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a b s t r a c t

Studying the velocity–density profiles of iron and iron–silicon alloy at high pressures and temperatures is
critical for understanding the Earth’s core as well as the interiors of other planetary bodies. Here we have
investigated the compressional wave velocity (VP) and density (q) profiles of polycrystalline bcc-Fe and
Fe0.85Si0.15 alloy (8 wt.% Si) using in situ high-energy resolution inelastic X-ray scattering (HERIX) and
synchrotron X-ray diffraction spectroscopies in an externally-heated diamond anvil cell (EHDAC) up to
15 GPa and 700 K. Based on the measured velocity–density (VP–q) and velocity–pressure (VP–P) relations
of bcc-Fe at simultaneous high pressure and temperature (P–T) conditions, our results show a strong VP

reduction at elevated temperatures at a constant density. Comparison of the VP–q profiles between the
bcc-Fe and bcc-Fe0.85Si0.15 alloy indicates that the alloying effect of additional 8 wt.% Si on the VP–q
relationship of bcc-Fe is predominant via a constant density decrease of approximately 0.6 g/cm3 (7%).
Compared with the literature velocity results for bcc and hcp Fe–Si alloys, the bcc-Fe and Fe–Si alloys
exhibit higher VP than their hcp phase counterparts at the given bcc–hcp transition pressures. Our results
here strongly support the notion that high temperature has a strong effect on the VP of Fe and that the
VP–q profile of Fe can be affected by structural and magnetic transitions. Analyses on literature elastic
constants of the bcc Fe–Si alloys, as a function of P–T and Si content, show that the bcc phase displays
extremely high VP anisotropy of 16–30% and VS splitting anisotropy of 40–90% at high temperatures,
while the addition of Si further enhances the anisotropy. Due to the extremely high elastic anisotropy
of the bcc Fe–Si alloy, a certain portion of the bcc Fe–Si alloy with the lattice-preferred orientation
may produce VP and VS anisotropies to potentially account for the observed seismic anisotropy in the
inner core.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Earth’s core is predominantly constituted of Fe, alloyed with Ni
and a certain amount (approximately 10 wt.%) of elements lighter
than Fe (thus named light elements) (Birch, 1952, 1964). A plethora
of studies have concentrated on the identity and concentration of
candidate light elements incorporated into the Earth’s core from
cosmochemical, geochemical, geophysical, and mineral physics
perspectives (e.g., Birch, 1952, 1964; Poirier, 1994; McDonough
and Sun, 1995; Zhang and Guyot, 1999; Alfè et al., 2002; Lin
et al., 2002; Li and Fei, 2003; Rubie et al., 2007, 2011); though,
the crystal structure and the amount of the major light element
alloyed with Fe in the Earth’s core remain highly debated
(see Dubrovinsky and Lin (2009) for further reviews). To date, a
number of plausible major light elements have been proposed,
including Si, S, O, C, and H (see Poirier (1994) and Li and Fei
(2003) for further details). These results indicate that the presence
of approximately 10 wt.% light elements in the Earth’s core is nec-
essary to explain the density and velocity discrepancies between
seismic observations and measured velocity–density profiles of
pure iron (Birch, 1964). However, most of the proposed major light
elements have very low solubility in Fe at ambient conditions or at
limited high P–T conditions (Li and Fei, 2003; Chen et al., 2008),
making it difficult to investigate the alloying effects of the light ele-
ment on thermodynamic and elastic properties of iron at relevant
conditions of the Earth’s core. On the other hand, Si can be readily
alloyed with Fe in the hexagonal closest-packed (hcp), body-cen-
tered cubic (bcc), or bcc-related structures (Machová and
Kadečková, 1977; Lin et al., 2003a; Kuwayama et al., 2009;
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Fischer et al., 2013), allowing one to study the alloying effects of a
potential light element more easily.

Recent studies on the phase diagram of iron-light element
alloys at relevant P–T conditions of the Earth’s inner core have
shown very rich information about their crystal structures, melting
point depressions, elasticity, and alloying effects of light elements
(see Li and Fei (2003) and Rubie et al. (2007) for further reviews).
Synchrotron X-ray diffraction (XRD) experiments and theoretical
calculations on the crystal structure of pure iron have shown that
the hcp structure is likely to be the most stable phase at relevant
P–T conditions of the Earth’s inner core (Kuwayama et al., 2008;
Vočadlo et al., 1999; Tateno et al., 2010; Stixrude, 2012). Further-
more, the face-centered cubic (fcc) structure of Fe has also been
suggested to coexist with the hcp phase in the inner core
(Mikhaylushkin et al., 2007; Côté et al., 2010; Cui et al., 2013).
On the other hand, the bcc structure of Fe or its alloys, including
Fe–Si and Fe–Ni alloys, may also exist in the inner core conditions
(e.g., Brown and McQueen, 1986; Matsui and Anderson, 1997; Lin
et al., 2002; Lin et al., 2003a; Belonoshko et al., 2003; Belonoshko
et al., 2006; Belonoshko et al., 2008a,b; Belonoshko et al., 2009;
Belonoshko et al., 2011; Vočadlo et al., 2003, 2008; Hirao et al.,
2004; Dubrovinsky et al., 2007; Sata et al., 2008; Kuwayama
et al., 2009; Asanuma et al., 2010; Luo et al., 2010; Zhang and
Oganov, 2010; Persson et al., 2011; Fischer et al., 2013). Recent
experimental and theoretical results revealed that addition of Si
light element and/or Ni in Fe can stabilize the bcc phase at higher
P–T conditions relevant to the inner core as a result of the com-
bined effects of high-temperature and addition of light elements
in Fe (Lin et al., 2002; Dubrovinsky et al., 2007; Vočadlo et al.
2008; Côté et al., 2008; Kuwayama et al., 2009). It has also been
argued that the complex structure and P-wave anisotropy of the
inner core can be better explained by the presence of the textured
bcc phase with extremely high elastic anisotropy, instead of a sin-
gle phase of hcp-Fe (Belonoshko et al., 2008a; Mattesini et al.,
2010, 2013; Geballe et al., 2013). On the other hand, the anisotropy
of hcp-Fe is reported to decrease with increasing pressure and/or
temperature (e.g., Stixrude and Cohen, 1995; Steinle-Neumann
et al., 2001; Vočadlo et al., 2009; Sha and Cohen, 2010). Several
previous studies have indicated that the anisotropy of hcp-iron
can be so small (�1%) or insignificant under the Earth’s core condi-
tions such that it may not be sufficient to explain the seismic VP

and VS anisotropies of the inner core (Belonoshko et al., 2003;
Sha and Cohen, 2010). Therefore, knowledge about the sound
velocity of the bcc-Fe and Fe–Si alloys at high P–T conditions can
provide further new insights into our understanding of the geo-
physics and geochemistry of the Earth’s core as well as the interi-
ors of other planetary bodies (Sohl and Schubert, 2007).

A number of experimental high-pressure techniques, including
ultrasonic interferometry, nuclear resonant inelastic X-ray scatter-
ing (NRIXS), high-energy resolution inelastic X-ray scattering
(HERIX), impulsive stimulated light scattering (ISLS), and shock
compression, have been used to measure the compressional wave
velocity (VP) of the hcp-Fe at high pressures (e.g., Mao 1998, 2001;
Fiquet et al., 2001; Crowhurst et al. 2004; Nguyen and Holmes,
2004). Sound velocities of Fe alloys (e.g., Fe–Ni, Fe–O–S, Fe–Ni–Si,
Fe–H) and Fe-bearing compounds (e.g., Fe3C, Fe3S, FeO, FeSi) have
also been systematically investigated (e.g., Lin et al., 2003b;
Fiquet et al., 2004; Mao et al., 2004; Badro et al., 2007; Kantor
et al., 2007; Whitaker et al. 2009; Antonangeli et al., 2010; Gao
et al., 2011; Huang et al., 2011; Shibazaki et al., 2012). One of the
main interests and debates in these studies remains to be the
VP-density (q) relationship of Fe alloys at high P–T – does the VP–q
relation behave linearly to allow one to extrapolate lower P–T data
to Earth’s core conditions? In some of the previous studies, the
VP–q relations of Fe and its alloys and compounds have been found
to behave linearly at ultrahigh pressures and that the high
temperature effect was negligible within experimental uncertain-
ties (e.g., Fiquet et al., 2001; Badro et al., 2007; Kantor et al.,
2007; Vočadlo 2007; Whitaker et al. 2009; Antonangeli et al.,
2012; Murphy et al. 2013; Ohtani et al. 2013). These results have
been extensively used to extrapolate experimental results to
Earth’s core conditions without considering high-temperature
effects on the velocity. However, other recent theoretical and
experimental results have shown that high temperature causes a
significant decrease in the VP and VS even at a constant density,
indicating that the VP–q relationship of Fe and its alloys needs to
be used with caution and experimental results at simultaneous
high P–T conditions of the core are needed to reliably decipher
the physics and chemistry of the region (Steinle-Neumann et al.,
2001; Lin et al., 2005; Sha and Cohen, 2006, 2010; Vočadlo et al.,
2009; Gao et al., 2011; Mao et al., 2012). In contrast to these exten-
sive studies on hcp-Fe alloys, experimental results on sound veloc-
ities of bcc-Fe and bcc Fe-rich alloys at high P–T remain relatively
scarce, calling for further understanding of the elastic behavior of
bcc-Fe and Fe-rich light element alloys at high P–T conditions
(Klotz and Braden, 2000; Fiquet et al., 2004).

In this study, we have carried out in situ HERIX and XRD mea-
surements on polycrystalline bcc-Fe and Fe0.85Si0.15 (8 wt.% Si)
alloy in an externally-heated diamond anvil cell (EHDAC) at high
P–T conditions (Kantor et al., 2012; Mao et al., 2012). The diffrac-
tion spectra were used to confirm the crystal structure and the lat-
tice parameters (density) of the bcc phase, while the longitudinal
acoustic phonon spectra were used to derive the VP. These results
allow us to reliably establish the VP–q relation of the bcc phase
and to understand the alloying effect of Si on the velocity of bcc-
Fe. Together with previous studies on the single-crystal elastic con-
stants of the Fe–Si alloy system (Alberts and Wedepohl, 1971;
Routbort et al., 1971; Machová and Kadečková, 1977; Petrova
et al., 2010), the high P–T and silicon-alloying effects on the VP

and VS anisotropy of bcc-Fe are analyzed in detail. These results
here on the bcc Fe–Si alloys as well as literature values on hcp-
Fe alloys are applied to understanding the chemical composition
and seismic wave anisotropy of the inner core.

2. Experimental methods

The starting powder Fe and Fe0.85Si0.15 alloy were purchased
from Alfa Aesar Company with lot H13U044 and Goodfellow Com-
pany with lot FE006020/31, respectively. The Fe0.85Si0.15 alloy sam-
ple has been used and examined in previous XRD and HERIX
studies (Lin et al., 2009; Mao et al., 2012). Electron microprobe
analyses showed that the Fe sample did not contain any detectable
impurities while the Fe–Si alloy contained 7.9 (±0.3) wt.% Si homo-
geneously. Both samples were polycrystalline in the bcc structure
without any observable textures at ambient conditions based on
XRD results. The starting sample was pre-selected for its grain size
of 1–3 um and slightly pressed between two opposing diamond
anvils to form a disk of approximately 60 lm wide and 45 lm
thick. A Re gasket of 250 lm thick was pre-indented to 70 lm thick
by a pair of diamond anvils with 500 lm culets, and a hole of
250 lm in diameter was then drilled in it. The sample disk was
then loaded into the sample chamber of the drilled hole in an
EHDAC equipped with a Pt wire heater and a K-type thermocouple
(Kantor et al., 2012; Mao et al., 2012). Micro-sized Au powder and a
small piece of ruby sphere were placed next to the sample as the
primary and secondary pressure calibrant, respectively (Fei et al.
2007; Mao et al., 1986). Ultrahigh purity Ne pressure medium
was loaded at 22,000 psi using the high-pressure gas loader in
the Mineral Physics Laboratory of the University of Texas at Austin.
The temperature of the sample was measured using the K-type
thermocouple attached to the pavilion of the diamond close to
the sample chamber. The highest temperature of our experiments
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Fig. 2. Representative HERIX spectra of bcc-Fe as a function of momentum transfer
(Q) at 11 GPa and 700 K. (a) The full-profile HERIX spectra in the logarithmic scale.
(b) The HERIX spectra of the interesting region shown in the linear scale.
Experimental data (open circles with error bars) were fitted with a Lorentzian
function (solid lines) for the longitudinal acoustic phonon peak (LA). Transverse
acoustic (TA-Dia) and longitudinal acoustic phonon peaks (LA-Dia) from diamond
anvils were observed when the momentum transfer (Q) was at 4.0 nm�1.

Table 1
Compressional wave velocity and density of polycrystalline bcc-Fe and Fe0.85Si0.15 at
high pressures and temperatures.

VP (km/s) q (g/cm3) P (GPa)*

bcc-Fe (300 K)
5.97 (±0.05) 7.877 (±0.002) 1 bar
6.11 (±0.05) 7.965 (±0.003) 1.9 (±0.2)
6.28 (±0.03) 8.065 (±0.003) 4.2 (±0.3)
6.45 (±0.06) 8.187 (±0.002) 7.4 (±0.5)
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was kept at 700 K to allow the bcc phase to remain stable over a
wider pressure range (Boehler, 1986; Huang et al., 1987).

High P–T HERIX and XRD measurements were conducted using
a highly monochromatized incident X-ray beam with an energy of
21.657 keV (0.5725 Å) and an energy bandwidth of 1.2 meV at
3IDC of the Advanced Photon Source (APS), Argonne National Lab-
oratory (ANL) (Toellner et al., 2011). The X-ray beam was focused
down to a beamsize of 15 lm vertically and 22 lm horizontally
using a set of toroidal and Kirkpatrick–Baez (KB) mirrors in tandem
(Alatas et al., 2011). X-ray diffraction patterns of the sample were
collected by a digital X-ray flat panel detector (FPDs) from Perkin-
Elmer Company before and after experiments, and were integrated
using Fit2D Software (Hammersley et al. 1996). The samples
remained in the bcc structure in all of our experiments, and no
additional diffraction peaks, other than the bcc phase, were
observed during and after experiments. The unit cell parameters,
densities, and their uncertainties were calculated from two diffrac-
tion peaks (110) and (200) of the bcc phase, while analyses on the
variation of the diffraction intensity as a function of azimuthal
angle did not reveal any observable texturing of the bcc samples
upon compression (Fig. 1). Pressures and their uncertainties were
determined from Au, and were crosschecked via the measured
densities of the samples before and after experiments using previ-
ously reported equation of state (Mao et al., 1967; Huang et al.,
1987; Zhang and Guyot, 1999; Lin et al., 2003a; Fei et al., 2007).
For the HERIX experiments, the scattered inelastic signals of the
sample were collected and analyzed using a 6-meter long analyzer
arm equipped with four spherically-bent silicon crystal analyzers
of the (1860) reflection working very close to back reflection
(89.98�) (Sinn et al., 2001; Alatas et al., 2011). These analyzers
were separated by �3.3 nm�1 in the reciprocal space, with an
energy resolution of approximately 2.2 meV (Alatas et al., 2011).
The collection time for each energy scan was approximately 1 h
and about 20 spectra were co-added for each given P–T conditions
in order to obtain high-quality HERIX spectra of the samples, with
very small temperature fluctuation less than 1 K.
6.58 (±0.05) 8.311 (±0.005) 10.3 (±0.5)
bcc-Fe (500 K)

6.02 (±0.05) 7.945 (±0.002) 3.1 (±0.3)
6.22 (±0.06) 8.092 (±0.003) 6.6 (±0.5)
6.40 (±0.05) 8.217 (±0.003) 9.7 (±0.5)

bcc-Fe (700 K)
5.67 (±0.04) 7.742 (±0.004) 1 bar
5.94 (±0.07) 7.937 (±0.002) 3.8 (±0.3)
6.18 (±0.06) 8.121 (±0.003) 8.0 (±0.5)
6.38 (±0.08) 8.259 (±0.004) 10.9 (±0.5)

Fe0.85Si0.15 (300 K)
6.19 (±0.05) 7.398 (±0.002) 1 bar
3. Results and data analyses

HERIX spectra of the bcc-Fe were collected at four different
momentum transfers (Q) of 4.0, 7.3, 10.6 and 13.9 nm�1 up to
11 GPa at three given temperatures (300 K, 500 K, and 700 K)
(Fig. 2 and Table 1), while the spectra for bcc-Fe0.85Si0.15 were col-
lected at high pressures and room temperature. Measured longitu-
dinal acoustic (LA) phonon dispersion curves of the samples were
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Fig. 1. Representative X-ray diffraction pattern of bcc-Fe at 10 GPa and 300 K.
Insert, original diffraction image. An incident X-ray wavelength of k = 0.3100 Å was
used for the measurement at the GeoSoilEnviroCARS of the APS. The sample was in
the bcc phase and did not exhibit any observable textures.

6.40 (±0.06) 7.515 (±0.005) 2.5 (±0.2)
6.85 (±0.07) 7.819 (±0.006) 9.0 (±0.4)
7.13 (±0.09) 7.996 (±0.006) 14.5 (±0.5)

* Neon was used as the pressure-transmitting medium. Pressures were calculated
from Au (Fei et al., 2007), and were crosschecked using the equation of state (EoS) of
bcc-Fe (Mao et al., 1967; Huang et al., 1987) and bcc-Fe0.85Si0.15 (Lin et al., 2003a).
fitted to a sine function of the momentum (Q) and energy transfers
(E) to derive the compressional-wave velocity (VP) (Fig. 3) (see
Fiquet et al. (2004) and Kantor et al. (2007) for further details).
The uncertainty of the derived VP is approximately 1% (Table 1),
allowing us to better constrain high P–T and silicon-alloying effects
on the VP of the bcc-Fe. We note that the elastic peaks in the HERIX
spectra are typically much stronger than the longitudinal acoustic
phonon peaks of bcc-Fe and bcc-Fe0.85Si0.15 at the lowest Q
(4 nm�1).

Given the limited density (pressure) range (approximately
0.4 g/cm3 increase in density) of our experiments, the derived
VP–q profiles of the bcc-Fe and Fe0.85Si0.15 at each given tempera-
ture can be well represented by a linear function. The VP of



0

10

20

30

40

 7.874 g/cm3

 7.965 g/cm3

 8.065 g/cm3

 8.187 g/cm3

 8.311 g/cm3

a  bcc-Fe (300 K)

Q (nm-1)

En
er

gy
 (m

eV
)

0

10

20

30

40 b bcc-Fe (700 K)

0 2 4 6 8 10 12 14
0

10

20

30

40

 7.398 g/cm3

 7.515 g/cm3

 7.819 g/cm3

 7.996 g/cm3

 7.767 g/cm3

 7.937 g/cm3

 8.121 g/cm3

 8.259 g/cm3

c  Fe0.85Si0.15 (300 K)

Fig. 3. Longitudinal acoustic phonon dispersion curves of bcc-Fe (a, b) and bcc-
Fe0.85Si0.15 (c) at high pressures. The measured momentum–energy (Q–E) relations
(open circles) were fitted using a sine function (solid lines). The energy and
momentum transfers at the origin of the first Brillouin zone are intrinsically set at
zero for the data analyses. Errors (±1r) for the momentum transfer are typically in
the order of 0.3 nm�1, while uncertainties for the energy transfer are mostly less
than 1%. Errors smaller than the symbols are not shown for clarity.

7.8 8.0 8.2

5.7

6.0

6.3

6.6

300 K

bcc-Fe

 300 K
 500 K
 700 K

7.2 7.5 7.8 8.1 8.4

6.0

6.4

6.8

7.2

8 wt% Si

bcc-Fe

a

b

V P 
(k

m
/s

)

ΔVP

V P 
(k

m
/s

)

Density (g/cm3)

Δρ

bcc-Fe0.85Si0.15

Fig. 4. Compressional wave velocity (VP) and density (q) relations of bcc-Fe (a) and
bcc Fe–Si alloy (b) at high pressures and temperatures. Solid lines: linear fits of the
experimental data. Dashed lines illustrate the alloying effect of 8 wt.% Si on the VP–
q relation of bcc-Fe at ambient conditions in which the velocity increase at a
constant density (DVP) and the density decrease (Dq) at a constant velocity are
shown respectively.

0 3 6 9 12 15
5.6

6.0

6.4

6.8

7.2

7.6

P (GPa)

Fe0.85Si0.15

Pressure (GPa) 

bcc-Fe (300 K)
bcc-Fe (500 K)
bcc-Fe (700 K)

V P 
(k

m
/s

)

0 3 6 9 12
-6
-3
0
3
6

ΔV
P 

(%
)

bcc-Fe (700 K)

bcc-Fe (500 K)

 

 

Fe0.85Si0.15 (300 K)

Fig. 5. Compressional wave velocity (VP) of bcc-Fe and bcc-Fe0.85Si0.15 as a function
of pressure. Solid lines: linear fits of the experimental data; solid circles: bcc-
Fe0.85Si0.15 at 300 K. Insert: velocity deviation (DVP (%)) as a function of pressure
using the experimental VP of bcc-Fe at 300 K (VP,300) as the reference. The deviation
is defined as: DVP (%) = ((VP � VP,300) / VP,300) � 100. Dashed lines: linear fits of the
derived velocity deviation; vertical ticks: representative errors (±1r) are calculated
using standard error propagations.

J. Liu et al. / Physics of the Earth and Planetary Interiors 233 (2014) 24–32 27
bcc-Fe measured at elevated temperatures was clearly reduced,
even at a constant density (Fig. 4a). For example, at a constant den-
sity of 7.877 (±0.002) g/cm3, the VP of the bcc-Fe was reduced by
2.2 (±1.6)% from 300 K to 700 K. The velocity reduction at our max-
imum density of 8.311 (±0.005) g/cm3 was 1.2 (±0.9)% from 300 K
to 700 K, which appears to be smaller than that at lower densities;
however, our data uncertainty within a limited temperature range
does not permit us to further infer the higher-density effect on the
temperature-reduced velocity decrease reported previously for
hcp-Fe and Fe–Si alloy (Mao et al., 2012). On the other hand, at
ambient pressure, the velocities of bcc-Fe at 500 K and 700 K were
lower than that at 300 K by 2.9 (±1.6)% and 5.1 (±1.9)%,
respectively (Fig. 5 insert). We note that the VP reduction at high
temperatures and at a given density has been reported in recent
NRIXS and HERIX studies for hcp-Fe (Lin et al., 2005; Mao et al.,
2012). Compared with VP–q profile of the bcc-Fe at 300 K, the
Fe0.85Si0.15 alloy systematically exhibits much higher VP and lower
q (Figs. 4b and 5). The addition of 8 wt.% Si into bcc-Fe results in a
density reduction (Dq) by approximately 7.6% and a velocity
increase (DVP) by 3.6 (±1.6)% at ambient P–T conditions, while
the Dq was approximately 7.2% and the DVP was 5.0 (2.1)% at
the maximum pressure of 15 GPa.
4. Discussions and implications

4.1. High P–T effects on VP of the bcc-Fe

Our VP–q profiles of the bcc-Fe and Fe–Si alloy are used to deci-
pher the high P–T and silicon-alloying effects on the velocity profile
of iron. As stated earlier, the linear VP–q relationship, so called
Birch’s law, has been widely used to extrapolate experimental data
at limited P–T range to Earth’s core conditions (e.g., Fiquet et al.,
2001; Badro et al., 2007; Kantor et al., 2007; Antonangeli et al.,
2010, 2012). This linear approximation was empirically observed
by Francis Birch (1961a,b) to correlate the bulk sound velocity
and density results in shockwave experiments, in which the wave
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velocity and density behave approximately linearly along a Hugon-
iot for materials with common mean atomic weights (e.g., Birch,
1961a,b; McQueen et al., 1964; Wang, 1970; Vočadlo, 2007). How-
ever, a number of previous studies have shown that the linear
approximation is only a manifestation of the power-law relation
over a limited density range (Anderson, 1967, 1973; Chung,
1972; Shankland, 1972; Liebermann and Ringwood, 1973; Mao
et al., 2012), and that the linear behavior does not hold through
a structural phase transition (Campbell and Heinz, 1992). Further-
more, temperature-dependent velocity of the hcp-Fe and its alloys
as a function of density has been recently reported experimentally
and theoretically (e.g., Steinle-Neumann et al., 2001; Lin et al.,
2005; Sha and Cohen, 2006, 2010; Kantor et al., 2007; Vočadlo,
2007; Vocadlo et al., 2009; Gao et al., 2011; Mao et al., 2012;
Antonangeli et al., 2012; Murphy et al. 2013; Ohtani et al. 2013).

The VP–q and VP–P profiles of our bcc-Fe at given temperatures
display an evident VP reduction with increasing temperature even
at a constant density (Figs. 4 and 5), showing a strong temperature
effect on the VP. Compared with the VP reduction of 5.4% for the
hcp-Fe of 9.256 g/cm3 at 700 K (Mao et al., 2012), the overall VP

reduction of bcc-Fe was much smaller at 700 K, suggesting that
the elasticity of bcc and hcp phases can behave quite differently
at high P–T conditions (see further discussions in next paragraph).
Lin et al. (2005) have reported sound velocities of hcp-Fe up to
1700 K at moderate pressures which showed the strong tempera-
ture-dependent VP and VS. The VS of Fe3C also showed a strong tem-
perature-dependence up to approximately 1450 K and 47 GPa (Gao
et al., 2011). Moreover, first-principles calculations found that at a
fixed density, the shear-wave velocity (VS) of hcp-Fe decreases
approximately by half from 0 K to 6000 K (Steinle-Neumann
et al., 2001). In contrast, Antonangeli et al. (2012) suggested no
such temperature reduction in the hcp-Fe up to 1100 K and
93 GPa, although their VP measurements at approximately 900 K
and 9.5 g/cm3 appear to be below their linear fitting line.

To further demonstrate the high-temperature effect on the VP,
we have analyzed the VP–q relationship of bcc-Fe from 0 K to
1185 K using literature and our results (Dever, 1972; Isaak and
Masuda, 1995; Adams et al., 2006). We note that the literature VP

presented here represents the polycrystalline VP of the sample as
derived from single-crystal elastic constants using the Voigt–
Reuss–Hill average method by Hill (1952). The ferromagnetic
(FM) bcc-Fe is stable up to the Curie temperature (TC) of 1043 K,
and its VP–q profile follows a non-linear function and can be well
represented using the power-law function (Fig. 6):

VP ¼ CðMÞðqþ aðTÞÞk ð1Þ

where C(M) is an atomic mass constant at a given temperature, a(T)
is a temperature-dependent correction factor, and k is a correction
factor for the non-linear behavior of the VP–q relationship (see
Mao et al. (2012) for further details). In our power-law fitting for
the VP–q relation, the FM phase exhibits C(M) = 6.484 (±0.031),
a(T) = �7.552 (±0.014), and k = 0.0804 (±0.0063). Above 1043 K,
the bcc-Fe undergoes a ferromagnetic to paramagnetic (PM) transi-
tion that is also associated with a discontinuity in the VP–q profile.
The VP–q relation of the PM phase can be simply fitted with the lin-
ear function (VP = 3.833 (±0.046) q – 24.01 (±0.35)), instead of the
power-law function behavior for the FM phase. These analyses here
strongly support the notion that high temperature and magnetism
have a strong effect on the VP of Fe and that the VP–q profile of Fe
can be affected by structural and magnetic transitions (Fig. 6).
Our bcc-Fe and Fe–Si alloy at high P–T is likely in the FM state
and their VP–q profiles may thus be affected by various degrees of
magnetism resulting in different VP–q profiles than the non-mag-
netic counterparts at high P–T conditions relevant to the Earth’s
core (e.g., Steinle-Neumann et al., 2004; Belonoshko et al., 2008b;
Ruban et al., 2013). Analyses of the VP of bcc-Fe as a function of
the frequency of the experimental probes including ultrasonic and
HERIX techniques show that the VP slightly increases with fre-
quency of the probe, suggesting a potential frequency-dependent
velocity in the system, although these ambient data are consistent
within uncertainty (Fig. 6 insert) (e.g., Isaak and Masuda, 1995).
4.2. Alloying effect of Si on the velocity–density profile of bcc-Fe

To understand the alloying effects of Si on the sound velocity of
the bcc-Fe, we have also compared our results to literature values
on bcc-Fe and Fe–Si alloys at high pressures (Guinan and Beshers,
1968; Alberts and Wedepohl, 1971; Routbort et al., 1971; Dever,
1972; Machová and Kadečková, 1977; Isaak and Masuda, 1995;
Adams et al., 2006; Badro et al., 2007; Zhang et al., 2010; Petrova
et al., 2010). These results show that Fe–Si alloys systematically
exhibit higher polycrystalline VP and lower q than pure Fe for both
bcc and hcp phases (Figs. 4b and 8a) (Fiquet et al., 2001, 2004; Lin
et al., 2003b; Antonangeli et al., 2004, 2010, 2012; Badro et al.,
2007; Tsuchiya and Fujibuchi, 2009; Mao et al., 2012). The VP–q
profile of bcc-Fe0.85Si0.15 exhibits similar high-pressure behavior
to bcc-Fe via a constant density offset. That is, the VP–q profile of
the bcc-Fe0.85Si0.15 would match well with that of the bcc-Fe by a
density decrease of 0.6 g/cm3 as a result of lighter Si addition
(Fig. 4b). We note that the VP-q profile of FeSi (33.5 wt.% Si) also
shows similar high-pressure behavior to bcc-Fe via a constant den-
sity offset of �2.3 g/cm3 (Badro et al., 2007) (Fig. 7b).

Based on our experimental HERIX and previous ultrasonic
results, the VP of bcc-Fe slightly increases with increasing Si con-
tent in the Fe-rich Fe–Si alloys system at ambient conditions
(Fig. 7a) (Guinan and Beshers, 1968; Alberts and Wedepohl,
1971; Routbort et al., 1971; Dever, 1972; Machová and
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Kadečková, 1977; Isaak and Masuda, 1995; Adams et al., 2006).
Theoretical calculations on Fe-rich Fe–Si alloys at 0 K also show a
similar behavior (Zhang et al., 2010). These findings on this veloc-
ity–density behavior of Fe–Si alloys clearly validates the notion
that addition of Si in bcc-Fe mainly contributes to the density def-
icit at high pressures while the velocity is less affected by the alloy-
ing light element (Lin et al., 2003a,b; Mao et al., 2012). We note
that the Si-rich counterpart also exhibits a linear relationship
between the VP–Si content up to 33.5 wt.% at ambient conditions,
suggesting that our results on bcc Fe and Fe0.85Si0.15 (8 wt.% Si)
should be appropriately applied to higher Si content if the Earth’s
core or the interiors of other planetary bodies contain Si-rich Fe–
Si alloys.

4.3. VP–q profile across the bcc–hcp phase transition

Comparison of the VP–q results between the bcc and hcp phases
of Fe and Fe-rich Fe–Si alloys illustrates a VP–q discontinuity
through the bcc–hcp structural transition (Fig. 8a) (Mao et al.,
2001; Fiquet et al., 2001; Lin et al., 2003b; Mao et al., 2012), show-
ing that Birch’s law does not hold through a phase transition
(Campbell et al., 1992). We should note that the discontinuity in
the VP–q plot can be attributed the density jump of approximately
5% through the bcc–hcp phase transition (Mao et al., 1967; Lin
et al., 2003a) (Fig. 8b). We note that the hcp-Fe loses its magnetism
across the bcc–hcp transition which may also contribute to some
changes in the VP–q profile (Steinle-Neumann et al., 2004) (Figs. 6
and 8a). The bcc phase exhibits a higher VP–q profile than the hcp
phase, although the VP–q profiles of Fe and Fe–Si alloys appear to
be similar. This behavior, along with the linear compositional effect
of Si on the VP of Fe shown in Fig. 7, indicates that the
compositional effect of Si may be linearly scaled with the Si con-
tent (Zhang and Guyot, 1999). Assuming this trend remains valid
in the inner core conditions, the presence of the bcc-structured
Fe–Si alloy in the inner core would manifest seismically with a
higher VP–q profile than that of the hcp phase, requiring lesser
amounts of light elements to match the density deficits of the inner
core (Belonoshko et al., 2003, 2008a,b).

4.4. Compressional and shear wave anisotropy of bcc Fe–Si alloys

Single-crystal elastic constants of Fe–Si alloys have been previ-
ously reported as a function of temperature and Si content using
ultrasonic interferometer measurements (Lord and Beshers,
1965; Guinan and Beshers, 1968; Dever, 1972; Isaak and Masuda,
1995; Adams et al., 2006). These results are re-analyzed to help
understand elastic anisotropies of bcc Fe–Si alloys at high P–T con-
ditions. The anisotropy factor (A) is calculated using the single-
crystal elastic constants of bcc-Fe and Fe–Si alloys following the
method in Mainprice et al. (2000):

A ¼ 2� ððVmax � VminÞ=ðVmax þ VminÞÞ � 100% ð2Þ

where Vmax and Vmin represent the maximum and minimum VP and
VS velocities of bcc-Fe and Fe–Si alloys, respectively. bcc-Fe exhibits
VP anisotropy of 16 (±2)% and VS splitting anisotropy of 42 (±3)% at
ambient conditions (Fig. 9a). The VP and VS anisotropies increase to
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25 (±2)% and 75 (±3)%, respectively, with increasing temperature up
to 1043 K (TC). The magnetic transition from the FM to PM states of
bcc-Fe at approximately 1043 K also enhances the VS anisotropy
while the VP anisotropy is less affected by such a transition
(Fig. 9a). That is, the magnetic transition would not affect velocity
anisotropies of bcc-Fe. On the other hand, theoretical (Sha and
Cohen, 2006) and experimental (Klotz and Braden, 2000) results
showed that the anisotropy of bcc-Fe almost remains constant with
increasing pressure up to 10 GPa at room temperature (Fig. 9b). The
addition of Si into bcc-Fe with Si content up to 7 wt.% also enhances
the VP and VS anisotropy of bcc-Fe to 22 (±2)% and 61 (±3)% at ambi-
ent conditions, respectively (Fig. 9c). Considering the combined
effects of high P–T and the addition of Si in bcc-Fe, it is conceivable
that bcc Fe–Si alloy likely exhibits extremely strong VP and VS aniso-
tropies at high P–T. If such strong VP and VS anisotropies persist to
the extreme conditions of the Earth’s core, a certain amount of
bcc-Fe alloyed with light elements with preferred orientations
may produce elastic anisotropies that could be used to explain
the observed seismic anisotropy in the region (Belonoshko et al.,
2008a).

In summary, our results here confirmed the observations that
high temperature has evident effects on sound velocities of Fe
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(Lin et al., 2005; Gao et al., 2011; Mao et al., 2012). We also found
that by adding Si into bcc-Fe, the bcc Fe–Si alloys display similar
high-pressure behavior via a constant density offset, indicating
that a small amount of Si light element is likely incorporated into
the inner core. Based on literature results of the compressional
and shear wave anisotropy of bcc-Fe as a function of P–T and Si
content, bcc-structured Fe–Si alloy crystals with preferred orienta-
tions may potentially produce the observed seismic anisotropy of
the inner core.
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Vočadlo, L., Alfè, D., Gillan, M.J., Wood, I.G., Brodholt, J.P., Price, G.D., 2003. Possible
thermal and chemical stabilization of body-centred-cubic iron in the Earth’s
core. Nature 424, 536–539.
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