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Abstract: The crystal structure of Earth's solid inner core is fundamental to understanding the 13 

chemical composition and dynamical evolution of the core. However, despite extensive 14 

research, the structure still remains controversial with competing hypotheses regarding the 15 

stability of various Fe phases (e.g., bcc, fcc, and hcp). In this paper, we review the studies on 16 

the crystal structure of Fe under inner core conditions, and find, in line with previous work, that 17 

the main challenges come from the small energy differences between these structures. This has 18 

led to a variety of different conclusions across varying theoretical methods and precision, 19 

including ab initio, force field and machine learning methods. To address this problem, we 20 

employ a Bain path thermodynamic integration approach to reach consistent conclusions 21 

among different methods; we find that bcc Fe is mechanically stable but thermodynamically 22 

less stable under inner core conditions. Using the energetics from the Bain path method as a 23 

benchmark, we establish the requirements for converging free energy calculations through a 24 

two-phase thermodynamic modelling approach. These calculations confirm that the hcp phase 25 

is the most stable, exhibiting the highest melting temperature regardless of the method used. 26 

This unified conclusion on the hcp phase as the stable crystal structure provides a robust 27 

foundation for future studies on Earth's core. 28 

 29 
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Plain Language Summary: Understanding the crystal structure of Earth's solid inner core 30 

is crucial for interpreting its chemical composition and dynamical evolution. Despite extensive 31 

efforts, the phase stability of iron (e.g., bcc, fcc, hcp) under core conditions remains heavily 32 

debated. The extreme P-T conditions of the inner core present a significant challenge to 33 

experiments, while the difficulty in theoretical studies stems from the minute energy differences 34 

among these structures. In this study, we introduce a thermodynamic-integration framework 35 

based on the Bain path, which offers enhanced accuracy and serves as a rigorous benchmark 36 

for evaluating phase-stability predictions. Applying this approach with stringent convergence 37 

criteria, we demonstrate that all commonly used potentials and computational methods 38 

uniformly confirm bcc as a metastable phase while hcp as the most stable phase under core 39 

conditions. Our findings reconcile previous disparities and establish a solid thermodynamic 40 

foundation for future studies of inner-core properties and dynamics. 41 

 42 

Key Points: 43 

1. Bcc Fe is mechanically stable under inner core conditions from either ab initio or force 44 

field methods 45 

2. The thermodynamic metastability of bcc Fe is independent of the simulation cell size 46 

3. Hcp Fe has the highest melting temperature thus being the most stable phase in the Earth's 47 

inner core 48 

  49 
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1. Introduction 50 

The Earth's core, located ~2890 km beneath the surface with a radius of ~3480 km, comprises 51 

a solid inner core crystallising out from a liquid outer core (Dziewonski & Anderson, 1981). 52 

Understanding the composition and structure of the core is essential for comprehending various 53 

aspects of Earth's long-term evolution (e.g., Hirose et al., 2021). The crystal structure of the 54 

solid inner core is particularly important for determining the partitioning and abundance of light 55 

elements between the inner and outer core, as well as the core's temperature profile because of 56 

the different chemical potentials, densities and melting temperatures of various iron crystal 57 

structures. Previous studies suggest that the solid inner core is primarily composed of an Fe-58 

rich solid solution, which may include substitutional and/or interstitial solid solutions of Fe 59 

with alloying elements such as Ni, Si, S, C, and H (Hikosaka et al., 2022; Li et al., 2018; Litasov 60 

& Shatskiy, 2016). Fe compounds like Fe7C3 and Fe2S are unlikely to be significant constituents 61 

of the inner core as the eutectic points contain high concentrations of light elements and exhibit 62 

densities much lower than that of the inner core (Li et al., 2016; Tateno et al., 2019). Although 63 

it is well established that the inner core is primarily composed of Fe solid solution, the 64 

crystalline structure of the inner core remains debated. 65 

The changes in the crystal structure of Fe at varying pressure and temperature (P-T) conditions 66 

are a critical scientific issue of interest in high-pressure physics and planetary sciences. At 67 

ambient P-T conditions, Fe exhibits a body-centred cubic (bcc) structure (α phase, which is not 68 

the close-packed with a space utilization rate of 68%); as temperature increases (~1185 K), it 69 

transforms into a face-centred cubic (fcc) structure ( phase, stacking mode of ABCABC, close-70 

packed with the highest space utilization rate of 74%), and at higher temperatures (~1666-1901 71 

K), it reverts to a paramagnetic bcc structure ( phase); while when the pressure exceeds ~15 72 

GPa, it transitions to a hexagonal close-packed (hcp) structure ( phase, stacking mode of 73 

ABAB with the highest space utilization rate of 74%) (Dewaele et al., 2006; Kraus et al., 2022; 74 

Mikhaylushkin et al., 2007; Pushcharovsky, 2019; Shen et al., 1998). Despite considerable 75 

efforts which have been made to investigate the phase diagram of Fe and its alloys under high 76 

P-T conditions, the precise crystalline structure of the inner core still remains controversial 77 

(Anzellini et al., 2013; Belonoshko et al., 2003; 2017; Dubrovinsky et al., 2007; Matsui & 78 
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Anderson, 1997; Ross et al., 1990; Stixrude, 2012; Sun et al., 2024; Tateno et al., 2010; Vočadlo 79 

et al., 2003). This has led to discrepancies in the inferred physical and chemical properties of 80 

the core, including estimates of core temperature (Alfè, 2009; Belonoshko et al., 2021; Boehler, 81 

1993; Li et al., 2020; Sun et al., 2023; Williams et al., 1987), elastic properties (Ikuta et al., 82 

2022; Li et al., 2018; Martorell et al., 2015), seismic anisotropy (Belonoshko, Simak et al., 83 

2022; Sha & Cohen, 2010; Steinle-Neumann et al., 2001; Vočadlo, Wood, Alfè & Price, 2008), 84 

transport properties (Belonoshko et al., 2019; Gleason & Mao, 2013; Li & Scandolo, 2022; Xu 85 

et al., 2025), and thermal evolution of nucleation processes (Davies et al., 2019; Sun et al., 2022; 86 

Wilson et al., 2023). 87 

The reason for the continual uncertainty in the correct phase of Fe at inner-core (IC) conditions 88 

is that accurately determining the crystal structure of Fe at the extreme P-T conditions of the 89 

Earth's core is a significant challenge. Early experiments conducted at room temperature by 90 

Brown & McQueen (1986) measured the elasticities of Fe under core pressures using shock 91 

wave techniques. They revealed discontinuous changes in Fe sound velocities, indicating a 92 

possible transition from hcp to fcc structure in the inner core. Subsequent experiments 93 

employing laser-heated diamond anvil cell (LHDAC) techniques not only suggested the 94 

potential presence of a stable bcc structure in the core (Dubrovinsky et al., 2007; Matsui & 95 

Anderson, 1997; Ross et al., 1990), but also demonstrated that the fcc structure could be stable 96 

within the P-T range of the inner core, exhibiting stability comparable to that of the hcp 97 

structure (Mikhaylushkin et al., 2007). Collectively, these previous findings suggested that the 98 

actual structure of the core may involve a complex phase with significant stacking faults. 99 

Advances in experimental techniques allowed later studies using LHDAC and laser-driven 100 

shock waves combined with X-ray diffraction to achieve in situ measurements of Fe crystal 101 

structures under high P-T conditions (Anzellini et al., 2013; Hrubiak et al., 2018; Kraus et al., 102 

2022; Kuwayama et al., 2008; Sinmyo et al., 2019; Tateno et al., 2010; Turneaure et al., 2020; 103 

Zhang et al., 2023). However, discrepancies remain regarding the stability of hcp and bcc 104 

structures in these experiments. For instance, Hrubiak et al. (2018) reported the stabilisation of 105 

bcc, while Tateno et al. (2010) and other groups predominantly observed hcp (Anzellini et al., 106 

2013; Kraus et al., 2022; Kuwayama et al., 2008; Sinmyo et al., 2019; Turneaure et al., 2020; 107 
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Zhang et al., 2023). These uncertainties are largely due to the challenges of experiments in 108 

simultaneously achieving the extreme P-T conditions (~330–360 GPa, ~5000–7000 K) of the 109 

inner core (Anderson, 2003), making it very difficult to reach a consensus among these 110 

experimental results to date. 111 

From a theoretical perspective, a major challenge in precisely determining the crystal structure 112 

of the Earth's inner core lies in the closely competitive energies—on the order of tens of 113 

meV/atom between the various possible Fe phases, including bcc, fcc, and hcp structures 114 

(Belonoshko et al., 2011, 2021; Sun et al., 2023; Vočadlo et al., 2003; Vočadlo, Wood, Alfè, & 115 

Price, 2008). This energy competition leads to inconsistent conclusions across different 116 

methodologies, force fields, system sizes, and levels of computational precision (Belonoshko 117 

et al., 2017; Cui et al., 2013; Li & Scandolo, 2024a; Schultz et al., 2018; Stixrude & Cohen, 118 

1995; Vočadlo et al., 2000). For instance, discrepancies arise between ab initio calculations 119 

using small cells and empirical potential simulations employing much larger cells (Belonoshko 120 

et al., 2017; Vočadlo et al., 2003). Variations in methodologies, as well as in the precision of 121 

vibrational entropy and free energy calculations, can result in contradictory conclusions 122 

(Belonoshko et al., 2021; Li & Scandolo, 2024a; Sun et al., 2023), even when identical system 123 

sizes and the same methods (EAM) are used (Belonoshko et al., 2017; Schultz et al., 2018). 124 

Consequently, these theoretical inconsistencies significantly impede a clear and unified 125 

understanding of both the crystalline structure and the associated properties of the Earth's inner 126 

core. 127 

Indeed, a central theoretical debate on the crystal structure of Fe in the inner core is the stability 128 

of the bcc phase, particularly with respect to its mechanical and thermodynamic stabilities, 129 

while its dynamic stability at high temperatures has been firmly established (Côté et al., 2010; 130 

Luo et al., 2010; Vočadlo et al., 2003). According to density functional theory (DFT) 131 

calculations with small simulation cells, the bcc structure of Fe is generally believed to be 132 

unstable at IC conditions, mainly because it exhibits mechanical instability when subjected to 133 

tetragonal strain at high pressures (Soderlind et al., 1996; Stixrude & Cohen, 1995; Vočadlo, 134 

Wood, Gillan, et al., 2008). Even consideration of extremely high temperatures and the 135 

incorporation of appropriate amounts of light elements, such as Si and S, cannot overcome this 136 
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instability (Cui et al., 2013). However, this hypothesis has been recently challenged by studies 137 

proposing that the mechanical stability of the bcc structure may be enhanced by self-diffusion 138 

(Fe atoms diffusing like liquid, yet preserving all the properties of a solid), as demonstrated by 139 

the Born stability criteria through 2000-atom ab initio calculations (Belonoshko, Simak, et al., 140 

2022) and 1000-atom deep-learning potential simulations (Li & Scandolo, 2024a). Further 141 

clarification is needed to obtain a clearer understanding of the mechanical stability of bcc Fe at 142 

IC conditions. 143 

However, it is also the case that it has long been considered that the bcc phase is 144 

thermodynamically less stable with respect to the hcp and fcc structures, as evidenced by 145 

thermodynamic integration (TI) free energy calculations using various force fields, cell sizes, 146 

and reference systems (González-Cataldo & Militzer, 2023; Li & Scandolo, 2024b; Sun et al., 147 

2023; Vočadlo et al., 2003; 2008). An alternative perspective has been put forward by 148 

Belonoshko et al. (2017), who proposed that the bcc structure may exhibit stability under 149 

specific conditions involving a large number of atoms (N  1024) and extremely high 150 

temperatures (~7000 K). This thermodynamic stability was linked to a cooperative diffusion 151 

(collective drifting of Fe atoms) occurring in the <110> direction within an ultra-large system 152 

only, accompanied by a substantial increase in vibrational entropy (derived from the power 153 

spectrum of the velocity autocorrelation function), which is attributed to size-dependent 154 

diffusion effects. However, efforts to replicate this thermodynamic stability (calculated by TI) 155 

and the associated size effects using identical force fields, system sizes, and temperature-156 

pressure conditions have proven unsuccessful (Schultz et al., 2018). Moreover, recent ab initio 157 

simulations (Ghosh et al., 2023) and deep-learning potential calculations (Li & Scandolo, 2024a) 158 

have demonstrated that cooperative diffusion behavior in the bcc structure can manifest even 159 

within a relatively small unit cell containing as few as 128 atoms. Nonetheless, their findings 160 

regarding the thermodynamic stability of the bcc phase and the direction of diffusion are 161 

inconsistent (Belonoshko et al., 2017; Ghosh et al., 2023; Li & Scandolo, 2024a). This 162 

discrepancy implies that the self-diffusion behavior of bcc Fe is not strongly dependent on the 163 

simulation size, whereas the accuracy and convergence of free energy calculations may be 164 

significantly influenced by the system size (Belonoshko et al., 2011; 2017), which, in turn, may 165 
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affect the thermodynamic results. 166 

In light of these theoretical challenges and discrepancies, a more precise approach to free energy 167 

calculations and a comprehensive understanding of size effects is crucial for resolving the long-168 

standing controversy regarding the stability of competing Fe phases under IC conditions. 169 

Generally, all theoretical results should be reproducible; however, thermodynamic calculations, 170 

particularly those involving entropy, impose stringent requirements on both simulation cell 171 

sizes and durations. Consequently, earlier studies may harbor inherent uncertainties, leading to 172 

conflicting conclusions. To address this, we propose using the Bain Path Thermodynamic 173 

Integration (BP-TI) technique (Ozolins, 2009; Vočadlo, Wood, Gillan, et al., 2008), which 174 

simultaneously evaluates the mechanical and thermodynamic stabilities of the bcc and fcc 175 

phases by integrating the differences in internal stress. The BP-TI does not work for bcc-hcp 176 

and fcc-hcp since there is no reversible path for these transitions. The BP-TI method eliminates 177 

the need for an additional reference system and avoids direct entropy calculations to determine 178 

thermodynamic properties. Instead, it calculates the system's free energy by integrating internal 179 

stress differences, which converge significantly faster with cell size compared to entropies and 180 

energies. This approach provides an ideal tool for testing various theoretical methods with 181 

different levels of precision, including ab initio calculations, force field models, and machine 182 

learning methods. Furthermore, the results may also serve as a benchmark for other free energy 183 

calculation methods. 184 

Using these techniques, we hope to clarify the factors influencing the stabilities of Fe structures 185 

under core conditions and reach a unified consensus on the inner core crystalline structure. The 186 

rest of the paper is organized as follows: in Section 2 we introduce the techniques discussed 187 

and used in this study; Section 3.1 presents the stability of the bcc and fcc phases using the BP-188 

TI method; Section 3.2 presents the results of free energy calculation for bcc, fcc and hcp Fe 189 

using two-phase thermodynamic (2PT) method, building on the results of the BP-TI 190 

calculations; in Section 3.3 we present their melting temperatures and discuss their possible 191 

occurrence in the core; Section 4 summarises the main findings and conclusions. 192 

 193 
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2. Methods 194 

In this section, we introduce the techniques that will be used and discussed in this study. These 195 

include the two widely used EAM potentials and the AIMD method used in earlier work. The 196 

BP-TI method was previously used to evaluate the mechanical and thermodynamic stabilities 197 

of the bcc and fcc phases under IC conditions (Cui et al., 2013; Vočadlo, Wood, Gillan, et al., 198 

2008). The energetics from the BP-TI method can be used to benchmark the free energy 199 

calculation. We also introduce the 2PT method that can treat both the solid and liquid states, 200 

allowing direct calculation of the free energies of diffusive system. 201 

2.1 Bain path thermodynamic integration 202 

The bcc↔fcc transformation can be continuously connected through a straightforward 203 

tetragonal path, known as the Bain path (Bain, 1924). This transformation is reversible and does 204 

not undergo any first-order phase transition. Therefore, in the spirit of the thermodynamic 205 

integration technique, the free energy differences can be calculated by integrating the reversible 206 

work required to drive the system from the reference state to the target state (Frenkel & Smit, 207 

2002). Importantly, integrating along the Bain path corresponds to treating each point on the 208 

integral path as the reference frame for the subsequent point, thus eliminating the necessity for 209 

introducing additional reference systems. This characteristic is a key factor that enables the BP-210 

TI method to achieve high-precision free energy calculations. Another significant advantage of 211 

this approach is that by integrating the work done by internal stresses, the convergence of these 212 

stresses is less dependent on the simulation cell size, thereby facilitating more rapid free energy 213 

convergence. Consequently, the mechanical and thermodynamic stability between bcc and fcc 214 

structures can be accurately determined by calculating the free energy difference during the 215 

bcc↔fcc phase transition. 216 

The tetragonal strain involves distorting the bcc lattice by altering the c/a ratio while 217 

maintaining constant volume. Under this strain, both bcc and fcc structures can transform 218 

smoothly into one another, as there are two special cases of the body-centred tetragonal (bct) 219 

lattice for these structures: bcc corresponds to c/a = 1 and fcc to c/a = √2 (Stixrude & Cohen, 220 

1995). To facilitate the integration, as outlined by Ozolins (2009), it is more convenient to 221 
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introduce a tetragonal distortion parameter  that is equivalent to the previously mentioned c/a 222 

ratio. Then the bct lattice with a volume of a3 can be described by the vectors a = (a/1/2, 0, 0), 223 

b = (0, a/1/2, 0), and c = (0, 0, a). Clearly,  = 1 for the bcc structure, and  = 21/3 for the fcc 224 

structure. The work (𝑤) associated with an infinitesimal tetragonal strain can be evaluated using 225 

𝑑𝑤 = 𝑓 ∙ 𝑑𝑢 = ∑ 𝐴𝛼𝛼 𝜎𝛼𝛼𝑑𝑢𝛼                         (1) 226 

where 𝑓 is the force, the summation is taken over 𝛼 = x, y, z. 𝐴𝛼  represents the area of the 227 

faces of lattice cell perpendicular to the axial, 𝜎𝛼𝛼 is the principal component of stress tensor 228 

(the contributions of non-principal components 𝜎𝛼 are 0 as they are perpendicular to the 229 

displacements of lattice faces), and 𝑑𝑢𝛼 is the elastic displacement of lattice faces. Since Ax = 230 

Ay = a21/2, Az = a2/, ux = uy = a/1/2, and uz = a, Equation (1) can be reduced to 231 

𝑑𝑤 = 𝑎3[𝜎𝑧𝑧 − (𝜎𝑥𝑥 + 𝜎𝑦𝑦)/2]/ 𝑑                        (2) 232 

By taking the integral on both sides of Equation (2), we can obtain the Helmholtz free energy 233 

difference ∆𝐹𝑉  between the bct and bcc phases along the Bain path when we choose the bcc 234 

phase ( = 1) as the reference system: 235 

∆𝐹𝑉 = ∫ 𝑑𝑤 = ∫ 𝑎3[𝜎𝑧𝑧 − (𝜎𝑥𝑥 + 𝜎𝑦𝑦)/2]/𝑑              (3) 236 

The Gibbs free energy of the bct lattice at reference pressure (𝐺→1) is calculated by integrating 237 

its equation of state: 238 

𝐺→1 = 𝐹 + 𝑃𝑉1 + ∫ 𝑉
𝑃1

𝑃
𝑑𝑃                         (4) 239 

where 𝐹 is the Helmholtz free energy, 𝑃 is the pressure of the bct phase after applying the 240 

tetragonal strain, while 𝑃1 and 𝑉1 are the pressure and volume of the bcc phase, respectively. 241 

The third term 𝑉 represents the equation of state of the bct lattice. The Gibbs free energy of 242 

the bcc phase (𝐺1) is expressed as: 243 

𝐺1 = 𝐹1 + 𝑃1𝑉1                               (5) 244 

where 𝐹1 is the Helmholtz free energy of the bcc phase. Then, the Gibbs free energy difference 245 

∆𝐺𝑃 between the bct and bcc phases along the Bain path at isobaric pressure can be evaluated 246 

by the following equation: 247 
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∆𝐺𝑃 = 𝐺→1 − 𝐺1 = ∆𝐹𝑉 + (𝑃 − 𝑃1)𝑉1 + ∫ 𝑉
𝑃1

𝑃
𝑑𝑃                (6) 248 

The shape and position of the free energy difference curves, ∆𝐹𝑉  and ∆𝐺𝑃 , decisively 249 

indicate the mechanical and thermodynamic stability of bcc and fcc structures. 250 

2.2 Two-phase thermodynamic model 251 

The 2PT model (Lin et al., 2003) was also employed to compute the entropy and free energy of 252 

the different Fe phases under inner core P-T conditions. This involves decomposing the 253 

Velocity Autocorrelation Function (VACF) and its associated Vibrational Density of States 254 

(VDoS) into a gas-like diffusion component and a solid-like vibrational component. The 255 

vibrational entropies of these two components were calculated using the Hard Sphere (HS) 256 

model and the Harmonic Oscillator (HQ) model, respectively (Desjarlais, 2013; Lai et al., 2012). 257 

The VACF (𝛷), derived from the time evolution of velocities of N atoms, and its VDoS (F), 258 

obtained through the Fourier transform, are the two fundamental quantities in the 2PT model: 259 

𝛷(𝑡) = ⟨
∑ 𝑣𝑖

𝑁
𝑖=1 (𝑡)⋅𝑣𝑖(0)

∑ 𝑣𝑖
𝑁
𝑖=1 (0)⋅𝑣𝑖(0)

⟩
𝑇𝑤

                         (7) 260 

𝐹(𝑣) = ∫ 𝛷
∞

0
(𝑡)cos(2𝜋𝑣𝑡)𝑑𝑡                       (8) 261 

where 𝑇𝑤  represents the vibration time, N denotes the number of atoms, and 𝑣𝑖(𝑡) signifies 262 

the velocity of the i-th atom at time t. For systems like amorphous liquids or gases where low-263 

frequency modes predominantly influence entropy, it is necessary to partition the total 264 

correlation function into solid-like and gas-like components: 265 

𝛷(𝑡) = (1 − 𝑓𝑔)𝛷𝑠(𝑡) + 𝑓𝑔𝛷𝑔(𝑡)                     (9) 266 

𝐹(𝑣) = (1 − 𝑓𝑔)𝐹𝑠(𝑣) + 𝑓𝑔𝐹𝑔(𝑣)                    (10) 267 

where 𝐹𝑔  and 𝐹𝑠  are the gas-like and solid-like contributions to the vibrational density of 268 

states, 𝑓𝑔  is a fluidity factor to be determined. The vibrational entropy and other 269 

thermodynamic properties are then determined by weighting the solid-like and gas-like 270 

components with weighting functions: 271 

𝑆𝑣𝑖𝑏 = 𝑁𝑘𝐵 ∫ [𝑓𝑔𝐹𝑔(𝑣)
∞

0
𝑊𝑔 + (1 − 𝑓𝑔)𝐹𝑠(𝑣)𝑊𝑠]𝑑𝑣            (11) 272 
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where 𝑊𝑠 and 𝑊𝑔 are the solid and gas entropy kernels, respectively. For exact methodology 273 

details, we refer to Wilson & Stixrude (2021) as we implemented their formulations of this 274 

method. 275 

Compared to traditional free energy calculation methods, such as TI (Frenkel & Smit, 2002) 276 

and free energy perturbation (FEP) (Zwanzig, 1954), the 2PT model significantly simplifies the 277 

calculation of entropy by only requiring the post-processing of a single equilibrium MD 278 

trajectory. When the MD simulations are sufficiently large and long enough, a single 279 

equilibrium trajectory will contain ample information to fully characterize the entropy of the 280 

system (Wilson & Stixrude, 2021). This model has been widely adopted for determining 281 

thermodynamic properties across various complex systems (Hernandez et al., 2022; Sun et al., 282 

2017), including those relevant to the Earth's inner core, such as pure Fe and FeHx alloys with 283 

significant self-diffusion components (Yang et al., 2023). 284 

2.3 EAM potentials 285 

There are two EAM potentials developed by Alfè, Gillan, and Price (2002) (EAM-A hereafter) 286 

and Belonoshko et al. (2017) (EAM-B hereafter) that have been previously used to study the 287 

structure and properties of the Earth's core. In the present study they were used to calculate the 288 

thermodynamic properties with BP-TI and 2PT methods across the entire P-T range of the inner 289 

core. The total energy of the EAM potential has the form: 290 

𝐸𝑡𝑜𝑡 = ∑ 𝐸𝑖𝑖                               (12) 291 

where 𝐸𝑖 is the potential energy of atom i, which consists of two parts: 292 

𝐸𝑖 = 𝐸𝑖
rep

+ 𝐹(𝜌𝑖) = ∑ 𝜖𝑗 (
𝑎

𝑟𝑖𝑗
)

𝑛

− 𝜖𝐶𝜌𝑖
1/2

                (13) 293 

𝐸𝑖
rep

 is a purely repulsive function of the interatomic distance 𝑟𝑖𝑗 and 𝐹(𝜌𝑖) is the embedded 294 

energy function accounting for the metallic bonding, with the densities 𝜌𝑖 = ∑ (
𝑎

𝑟𝑖𝑗
)

𝑚

𝑗≠𝑖 . The 295 

fitting parameters for EAM-A are: n = 5.93, 𝜖 = 0.1662 eV, C = 16.55, a = 3.4714 Å and m = 296 

4.788 (Alfè, Gillan, and Price, 2002), and for EAM-B are: n = 8.7932, 𝜖 = 0.0220225 eV, C 297 

= 28.8474, a = 3.48501 Å and m = 8.14475 (Belonoshko et al., 2017). The differences between 298 

these two EAM potentials can be attributed to the variations in the temperatures and 299 
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configurations used during their fitting procedures. This may introduce different 300 

thermodynamic properties such as entropy, free energy and melting temperatures. 301 

2.4 Ab initio calculations 302 

We conducted ab initio molecular dynamics (AIMD) simulations and employed the BP-TI 303 

technique to examine the mechanical and thermodynamic stability of the bcc structure under 304 

tetragonal strain at ~330–360 GPa and 5000–7000 K. Density functional theory (Kohn & Sham, 305 

1965) calculations were performed within the generalized gradient approximation (GGA) 306 

(Perdew et al., 1996) and the projector-augmented wave (PAW) method (Blöchl, 1994). The 307 

calculations were performed by using the Vienna Ab initio Simulation Package (VASP) code 308 

(Kresse & Furthmüller, 1996). To avoid any overlapping of core states at high pressures and 309 

temperatures, we treated fourteen electrons of Fe (Fe-3p63d74s1) as valence. A single Gamma 310 

point with a cutoff energy of 550 eV was selected for supercells of 128 atoms (4 × 4 × 4 311 

supercell of the cubic 2-atom box), consistent with the setup used in the previous study (Cui et 312 

al., 2013). A dense Gamma-centered 2 × 2 × 2 k-point mesh was adopted for static corrections 313 

on 40–100 snapshots extracted every 100–250 steps from the Gamma point MD simulations, 314 

and the final stress was obtained by averaging the corrected stresses to achieve higher accuracy 315 

in BP-TI calculations. The total energy was converged to 2 × 10−5 eV. These settings are 316 

sufficient to converge the stress and total energy within 0.1 GPa and 1 meV/atom, respectively 317 

(Table S1). Molecular dynamics trajectories were propagated in the NVT ensemble using the 318 

Nosé thermostat (Nosé, 1984) with a time step of 1 fs. The AIMD simulations lasted for 10 ps, 319 

and the last 80% were used for statistical sampling. The electronic population was accounted 320 

for through the Fermi–Dirac smearing approach (Mermin, 1965). Spin polarization was not 321 

considered since the thermal excitation of electrons would essentially destroy the residual 322 

magnetic moment at high temperatures (Sun et al., 2024; Vočadlo et al., 2003). 323 

2.5 Computational details 324 

Cell sizes up to 8192 atoms were tested for sufficient convergence using simulations based on 325 

the EAM potentials. For the BP-TI method, a system with a 1024-atom cell (8 × 8 × 8 supercell 326 

of the cubic 2-atom box) with a simulation duration of 100–200 ps, was sufficient to converge 327 
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the Helmholtz free energy difference (∆𝐹𝑓𝑐𝑐−𝑏𝑐𝑐) between the fcc and bcc phases to within 1 328 

meV/atom (Figure S1). For the 2PT method this cell size, with an equilibrium duration of 60 329 

ps, provided adequate convergence of the Gibbs free energy (G) of the bcc phase to within 2 330 

meV/atom (Figure S2). For the fcc phase, a cell size of 864 atoms (6 × 6 × 6 supercell of the 331 

cubic 4-atom box) was suitable, while for the hcp phase, a slightly larger1200-atom cell (10 × 332 

6 × 5 supercell of the 4-atom C-centred unit cell box) was used, ensuring consistent 333 

convergence levels for all free energy calculations using the 2PT model (Table S2). 334 

To investigate whether diffusion affects the thermodynamic stabilities of the bcc phase, we 335 

tested different cell sizes from 1024 atoms (8 × 8 × 8 supercell) to 65536 atoms (32 × 32 × 32 336 

supercell) at 360 GPa and 7000 K, with all simulations maintaining identical densities. 337 

Subsequently, the 2PT model was employed to calculate its vibrational entropy as a function of 338 

cell size. Additional MD simulations of 500 ps duration were performed to further examine 339 

how cooperative diffusion in the bcc phase depends on both system size and simulation time. 340 

To verify the phase state (solid or liquid) in the simulations, we retrieved the radial distribution 341 

function (RDF), the coordination number (CN), and the mean-square displacement (MSD) from 342 

a 15-ps segment of the equilibrium trajectory, with the results depicted in the supporting 343 

information Figures S3 and S4. Finally, the thermodynamic properties were evaluated using 344 

both the BP-TI technique and the 2PT model, based on these extensive MD simulations. The 345 

statistical error was assessed by the blocking method (Flyvbjerg & Petersen, 1989). 346 

 347 

3. Results and Discussion 348 

3.1. Mechanical and thermodynamic stabilities of bcc Fe from BP-TI method 349 

As outlined in Section 2.1, the bcc↔fcc transformation can occur along the Bain path via 350 

tetragonal strain at constant volume, which does not involve any first-order phase transition. 351 

Therefore, the free energy change of this transformation can be determined by integrating the 352 

reversible work required to drive the system from the reference state to the target state. The 353 

mechanical stability of the bcc phase under tetragonal strain necessitates that its free energy 354 

must be at a local minimum. If this is not the case, the bcc phase will spontaneously convert to 355 
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fcc and as a result, cannot remain stable. It is important to note that some previous studies have 356 

focused on the hydrostatic nature of stresses to assess the mechanical stability of the bcc phase 357 

(Belonoshko et al., 2011; 2017; Vočadlo et al., 2003). However, hydrostatic equilibrium, as 358 

inferred from the stress analysis, does not necessarily correspond to a global free energy 359 

minimum. Instead, it may represent a local maximum, with the unit cell being unstable under a 360 

finite tetragonal strain (Godwal et al., 2015). 361 

The stress anisotropy (𝜎𝑧𝑧 − (𝜎𝑥𝑥 + 𝜎𝑦𝑦)/2) and the difference in integrated free energies (∆𝐹𝑉 362 

and ∆𝐺𝑃) for various bct lattice structures along the Bain path at inner core P-T conditions, as 363 

determined from both EAM-A and EAM-B potentials, are illustrated in Figures 1 and 2, 364 

respectively. These two potentials show somewhat different behavior, as detailed in the 365 

following two paragraphs. 366 

For the EAM-A potential, both the bcc ( = 1) and fcc ( =21/3) phases are found to be in a 367 

nearly hydrostatic state, exhibiting only minimal stress variations (Figures 1a and 1d). The 368 

stress anisotropy of the bct lattice initially increases from  = 0.948 to  = 1.052, then decreases 369 

to  = 1.206, and subsequently increases again with further distortions. The integrated free 370 

energy changes suggest that the bcc phase would be mechanically stable, as its free energy is 371 

at a local minimum when integrating Equation (2) with respect to tetragonal strain. However, 372 

the fcc phase has a lower free energy than the bcc phase at temperatures of 5000 and 6000 K, 373 

and so the EAM-A potential predicts that the bcc phase would be metastable under IC 374 

conditions relative to fcc. Moreover, the temperature appears to enhance the stability of the bcc 375 

phase, while pressure tends to reduce it. The almost overlapping ∆𝐹 and ∆𝐺 can be attributed 376 

to the small volume changes (i.e., the equation of state) during the bcc↔fcc transformation. 377 

Notably, at 7000 K, a shift in the relative stability between the bcc and fcc phases becomes 378 

evident, as indicated by the positive values of both the ∆𝐹 and ∆𝐺. However, according to 379 

established melting curves (Alfè, 2009; Anzellini et al., 2013; Sun et al., 2023), Fe is expected 380 

to melt at this elevated temperature. The persistence of solid-like states in BP-TI calculations 381 

at 7000 K reflects the superheating phenomenon in MD simulations, where crystals can remain 382 

metastable above their equilibrium melting temperature until sufficient fluctuations or defects 383 

trigger melting. Consequently, the free-energy values obtained for both bcc and fcc at 7000 K 384 
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correspond to metastable solid-like configurations sustained under superheating conditions. 385 

 386 

Figure 1. Stress anisotropy (a, d) and integrated free energy change (b-c, e-f) of the bct lattice with 387 

respect to tetragonal strain at inner core P-T conditions (330 GPa upper, 360 GPa lower), based on the 388 

EAM-A potentials (Alfè, Gillan, & Price, 2002). Uncertainty in stress anisotropy is typically less than 389 

0.1 GPa, which is smaller than the symbol size; while uncertainty in the free energy difference accounts 390 

for both the error in stress tensor calculations and the integration process, which is less than 2 meV/atom 391 

in all cases. The dashed curves serve as guides for the eyes only. 392 

Figure 2 shows the results from the EAM-B potential. At 5000 K, the stress anisotropy of the 393 

bct lattice initially decreases from  = 0.948 to  = 1.182 before increasing with further 394 

distortions. At 6000 K, the stress anisotropy firstly decreases from  = 0.948 to  = 0.974 and 395 

then increases to  = 1.026. As shown in Figures 2b–2c and 2e–2f, the free energy of the bcc 396 

phase resides at a local minimum, indicating its mechanical stability. At high temperatures of 397 

7000 K, the stress anisotropy and integrated free energy changes for the bct lattice exhibit 398 

similar behavior to that observed using the EAM-A potentials, in which the energy of the bcc 399 
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phase lies clearly at a local minimum, while the fcc phase consistently occupies the global 400 

minimum. Consequently, the EAM-B potential also predicts that the bcc phase would be 401 

metastable under IC conditions relative to fcc. Note that the abrupt change in stress anisotropy 402 

(i.e.,  = 1.104 and 1.156 at 5000 K) observed with the EAM-B potentials corresponds to the 403 

formation of a stacking fault on the (101) plane of the bct lattice, with the stacking-fault 404 

direction oriented diagonally across this plane (from top left to bottom right), as confirmed by 405 

direct visual inspection of the MD trajectories (Figure S5). 406 

 407 

Figure 2. Stress anisotropy (a, d) and integrated free energy change (b-c, e-f) of the bct lattice with 408 

respect to tetragonal strain at inner core P-T conditions (330 GPa upper, 360 GPa lower), based on the 409 

EAM-B potentials (Belonoshko et al., 2017). Uncertainty for the stress anisotropy is typically less than 410 

0.1 GPa, while uncertainty for the free energy difference is less than 2 meV/atom in all cases. 411 

Recent studies have reported that the bcc phase can remain stable under conditions involving 412 

large cell sizes (N  1024 atoms) and extreme P-T conditions (360 GPa and 7000 K) 413 

(Belonoshko et al., 2017). In contrast, our BP-TI calculation results based on various EAM 414 
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potentials demonstrate that bcc Fe is metastable under IC conditions with respect to fcc. To 415 

further validate the results obtained from the EAM potentials, we carried out AIMD simulations 416 

using the same BP-TI techniques at comparable P-T conditions. Although with shorter 417 

simulation times of 10 ps and smaller system sizes containing 128 atoms, the AIMD results 418 

confirm that bcc Fe remains mechanically stable but thermodynamically less stable even up to 419 

temperatures of 7000 K (Figure 3), generally consistent with the EAM predictions. Note that at 420 

lower temperatures of 5000 K, however, the bcc phase lies near an energy maximum and does 421 

not exhibit mechanical stability (Figure 3 and Figure S6). This becomes more apparent in the 422 

stress anisotropy, where stability is characterized by negative values at  < 1 and positive values 423 

at  > 1. Nevertheless, considering that inner core temperatures would exceed 5000 K, both 424 

EAM and AIMD calculations now consistently indicate that bcc holds a subtle mechanical 425 

stability under IC conditions (Figures 1–3). These findings differ from earlier ab initio 426 

simulations (Cui et al., 2013; Godwal et al., 2015), where the relatively large distortions applied 427 

(e.g.,  = 0.052) may have overlooked the subtle mechanical stability of bcc, particularly at 428 

lower temperatures (5000–6000 K). This comparison underscores the importance of employing 429 

smaller distortion steps in BP-TI calculations to more accurately capture the weak mechanical 430 

stability of the bcc phase under IC conditions (Figure 3 and Figure S6). In addition, our 431 

convergence tests indicate that while a Gamma-point mesh was employed in Cui et al. (2013), 432 

denser k-point sampling is required to achieve higher accuracy in BP-TI calculations. Our 433 

results are consistent with more recent studies at 330–360 GPa (Zhang et al., 2025) and at 400 434 

GPa (Ghosh et al., 2023; Li & Scandolo, 2024a). 435 

 436 
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Figure 3. Stress anisotropy (a) and integrated free energy change (b) of the bct lattice with respect to 437 

tetragonal strain at inner core P-T conditions, based on ab initio calculations. The statistical uncertainty 438 

in stress anisotropy, evaluated using the blocking method, is typically less than 0.5 GPa, corresponding 439 

to an uncertainty in the free energy difference of no more than 5.5 meV/atom. 440 

We also tried to use available Machine Learning (ML) potentials to assess the mechanical and 441 

thermodynamic stabilities of the bcc phase. The ML potential developed by Jana & Caro (2023) 442 

is suggested to be suitable for simulating Fe phases under IC conditions. However, our 443 

calculations show that this ML potential is unable to simulate the bcc↔fcc phase transition 444 

along the Bain path, as the simulated structures melted at 6000 K (Figure S7), as well as 445 

premelting at 5000 K (Figure S8). As this ML potential was trained on ab initio results, it should 446 

have the same melting temperature as the ab initio simulations. Furthermore, other existing ML 447 

potentials have not been publicly released, and discrepancies persist among these potentials in 448 

simulating Fe properties, such as the melting temperature (Li & Scandolo, 2024b; Wu et al., 449 

2024; Yuan & Steinle-Neumann, 2023; Zhang et al., 2020). This highlights the critical need for 450 

the development of ML-based potentials suitable for long-duration and large-scale MD 451 

simulations of core Fe alloys. 452 

In summary, we conclude that both EAM potentials and ab initio simulations show that the bcc 453 

phase is mechanically stable, but remains thermodynamically less stable than the fcc phase 454 

under IC conditions. As it is well established that the fcc phase is less stable than the hcp phase 455 

(Li & Scandolo, 2024a; Stixrude, 2012; Vočadlo et al., 2000; 1999), it is clear that bcc cannot 456 

be the stable phase of pure Fe under core conditions. Nevertheless, it has been suggested that 457 

diffusion may stabilise the bcc phase, and that this is only seen in simulations with large 458 

numbers of atoms. We examine that next. 459 

3.2. Thermodynamic stabilities of Fe structures from 2PT free energy calculations 460 

3.2.1 Size effects and self-diffusion 461 

The cooperative diffusion mechanism has been proposed to stabilise the bcc phase of Fe under 462 

IC conditions, with large systems being necessary for this stabilisation (Belonoshko et al., 2017). 463 

Their analysis of configurations and trajectories unveiled diffusive processes that may 464 
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contribute to entropy, thereby stabilising the bcc phase (Figure 4). More importantly, it was 465 

argued that such diffusion mechanisms cannot be supported in small systems without 466 

destroying their structure, emphasising the significant size dependence in the stability of the 467 

bcc phase. However, a subsequent study by Schultz et al. (2018) argued that the entropy of bcc 468 

Fe exhibits no system size-dependent anomalies, based on their extensive TI thermodynamic 469 

calculations. They claimed the accurate free energy calculations for this system can be 470 

computed using ab initio methods without the need for excessively large atomistic models. 471 

Although both studies used identical EAM potentials, cell sizes, and P-T conditions, they 472 

differed in the approaches employed to determine the entropy and free energy of the system. 473 

Schultz et al. (2018) argued that the VACF method used in Belonoshko et al. (2017) does not 474 

accurately predict free energies for systems with self-diffusion. This challenges the notion that 475 

prohibitively large systems are necessary for proper simulations of bcc Fe. Therefore, further 476 

clarification is required regarding the size dependence on the stability of the bcc phase to gain 477 

a clear understanding of the inner core structures. 478 

Here, we used the 2PT model to examine the discrepancies of size dependence on the bcc phase 479 

stabilities, with results presented in Figure 4. The system size modelled for the bcc phase ranged 480 

from 1024 to 65536 atoms, consistent with the sizes used in the previous study (Schultz et al., 481 

2018). For the hcp phase under IC conditions, simulations were conducted with system sizes 482 

ranging from 256 to 4000 atoms, as previous work has shown that no obvious system-size 483 

anomalies in entropy with the system containing more than 1000 atoms (Belonoshko et al., 484 

2017; Schultz et al., 2018; Sun et al., 2018). Our results reveal that the entropy of the bcc phase 485 

exhibits negligible size dependence, maintaining a nearly constant value as the system size 486 

increases. This can be confirmed from the convergence of the total VDoS versus simulation 487 

cell size (Figure S9). The entropy calculated using the 2PT model is systematically larger than 488 

that obtained from the TI method of Schultz et al. (2018) (Figure 4). This is likely due to the 489 

use of EAM potential. Theoretically, the energy difference between two structures should be 490 

identical from different free energy calculation methods. However, the potential may not be 491 

well trained to provide accurate description of the phase space explored during simulations. 492 

Therefore, variations in methods and integration paths in TI calculations could result in energy 493 
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shifts. Nevertheless, the entropy difference between the bcc and hcp phases (∆𝑆𝑏𝑐𝑐−ℎ𝑐𝑝) is 494 

estimated to be ~1.2 J/mol/K (0.1443 kB/atom), which is very close to the value of ~1.3 J/mol/K 495 

(0.1564 kB/atom) reported by Schultz et al. (2018) in their TI calculations. Such an entropy 496 

difference is not sufficient to render the bcc structure thermodynamically more stable than the 497 

hcp structure, as stability would require ∆𝑆𝑏𝑐𝑐−ℎ𝑐𝑝 > 1.52 J/mol/K (0.1831 kB/atom). This 498 

finding is further corroborated by Li & Scandolo (2024a), who, based on the deep-learning 499 

potential calculations, suggested that the self-diffusion mechanism is inadequate to stabilise bcc 500 

Fe thermodynamically over other competing phases. 501 

 502 

Figure 4. Size dependence of entropy of the bcc and hcp phases computed at 360 GPa and 7000 K using 503 

the EAM-B potentials, compared with results from the literature that employed the same potentials. 504 

System size is provided in N×N×N unit cells, where each unit cell contains 2 atoms for the bcc phase 505 

and a 4-atom C-centred unit cell for the hcp phase (normalized to 2 atoms for unified representation). 506 

For N = 32, the system consists of 65536 atoms. Although diffusion is observed in large supercell 507 

configurations (e.g., with 32768 and 65536 atoms), the entropy difference of the bcc phase is very small 508 

and nearly constant, consistent with the TI results reported by Schultz et al. (2018). Dashed lines are the 509 

linear fit to the data points. 510 

Although our MD trajectory analysis reveals some diffusion in large bcc supercell 511 

configurations, as indicated by the MSDs depicted in Figure 5, the calculated entropy does not 512 

exhibit a rapid increase as observed by Belonoshko et al. (2017). In their study, cooperative 513 
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diffusion was found to significantly contribute to low-frequency modes, resulting in a 514 

substantial rise in entropy within the bcc phase. However, Schultz et al. (2018) argued that 515 

diffusion per se does not directly contribute to the free energy, which is an equilibrium 516 

thermodynamic quantity that can be defined and computed without any reference to dynamic 517 

behavior. They proposed that anomalous entropy scaling can be rigorously demonstrated 518 

through precise free energy calculations using various simulation methods, and the presence or 519 

absence of diffusion has no effect on the entropy. In contrast, Li & Scandolo (2024a) contend 520 

that the existence of self-diffusion invalidates direct TI approaches for free energy calculations 521 

by using ideal or Einstein crystals as references. Reconciling these divergences calls for 522 

diffusion-aware reference models or advanced sampling methods such as metadynamics or 523 

Monte Carlo dynamics that can accommodate atomic mobility without compromising 524 

thermodynamic rigor. While the self-diffusion in bcc phase may contribute to entropy, our 525 

current study, along with previous works (Li & Scandolo, 2024a; Schultz et al., 2018), suggests 526 

that such contributions are likely limited and not scaled significantly with cell size. 527 

 528 

Figure 5. MSDs for different cell sizes in the bcc phase at 360 GPa and 7000 K based on the EAM-B 529 

potentials. Self-diffusion is observed in configurations with 32,768 and 65,536 atoms, while smaller 530 

systems show no obvious diffusion. This indicates that diffusion is generally more prevalent in larger 531 

systems. 532 

3.2.2 Corroborating the BP-TI results with 2PT model 533 
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In Section 3.1, we examined the mechanical and thermodynamic stabilities of the bcc phase 534 

under tetragonal strain using the TI techniques, incorporating both semi-empirical EAM 535 

potentials and ab initio simulations. Building on the convergence accuracy of the BP-TI free 536 

energy calculations, we now extend our analysis by performing additional thermodynamic 537 

calculations using the 2PT model, after clarifying the size effect on the stability of the bcc 538 

structure. This approach aims to corroborate the BP-TI results and is expected to be consistent 539 

with our previous findings. 540 

The VACF and its associated VDoS for the bcc and fcc phases under relevant P-T conditions 541 

are displayed in Figures 6 and 7, respectively. The reduced number of distinct peaks in the 542 

VACF of the fcc phase at 7000 K, as obtained from the EAM-A potentials, suggests that the 543 

phase has undergone melting (Figure 6c). This is further supported by the presence of finite 544 

VDoS (due to diffusive modes) at zero frequency (Figure 7c). In contrast, when employing the 545 

EAM-B potentials, the fcc phase still retains solid phase characteristics, with more peaks in the 546 

VACF and its VDoS tends towards zero at the long wavelength limit (Figure 6d). In the case 547 

of the bcc phase, it maintains a solid state regardless of the EAM potentials used, as evidenced 548 

by the VACF and VDoS shown in Figures 7a and 7b. However, it is worth noting that there is 549 

a very slightly diffusive behavior in the bcc phase at 7000 K when using the EAM-A potentials, 550 

as indicated by slow, stair-like features in its MSD as the simulation time increases (Figure S4). 551 

 552 
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Figure 6. Velocity autocorrelation functions for the bcc (a-b) and fcc (c-d) phases of Fe at different P-T 553 

conditions as indicated in the legend. Solid lines represent the data at 330 GPa, while dot lines correspond 554 

to the data at 360 GPa. 555 

 556 

Figure 7. The total vibrational density of states of the bcc (a-b) and fcc (c-d) Fe under different P-T 557 

conditions. Solid lines represent the data at 330 GPa, while dot lines correspond to the data at 360 GPa. 558 

 559 

Figure 8. Free energy changes between the fcc and bcc phases of Fe under IC P-T conditions based on 560 

different force fields and methods. Solid and open circles denote the results from BP-TI and 2PT, 561 

respectively. Green represents calculations at 330 GPa while orange represents results at 360 GPa. The 562 

square corresponds to ab initio data reported by Vočadlo, Wood, Alfè, and Price (2008). Upper triangles 563 
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indicate ab initio results from Cui et al. (2013), while lower triangles represent the ab initio results of 564 

this study. Additionally, the ab initio and deep-learning potential data (shown in purple) explored at 400 565 

GPa by Li & Scandolo (2024a) are included for comparison. The melting temperature of bcc Fe 566 

(indicated in red) is sourced from Alfè, Gillan, and Price (2002) and Davies et al. (2019). 567 

Figure 8 illustrates the free energy changes between the fcc- and bcc-Fe (∆𝐺fcc−bcc) under IC 568 

P-T conditions, as evaluated through the 2PT model. Remarkably, the results derived from the 569 

2PT model demonstrate robust agreement with those obtained from the BP-TI approach, 570 

particularly notable in the EAM-A potentials (Figure 8a), where the discrepancy is less than 2 571 

meV/atom. Furthermore, these results are in good agreement with previous ab initio 572 

assessments conducted at ~330 GPa and 5500 K using the coupling parameters TI method 573 

(Vočadlo, Wood, Alfè, & Price, 2008), which shows a disparity of only ~4 meV/atom. For the 574 

EAM-B potentials (Figure 8b), although marginally larger, the difference remains within 7 575 

meV/atom up to temperatures of 7000 K, and the results align well with the ab initio 576 

computations reported by Cui et al. (2013) as well as close to the recent calculations conducted 577 

at 400 GPa based on the ab initio and deep-learning potentials (Li & Scandolo, 2024a). 578 

According to the EAM-A potentials, the temperatures required to stabilise the bcc phase over 579 

fcc phase of Fe at 330 and 360 GPa are estimated to be ~6570 and ~6800 K, respectively (Figure 580 

8a). However, using the same EAM potentials, Alfè et al. (2002a) and Davies et al. (2019) 581 

determined the melting temperatures of the bcc phase under IC pressure conditions to be in the 582 

range of ~6100−6300 K, which are lower than the stabilisation temperatures predicted by the 583 

EAM-A potentials. For the EAM-B potentials, the necessary stabilisation temperatures exceed 584 

8000 K (Figure 8b). Therefore, while temperature can stabilise the bcc phase, it remains far 585 

from completely stable across the entire range of IC temperatures, as the required stabilisation 586 

temperatures exceed the melting temperature of Fe under these conditions, irrespective of 587 

whether EAM-A or EAM-B potentials are employed. 588 

3.3. Melting temperatures of Fe structures and the inner core 589 

It is well established that the fcc structure is thermodynamically less stable than the hcp 590 

structure under IC conditions, primarily due to its larger thermal pressure term (Stixrude, 2012; 591 
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Vočadlo et al., 2000; 1999). More recent work by Li & Scandolo (2024a), using ab initio and 592 

deep-learning interatomic potential for Fe at extreme conditions, further supports this 593 

hypothesis, although the mechanical stability of the bcc phase under tetragonal strain based on 594 

this deep-learning interatomic potential has not been clarified. While the observed P-wave 595 

anisotropy in the inner core has been attributed to the fcc structure (Vočadlo, Wood, Alfè, & 596 

Price, 2008), this alone cannot completely account for the complex anisotropy of the inner core, 597 

especially when compared to the hcp and/or bcc structures (Mattesini et al., 2010; Romanowicz 598 

et al., 2016; Tateno et al., 2010). Consequently, the fcc structure is not included in this section 599 

and the focus is solely on the bcc, hcp, and liquid phases. 600 

 601 

Figure 9. Free energy differences referenced to bcc Fe at 330 and 360 GPa near the melting temperatures. 602 

The black dots indicate the phase transition from hcp to liquid. 603 

We calculated the melting temperatures of different Fe structures using the 2PT model based 604 

on the EAM potentials by comparing their absolute Gibbs free energies with those of the liquid 605 

phase. The VACF and its associated VDoS for the hcp and liquid phases at inner core P-T 606 

conditions are shown in Figures S10 and S11, respectively. The calculated free energy 607 

difference relative to the bcc phase is shown in Figure 9. The free energy difference between 608 

hcp and bcc using EAM-A is minimal, generally less than 15 meV/atom (with bcc being higher) 609 

under relevant IC conditions. This difference increases when employing EAM-B, reaching ~35 610 
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meV/atom, which is close to the recent value of ~46 meV/atom (calculated using TI) based on 611 

deep-learning potentials at 400 GPa and 6000–7000 K (Li & Scandolo, 2024a). However, the 612 

values obtained from EAM potentials are lower than those from ab initio calculations, which 613 

yield ~60 meV/atom from TI (González-Cataldo & Militzer, 2023) and 170–270 meV/atom 614 

from the quasiharmonic approximation, both at 330–360 GPa and 6000 K (Zhang et al., 2025). 615 

These discrepancies most likely arise from differences in the employed potentials and free-616 

energy calculation methods. 617 

For the EAM-A potentials, the calculated melting temperatures are ~5500 K for bcc and ~5565 618 

K for hcp at 330 GPa, while ~5825 K for bcc and ~5900 K for hcp at 360 GPa (Figures 9a and 619 

9b). Using the EAM-B potentials, the melting temperatures are determined to be ~6265 K for 620 

bcc and ~6460 K for hcp at 330 GPa, while ~6620 K for bcc and ~6820 K for hcp at 360 GPa 621 

(Figures 9c and 9d). Generally, a solid phase with the highest melting temperature is considered 622 

the most stable phase, while other solid phases remain metastable near the melting temperature. 623 

It is evident that the hcp phase consistently exhibits a higher melting temperature than the bcc 624 

phase, suggesting it should be the most stable phase in the Earth's inner core. Furthermore, the 625 

melting temperature of Fe derived from the EAM-B potentials is ~750−900 K higher than that 626 

obtained based on the EAM-A potentials. The different fitting procedures in temperatures and 627 

configurations may explain this discrepancy (Alfè, Gillan, & Price, 2002; Belonoshko et al., 628 

2017). 629 

The melting temperatures of the bcc and hcp phases obtained from the EAM potentials are 630 

compared with available literature values (Figure 10). The data for the hcp phase is abundant, 631 

while the bcc phase has a more limited set of values. One ab initio data point for the bcc melting 632 

point comes from Bouchet et al. (2013), in which the calculation was performed with a 256-633 

atom solid-liquid coexistence (SLC) cell, leading to considerable uncertainties in both pressure 634 

and temperature. Another ab initio estimate is from Sun et al. (2023), where they determined 635 

an ab initio melting point using PAW8 and PAW16 pseudopotentials. A more recent data point 636 

of ~6480 K for bcc Fe is reported by Wu et al. (2024), derived from the deep potential (DP) 637 

model. Our results for the bcc phase, based on the EAM-B potentials, are in good agreement 638 

with these studies (Bouchet et al., 2013; Sun et al., 2023; Wu et al., 2024), but ~450 K higher 639 
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than that of Li & Scandolo (2024a) based on their DP determinations. This discrepancy implies 640 

that the current DP model for Fe at IC conditions from different groups still exhibits some 641 

inconsistencies (Li & Scandolo, 2024a; Wu et al., 2024). The largest deviation is seen in the 642 

bcc phase from Belonoshko, Fu, and Smirnov (2022), showing a melting temperature ~685 K 643 

higher than our EAM-B value at 360 GPa. This divergence is particularly notable as it suggests 644 

the melting temperature of the hcp phase is much lower than that of the bcc phase at the inner 645 

core center. Such deviation could be attributed to the employed semi-empirical potential, which 646 

was fitted to 0 K DFT results, and the calculated free energy contained an ad hoc correction for 647 

the electronic entropy effects (Belonoshko et al., 2021; Belonoshko, Fu, & Smirnov, 2022). 648 

 649 

Figure 10. Melting temperatures of the bcc (orange) and hcp (red) phases determined by the 2PT model 650 

with EAM potentials, and data from literature is provided for comparison. Literature sources include ab 651 

initio SLC simulations by Laio (2000), Alfè (2009), and Bouchet et al. (2013); ab initio TI and SLC 652 

simulations by Alfè, Price, and Gillan (2002); ab initio TI, phonon quasiparticle, and FEP calculations 653 

by Sun et al. (2018; 2023); Monte Carlo (MC) simulations by Sola & Alfè (2009), and classical MD 654 

simulations by Davies et al. (2019) and Belonoshko et al. (2021) and Belonoshko, Fu, and Smirnov 655 

(2022). Additionally, melting temperatures predicted by the DP model are from Wu et al. (2024) using 656 

TI and SLC simulations, and Li & Scandolo (2024a) using TI methods. Experimental melting data (green) 657 
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are taken from Anzellini et al. (2013), Sinmyo et al. (2019) and Li et al. (2020), based on the extrapolated 658 

data from DAC and shock wave experiments, respectively. 659 

Our calculated melting temperature for the hcp phase with EAM-A potentials at 330 GPa is 660 

reasonably consistent with the data of Sun et al. (2018) using the PAW8 pseudopotential within 661 

uncertainties. This data also agrees with recent shock wave experimental results from Li et al. 662 

(2020) at 360 GPa, within their margin of error. Note that using the same EAM potential, a 663 

higher melting temperature (~6215 K) of the hcp phase at 323 GPa was predicted through SLC 664 

simulations (Davies et al., 2019; Gao et al., 2025). The difference in methods for determining 665 

the melting point may account for this discrepancy, as the SLC simulations may be susceptible 666 

to superheating, leading to an overestimation of the melting point. Nevertheless, the difference 667 

in melting temperature between hcp and bcc is nearly the same for both methods: ~70 K (with 668 

hcp being higher) for the SLC simulations from previous studies (Davies et al., 2019; Gao et 669 

al., 2025), and ~65 K for the free energy calculations in the current work. On the other hand, 670 

our melting temperature from the EAM-B at 330 GPa aligns well with the ab initio 980-atom 671 

SLC simulations conducted by Alfè (2009), and is also close to the values from the DP model 672 

determined through TI and SLC by Wu et al. (2024). At the higher pressure of the inner core 673 

center (~360 GPa), our EAM-B result is nearly identical to the data examined recently by 674 

Belonoshko et al. (2021), with a difference of only ~20 K. Overall, both EAM potentials predict 675 

a higher melting temperature for hcp than bcc, indicating that hcp is more stable, which is 676 

consistent with previous studies (Li & Scandolo, 2024a; Sun et al., 2023; Wu et al., 2024). 677 

These results establish a clear distinction in the relative stability between the hcp and bcc phases 678 

under the same level of calculation accuracy. 679 

 680 

4. Conclusions 681 

We have investigated the mechanical stability of the bcc structure under tetragonal strain by 682 

employing the high-precision BP-TI technique. Our results, derived from both EAM potentials 683 

and ab initio simulations, demonstrate that the bcc phase is mechanically stable but 684 

thermodynamically less stable relative to fcc under IC conditions, with this metastability being 685 
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independent of the simulation cell size. Thermodynamic calculations based on the 2PT model 686 

further corroborate these results. Although some self-diffusion is observed in bcc cells at 687 

elevated temperatures, its contribution to entropy is found to be negligible, which contradicts 688 

prior claims suggesting a significant entropy contribution from this diffusion. Furthermore, our 689 

melting point calculations reveal that, under IC pressure conditions, the hcp phase consistently 690 

exhibits a higher melting temperature than the bcc phase. This suggests that the hcp phase is 691 

the most stable phase for pure Fe under these extreme conditions, reinforcing previous 692 

methodologies and conclusions regarding the stability of Fe in the Earth's inner core. 693 

Nevertheless, the free energy difference between the hcp and bcc phases is minimal, only on 694 

the order of tens of meV/atom, which is comparable to the thermal energy (kBT) per atom at 695 

room temperatures. Furthermore, alloying with other elements, such as Ni, Si, S, and H, may 696 

influence inner core phase stabilities and crystallization processes. Therefore, further 697 

investigation is essential to better understand the combined impact of alloying elements on 698 

phase behavior and to refine our knowledge of the structures and properties of the Earth's 699 

interior. 700 
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