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Two-phase mixture of iron-nickel-silicon alloys in
the Earth’s inner core

Daijo lkuta® ™ Eiji Ohtani'™ & Naohisa Hirao® 2

The Earth’s inner core comprises iron-nickel alloys with light elements. However, there is no
clarity on the phase properties of these alloys. Here we show phase relations and equations
of state of iron-nickel and iron-nickel-silicon alloys up to 186 gigapascals and 3090 kelvin.
An ordered derivative of the body-centred cubic structure (B2) phase was observed in these
alloys. Results show that nickel and silicon influence the stability field associated with the
two-phase mixture of B2 and hexagonal close-packed phases under core conditions. The two-
phase mixture can give the inner core density of the preliminary reference Earth model. The
compressional wave velocity of the two-phase mixture under inner core conditions is con-
sistent with that of the preliminary reference Earth model. Therefore, a mixture of B2 and
hexagonal close-packed phases may exist in the inner core and accounts for the seismolo-
gical properties of the inner core such as density and velocity deficits.
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component and approximately 5-10 weight percent (wt%)

of nickel (Ni)!-2. However, it is well known that the density
of the inner core is approximately 4% lower than that of pure
hexagonal close-packed (hcp) iron3 or approximately 5% lower
than that of Fe-Ni alloys* under inner core conditions. Therefore,
the inner core is considered to contain certain light elements.
Silicon (Si) is one of the most plausible light elements to be
considered as a part of the inner core composition because it
exists in the form of iron alloys in iron meteorites and is depleted
in the Earth’s mantle when compared to its abundance in
chondrites®.

Nickel, together with silicon can affect the phase relations of
iron alloys. Based on theoretical calculations (e.g., ref. °) and
high-pressure experiments such as those conducted with
Fe-10.5wt%Ni (Fe-10.5Ni) alloy” and Fe-Si alloys3-12, it has
been suggested that a body-centred cubic (bcc) or B2 (ordered
derivative of bcc) phase may exist in the inner core. However,
recent work on the phase relation of the Fe-5wt%Ni-4wt%Si
system showed the existence of only the hcp phase up to 200 GPa
and 3900 K!3. Therefore, the existence of a stable B2 (or bcc)
structure of iron alloys in the inner core remains under debate.
Furthermore, coexistence of B2 and hcp phases has been observed
in Fe-Si alloys with a silicon content of >6 wt%!.

In this study, we investigate the effects of silicon and nickel on
the phase relations in the Fe-Ni-Si system under core conditions.
Results show that the two-phase mixture elucidates the inner core
density of the preliminary reference Earth model (PREM). The
compressional wave velocity (v;,) of the two-phase mixture under
inner core conditions is consistent with that of the PREM. It is
concluded that the inner core may be composed of a mixture of
B2 and hcp phases, which explains the seismological properties of
the inner core in terms of its density and velocity deficits.

The Earth’s inner core contains iron (Fe) as the main

Results

The conditions and the results of in situ X-ray diffraction experi-
ments are listed in Supplementary Data 1 [Fe-7wt%Ni (Fe-7Ni)],
Supplementary Data 2 [Fe-7wt%Ni-5wt%Si (Fe-7Ni-5Si)], Sup-
plementary Data 3 [Fe-7wt%Ni-9wt%Si (Fe-7Ni-9Si)], and Sup-
plementary Data 4 [Fe-7wt%Ni-15wt%Si (Fe-7Ni-15Si)]. Typical
X-ray diffraction patterns are shown in Fig. 1a, b (Fe-7Ni alloy at
~185GPa and ~2900K), Fig. 1c (Fe-7Ni-9Si alloy at ~130 GPa
and 1350-1700 K), and Fig. 1d (Fe-7Ni-15Si alloy at 97-116 GPa
and 300-2800 K). We observed the appearance of a mixture of B2
and hcp phases (Fig. la-c). Typical diffraction peaks of the B2
phase (100, 110, 111, and 200 on the Miller indices) appeared at
temperatures between 2850 and 2970 K at ~185GPa in Fe-7Ni
system (Fig. 1b), and between 1350 and 1700 K at ~130 GPa in
Fe-7Ni-9Si system (Fig. 1c). The B2 phase was identified by the
presence of 100 and/or 111 peaks, which are not observed in the
disordered bcc structure but are characteristic diffraction peaks of
B2 (ordered bec structure). A phase transition was not observed in
the Fe-7Ni-15Si system at 97-116 GPa (Fig. 1d) in all the tem-
perature range studied.

Figure 2a shows the phase relation of the Fe-7Ni system. The
B2 and hcp phases were observed at temperatures above 2500 K;
these data indicate that the hcp Fe-7Ni alloy decomposes at high
temperatures without pressure dependence or with a low
boundary slope. The equations of state (EoS) of B2 and hcp
phases for the Fe-7Ni system are shown in Fig. 3a, b, respectively.
The B2 phase has a volume that is approximately 6% larger than
that of the hcp phase, as shown in Fig. 3a. The molar volume of
B2 phase is consistent with that of the bcc phase in the Fe-10.5Ni
alloy at 225 GPa and 3400 K’ (Fig. 3a).

Figure 2b shows the phase relation of the Fe-7Ni-5Si system. A
single hcp phase was observed over all pressure ranges studied
below 2300 K, and coexistence of the B2 and hcp phases was
observed above this temperature. The boundary of the decom-
position of the hcp phase to the B2 and hcp phases displayed
extremely weak positive slopes at 2300-2500 K. The EoS of the B2
and hcp phases for the Fe-7Ni-5Si system are shown in Fig. 3¢, d,
respectively.

Figure 2c shows the phase relation of the Fe-7Ni-9Si system. A
single hcp phase was observed in all the pressure ranges studied
below 1700 K, and the coexistence of the B2 and hcp phases was
observed above this temperature. The boundary of the decom-
position of the hcp phase to the B2 and hcp phases exhibits a very
weak positive slope at 2300-2500 K. The EoS of the B2 and hcp
phases for the Fe-7Ni-9Si system are shown in Fig. 3e, f,
respectively. The molar volume of the B2 phase was approxi-
mately 3% larger than that of the hcp phase, as shown in Fig. 3e.

Figure 2d shows the phase relation of the Fe-7Ni-15Si system;
this system is different from the above three systems. The single-
ordered derivative of bcc phase was observed in all the studied
regions. Another ordered derivative of the bcc phase (D05 phase)
was observed at pressures below 25 GPa at all temperatures to
2000 K. On the other hand, the B2 phase was observed in the
pressure range from 35 to 120 GPa at all temperatures. The
boundary of the D0; and B2 phases at 30-40 GPa has a positive
slope with a small temperature dependence. The EoS of the D0,
and B2 phases for the Fe-7Ni-15Si system are shown in Fig. 3g.

Figure 3h shows the molar volumes of the B2 and hcp pha-
ses under the inner core boundary (ICB) conditions (approxi-
mately 330 GPa and 6000K), which were estimated by
extrapolation of the EoS determined here. For all the studied bulk
compositions, the volumes of the two phases were nearly the
same (~4.2 cm3 mol~1) within the error ranges. The EoSs of the
hcp phase were estimated by those of the single hcp phase
observed at lower temperatures in the Fe-Ni-Si system (see
Fig. 2). The silicon content of the B2 phase, especially for
Fe-7Ni-5Si and Fe-7Ni-9Si, may not be the same as that of the
bulk compositions since it appeared at high temperature coex-
isting with the hcp phase.

Discussion

Large modifications of the phase relations of iron were observed
after the alloying of nickel and silicon in iron. Figure 4 shows the
composition—-pressure diagrams at several different temperatures
from 1700 K to 2700K and indicates the thermodynamic con-
sistency of the stability of B2 and hcp phases.

Although the coexistence of the B2 and hcp phases is con-
sistent with that in the Fe-Si system!%14, the present results have
revealed that large differences are observed after the addition of
nickel in pure iron; ie., the hcp alloy is decomposed into a
mixture of B2 and hcp at high pressures and temperatures above
2700 K (below the melting temperature) in the Fe-7Ni alloy
(Fig. 2a). The phase relations in the Fe-7Ni-9Si system are dif-
ferent from those in the Fe-9wt%Si system!%14. Furthermore, the
Fe-7Ni-9Si system exhibited a wide region of the two-phase
mixture of B2 and hcp phases at temperatures above 1700 K,
which is included in the single hcp phase region in the Fe-9wt%Si
system. Another difference has been observed in the Fe-7Ni-15Si
system compared with the Fe-16wt%Si system!®14; i.e., the sta-
bility field of the single B2 phase was wider and there was no field
associated with the coexistence of the B2 and hcp phases in the
Fe-7Ni-15Si system, whereas the Fe-16wt%Si system exhibited a
field associated with the two-phase mixture at high pressures and
temperatures.
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Fig. 1 Typical X-ray diffraction patterns of Fe-7Ni, Fe-7Ni-9Si, and Fe-7Ni-15Si at high pressure and temperature. a Two-dimensional diffraction
patterns collected at 184 GPa and 2850 K and 186 GPa and 2970 K. Orange squares represent the appearance of typical peaks for the B2 phase of Fe-Ni.
Blue and grey arrows indicate the diffraction of the hcp phase of Fe-Ni, sodium chloride (NaCl) and rhenium (Re). Integrated diffraction patterns of

b Fe-7Ni, ¢ Fe-7Ni-9Si, and d Fe-7Ni-15Si. Orange circles: observed Fe-Ni peaks of the B2 phase in Fe-7Ni and Fe-7Ni-9Si. Blue diamonds: observed peaks
of the hcp phases in Fe-7Ni and Fe-7Ni-9Si. Red circles in d: observed peaks of the single B2 phase in Fe-7Ni-15Si, x: NaCl (B2 phase, as a pressure
medium), +: Re (as a gasket). Bars at the bottom of the figures show the calculated peak positions for each phase.

The nickel and silicon contents of the inner core were esti-
mated (0-8 wt% and 3-6 wt%, respectively) based on the v, and
compression curve of the hcp Fe-6wt%Si alloy!® to account for
the v, and density of the inner core of PREM!®. Only the hcp
phase is stable and no additional phases appeared at high pressure
and temperature in the Fe-5wt%Ni-4wt%Si alloy!’, and the
extrapolated density of the alloy matches the density of the PREM
inner core at 5800 K.

Results of the phase relations in the Fe-Ni and Fe-Ni-Si sys-
tems revealed the presence of a large stability field associated with
the two-phase mixture of B2 and hcp phases under high pressure
and temperature conditions. Therefore, the inner core can be
considered to contain the two-phase mixture of B2 and hcp
phases in the Fe-Ni-Si systems. To estimate the ratio of the two
phases, we can use the EoS of the Fe-Ni and Fe-Ni-Si systems
derived from this work. The details of the parameters of the EoSs
are given in Table 1. The fractions of the phases can be also
estimated by determining the intensities of the X-ray diffraction
peaks of the B2 and hcp phases (Fig. 1). The phase relations of the
Fe-Ni and Fe-Ni-Si systems given in Fig. 4 indicate that the hcp
phase has a silicon content lower than that of the B2 phase.

Typical partition coefficients of silicon (Ds;) between the two
phases, i.e., Cp,/Cyp (Where C is the weight percent of silicon in
each phase) at approximately 200 GPa and different temperatures
are shown in Fig. 4. The Dg; at 1700 K is ~1.5, which is consistent
with the previously obtained result for the Fe-9.9wt%Si alloys®.
The Dg; increases with increasing temperature, and becomes ~20

at 2700 K. The immiscibility gap becomes wider with increasing
temperature, whereas the Dg; has almost no pressure dependency.
Therefore, the partition coefficient Dg; probably becomes very
large at the inner core temperature (~6000 K). Thus, Dg; at ICB
conditions may be estimated to be >10.

The phase relations and the silicon partitioning between the
two phases given in Fig. 4 indicate that the most reasonable
composition of the two-phase mixture includes the silicon-rich
B2 phase and the silicon-poor hcp phase. The density of the
PREM at ICB is 12.8 gcm—316, which can be accounted for by
the two-phase mixture under ICB conditions. To determine the
composition of the two-phase mixture, silicon contents (Cp, and
Chicp) and the volume fraction of each phase are necessary. These
parameters are related to the density, bulk silicon content (Cgu),
and Dg;, as shown in Egs. (6)-(8) of the Methods section. Fig-
ure 5a shows reasonable combinations of the B2 (silicon rich) and
hep (silicon poor) phase mixtures for constraining the density of
PREM. The silicon content in the B2 phase (Cp,) and the volume
fraction of the B2 phase are chosen as free parameters for con-
straining the density of PREM. Figure 5a shows how the B2 and
hep phases with different silicon contents should be mixed to
account for the density of ICB at 12.8 gcm—316. The density and
composition of each phase were calculated by using the inter-
polations or extrapolations from the Fe-Ni and Fe-Ni-Si EoSs
obtained in this work (Table 1). Since the molar volumes of all the
phases with different compositions at ICB are almost constant
(Fig. 3h), the density of each phase under ICB conditions is
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Fig. 2 Pressure-temperature phase diagrams in the Fe-Ni/Fe-Ni-Si system. a Fe-7Ni, b Fe-7Ni-5Si, ¢ Fe-7Ni-9Si, and d Fe-7Ni-15Si at high pressure
and temperature. Pressure errors are +2 GPa and temperature errors are +150 K.

mostly dependent on its chemical composition. The detailed
calculation procedure is given in the Methods section. As shown
in Fig. 5a, no reasonable mixture is obtained when Cpgy is less
than 4 wt% (shown in black, blue, and cyan colours). The Cg, of
the two-phase mixture, which can explain the density of PREM, is
limited only to >4 wt%; however, for Cp, to be ~4, it needs only
a single B2 phase and not a two-phase mixture. In previous
studies, two different estimations were proposed for silicon in the
inner core: ~6 wt% or higher (e.g., refs. 214) and ~2 wt% or less
(e.g., ref. 17). Our results support the estimation of a high silicon
content (~6 wt%) and indicate that a low silicon content (~2 wt%)
cannot account for the density associated with the PREM of the
inner core.

Reasonable combinations of Cg, and its volume fraction can be
estimated as shown in Fig. 5a. The silicon content of the Earth’s
core was estimated to be 6 wt%? based on geochemical and cos-
mochemical data. The silicon content in the Earth’s inner core
was estimated as 6-8 wt% based on experimental studies on phase
relations and EoS of the Fe-Si system at high pressure and
temperaturel4. The Dg; values of coexisting B2 and hcp phases
can be assumed to be >10 as discussed above. Because of the
uncertainty of the partition coefficient Dg; between B2 and hcp
phases, we considered pairs of B2 and hcp phases with a large
variation of Dg; from 10 to 75 which may cover the partition
coefficient under the inner core condition and showed in Fig. 5a
as black dashed lines for Cgyy of 6 wt%. The silicon content of B2
and its volume fraction are shown as green, yellow, and red circles
in Fig. 5a for Dg; values of 10, 20, and 75, respectively.

Figure 5b shows the density curves of B2 and hcp alloys at
different Dg; values of 10, 20, and 75, the density curves of the
two-phase mixture for a Cgyy of 6 wt% at 6000 K, and the density

profile of the PREM of the core. For Dg; values between 10 to 75,
the B2 phase should comprise 15-20 wt% of silicon with a volume
fraction of 26-42% and the hcp phase should contain 0.2-2 wt%
of silicon with a volume fraction of 58-74%. Even if Dy; is greater
than 75, a small change in Cy, (from 0.2 wt% to almost 0 wt%
silicon) does not affect the conclusion on the density and volume
fraction of the two-phase mixture.

Similar density curves for Cgyy values of 5 and 7 wt% are
shown in Supplementary Fig. Sla, b. The Dg; values for the B2
and hcp alloys are not accurate in this study because the present
phase boundaries exhibit certain uncertainties with regard to the
weight percent, and we could not determine the compositions of
the recovered products directly because of the difficulty
encountered in recovering tiny samples from the sodium chloride
pressure medium. However, Fig. 5 indicates that the composi-
tional range and volume fraction of the B2 and hcp phases, which
can elucidate the inner core of PREM, can be constrained by a
limited combination of Dg; and volume fraction of the two phases.

The velocity deficits of the inner core can also be accounted for
by the two-phase mixture of the B2 and hcp phases. The v, of the
PREM under ICB conditions is 11.0 km s~116, which is 6% less
than that of pure iron (11.6 km s~ 18). We have estimated the v,
for the two-phase mixture of the B2 and hcp phases from the
present EoS and the v, of Fe, Fe-Ni, and Fe-Si alloys under high
pressure and temperature conditions!>!8-22, Figure 6 shows the
v of the B2 and hcp phases and its average value at 330 GPa and
6000 K for the two-phase mixture with a Cgyy of 6 wt%, as dis-
cussed above and shown in Fig. 5b. The v, of the B2 phase at
330 GPa and 6000 K is lower than that of the inner core at the
ICB, whereas the v, of the hcp phase is higher than that of the
inner core. The averaged v, of the two-phase mixture at 330 GPa
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(B2/D03) phases in Fe-Ni-Si alloys.

Phase Vo (cm3 mol-T1)

Table 1 Parameters of the equation of state for hexagonal close-packed (hcp) and ordered derivatives of body-centred cubic

*Silicon contents of B2 alloys may be larger than that of the bulk compositions.
TFixed to the value of hcp Fe-7Ni. TiFixed to the value of B2 Fe-7Ni-15Si.

SFixed to 1.

Bulk composition Ko (GPa) Ko’ Oo (K) Yo q

Fe-7Ni hcp 7.183 (0.106) 93 (4) 6.68 (0.10) 777 (223) 1.80 (0.17) 1 (fixed)®
Fe-7Ni-5Si hcp 6.724 (0.141) 147 (12) 6.65 (0.24) 777 (fixed)t 1.67 (0.14) 1 (fixed)$S
Fe-7Ni-9Si hcp 6.685 (0.148) 161 (8) 6.30 (0.19) 777 (fixed)t 151 (0.15) 1 (fixed)$
Fe-7Ni B2 7.583(0.336) 138 (16) 4.61(0.39) 968 (fixed)' 1.80 (fixed)* 1 (fixed)$
Fe-7Ni-55i* B2 7.274 (0.162) 131 (1) 5.74 (0.30) 968 (fixed) ™ 1.67 (fixed 1 (fixed)$
Fe-7Ni-9Si* B2 7.154 (0.109) 131 (7) 5.95 (0.19) 968 (fixed)'" 1.51 (fixed 1 (fixed)s
Fe-7Ni-15Si B2/DO0; 7126 (0.098) 106 (7) 6.86 (0.34) 968 (265) 133 (0.13) 1 (fixed)$
Note:

V is molar volume, K and K’ are isothermal bulk modulus and its first pressure derivative, @ is Debye temperature,

y and q are Griineisen parameter and its volume dependence, and the subscript zero refers to ambient conditions.

The thermoelastic parameters of hcp Fe-7Ni and those of B2/D03 Fe-7Ni or Fe-7Ni-15Si are determined from our data.

The partial parameters for the different compositions are fixed to those for the measured values for hcp and B2/D03 phases.

and 6000 K is 10.95 + 0.50 km s—1. For an inner core with a Cgyc
of 5 or 7wt%, the averaged v, is shown in Supplementary
Fig. Slc, d. For a Cgyx of 5 and 7 wt%, the averaged v, slightly
deviates from that of PREM (the Cgy of 6), but it is within the
error range. Although the v, of the two-phase mixture is not
accurate enough to constrain the light element content in the core
due to a lack of suitable wave velocity data for Fe-Ni-Si alloys
under high pressure and temperature conditions, the averaged v,
for the two-phase mixture at 330 GPa and 6000 K is consistent

with that of the inner core of PREM at ICB. The detailed pro-
cedure for the estimation of the v, is given in the Methods sec-
tion. Therefore, the existence of the B2 phase can elucidate the
properties of the inner core, such as its deficits in terms of density
and v, although further experiments under high pressure and
temperature conditions are necessary to unambiguously constrain
the composition of the core.

A simple model of the single hcp phase of Fe-Ni-Si alloy
cannot account for several enigmatic properties of the inner core
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relations at Cgy = 6 and B2 and hcp phases at 6000 K. Cg, and Cy,¢, and volume percent ratios of Vg, and V¢, corresponding to the conditions in Fig. 5a
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inner core of PREM. Blue star represents the inner core of PREM at ICB. Coloured diamonds with dashed curves represent the density of the hcp phase at
ICB and density curve at high pressure and 6000 K. Coloured circles are of the B2 phase. Pairs of the same colour symbols can account for the PREM
density at ICB (a blue star). Magenta line represents the combined EoS of the two-phase mixture of the B2 and hcp phases. The density curves of the three
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Fig. 6 Compressional wave velocity for the two-phase mixture of the B2
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and 6000 K. A magenta rectangular symbol represents the averaged
velocity (see Methods section) of the three models for two-phase mixtures
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such as the anomalously low shear wave velocity and the high
Poisson ratio, despite consistencies observed in terms of com-
position and density of the inner core?3. To account for such
properties of the inner core, the existence of a pre-melting effect
observed in the pure iron hcp phase has been suggested?4.
However, since the absence of this effect was reported in the Fe-Si
alloy?, a better explanation is required for the existence of such
properties of the inner core.

The physical properties of the B2 phase are considered similar
to those of the bcc phase, as the B2 structure has an ordered
arrangement of nickel and silicon atoms in the bcc lattice. The
possible existence of the bcc phase in the inner core has been
suggested by theoretical calculations®2°. These theoretical studies
imply that the bcc phase may be stable at a particularly narrow
temperature range just below the melting temperature and may

show noticeable shear softening. Our observations of the
Fe-Ni-Si alloy and those for Fe-10.5Ni’ reveal the existence of a
bec phase and/or its ordered derivative phase at high pressures
and temperatures, which is consistent with ab initio
calculations®2°,

The low viscosity of the bcc phase of iron under inner core
conditions reported recently2” may be consistent with the prop-
erties of the inner core?3. The present experiments and these
theoretical calculations indicate that the coexistence of the B2 and
hep phases in the Fe-Ni-Si alloy may account for the enigmatic
properties in the inner core. A high seismic attenuation and shear
softening associated with the bcc-fcc (face-centred cubic) tran-
sition of iron at high temperatures was observed with using low-
frequency resonance measurementsS. This relaxation may be
caused by the reversible climb and glide of dislocations in sub-
grain boundaries and/or reversible grain boundary migration
associated with the diffusion process?$. Similar phenomena might
be expected in the transformation of the bcc phase into the hep
phase in the inner core. The phase transition between bcc and hep
is called the martensitic transition, during which crystallographic
relationships are observed between the two phases. Shear soft-
ening associated with the martensitic transition of a bcc structure
to its hcp counterpart has been reported in several metal
alloys?%30. Therefore, the mechanical interaction of the coexisting
pair of B2 and hcp phases in Fe-Ni-Si alloys may also account for
the properties of the inner core with its low shear wave velocity
and low viscosity.

Methods

Starting material. The starting materials used in this study include homogeneous
iron, nickel, and silicon alloys with four different compositions, which were syn-
thesised via rapid quenching (about a few seconds) after melting of the starting
powdered mixtures with the yttrium aluminium garnet laser in an argon atmo-
sphere. The powdered mixtures were made by mixing iron (99.9% purity; Wako),
nickel (99.9% purity; Wako), and silicon (99.9% purity; Wako) reagents, which
were ground in an agate mortar to homogenise the mixtures. The four starting
compositions were Fe-7Ni (7 wt% nickel), Fe-7Ni-5Si (7 wt% nickel and 5 wt%
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silicon), Fe-7Ni-9Si (7 wt% nickel and 9 wt% silicon), and Fe-7Ni-15Si (7 wt%
nickel and 15 wt% silicon); these compositions can also be represented as
Fe(9.94—x)Ni 06Six (x =0, 0.09, 0.16, 0.26; where x represents the atomic fraction).
The compositions of samples were confirmed using electron probe micro-analyser
measurements. Heterogeneity in iron, nickel, and silicon compositions of four
starting materials were all within 1 wt%, which was confirmed using a field
emission scanning electron microscope (FE-SEM, JEOL). Typical examples of
backscattered electron images are given in Supplementary Fig. S2, which show
mosaic texture probably due to rapid quenching, but there were no differences in
composition.

High pressure and temperature X-ray diffraction measurements. To generate
high pressures, depending on the experimental pressures, we used a diamond anvil
cell with bevelled diamond anvils that exhibit culet diameters of 75, 100, and

150 um. A sample foil with a thickness of approximately 20 um was sandwiched
between sodium chloride pellets of <5 um thickness; this foil served as the pressure
medium, thermal insulator, and pressure marker. The sample was loaded into a
sample hole of a pre-compressed rhenium gasket (99.9%; Alfa Aesar), which was
typically about 20-30 um in thickness. In-situ high pressure and temperature
experiments were conducted using BL1I0XU of SPring-83!. We used a mono-
chromatic X-ray beam with a typical wavelength of 0.4136 +0.003 A that was
collimated to a diameter of 10 um. The sample was heated using the double-sided
laser heating method3! by employing a fibre laser at BLIOXU of SPring-8. The laser
heating area (20 um in diameter) was adequately large compared to the size of the
X-ray beam to reduce the effect of the temperature gradient for the phase obser-
vations. We checked the X-ray position using the X-ray fluorescence of diamonds
before heating. Therefore, the X-ray and heating areas were aligned well. Tem-
perature measurements were made by using the spectrographic method, in which
the radiation from the heated sample was used for the determination of tem-
peratures above 1600-1700 K; temperatures below 1600-1700 K were estimated
using the laser power—temperature relations in high temperature conditions. The
temperature measurements were performed for several tens of seconds during
heating. The maximum temperature uncertainties during heating at a constant
temperature were within +150 K including the uncertainty due to the heating
system, the temperature differences between the two heated sides, and temperature
fluctuations during heating. The temperature uncertainty at low temperature
estimated from the laser power-temperature relation at high temperatures was
estimated to be the same, although it might be smaller than +150 K. The experi-
mental pressure was determined based on the lattice parameters of sodium chloride
using the EoSs of the B132 and B2 phases33. The temperature distribution in the
pressure medium, which was heated by the double-sided laser heating diamond
anvil cell, has been evaluated based on three-dimensional numerical modelling34.
These model calculations indicated that the temperature difference between the
centre and anvil surfaces in the sodium chloride pressure medium (with a thickness
of 1-2 um) was approximately 100-200 K at 2000 K; this value was equivalent to
the temperature uncertainty in this experiment. The error associated with pressure
(+2 GPa) was evaluated using the errors observed in the volume of sodium chloride
and the standard deviation of the temperature fluctuations. A flat-panel detector
(FPD: Perkin Elmer XRD0822, 1024 x 1024 pixels, 200 um per pixel, CsI deposited
type, with 16-bit dynamic range) was used as an X-ray detector because it was
important to capture diffraction patterns within a short duration of time. The
typical exposure time for obtaining diffraction patterns was 2 s per 1 shot; this was
repeated 20 times, and data were averaged for each pattern. The samples were
compressed to a certain pressure at an ambient temperature and then subjected to
increasing temperatures. The X-ray diffraction patterns in the samples were
recorded at ambient temperatures, while the temperature was increased in steps
from 50-100 K under high temperature conditions at each pressure (depending on
laser power currents). Stable coexistence of the B2 and hcp phases under high
pressure and temperature conditions was detected based on the appearance of the
diffraction peaks associated with the B2 phase at high temperatures in the Fe-7Ni/
Fe-7Ni-5Si/Fe-7Ni-9Si system. The diffraction patterns were analysed using the
IPAnalyzer and PDIndexer software packages®®, with peak fitting being conducted
using symmetric pseudo-Voigt functions. The phase and its unit cell parameters
were identified by the peak positions.

Thermal equation of state of Fe-Ni and Fe-Ni-Si alloys. The experimental
pressure-volume (P-V) compression data for Fe-Ni and Fe-Ni-Si alloys at
ambient temperature were fitted using the Rydberg-Vinet EoS3¢ as follows:

2 1

P = 3K () 1= () e LB - n - (X)) o
(v,300K) = 289 v, v, P 5 %o v, 5

where K, K, and V are the isothermal bulk modulus, its first pressure derivative,
and the molar volume, respectively; the subscript zero refers to ambient conditions.
The total pressure at high temperatures was expressed by the
Mie-Griineisen-Debye model (e.g., ref. 37) as follows:

P 1y = Pv300x) T [Penev,ry — Penev 30050 (2)

where the thermal pressure Py, is derived as follows:

T™? (0T 3
Pm(v_,,,‘):%RT%(@) / T ©)

where 7 is the number of atoms per chemical formula unit, R is the gas constant, y
is the Griineisen parameter, T is the temperature, and © is the Debye temperature.
The Griineisen parameter and the Debye temperature are usually expressed as a
function of volume with a negligible temperature dependence’® as follows:

q
Y=Y (Vl() ) 4)

0 = 0, exp (}’0; y>., (5)

where g is the volume dependence on the Griineisen parameter.

Estimation of the density of the two-phase mixture of the B2 and hcp phases.
Bulk silicon contents of the two-phase mixture and the volume ratio of the B2 and
hep phases, which account for the density of PREM (12.8 gcm~3)1¢ under ICB
conditions, are shown in Fig. 5a. The density of each phase and composition under
ICB conditions were determined using experimental EoSs (Table 1) and the fol-
lowing constraints:

Prulk = %Ppa(Cy) T (1 = OPrgpc,,)- (©)

The bulk silicon content can be expressed by the following relation:
ChukPpuk = Cr2¥Pra(c,y) T Crip(1 = XPricp(c,,, )0 (7)
Dg; = Cp,/ Chip (8)

where x is the volume fraction of the B2 phase, x = #“@Htp Pracc,,) and PHep(Cuep)
are the densities of the B2 and hcp phases, respectively, for compositions coexisting
under ICB conditions derived from the Dg;.

Three parameters (Cg;, Cyiep, and x) in Egs. (6)-(8) should be specified to
determine the density of the two-phase mixture. The parameters pg,, ) and
PHep(c,,.,) indicate the densities of the B2 and hcp phases that coexist under ICB

o
conditions and are derived from the molar volume of the phase (Vppase) and the
molecular weight (Mpp,s.) of the alloys:

P _ MPhase
Phase(Cpaee) — ’
! Vphase

(©)]

where Mphase is the molecular weight of the Fe-Ni-Si alloys and Vpp, is its molar
volume under ICB conditions for each phase.

The silicon-rich B2 phase and the silicon-poor hcp phase are reasonable
combinations of the two-phase mixture (Fig. 4 and refs. $11). The EoSs of the
silicon rich B2 phases were estimated based on the EoS of a single phase of B2 in
the Fe-7Ni-15Si alloy and that of the B2 phase of Fe-7Ni. The EoSs of the silicon-
poor hep phases were estimated based on the EoS of a single hcp phase observed at
lower temperatures in the Fe-Ni-Si system (see Fig. 2). The parameters of the EoSs
for hep and B2/D0; phases have been experimentally determined and are given in
Table 1. The molar volumes of the two phases under ICB conditions (Fig. 3h) show
constant values with almost no compositional dependency. The densities of the
coexisting pair of the B2 and hep phases, pp,, ) and Prep(Cyy)» 3T€ derived from

the constant molar volume of the two phases at ICB as shown in Fig. 3h. Therefore,
the ambiguity of the density associated with the uncertainty of the silicon contents
in the two phases may not have large impacts on our discussions that consider the
density constraints with respect to the PREM.

Compressional wave velocity for Fe-Ni and Fe-Ni-Si alloys and the estimation
of the average compressional wave velocity of the two-phase mixture. Owing
to the lack of suitable data for the wave velocities of Fe-Ni-Si alloys, the v, of
Fe-Ni-Si alloys was estimated by the silicon and nickel dependency of v, in
Fe-Sil>18192122 and Fe-Ni alloys?(. The average v, of the two-phase assemblage
shown in Fig. 6 was calculated as follows: the v,, for hcp and B2 Fe-Si alloys with
various silicon contents were estimated based on the density-velocity systematics
(known as Birch’s law®) by using the v, calculated at a high pressure and an
ambient temperature for the hep phases of Fe!8, Fe-5wt%Si?!, Fe-6wt%Si!”, and
Fe-9wt%Sil?, and the bce/B2 phase of Fe-10wt%Si, Fe-15wt%Si, Fe-19wt%Si,
Fe-21wt%Si, and Fe-29wt%Si%2. The effect of 7 wt% nickel in the alloys was
estimated from the v, of hcp-Fe!® and the hep-alloys of Fe-5wt%Ni and Fe-15wt%
Ni?0. The v, of Fe-5wt%Ni and Fe-15wt%Ni is ~3% and ~6% smaller than that of
non-nickel alloys, respectively, with almost no density dependence within the error
ranges'®20. By combining the estimated v, that includes the effect of silicon and
nickel, the v, of Fe-Ni-Si alloys at a high pressure and an ambient temperature was
estimated to be a linear function of density as follows:

Vp(Fe—zSi)(Pv 300 K) = Azp - 327 (10)
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Vpre—yNi—zsi) (P> 300 K) = N vy i) (p, 300 K), (1)

where A, and B, are the parameters associated with the Birch’s law of Fe-Si alloys
including z wt% silicon, which was interpolated from the Birch’s law of Fe and
Fe-Si alloys!>18:19.21.22 N_is the coefficient that represents the effect of including y
wt% nickel in the alloys. Here, we used N7 =0.96 (+0.01) for alloys with 7 wt%
nickel, which was estimated from the v, of hcp—FelS, Fe-5wt%Ni, and Fe-15wt%
Ni?0. High-temperature velocity was estimated by using the temperature depen-
dence of the Birch’s law!>!8. The temperature dependence of v, for Fe-Ni-Si alloys
was assumed to be the same as that of Fe-6wt%Si!>. The average v, of the two-
phase mixture was calculated using the mean of the arithmetic and harmonic
means of the elastic modulus (Ks +2G = pvf)), which is termed as the
Voigt-Reuss-Hill average of the elastic constants of the composite material (e.g.,
ref. 40). The elastic modulus is proportional to pv,? consequently, the average v, of
the two-phase mixture can be estimated as follows:

2 2
Buith = %P2 Vp(s2) + (1 = X)Pricp Vi(tiep) (12)
X 1—x

Bhum =1/|—5—+—55—|, (13)

o |:PB2 "&Bz) pHcpvé(Hcp):|

5 1

PBulkVP(Bu]k) = E(Barith + Bharm)' (14)
where x is the volume fraction of the B2 phase, which is expressed as x = VBZZ“‘Z,H .
cp

Data availability

All data used in this study are presented in the text and supplementary information.
Parameters used in the calculation are described in the Methods section and Table 1. The
data used to produce Figs. 1-6 and Supplementary Fig. S1 and additional Supplementary
Data can be accessed from the public repository Zenodo (https://doi.org/10.5281/
zen0do.5527625).
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