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ABSTRACT 11 

Hydrogen is a strong candidate for light alloying elements in the terrestrial cores. 12 

Previous first-principles studies on non-stoichiometric hexagonal close-packed (hcp) 13 

and double hexagonal close-packed (dhcp) FeHx predicted a discontinuous volume 14 

expansion across the magnetic phase transition from non-magnetic (NM) or 15 

antiferromagnetic (AFM) to ferromagnetic (FM) state with increasing the hydrogen 16 

content, x at 0 K. However, previous high pressure and temperature neutron diffraction 17 

experiments on face-centered cubic (fcc) FeHx did not show such nonlinearity. The 18 

discrepancy between theory and experiment may be due to differences in the crystal 19 

structure, magnetism, or temperature. In this study, we computed the equation of states 20 

for fcc FeHx by using the Korringa-Kohn-Rostoker method combined with the 21 

coherent potential approximation (KKR-CPA). In addition to the four types of 22 

ground-state magnetism (FM, AFM-I, AFM-II, and NM), we also calculated the local 23 

magnetic disorder (LMD) state, which approximates the paramagnetic (PM) state with 24 

local spin moment above the Curie temperature. The results show that even though FM, 25 

AFM-I, AFM-II, and NM calculations predict a discontinuity in the volume at 0 K, the 26 

volume becomes continuous above the Curie temperature, consistent with the previous 27 

high-temperature experiment. From the enthalpy comparison at 0 K, FM fcc FeH (x = 28 

1) undergoes the NM state above ~48 GPa. The magnetic transition pressure decreases 29 

with decreasing hydrogen content. Therefore, below the magnetic transition pressure, 30 

local spin moments affect the density and elastic wave velocity of fcc FeHx, which may 31 

be important for small terrestrial bodies such as Mercury and Ganymede. On the other 32 

hand, at the Earth’s core pressure above 135 GPa, fcc FeHx becomes NM. Thus, we 33 

calculated the density and bulk sound velocity as a function of pressure at 0 K for NM 34 
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fcc FeHx. The density at 360 GPa decreases with increasing hydrogen content, with 35 

FeH0.5 best matching the preliminary reference Earth model (PREM) of the inner core. 36 

Since the density decreases with increasing temperature, this value constrains the upper 37 

limit of hydrogen content, assuming the inner core is fcc FeHx. On the other hand, the 38 

bulk sound velocity at 360 GPa increases with increasing hydrogen content, with 39 

FeH0.3 best matching the PREM, which may give a lower bound. Assuming that the 40 

Poisson’s ratio of the FeHx alloy is equal to that of the inner core, we examined the 41 

effects of temperature on density and bulk sound velocity. The results suggest that the 42 

fcc FeHx alloy alone cannot explain the inner core density and bulk sound velocity 43 

simultaneously unless the temperature is extremely low (T < 4000 K). 44 

Keywords: FeHx, magnetism, equation of states, KKR-CPA, inner core 45 

INTRODUCTION 46 

The Earth’s core is thought to contain a certain amount of light elements in addition 47 

to iron and nickel (e.g., Hirose et al. 2021). Recent studies of metal-silicate partitioning 48 

have indicated that the Earth’s core may contain hydrogen (Tagawa et al. 2021; Yuan 49 

and Steinle-Neumann 2020; Li et al. 2020). Hydrogen alloying is also essential to the 50 

cores of terrestrial planets other than Earth. For example, Mercury and Ganymede have 51 

dipole magnetic fields. If these fields are generated by the convective motion of the 52 

liquid core, the melting temperature of the core must be lower than pure iron. Among 53 

the light-element candidates for the core, sulfur (e.g., Mori et al. 2017) and hydrogen 54 

(e.g., Sakamaki et al. 2009) significantly decrease the melting temperature. Therefore, 55 

Ganymede’s core may contain these light elements (Shibazaki et al. 2011). 56 

Experiments on iron-hydrogen systems are technically more complicated than those 57 
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on other iron alloys. For example, when the FeHx alloy synthesized under high 58 

pressure is depressurized, the hydrogen degasses, and chemical analysis of the 59 

recovered sample cannot be performed. Therefore, the following equation (1) is often 60 

used to estimate the hydrogen concentration from the volume of the iron alloy obtained 61 

from in-situ X-ray observation using the assumption that the volume of FeHx is 62 

proportional to the hydrogen concentration (e.g., Fukai 2006). 63 𝑥 = ௏ూ౛ౄೣି௏ూ౛୼௏ಹ                                                       (1) 64 

where VFeHx is the measured volume of FeHx, VFe is the volume of iron at the same 65 

temperature and pressure conditions as the reference, and ΔVH is the volume expansion 66 

due to hydrogen alloying. This equation has been validated for several metal-hydrogen 67 

alloys with face-centered cubic (fcc) structure (Fukai 2006). However, it may not be 68 

possible to interpolate a straight line between the Fe and FeH end members if they 69 

have different crystal and/or magnetic structures. 70 

Pure iron (x = 0) has three different polymorphs: body-centered cubic (bcc), fcc, and 71 

hexagonal close-packed (hcp) structure. At the ambient conditions, the bcc structure is 72 

stable. Bcc Fe is ferromagnetic (FM) with the Curie temperature of TC = 1043 K, and 73 

its pressure dependence is negligible (Leger et al. 1972). When compressed at room 74 

temperature, it undergoes a phase transition to the hcp phase at ~15 GPa. The 75 

magnetism of hcp Fe is considered to be nonmagnetic (NM) or antiferromagnetic 76 

(AFM) (Nasu et al. 2002; Steinle-Neumann et al. 2004). The hcp structure is stable at 77 

the Earth’s inner core pressure (P) and temperature (T) conditions (e.g., Tateno et al. 78 

2010). On the other hand, at pressures below 90 GPa, the fcc structure becomes stable 79 

at high temperatures (Komabayashi and Fei 2010). The fcc stability region includes the 80 

P-T conditions of the core of planets and satellites such as the Moon, Ganymede, 81 
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Mercury, and Mars (see e.g., Tsujino et al. 2013). Metastable fcc Fe at ambient 82 

condition is considered to be in first-kind antiferromagnetic (AFM-I) or 83 

spin-density-wave (SDW) state (Abraham et al. 1962; Tsunoda 1989). 84 

The crystal structure and magnetism of stoichiometoric FeH (x = 1 for FeHx) have 85 

been studied by theoretical calculations and high-pressure experiments on iron 86 

saturated with hydrogen. At the ambient conditions, bcc Fe does not react with 87 

hydrogen, but the solubility of hydrogen increases due to the effects of temperature, 88 

pressure, and structural phase transition (Sugimoto and Fukai 1992). Therefore, the 89 

stability field of bcc Fe is smaller in a hydrogen-saturated system than in a 90 

hydrogen-free system. At room temperature, double hexagonal close-packed (dhcp) 91 

FeH becomes stable above 3.5 GPa (e.g., Badding et al. 1991). This dhcp FeH is FM 92 

(e.g., Schneider et al. 1991; Mitsui et al. 2010). The Curie temperature of dhcp FeH is 93 

expected to be TC ~1200 K at ambient pressure and decrease rapidly with increasing 94 

pressure (Gomi et al. 2018). Upon pressurization, FM dhcp FeH undergoes a magnetic 95 

transition to NM (Gomi et al. 2018). Like fcc Fe, fcc FeH has a stable region at high 96 

temperatures. Furthermore, fcc FeH can be obtained by compressing dhcp FeH at room 97 

temperature (Isaev et al. 2007; Thompson et al. 2018; Kato et al., 2020). The 98 

Mössbauer spectroscopy of fcc FeH at 47 GPa and 300 K suggests it is either NM or 99 

AFM (Narygina et al. 2011). On the other hand, the experimentally determined 100 

equation of state of fcc FeH is consistent with first-principles calculations with FM at 101 

pressures below ~60 GPa (Kato et al. 2020). Thus, the ground state magnetism of 102 

metastable fcc FeH near ambient pressure is FM, as for dhcp FeH, and may undergo a 103 

magnetic transition to NM upon compression. 104 

As stated above, Fe and FeH have different crystal structures and magnetic states 105 
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even at the same P-T conditions. Therefore, structural and/or magnetic transitions 106 

should occur when the hydrogen concentration (x) is changed. Gomi et al. (2018) 107 

compared the relative stability of FM/NM hcp/dhcp FeHx from first-principles 108 

calculations. Similarly, León et al. (2020) compared the relative stability of FM/AFM 109 

hcp FeHx. Both studies showed that NM or AFM states are stable at low hydrogen 110 

concentrations, and phase transitions to FM occur as the hydrogen concentration 111 

increases. Importantly, a significant volume discontinuity accompanies this magnetic 112 

transition since NM and AFM phases have a smaller volume than the FM phase. Such 113 

a large volume change implies a breakdown of Eq. (1) for hcp and dhcp FeHx at 0 K. 114 

However, high P-T neutron diffraction experiments on fcc FeHx by Ikuta et al. (2019) 115 

confirmed a linear relationship between hydrogen concentration and volume expansion 116 

(Eq. 1). In this study, we calculated the equation of state for fcc FeHx using the 117 

Korringa-Kohn-Rostoker method combined with the coherent potential approximation 118 

(KKR-CPA). FM, NM, AFM-I, and AFM-II were considered as the ground state 119 

magnetism. We further calculated the local magnetic disorder (LMD) state to examine 120 

the effect of temperature on magnetism. We also calculated NM hcp and dhcp FeHx to 121 

investigate the effect of different crystal structures on the equation of state. 122 

METHODS 123 

We performed first-principles calculations for FeHx similarly to Gomi et al. (2018). 124 

The Kohn-Sham equation was solved by the Korringa-Kohn-Rostoker (KKR) method 125 

(Akai 1989). A Perdew-Burke-Ernzerhof (PBE)-type generalized gradient 126 

approximation (GGA) was used for the exchange-correlation potential (Perdew et al. 127 

1996). Relativistic effects were taken into account in the scalar relativistic 128 
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approximations. The wavefunction was computed up to l = 2, where l is the angular 129 

momentum quantum number. The coherent potential approximation (CPA) was used to 130 

represent hydrogen atoms randomly occupying octahedral interstitial sites. The 131 

hydrogen concentration x was changed from 0 (Fe) to 1 (FeH) in increments of 0.1. For 132 

fcc FeHx, spin-polarized and non-spin-polarized calculations were performed. Five 133 

types of spin configurations were calculated: FM, NM, AFM-I, AFM-II, and LMD 134 

states, in which the up and down spins form a random alloy, simulating a state with a 135 

local spin moment above the characteristic magnetic transition temperature (i.e., Curie 136 

or Néel temperature) (e.g., Akai and Dederichs 1993; Gomi et al. 2018). To calculate 137 

the AFM states, we considered two different spin configurations shown in Figure (S1), 138 

which are drawn by VESTA (Momma and Izumi 2011). The calculation cell for AFM-I 139 

with the same spins in the (001) plane is the bottom-centered orthorhombic lattice and 140 

contains 2FeHx. The k-points of this calculation are sampled 1050 points in the 141 

irreducible Brillouin zone. The calculation cell for the AFM-II with the same spin in 142 

the (111) plane is a rhombohedral lattice and contains 2FeHx. The other three 143 

configurations (FM, NM, and LMD) are also calculated with this rhombohedral 144 

calculation cell. The k-points were sampled at 1313 points in the irreducible Brillouin 145 

zone. The muffin-tin approximation was used. To maximize the muffin-tin radius (r) of 146 

Fe site, we adopted 𝑟୊ୣ = √2𝑎୤ୡୡ 4⁄  for the Fe, and 𝑟ୌ = ൫2 − √2൯𝑎୤ୡୡ 4⁄  for the H, 147 

where afcc is the lattice parameter of the fcc lattice of the same volume. In this case, the 148 

total volume of the muffin-tin spheres is 79.3% of the calculated cell. Furthermore, we 149 

also performed NM calculations for hcp and dhcp FeHx. In each volume, we optimized 150 

the axial ratio c/a from the total energy. We set the muffin-tin radius smaller than the 151 

fcc FeHx calculations, with keeping 𝑟ୌ 𝑟୊ୣ⁄ = √2 − 1. As a result, the total volume of 152 



8 
 

the muffin-tin spheres becomes 73.2% of the calculation cell. For calculating hcp and 153 

dhcp, we performed a k-point sampling of 640 and 280 points, respectively, in the 154 

irreducible Brillouin zone. The size of the calculation cell ranged from 50 to 120 Bohr3 155 

per chemical formula with 2 Bohr3 steps. The total energy was fitted to the Vinet 156 

equation of state. 157 

𝐸(𝑉) = ଶ௄బ௏బ൫௄బᇲିଵ൯మ ቐ2 − ቈ5 + 3 ቀ ௏௏బቁభయ (𝐾଴ᇱ − 1) − 3𝐾଴ᇱ቉ exp ቎− ଷଶ (𝐾଴ᇱ − 1) ቈቀ ௏௏బቁభయ − 1቉቏ቑ + 𝐸଴ (2) 158 

where E is the total energy, V is the volume, K and K’ are the isothermal bulk modulus 159 

and its pressure derivative. Subscript 0 indicates the zero-pressure value. All data were 160 

fitted for NM calculations. Data with non-zero local spin moments was used for 161 

spin-polarized calculations (FM, LMD, AFM-I, and AFM-II). The pressure and 162 

isothermal bulk modulus can be calculated from the obtained fitting parameters. 163 𝑃(𝑉) = 3𝐾଴ ቀ௏బ௏ ቁమయ ቈ1 − ቀ ௏௏బቁభయ቉ exp ቊଷଶ (𝐾଴ᇱ − 1) ቈ1 − ቀ ௏௏బቁభయ቉ቋ                         (3) 164 

𝐾்(𝑉) = 𝐾଴ ቀ௏బ௏ ቁమయ ቈ1 + ቊଷଶ (𝐾଴ᇱ − 1) ቀ ௏௏బቁభయ + 1ቋ ቊ1 − ቀ ௏௏బቁభయቋ቉ exp ቈଷଶ (𝐾଴ᇱ − 1) ቊ1 − ቀ ௏௏బቁభయቋ቉ (4) 165 

Note that adiabatic bulk modulus can be described as KS = (1 + αγT), where α is the 166 

thermal expansion coefficient and γ is the Grüneisen parameter. At 0 K, KS is equal to 167 

KT. And it is reasonable to approximate KS ~ KT at 300 K, whereas the difference 168 

between KT and KS becomes significant at high temperature relevant to terrestrial 169 

cores. 170 

We can roughly estimate the Curie temperature by comparing the relative enthalpy 171 

between FM and LMD states (Sato et al. 2003).  172 𝑇஼(𝑃) = ଶଷ௞ಳ (∆𝐸(𝑃) + 𝑃∆𝑉)                                                 (5) 173 

where Tc is the Curie temperature, P is pressure, kB is the Boltzmann’s constant, ΔE 174 
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and ΔV are energy and volume difference between FM and LMD states, respectively.  175 

RESULTS 176 

Figure S2-12 shows the results for fcc FeHx. Note that the local spin moment of FM 177 

is almost equal to the bulk spin moment, while the bulk spin moments of AFM-I, 178 

AFM-II, and LMD are zero. The local spin moment decreases with compression. The 179 

disappearance of the spin moment occurs at the point where the total energy curves of 180 

the magnetic phases (FM, AFM-I, AFM-II, and LMD) intersect the total energy curve 181 

of NM. At this point, the local magnetic moment of FM abruptly drops to zero, while 182 

that of AFM-I, AFM-II, and LMD decrease slowly. The magnitude of the spin moment 183 

in the same volume decreases with increasing hydrogen concentration, which is 184 

consistent with León et al. (2020). 185 

Figure S2-12 (b) shows the total energy of fcc FeHx. Figure S13 shows the results of 186 

NM hcp and dhcp FeHx calculated in the same volume range as fcc FeHx. The symbols 187 

are the calculation results, and the solid lines are the fitting curves. Obtained fitting 188 

parameters are summarized in Table S1 and S2. The E0 of fcc FeH is in the order of 189 

FM, AFM-II, LMD, AFM-I, NM from the lowest. Note that AFM-II is more stable 190 

than AFM-I, consistent with previous first-principles results by Kato et al. (2020). On 191 

the other hand, the total energy of Fe is in the order of FM, LMD, AFM-I, AFM-II, 192 

NM from the lowest energy; AFM-I is more stable than AFM-II. Figure 1 shows the 193 

pressure-volume relationship obtained in this study compared with previous 194 

experiments (Narygina et al. 2011; Tagawa et al. 2022; Kato et al. 2020; Dewaele et al. 195 

2006; Fei et al. 2016). The NM fcc FeH results are consistent with previous 196 

experiments at high pressure, while they are inconsistent at low pressure. The 197 
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experimental results at low pressure are consistent with the calculated results of FM 198 

fcc FeH. 199 

The relative stability of each phase can be discussed from the comparison of 200 

enthalpies, which are plotted in Figure S2-12 (c) and (d). First, we discuss fcc Fe 201 

endmember. The enthalpy of fcc Fe (Fig. S2c) shows that FM is the most stable at 0 202 

GPa and AFM-I is the next most stable. However, the experimentally obtained ground 203 

state magnetism of metastable fcc Fe is not FM. Abraham et al. (1962) performed 204 

neutron diffraction experiments on fcc Fe precipitated in Cu and reported its magnetic 205 

structure as AFM-I. Later, Tsunoda (1989) reported that the ground state magnetism of 206 

precipitated fcc Fe is not AFM-I, but a more complicated SDW state. According to the 207 

previous first-principles calculations, fcc Fe has FM, NM, AFM, and SDW energies in 208 

the range of a few mRy and is also sensitive to the lattice parameters (Tsetseris 2005). 209 

The present results also show that the enthalpy difference between FM and AFM-I is 210 

only ~2 mRy, and including NM and AFM-II, it is within 4 mRy. From the enthalpy 211 

difference between FM and LMD, the Curie temperature can be roughly estimated (Fig. 212 

S2-12d). The Curie temperature of FM fcc Fe was estimated to be TC = 189 K (Fig. 213 

S2d), which is close to the experimental Néel temperature of SDW fcc Fe of TN = 67 K 214 

(Onodera et al. 1994) (Fig. 2). Due to the above difficulties and the fact that the present 215 

work does not involve the SDW calculations, it may not be possible to correctly 216 

estimate the magnetism of the ground state of fcc FeHx with low hydrogen 217 

concentration by comparing the enthalpies. However, due to the low Curie and Néel 218 

temperatures, metastable fcc FeHx is expected to be a paramagnetic (PM) state with a 219 

local spin moment at room temperature and zero pressure. Then, we discuss fcc FeH 220 

endmember. For fcc FeH, FM stability increase compared with fcc Fe, which suggests 221 
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that SDW may not appear at high hydrogen concentration and FM becomes stable. 222 

From comparing the enthalpies of FM and NM, the FM-NM transition is expected at P 223 

~48 GPa (Fig. S12c). The enthalpy difference between FM and LMD corresponds to 224 

the Curie temperature of TC = 1088 K at 0 GPa. This value is comparable to the Curie 225 

temperature of TC = 1043 K for bcc Fe, suggesting the FM stability against the 226 

temperature. However, it decreases with pressure (Fig. S12d) , which is consistent with 227 

the previous Mössbauer measurement at 47 GPa and 300 K that indicates NM or AFM 228 

state (Narygina et al. 2011). Finally, we discuss the effects of hydrogen concentration, 229 

pressure, and temperature on the stability of FM fcc FeHx. As for the FM-NM 230 

transition, its pressure decreases from P ~48 GPa (FeH) with decreasing hydrogen 231 

content. Similarly, the Curie temperature decreases with decreasing hydrogen 232 

concentration and increasing pressure (Fig. 2). Decreasing FM stability with increasing 233 

temperature, increasing pressure, or decreasing hydrogen concentration follows the 234 

same trend as in our previous study of hcp FeHx and dhcp FeHx (Gomi et al. 2018). 235 

DISCUSSION 236 

In hcp FeHx and dhcp FeHx, a discontinuous volume change with the NM (or 237 

AFM)-FM magnetic transition is predicted from first-principles calculations when the 238 

hydrogen concentration is varied (Gomi et al. 2018; León et al. 2020). However, in the 239 

high P-T neutron diffraction experiment on fcc FeHx by Ikuta et al. (2019), the volume 240 

increases linearly with increasing hydrogen concentration, and no discontinuity is 241 

observed. There are two possible reasons for this discrepancy between theory and 242 

experiment. The first is that fcc Fe has SDW (or AFM-I like) magnetism at 0 K. The 243 

second is that previous calculations (Gomi et al. 2018; León et al. 2020) are done at 0 244 
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K, while Ikuta et al. (2019) is a high-temperature experiment at 750-1200 K. Figure 3 245 

shows our calculated volumes of FM, NM, and LMD fcc FeHx compared with previous 246 

experiments (Machida et al. 2014; Ikuta et al. 2019; Shito et al. in press). Ikuta et al. 247 

(2019) plotted the measured volume of fcc FeHx minus the calculated volume of fcc Fe 248 

at the same P-T conditions (Tsujino et al. 2013) to see the effect of volume expansion 249 

due to hydrogen only. To make a fair comparison, we also calculated the volume of fcc 250 

FeHx at 3.8-12.3 GPa and plotted the volume difference between present fcc FeHx and 251 

fcc Fe calculated from the previous experimental equation of state (Tsujino et al. 2013). 252 

In this way, the effect of magnetism and hydrogen on the volume can be discussed. 253 

First, the NM results do not reproduce the Ikuta et al. (2019)’s experiments at all 254 

hydrogen concentrations. Second, FM reproduces Ikuta et al. (2019) in the region of x 255 

≥ 0.7 but overestimates at x ≤ 0.2. In contrast, the LMD reproduces the volume of Ikuta 256 

et al. (2019) over a wide range of hydrogen concentrations. LMD simulates a PM state 257 

with the local spin moment at temperatures higher than the Curie or Néel temperature 258 

of FM, AFM and, SDW states. In the region of low hydrogen concentration (x ≤ 0.2), 259 

the volumes of LMD fcc FeHx show good agreements with previous experiments 260 

(Ikuta et al. 2019) because the Curie temperature (Fig. 2) is lower than the temperature 261 

range of the experiments. Similarly, for x ≥ 0.7, the Curie temperature and 262 

experimental temperature conditions are close, so the calculated results of LMD or FM 263 

are close to the results of Ikuta et al. (2019). Thus, no discontinue volume change is 264 

observed when the temperature is higher than the Curie (or Néel) temperature, even 265 

though magnetism considerably influences the volume below the FM-NM transition 266 

pressure P ~ 48 GPa for fcc FeH. 267 

Let us discuss the difference in volume depending on the crystal structures. We 268 
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found that fcc FeH becomes NM at P > ~48 GPa. Also, dhcp FeH is NM at P > ~65 269 

GPa (Gomi et al. 2018). For FeHx, the stable region of NM expands as the hydrogen 270 

concentration decreases, so we only need to consider NM to discuss the Earth’s core, 271 

whose pressure is P ≥135 GPa. Figure 4 shows the volumes of NM fcc, hcp, and dhcp 272 

FeHx at 135 GPa and 360 GPa. The difference between the three crystal structures (fcc, 273 

hcp, and dhcp) has little effect on the volume (Fig. 4, Table S1-4). The present results 274 

are consistent with previous studies of hcp FeHx (Caracas 2015). The dashed line in 275 

Figure 3 is a linear interpolation between the experimental equation of state for hcp Fe 276 

(Dewaele et al. 2006) and fcc FeH (Tagawa et al. 2022). Our results agree 277 

quantitatively well with the experimental interpolation and thus support the validity of 278 

Eq. 1 at the pressure at which NM becomes stable. 279 

IMPLICATIONS 280 

In order to constrain the chemical composition of the inner core, the physical 281 

properties from seismic observations are compared to those obtained from experiments 282 

or calculations. For example, Caracas (2015) obtained the density (ρ), longitudinal 283 

velocity (VP), and transverse velocity (VS) for hcp FeHx from static first-principles 284 

calculations. Based on his results, Caracas (2015) argued that VS is too high to explain 285 

the preliminary reference Earth model (PREM) (Dziewonski and Anderson 1981) for 286 

any value of x in hcp FeHx. On the contrary, He et al. (2022) suggested that the 287 

interstitial H atoms become a super-ionic state at high temperatures based on their ab 288 

initio molecular dynamics (AIMD) simulations on hcp FeH0.25, which result in a 289 

significant reduction of VS. Also, earlier experimental studies (Mao et al. 2004; 290 

Shibazaki et al. 2012; Thompson et al. 2018) argued that hydrogen is a good candidate 291 



14 
 

for the light elements based on experimentally based extrapolation models. Mao et al. 292 

(2004) and Thompson et al. (2018) measured the Debye sound velocity (VD) by nuclear 293 

resonant inelastic X-ray scattering (NRIXS). The Debye sound velocity can be 294 

represented as 3 𝑉஽ଷ⁄ = 1 𝑉௉ଷ⁄ + 2 𝑉ௌଷ⁄ . VP and VS can be calculated by associating VD 295 

with the bulk sound velocity 𝑉஍ = ඥ𝐾ௌ 𝜌⁄ = ඥ𝑉௉ଶ − (4 ⁄ 3)𝑉ௌଶ. Also, Shibazaki et al. 296 

(2012) measured VP of dhcp FeH by using the inelastic X-ray scattering (IXS). They 297 

also estimated VS via VΦ. Considering that KS ~ KT at 300 K, VΦ (or isothermal bulk 298 

modulus, KT) can be obtained from the equation of state (Eq. 4). However, since KT(V) 299 

is a derivative of pressure, the extrapolation of KT(V) may have a more significant error 300 

than the extrapolation of P(V). 301 

In this study, we calculated the density and bulk sound velocity as function of 302 

pressure at 0 K using the equation of state obtained by first-principles calculations and 303 

compared them with the PREM of the inner core (Dziewonski and Anderson 1981). 304 

The density and bulk sound velocities of NM and LMD fcc FeHx obtained in this study 305 

are plotted as a function of pressure (Fig. 5). There is a discontinuity in the bulk sound 306 

velocity between NM and LMD, which is consistent with recent VP measurement on 307 

fcc FeH (Wakamatsu et al. 2022). Therefore, if such magnetic transitions exist in 308 

Ganymede and Mercury core, anomalies in elastic wave velocities may be expected. 309 

Comparing the present density with the PREM at the inner core, NM fcc FeH0.5 agreed 310 

best. However, the equation of state in this study was obtained from static 311 

first-principles calculations. The density expected to decrease with increasing 312 

temperature. Therefore, if we assume that the Earth’s inner core is composed of fcc 313 

FeHx, the results of the density place a constraint of x < 0.5. Similarly, NM FeH0.3 best 314 

agreed with the bulk sound velocity of PREM. Assuming that the bulk sound velocity 315 
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decrease with increasing temperature, the hydrogen content is restricted to x > 0.3. 316 

Figure 6 represents the density-bulk sound velocity relationship at 360 GPa. Present 317 

values for fcc Fe at 0 K show excellent agreement with hcp Fe calculated from the 318 

experimental equation of state at 300 K (Dewaele et al. 2006). As the hydrogen 319 

concentration increased, the density decreased, and the bulk sound velocity increased, 320 

which is consistent with Caracas (2015). Previous AIMD studies (Martorell et al. 2015; 321 

He et al. 2022) reported these values at 0 K, which also followed this trend, even 322 

though they systematically overestimated the bulk sound velocity.  323 

For the sole purpose of comparison with PREM, we also calculated density and bulk 324 

sound velocity of NM fcc FeHx at high temperature and 360 GPa. Pressure can be 325 

obtained from the derivation or the Helmholtz energy (F) as follows, 326 𝑃(𝑉, 𝑇) = − ቀడி(௏,்)డ௏ ቁ்.                                             (6) 327 

Therefore, once F(V, T) is obtained as a function of volume and temperature, the 328 

volume can be determined under arbitrary pressure and temperature conditions. The 329 

Helmholtz energy can be expressed by the internal energy (U) and entropy (S). 330 𝐹(𝑉, 𝑇) = 𝑈(𝑉, 𝑇) − 𝑇𝑆(𝑉, 𝑇)                                        (7) 331 

We now consider the electron and phonon contributions to U, S, and specific heat at 332 

constant volume (CV), respectively.  333 𝑈(𝑉, 𝑇) = 𝑈௘௟௘(𝑉, 𝑇) + 𝑈௩௜௕(𝑉, 𝑇)                                     (8) 334 𝑆(𝑉, 𝑇) = 𝑆௘௟௘(𝑉, 𝑇) + 𝑆௩௜௕(𝑉, 𝑇)                                      (9) 335 𝐶௏(𝑉, 𝑇) = 𝐶௏,௘௟௘(𝑉, 𝑇) + 𝐶௏,௩௜௕(𝑉, 𝑇)                                 (10) 336 

The thermodynamic parameters of the electron system can be calculated numerically 337 

from the density of states (DOS) (D) (e.g. Boness et al. 1986). The internal energy of 338 

the electron system is given as follows, 339 
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𝑈௘௟௘(𝑉, 𝑇) = 𝐸௧௢௧(𝑉) + ׬ 𝐷(𝜀, 𝑉)𝜀𝑓(𝜀, 𝑇)d𝜀ஶିஶ − ׬ 𝐷(𝜀, 𝑉)𝜀𝑓(𝜀, 0)d𝜀ஶିஶ       (11) 340 

where Etot(V) is the total energy obtained from the static first-principles calculations, 341 

f(ε, T) is the Fermi-Dirac distribution function 342 𝑓(𝜀, 𝑇) = ଵୣ୶୮൬ഄషഋ(೅)ೖಳ೅ ൰ାଵ.                                             (12) 343 

The chemical potential (μ) is determined so that the number of electrons ne is 344 

conserved regardless of temperature, 345 𝑛௘ = ׬ 𝐷(𝜀)𝑓(𝜀, 𝑇)d𝜀ஶିஶ = ׬ 𝐷(𝜀)d𝜀ఌಷିஶ .                               (13) 346 

The electronic specific heat (CV,ele) can be calculated as 347 𝐶௏,௘௟௘(𝑉, 𝑇) = ቀడ௎೐೗೐(௏,்)డ் ቁ௏.                                         (14) 348 

The electronic entropy Sele(V, T) is formulated as 349 𝑆௘௟௘(𝑉, 𝑇) = −𝑘஻ ׬ 𝐷(𝜀)ஶିஶ ሾ𝑓(𝜀, 𝑇) ln{𝑓(𝜀, 𝑇)} +{1 − 𝑓(𝜀, 𝑇)} ln {1 − 𝑓(𝜀, 𝑇)} ሿd𝜀. 350 

(15) 351 

The thermodynamic parameters of the phonons are calculated from the quasi-harmonic 352 

approximation and the Debye model. The vibrational internal energy is calculated by 353 𝑈௩௜௕(𝑉, 𝑇) = ଽ଼ 𝑛𝑘஻Θ஽(𝑉) + 3𝑛𝑘஻𝑇𝐷ଷ ቀ஀ವ(௏)் ቁ                          (16) 354 

where n is the number of atoms, ΘD(V) is the Debye temperature, D3(z) is the Debye 355 

function (e.g. Moruzzi et al. 1988). 356 𝐷ଷ(𝑧) = ଷ௭య ׬ ௫యୣ୶୮(௫)ିଵ d𝑥௭଴                                            (17) 357 

The vibrational specific heat (CV,vib) can be expressed as 358 𝐶௏,௩௜௕(𝑉, 𝑇) = 9𝑛𝑘஻ ቀ ்஀ವ(௏)ቁଷ ׬ ௫ర ୣ୶୮(௫)(ୣ୶୮(௫)ିଵ)మ d𝑥஀ವ(௏) ்ൗ଴ .                     (18) 359 

The vibrational entropy is as follows 360 
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𝑆௩௜௕(𝑉, 𝑇) = 3𝑛𝑘஻ ቂସଷ 𝐷ଷ ቀ஀ವ(௏)் ቁ − ln ቄ1 − exp ቀ− ஀ವ(௏)் ቁቅቃ.               (19) 361 

Therefore, we can calculate the vibrational Helmholtz energy in terms of the Debye 362 

temperature ΘD(V). Applying the quasi-harmonic approximation, the Debye 363 

temperature can be obtained for isotropic materials as follows (e.g. Blanco et al. 2004) 364 Θ஽(𝑉) = ℏ௞ಳ ൫6𝜋ଶ√𝑉𝑛൯భయ𝑔(𝜎)ට௄ೄ(௏,்)ெ                                 (20) 365 

where KS(V, T) is the adiabatic bulk modulus. We assume that the Debye temperature 366 

depends only on the volume. Therefore, we substituted KT(V, 0) for KS(V, T) in Eq (20). 367 

Also, g(σ) is a function of Poisson’s ratio (σ) (e.g. Francisco et al. 1998). 368 

𝑔(𝜎) = ൝3 ቈ2 ቀଶଷ ଵାఙଵିଶఙቁయమ + ቀଵଷ ଵାఙଵିఙቁయమ቉ିଵൡభయ
                               (21) 369 

Poisson’s ratio can be determined from the bulk modulus and shear modulus. 370 

However, the shear modulus is not calculated in this study. Instead, we assume that 371 

the Poisson’s ratio of fcc FeHx is identical to that of the inner core, σPREM. Bulk sound 372 

velocity is expressed by the adiabatic bulk modulus and density. 373 𝑉஍(𝑉, 𝑇) = ට௄ೄ(௏,்)ఘ(௏)                                              (22) 374 

Adiabatic bulk modulus can be obtained from isothermal bulk modulus (KT), thermal 375 

expansion coefficient (α), and Grüneisen parameter (γ) as follows,  376 𝐾ௌ(𝑉, 𝑇) = (1 + 𝛼(𝑉, 𝑇)𝛾(𝑉, 𝑇)𝑇)𝐾்(𝑉, 𝑇).                          (23) 377 

Isothermal bulk modulus and thermal expansion coefficient are computed by using 378 

numerical differentiation 379 𝐾்(𝑉, 𝑇) = −𝑉 ቀడ௉(௏,்)డ௏ ቁ் = 𝑉 ቀడమி(௏,்)డ௏మ ቁ்                           (24) 380 

𝛼(𝑉, 𝑇) = ଵ௏ ቀడ௏డ்ቁ௉                                               (25) 381 
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Grüneisen parameter is expressed via the thermodynamic relation as follows 382 𝛾(𝑉, 𝑇) = ఈ(௏,்)௄೅(௏,்)஼ೇ(௏,்)ఘ(௏)                                            (26) 383 

A necessary and sufficient condition for fcc FeHx alloys to be a candidate of solo 384 

constituent of the inner core is its density, bulk sound velocity, and Poisson’s ratio to 385 

match the PREM. In this study, we calculate the density and bulk sound velocity of fcc 386 

FeHx with the assumption that Poisson’s ratio of fcc FeHx is equal to that of PREM. 387 

Therefore, it is a necessary condition that calculated density and bulk sound velocity 388 

account for these values in the inner core, simultaneously, even though it is not a 389 

sufficient condition. Note also that, because of the assumption of Poisson’s ratio, the 390 

present equation of state at high temperatures may not match the actual equation of 391 

state for fcc FeHx. 392 

We plotted the density and bulk sound velocity of fcc FeHx at P = 360 GPa and T = 393 

4000, 5500, and 7000 K. As expected, density and bulk sound velocity decreases with 394 

increasing temperature. However, these temperature effects are too strong to explain 395 

the PREM, even at T = 4000 K. These results indicate that density and bulk sound 396 

velocity of the Earth’s inner core cannot be satisfied simultaneously by fcc FeHx alone, 397 

unless the inner core temperature is lower than 4000 K.  398 
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 551 

Figure 1. Equation of states of fcc FeHx. Thick blue line is FM FeH. Thin solid lines 552 

are NM FeHx (x = 0.0, 0.1, …, 1.0). Colors represent the composition from pure Fe 553 

(red) to FeH (blue). Previous experimental data are also plotted for comparison. Blue 554 

diamonds: fcc FeH (Narygina et al. 2011). Blue circles: fcc FeH (Tagawa et al. 2022). 555 

Blue squares: fcc FeH (Kato et al. 2020). Red circles: bcc and hcp Fe (Dewaele et al. 556 

2006). Red squares: hcp Fe (Fei et al. 2016). 557 
  558 
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 559 

Figure 2. Curie temperature of FM fcc FeHx as functions of pressure and hydrogen 560 

content (black circles). Curie temperature of bcc Fe (gray diamond) (Leger et al. 1972) 561 

and Néel temperature of SDW fcc Fe (gray square) (Onodera et al. 1994) are also 562 

plotted for comparison.  563 

  564 
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 565 

Figure 3. Volume difference between FeHx (Ikuta et al. 2019, Machida et al. 2014, and 566 

present calculations) and fcc Fe (Tsujino et al. 2016). Each reference volume of fcc Fe 567 

(Tsujino et al. 2016) is calculated at the pressure and temperature conditions identical 568 

to that of the FeHx data point. Purple (FM), green (LMD), and cyan (NM) bands are 569 

present calculations at the pressure range of 3.8-12.3 GPa. Black circles are previous 570 

experiments for fcc FeHx at P = 3.8-12.3 GPa and T = 750-1200 K (Ikuta et al. 2019). 571 

An open triangle indicates hcp FeHx at P = 6.3 GPa and T = 988 K (Machida et al. 572 

2014). Gray squares represent the volume difference between fcc Fe0.9Ni0.1Hx and fcc 573 

Fe0.9Ni0.1 at P = 6.3-11.7 GPa and T = 500-950 K (Shito et al. in press). The broken 574 

line indicates the liner expansion model with ΔVH = 2.22 Å3 (Ikuta et al. 2019). 575 

  576 
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 577 

Figure 4. Volume of NM FeHx at 135 and 360 GPa with fcc (cross symbol with solid 578 

line), hcp (orange triangle) and dhcp (green circle) crystal structures. Note that 579 

volumes of these three structures are almost identical. Gray diamond symbols indicate 580 

the previous supercell calculation on hcp FeHx (Caracas 2015). The broken line is a 581 

liner interpolation of previous diamond-anvil cell experiments between hcp Fe 582 

(Dewaele et al. 2006) and fcc FeH (Tagawa et al. 2022) at 135 GPa.  583 
  584 
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 585 

Figure 5. (a) Density and (b) bulk sound velocity of NM (solid lines) and LMD 586 

(broken lines) fcc FeHx (x = 0.0, 0.1, 0.2, …, 1.0) as functions of pressure. Colors 587 

represent the composition from pure Fe (red) to FeH (blue). Cross symbols indicated 588 

the PREM at the inner core (Dziewonski and Anderson 1981). 589 

  590 
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 591 

Figure 6. The density-bulk sound velocity relationship at 360 GPa. Black circles are 592 

present calculations for fcc FeHx at 0 K. Note that the hydrogen content (x) increases 593 

from the bottom right to the top left. Previous low-temperature data are also plotted for 594 

comparison. Gray squares are hcp FeHx at 0 K from Caracas (2015). Open diamond is 595 

calculated from the experimental equation of states for hcp Fe at 300 K (Dewaele et al. 596 

2006). Black triangle and inverted triangle are hcp and fcc Fe at 0 K, respectively 597 

(Martorell et al. 2015). Gray triangle is hcp FeH0.25 at 0K (He et al. 2022). Blue, green, 598 

and red circles are present calculation at 4000, 5500, and 7000 K, respectively, 599 

assuming that the Poisson’s ratio is equal to the PREM value (see main text for detail). 600 

The orange cross symbol indicates the PREM at the inner core (Dziewonski and 601 

Anderson 1981). 602 
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