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The stability of Fe-Si compounds under extreme pressure is critical for understanding the composition and
evolution of Earth’s core and terrestrial planetary interiors. Using first-principles calculations and adaptive ge-
netic algorithm crystal structure prediction method, we systematically investigated the thermodynamic stability
of Fe-Si compounds and their structural evolution as a function of silicon concentration over pressures ranging
from 0 GPa to 1 TPa. At 0 K, B2-FeSi is identified as the sole thermodynamically stable phase at high pressures.
Through structural characterization analysis of metastable structures, we found that as the Si content increases,
there is a transition in structural motifs from hcp to bcc and then to fcc. Furthermore, electronic and vibrational
entropies significantly enhance the thermodynamic stability of certain alloy structures. Our study highlights
the synergistic effects of composition, pressure, and volume in regulating phase stability, providing theoretical
insights into the composition and structural evolution of planetary cores.

DOI: 10.1103/vpqh-b5qq

I. INTRODUCTION

The Earth’s core is primarily composed of iron with a
small amount of nickel. Seismic data indicates that its den-
sity is significantly lower than that of pure iron under the
core pressure and temperature conditions [1–4], implying the
presence of approximately 10% by weight of lighter elements
such as silicon, sulfur, oxygen, carbon, and hydrogen [5–7].
These light elements play a crucial role in influencing the
core’s physical properties, such as density and seismic wave
velocity, as well as its dynamic behavior, including magnetic
field generation and convection patterns [5,8]. Silicon, in par-
ticular, has garnered significant interest due to its unique role
in geochemistry and cosmochemistry. Its presence in iron
meteorites and its scarcity in the mantle imply that silicon
could be the most prevalent light element in the core, with
an estimated concentration of up to 14 atomic percent [9].
Theoretical research suggests that adding silicon can account
for the notable decrease in core density compared to pure
iron and helps explain the density variation between the inner
and outer core [10]. Additionally, understanding how silicon
behaves during the Earth’s formation and the differentiation
between the core and mantle offers valuable insights into
planetary formation processes [10,11].

Terrestrial planets are rocky planets with internal structure
and compositions similar to that of Earth. They are primarily
composed of rock and metal, possess solid surfaces, and are
typically found in the inner regions of a star system [12].
These planets can also exhibit geological activity, including
volcanic eruptions and seismic events. Generally, their mass
and size are smaller compared to gas giants, and some may
contain a metallic core (primarily iron), a silicate mantle, and
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a crust, along with a potential atmosphere [13]. The presence
of silicon in the universe and its influence on the thermal and
mechanical properties of iron alloys indicate that silicon may
play a significant role as an alloying element in the Earth’s
core and the interiors of rocky planets [14,15]. The com-
pounds formed under the high-temperature and high-pressure
conditions present on Earth and other terrestrial planets are
more complex than those formed at standard temperature
and pressure. In some rocky planets with masses reaching
three times that of Earth, the internal central pressure may
exceed the terapascal (TPa) scale [16,17]. Furthermore, past
astronomical observations have already discovered a series
of rocky planets with masses reaching up to seven times
that of Earth [18,19], such as CoRoT-7b and Kepler-10b.
The pressure at the center of these planets likely exceeds 1
TPa [16,17]. Therefore, determining the phase stability and
physical properties of Fe-Si alloys at such high pressures is
crucial for advancing our understanding of the nature and
evolution of planetary interiors. Nevertheless, the investiga-
tion of the physical properties of iron-silicon alloys under
such conditions continues to pose major experimental chal-
lenges, primarily due to the difficulties in replicating the
precise pressure-temperature conditions of planetary interi-
ors in laboratory settings [8]. Some experimental researches
suggested that the Fe-Si system may exhibit multiphase char-
acteristics, with hexagonal close-packed (hcp), body-centered
cubic (bcc), B2 (CsCl-type cubic phase), and liquid phases
coexisting at 200–1300 GPa [20–24]. The precise locations of
phase boundaries of Fe-Si systems remain unresolved [9,25–
30].

Crystal structure prediction (CSP) is a valuable method for
identifying new materials and exploring phase space [31,32],
with the goal of finding stable or metastable structures under
specific conditions such as pressure or temperature [33–36].
Zhang and Oganov conducted a comprehensive analysis of
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the stability of Fe-Si compounds under the pressure con-
ditions close to the Earth’s inner core [37], utilizing the
evolutionary crystal structure prediction method known as
USPEX. They discovered that FeSi, which is stable at at-
mospheric pressure (space group P213), transitions to the
B2 structure when pressures exceed 20 GPa, with B2-FeSi
remaining stable up to core pressures [37]. Niu et al. in-
vestigated the high-temperature structural stability of Fe-Si
compounds under pressures of up to 500 GPa by employing
particle swarm optimization algorithms (CALYPSO) and the
quasiharmonic approximation (QHA) [38]. Their findings re-
vealed that among all the Fe-Si candidate compounds, only
B2-FeSi remains thermodynamically stable at high pressure.
In recent years, machine learning methods have made signif-
icant advances in the field of materials simulation [39–42],
particularly through the development of machine learning po-
tentials. For example, a recent study based on such potentials
has determined the phase diagram of iron-rich regions in the
Fe-Si system under Earth’s core pressures [43]. However, the
stable phases of the Fe-Si system at higher pressures and the
influence of silicon concentration on structural phase transi-
tions in Fe-Si alloys remain unexplored.

In this context, the adaptive genetic algorithm (AGA)
method [35] provides an efficient and accurate CSP frame-
work by combining rapid structural exploration with classical
potentials and iterative refinement via first-principles calcu-
lations. The AGA method has been successfully applied to
a wide range of intermetallic and planetary interior systems
[44–48], including our previous studies. Building on this ap-
proach, we performed a systematic investigation of the Fe-Si
binary system up to ∼1 TPa, representative of terrestrial plan-
etary core conditions. Our analysis emphasizes the evolution
of structural motifs as a function of silicon content and further
considers the role of electronic and vibrational entropies in
stabilizing Fe-Si phases.

II. COMPUTATIONAL METHODS

The AGA crystal structure prediction method [35] was
employed to predict the structures of Fe-Si compounds. In
this work, an accelerated structure exploration was achieved
by combining a classical auxiliary potential with adaptive,
iterative first-principles refinement. The initial population for
the genetic algorithm (GA) search consisted of 128 randomly
generated structures without any predefined lattice symmetry.
Throughout the GA search, the population size was main-
tained at 128. After local relaxation to the nearest energy
minimum, all structures were ranked according to their en-
thalpies. In each GA generation, 32 new candidate structures
(one quarter of the population) were produced from the parent
pool using the mating scheme described in Ref. [49], and these
offspring replaced the 32 highest-enthalpy structures to form
the next generation. The structural exploration employing the
auxiliary interatomic potential was carried out for 500 consec-
utive GA generations.

Following the AGA scheme described in Ref. [35], the
16 lowest-enthalpy structures at the end of each GA search
were selected for single-point DFT calculations. The resulting
energies, forces, and stresses were then used to refine the
parameters of the interatomic potential for the subsequent GA

cycle. A total of 40 adaptive iterations were performed to
obtain the final structures. In the GA searches, an embedded-
atom method (EAM) potential [50] was adopted as the
auxiliary classical potential. The potential was fitted using the
force-matching method combined with stochastic simulated
annealing, as implemented in the POTFIT code [51].

Our first-principles calculations were conducted by us-
ing the Vienna Ab initio Simulation Package (VASP) [52],
which implements the Projector Augmented Wave (PAW)
[53] method. The exchange-correlation energy was treated
with the spin-polarized Generalized Gradient Approximation
(GGA) using the Perdew-Burke-Ernzerhof (PBE) [54] func-
tional. Only ferromagnetic configurations were considered.
To account for potential net magnetic moments in the system
and to test for Fe-induced magnetic moments on Si atoms,
we initialized the magnetic moments of Fe and Si to 5μB and
3μB, respectively, ensuring the robustness of the calculations.
The electron configurations employed in our calculations are
3d74s1 and 3s23p2 for Fe and Si. The calculation settings
included a specified plane wave cutoff of 400 eV, and the
Monkhorst-Pack [55] scheme for Brillouin zone sampling
with a k-point resolution of 2π × 0.025 Å−1. We also tested
a harder pseudopotential and a higher energy cutoff. As
shown in Fig. S1 [56], the results confirm that the chosen
pseudopotential and energy cutoff can reliably describe the
relative enthalpy and structural stability of the Fe-Si system
over the high-pressure range from 100 GPa to 1 TPa. During
structural relaxation, the atomic force convergence threshold
was 0.01 eV/Å. These parameters were thoroughly tested and
demonstrated to be sufficient for achieving well-converged
total energy results.

The thermodynamic stability of Fe1−xSix was assessed
by computing the formation enthalpies Hf , which is defined
as Hf = HFe1−xSix − (1−x)HFe − xHSi, where HFe1−xSix is the
enthalpy per atom of phase Fe1−xSix and HFe (HSi) is the
enthalpy per atom of the stable phase of Fe (Si) under the
corresponding pressure. The reference states of the pure Fe
and Si at each pressure are selected as follows: The ground
state of Fe is chosen as the ferromagnetic body-centered cu-
bic (FM-bcc, space group Im3̄m) phase at 0 GPa and the
hexagonal close-packed (hcp, space group P63/mmc) phase
when higher than 100 GPa [57]. The ground state of Si is
the diamond structure (space group Fd 3̄m) at 0 GPa, and the
face-centered cubic structure (fcc, space group Fm3̄m) when
higher than 100 GPa [58,59].

The structural motifs were analyzed using the Polyhe-
dral Template Matching (PTM) method in OVITO software
[60]. PTM identifies the local crystal structure of atoms by
matching their neighborhoods with predefined structural tem-
plates. For each atom, PTM attempts to map the neighborhood
onto every candidate template. When a match exists, the
Root-Mean-Square Deviation (RMSD) is computed, and the
template with the lowest RMSD is assigned to that atom.
The candidate templates are hcp, bcc, and fcc. We adopted
an RMSD cutoff of 0.15.

The finite displacement method was used to evaluate the
dynamical stability of Fe-Si phases. Supercells containing
∼128 atoms were constructed, with a uniform �-centered
k-point mesh of density 2π × 0.025 Å−1. The second-order
force constants and harmonic phonon dispersion curves were
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FIG. 1. The convex hull of the Fe-Si system at (a) ambient pressure and (b) 100 GPa. Circles and squares represent nonmagnetic structures
and ferromagnetic structures, respectively. Red and blue symbols indicate thermodynamically stable structures and metastable structures,
respectively. The structures are all from previous studies [38,63–67] and their crystal structures are as shown in Fig. S2 [56].

obtained using the PHONOPY code [61]. Thermodynamic
properties at finite temperatures were investigated within the
QHA [62].

III. RESULTS AND DISCUSSION

A. Thermodynamic stability and compositional evolution
of the Fe-Si system

Given the geophysical importance of Fe-Si alloys, it is
crucial to evaluate their phase stability under compression.
We first evaluated the thermodynamic stability of known Fe-Si
binary compounds over a pressure range from 0 to 100 GPa.
As shown in Fig. 1(a), there are three thermodynamically
stable phases at 0 GPa, which are Fm3̄m Fe3Si, P213 FeSi,
and Cmce FeSi2. This is consistent with the results from
Oganov [37]. With pressure increasing into 100 GPa, there is
only one thermodynamically stable phase, i.e., B2-FeSi (space
group Pm3̄m). The former Fe3Si phase tends to decompose
into hcp-Fe and B2-FeSi, and FeSi2 decomposes into B2-FeSi
and fcc-Si.

In order to explore the possible low-enthalpy structures
of the Fe-Si system at higher pressure, we conducted a
structural search on common proportions of FexSiy (x = 1,
y = 1, 2, 3; x = 2, 3, y = 1; x = 5, y = 3; x = 4, y = 1;
x = 11, y = 5); then we carried out supplementary work in
the iron-rich and silicon-rich regions (x = 1, y = 7, 11, 13,
15; x = 2, y = 11, 12, 13; x = 3, y = 5, 7,13; x = 5, y = 1,
11; x = 7, y = 1, 9; x = 4, y = 6, 8, 9, 15). The largest
simulation unit cell comprised up to 40 atoms. We firstly
performed AGA search simulations at 400 GPa. Besides, we
found that most of metastable structures at 100 GPa have
the body-centered cubic-like (bcc-like) framework, see in Fig.
S2 [56]. These results suggest that the bcc framework is the
preferred structure of Fe-Si alloy at high pressure. Therefore,
we constructed a series of Fe-Si bcc solid solution struc-
tures as candidates. We constructed three 16 iron atoms bcc
supercells using different supercell expansions (2 × 2 × 2,
4 × 2 × 1, 8 × 1 × 1) and performed the sequential substi-

tution with silicon, ranging from 1 to 16 atoms. Following
structural deduplication, 4573 structures were retained. The
relative enthalpies of all the substitutional compounds with Hd

less than 0.6 eV/atom at 400 GPa were shown in Fig. 2(a). It
is clear that under high-pressure conditions, while numerous
metastable compounds exist in the Fe-Si system, the B2-type
FeSi remains the sole stable phase. By examining an energy
range of 100 meV/atom above convex hull, corresponding to
a thermal energy of approximately 1160 K, we discovered
that the configurations within this range all exhibit basic bcc,
fcc, and hcp motif structures by PTM analysis. To explore
the potentially stable structures at higher pressure, we also
performed AGA research at 1 TPa. As shown in Fig. 2(b),
even at this high-pressure level, the Fe-Si system remains
with only one stable phase, the B2-type FeSi. For 1 TPa, we
selected an energy range of 150 meV/atom above convex hull,
corresponding to a thermal energy of approximately 1740
K. Upon examining the structures within this energy range,
we observe that at these low-energy structures continue to
exhibit basic bcc, fcc, and hcp motifs. No special mixed coor-
dination environments, such as those observed in SiO2 under
high pressure [68], were found. To contextualize our theo-
retical predictions with experimental findings, we selected
a metastable structure, C2/m Fe3Si, with Si content similar
to that used in the shock-compression experiment [24] and
compared the calculated density-pressure relationship with
the experimental measurements, as shown in Fig. S3 [55].
The slope of the density-pressure curve for our predicted
C2/m Fe3Si phase shows strong agreement with the experi-
mental trend for Fe-15 wt.% Si over the pressure range of
100 GPa to 1 TPa. The discrepancy in absolute values may
primarily stem from the high-temperature conditions of the
experiment.

In order to reveal the relationship between silicon con-
centration and structural characteristics, we employed PTM
to analyze all Fe-Si structures and quantified the fraction of
hcp, bcc, and fcc motifs in each structure. Assuming that
there are M atoms with the local crystal structure of fcc in
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FIG. 2. The convex hull of Fe-Si compounds at (a) 400 GPa and (b) 1 TPa. The green dots represent the structures obtained by bcc
substitution, the blue dots represent the structures obtained through AGA search, and the thermodynamically stable phases are highlighted by
red dots. The red shaded area corresponds to the energy band: 0.1 eV/atom for 400 GPa, and 0.15 eV/atom for 1 TPa.

a certain Fe-Si compound with N atoms, then the percentage
of fcc is calculated as M

N × 100%. Similarly, the percentages
of bcc and hcp can be obtained, while treating the fractional
coordinates corresponding to the fcc, bcc, and hcp motifs as
the red, green, and blue components, respectively. As shown
in Fig. 3(a), by analyzing the lower-energy structures for each
composition, the structural motifs of the Fe-Si system show
a distinct relationship with silicon concentration (xSi) at 400
GPa, which can be categorized into three specific ranges. At
low silicon concentrations (0 < xSi < 0.25), the Fe-Si system
predominantly exhibits an hcp-like structure, analogous to
that of pure iron. In the medium silicon range (0.25 < xSi <

0.675), the structure is mainly bcc-like, resembling the B2-
FeSi phase. At high silicon concentrations (0.675 < xSi < 1),
the system tends to adopt an fcc-like structure, similar to that
of pure silicon. Similarly, at 1 TPa, the structural motifs of the
Fe-Si system also exhibit a significant dependence on silicon

concentration, as shown in Fig. 3(b). The boundaries of the
three characteristic regions remain nearly unchanged, indicat-
ing that these boundaries are weakly influenced by variations
of pressure.

B. The pressure dependence of the phase stability
in Fe-Si compounds

Having clarified the compositional dependence of phase
stability, we next investigate how pressure modifies the energy
landscape of Fe-Si compounds. This step allows us to connect
the observed structural motifs with their energetic origins
under varying pressure conditions. To investigate the variation
of energy in the Fe-Si system under increasing pressure, we
performed a detailed analysis of the relative energy changes
across different stoichiometric ratios. Figure 4 shows the evo-
lution of the enthalpy above the convex hull (Hd ) as a function

FIG. 3. The enthalpy above convex hull, Hd , of Fe-Si compounds as a function of Si concentration at (a) 400 GPa and (b) 1 TPa, with color
mapping representing the structural order parameter, where the RGB components correspond to the percentages of fcc, bcc, and hcp structures,
respectively.
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FIG. 4. Variation of the enthalpy above the convex hull for representative Fe-Si compounds as a function of pressure.

of pressure for representative low-energy structures identified
by the AGA search, alongside several known structures, over
the pressure range from 100 GPa to 1 TPa. The results indicate
that Fe-Si compounds (including Fe5Si3, FeSi3, and Fe3Si)
exhibit increasing Hd values with rising pressure.

To elucidate the thermodynamic driving forces stabilizing
B2-FeSi, we examined the enthalpy as a function of volume
for various Fe-Si phases. As shown in Fig. 5(a), the volume
of pure silicon exceeds that of pure iron at 400 GPa. It would
be expected that increasing the Si concentration in Fe-Si com-
pounds leads to an increase in volume. However, for silicon
concentrations between 0.375 and 0.625, the low-energy Fe-Si
compounds exhibit unexpectedly smaller volumes, deviating
from the anticipated trend of volume expansion with higher

silicon content. Additionally, we observed that within this
range of silicon concentration, a smaller volume corresponds
to a lower enthalpy for a given concentration, as depicted in
Fig. 5(b), where Hd shows a positive correlation with volume.
We analyzed several low-energy structures with moderate
silicon concentrations. As shown in Fig. S4 [56], in these
structures except B2-FeSi, the formation of either Fe-Fe bonds
or Si-Si bonds is inevitable. As these bonds are generally
longer than Fe-Si bonds, the resulting structures exhibit a
larger volume compared to that of B2-FeSi, in which only
Fe-Si bonds are present. At 1 TPa, the volume of pure iron
is larger than that of pure silicon (see Fig. S5 [56]). As the sil-
icon concentration increases, the volume of Fe-Si compounds
generally decreases. However, for silicon concentrations

FIG. 5. (a) The volume of Fe-Si compounds as a function of silicon concentration, with color mapping indicating the corresponding Hd .
And gray color represents its Hd above 1 eV/atom. Different symbols represent different structural motifs. If the percentage of the fcc motif
in a certain structure is greater than 50%, we consider this structure to be fcc. The same applies to bcc and hcp. Circles represent fcc, triangles
represent bcc, squares represent hcp, and solid circles indicate that the percentages of the three structural motifs are close. (b) The detailed
Hd − Volume plot for several compositions in (a).
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FIG. 6. The (a) enthalpy, (b) volume, and (c) magnetic moment difference between three new phases and the experimental phase with
pressure. (d) The crystal structures of the four phases. Red arrows indicate the dominant magnetic moments at 50 GPa. Two P2/m phases are
distinguished by (α) and (β).

between 0.375 and 0.625, the volume of the low-energy Fe-Si
structures was significantly reduced.

C. Fe11Si5 phase at high pressure and high temperature

In addition to the general phase stability trends, it is also
important to examine individual compounds that may play a
special role at high pressure. Previous experiment indicated
that the Fe11Si5 phase at ambient pressure had a space group
of Pm3̄m [67], with atoms arranged in a bcc-like structure.
As shown in Fig. 6(d), each silicon atom of Pm3̄m Fe11Si5 is
located at the center of a cube formed by eight iron atoms,
constituting an Si-Fe8 structural motif. In this study, we iden-
tified three new metastable Fe11Si5 phases under high pressure
(P� 100 GPa) with lower enthalpies than Pm3̄m Fe11Si5,
which were P2/m (α), P2/m (β), and Cm phases. Their struc-
tures were as shown in Fig. 6(d). These new phases with
smaller volumes are more compressible than Pm3̄m phase,
which contributes to their lower enthalpy, see in Figs. 6(a)
and 6(b). All the three structures are dynamically stable under
high pressure, and their phonon spectra were as shown in
Fig. S6 [56].

The overall frameworks of these three new structures retain
bcc-like characteristics. However, they differ in the specific
occupancy sites of Fe and Si atoms, resulting in varying
degrees of structural distortion. In all four structures, silicon
atoms occupy the body centers of cubes formed by eight
nearest-neighbor Fe atoms. Due to slight distortions caused
by structural symmetry, these cubes are not perfectly reg-
ular, but on average, each Si atom is coordinated by eight
Fe atoms. Our calculation results demonstrate that, across
all optimized structures, the magnetic moment of Fe atoms
remains substantial, while the final magnetic moment of Si
atoms rapidly converges to a value close to zero (less than

0.01 μB, which is negligible in numerical terms). All Fe atoms
with nonzero magnetic moments are located at the centers of
Fe-Fe8 polyhedra. The P2/m (α) phase is distinguished by
a configuration where the two magnetic Fe atoms reside at
the centers of intersecting Fe-Fe8 polyhedra. In this arrange-
ment, one Fe atom sits at a vertex of the polyhedron centered
on the other. With the pressure increasing, P2/m (α), P2/m
(β), and Cm phases are nonmagnetic, and only the Pm3̄m
Fe11Si5 phase retains its magnetism. To elucidate the effect
of high pressure on the magnetism of various Fe11Si5 phases,
we calculated the evolution of their electronic structures un-
der non-spin-polarized conditions and performed an analysis
based on the Stoner [69] criterion. As shown in Fig. S7 [56], at
ambient pressure, all four phases exhibit a high density of state
(DOS) at the Fermi level (N (EF )), suggesting the possible
occurrence of spin polarization according to the Stoner cri-
terion. When the pressure is increased to 400 GPa, the N (EF )
values of the Cm, P2/m (α), and P2/m (β) phases decrease
to approximately 1 states/(eV Fe). In contrast, the Pm3̄m
phase maintains an N (EF ) value greater than 1 states/(eV Fe),
implying the persistence of spin polarization. This inference
is further corroborated by spin-polarized calculations.

It is widely accepted that the Earth’s core contains silicon
as a light element in iron [9]. However, there remains con-
siderable debate regarding both the exact silicon content and
whether Fe-Si alloys adopt a bcc [70,71] or an hcp [72,73]
structure under core conditions. Therefore, investigating the
stability trends of Fe-rich Fe-Si alloys at high temperatures
and high pressures is of great significance for resolving these
controversies and advancing our understanding of the Earth’s
core. To further study the thermodynamical stability of these
phases at finite temperatures, we initially investigated the
effect on the thermodynamic stability of electronic entropy.
Here, we take Fe11Si5 as an example and further discuss the
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FIG. 7. (a) Relative Gibbs free energy with only electronic entropy for the four phases of Fe11Si5 at 200 GPa. (b) Relative Gibbs free
energy with electronic entropy and vibration entropy (QHA) for P2/m (β) Fe11Si5 and Pm3̄m Fe11Si5 at 200 GPa. The reference systems are
hcp-Fe and B2-FeSi.

influence of temperature on its stability at 200 GPa. The elec-
tronic entropy was included using the Mermin functional [74].
As shown in Fig. 7(a), electronic entropy significantly reduces
the relative Gibbs free energies for all four alloy phases of
Fe11Si5. Among them, the free energy of the Pm3̄m phase
decreases most significantly with increasing electronic tem-
perature. And the magnetic moment of Pm3̄m phase decreased
with electronic temperature increasing, as shown in Fig. S8
[56]. Furthermore, we focused on two lower-energy phases
(P2/m (β) and Pm3̄m) to evaluate the effects of vibrational
entropy by QHA. As shown in Fig. 7(b), the results show
that the relative Gibbs free energy of the Pm3̄m phase is
less than zero at above 5500 K, which indicates Pm3̄m phase
is thermodynamically stable at high-temperature conditions.
Considering that the melting point of Fe and Fe-Si alloys at
200 GPa may be lower than 5000 K [75,76], the Pm3̄m phase
would already be molten at 5500 K. However, we emphasize
that both electronic and vibrational entropies contribute to
lowering the Gibbs free energy of Fe11Si5 relative to Fe and
B2-FeSi. At even higher pressures, we selected the represen-
tative phase Im3̄m Fe5Si3 and likewise accounted for both
electronic and vibrational entropy. As illustrated in the Fig.
S9 [56], although Fe5Si3 remains in a metastable state, its
Gibbs free energy relative to elemental Fe and B2-FeSi is re-
duced. Furthermore, if anharmonic effects and configurational
entropy at high temperatures were taken into account, the
metastable Fe11Si5 phase would likely become thermodynam-
ically stable. The discussion on temperature effects suggests
that the stability of bcc-structured Fe-Si alloys is enhanced
at high temperatures. This stabilization is likely driven by
the increased configurational entropy under such conditions,
which can facilitate the formation of bcc Fe-Si solid solutions.

IV. CONCLUSIONS

Taken together, these results provide a coherent picture of
the structural evolution of the Fe-Si system under extreme

conditions. We examined the thermodynamic stability and
structural motifs of Fe-Si compounds up to 1 TPa. Our re-
sults revealed a phase transition trend in which increasing
silicon concentration induces a transformation of structural
motifs from hcp to bcc, and subsequently to fcc. Both elec-
tronic and vibrational entropies contribute to stabilizing the
Fe-Si compounds relative to pure Fe, pure Si, and B2-FeSi.
Certainly, future efforts toward precise planetary interior mod-
eling must comprehensively incorporate finite temperature
effects. Most metastable Fe-Si phases adopt simple struc-
tural frameworks based on hcp, bcc, or fcc lattices, which
may facilitate the formation of substitutional solid solutions
at high temperatures. Further investigations are needed to
confirm this possibility. These results enhance our under-
standing of the behavior of Fe-Si compounds under high
pressure.
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