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Q:9 We demonstrate a remarkable change in the chemical bonding of iron under pressure 70
that underlies the distribution of elements in the Earth’s mantle and core. Using a Significance 71
massive-scale, first-principles study, we show that while reacting with p-block elements 7
under increasing pressure from ambient to Earth core conditions, iron tends to reverse The oxidation-reduction behavior 73
its redox nature, changing from an electron donor (reductant) to an electron acceptor of iron under pressure in part 24
(oxidant), and oxidizes many p-block elements. Such reverse redox propensity signif- controls the chemical processes 75
icantly impacts the stoichiometries, bond types and strengths, structures, and prop- occurring in the deep Earth. 76
erties of iron compounds under deep planetary conditions. This change transforms Large-scale first-principles e
many p-block el‘ements (conv'entiopall.y labeled lithophilc? or chalcoph?le) into highly N s
sTdero[.)hlle species. ".[he chemical binding str'engths 'v&ilth iron show an inverse co'r%'ela— reverses its redox nature under o
tion with the depletion of p-block elements in the silicate Earth. Furthermore, silicon hifting from an
shows a distinct anomaly in its bonding to iron, which suggests silicon may readily be core pressures, shirtting 80
incorporated into Earth’s core. Election don‘or .to an e.Iectr.on 81
acceptor. This finding implies Q6 g
high pressure | deep Earth | p-block elements | iron chemistry that many elements previously 83
classified as lithophile or 84
The distribution and abundance of both major and trace elements in the Earth’s interior chalcophile could become 85
provide a record of its formation and evolution (1, 2). An understanding of this record siderophile under extreme 86
demands knowledge of the chemical affinity of the elements and their compounds under conditions. This work challenges 87
the high-pressure conditions of Earth’s interior. For many years, our understanding of traditional models of elemental 88
such affinities has been predominantly biased by low-pressure observations that are of sequestration and introduces 89
dubious applicability to Earth’s deep mantle and core (3). Man){ trace elements are found chemistries of iron that could Q7 90
to balve greatly redu.ced concentrations on Earth relative to their solar abundance (4,. 5) explain the presence of light 91
This is usually explained in terms of either the escape of elements to space due to volatility elements in the core and the 92
during the high-energy conditions of terrestrial accretion (6), or the incorporation into b d lies in el 93
the Earth’s core (7). The core sequestration model relies on the reactivity of trace elements 0 Servle :.;Inoma .I?S LG 94
with Fe (and Ni) under high pressure, which is problematic to assess due to the difficulty deple.tloln 8 5 i e, 95
of experimentally achieving terrestrial core pressures (135 to 367 GPa). The findings underscore the 96
Thanks to improvements in computational power and methods, the high-pressure importance of considering 97
chemistry of Fe has become accessible, leading to the discovery of a number of new Fe high-pressure conditions in o8
compounds with trace elements that support the argument that they are incorporated in geochemical models and open 99
the core. For example, recent work showed that iron may actually bind strongly with pathways for exploring the Q8 o
xenon to form an Fe;Xe compound at the pressures of Earth’s core, suggesting that core composition and dynamics of o1
sequestration is the cause of the “missing xenon paradox” (8, 9). A similar mechanism was Bairdifs fmiarier. 02
suggested for the depletion of iodine in Earth (10), although the volatility of the xenon
and iodine renders this explanation ambiguous. The reactions of Fe with major elements 103
such as O also become quite unusual at very high pressure. As revealed by both computer 104
simulation and diamond anvil cell experiments, iron can form an oxygen-rich FeO, 105
compound at the pressures of Earth’s lower mantle, even if it remains in the low oxidation 11,6 athors declare no competing interest. 106
state of +2 (11-13). We show here that these striking phenomena are all related to dramatic g article is a PNAS Direct Submission. 107
changes in “iron chemistry” under high pressure. The broad-ranging chemical trends of o5 right © 2025 the Author(s). Published by pnas. 108
iron can only be revealed by a large-scale study of iron reactivity across the periodic table, ~ This article is distributed under Creative CommonsQ:5 109
a task that cannot be performed experimentally with reasonable resources and time. f\cttcr'g?_t,'\locrj’,\’,\‘g;commerc'al’NODe”V&t'ves ticense 40 110
Many recent studies show that first principles structure predictions are sufficiently 1y \y y £ and) L. contributed equally to this work. 111
advanced that enthalpies of compound formation at high pressure can be accurately 1, yhom correspondence may be addressed. Email: 112
calculated and the nature of the chemical bond elucidated (8-10, 13-18). Using this jackson@geol.ucsb.edu,  simon.redfern@ntu.edu.sg, 113
approach based on density functional theory (DFT), we have systematically explored the o mmie@csunedu. o 4 ,
bonding of iron with p-block elements in the periodic table. The results indicate a fun- Ktlzs?/r/txch.;Egilgsrgs/ﬁffg;?i "J':f,’g:la1t'§? 0‘;’;‘,’;2;@” %15
damental shift in Fe chemistry at high pressures, where iron transitions from an electron ~ 2414911122//DCSupplemental. 116
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20f7

to strongly bond under pressure with many p-block elements that ~ constituent elements S (1-bar boiling point of 721 K; 50%
are conventionally labeled as lithophile or chalcophile (1, 19),  condensation temperature at 10~ bar of 664 K), Si (2,628 K;
making them highly siderophile. While compared with abundance 1,310 K), and P (556 K; 1,229 K) and a suite of geochemically
data, the depletion of the p-block elements in the silicate Earth trace elements such as Ge (3,103 K; 883 K), As (886 K; 1,065 K),
was found to correlate inversely with Fe binding strength. This Se (958 K; 697 K), Sn (2,543 K; 704 K), Sb (2,023 K; 979 K),
striking result suggests that although the Earth’s core can host large and Te (1,263 K; 709 K) which are critical for understanding
quantities of p-block elements, it is not the cause of their deple-  planetary accretion and core formation. Condensation tempera-
tion. Instead, cosmochemical accretion models that call on ele-  tures are useful to consider when assessing whether a particular
mental loss by voladility during high-energy conditions of  element is deficient in the silicate mantle relative to chondrites
terrestrial accretion may be more relevant (20). Furthermore,  because it suffered volatilization and loss to space during planetary
silicon shows a distinct anomaly in its bonding to iron, with the ~ formation; it is a major task to explore whether such elemental
Fe-Si bond becoming one of the strongest at these high-pressure deficiencies are due to volatile loss or relate instead to elements
conditions. This result suggests that silicon may readily be incor- ~ being “hidden” in the metallic core.
porated into Earth’s core, corroborating recent perspectives on the
composition of Earth’s core based on sound speed measurements, Iron Compound Stability and Elemental Abundances. Our
experimental petrology, and seismology (21, 22). calculations reveal that pressure can dramatically increase the
Results and Discussion stability of iron compounds formed with most p-block elements
as evidenced by a significant decrease of formation enthalpy
We conducted massive-scale first-principles simulations studying (Fig. 1). Although some 2p elements (e.g., C, N, O) can form
the reactivity of Fe with most of the p-block elements and its  stable compounds with iron with a AH; of approximately -0.5 eV/
dependence on increasing pressure. For each element (X), the atom at ambient conditions, a subset of 3p (e.g., Si, P, S; Fe—Al
structures of a series of compositions (Fe X ) are searched by ~ compounds are excepted, and will be discussed separately) and
Particle Swarm Optimization (PSO) algorithm (23) and density 4p (e.g., Ge, As, Se) elements bind only loosely with iron. This
functional calculations. The p-block elements includes three major  general trend of reactivity is markedly changed upon increasing
0.0
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Fig. 1. Thermodynamic stability of main p-block—iron compounds at both ambient and high pressures. Most structures at ambient pressure are chosen from
Materials Project (24). Most structures of Fe, X, (m/n =1 to 3) at high pressures are obtained from crystal structure searches using PSO algorithm (23, 25) (details
are shown in Materials and Methods). Convex hulls are shown as solid lines, with stable compounds shown by solid symbols. Unstable compounds (open symbols)
sit above convex hulls, with dotted lines indicating possible decomposition routes.
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pressure: Most of these elements can form stable compounds with
iron with a AH;of at least -1 eV/atom. For example, Fe and Te are
not likely to form stable compounds with Fe (with AH;=-0.2 eV/
atom) at 0 GPa. However, AH; decreases by 1 eV/atom under high
pressure, making the compound FeTe as stable as FeS at Earth-core
pressures (e.g., 300 GPa).

Before discussing how these results impact our understanding
of Earth chemistry, we examine the effects of temperature, electron
correlation, and spin polarization. Both pressure and temperature
increase with depth within the planet. To account for temperature
effects, we calculated phonon free energies under the quasihar-
monic approximation (QHA). While high temperatures shift
formation free energies to varying degrees depending on the com-
pound, they do not alter overall stability (S7 Appendix, Fig. S1).
As a 3d metal, Fe exhibits strong on-site electron—electron
Coulomb interactions, especially at low pressures. These interac-
tions are typically reduced under high pressure due to the delo-
calization of the electron states. However, previous studies have
shown that correlations can still significantly influence the trans-
portand thermochemical properties of Fe, even under Earth’s core
conditions (26, 27). A more recent study, using first-principles
dynamic mean-field theory (DFT+DMFT) and a universal
Hubbard U value of 5 ¢V and 10 ¢V, revealed that the time-
dependent effect of correlation may alter the thermochemical
properties of Fe—O compounds (28). Accurately accounting for
the correlation effects across all Fe compounds in our study is
challenging, even at the DFT+U level, as the appropriate U values
can vary significantly depending on the compound type and

pressure conditions. To systematically evaluate correlation effects,
we performed DFT calculations using the Heyd—Scuseria—
Ernzerhof (HSE) hybrid functional. The results indicate that the
static effect of electron correlation has a negligible impact on the
thermodynamic stability of Fe compounds across the 0 to 300
GPa pressure range (87 Appendix, Fig. S2). We also evaluated spin
polarization at 0 GPa, as it is fully suppressed at 150 and 300 GPa.
At low pressures, magnetism stabilizes Fe compounds with chal-
cogens and halogens by 0.2 to 0.5 eV/atom but does not affect
the convexity of Fe-X systems (SI Appendix, Fig. S3). Our study
primarily focuses on Fe compounds under high pressure, with
low-pressure calculations included for comparison.

This pressure-enhanced Fe reactivity may promote the incor-
poration of many p-block elements, especially the heavier ones
that were previously disregarded due to their weak or absent bind-
ing with Fe, into Earth’s core. Like previous work (8-10), our
results first appear to support core sequestration models; i.e., the
depletion of certain elements in the silicate Earth arise from their
incorporation into Earth’s core. However, the integrated picture
that compares the abundance of elements and their binding
strength with Fe across the p-block of the periodic table shows the
opposite trend. The p-block element abundances, normalized to
CI chondrites, are inversely correlated with their binding strength
to Fe as quantified by the formation enthalpies of the most stable
compounds (Fig. 2 A-C); i.e., the stronger they bind with Fe the
less they are depleted in the silicate Earth. While pressure increases,
the correlation represented by the shaded stripes becomes steeper
due to stronger binding to Fe (more negative enthalpy of
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Fig. 2. Binding strength with Fe, their correlation with depletion in Earth and their chemical origin. (A-C) The correlations between element depletions and
their binding strength with Fe under 0, 150, and 300 GPa. Horizontal axes show the enthalpy of formation per atom of the most stable Fe compound of selected
element. The vertical axes show the abundance of an element normalized to CI chondrite and Mg. The green, yellow, blue, purple, and pink dots in the figure
represent compounds formed between Fe and elements from Groups IlIA to VIIA, respectively. The corresponding shaded regions indicate the distribution of
these compounds in the given coordinate space. (D-F) Calculated Bader charge of iron in Fe-X compounds at 0, 150, and 300 GPa.
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formation) for the heavier elements such as Se, Te, Bi, and Pb.
This inverse correlation clearly shows that reaction with Fe in
Earth’s core is unlikely to be the cause of the depletion of trace
p-block elements in the silicate Earth, although such reactions
may become exceedingly strong under terrestrial core conditions.
One reason for the inverse correlations is that the volatility of an
element (quantified by its condensation temperature) correlates
inversely with its binding strength with Fe (i.e., the higher the
volatility the weaker the binding with Fe; ST Appendix, Fig. S4).
Another factor is that binding of an element with Fe may prevent
its evaporation in primordial Earth.

Iron Redox Reversal under Pressure. To reveal the redox property
of Fe, the charges of Fe in the compounds are calculated using
the Quantum Theory of Atoms in Molecules method (QTAIM
or Bader charge) (29, 30). The charge transfer between iron and
p-block elements shows that, apart from Al and Si compounds (see
below), the magnitude of charge transfer changes almost linearly
with atomic number in each period from group 13 to group 17
(Fig. 2 D—-F). At 0 GPa, the charge is negative for most of the
p-block elements, indicating that iron is oxidized. The charge
transfer is generally small for heavy p-block elements, which
explains the poor stability of their Fe compounds. Generally,
the charge transfer from iron to p-block elements decreases with
increasing atomic number in the same group. For example, the
Bader charges on Fe in pnictides increase in the order N > P > As
> Sb. Similar increases can be found across the chalcogens and
halogens. This order of increasing charge remains under increasing
pressure (Fig. 2 D-F).

Under pressure, the electrons redistribute toward Fe, reducing
its positive charge. For heavy p-block elements Ge, P, As, Te, and
I, the charge on Fe changes from positive to negative at 0, 150,
110, 30, and 100 GPa, respectively (Fig. 2 D-F). This charge
transfer reversal (CTR) changes the chemical character of iron
from being a reductant (electron donor) at ambient pressure to
an oxidant (electron acceptor) at Earth core conditions. For exam-
ple, when reacted with iodine, the charge on iron changes from
positive to negative at 100 GPa. In other words, iron iodide
becomes iodine ferride above 100 GPa. Similar CTR also happens
in Fe-B and Fe-Se compounds, but at higher pressures of 375
and 405 GPa, respectively.

We evaluate the validity of this CTR under strong correlation
and magnetism effects by recalculating Bader charges using the
HSE functional (S Appendix, Fig. S5) and incorporating spin
polarization (87 Appendix, Fig. S6). The results indicate that these
factors have minimal impact on charge transfer. Additionally, we
examine charge transfer trends using alternative charge attribution
methods, particularly Mulliken and Lowdin charges (S7 Appendix,
Figs. S7 and S8). While the absolute charge values vary depending
on the method and compound, all approaches consistently reveal
the same overall trend in Fe chemistry under pressure. This trend
confirms the occurrence of CTR and iron’s transition from an
electron donor to an electron acceptor under compression. Among
all the charge partitioning methods, Bader charge is well suited
for high-pressure studies as it is based on charge density gradients
rather than projection spheres, avoiding the artifacts of sphere size
and providing a more consistent approach across varying pressure
conditions. Furthermore, Fig. 2 D-F illustrate the general trend
of charge transfer in Fe compounds across different compositions.
Focusing on specific compositions such as FeSi, Fel, Fel,, and
Fe;1, the charge transfer trend becomes even more distinct, with
electrons shifting back from p-block elements to Fe on compres-
sion (SI Appendix, Figs. S7 and S8). This charge redistribution
mainly involves Fe 34 and X np orbitals (SI Appendix, Fig. S9),

https://doi.org/10.1073/pnas.2414911122

which is the natural result of the energy shifts of the 34 and the
np bands (57 Appendix, Fig. S10). The Fe 34 bands become lower
in energy because they have a smaller radius and are therefore less
prone to change under increasing pressure (SI Appendix, Fig. S11).

Structural Evolution of Iron Compounds. Structure evolution
of Fe compounds is also affected by charge redistribution as
pressure increases. At low pressure, many structures contain lone
pair electrons on p-block elements that will disappear under high
pressure, accompanying by the increase of coordination number
and charge transfer back to Fe (Fig. 3 A-D for Fe-I; Fig. 3 E-G for
Fe—As and Fe-Te). Both of the two stable Fe~I compounds adopt
layered structures at ambient pressure, including Fel, in MoS,
(P3m1) and Fel; in FeBr; (R3) structures with lone pairs on iodine
anions pointing toward the space between layers (Fig. 3 A and
B). However, at 150 and 300 GPa, iron-rich compounds adopt
densely packed structures, including Fe,I adopting Ni,In structure
(P65/mmc) (Fig. 3C) and Fe,l adopting Cu,Au structure (Fm3m)
(Fig. 3D). Correspondingly, the coordination number of iodine
increases substantially, to 6 in Fe,l and 12 in Fe,l, and the lone
pairs disappear, in good accordance with the CTR under pressure.
Similar structure evolution is also found in other compounds
containing lone pair electrons at ambient pressure, including Fe—
As and Fe-Te compounds (see Fig. 3F for the ambient pressure
phase of both FeAs, and FeTe,, Fig. 3 Fand G, and high-pressure
phases of FeAs and FeTe, respectively). In contrast, no lone pair
is found in the low-pressure structures of FeX where X'is a group
13 or 14 elements. Furthermore, some compounds contain
Fe—Fe bonds in the low-pressure structure that simply vanish as
pressure increases (Fig. 3H). For example, FeSn and FeGe are
stable in a highly symmetric P6/mmm structure that contains
Fe—Fe intermetallic bonds (Fig. 3H). While increasing pressure
induces the large charge transfer to iron, Fe—Fe bonds disappear
and the compounds become more ionic. At last, it is remarkable
that many FeX compounds adopt the simple CsCl structure under
high pressure, due to the large charge transfer to Fe. At pressures
above 150 GPa, FeSn, FeGe, and FeSi transform into the CsCl
structure (Pm3m) (Fig. 31) which is a common structure for AB
type ionic compounds when the radius of A" and B ions are
similar, as stated by Pauling’s first rule. Complete structures and
structural parameters are shown in S/ Appendix, Fig. S12 and
Table S1. Furthermore, we calculated the phonon spectra of all
Fe compounds and structures, which demonstrate that they are

all dynamically stable (ST Appendix, Figs. S13-S17).

The Silicon Anomaly. A distinctive feature emerging from our
comprehensive computation of Fe chemistry is an anomaly in
reacting with Si and Al. Unlike the general trend regarding the
change of electron density described earlier, the charges of Fe
at 0 GPa increase in the order C > Ge > Sn > Si for group 14
elements. The charges of Fe for the last three elements are very
close to each other. Under pressure, the charge of Fe in Fe-Si
compounds decreases most dramatically and becomes significantly
lower than Ge and Sn. A similar phenomenon is apparent for
group 13 elements.

This distinctive anomaly arises from the fact that the unoccu-
pied d shells are significantly higher in energy for Si (and Al) and
cannot host electrons, in contrast to heavier p-block elements,
leaving large charge transfer from Si (and Al) to Fe, especially
under high pressure. At 300 GPa, the charge on iron in FeSi is as
low as -2e, indicating the very strong ionic nature of the com-
pound. Indeed, the electron localization functions (ELF) values
between Fe and Si decrease dramatically under pressure (Fig. 4
A and B). Consequently, Fe-Si bonding persistently strengthens
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Charge of Fe = - 0.040

Charge of Fe = - 0.346

Charge of Fe in FeSn =- 0.101

Charge of Fe = - 0.089

Charge of Fe = - 0.092

Charge of Fe in FeCl =+ 0.583

Fig. 3. Structure evolution of Fe-p block compounds under pressure. (A) Layered structure of stable Fel, at 0 GPa. (B) Fel; at 0 GPa; (C) Fe,l at 150 GPa. (D) Fe;l at
150 GPa. (E) FeX, (X = As and Te) structure at ambient pressure. (F) FeAs at 150 GPa. (G) FeTe at 150 GPa. (H) FeX (X = Sn and Ge) with intermetallic bonds between
Fe atoms. (/) CsCl structure, a common structure for FeX compounds under pressure. Brown balls represent Fe atoms; the size (small and large) indicates the
charge transfer out of or into Fe. The arrows show the interstitial space for lone pair electrons of p-block elements.

at increasing pressure. At 0 GPa, the Fe-Si bond strength is similar
to Fe-S and Fe-D, all much weaker than Fe-O (Fig. 4C). With
increasing pressure, the Fe-Si binding strengthens most signifi-
cantly and even surpasses Fe—O at 250 GPa, implying that Si
becomes siderophile at the pressure of Earth’s core (31). The lower
density of FeSi (SI Appendix, Fig. S18) under core pressures can
also explain the low core density (i.e., lower than pure Fe and Ni)
as revealed by seismology.

Cosmochemical analyses based on comparisons with CI chon-
drites alone suggest that the core’s composition is approximately

@)

—=&—Fe-Si
—o—Fe-O

S
H
T

Enthalpy of formation (eV/atom)

8 1 1 1 1 1 1
0 50 100 150 200 250 300
Pressure (GPa)

Fig. 4. Anomaly of Siin binding with Fe. ELF (32) of FeSi (A) at 0 GPa and (B)
at 300 GPa. (C) The enthalpy of formation of Fe-X compounds as functions of
pressure. The isosurfaces of the ELFs are taken at 0.2.
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85 wt% Fe, 5 wt% Ni, and 1.7 wt% S (33), but the additional
light element composition (e.g., Si, O, C, and H) remains largely
unconstrained. The concentrations of these elements remain a
subject of ongoing investigation, requiring extensive experimental,
simulation, and geochemical studies. Various models estimate that
the core contains approximately 5 to 8 wt.% light elements. Some
suggest that S and Si are present at concentrations of 6% and 2%,
respectively, aligning with geophysical data but conflicting with
geochemical models that indicate sulfur’s volatility (34, 35). O
has been proposed as the primary contributor to the density dis-
continuity at the inner core boundary, while S and Si have been
proposed to have minor effects (36).

Ca/Al and Mg/Si ratios are expected to exist in chondritic rel-
ative proportions in the silicate Earth, but both ratios are higher
than chondritic in the shallower, accessible Earth. This suggests
that either volatility controlled fractionation of Mg/Si or the pres-
ence of an Al or Si-rich domain in Earth’s deep interior (37-39).
Si and Al enrichment in the Earth’s core may explain the
higher-than-chondritic ratios in the shallower, accessible Earth.

Additionally, a comprehensive analysis of elemental distribu-
tion in Earth’s interior requires comparing their chemical inter-
actions across all compositional layers, including the silicate
mantle. However, a thorough thermochemical study including
crystal structure searches of all p-block elements reacting with
silicates is currently infeasible due to computational limitations.
While the present study focuses on the high-pressure chemistry
of Fe, it demonstrates that increasing pressure significantly
enhances the interaction of many 5p elements with iron due to
redox reversal, strongly suggesting their incorporation into
Earth’s Fe core.

While silicon is predominantly found in the Earth’s crust and
mantle, its distribution and role in the core remain uncertain.
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605 Earlier studies suggest that pressure has a limited effect on Si and
606 O partitioning; however, these investigations were confined to
607 pressures of <25 GPa (40-42). To account for the abundance of
608  Siin different layers of Earth, the redox reversal and strong bond-
609  ing between Si and Fe under core conditions must be considered
610 alongside other key factors of Earth’s composition, such as its
611 bonding strength with other elements, its total abundance in
612 Earth, and buoyancy. As the second-most abundant element, Si
613  constitutes a major portion of the crust and mante and bonds
614  strongly with O. Our results do not suggest that Si transfer from
615  the mantle to the core occurs at levels that would significantly
¢16  deplete mantle Si. Instead, they support the hypothesis that Si is
a7 2 key light element in the core, potentially more significant than
18 other candidates such as H, O, and C.
619
620  Summary
22 We report the results of a comprehensive first-principles study of

the reactivity of Fe with most of the p-block elements at pressures
623 . .

ranging from ambient to that of the center of the Earth. For each
24 clement X, the stabilities of Fe-X compounds with various stoi-
25 chiometries under pressure were calculated after searching for the
626 most stable structures using well-established algorithms and
627 density-functional calculations. Piecing together the results for all
628 of these compounds, we found a general trend in the chemistry
629 of Fe under pressure—namely, Fe tends to become more electron
630 negative and reverses its redox propensity from reductant to oxi-
631 dant while reacting with many p-block elements at deep Earth
632 pressures. This chemical trend is expected to have a profound effect
633 on the distribution of elements in Earth’s interior, rendering sig-
63210 nificantly enhanced of elements with Fe that is not observed near
635  ambient pressures. Comparing the Fe binding strengths with ele-
636 ments that are depleted in the silicate Earth, we find a distinct
637  inverse correlation, which strongly supports volatile depletion of
638 these elements. On the other hand, the strong binding of light
639  pclements with Fe under core conditions provides a strong chem-
640 ical driving force for incorporating these elements in Earth’s core.
641 Among them, Si exhibits very strong binding with Fe under pres-
642 sure, suggesting that it is a major light element component of
643 Earth’s core, i.e., lowering the seismologically constrained density
644 of the core relative to pure Fe.
e45 By identifying essential fea.tlllres of pressure-induced chefnistry
4 of Fe under deep Earth conditions, our study may be considered

a necessary first step toward developing a comprehensive thermo-
647 g ically based compositional model for core. To accomplish

ynamically p p
48 this, other factors will need to be included. For example, the
649 budget of light elements such as S, O, and H in the core might
650 modify their elemental affinities for Fe under these conditions
651 (22). However, since the Earth’s core consists of predominantly
652 Fe (and Ni), which will largely lower the activity of the light
653 elements, the inclusion of these light elements is unlikely to over-
654 turn the chemistry of p-block elements in the core examined here.
655 Furthermore, our calculations are performed for crystalline com-
656 pounds and are therefore more directly related to Earth’s solid
657 inner core. On the other hand, the general trend that the chemical
658 binding with Fe becomes much stronger under pressure can be
659  equally applied to the liquid outer core, because the chemical
660 driving force is expected to be similar. Furthermore, the change
661 in Fe redox propensity under increasing pressure can also help to
662  understand and perceive the redox state of the Earth’s mantle and
663  itsevolution during the accretion of the Earth and the segregation
664 of the core (43).
665
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Materials and Methods 666
667
Structure Searches under Pressure. We performed structure predictions ;g

through a global minimization of free energy surfaces based on the CALYPSO

66
(Crystal structure AnalYsis by PSO) methodology as implemented in CALYPSO 673
code (23, 25). We searched the structures of stoichiometric Fe, X, (m = 1-3;
n = 1-3) with simulation cell sizes of 1 to 4 formula units under pressures of 2;;

150 GPa and 300 GPa, respectively. All the structures are optimized at a higher
accuracy. In addition, the calculations for local structural relaxations and electronic 673
properties were performed in the framework of DFT within the generalized gra- 674
dient approximation Perdew-Burke-Ernzerhof (44) and frozen-core all-electron Q:11675
projector-augmented wave method (45, 46) as implemented in the VASP code Q:12676
(47). A cutoff energy of 700 eV and appropriate Monkhorst—Pack (48) k-mesh 477
with k-points density 0.03 A" were chosen to ensure that all the enthalpy calcula- 475
tions were well converged to less than 1 meV/atom. The subsequent calculations (-9

also used these computational parameters. 680

Formation Enthalpy Calculations. For the most stable structures ateach pres- 681
sure, the formation enthalpy peratom is calculated using the following formula: 682

H(Fe,X,) = [H(Fe,,X,) — mH(Fe) — nH(X)]/(m + n), 683
where H;is the formation enthalpy per atom and His the calculated enthalpy per 084

chemical unit for each compound. The enthalpies for Fe and X are obtained from 85
the most stable structures as searched by the CALYPSO method at the desired 686

pressures. All the calculations have been performed at 0 K. 687
688

Gibbs Free Energy of Formation. We explored the effects of temperature using ¢
. ) 9
the QHA that introduces volume dependence of phonon frequencies as a part of €90

anharmonic effect, for which phonon calculations were performed for all prom-

ising structures using the Phonopy code. Gibbs free energy (G) is defined at a 691
constant temperature (T) and pressure (p) by the formula: 692
G(T, p) = min [UV) + Fyponon(T, V) + PV, zzz

where Vis the volume, U is the internal lattice energy, and F,, is the phonon o
(Helmholtz) free energy. The minimal value for G is found at the equilibrium

volume for a given Tand p. 696
697
Data, Materials, and Software Availability. All study data are included in the Q:13698
article and/or S Appendix. 699
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