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ABSTRACT

13

Hydrogen has been considered as an important candidate of light elements in the Earth’s

14

core. Because iron hydrides are unquenchable, hydrogen content is usually estimated

15

from in-situ X-ray diffraction measurements assuming the following linear relation: x =

16

(VFeHx - VFe) / VH, where x is the hydrogen content, VH is the volume expansion

17

caused by unit concentration of hydrogen, VFeHx and VFe are volumes of FeHx and pure

18

iron, respectively. To verify the linear relationship, we computed the equation of states

19

of hexagonal iron with interstitial hydrogen by using the Korringa-Kohn-Rostoker

20

method with the coherent potential approximation (KKR-CPA). The results indicate a

21

discontinuous volume change at the magnetic transition and almost no compositional (x)

22

dependence in the ferromagnetic phase at 20 GPa, whereas the linearity is confirmed in

23

the non-magnetic phase. In addition to their effects on density-composition relationship

24

in the Fe-FeHx system, which is important for estimating the hydrogen incorporation in

25

planetary cores, the magnetism and interstitial hydrogen also affect the electrical

26

resistivity of FeHx. The thermal conductivity can be calculated from the electrical

27

resistivity by using the Wiedemann-Franz law, which is a critical parameter for

28

modeling the thermal evolution of the Earth. Assuming an Fe1-ySiyHx ternary outer core

29

model (0.0  x  0.7), we calculated the thermal conductivity and the age of the inner

30

core. The resultant thermal conductivity is ~100 W/m/K and the maximum inner core

31

age ranges from 0.49 to 0.86 Gyr.

32
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34

INTRODUCTION

35

Seismologically inferred density profile of the Earth interior suggests that some

36

amounts of light alloying elements are incorporated into iron-based metallic core (Birch,

37

1964). Hydrogen is one of the important light element candidates in the Earth’s core,

38

because only a small amount of interstitial hydrogen may drastically change the

39

physical properties of iron at high pressure, e.g. crystal and magnetic structure (e.g.

40

Isaev et al., 2007; Elsässer et al. 1998; Pépin et al., 2014), melting temperature (e.g.

41

Yagi and Hishinuma, 1995; Okuchi, 1998; Sakamaki et al., 2009; Shibazaki et al., 2011;

42

2014), density and elastic properties (Caracas, 2015; Hirao et al., 2004; Mao et al.,

43

2004; Pépin et al., 2014; Shibazaki et al., 2012; Tagawa et al., 2016; Umemoto and

44

Hirose, 2015). The maximum abundance of hydrogen has been estimated to be 0.3  x 

45

0.5 (in atomic ratio) for the Earth’s core (Okuchi, 1997; Narygina et al., 2011; Umemoto

46

and Hirose, 2015). Furthermore, recent experimental study on hcp Fe-Si-H ternary

47

alloys suggests that the abundance of alloying hydrogen is x = 0.17 (Tagawa et al.,

48

2016). These results rely on our knowledge of non-stoichiometric phases such as FeHx.

49

Investigation of non-stoichiometric FeHx is not an easy task for both experimental

50

and theoretical studies. Experimental measurements on non-stoichiometric FeHx alloys

51

have been very limited (Yamakata et al., 1992; Antonov et al., 1998; Shibazaki et al.,

52

2014; Machida et al., 2014; Tagawa et al., 2016; Iizuka-Oku et al., 2017), because most

53

of the previous experiments on Fe-H system were conducted under hydrogen-saturated

54

conditions. On the other hand, theoretical studies have the advantage of simulating

55

non-stoichiometric FeHx alloys by means of super-cell technique (e.g. Caracas, 2015;

56

Umemoto and Hirose, 2015). However, such method requires large super cell to

3
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57

calculate arbitrary concentration of hydrogen. Furthermore, the calculated results are

58

influenced by the geometry of the super cell (Caracas, 2015).

59

Here we report results of the total energy and the band structure of FeHx alloys

60

obtained by means of first-principles calculations based on the Korringa-Kohn-Rostoker

61

method (KKR) (e.g. Akai, 1989). The coherent potential approximation (CPA) is

62

adopted to deal with the alloying effect, which is a complementary approach to the

63

super-cell method. In this study, we focused on the equation of state (EoS) of hexagonal

64

close-packed (hcp) and double hexagonal close-pack (dhcp) iron hydrogen alloys FeHx,

65

in order to evaluate the effect of ferromagnetism and interstitial hydrogen. The results

66

demonstrate the non-linear volume change with hydrogen content due to magnetic

67

transition. We will discuss on the validity of estimation of hydrogen content by in situ

68

X-ray diffraction. Another pronounced feature of the CPA is the explicit representation

69

of broadening of band structure due to disorders, which is closely related to the

70

electrical resistivity (Gomi et al., 2016). Finally we will discuss the implications for

71

alloying hydrogen in the Earth's and planetary cores.

72

METHODS

73

We performed static first-principles calculations of hcp and dhcp iron-hydrogen

74

alloys. The Korringa-Kohn-Rostoker (KKR) method was used as implemented in the

75

AkaiKKR code (Akai, 1989). Perdew-Burke-Ernzerhof (PBE) type of generalized

76

gradient approximation (GGA) was used for the exchange-correlation functional

77

(Perdew et al., 1996). The relativistic effects are taken into account within the scalar

78

relativistic approximation. The wave functions are calculated up to l = 2, where l is the

79

angular momentum quantum number. The coherent potential approximation (CPA) was

4
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80

used to represent hydrogen atoms, which randomly occupied the octahedral interstitial

81

site. The hydrogen content x varied from 0.0 (pure iron) to 1.0 (hydrogen saturated iron

82

hydrides) with 0.1 step. The axis ratio is optimized by the total energy minimum at each

83

volume. The number of k-points is set to be at least 312 in the irreducible Brillouin zone.

84

Both spin polarized and non-spin polarized calculations were carried out to represent

85

ferromagnetic and non-magnetic states, respectively. The local moment disorder (LMD)

86

state is also simulated, which is an analog of the paramagnetic state above the Curie

87

temperature (Akai and Dederichs, 1993; see also supplementary text). The energy

88

difference between ferromagnetic and LMD state indicates the relative stability of the

89

ferromagnetism with regards to temperature. Applying the Heisenberg model, the

90

energy difference gives rough value of the Curie temperature, Tc:

91

TC 

2
( E LMD  E ferro )
3k B

(1)

92

where kB is the Boltzmann constant, ELMD and Eferro are total energies of LMD and

93

ferromagnetic states, respectively. This method is used by computational material

94

design of stable magnet for industrial purpose (Sato et al., 2003).

95

RESULTS

96

Fig. 1 shows the total energies of hcp and dhcp, non-magnetic and ferromagnetic

97

FeHx alloys as a function of volume. In general, non-magnetic phases have smaller V0

98

than those of ferromagnetic phases. For pure Fe, the most stable phase is non-magnetic

99

hcp Fe with equilibrium volume per formula unit (f.u.) of V0 = 70.58 Bohr3/f.u. (10.46

100

Å3/f.u), followed by ferromagnetic dhcp, non-magnetic dhcp and ferromagnetic hcp Fe

101

at zero pressure. For FeH1.0, the relative stability is in order of ferromagnetic dhcp,

5
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102

ferromagnetic hcp, non-magnetic dhcp and non-magnetic hcp. At higher pressure,

103

relative phase stability can be obtained by comparison of the enthalpy, H(V) = E(V) +

104

PV. In order to calculate the pressure, we used the 3rd-order isothermal

105

Birch-Murnaghan equation of states (EoS). First, we fitted the total energy to the E-V

106

relation:

107

K'

K 0V   V0   V0 
E (V )  E 0 
 K ' 1       1 ,
K ' ( K '1)   V   V 


(2)

108

where E is the total energy, K and K’ are the bulk modulus and its pressure derivative,

109

and V is the volume. Subscript 0 indicates zero pressure value. Supplementary Tables

110

S1-4 show the fitting parameters. Pressures were then calculated by using the P-V

111

relation:

112
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113

EoS of ferromagnetic and nonmagnetic dhcp FeH1.0 and nonmagnetic hcp Fe are shown

114

in Fig. 2a. Our calculated results of ferromagnetic dhcp FeH1.0 are consistent with

115

previous results obtained from diamond-anvil cell (DAC) experiments at low pressure

116

(Hirao et al., 2004; Pépin et al., 2014). However, the calculated volume of

117

ferromagnetic dhcp FeH1.0 deviates at about 30 GPa, and the non-magnetic result

118

approaches to the experimentally determined volumes at around 60 GPa. This behavior

119

is consistent with previous calculations (e.g. Elsässer et al. 1998; Tsumuraya et al.,

120

2012; Pépin et al., 2014). Similarly, our hcp Fe results broadly reproduce the

121

compression curve of hcp Fe determined by DAC studies (Fei et al, 2016; Dewaele et

122

al., 2006). Fig. 2b shows the Curie temperature of dhcp FeH1.0, which is comparable to

123

the Curie temperature of bcc iron at ambient pressure.
6
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124

The same procedure was applied to non-stoichiometric FeHx alloys calculated by

125

using the CPA. With increasing hydrogen content, V0 of each phase becomes larger, and

126

hence, ferromagnetic phase tends to become stable (Fig. 1). On the contrary, the

127

pressure effect favors smaller volume phases, which leads to the collapse of

128

ferromagnetism at high pressure. Fig. 2c indicates the most stable crystal/magnetic

129

structure among these four combinations as functions of pressure and hydrogen content.

130

Within the stability field of the ferromagnetic dhcp, the Curie temperature is also shown

131

by broken lines (Fig. 2c).
DISCUSSION

132
133

Magnetic transition pressure

134

One of the critical discrepancies between first-principles prediction and experimental

135

observation is the magnetic transition pressure. Elsässer et al. (1998) predicted that the

136

stable magnetic structure of FeH is the ferromagnetic, and it transforms to non-magnetic

137

phase at about 60 GPa. This transition pressure is reproduced by subsequent

138

first-principles studies (Pépin et al., 2014; Tsumuraya et al., 2012), further supported by

139

this study (Fig. 2). However, previous DAC experiments implied much lower transition

140

pressure. Mao et al. (2004) conducted nuclear resonant X-ray scattering (NRIXS)

141

experiments up to 52 GPa to obtain compressional velocity and shear wave velocity of

142

FeH. They found the change in slope of these velocity plots above 22 GPa. Shibazaki et

143

al. (2012) performed inelastic X-ray scattering (IXS) measurements up to 70 GPa, and

144

also found similar anomaly at around 30 GPa. Such an anomaly has been interpreted as

145

the magnetic transition from ferromagnetic to non-magnetic state. Indeed, these

146

transition pressures are much lower than theoretical predictions. The local magnetic
7
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147

moments of two Fe sites in dhcp FeHx have slightly different value, and they are

148

quenched almost simultaneously with compression, which is consistent with previous

149

calculation (Tsumuraya et al., 2012). In addition to the generalized gradient

150

approximation (GGA) for the exchange correlation functional, which likely

151

overestimates the stability field of large volume phases (i.e. ferromagnetic phase), we

152

consider the effect of finite temperature, based on the experimental fact that the Curie

153

transition is second-order phase transition. Previous X-ray diffraction (XRD)

154

measurements (Hirao et al., 2004; Pépin et al., 2014) suggest that the EoS of dhcp FeH

155

is consistent with first-principles EoS of its ferromagnetic phase at pressures below ~30

156

GPa, but the experimental results become gradually deviate from theoretical prediction

157

of ferromagnetic FeH. At pressures above 50 GPa, the experimental data become

158

consistent with theoretical EoS of non-magnetic FeH again. Mitsui and Hirao (2010)

159

conducted in-situ Mössbauer measurement up to ~65 GPa. They found rapid

160

disappearance of ferromagnetic 6-line pattern at 27.6 GPa, but there still remains

161

residual weak hyperfine field up to 64.7 GPa. In order to assess the stability of

162

ferromagnetism relative to the paramagnetic state with randomly distributed the

163

momentum directions, we calculated the total energy of the LMD state. The calculated

164

Curie temperature decreases rapidly with applying pressure, and becomes comparable to

165

the ambient temperature at the highest pressure. This behavior is consistent with

166

previous Mössbauer spectroscopy measurements reported by Mitsui and Hirao (2010),

167

as well as XRD study by Hirao et al. (2004). In this study, we only considered the

168

ground state ferromagnetism and the LMD state at the Curie temperature. The

169

contribution to the free energy of intermediate temperature magnetism, as well as finite

170

temperature phonon and fcc phase transition, need to be investigated in the future.
8
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171

Furthermore, it is also important to investigate the sound-wave velocity around the

172

magnetic transition.

173

Volume of FeHx alloys

174

Thermodynamic calculations suggest that the solubility of hydrogen is significantly

175

enhanced at high hydrogen pressure over 3.5 GPa, whereas hydrogen is hardly dissolved

176

into iron at ambient conditions (Sugimoto and Fukai, 1992; Fukai, 1992). This is

177

confirmed from in-situ XRD experiments, which show a large volume difference

178

between Fe and FeHx caused by the occupation of hydrogen atoms into the interstitials

179

(e.g. Hirao et al., 2004; Narygina et al., 2011; Pépin et al., 2014). Against the difficulties

180

arising from the fact that high-pressure polynomials of iron-hydrides cannot be

181

quenched to ambient pressure and temperature, some experiments were conducted to

182

determine the hydrogen or deuterium content at high pressure. Okuchi (1997; 1998)

183

measured the volume fraction of hydrogen bubbles in the iron grains of a recovered

184

sample by means of a rapid-decompression technique. Antonov and co-workers

185

successfully quenched the FeHx sample to ambient pressure and low temperature by

186

pre-cooling of the sample below 150 K before releasing the pressure, and conducted

187

outgassing (Schneider et al., 1991) and neutron diffraction measurements (Antonov et

188

al., 1998). Recently, Machida et al. (2014) and Iizuka-Oku et al. (2017) reported results

189

from in-situ neutron diffraction measurements. However, the maximum pressures of

190

these studies are limited to less than 10 GPa. At higher pressures, in-situ XRD

191

measurement is the most common way to determine the volume of FeHx. In order to

192

estimate

193

volume-composition relationship is widely used,

the

hydrogen

content

from

its

volume,

the

following

9
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194

x

VFeH x  VFe

(4)

VH

195

where x is hydrogen content, VFeHx is the volume of FeHx per formula, VFe is the atomic

196

volume of iron, and VH is volume increase per hydrogen atom (see also supplementary

197

text). The VH has been assumed to be independent of x. This relationship is applicable

198

to several face-centered cubic (fcc) metal-hydrogen alloys, which is confirmed from

199

degassing methods (Fig. 3a) (see review in Fukai, 2006). To test the applicability of our

200

first-principles calculations, we first calculated the equilibrium volume of fcc

201

metal-hydrogen alloys (PdHx, NiHx, Ni0.8Fe0.2Hx and Fe0.65Ni0.29Mn0.06Hx). Our

202

first-principles results are broadly consistent with previous experimental results (Fukai,

203

2006), which show nearly linear volume expansion as a function of hydrogen content,

204

as predicted by Eq. (4) (Fig. 3a). Fig. 3b shows the volume of the most stable phase and

205

non-magnetic phase of FeHx as a function of hydrogen content at 20 GPa. Fig 3c

206

presents the ΔVH = (VFeHx – VFe)/x. The figures clearly indicate the violation of linearity.

207

At x < 0.4, where the non-magnetic hcp FeHx phase is stable, the volume increases

208

almost linearly. However, a discontinuous increase of volume occurs across the phase

209

transition from non-magnetic hcp to ferromagnetic dhcp phase. Within the

210

ferromagnetic phase, the volume is almost independent of hydrogen content, suggesting

211

that the volume of FeHx phase is mostly controlled by ferromagnetism. Recently,

212

Iizuka-Oku et al. (2017) reported the result of in-situ neutron diffraction measurements

213

on fcc FeDx. They compressed Fe with Mg(OD)2 and SiO2 mixture as a deuterium

214

source. The sample was heated to ~ 1000 K at ~ 4 GPa. During the 12 hours holding

215

time, the Fe sample was progressively deuterated, which is confirmed by the volume

216

increase and the 111/200 diffraction intensity ratio of fcc FeDx. The volume expansion
10
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217

exhibited non-linear behavior as a function of the holding time, which might partly be

218

related to the magnetic transition.

219

The volume of ferromagnetic alloys has been interpreted in term of average magnetic

220

moment (see Shiga, 1974 for Review). For example, the lattice constant of Fe-Co

221

system has a maximum at the top of the Slater-Pauling curve. In case of the Fe-H

222

system, the magnetic element is iron only. Therefore, the bulk magnetic moment is

223

almost independent of hydrogen concentration. This is consistent with our

224

first-principles prediction showing little dependence of x on the volume. The Eq. (4) is

225

widely used by many previous studies to estimate the hydrogen content of iron hydride

226

at high pressure (e.g. Yagi and Hishinuma, 1995; Shibazaki et al., 2011; Terasaki et al.,

227

2012; Tagawa et al., 2016). However, our results suggest possible overestimates of the

228

hydrogen content in these experiments because of the assumed linear relationship. Fig.

229

3b also shows that the volume of non-magnetic phase follows the linear relationship

230

predicted by Eq. (4). Such linearity is also observed in non-magnetic phases at higher

231

pressure. Therefore, the Eq. (4) can be applied at pressures higher than ~65 GPa.

232

Electrical resistivity

233

It is also worth to mention the effect of magnetism and interstitial hydrogen on the

234

electrical resistivity, since the electrical resistivity, and relevant thermal conductivity, is

235

crucial for the thermal evolution of the Earth (de Koker et al., 2012; Pozzo et al., 2012;

236

Gomi and Hirose, 2015; Gomi et al., 2013; 2016; Seagle et al., 2013; Konôpková et al.,

237

2016; Ohta et al., 2016; Suehiro et al., 2017). The total resistivity of Fe alloys at the

238

core conditions involves many scattering mechanisms, namely phonon scattering,

239

impurity scattering, magnetic scattering and electron-electron correlations. Among them,

240

impurity resistivity of alloying elements is predicted to be predominant and the effect of
11
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241

spin disordered resistivity has been neglected at the Earth’s core (see Supplementary Fig.

242

S5 of Gomi et al., 2016). As shown in Gomi et al. (2016), the life time and the mean

243

free path of electrons are relevant to the degree of broadening of the band structure in

244

the vicinity of the Fermi energy via uncertainty relationship. Therefore, we can

245

qualitatively estimate the electrical resistivity from the band structure.

246

Fig. 4a shows the band structure of non-magnetic dhcp Fe. At the stoichiometric

247

composition, the band structure has no broadening because it has no disorder. The

248

broadening increases with increasing hydrogen content, and reaches a maximum at x =

249

0.5, which is the highest chemical disorder (Fig. 4c). Above x = 0.5, it decreases with

250

recovering the ordering (Fig. 4e). However, it is found that the broadening mainly

251

occurred at far below the Fermi level. This is consistent with the fact that the hydrogen s

252

states locate at around -0.6 Ry from the Fermi energy (Tsumuraya et al., 2012). Even if

253

we considered the electron temperature, the half width at half maximum of the

254

Fermi-Dirac distribution function is 5.58  10-2 Ry at T = 5000 K (see Supplemental

255

text for detail). Because only electrons at the vicinity of the Fermi energy can contribute

256

the electrical conduction, the effect of disordered hydrogen atoms is predicted to be

257

insignificant to the impurity resistivity.

258

On the other hand, the band structures of LMD state exhibit a strong broadening

259

around the Fermi energy (Fig. 4f-j), which is consistent with the fact that the spin

260

magnetic moment of Fe 4d electrons dominates the bulk magnetic moment of FeHx. As

261

well as the impurity resistivity, this broadening contributes to the electrical resistivity as

262

the spin disordered resistivity (Glasbrenner et al., 2014; Ebert et al., 2015). Considering

263

that both the magnetic moment and the Curie temperature of ferromagnetic hcp and

264

dhcp FeH are comparable to those of bcc Fe, the spin disordered resistivity could be at
12
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265

the same level with that of bcc Fe. This value is comparable to the saturation resistivity,

266

and consistent with previous high P-T resistance measurement of dhcp FeH (Antonov et

267

al., 2002).

268

Previous high pressure and room temperature resistance measurements on dhcp FeHx

269

showed similar pressure dependence with pure hcp Fe (Matsuoka et al., 2011, Gomi et

270

al., 2013). Assuming that the composition is close to the stoichiometric composition (x

271

= 1.0), dominant scattering mechanism may be lattice vibration. Therefore, the

272

phonon-contributed resistivity of dhcp FeHx may be comparable to that of hcp Fe.

273

In summary, we considered here three scattering mechanisms on FeHx alloys at high

274

pressure; impurity resistivity, spin disordered resistivity, and phonon-contributed

275

resistivity. Impurity resistivity of interstitial hydrogen is predicted to be small, whereas

276

that of substitutional silicon is predominant in hcp Fe-Si alloy (Gomi et al., 2013; 2016;

277

Seagle et al., 2013). On the other hand, spin disordered resistivity may have significant

278

contribution within the stable pressure-composition range of ferromagnetic phase at

279

high temperature. Phonon-contributed resistivity of FeHx may not be significantly

280

different from pure Fe. Thus, we predict that the spin disordered resistivity is

281

predominant at around the Curie temperature and below the magnetic transition pressure,

282

and it will largely decrease in conjunction with the disappearance of its magnetism.

283

IMPLICATIONS

284

The calculations indicate that ferromagnetism in FeHx collapses above ~65 GPa,

285

accompanied with significant changes in physical properties. One of the important

286

findings of this study is the absence of strong scattering mechanism in FeHx alloys at the

287

Earth’s core conditions. Gomi et al. (2016) found that the Si impurity resistivity is

13
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288

predominant in Fe-Ni-Si ternary alloy at the core P-T conditions (see Supplementary

289

Fig. S5 of Gomi et al., 2016). However, we predict that H impurity should not

290

contribute to the electron scattering (Fig. 4 a-e). Another possible scattering mechanism

291

is magnetic disorder (Drchal et al., 2017). Although it indeed exhibits strong broadening

292

of the band structure (Fig.4 f-j), the ferromagnetic state becomes unstable above ~ 60

293

GPa, leading to no contribution to resistivity of the Earth’s core. Therefore, if hydrogen

294

were the predominant alloying light elements in the Earth’s core, the total core

295

resistivity would be smaller than our previous estimates based on Fe-Ni-Si ternary core

296

model (Gomi et al., 2016).

297

In order to understand the thermal evolution of hydrogen-bearing Earth’s core, we

298

develop an Fe1-ySiyHx ternary composition model for the Earth’s outer core as follows.

299

First, we modeled the outer core temperature as function of hydrogen content, x. The

300

melting temperature of pure Fe at the inner core boundary (ICB) pressure is

301

extrapolated to be ~6200 K (Anzellini et al., 2013; Alfè, 2009), and that of FeH1.0 is

302

~3500 K (Sakamaki et al., 2009). Note that Si may not significantly decrease the

303

melting temperature (Fischer et al., 2013). Assuming that the melting temperature

304

reduction is proportional to x, the present-day ICB temperature may be TICBp(x) = 6200

305

– 2700x K. The CMB temperature can be estimated from the adiabatic temperature

306

densiy
density
 ICB
gradient, TCMBp ( x)  TICBp ( x) CMB

307

density
density
(Vočadlo et al., 2003),  CMB
= 9.90349 g/cm3 and  ICB
= 12.16634 g/cm3 are

308

densities at the CMB and the ICB, respectively (Dziewonsk and Anderson, 1981). The

309

present-day CMB temperature is plotted in Fig. 6 (a).







, where γ = 1.5 is the Grüneisen parameter
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310

Next, we calculated the Si content, y, based on the comparison between the PREM

311

density and that calculated from the EoS of Fe1-ySiyHx alloy at the CMB pressure and

312

temperature (Fig. 5). Assuming that the volume increase xVH depends only on pressure,

313

and independent of temperature and Si content, we formulated the EoS of Fe1-ySiyHx

314

alloy to be PFe-Si-H(V, T, x, y) = PFe-Si(V - xVH, T, y). Following Tateno et al. (2015), the

315

EoS of Fe1-ySiy alloy is obtained by linear interpolation between the EoS of hcp Fe

316

(Dewaele et al., 2006) and that of hcp Fe + 9wt.% Si alloy (Tateno et al., 2015). The

317

xVH is calculated from EoS of hcp FeHx of this study. Fig 6 (b) represents the Si

318

content as a function of the H content. The Si content decreases with increasing the H

319

content, as expected. Because of the convection, the composition is uniform throughout

320

the outer core. The calculated density profiles of all compositions considered here are

321

broadly consistent with the PREM at deep portion of the outer core (Fig. 5).

322

Then, we modeled the thermal conductivity of the ternary alloy. Similar to the model

323

used by Gomi et al. (2016), we adopted the following core resistivity model with the

324

resistivity saturation, which is proposed by Cote and Meisel (1978)

325



tot (V , T )  1 


tot (V , T ) 
(V , T )  imp (V , y) exp(2W (V , T ))

sat (V )  ph,ideal

(5)

326

where ρtot(V, T) is the total resistivity, ρsat(V) is the saturation resistivity, ρph,ideal(V, T) is

327

the “ideal” phonon-contributed resistivity which neglects the effect of the resistivity

328

saturation, ρimp(V y) is the impurity resistivity at zero Kelvin, and exp(-2W(T)) is the

329

Debye-Waller factor which gives temperature coefficient of impurity resistivity. We

330

must emphasize the absence of the magnetic scattering term in Eq (5). For the

331

ferromagnetic body-centered cubic (bcc) Fe, the magnetic scattering resistivity is about

332

double of the phonon contributed resistivity at 1 bar and at the Curie temperature
15
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333

(Bäcklund, 1961). The experimentally measured total resistivity of ferromagnetic dhcp

334

FeH at ~6 GPa (Antonov et al., 1982; 2002) shows a high resistance. The resistance

335

ratio is R/R0 ~ 9 at 330 ℃, where the subscript 0 indicates the ambient conditions.

336

Assuming ρ = ρ0R/R0 and ρ0 = 1.0 × 10-7 m, the estimated resistivity is ~ 9 × 10-7 m,

337

which is comparable to that of bcc Fe. The present calculations on the band structure of

338

the LMD dhcp FeHx show strong broadenings (Fig. 4), which imply a large magnetic

339

scattering resistivity, consistent with the results of Antonov et al. (1982; 2002). If such

340

magnetic moments are not quenched at the Earth’s core condition, the magnetic

341

scattering resistivity should have a large contribution to the total resistivity. However,

342

our total energy calculations indicate that the stability field of ferromagnetic FeHx is

343

limited below ~ 65 GPa, suggesting the absence of magnetic scattering at the Earth’s

344

core, whose pressure range is above 135 GPa. We also neglected the effect of

345

electron-electron correlations, which may not be significant (Pourovskii et al., 2014).

346

The saturation resistivity is assumed to be propositional to V1/3 (Gomi et al., 2013)
1

347

 V 3
 sat (V )   sat (V0 ) 
 V0 

(6)

348

where ρsat(V0) = 1.68 × 10-6 Ωm is the saturation resistivity at 1 bar obtained from

349

resistivity measurements on bcc and fcc Fe-based alloys (Bohnenkamp et al., 2002). We

350

assumed that the phonon-contributed resistivity of dhcp FeHx is very close to that of hcp

351

Fe, which can be extrapolated from 300 K measurements of hcp Fe reported by Gomi et

352

al. (2013). At around 300 K, the resistivity can be calculated by using the

353

Bloch-Grüneisen formula,
5

354

 D (V )

 T  
 
 ph,ideal (V , T )  B(V )
  D (V )  0

T

z 5 dz
(exp(z) - 1)(1 - exp(-z))
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355

where B(V) is the material constant (Gomi et al., 2013) and ΘD(V) is the Grüneisen

356

parameter (Dewaele et al., 2006). The Bloch-Grüneisen formula can reproduce the

357

temperature dependence of hcp Fe up to 450 K (Gomi et al., 2013; Ohta et al., 2016).

358

However, it will be violated because of the resistivity saturation, and the total resistivity

359

of pure metals can reasonably be represented by the Shut-resistor model (Wiesmann et

360

al. 1977).

361

1
1
1


 tot (V , T )  ph,ideal (V , T )  sat (V )

(8)

362

Note that, if we ignore the impurity resistivity, Eq (5) is equivalent to the Shut-resistor

363

model (Eq 8).

364

It is still being discussed the amount and the composition of light alloying elements

365

in the Earth’s Fe-Ni dominant core. The presence of the impurity elements causes an

366

additional scattering of electron in metal, which is the origin of impurity resistivity. For

367

the impurity resistivity in the core, the effect of alloying Si has been most widely

368

investigated (Mattasov, 1977; Stacey and Anderson, 2001; Seagle et al., 2013; Gomi et

369

al., 2013; 2016; Kiarasi and Secco, 2015). Gomi et al. (2016) suggested that the Si

370

impurity resistivity is larger than the phonon-contributed resistivity and the Ni impurity

371

resistivity for the hypothetical Fe-Ni-Si composition. This inversely implies that, if the

372

actual light elements have smaller impurity resistivity than Si impurity, the estimated

373

total resistivity should largely be decreased. In this study, it is found that almost no

374

broadening of the band structure in the vicinity of the Fermi energy due to the H

375

disorder effect, which qualitatively indicates no H impurity resistivity. Therefore, we

376

assumed that the impurity resistivity depends only on the Si content. The CMB value is

377

interpolated from the first-principles results at V =16.27 Å reported by Gomi et al.

378

(2016). Assuming the Debye model, W(T) can be obtained as follows (Markowitz,
17
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379

1976)
D

380

32 K 2T 2 
W (T ) 
2mk B  3D 
0

T


1
1

  zdz
 exp( z )  1 2 

(9)

381

where ℏ is the reduced Planck’s constant (the Dirac’s constant), kB is the Boltzmann

382

constant, m is the atomic mass, and K is electronic wave vector transfer. Although it

383

decreases the impurity resistivity with increasing temperature, the Debye-Waller factor

384

exp(-2W(T)) is very close to unity in general (Rossiter, 1978; Markowitz, 1976) and can

385

be negligible even at the Earth’s core temperature condition (Gomi et al., 2016). Usually,

386

the resistivity of metals increases upon melting, however, its magnitude is basically

387

small for transition metals (Faber, 1972). The resistivity enhancement is ~ 8% for Fe at

388

1 bar (Van Zytveld, 1980) and 7 GPa (Secco and Schloessin, 1989). Recently, Wagle

389

and Steinle-Neumann (2018) suggested that the resistivity change decreases with

390

pressure and to be negligibly small at the inner core boundary. This situation is also

391

valid for the thermal conductivity (Nishi et al., 2003). Therefore, we simply ignored this

392

effect. The thermal conductivity was then estimated from the Wiedemann-Franz law,

393

k  LT /  tot where k is the thermal conductivity, and L is the Lorenz number. Applying

394

the Sommerfeld expansion, the Lorenz number is estimated to LSomm = 2.45 × 10-8

395

WΩK-2 (Gomi and Hirose, 2015). This could be potentially violated, which yields about

396

40 % of the maximum uncertainty (Gomi and Hirose, 2015; Secco, 2017). However, we

397

used the Sommerfeld value of the Lorenz number as a representative value.

398

shows the present-day conductivity at the top of the outer core. The effect of H alloying

399

causes the reduction of melting temperature and electrical resistivity. These two factors,

400

which have opposite contribution to the thermal conductivity, are almost cancelled out.

401

Therefore, the thermal conductivity is ~ 100 W/m/K, which is almost constant versus H

Fig 6 (c)
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402

content. The estimated thermal conductivity is comparable to the high values obtained

403

from recent theoretical and experimental studies (Pozzo et al., 2012; de Koker et al.,

404

2012; Ohta et al., 2016; Gomi and Hirose, 2015; Gomi et al., 2013; 2016).

405

Finally, we solved the energy conservation equations of the core to calculate the

406

thermal history of the Earth’s core (Labrosse, 2015; Gomi et al., 2013, 2016; see also

407

Supplementary text). We assumed that the CMB heat flow is always equal to the

408

isentropic heat flow at the CMB, which maximize the inner core age. We did not

409

consider any contribution from radioactive elements. The calculated maximum inner

410

core age is 0.49 Gyr at x = 0, whereas it increases to 0.86 Gyr at x = 0.7 (Fig 6 d). This

411

is because the incorporation of hydrogen contributes to the reduction of the core

412

temperature, which decreases the core adiabatic temperature gradient (Gomi and Hirose,

413

2015). Previous estimates of the inner core age are highly uncertain. The high value of

414

thermal conductivity (c.a. ~ 100 W/m/K) indicates young inner core (< 1 Gyr) (e.g.

415

Gomi et al., 2013; 2016; Gomi and Hirose, 2015; Ohta et al., 2016; Pozzo et al. 2012;

416

de Koker et al., 2012), whereas the low value (c.a. ~ 30 W/m/K) allows much older

417

inner core (~ 3 Gyr) (Stacey and Loper, 2007; Konopkova et al., 2016). Even though the

418

effects of hydrogen increase the maximum inner core age, our new value of young inner

419

core age is inconsistent with the Mesoproterozoic (~1.3 Ga) inner core nucleation

420

proposed by Bigin et al. (2015). Reconciliation of the difference requires further

421

examination of the palaeomagnetic intensity data (Smirnov et al., 2016) and assessment

422

of energy budget in early history of the Earth.

423

The effect of ferromagnetism may play an important role in smaller planets and

424

satellites, if their iron-dominant cores contain hydrogen. For example, such a situation

425

likely occurs at the interior of the Ganymede, which contains large amount of hydrogen
19
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426

as the thick icy mantle, and hence, coexisting iron may react to form iron hydrides

427

(Fukai, 1984; Okuchi, 1997; Yagi and Hishinuma 1995; Shibazaki et al., 2011; Terasaki

428

et al., 2012). Our prediction of the Curie temperature of dhcp FeH1.0 is comparable to

429

the temperature of interior of these smaller bodies (e.g. Kimura et al., 2009). If the

430

internal temperature is below the Curie temperature, the FeHx alloy has spontaneous

431

magnetism and could be a source of remnant magnetism of the bodies (e.g. Crary and

432

Bagenal, 1998). Note that the electron band structure of LMD state is significantly

433

different from that of non-magnetic phase, which also emphasizes the importance of

434

ferromagnetism, even if the internal temperature is above the Curie temperature.

435
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665

666

Fig. 1. Total energy of hcp and dhcp FeHx with ferromagnetic and non-magnetic spin

667

alignment, where x is hydrogen content (filled square: ferromagnetic dhcp, filled circle:

668

non-magnetic dhcp, open square: ferromagnetic hcp, open circle: non-magnetic hcp).

669
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670

671

Fig. 2. (a) Compression curves of dhcp FeH and hcp Fe. Blue broken line indicates

672

ferromagnetic dhcp FeH. Blue and black solid lines are non-magnetic dhcp FeH and hcp

673

Fe, respectively. Previous DAC measurements (open square; Hirao et al. (2004), filled
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674

square: Pépin et al. (2014), open circle: Fei et al. (2016), filled circle: Dewaele et al.

675

(2006)) are also shown for comparison. (b) Curie temperature of dhcp FeH. (c) Stable

676

crystal and magnetic structure of FeHx as function of pressure at given hydrogen content.

677

Note that we only considered following four phases: ferromagnetic dhcp, nonmagnetic

678

dhcp, ferromagnetic hcp and nonmagnetic hcp. We also neglect the phase separation,

679

which may occur at low temperature.

680
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681
682

Fig. 3. Increase of volume of metal-hydrogen alloys as functions of hydrogen content, x.

683

(a) fcc metal-hydrogen alloys at ambient pressure. Our first-principles results (purple

684

solid line: Pd, green dashed line: Ni, blue dotted-dashed line: Ni0.8Fe0.2, yellow dotted
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685

line: Fe0.65Ni0.29Mn0.06) are consistent with previous experiments (purple circle: Pd,

686

green square: Ni, blue diamond: Ni0.8Fe0.2, yellow triangle: Fe0.65Ni0.29Mn0.06) (Fukai,

687

2006). (b) FeHx alloys at 20 GPa. Green solid line with circle indicates FeHx of stable

688

phase, whereas purple broken line represents FeHx in non-magnetic state. Note that

689

magnetic transition violates the linear volume-hydrogen content relation, which

690

observed in nonmagnetic FeHx and many fcc metal-hydrogen alloys. (c) The ΔVH =

691

(VFeHx – VFe) / x of FeHx at 20 GPa.

692
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693
694

Fig. 4. Electronic band structures of dhcp FeHx alloys at V = 90 Bohr3/f.u. (a) to (e) are

695

non-magnetic states with x = 0.0, 0.3, 0.5, 0.7, and 1.0, respectively. Similarly, (f) to (j)

696

are LMD states. Note that the broadening due to the chemical disorder of interstitial

697

hydrogen is observed mainly at around -0.6 Ry, whereas the broadening due to the

698

magnetic disorder is significant at the vicinity of the Fermi level.

699
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700
701

Fig.5. The PREM (green circle) and the calculated (purple line) density from the

702

equation of states of Fe1-ySiyHx alloys. The Si contents are determined so that the density

703

of the alloy match the density of PREM at the CMB.

704
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705
706

Fig. 6. Modeling results of Fe1-ySiyHx ternary core as function of hydrogen content, x.

707

(a) Present-day CMB temperature. (b) Silicon content, which match the PREM density

708

at the CMB. (c) Present-day CMB thermal conductivity. (d) Maximum inner core age.
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