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Abstract
Hydrogen is potentially a key light element in the Earth’s core. Determining the stability of iron hydride is
essential for Earth's core mineralogy applications. We investigated the thermal stabilities and seismic
properties of a range of Fe-H binary at core P-T conditions. It is concluded that H induces a phase change
in the Fe lattice, converting it from hcp to fcc. With 1 wt.% H incorporation, the density of Fe decreases by
7.6%, both the compressional and shear wave velocities increase by 2.3% and 1.5%, respectively. The
maximum H concentration is estimated to be ~0.57 wt.% to explain the density de�cit of the inner core,
which corresponds to 3 times as much as seawater, indicating that a large amount of water has been
brought to the Earth's interior during its formation and a relatively low inner core temperature thus
induced. H alongside other light elements are required to account for the geophysical observations of the
Earth's inner core.

Introduction
The chemical composition of the Earth's core has attracted growing attention in the last several decades.
The Earth's core is mainly composed of Fe-Ni alloys, but this alone cannot explain its seismic properties.
Compared with pure liquid Fe, the density of the outer core is ~10% lighter and the seismic velocities are
~5% faster at the relevant P-T conditions1-3. Solid Fe is ∼3-5% denser than the predicted density of the
inner core at the corresponding conditions4,5. The solid inner core also exhibits strong seismic
anisotropy: compressional waves propagating along the polar axis are a few percent (~3-4%) faster than
those propagating along the equatorial plane6,7. The Earth's core contains some Ni (~5%) but previous
studies have shown that Ni does not change the density of Fe or its compressibility8,9. As an explanation
for these seismic and density anomalies, the presence of small amounts (a few percent) of light
alloying elements such as Si, O, S, C, and H in the core has been proposed. Among these light elements, H
is essential and special.

Hydrogen has the highest abundance in the solar system, and therefore, it is potentially one of the main
light elements in the Earth's core. H solubility in Fe increases considerably with pressure10-12. H is also a
strong siderophile element. Studies of H partitioning between Fe and silicate phases suggest that H
prefers to dissolve into the metal phase at high P-T conditions13. More recently, by conducting high-
temperature and high-pressure in-situ neutron diffraction experiments, Iizukaoku et al.14 suggest that Fe
preferentially incorporates H and that this partitioning may affect other light elements partitioning into
the core in later processes. Since H is the lightest element, its in�uence on the Earth's core density can
also be signi�cant and remarkable.

The effect of H on the properties of liquid Fe in the outer core has been widely studied. Umemoto &
Hirose15 performed �rst-principles molecular dynamics calculations to examine the density and sound
velocity of pure liquid Fe and Fe-H alloys at outer core P-T conditions (4000-7000 K, 100-350 GPa). They
suggest that liquid Fe with ~1 wt.% H could match the seismic properties of the outer core, which is
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consistent with the latest experiments by Thompson et al.16, whose results suggest that about 0.8-1.3
wt.% H is required to account for the density and sound velocity of the outer core. Furthermore, Tagawa et
al.17 studied the compression of Fe-Si-H alloys to core conditions in diamond anvil cell (DAC)
experiments. They propose that the density of the outer core can be explained by 0.32 wt.% H and 6.5
wt.% Si (Fe0.88Si0.12H0.17), which supports the hypothesis that H is a vital core light element.

However, there is still much controversy within the literature about the effect of H on the Earth's inner
core. Experiments conducted by Tagawa et al.17 suggest that 0.47 wt.% H is needed to match the density
de�cit of the inner core, which is higher than the recent estimate of 0.2-0.3 wt.% by Thompson et al.16.
Alternatively, Caracas18 calculated the seismic properties of solid hcp Fe-H alloys, and the results suggest
that H is not a vital core light element from a geophysical sense: solid Fe-H alloys could not reproduce the
shear wave velocity of the inner core. Bazhanova et al.19 theoretically predicted the structures of Fe-H
binaries at high pressure by variable-composition structure prediction methods. They speculate that the
inner core would contain about 0.4-0.5 wt.% H to explain its density de�cit. But the seismic properties and
the effects of temperature and pressure were not systematically and completely considered in their work.

To study the in�uence of H on the seismic properties of Fe, it is necessary to determine its structure
�rst. Previous structural predictions of Fe-H binary systems have given various structures (see Figure 1)
and focused on their stability, metallic, electronic properties, and their superconductivity. For example, the
crystal structure and stability of Fm m-FeH and Pm m-FeH3

19; the electronic properties, and

superconductivity of I4/mmm-FeH5 and C2/c-FeH6
20; and the metallic of C2/c-FeH6

21 have all been
reported. A topological analysis and phase diagrams of Pm m-FeH3, I4/mmm-FeH5, and Cmmm-FeH6 at

high P-T conditions have also been presented22. However, previous Fe-H binary structure prediction
studies failed to fully consider the thermal stabilities at high pressures and temperatures, and/or
neglected relevant geoscience properties such as the density and sound velocities of these hydrides and
how this varies with different Fe-H structures in detail.

In this paper, in order to further explore the possibility, structure, and concentration of H existing in
the Earth's inner core, especially under high temperature, and its geophysical implications, we have
employed evolutionary crystal structure prediction (USPEX) methods23,24 and density functional theory
(DFT)25 calculations to examine the structural models of Fe-H binaries at core pressure conditions. The
in�uence of temperature on the stabilities of Fe-H binaries has been simulated by using the PHONOPY
package26 with a quasi-harmonic approximation (QHA) framework. H concentration in the Earth's inner
core was estimated, and the seismic properties of solid Fe-H alloys were also investigated, which is
essential for understanding the composition and evolution of the Earth's core.

Results And Discussion
Fe-H binaries at ultrahigh pressures
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 We examined the lowest-enthalpy crystal structures of the Fe-H binaries at 300 GPa and then optimized
them with GGA calculations. The results are consistent with previous studies19-21,27,28, where the phase of

 was found to be the most stable at core pressures. In this work, we have predicted extra Fe-H

phases that would be stable when the H fugacity is high, such as  P4/mmm-Fe3H5, C2/m-
Fe3H11, and C2/c-FeH6. Our calculations also produced the stable pure phases of Fe(hcp-Fe) and

H(Cmca-H), which agree with the available experimental29 and theoretical evidence30, respectively. The
c/a ratio of the produced hcp-Fe phase is 1.58 at 0 K and 360 GPa, which is consistent with the previous
research by Steinle-Neumann et al.31 and Vočadlo32. For each Fe-H compound, we identi�ed the most
favorable crystal structure and calculated its formation enthalpy (∆H) from the elements at �nite
pressures. The ∆H of the most stable phases is de�ned as:

These enthalpies, normalized per atom, are given in Figure 1. The stable phase is located on the convex
hull with regard to a formation from basic elements. Previous research by Bazhanova et al.19 and
Sagatova et al.22 found metastable phases with compositions FexHy (x>y): Fe4H, Fe3H, and Fe2H. We
con�rmed that these phases were metastable at inner core pressures using the enthalpies of formation
calculated here. As shown in Figure 1, for FexHy with x ≤ y, FeH, FeH3, Fe3H5, Fe3H11, and FeH6 were
found to be stable compounds at core pressure while the phases of FeH7, FeH8, FeH9, and FeH10 are

metastable as they fall outside of the convex hull21,22. C2/m-Fe3H11 is a new Fe-H phase found in our
structure prediction. The crystal structures and cell parameters of these stable components are shown in
Table S1 and Figure S1. The phonon dispersion curves of these stable phases are shown in Figure S2,
and no imaginary phonon frequencies are found for any of these phases, which indicates their dynamical
stability. In addition, these iron hydride compounds remain stable relative to pure Fe and pure H phases in
the whole pressure range of the Earth's core (see Figure S3).

It is important to consider the underlying Fe sublattice in these structures as the Fe lattice will be a major
component in their elasticity. If light elements induced a considerable rearrangement of Fe, this should be
seismically visible. By doing a sublattice analysis, we found that the Fe in FeH and FeH3 remains in a
perfect fcc arrangement, which indicates that the main structure of the H-bearing phase in the Earth's
inner core should be fcc. In Fe3H5 and Fe3H11, the Fe remains in a bcc lattice but with considerable
distortion. The distortion of Fe3H5 sees one axis increasing by 20% relative to the other axes. In Fe3H11,
we see a slight tendency to form a monoclinic structure where the A-axis increases by 5% and the C axis
increases by 6% relative to the B axis, and the angle α decreases to 80 degrees. In FeH6, very major
distortions are seen with α decreasing to 60 degrees and a structure that is somewhere between bcc and
hcp ordering.
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To discard the possibility that hydrogen makes very large changes to the electronic structure of the Fe, we
calculated the Bader charge of Fe atoms in both hcp-Fe and FexHy phases. As shown in Figure S5, H
makes only small changes to the oxidation state of Fe. In pure Fe metal, this oxidation state is 0. For the
hydrides, it ranges from 0.20-0.32 with no obvious pattern between H concentrations. These results
indicate that the system is much closer electronically to behaving like Fe metal than an iron hydride
(which would have formal charges of 1) even as the stoichiometry of the system approaches an iron
hydride.

Thermal stabilities and phase distribution of Fe-H binaries 

The previous section considered the stabilities of Fe-H binaries at static conditions, but the core is very
hot (5000-6000 K). The thermal stabilities of the produced Fe-H binaries were determined at high
pressures. The results are presented in Figure 2 which shows the Pm3m-FeH3 phase becomes less stable
at high temperature, which indicates it should be metastable with the temperature increasing, while other
Fe-H binary phases are still stable at high temperatures.

We also considered the anharmonic effect of H. The contribution of anharmonic terms to the free
energy (Fanharm) can be approximated by:

where the volume dependence of α(V) is approximated by:

with α1 = 1.8×10-9 eVK-2 and α2 = 4.8×10-10 eV Å-3K-2 per atom33. We calculated the total Fanharm of hcp-Fe
at 360 GPa and 5000 K is ~33 meV/Fe atom, which is increased by up to 16 meV/H atom due to the
presence of H in the Fe-H binaries, which shows that the calculated Fanharm of FexHy is in the same order
of magnitude as that of hcp-Fe. Therefore, the contribution of anharmonic terms is small enough that
they do not change the relative thermal stabilities of Fe-H binaries. 

The small energy differences of Fe-H binaries (similar to kBT) and the high mobility of H atoms (see
below) means that no one Fe-H structure will be dominant at core temperatures and a mixture of different
Fe-H structures will be present at core conditions. From the formation energy of each structure, we
calculated their favorability using the Gibbs free energy distribution at a speci�c pressure and
temperature:

where i are the different structures, and Ei is the formation energy of that structure per atom. The
probability of any speci�c arrangement is then:
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Calculated results are listed in Table 1 where it is shown that while  remains the most stable
Fe-H binary phase as previously predicted all of the predicted phases have a reasonable probability of
occurring and that Fe-H in the core should be a mixture of all of these phases. Changing the temperature
across a range of core temperatures (from 5000 to 6000 K) has little effect on the probability of the
phases occurring and thus the distribution of H in the core should be insensitive to �uctuations of
temperature in the core.

In conclusion, we �nd the  is the most stable Fe-H binary phase and this does not vary with
temperature but that the introduction of core temperatures allows a variety of Fe-H binary phases to form
and that no individual binary Fe-H phase controls the properties of the core. Thus the properties of all
stable Fe-H phases must be considered when determining the fate of H in the core. 

Hydrogen concentration in the inner core

One or more light element-bearing components are needed to explain the density de�cit of
the Earth's core34. In addition to other light elements (Si, O, S, C, N, etc.), H has long been considered a
potentially major light component in the core35. The H concentration of the core can be estimated
precisely by comparing predicted seismic properties with real seismic observations. The value of H
concentration in the Earth's inner core is important for its mineralogy but also due to the role of H during
inner core crystallization. Furthermore, this value also can be used to constraint the partitioning of H
between the inner and outer core.

Based on the calculated density of Fe-H binaries at relevant temperatures (5000-6000 K) (see Table S2),
we estimated the density of H-bearing compositions in the core. To do this we determined the theoretical
density differences between hcp-Fe and stable FexHy phases (FeH, FeH3, Fe3H5, Fe3H11, and FeH6) and
then treated the compositional effect of H on the density as linear (Fe and FexHy are treated as an ideal
solid solution). Table S3 shows the parameters of the Birch Murnaghan third-order equation of state for
hcp-Fe and the stable FexHy phases. The density and Bulk modulus of hcp-Fe and Fm m-FeH phases are

consistent with previous work19. The H concentration can then be estimated with: 

where   is inner core density from the PREM model,   and    are the computed T-Kelvin

densities of Fe and Fe-H system,   indicates the molar fraction of H in Fe-H system, and   is the molar
concentration of H.



Page 7/19

Figure 3 shows the corresponding H concentration calculated by Equation 6. The matching
concentrations vary between 0.11 and 0.34 mol (0.22-0.91 wt.%) if we use the individually different stable
FexHy phases: when H is in the FeH phase, the concentration of H is about 0.34 mol (0.91 wt.%), the
Fe3H5 phase is about 0.25 mol (0.59 wt.%), the FeH3 phase is about 0.19 mol (0.42 wt.%), the Fe3H11

phase is about 0.18 mol (0.39 wt.%), and the FeH6 phase is about 0.11 mol (0.22 wt.%). We conclude that
temperatures have only a small effect on H concentration in the inner core (~ -0.3%, from 5000 K to 6000
K) while the effect of pressure is more visible (~ -2%, from 330 GPa to 360 GPa). Note that the
concentration of H in the core decreases as the temperature and pressure increase except for FeH3,
wherein the concentration of H increases slightly as the temperature increases (see Figure S6). This
anomalous behavior is further evidence that perhaps FeH3 is metastable under inner-core conditions as
also determined from the energy and shown in Figure 2.

The above results for H concentration were for single Fe-H phases but as shown above, H in the core
should have a variety of structures. Using the phase distribution in Table 1, we can calculate the H
concentration for a real phase distribution in the core. Using an ideal mixture of 30% of the FeH phase,
22% of the Fe3H5 phase, 11% of the FeH3 phase, 22% of the Fe3H11 phase, and 15% of the FeH6 phase,
we calculated the total concentration of H that is possible in the inner core based solely on density is
about 0.57 wt.%, which is equivalent to 3 times as much as ocean water. This result is higher than the
recent estimate of 0.2-0.3 wt.% by Thompson et al.16, but is compatible with the 0.4-0.5 wt.% proposed
by Bazhanova et al.19 and Tagawa et al.17, as well as in reasonable agreement with the experimental
values of 0.6 wt.% (a ratio of H to Fe in the inner core, H/Fe = 0.34) observed by Okuchi11.

These calculations correspond to the concentration needed if H is the only light element in the core. Other
light elements are likely to be present in the core and will also decrease the density. Therefore, we
estimate the H concentration to be ~0.57 wt% as its upper limit. And how does so much H in the inner
core affect its temperature? Hirose et al.36 have demonstrated that H limits carbon solution into liquid Fe
and the melting temperature of Fe-H alloy was predicted to be lower than other binary Fe alloy systems at
the CMB. Assume that the melting temperature of the Fe-H system has a linear relationship with the H
content, based on the extrapolation of experimental data �tted by Simon-Glatzel equation37 and the H
content (0.57 wt.%) in our simulation models, the melting temperatures of H-bearing components at the
inner core pressure conditions are estimated, which is ~5300 K (see gray regions in Figure 4), indicating
that H would induce a relatively low inner core temperature.

The seismic properties of solid iron hydrides

Light elements incorporated into Fe under extreme conditions can signi�cantly alter its structure as
shown by our structure prediction results where a conversion from hcp to fcc was observed and as
suggested previously by other works38,39. A previous study by Caracas18 has investigated the effect of H
on the seismic properties of solid Fe but they only considered the hcp structure of Fe-H phases and the
consideration of temperature is not complete. Multiple Fe-H structures are important in the core and high-
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temperature effects on elasticity could be important. Therefore, the elastic properties of the different Fe-H
alloy structures need to be investigated and should be distinguished from that of the pure hcp-Fe
structure.

The static elastic constants of hcp-Fe, fcc FeH and FeH3 are shown in Table S4, and the derived seismic

properties are listed in Table 2. Our hcp-Fe phase results are well consistent with previous work40,41. We
�nd that H reduces the density of hcp-Fe signi�cantly (each 1 wt.% H reduces the density by 7.6%), while
H increase both the compressional and shear wave velocities (each 1 wt.% H increases the Vp and Vs by
~2.3% and ~1.5%, respectively). The value of Poisson's ratio (0.32-0.33) hardly changes with the different
H concentrations or structures, and the Debye sound velocity is only a small increase (~2%) for each 1
wt.% of H. 

Our results have a similar general trend to that observed by Caracas18 but they obtained a larger
compressional wave velocities increase (~10% increase of Vp with 1 wt.% H). Alternatively, we predict that
H reduces the elastic modulus of solid hcp-Fe, which is contrary to Caracas's conclusion but the wave
velocities increase in both cases due to the reduction in density which is the largest control. The
difference between our results and that of Caracas is likely due to the fact that different Fe-H structures
exhibit different seismic properties. Therefore, determining the actual effect of H on velocities requires
determining its distribution and structure. As explained above H can introduce a phase change to Fe but
the predicted elastic effect of this is very small and the effect of H should be much larger than the effect
of an hcp to fcc phase change in the Fe sublattice18,32.

These results were calculated statically, and the in�uence of temperature on the elastic and seismic
properties also needs to be evaluated. We investigated the temperature effect on the most stable phase
FeH by calculating elasticity with Molecular Dynamics (MD) simulations. The seismic properties of hcp-
Fe and fcc-FeH at high-temperature (5000 K) are shown in Table 3. Compared with the static results, there
is a reduction of Vp and Vs in FeH by ~8% and ~13%, respectively. However, the sound velocities of FeH at
high temperatures still remain too high to account for the geophysical observations. Thus, Fe-H binaries
alone are unlikely to provide a seismically suitable structure for the inner core.

Another interesting phenomenon is observed in our MD calculations. At the temperature of 360 GPa and
5000 K, we observe that while Fe-H is still solid (as observed in its RDF and RMSD plots, see Figure S7)
the H atom shows a continual drift in time which is not seen at 3500 K. This is also observed in a manual
inspection of the results as H atoms move between different Fe sites over time. This suggests that above
~3500 K the Fe remains in a solid sublattice but that the H sublattice converts to a reported superionic
state42 where the H atoms can freely move. By determining the slope of the RMSD we determined the H
diffusion coe�cient to be 10-8-10-9 m2/s above the temperature of ~4000 K, which demonstrates that the
H has signi�cant mobility in Fe-H system. The superionic H may contribute to the conductivity of the core
through the movement of charge carriers, but such an analysis is outside the scope of this work.
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A recent study by Li et al.43 concluded that the Earth's core is a potentially large water reservoir by
calculating the H or water partitioning between liquid Fe and silicate melts at core-mantle boundary
(CMB) conditions. Moreover, previous studies15-17 have proposed that the water storage capacity of the
outer core would be dozens of times that of ocean water. These studies all support that H is a vital core
light element. However, with the incorporation of H and thus the wave velocities of Fe-H binaries remain
too high to match the geophysical observations of the core even at core temperature conditions. A ternary
combination Fe-X-H (X = O, S, Si, C, etc.) is needed to solve these dilemmas. More recently, Wang et al.44

reported that the superionic H in Fe-Si-H composition could simultaneously satisfy the density, sound
velocities, and Poisson's ratio of the Earth's inner core, supporting that H is a signi�cant component of the
Earth's core. During the evolution of the early Earth, the �rst light element that Fe dissolved was H14;
therefore, Fe-H-X ternaries were likely the �rst to form and the behavior of such ternaries, and how H
affects the subsequent dissolution of light elements36, is critical in understanding the core’s composition
and evolution.

Conclusion
Hydrogen has been considered as one of the important light elements in the Earth's core thus determining
the structure and properties of stable iron hydrides is essential for core mineralogical applications. Our
study suggests that the Fe-H binary adopts numerous possible structures under core-like conditions, while
the fcc structure is concluded to be a strong candidate for the H-bearing phase in the Earth's inner core.
Based on the inner core density de�cit, we estimated the maximum H concentration in the inner core is
equivalent to 3 times that of ocean water, which indicates that a large amount of water has been brought
to the Earth's interior during its formation and a relatively low inner core temperature thus induced. H is a
suitable light element for reducing the density of the core while not affecting the elasticity of the Fe
sublattice to large degrees. The wave velocities of Fe-H binary still remain too high to account for the
seismological observations of the inner core, other light elements are thus required.

Methods
Ab initio calculations

Fe-H binary structures were calculated by DFT25 within the generalized gradient approximation (GGA)45

and the projector-augmented wave (PAW) method46. The calculations were performed in the Vienna Ab
initio Simulation Package (VASP) code47. Fe-3p63d74s1 and H-1s1 were treated as valence states. We
found an energy cutoff of 600 eV and a Monkhorst-Pack scheme48 with a k point grid of 2π × 0.05 Å-1

gave excellent stress tensors and structural energy convergence for the Fe-H systems. The variable-
composition structure search has been conducted by the crystal structure prediction code USPEX23,24,
where the selected parameters have been demonstrated to have high reliability in many successful
applications from single elemental solids to many-body compounds49. The structures were then fully
relaxed in steps of 20 GPa between 300 GPa and 420 GPa. Molecular dynamics (MD) simulations were
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conducted to explore the thermoelasticity of iron hydrides at high temperatures, and the state and
mobility of H in the Fe lattice were also detected. MD calculations were run at the gamma point with a
cutoff of 450 eV, relaxation to within 10−4 eV, and all runs were calculated with a cubic 2 × 2 × 2 unit cell
of 64 atoms. By using the Nosé thermostat50, MD trajectories were implemented in the NVT ensemble
over 10 ps, which was enough to reach reasonable convergence. We retrieved the root-mean-square
displacements (RMSD) and Radial Distribution Function (RDF) from each MD simulation to ensure that
we were computing the solid phases.

QHA calculations

Theoretical phonon dispersion and the Gibbs free energy of Fe-H systems were obtained by using the
PHONOPY package26 with quasi-harmonic approximation. Supercells are used for stable phases (hcp-Fe

with 3 × 3 × 3 of 54 atoms,  with 3 × 3 ×3 of 108 atoms,  and P4/mmm-
Fe3H5 with 2 × 2 × 2 of 64 atoms, C2/m-Fe3H11 with 1 × 2 × 2 of 112 atoms, and C2/c-FeH6 with 2 × 1 × 2
of 112 atoms). The temperature and volume dependence of the Helmholtz free energy F(V, T) is given by:

where U(V) is internal energy, Fel(V, T) is electronic free energy, the last term Fvib(V, T) is the vibrational free
energy that can be calculated as:

where N is the number of atoms, q is the wave vector, Nq is the number of wave vectors. ωi(q) is the
phonon frequency, kB is the Boltzmann constant, and ℏ is the reduced Plank constant. The contribution to
the free energy from electronic excitations at different electronic temperatures Fel(V, T) was included by
using a Fermi smearing function when calculating the ground-state energy in VASP.

The Gibbs free energy can be obtained from:

Note that QHA neglects any anharmonic effects. However a previous study33 has calculated the
anharmonic contribution to free energy in an hcp-Fe system and found that it was less than 60
meV/atom at 6000 K. In the Fe-H binary system, with the incorporation of H, the anharmonic contribution
to the free energy may be higher, which can also be estimated.

Seismic properties calculations

The strain-stress method was used to compute the elastic constants tensor under static conditions. The
different symmetries of the crystal structures mean that they have a different number of independent
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elastic constants and a different number of distortions to obtain their elastic constants. We applied a
deformation matrix to achieve the deformation with strain values of ±0.01 and ±0.02, respectively. This
was done with each stable Fe-H phase with supercells that were the same size as used in the phonon
calculations. The results of strain-stress value were then �tted to second-order polynomials to evaluate
the elastic constants51. We applied a uniform strain to the Fe-H binaries supercells, thus the Voigt
average was used to calculate the bulk and shear elastic modulus, and these were then propagated to the
seismic wave velocities. More calculation details are given in the Supplementary Information.
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Tables
Table 1. The probabilities (Pi) of different phases in relevant temperature at 360 GPa.

Probability Phase 5000 K 6000 K

 

 

Pi

FeH 0.306 0.282

Fe3H5 0.224 0.214

FeH3 0.117 0.111

Fe3H11 0.215 0.233

FeH6 0.138 0.160
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Figures

 

Table 2. Seismic properties of FexHy phases at 0 K and 360 GPa. The presence of H increases the seismic
wave velocities in all FexHy phases, and the percentages increase per 1 wt.% H is shown in parentheses.

FexHy

phases

H ρ K G  Vp  Vs  VD ν

(wt.%) (g/cm3)  (GPa) (GPa) (km/s) (km/s) (km/s)

hcp-Fe  14.28 1611 658 13.20 6.79 7.60 0.32

hcp-Feb  14.19 1590 655 13.18 6.80 7.61 0.32

hcp-Fec  14.19 1615 657 13.25 6.80 7.65 0.32

fcc-FeH 1.77 12.56 1538 622 13.73 (2.2%) 7.04 (2.1%) 7.89 0.32

Fe3H5 2.9 11.32 1432 565 13.89 (1.7%) 7.06 (0.3%) 7.91 0.33

fcc-FeH3 5.1 9.52 1389 516 14.77 (2.3%) 7.36 (1.4%) 8.26 0.33

PREMd  13.05 1416 173.9 11.24 3.65 4.15 0.44

b Martorell et al.40. c Li et al.41. d Dziewonski and Anderson53.

Table 3. Seismic properties of hcp-Fe and FeH at 5000 K and 360 GPa. Static results and PREM data are
listed for comparison. 

FexHy T H ρ K G  Vp  Vs  VD ν

phases (K) (wt.%) (g/cm3)  (GPa) (GPa) (km/s) (km/s) (km/s)

fcc-FeH 0 1.77 12.56 1538 622 13.73 7.04 7.89 0.32

5000  12.40 1372 463 12.67 6.11 6.87 0.35

Feb 5000   13.75 1552 368 12.14 5.05 5.71 0.39

Fec 5000  13.69 1536 378 12.19 5.17 5.84 0.38

PREMd   13.05 1416 174 11.24 3.65 4.15 0.44

b Martorell et al.40. c Li et al.41. d Dziewonski and Anderson53.
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Figure 1

Formation enthalpy curves (Convex Hull) of the Fe-H binary at high pressures of 300 GPa. A range of
stable iron hydrides at various Fe:H ratios, i.e., 1:1, 1:3, 3:5, 3:11, and 1:6, were discovered by our
evolutionary searches. Structures predicted from literature are plotted for comparison.
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Figure 2

Formation Gibbs free energy curves (Convex Hull relatively pure Fe and H) of the Fe-H binary at 360 GPa.
The temperature is 0 K, 1000 K, 5000 K, respectively (squares correspond to 0 K, circles 1000 K, triangles
5000 K). Note that at the pressure of 300 GPa and above the temperature of 1000 K, pure hydrogen is a
metallic liquid 52. The Gibbs free energy of solid H metal is used as a reference endpoint, which will not
change our conclusions about the thermal stability of Fe-H binaries. The trend of the convex hull curve
should be consistent with the real case. The convex hulls with respect to FeH and H were plotted in Figure
S4.
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Figure 3

The variation of the molar concentration of H with depth. The different color lines represent different
temperatures. H concentration decreases with depth (pressure) and temperature, the core center with
higher temperature and pressure contains less H, which is consistent with the density trend of the PREM
model. Moreover, one can see that the temperature has a weak effect on H concentration (~0.3%) while
the impact of pressure is more visible (~2%).
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Figure 4

The melting temperatures of Fe-H with different H contents at 330 (dash line) and 360 GPa (solid line).
The blue dot-dash lines represent the H content in our calculations, and the corresponding melting
temperatures at the inner core pressure conditions are shown by gray regions.
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