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Abstract The stability and pressure–volume equation of
state of iron–silicon alloys, Fe-8.7 wt% Si and Fe-17.8
wt% Si, have been investigated using diamond-anvil cell
techniques up to 196 and 124 GPa, respectively. Angu-
lar–dispersive X-ray diffractions of iron–silicon alloys
were measured at room temperature using monochro-
matic synchrotron radiation and an imaging plate (IP).
A bcc–Fe-8.7 wt% Si transformed to hcp structure at
around 16�36 GPa. The high-pressure phase of Fe-8.7
wt% Si with hexagonal close-packed (hcp) structure was
found to be stable up to 196 GPa and no phase transi-
tion of bcc–Fe-17.8 wt% Si was observed up to 124
GPa. The pressure–volume data were fitted to a third-
order Birch–Murnaghan equation of state (BM EOS)
with zero–pressure parameters: V0 ¼ 22.2(8) Å3,
K0 ¼ 198(9) GPa, and K’0 ¼ 4.7(3) for hcp–Fe-8.7 wt%
Si and V0 ¼ 179.41(45) Å3, K0 ¼ 207(15) GPa and
K’0 ¼ 5.1(6) for Fe-17.8 wt% Si. The density and bulk
sound velocity of hcp–Fe-8.7 wt% Si indicate that the
inner core could contain 3–5 wt% Si.

Keywords Iron–silicon alloys Æ High pressure Æ
X-ray diffraction Æ Equation of state

Introduction

Seismic data indicate that both inner and outer cores
are less dense than pure iron at core pressures and

temperatures (e.g., Jephcoat and Olson 1987; Mao
et al. 1990; Fiquet et al. 2001). This suggests that one
or more light elements are contained as iron com-
pounds in the inner and outer cores. The preferred
candidates for the light elements are sulfur, oxygen,
carbon, silicon, and hydrogen (Jeanloz 1990; Poirier
1994; Hillgren et al. 2000). However, the identity and
abundance of the light elements are unknown. To
constrain the composition of the Earth’s core, it is
essential to determine the stability, composition, and
EOS of the iron compounds at core pressures and
temperatures. Silicon has long been a favorite light
element because it is one of the most abundant ele-
ments in the Earth (Birch 1952; Ringwood 1959).
Recent works indicate that mantle silicates react with
liquid iron at the core–mantle boundary and iron-sili-
con alloy is formed as a reaction product (Knittle and
Jeanloz 1991; Goarant et al. 1992; Song and Ahrens
1994). However, Dubrovinsky et al. (2003) showed that
iron and SiO2 did not react at the pressures of 85–140
GPa. The mantle of the Earth is depleted in silicon
relative to CI chondritic material, which suggests the
dominant light element in the core might be silicon
(MacDonald and Knopoff 1958; Ringwood 1959;
Wänke 1981; Allègre et al. 1995). A number of both
experimental and theoretical studies have been made in
order to estimate silicon solubility in iron under the
core conditions, but these results are not consistent
with each other and give varying values of 0–20 wt%
of the silicon content in the core (e.g., Balchan and
Cowan 1966; Poirier 1994; Allègre et al. 1995; Sherman
1997; Hillgren et al. 2000; Gessmann et al. 2001; Lin
et al. 2003). These conflicting results make it difficult
to determine the effect of silicon on the compressibility
of iron-rich alloys. Previous studies on Fe–Si system
up to the pressure of the core, 270 GPa, have been
conducted by the shock compression method (Balchan
and Cowan 1966) and there are no compressibility
measurements for the Fe–Si system by the static
compression method under the core conditions. EOS
measurements have been made for iron–silicon alloys
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with various compositions and have been restricted up
to 60 GPa (Drickamer et al. 1966; Knittle and Wil-
liams 1995; Wood et al. 1995; Guyot et al. 1997;
Zhang and Guyot 1999; Dobson et al. 2003; Lin et al.
2003). Therefore, it is difficult to extrapolate density to
the core pressure. In this paper, we report the results
of a room temperature compression study of iron–sil-
icon alloys at pressures up to 196 GPa.

Experimental

Two powdered iron–silicon alloys, Fe-9 wt% Si and Fe-17 wt%
Si (Goodfellow Co. Ltd.) were used for the starting materials.
The electron microprobe analysis of these alloys showed that the
samples contain 8.7 ± 0.3 wt% Si, and 17.8 ± 0.3 wt% Si,
respectively. The powdered sample of Fe-8.7 wt% Si (Fe84Si16)
has a body-centered cubic (bcc) structure similar to a-iron under
ambient conditions. The lattice parameter and unit-cell volume of
Fe-8.7 wt% Si measured with the X-ray diffractometer (RINT;
Rigaku Co., Ltd.) are a0 ¼ 2.8437(3) and V0 ¼ 22.995(6) Å3,
which are in agreement with values obtained by Zhang and
Guyot (1999); i.e., 2.8429(8) Å and 22.976(20) Å3, respectively.
Fe-17.8 wt% Si (Fe70Si30) has a cubic DO3 structure like Fe3Al,
Fe3Si, or Ni3Sb, which is related to the L21 structure typical of
Heusler alloys. The unit cell contains eight bcc cells. This
structure is similar to B2 structure because atoms are ordering in
both structures (Lin et al. 2003). The lattice parameter and unit-
cell volume of Fe-17.8 wt% Si measured by a conventional
powder X-ray diffraction method (M18XCE, Macscience) at the
ambient condition are a0 ¼ 5.6401(47) Å and V0 ¼ 179.41(45) Å3,
respectively.

High pressure was generated by a Mao–Bell-type diamond-
anvil cell (DAC) with beveled type-I diamond anvils. Four
experimental runs were made for two iron–silicon alloys. For two
runs of Fe-8.7 wt% Si, the sample was compressed using the
beveled anvils with 0.15/0.45-mm and 0.10/0.30-mm culets. For
two runs of Fe-17.8 wt% Si, beveled diamond anvils with 0.25/
0.60-mm and 0.15/0.45-mm culets were used. The rhenium gas-
kets with an initial thickness of 250 lm were preindented to
about 15–40 GPa. The sample was loaded directly into the hole
of the rhenium gasket. No pressure-transmitting medium was
used to obtain the maximum sample volume. Pressures were
measured before and after each exposure by the ruby fluorescence
method (Mao et al. 1978) and the averages of these values were
used as pressure values. For one experimental run on Fe-8.7 wt%
Si up to 196 GPa, powdered platinum black (99.9% purity) as an
internal pressure standard was added to the sample. The (111),
(200), and (220) diffraction lines of Pt were used to calculate the
unit-cell volume, which was converted directly to pressures based
on the equation of state by Holmes et al. (1989). The accuracy of
the present platinum scale will be within a few percent (Mao
et al. 1990; Dubrovinsky et al. 2000). All the experiments were
carried out at room temperature.

In situ high-pressure X-ray powder diffraction experiments were
performed at the BL13A and BL18C beamlines in the Photon
Factory, High Energy Accelerator Research Organisation (KEK).
The incident X-ray beams were monochromatized to wavelengths
of 0.4256 and 0.4264 Å at the BL13A and 0.6196 Å at the BL18C,
respectively. The angle-dispersive technique was employed in order
to get high resolution of the diffraction data. The beam was colli-
mated to a 30-lm square at BL13A and a diameter of 25 lm at
BL18C, respectively. The exposure time was varied from 5 to
90 min, depending on the experimental pressure. The two-dimen-
sional image data were collected by IP. The recorded images were
integrated in order to obtain a conventional one-dimension dif-
fraction spectrum as a function of 2h. A diffraction of the silver
standard was used to determine the wavelength and the distance
between the sample and IP.

Results

Typical spectra for Fe-8.7 wt% Si under high pressures
are shown in Fig. 1 and the unit-cell parameters are
listed in Tables 1 and 2. The diffraction patterns of Fe-
8.7 wt% Si indicate that it transforms from bcc phase
into the bcc and hcp phases at 16 GPa and room tem-
perature, and the phase transformation to the hcp phase
was completed at 36 GPa, which is in good agreement
with Lin et al. (2002). The (100), (101), (102), and (110)

Fig. 1 Representative angle-dispersive X-ray diffraction spectra of
Fe-8.7 wt% Si at different pressures and room temperature.
A monochromatic beam (wavelength ¼ 0.4264 Å) was used as
X-ray source. Re indicates a diffraction line of the rhenium gasket
(lower). The diffraction pattern recorded at 196 GPa using a
monochromatic beam with a wavelength of 0.6196 Å (upper).
Pt represents platinum for pressure standard
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peaks from the hcp phase were observed and could be
fitted to the highest pressure, indicating that the hcp
phase is stable to at least 196 GPa. The (002) reflection
was absent due to preferred orientation (Mao et al.
1990; Dubrovinsky et al. 1998). For Fe-17.8 wt% Si, no
phase transition from the bcc structure was observed at
pressures up to 124 GPa, the maximum pressure studied.

The wide stability field of the bcc phase is in accord with
the previous shock experiment (Balchan and Cowan
1966), indicating that Fe-19.8 wt% Si which has the
same structure as Fe-17.8 wt% Si remained in the bcc
structure up to 250 GPa. In Fe-17.8 wt% Si we could
clearly observe the characteristic reflections for the DO3

structure, (111), (311), and (511) up to 2 GPa, whereas
(511) was observed at least up to 63 GPa. Therefore Fe-
17.8 wt% Si possesses the DO3 structure at least up to 63
GPa. Above this pressure, we could not detect the peak
due to the limitation of the opening angle of the dia-
mond-anvil cell (2h>26�). Only the reflections of the B2
phase were detected from 63 to 124 GPa, the maximum
pressure studied. Therefore it is difficult to conclude
whether the alloy has DO3 or B2 structure at pressures
above 63 GPa.

The compression data for iron–silicon alloys, bcc Fe-
8.7 wt% Si, hcp Fe-8.7 wt% Si, and Fe-17.8 wt% Si, are
presented in Tables 1, 2, and 3, respectively. Compres-
sion curves derived from these experiments are plotted in
Fig. 3 together with the data reported by Lin et al.
(2003). Two iron–silicon alloys appear to be less com-
pressible in these experiments, compared with Lin et al.
(2003). To determine the elastic parameters, the pres-
sure–volume data were fitted to the third-order BM EOS
(Birch 1952). The EOS parameters obtained by the least-
squares calculation are shown in Table 4. For the hcp
phase of Fe-8.7 wt% Si, we made two runs. There are
differences between the P–V data of our first and second
runs. The results of the first run are not consistent with

Table 1 Lattice parameters and volumes of bcc–Fe-8.7 wt% Si

P (GPa) a (Å) V (Å3)

0.0 2.8437(3) 22.995(6)
1.4(1)a 2.838(1) 22.85(4)
2.1(2)b 2.841(1) 22.92(2)
3.7(2)a 2.838(2) 22.87(4)
5.4(1)a 2.826(1) 22.56(2)
7.3(3)a 2.8233(4) 22.506(10)
9.6(2)a 2.8135(2) 22.271(4)
11.1(2)a 2.8076(3) 22.13(1)
13.8(2)a 2.802(1) 22.00(2)
16.4(4)a 2.795(2) 21.83(5)
20.3(5)a 2.785(2) 21.59(4)
22.9(0)b 2.786(0)c 21.62(0)c

25.1(5)a 2.772(1) 21.29(2)
29.5(3)a 2.761(1) 21.04(1)
34.9(3)c 2.747(0)c 20.73(0)c

aFirst experiment
bSecond experiment
cError is zero because only one diffraction line could be observed

Table 2 Lattice parameters and volumes of hcp-Fe-8.7 wt% Si

P (GPa) a (Å) c (Å) V (Å3) c/a

16.4(4)a 2.489(2) 4.083(1) 21.91(9) 1.640(1)
20.3(5)a 2.470(2) 3.998(5) 21.13(4) 1.618(1)
22.9(0)b 2.440(3) 3.901(11) 20.11(8) 1.599(3)
25.1(5)a 2.459(1) 3.969(4) 20.78(3) 1.614(1)
29.5(3)a 2.451(1) 3.947(3) 20.53(2) 1.610(1)
34.9(3)a 2.437(1) 3.928(3) 20.20(3) 1.612(1)
36.5(5)b 2.413(1) 3.852(4) 19.43(3) 1.596(1)
44.1(4)a 2.413(1) 3.874(3) 19.54(2) 1.605(1)
44.6(4.7)b 2.384(2) 3.798(7) 18.70(5) 1.593(2)
49.5(4)a 2.411(1) 3.857(4) 19.42(3) 1.600(1)
54.1(4)a 2.384(1) 3.831(3) 18.86(3) 1.607(1)
59.8(7)a 2.375(1) 3.810(3) 18.63(2) 1.604(1)
65.4(1)a 2.374(1) 3.810(3) 18.60(2) 1.605(1)
68.7(5)a 2.359(1) 3.783(2) 18.23(2) 1.603(1)
76.1(4)a 2.350(1) 3.771(3) 18.03(2) 1.605(1)
79.4(1.4)b 2.338(1) 3.727(5) 17.65(3) 1.594(1)
81.0(1)a 2.350(1) 3.769(3) 18.03(2) 1.603(1)
88.2(1)a 2.347(1) 3.754(3) 17.91(2) 1.599(1)
92.5(3)a 2.327(1) 3.733(3) 17.51(2) 1.604(1)
98.0(1.1)a 2.328(1) 3.727(3) 17.49(2) 1.601(1)
104.6(9)b 2.306(3) 3.686(11) 16.98(7) 1.598(3)
105.6(6)a 2.318(1) 3.725(4) 17.33(3) 1.607(1)
117.9(6)b 2.290(2) 3.661(7) 16.63(4) 1.599(2)
129.9(4.2)b 2.278(2) 3.647(6) 16.39(4) 1.601(2)
140.6(3.9)b 2.262(1) 3.635(2) 16.11(1) 1.607(1)
151.9(4.4)b 2.250(1) 3.616(2) 15.85(1) 1.607(1)
163.1(3.5)b 2.240(1) 3.603(4) 15.66(2) 1.608(1)
170.8(1.4)b 2.232(1) 3.592(3) 15.49(2) 1.609(1)
184.8(3.1)b 2.220(2) 3.575(5) 15.25(3) 1.610(2)
196.0(1.6)b 2.211(1) 3.564(4) 15.09(3) 1.612(1)
190.5(11.0)b 2.2120(2) 3.560(1) 15.086(4) 1.6095(2)

aFirst experiment
bSecond experiment

Table 3 Lattice parameters and volumes of Fe-17.8 wt% Si

P (GPa) a (Å) V (Å3)

0.0 5.640(5) 179.4(5)
0.4(0)a 5.607(2) 176.3(2)
0.5(4)bc 5.621(3) 177.6(3)
1.4(3)a 5.603(1) 175.9(1)
9.2(1)a 5.562(3) 172.0(2)
10.9(3)bc 5.557(2) 171.6(2)
13.0(3)b 5.553(2) 171.3(2)
13.7(3)b 5.551(3) 171.0(3)
14.7(4)a 5.544(3) 170.4(3)
15.7(3)bc 5.535(3) 169.6(3)
16.2(3)bc 5.530(2) 169.1(2)
20.3(3)bc 5.504(2) 166.8(2)
21.1(4)a 5.496(6) 166.0(6)
28.1(3)bc 5.455(2) 162.3(2)
30.6(3)a 5.432(3) 160.3(3)
40.0(9)b 5.409(5) 160.3(3)
40.3(3)a 5.380(4) 155.7(4)
52.5(9)b 5.327(2) 151.1(2)
62.5(1.2)b 5.293(4) 148.2(3)
63.1(9)a 5.304(5) 149.2(4)
76.0(1.2)b 5.232(2) 143.2(2)
85.2(5)b 5.214(1) 141.7(1)
89.6(1.0)a 5.222(2) 142.4(4)
94.7(2.5)b 5.182(4) 139.1(3)
104.2(2.0)b 5.171(2) 138.2(2)
124.4(1.1)b 5.152(4) 136.7(3)

aThird experiment
bForth experiment
cErrors were estimated
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the data reported by Lin et al. (2003) (Fig. 3b) and
appear to shift systematically from the second run. The
pressure values were determined by the ruby scale and
no internal pressure marker (e.g., Pt, Au) was used in the
first run, whereas the equation of state of Pt was used as
a pressure scale in the second run. The difference in the
P–V data between our first and second runs may be
caused by the effect of nonhydrostatic stress. When the
experiments were performed without a pressure medium,
the EOS parameters obtained were strongly dependent
on the degree of nonhydrostatic stress in the sample
(Merkel et al. 2002) or the experimental condition.
There is also a possibility that the pressure of the area
exposed with X-ray beam was overestimated because
only one ruby chip was located in the center of the anvil.
The EOS parameters given by fitting to the P–V data of
the second run are the bulk modulus (K0) of 198(9) GPa
and the first pressure derivative of the bulk modulus
(K’0) of 4.7(3). Although these results are different from
the values obtained by Lin et al. (2003) (Fig. 3b), it
seems to be caused by the tradeoffs between K’0 and K0

and both data themselves are consistent with each other.
The volume of the hcp phase at zero pressure, V0,

given from the second experiment is 22.3(8) Å3, compat-
ible with the value reported by Lin et al. (2003);
V0 ¼ 22.21(5) Å3. DV for the phase transition, interpo-

lated to zero pressure, is 0.70 Å3. The volume difference of
3.0% for bcc–hcp phase transformation, [V(bcc)–
V(hcp)]/V(bcc), is slightly smaller than that of iron, 5.1%
(Mao et al. 1990).

The volumes of bcc phase with Fe-8.7 wt% Si in this
work are significantly larger than that of the recent
X-ray diffraction measurement using both a DIA-type
cubic anvil apparatus and DAC (Zhang and Guyot

1999; Lin et al. 2003). The bulk modulus, K0, of 268(5)
GPa was obtained, with K’0 fixed to 5.3 in order to
compare with previous studies. The K0 for the bcc phase
is much higher than the values reported by Zhang and
Guyot (1999) and Lin et al. (2003) (Fig. 3a). This dis-
crepancy is due to the nonhydrostatic effect in DAC,
which generally causes higher values of K0 and/or K’0
(Guyot et al. 1997; Merkel et al. 2002). In the study of
Lin et al. (2003), the sample was annealed by an external
heating method to reduce the effects of nonhydrostatic
stress. In general, nonhydrostatic conditions of experi-
ments could lead to overestimation of the volume at
given pressure (Singh and Balasingh 1994; Singh et al.
1998).

For Fe-17.8 wt% Si, the bulk modulus and the
pressure derivative of the bulk modulus determined by
least-squares fit were K0 ¼ 207(15) GPa and
K’0 ¼ 5.1(6), which were in agreement with the values
reported by Lin et al. (2003), where K0 ¼ 199.0(5.3) GPa
and K’0 ¼ 5.66(61). The bulk modulus determined by
the static compression method is consistent with that
determined by the shock compression of the alloy with a
similar composition, Fe-19.8 wt% Si; K0 ¼ 208(10) GPa,
which was calculated from linear fit to the shock
velocity – particle velocity (us–Up) data given by
Balchan and Cowan (1966).

The measurements on the bcc phase of Fe-8.7 wt% Si
in this work have suffered from strong nonhydrostatic-
ity. They therefore lead to apparent high values of K0

and/or K’0 (Guyot et al. 1997; Merkel et al. 2002). The
values of K0 for bcc Fe-8.7 wt% Si are higher than those
measured in the studies of Zhang and Guyot (1999) and
Lin et al. (2003) that were conducted under more
hydrostatic conditions. For hcp-Fe-8.7 wt% Si and Fe-
17.8 wt% Si, although there was the effect of nonhy-
drostatic stress, the problem of nonhydrostaticity would
not be so severe since the pressure range investigated
extends to very high pressures at which the relative
importance of nonhydrostatic stresses is small. However,
we cannot rule out that our bulk moduli of Fe–Si alloys
are overestimated due to a high stress in the sample

Fig. 2 X-ray diffraction patterns of Fe-17.8 wt% Si with DO3

structure at 0.1 MPa and 124 GPa at 300 K. A monochromatic
beam (wavelength ¼ 0.4256 Å) was used as X-ray source.
Re rhenium gasket

Fig. 3a–c Pressure–volume relations for a bcc Fe-8.7 wt% Si, b hcp
Fe-8.7 wt% Si, and c Fe-17.8 wt% Si. Compression data for bcc–
and hcp—Fe85Si15 (7.9 wt% Si) and Fe71Si29 (17.0 wt% Si)
reported by Lin et al. (2003) are also plotted (open circles). a Solid
circles and solid squares show the first and the second runs,
respectively. Open triangles are the data from Zhang and Guyot
(1999). Solid, dashed and dotted lines represent a third-order Burch–
Murnaghan equation of state (BM EOS) fitted to our data, Zhang
and Guyot (1999), and Lin et al. (2003), respectively. b Solid circles
and solid squares show the first and the second runs, respectively.
Solid and dotted lines show a third-order BM EOS fitted to our data
in second run and the data reported by Lin et al. (2003),
respectively. c Solid and dotted lines represent a third-order BM
EOS fitted to our data and the data reported by Lin et al. (2003),
respectively. The volume data from Lin et al. (2003) (open circles)
multiplies the raw data by eight (see text in detail). The equation of
state is dependent on the stress conditions in the sample. Iron–
silicon alloys appear less compressible in the nonhydrostatic
experiments

c
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without pressure medium, although the alloys are less
compressible than hcp–iron when we compare our
compression data of Fe–Si alloys with those of hcp–Fe
determined without pressure medium by Mao et al.
(1990).

The bulk moduli of iron–silicon alloys obtained in the
present study are higher than that of the other iron
compounds (Table 4). The EOS parameters of FeS (VI)
and FeO (NiAs phase) in Table 4 are corrected from

values at 800 and 900 K to those at 300 K, respectively
(Fei et al. 1995; Fei and Mao 1994), by assuming that
the value of dK/dT at zero pressure for iron and iron
alloys is about –0.04 GPa K–1 (Guyot et al. 1997; Du-
brovinsky et al. 1998; Zhang and Guyot 1999; Uchida
et al. 2001). The large K0 values for Fe–Si alloys are
consistent with those obtained by Knittle and Williams
(1995) using DAC (Table 4).

The variation of c/a for the hcp phase, a high-pres-
sure phase of Fe-8.7 wt% Si, obtained in this study is
shown in Fig. 4, together with the values for hcp–iron.
The axial ratio of hcp Fe-8.7 wt% Si increases slightly
with increasing pressures, which is different from that of
the hcp phase of pure iron (Jephcoat et al. 1986; Mao

Table 4 Equation of state parameters for iron compounds

Iron compounds K0 (GPa) K’0

bcc–Fe-8.7 wt% Sia 268(5) 5.3 (fixed)
hcp–Fe-8.7 wt% Siaj 198(9) 4.7(3)
Fe-17.8 wt% Sia 207(15) 5.1(6)
e-FeSib 209(6) 3.5(4)
e-FeSic 184.7(3.9) 4.75(61)
hcp–Fed 164.8(3.6) 5.33(9)
hcp—Fe0.8Ni0.2

d 175(2) 4.95(9)
FeHe 121(19) 5.31(0.9)
Fe3C

f 174(6) 4.8(8)
FeS (VI)gi 74(8) 4 (fixed)
FeO (NiAs phase)hi 196(15) 4.3(6)

aThis work; bKnittle and Williams (1995); cLin et al. (2003); dMao
et al. (1990); eBadding et al. (1991); fLi et al. (2002); gFei et al.
(1995); hFei and Mao (1994)
iValues corrected using dK0/dT=-0.04(1) GPa and dK’0/dT is
constant
jEOS parameters obtained by fitting to the data on second
experiment

Fig. 4 Plot of the variation of c/a for hcp Fe-8.7 wt% Si as a
function of pressure, together with the c/a of hcp iron (Mao et al.
1990). Solid circles, open circles, and open squares are the data from
this work, Lin et al. (2003), and Mao et al. (1990), respectively. The
solid line indicates the curve fitted linearly above 60 GPa,
c/a ¼ 1.596(2) – 6.8(1.8) · 10–5 Æ P. The dashed line is the linear
fit to data from Mao et al. (1990) for hcp iron
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et al. 1990). The values reported by Lin et al. (2003) are
larger than those in the present study.

Discussion

Density under inner core condition

In order to compare the results in this work with seis-
mological data (PREM) (Dziewonski and Anderson
1981), the density using the EOS of hcp Fe-8.7 wt% Si
was extrapolated to inner-core conditions. First, the
experimental P–V curve was extrapolated to inner-core
pressure along the 300 K isotherm (Fig. 5). The 300-K
isotherm was then thermally expanded to 4000 to
7000 K. Temperature at ICB estimated from melting
temperature of pure iron varies and remains uncertain
(Brown and McQueen 1986; Williams et al. 1987; Bo-
ehler 1993; Yoo et al. 1993). The thermal expansion of
hcp Fe-8.7 wt% Si is assumed to be the same as that of
hcp iron. The difference in thermal expansions of iron
and its alloys is comparatively minor under core pres-
sures (Williams and Knittle 1997). Anderson et al.
(1967) showed that the pressure dependence of the
thermal expansion coefficient can be expressed in the
form a ¼ a0 (V/V0)

n. Using a0=5.5 · 10)5 K)1 (Uchida
et al. 2001) and n ¼ 6.5 (Boehler et al. 1990; Dobson
et al. 2003) for pure iron and the compression data of
hcp Fe-8.7 wt% Si, the value of a at the inner-core
boundary (ICB) pressure of 330 GPa is estimated to be
2.1 · 10)6 K)1, close to the value used by Dobson et al.
(2003). Assuming the temperature of 6000 K at ICB, the
correction for thermal expansion at ICB is estimated as
aT ¼ 1.3 · 10)2. The density of hcp Fe-8.7 wt% Si
deduced from the present experiments is 12.6(5) g cm)3

at 330 GPa and 300 K. Using the correction, the density
of hcp Fe-8.7 wt% Si is obtained to be 12.5(4) g cm)3 at
330 GPa and 6000 K.

For hcp iron, Mao et al. (1990) estimated the density
of 13.8(1) g cm)3 at 330 GPa and 300 K, which is 9%
denser than hcp Fe-8.7 wt% Si. The same procedure
yields a of 2.0 · 10)6 K)1 and the density of 13.6(1)
g cm)3 for hcp iron at 330 GPa and 6000 K. The density
at ICB deduced from the seismological data is
12.76 g cm)3. Therefore, the density of PREM is about
6% lower than that of hcp iron at ICB and 6000 K.
Using the calculation by Poirier (1994), a solubility of a
light element in iron can be estimated (see Appendix in
Poirier 1994). Considering the light element in iron as
silicon, we estimate the value of 4–9 wt% at 6000 K for
the mass fraction of silicon compatible with a core
density deficit. Even if the amount of silicon in inner
core is calculated assuming the temperature of 4000,
5000, and 7000 K at ICB, the silicon content in the core
is estimated within 3–10 wt%. It is consistent with that
estimated by Dobson et al. (2003) and Lin et al. (2003)
for the inner core.

Bulk sound velocity calculation

The bulk sound velocity of pure liquid iron appears to
be about 10% lower than those of the PREM core
(Anderson and Ahrens 1994). It is likely that the bulk
sound velocity of iron–silicon alloys is higher than that
of iron under the core condition (Lin et al. 2003). The
bulk sound velocity is defined as V/= (Ks/q)

1/2, where q
is density and Ks is the adiabatic bulk modulus. Ks can
be calculated using Ks = KT(1 + acT), where the
Grüneisen parameter c is assumed to be between 1 and 2
(Dobson et al. 2003) and the thermal expansion
coefficient a is estimated from a ¼ a0 (V/V0)

n with
a0=5.5 · 10)5 K)1 (Uchida et al. 2001) and n ¼ 6.5
(Boehler 1990; Dobson et al. 2003). Assuming that the
second and higher-order pressure derivatives of the bulk
modulus are negligible, KT and K’T are calculated using
KT ¼ K0 + (¶KT/¶T)P(T ) 300) and K’T ¼ K’0, where
K0 and K’0 are taken at zero pressure. The temperature
derivative of the bulk modulus (¶KT/¶T)P of
)4.48 · 10)2 GPa K)1 for hcp iron is used (Uchida et al.
2001). No correction of K’T for temperature is made
because the temperature derivative of K’T, (¶K’T/¶T) P,
has only been estimated for a few materials. These values
of a, c, and (¶KT/¶T)P for hcp Fe-8.7 wt% Si are
assumed to be the same as that of hcp iron. This
assumption may be reconciled from the similarity of the
thermal expansion and ¶K/¶T at the ambient conditions
for a-Fe0.91Si0.09, e-FeSi, and hcp–Fe in spite of a large
difference in the bulk modulus values (Zhang and Guyot
1999). Fig. 6a shows a plot of KS as a function of
pressure under core condition. The bulk modulus KS is
computed assuming the temperature of 4000, 5000,
6000, and 7000 K at ICB. The bulk modulus of hcp–Fe-
8.7 wt% Si is higher than that of the PREM inner core,

Fig. 5 Density at core pressures and temperatures for hcp Fe-8.7
wt% Si, hcp iron (Mao et al. 1990), and PREM (Dziewonski and
Anderson 1981). Solid circles and open squares are the data from
this work and Mao et al. (1990), respectively. The curves for hcp
Fe-8.7 wt% Si and hcp iron are extrapolated using the third-order
Burch–Murnaghan equation of state
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even if the ICB temperature is assumed to be 7000 K.
The calculated bulk sound velocities of hcp–Fe-8.7 wt%
Si are also higher than that of the PREM under core
condition (Fig. 6b). The reduction of silicon in hcp iron
would lead the decrease of the bulk sound velocity for
iron (Lin et al. 2003). In order to estimate the Si content
in the inner core which can account for the bulk sound
velocity of the inner core, we assumed a linear relation
between the Si content and bulk sound velocity in hcp
Fe–Si alloys up to the Si content of 8.7 wt% Si. If the
amount of silicon in hcp iron were 2–5 wt%, the bulk
sound velocity of iron–silicon alloy would be consistent
with that of inner core.

Knittle and Williams (1995) denied a possibility of Si
as a major light element in the outer core based on the
EOS of e-FeSi. Our results, however, indicate that 3–5
wt% of silicon could explain both the density deficit and

the bulk sound velocity of the inner core. Lin et al.
(2002) showed that at high-pressure and high-tempera-
ture iron–silicon alloy decomposed into a mixture of a
Si-poor hcp phase and a Si-rich bcc phase, where Si
concentrations are �8 wt% and �11 wt%, respectively.
Recently, it was suggested that above 60 GPa and at
high temperature iron–silicon alloys dissociate into a
hcp-structured Si-poor iron and a CsCl-structured (B2)
FeSi compound (Dubrovinsky et al. 2003), although no
measurements of chemical compositions were made for
these phases. These works indicate that an Si-poor hcp-
structured phase appears at high pressure and high
temperature. If the inner core contains silicon, it may be
composed of a hcp-structured phase with a few weight
% silicon and/or an Si-rich phase (bcc- and/or B2-
structured). Therefore, it is also essential to measure
experimentally the elastic properties of iron–silicon
alloys with bcc and B2 structure under core conditions in
order to constrain the composition of the Earth’s core.
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