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Compression of Fe-Si-H alloys to core pressures
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Tokyo Institute of Technology, Tokyo, Japan, 3Laboratory of Ocean-Earth Life Evolution Research, Japan Agency for
Marine-Earth Science and Technology, Kanagawa, Japan, *Japan Synchrotron Radiation Research Institute, Hyogo, Japan

Abstract we examined the compression behavior of hexagonal-close-packed (hcp) (Feg ggSip.12)1Ho.s1 and
(Feg ggSin.12)1Ho.79 (in atomic ratio) alloys up to 138 GPa in a diamond anvil cell (DAC). While contradicting
experimental results were previously reported on the compression curve of double-hcp (dhcp) FeH, (x=~ 1),
our data show that the compressibility of hcp Feg ggSio.12Hx alloys is very similar to those of hcp Fe and
Feo.gsSio.12, indicating that the incorporation of hydrogen into iron does not change its compression behavior
remarkably. The present experiments suggest that the inner core may contain up to 0.47 wt % hydrogen
(FeHq.26) if temperature is 5000 K. The calculated density profile of Feg ggSig.1oHo.17 alloy containing 0.32 wt %
hydrogen in addition to geochemically required 6.5 wt % silicon matches the seismological observations of
the outer core, supporting that hydrogen is an important core light element.

1. Introduction

Birch [1952] first reported that the density of the Earth’s outer core is substantially lower than that of pure
iron, but the identification of light elements that are responsible for such a density deficit is still an open ques-
tion. Several light elements such as H, C, O, Si, and S have been proposed on the basis of high-pressure
mineral physics data and cosmochemical/geochemical arguments. Fe-H alloy has been studied the least
among possible core alloys [see Hirose et al., 2013, Figure 1] but has recently gained more attention, in part
because planet formation theory suggests that a large amount of water may have been brought to the Earth
during its formation due to gravitational scattering of H,O-bearing planetesimals by Jupiter [Morbidelli et al.,
2000]. Indeed, such an effect has been enhanced if Jupiter migrated inward in the early stage of Earth'’s
formation [Walsh et al., 2011]. Hui et al. [2013] found a certain amount of water in lunar plagioclase, suggesting
that the lunar (and thus terrestrial) magma ocean already contained H,O that survived giant impact events
[Genda and Abe, 2005; Hamano et al,, 2013]. It is also known that hydrogen is a strong siderophile element.
Okuchi [1997] argued that most of the H,O in the magma ocean may have been incorporated into metals as
hydrogen. More recently, Nomura et al. [2014] suggested the presence of hydrogen in the core in order for
the outer core to be molten under relatively low temperature. Note that the solidus temperature of FeH is
~2600K at the core-mantle boundary (CMB) [Sakamaki et al., 2009], which is even lower than the ~3000K for
the eutectic temperature in the Fe-FeS binary system [Morard et al., 2008].

So far, the effect of hydrogen on the property of iron and iron alloy is little known. FeH, (x= 1) is easily formed
under hydrogen-saturated conditions and has been examined repeatedly by high-pressure experiments [e.g.,
Badding et al., 1991; Hirao et al., 2004; Pépin et al., 2014]. By contrast, there are only a few experimental studies
on FeH, (x < 1) [Yamakata et al., 1992; Antonov et al., 1998], regardless of the fact that the core density deficit
is explained by FeH, with x=0.28-0.56 [Narygina et al., 2011] or x=0.55-1.12 [Terasaki et al., 2012].

Stable crystal structures of FeH, are also not understood yet; the double-hexagonal-close-packed (dhcp)
phase is formed at room temperature above 3.5 GPa [Badding et al., 1991] and preserved up to at least
136 GPa [Pépin et al., 2014]. On the other hand, the ab initio calculations by Isaev et al. [2007] suggested that
the face-centered-cubic (fcc) phase of FeH, (x=1) is stable above 83 GPa. Such fcc FeH, was indeed
synthesized at 54 GPa and 1650K by Narygina et al. [2011]. Yamakata et al. [1992] reported the formation
of hcp FeH, (x < 1) from body-centered-cubic (bcc) Fe around 400°C and 6 GPa, and Antonov et al. [1998]
performed neutron diffraction measurements on nonmagnetic hcp FeDg 43+0.04 at 1 bar and 90 K. Previous
reports on the compression behavior of FeH, were inconsistent with each other; Hirao et al. [2004] showed
that dhcp FeH, (x~ 1) became much stiffer than pure iron after magnetic transition above 50 GPa, whereas
the similar room temperature compression experiments by Pépin et al. [2014] found its compressibility to
be more than that of pure iron.
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a) 27 GPa In addition to hydrogen, silicon has been
Before Annealing considered to be an important light
element in the core from cosmochemical
and geochemical studies. The high Mg/Si
ratio of the Earth’s mantle compared to
that of solar abundance suggested
~7wt% Si in the core [Allegre et al.,
1995]. Moreover, the difference in Si iso-
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2. Experimental Method
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In order to examine the crystal structure
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and compression behavior of iron-rich

Figure 1. Integrated XRD patterns collected at room temperature during Fe-Si-H alloys, we performed in situ X-

run #1; (a) before and (b) after thermally annealing around 26 GPa and ray diffraction measurements up to
(c) at 138 GPa, the highest pressure condition in this study. Two hcp 138GPa using laser-heated diamond
phases were found in Figure 1a before thermal annealing, and they anvil cell technique. Two sets of experi-

became single upon heating (Figure 1b). ments were carried out using diamond

anvils with a culet size of 120 um (run #1)
or 150 um (run # 2). We used Re gaskets preindented to about 20 um thick. So as to prevent hydrogen embrit-
tlement of the Re gasket and the escape of hydrogen from a sample chamber, a NaCl inner gasket was prepared
with a Focused lon Beam (FIB, Versa 3-D, FEI). The surface of the diamond anvils was coated with a thin layer of
Ti by sputtering [Ohta et al., 2015]. Approximately 5 um thick Feg ggSig 12 (6.5 wt % Si) foil (99.99% purity, Rare
Metallic) was put into the sample chamber, together with a small NaCl plate that was used as a pressure marker.
A ruby ball was additionally used in run #2. We then loaded hydrogen using a liquid hydrogen-introducing
system at temperatures below 20K [Chi et al., 2011]. The sample and hydrogen were compressed under low
temperature and subsequently restored to room temperature. A pressure-temperature path before thermal
annealing was monitored with pressure measurement using ruby (3000 ppm Cr**, PM.C) in the second run;
we compressed the sample to 13 GPa at 150K from 1.0 GPa below 80K, and then temperature was returned
to 280K. The presence of hydrogen in the sample chamber was confirmed by Raman spectroscopy; we
observed a signal from the vibron of H, molecules in both runs. After compression to 27 GPa (run #1) and
62 GPa (run #2) at room temperature, Fe-Si foils were heated from both sides with Yb fiber lasers for 17 and
74min in runs #1 and #2, respectively, in order to promote their hydrogenation. Annealing temperature
was ~1000 K.

X-ray diffraction (XRD) patterns were obtained at BL10XU, SPring-8 [Ohishi et al., 2008]. The incident X-ray
beam was monochromatized to a wavelength of 0.4143-0.4159 A (~30 keV) and focused to 6 um in diameter.
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To collect diffraction data, we used a flat
panel X-ray detector (PerkinElmer) with
exposure time of 1 s. Pressure was deter-
mined from the volume of NaCl on the
basis of its equation of state (EoS) for
the B1 [Matsui et al., 2012] and B2 struc-
tures [Sata et al., 2002]. The EoS of B2
NaCl is based on the MgO pressure scale
that was also used for previous experi-
ments on hcp Fe-Si alloy [Tateno et al.,
2015]. In run #1, we collected XRD mea-
surements separately for a sample and
for a pressure marker in order to avoid
peak overlapping above 52GPa. We
found that the pressure gradient in a
sample chamber was small, at most
2 GPa through the present experiments.

3. Results

3.1. Hydrogenation and Crystal

Figure 2. Two-dimensional XRD pattern of FeqggSig.12Hos1 at 138 GPa  Structure of Fe-Si-H
(see text for details).

The hcp phase appeared at high pres-

sure in both runs before thermal anneal-
ing (Figure 1). The crystal structure did not change upon thermal annealing although volumes increased due to
hydrogenation. The hcp phase was preserved up to 138 GPa. It contrasts the Fe-H system, in which the dhcp
phase was formed from bcc upon compression to >3.5GPa at 300K [Badding et al, 1991; Hirao et al, 2004].
The dhcp phase is distinguished from hcp by additional dhcp 011, 013, and 015 peaks, but these peaks were
not found in our experiments (Figure 1). In run #1, a couple of hcp phases were observed at 27 GPa before heating.
One exhibited a volume very similar to that of FegsSig 1> (Fe-6.5wt %Si) at equivalent pressure calculated from
those of pure Fe [Dewaele et al., 2006] and hcp Fe-9wt%Si [Tateno et al,, 2015] (note that pressures in this study
and Tateno et al. are both based on the MgO pressure scale), and the other had a larger volume because of the
incorporation of hydrogen. After thermally annealing, only the single hcp phase was found with a volume larger
than those before heating, which indicated further hydrogenation (Figure 1). The XRD data were first collected at
20GPa in run #2, where only the single hcp phase was observed before heating. As described in section 3.3, the
hydrogen concentrations were FegggSio.12Hos1 and FegggSio.12Ho 7o (in atomic ratio) in runs #1 and #2, respectively.

The XRD pattern obtained in this study showed two characteristics. First, the hcp 002 peak was strong for
Fe-Si-H (Figure 1), while it is known to be weak for pure Fe and iron-rich Fe-Si alloy in which the (001) plane
aligned perpendicular to a compression direction. Second, Fe-Si-H developed strong preferred orientation
(Figure 2). These suggest that hydrogenation changes the dominant slip system and deformation mechanism
of the hcp phase.

3.2. Compression Behavior

Pressure-volume data were collected for hcp Feg ggSig 12Ho61 in @ pressure range from 26 to 138 GPa (run #1)
and for Feq ggSig 12Ho 70 from 63 to 127 GPa (run #2) (Figure 3 and Table S1 in the supporting information). We
examined the compression behaviors of these Fe-Si-H alloys by fitting the Vinet EoS to the data:

2

A% 2, v\
P=3Ko(—) [1-[— = (Ky-1) |1-( — 1
(i) [ sl () ]} 0
For Feg ggSip.12Ho61 in run #1, we obtained bulk modulus at ambient condition Ko=223 + 11 GPa, its pressure
derivative K,'=4.8 £0.2, and volume at 1 bar V= 24.96 + 0.08 A3 per hcp unit cell (Table 1). Since the pressure

range of volume measurement was limited in the second run, we fixed its V;, (see section 3.3) and K'=4.8 and
found KO =234+ 1GPa for Fe0.885i0.12H0_79.

wi
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Figure 3. Compression curves of hcp Feg ggSig.12Ho 61 (blue, run #1) and
Feo.88Sio.12Ho.79 (red, run #2). Previous data on dhcp FeH by Hirao et al.
[2004] (dotted curve) and by Pépin et al. [2014] (thin solid curve) are given
for comparison. The compression curves of hcp Fe (dash dot curve)
[Dewaele et al., 2006] and Feg ggSig.12 (thick solid curve) [Tateno et al.,
2015] are also shown as references. The half of the unit cell volume is

given for dhcp FeH.

The compression behavior of these
Feo.g8Sio.12Hy alloys is found to be differ-
ent from that of FeH, (x~1) examined
in two previous experimental studies
(Figure 3). Hirao et al. [2004] reported
that FeH, became much stiffer than iron
after transition to a nonmagnetic state
(>50GPa), while the more recent work
by Pépin et al. [2014] showed FeH, is more
compressible than iron up to 136 GPa.
Our data on FegggSig1oHx demonstrate
that its compression behavior is very
similar to that of pure iron [Dewaele
et al, 2006] and FegggSig1o [Tateno
et al,, 2015] (Figure 3), although Fe-Si-H
alloys have larger Ko but smaller Ko’
(Table 1). The volume difference between
Feo.88Sio.12 and FegggSig.12Hoer is 12.7%
at 100 GPa and 13.5% at 300 GPa.

3.3. Hydrogen Concentration in
hcp Fe-Si-H

We estimated the hydrogen content of
FeO_885i0.12H0.6] Synthesized in the first

run on the basis of its V/, value obtained by EoS fitting and the volume of hydrogen V}, at ambient pressure.
Antonov et al. [1998] reported the volume of nonmagnetic hcp FeDg 4, from neutron diffraction measure-
ments. The volume difference between hcp iron [Dewaele et al., 2006] and hcp FeDg 4, gives Viy=2.017 A3
at 1 bar. Note that the volume of deuterium is very similar to that of hydrogen [Antonov et al., 1998]. This value
is consistent with the volume of deuterium (2.21 = 0.04 A%) in fcc FeDgg, at 6.3 GPa at 988K recently mea-
sured by Machida et al. [2014]. It is also similar to the V4, observed in other 3d transition metals such as Cr,
Mn, Co, Ni, and Mo [Sakamaki et al., 2009; Machida et al., 2014]. On the other hand, this value is much smaller
than Vi =2.96 A% [Fukai, 1992], which has often been used to estimate hydrogen concentrations in FeH,

Table 1. EoS Parameters for Feg ggSig.12Hx and Related Metals

Unit Cell Vg (A3) Ko (GPa) Ko' EoS?
hcp Fe-Si-H
FeO‘ggsioj 2H0.61 24.96(8) 223(11) 4.8(2) Vv This study
FeO.ggsioj 2H0.79 2567(ﬁx) 234(1 ) 48(ﬁX) \' This study
25.67(fix) 253(4) 4.2(2) Vv This study
dhcp FeHy
FeHy ~ 1 50.76° 182(45) 8.5(2.9) BM Hirao et al. [2004] (=50 GPa)
55.60(20)b 131.1(3.0) 4.83 Vv Pépin et al. [2014]
hcp FeHy
FeHo s 23.57 2442 4.277 BM Caracas [2015]
FeHq o 25.97 224.8 4.203 BM Caracas [2015]
hcp Fe-Si
Feo 88Sio.n2 22.49 177.8(1.5) 5.07(5) v Tateno et al. [2015]°
hep Fe
Fe 22.43(10) 163.4(7.9) 5.38(16) Vv Dewaele et al. [2006]

abV, Vinet; BM, third order Birch-Murnaghan.

Z7=4.

“Eo0S parameters are obtained from the volumes calculated by linear interpolation between those of pure hcp Fe
[Dewaele et al., 2006] and hcp Fe-9wt%Si [Tateno et al., 2015]. Pressure was recalculated using MgO pressure scale by

Speziale et al. [2001].
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14 X PREM i ' ' ' . [Terasaki et al., 2011, 2012] (see supporting
[ —-=Fe _.- - information). The hydrogen content x in
13k Feo.88Sio.12 e s FeogsSio1oHx is defined using x=[V
FeogsSio.izHoer| .~ x> (FeogsSior2Hy) — VIFeogsSin12)]/2Vy (note

- EZZ:E?:SEHOﬂ/ ) the number of formula unit jn hcp
2r FoHozs 1 lattice Z=2). Using V;=2017A% and

Density (g / cms)

Vo=2249 A3 for hep FeggsSioqa [Tateno
et al, 2015], the composition of the alloy
synthesized in run #1 is calculated to be
FeogsSio1oHos1 (atomic ratio) from its

10 X 1 Vo=2496A%
ICB = 5000 K For the second run, the hydrogen con-
| \ | \ | \ | \ | centration was estimated from Vy(P)
150 200 250 300 350 because V4 is not well constrained by

Pressure (GPa) the EoS fitting. First, we obtained Vi(P)

as a function of pressure from the differ-
Figure 4. Comparison of the density of Feg ggSig 12Ho.17 alloy (red dotted

curve) along isentropic temperature profile (Ticg = 5000 K) with the PREM ence in volume betW?en FeoggSior2Hos1
density (cross mark). The density profiles of Fe [Dewaele et al., 2006] (run #1) and FegggSip.1» [Tateno et al,
(dash dot curve), Feg ggSig 12 [Tateno et al,, 2015] (black solid curve), and 2015], assuming that the hydrogen

Feo.g8Sio.12Ho61 (this study, run #1, green solid curve) are also shown. The  concentration was constant throughout
densities of Feg 9Sig.10 and FeHg > match the PREM value for the inner core. the first run. With such Vi,(P), the hydro-

gen content in run #2 was calculated to
be x=0.79 £ 0.02 between 63 and 127 GPa. Indeed, such constant x value supports that the hydrogen contents
did not change during compression after thermal annealing in both runs. The x=0.79 indicates V, = 25.67 A3 for
Feo.8sSio.1oHo.70 in run #2. Using this V; value, we obtain its EoS parameters (see above).

It is noted that x was less than 1.0 in both runs #1 and #2 even after thermal annealing under hydrogen-
saturated conditions. It suggests that the octahedral sites of the hcp lattice were not fully occupied by hydro-
gen, in contrast to the case of dhcp FeH, (x~ 1) [Hirao et al., 2004; Pépin et al., 2014].

4. Fe-Si-H Alloy in the Core?

The densities of silicon/hydrogen-bearing iron alloys are estimated for both inner and outer core conditions
using the EoS parameters obtained for FegggSig.12Ho61 and FegggSig 12 listed in Table 1. Here we consider
isentropic temperature profile for the outer core, which is given by

y
T=Te (pi) @
ICB

where p is density and y=1.5 is Griineisen parameter [Vocadlo et al., 2003]. The thermal expansivity of
Fe-Si-H is assumed to be the same as that for iron reported by Dewaele et al. [2006]. We first calculated
the hydrogen concentrations that match the densities observed for the inner and outer core sides of the
inner core boundary (ICB) [Dziewonski and Anderson, 1981] when temperature is 5000 K [Hirose et al., 2013].
The results show that the maximum amount of hydrogen in the inner core is 0.47 wt % (FeHg ¢ in atomic
ratio). On the other hand, if silicon is a single light element, the inner core density is explained by
Feo.90Si0.10 (54wt % Si). Considering geochemically proposed 6.5wt% Si for the outer core [e.g., Georg
et al., 2007; Shahar et al., 2009], we obtain Feg ggSig 1oHo.17 (0.32 wt % H). In these calculations, we assumed
ideal volume mixing between Feg ggSig 12 and Feq ggSig 12Hx. While solid data are used for these calculations
for the outer core, previous shock wave compression experiments [Brown and McQueen, 1986] and ab initio
calculations [Ichikawa et al., 2014] reported that the volume difference between solid and liquid iron is about
2% at the outer core pressure range. Nevertheless, such difference is indeed comparable to the resolution of
density determinations from seismological observations. Masters and Gubbins [2003] argued that the
resolution is no better than 1% when averaged over a depth width of 270 km in the lowermost outer core,
suggesting that the uncertainty in the outer core preliminary reference Earth model (PREM) density is larger
than 1.6% near the ICB.

TAGAWA ET AL.
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The densities of Feg gpSi.10/FeHo 26 and Feg ggSig 12Ho.17 were then calculated over the entire inner and outer
core pressure range, respectively, along the isentropic temperature curve with the ICB temperature of 5000 K.
The compiressibility of these alloys is in good agreement with the PREM density profile for both inner and
outer cores (Figure 4). The deviation is only 0.86% at the CMB, which is smaller than the observational uncer-
tainty of 2.4% at the topmost core [Masters and Gubbins, 2003]. Additionally, we calculated the hydrogen con-
tents and the density profiles of Fe-Si-H alloys, considering higher ICB temperatures of 5500 and 6000 K
(Figures S1 and S2 in the supporting information). The consistency between these calculated density profiles
and the PREM values becomes even better with increasing temperature.

If the outer core composition is Feg ggSig 12Ho.17, the total amount of hydrogen in the core is 38 times as much
as that of seawater, suggesting that a large volume of water was brought to the Earth during planet formation
and incorporated into metals in a magma ocean [Okuchi, 19971. If only hydrogen was dissolved into the core,
oxygen formed iron oxide from metal. Alternatively, it is also possible that oxygen was incorporated into
metals jointly with hydrogen and later exsolved as SiO, from the core [Hirose et al., 2015]. Indeed, previous
simulations showed that 17-66 times [Raymond et al., 2007] or 13-46 times seawater [Walsh et al., 2011]
was supplied to the Earth, which is in agreement with the FegggSig.12Ho 17 core composition. The melting
temperature of such a Fe-Si-H core should be substantially lower than that of pure Fe [Sakamaki et al.,
2009], consistent with the relatively low core temperature (3600 K at the CMB) inferred from recent measure-
ments of the solidus temperature of the lowermost mantle [Nomura et al., 2014].

5. Conclusions

We studied the compression behavior of FegggSigq1oHx alloys (6.5wt% Si) with two different hydrogen
concentrations, x=0.61 and 0.79 in atomic ratio (1.2 and 1.5wt % H), to 138 GPa at room temperature in a DAC.
Hydrogenation of Fe-Si alloys mainly occurred upon thermal annealing to ~1000K at 27-62 GPa in this study.
While dhcp FeH, (x ~ 1) was reported in previous experiments, we observed the hcp phase for Feg ggSip 12Hy alloys.
It was once argued that FeH, (x~ 1) became stiffer than pure iron after transition to a nonmagnetic state above
50 GPa, but more recent experiments showed that FeH, alloy is more compressible than iron. In contrast, our data
demonstrate that the compressibility of Feg ggSig 1,Hy alloys is very similar to that of iron and FegggSig 1, indicating
that the incorporation of hydrogen into iron does not change its compression behavior.

We further estimated the hydrogen concentrations in the Earth’s core. The inner core may include up to
0.47 wt%H (FeHg 56 in atomic ratio) when the ICB temperature is 5000 K. The PREM density profile of the
outer core is explained with iron containing 0.32wt% hydrogen in addition to geochemically proposed
6.5 wt % silicon (FegggSip.12Ho.17), supporting the Fe-Si-H core composition. It suggests that an extensive
amount of water, 38 times as much as seawater, may have been brought to the Earth during its formation,
consistent with recent planet formation simulations considering the inward migration of Jupiter.
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