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abstract

Hydrogen has been considered as an important candidate of light elements in the Earth’s core. 
Because iron hydrides are unquenchable, hydrogen content is usually estimated from in situ X-ray 
diffraction measurements that assume the following linear relation: x = (VFeHx – VFe)/DVH, where x is 
the hydrogen content, DVH is the volume expansion caused by unit concentration of hydrogen, and 
VFeHx and VFe are volumes of FeHx and pure iron, respectively. To verify the linear relationship, we 
computed the equation of states of hexagonal iron with interstitial hydrogen by using the Korringa-
Kohn-Rostoker method with the coherent potential approximation (KKR-CPA). The results indicate a 
discontinuous volume change at the magnetic transition and almost no compositional (x) dependence 
in the ferromagnetic phase at 20 GPa, whereas the linearity is confirmed in the non-magnetic phase. 
In addition to their effect on the density-composition relationship in the Fe-FeHx system, which is 
important for estimating the hydrogen incorporation in planetary cores, the magnetism and interstitial 
hydrogen also affect the electrical resistivity of FeHx. The thermal conductivity can be calculated from 
the electrical resistivity by using the Wiedemann-Franz law, which is a critical parameter for modeling 
the thermal evolution of the Earth. Assuming an Fe1–ySiyHx ternary outer core model (0.0 ≤ x ≤ 0.7), we 
calculated the thermal conductivity and the age of the inner core. The resultant thermal conductivity 
is ~100 W/m/K and the maximum inner core age ranges from 0.49 to 0.86 Gyr.
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introduction

Seismologically inferred density profile of the Earth interior 
suggests that some amount of light alloying elements are incor-
porated into iron-based metallic core (Birch 1964). Hydrogen 
is one of the important light element candidates in the Earth’s 
core because only a small amount of interstitial hydrogen may 
drastically change the physical properties of iron at high pres-
sure, e.g., crystal and magnetic structure (e.g., Isaev et al. 2007; 
Elsässer et al. 1998; Pépin et al. 2014), melting temperature (e.g., 
Yagi and Hishinuma 1995; Okuchi 1998; Sakamaki et al. 2009; 
Shibazaki et al. 2011, 2014), and density and elastic properties 
(Caracas 2015; Hirao et al. 2004; Mao et al. 2004; Pépin et al. 
2014; Shibazaki et al. 2012; Tagawa et al. 2016; Umemoto and 
Hirose 2015). The maximum abundance of hydrogen has been 
estimated to be 0.3 ≤ x ≤ 0.5 (in atomic ratio) for the Earth’s core 
(Okuchi 1997; Narygina et al. 2011; Umemoto and Hirose 2015). 
Furthermore, recent experimental study on hcp Fe-Si-H ternary 
alloys suggests that the abundance of alloying hydrogen is x = 
0.17 (Tagawa et al. 2016). These results rely on our knowledge 
of non-stoichiometric phases such as FeHx.

Investigation of non-stoichiometric FeHx is not an easy task 
for both experimental and theoretical studies. Experimental 
measurements on non-stoichiometric FeHx alloys have been very 
limited (Yamakata et al. 1992; Antonov et al. 1998; Shibazaki et 
al. 2014; Machida et al. 2014; Tagawa et al. 2016; Iizuka-Oku et 
al. 2017) because most of the previous experiments on Fe-H sys-

tem were conducted under hydrogen-saturated conditions. On the 
other hand, theoretical studies have the advantage of simulating 
non-stoichiometric FeHx alloys by means of super-cell technique 
(e.g., Caracas 2015; Umemoto and Hirose 2015). However, 
such a method requires a large super cell to calculate arbitrary 
concentration of hydrogen. Furthermore, the calculated results 
are influenced by the geometry of the super cell (Caracas 2015).

Here we report results of the total energy and the band 
structure of FeHx alloys obtained by means of first-principles 
calculations based on the Korringa-Kohn-Rostoker method 
(KKR) (e.g., Akai 1989). The coherent potential approxima-
tion (CPA) is adopted to deal with the alloying effect, which 
is a complementary approach to the super-cell method. In this 
study, we focused on the equation of state (EoS) of hexagonal 
close-packed (hcp) and double hexagonal close-pack (dhcp) iron 
hydrogen alloys FeHx to evaluate the effect of ferromagnetism 
and interstitial hydrogen. The results demonstrate the non-linear 
volume change with hydrogen content due to magnetic transition. 
We discuss the validity of estimating hydrogen content by in situ 
X-ray diffraction. Another pronounced feature of the CPA is the 
explicit representation of broadening of band structure due to 
disorders, which are closely related to the electrical resistivity 
(Gomi et al. 2016). Finally we will discuss the implications for 
alloying hydrogen in Earth and planetary cores.

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

alloys. The Korringa-Kohn-Rostoker (KKR) method was used as implemented 
in the AkaiKKR code (Akai 1989). Perdew-Burke-Ernzerhof (PBE) type of gen-

American Mineralogist, Volume 103, pages 1271–1281, 2018

0003-004X/18/0008–1271$05.00/DOI: http://doi.org/10.2138/am-2018-6295       1271 

* E-mail: hitoshi.gomi@okayama-u.ac.jp




