1024
2048
09 4096
8192
. — 16384
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o
E 0.6 L — 65336
W
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03 Mw*us%‘ b o b
0.0 a . . 1 1 - - L .
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Time (ps)
Figure 5. MSDs for different cell sizes in the bec phase at 360 GPa and 7000 K based on the EAM-B
potentials. Self-diffusion is observed in configurations with 32,768 and 65,536 atoms, while smaller
systems show no obvious diffusion. This indicates that diffusion is generally more prevalent in larger

systems.

3.2.2 Corroborating the BP-TI results with 2PT model
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In Section 3.1, we examined the mechanical and thermodynamic stabilities of the bec phase
under tetragonal strain using the TI techniques, incorporating both semi-empirical EAM
potentials and ab initio simulations. Building on the convergence accuracy of the BP-TI free
energy calculations, we now extend our analysis by performing additional thermodynamic
calculations using the 2PT model, after clarifying the size effect on the stability of the bec
structure. This approach aims to corroborate the BP-TI results and is expected to be consistent

with our previous findings.

The VACF and its associated VDoS for the bee and fcc phases under relevant P-T conditions
are displayed in Figures 6 and 7, respectively. The reduced number of distinct peaks in the
VACEF of the fcc phase at 7000 K, as obtained from the EAM-A potentials, suggests that the
phase has undergone melting (Figure 6¢). This is further supported by the presence of finite
VDoS (due to diffusive modes) at zero frequency (Figure 7c). In contrast, when employing the
EAM-B potentials, the fcc phase still retains solid phase characteristics, with more peaks in the
VACEF and its VDoS tends towards zero at the long wavelength limit (Figure 6d). In the case
of the bce phase, it maintains a solid state regardless of the EAM potentials used, as evidenced
by the VACF and VDoS shown in Figures 7a and 7b. However, it is worth noting that there is
a very slightly diffusive behavior in the bce phase at 7000 K when using the EAM-A potentials,

as indicated by slow, stair-like features in its MSD as the simulation time increases (Figure S4).
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Figure 6. Velocity autocorrelation functions for the bece (a-b) and fec (c-d) phases of Fe at different P-T

conditions as indicated in the legend. Solid lines represent the data at 330 GPa, while dot lines correspond

to the data at 360 GPa.
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Figure 7. The total vibrational density of states of the bce (a-b) and fcc (c-d) Fe under different P-T

conditions. Solid lines represent the data at 330 GPa, while dot lines correspond to the data at 360 GPa.
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Figure 8. Free energy changes between the fcc and bee phases of Fe under IC P-T conditions based on

different force fields and methods. Solid and open circles denote the results from BP-TI and 2PT,

respectively. Green represents calculations at 330 GPa while orange represents results at 360 GPa. The

square corresponds to ab initio data reported by Vocadlo, Wood, Alfe, and Price (2008). Upper triangles
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indicate ab initio results from Cui et al. (2013), while lower triangles represent the ab initio results of
this study. Additionally, the ab initio and deep-learning potential data (shown in purple) explored at 400
GPa by Li & Scandolo (2024a) are included for comparison. The melting temperature of bce Fe

(indicated in red) is sourced from Alf¢, Gillan, and Price (2002) and Davies et al. (2019).

Figure 8 illustrates the free energy changes between the fcc- and bee-Fe (AGgec_pec) under IC
P-T conditions, as evaluated through the 2PT model. Remarkably, the results derived from the
2PT model demonstrate robust agreement with those obtained from the BP-TI approach,
particularly notable in the EAM-A potentials (Figure 8a), where the discrepancy is less than 2
meV/atom. Furthermore, these results are in good agreement with previous ab initio
assessments conducted at ~330 GPa and 5500 K using the coupling parameters TI method
(Vocadlo, Wood, Alfe, & Price, 2008), which shows a disparity of only ~4 meV/atom. For the
EAM-B potentials (Figure 8b), although marginally larger, the difference remains within 7
meV/atom up to temperatures of 7000 K, and the results align well with the ab initio
computations reported by Cui et al. (2013) as well as close to the recent calculations conducted

at 400 GPa based on the ab initio and deep-learning potentials (Li & Scandolo, 2024a).

According to the EAM-A potentials, the temperatures required to stabilise the bcc phase over
fce phase of Fe at 330 and 360 GPa are estimated to be ~6570 and ~6800 K, respectively (Figure
8a). However, using the same EAM potentials, Alfe et al. (2002a) and Davies et al. (2019)
determined the melting temperatures of the bee phase under IC pressure conditions to be in the
range of ~6100-6300 K, which are lower than the stabilisation temperatures predicted by the
EAM-A potentials. For the EAM-B potentials, the necessary stabilisation temperatures exceed
8000 K (Figure 8b). Therefore, while temperature can stabilise the bce phase, it remains far
from completely stable across the entire range of IC temperatures, as the required stabilisation
temperatures exceed the melting temperature of Fe under these conditions, irrespective of

whether EAM-A or EAM-B potentials are employed.

3.3. Melting temperatures of Fe structures and the inner core

It is well established that the fcc structure is thermodynamically less stable than the hcp

structure under IC conditions, primarily due to its larger thermal pressure term (Stixrude, 2012;
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Vocadlo et al., 2000; 1999). More recent work by Li & Scandolo (2024a), using ab initio and
deep-learning interatomic potential for Fe at extreme conditions, further supports this
hypothesis, although the mechanical stability of the bcc phase under tetragonal strain based on
this deep-learning interatomic potential has not been clarified. While the observed P-wave
anisotropy in the inner core has been attributed to the fcc structure (Vocadlo, Wood, Alfe, &
Price, 2008), this alone cannot completely account for the complex anisotropy of the inner core,
especially when compared to the hcp and/or bec structures (Mattesini et al., 2010; Romanowicz
et al., 2016; Tateno et al., 2010). Consequently, the fcc structure is not included in this section

and the focus is solely on the bee, hep, and liquid phases.

120 120
_ (a) EAM-A: 330 GPa -~~~ hep (b) EAM-A: 360 GPa
E 80t bee 1 g0}
§ liquid
= 40t 401
E
e of
e Ol wiutaiiniu i P P B
S / /
—40+ hep = liquid —40+ hep = liquid
5000 5200 5400 5600 5800 6000 5000 5200 5400 35600 5800 6000
80} (c) EAM-B: 330 GPa 80} (d) EAM-B: 360 GPa
=
[=]
£ 40} 40|
2 0 0
[ ettt I
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g0} 80}
6000 6200 6400 6600 6800 7000 6000 6200 6400 6600 6800 7000
Temperature (K) Temperature (K)

Figure 9. Free energy differences referenced to bee Fe at 330 and 360 GPa near the melting temperatures.

The black dots indicate the phase transition from hep to liquid.

We calculated the melting temperatures of different Fe structures using the 2PT model based
on the EAM potentials by comparing their absolute Gibbs free energies with those of the liquid
phase. The VACF and its associated VDoS for the hcp and liquid phases at inner core P-T
conditions are shown in Figures S10 and S11, respectively. The calculated free energy
difference relative to the bee phase is shown in Figure 9. The free energy difference between
hep and bee using EAM-A is minimal, generally less than 15 meV/atom (with bee being higher)

under relevant IC conditions. This difference increases when employing EAM-B, reaching ~35
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meV/atom, which is close to the recent value of ~46 meV/atom (calculated using TI) based on
deep-learning potentials at 400 GPa and 6000—7000 K (Li & Scandolo, 2024a). However, the
values obtained from EAM potentials are lower than those from ab initio calculations, which
yield ~60 meV/atom from TI (Gonzalez-Cataldo & Militzer, 2023) and 170-270 meV/atom
from the quasiharmonic approximation, both at 330-360 GPa and 6000 K (Zhang et al., 2025).
These discrepancies most likely arise from differences in the employed potentials and free-

energy calculation methods.

For the EAM-A potentials, the calculated melting temperatures are ~5500 K for bce and ~5565
K for hep at 330 GPa, while ~5825 K for bee and ~5900 K for hep at 360 GPa (Figures 9a and
9b). Using the EAM-B potentials, the melting temperatures are determined to be ~6265 K for
bee and ~6460 K for hep at 330 GPa, while ~6620 K for bee and ~6820 K for hep at 360 GPa
(Figures 9c and 9d). Generally, a solid phase with the highest melting temperature is considered
the most stable phase, while other solid phases remain metastable near the melting temperature.
It is evident that the hcp phase consistently exhibits a higher melting temperature than the bee
phase, suggesting it should be the most stable phase in the Earth's inner core. Furthermore, the
melting temperature of Fe derived from the EAM-B potentials is ~750-900 K higher than that
obtained based on the EAM-A potentials. The different fitting procedures in temperatures and
configurations may explain this discrepancy (Alfe, Gillan, & Price, 2002; Belonoshko et al.,

2017).

The melting temperatures of the bcc and hep phases obtained from the EAM potentials are
compared with available literature values (Figure 10). The data for the hcp phase is abundant,
while the bee phase has a more limited set of values. One ab initio data point for the becc melting
point comes from Bouchet et al. (2013), in which the calculation was performed with a 256-
atom solid-liquid coexistence (SLC) cell, leading to considerable uncertainties in both pressure
and temperature. Another ab initio estimate is from Sun et al. (2023), where they determined
an ab initio melting point using PAWS8 and PAW 16 pseudopotentials. A more recent data point
of ~6480 K for bee Fe is reported by Wu et al. (2024), derived from the deep potential (DP)
model. Our results for the bce phase, based on the EAM-B potentials, are in good agreement

with these studies (Bouchet et al., 2013; Sun et al., 2023; Wu et al., 2024), but ~450 K higher
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than that of Li & Scandolo (2024a) based on their DP determinations. This discrepancy implies
that the current DP model for Fe at IC conditions from different groups still exhibits some
inconsistencies (Li & Scandolo, 2024a; Wu et al., 2024). The largest deviation is seen in the
bee phase from Belonoshko, Fu, and Smirnov (2022), showing a melting temperature ~685 K
higher than our EAM-B value at 360 GPa. This divergence is particularly notable as it suggests
the melting temperature of the hcp phase is much lower than that of the bec phase at the inner
core center. Such deviation could be attributed to the employed semi-empirical potential, which
was fitted to 0 K DFT results, and the calculated free energy contained an ad hoc correction for

the electronic entropy effects (Belonoshko et al., 2021; Belonoshko, Fu, & Smirnov, 2022).
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Figure 10. Melting temperatures of the bce (orange) and hep (red) phases determined by the 2PT model
with EAM potentials, and data from literature is provided for comparison. Literature sources include ab
initio SLC simulations by Laio (2000), Alfé (2009), and Bouchet et al. (2013); ab initio TI and SLC
simulations by Alfe, Price, and Gillan (2002); ab initio TI, phonon quasiparticle, and FEP calculations
by Sun et al. (2018; 2023); Monte Carlo (MC) simulations by Sola & Alf¢ (2009), and classical MD
simulations by Davies et al. (2019) and Belonoshko et al. (2021) and Belonoshko, Fu, and Smirnov
(2022). Additionally, melting temperatures predicted by the DP model are from Wu et al. (2024) using

TI and SLC simulations, and Li & Scandolo (2024a) using TI methods. Experimental melting data (green)
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are taken from Anzellini et al. (2013), Sinmyo et al. (2019) and Li et al. (2020), based on the extrapolated

data from DAC and shock wave experiments, respectively.

Our calculated melting temperature for the hcp phase with EAM-A potentials at 330 GPa is
reasonably consistent with the data of Sun et al. (2018) using the PAW8 pseudopotential within
uncertainties. This data also agrees with recent shock wave experimental results from Li et al.
(2020) at 360 GPa, within their margin of error. Note that using the same EAM potential, a
higher melting temperature (~6215 K) of the hcp phase at 323 GPa was predicted through SLC
simulations (Davies et al., 2019; Gao et al., 2025). The difference in methods for determining
the melting point may account for this discrepancy, as the SLC simulations may be susceptible
to superheating, leading to an overestimation of the melting point. Nevertheless, the difference
in melting temperature between hep and bece is nearly the same for both methods: ~70 K (with
hep being higher) for the SLC simulations from previous studies (Davies et al., 2019; Gao et
al., 2025), and ~65 K for the free energy calculations in the current work. On the other hand,
our melting temperature from the EAM-B at 330 GPa aligns well with the ab initio 980-atom
SLC simulations conducted by Alfé (2009), and is also close to the values from the DP model
determined through TI and SLC by Wu et al. (2024). At the higher pressure of the inner core
center (~360 GPa), our EAM-B result is nearly identical to the data examined recently by
Belonoshko et al. (2021), with a difference of only ~20 K. Overall, both EAM potentials predict
a higher melting temperature for hcp than bcc, indicating that hcp is more stable, which is
consistent with previous studies (Li & Scandolo, 2024a; Sun et al., 2023; Wu et al., 2024).
These results establish a clear distinction in the relative stability between the hep and bee phases

under the same level of calculation accuracy.

4. Conclusions

We have investigated the mechanical stability of the bcc structure under tetragonal strain by
employing the high-precision BP-TI technique. Our results, derived from both EAM potentials
and ab initio simulations, demonstrate that the bcc phase is mechanically stable but

thermodynamically less stable relative to fcc under IC conditions, with this metastability being
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independent of the simulation cell size. Thermodynamic calculations based on the 2PT model
further corroborate these results. Although some self-diffusion is observed in bce cells at
elevated temperatures, its contribution to entropy is found to be negligible, which contradicts
prior claims suggesting a significant entropy contribution from this diffusion. Furthermore, our
melting point calculations reveal that, under IC pressure conditions, the hcp phase consistently
exhibits a higher melting temperature than the bce phase. This suggests that the hcp phase is
the most stable phase for pure Fe under these extreme conditions, reinforcing previous

methodologies and conclusions regarding the stability of Fe in the Earth's inner core.

Nevertheless, the free energy difference between the hep and bee phases is minimal, only on
the order of tens of meV/atom, which is comparable to the thermal energy (kg7) per atom at
room temperatures. Furthermore, alloying with other elements, such as Ni, Si, S, and H, may
influence inner core phase stabilities and crystallization processes. Therefore, further
investigation is essential to better understand the combined impact of alloying elements on
phase behavior and to refine our knowledge of the structures and properties of the Earth's

interior.
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