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Compressional wave velocity-density (V, — p) relations of candidate
Fe alloys at relevant pressure-temperature conditions of the Earth’s
core are critically needed to evaluate the composition, seismic sig-
natures, and geodynamics of the planet’s remotest region. Specifi-
cally, comparison between seismic V, —p profiles of the core and
candidate Fe alloys provides first-order information on the amount
and type of potential light elements—including H, C, O, Si, and/or
S—needed to compensate the density deficit of the core. To address
this issue, here we have surveyed and analyzed the literature results
in conjunction with newly measured V; — p results of hexagonal clo-
sest-packed (hcp) Fe and hcp-Feg g5Sig 45 alloy using in situ high-
energy resolution inelastic X-ray scattering and X-ray diffraction.
The nature of the Fe-Si alloy where Si is readily soluble in Fe repre-
sents an ideal solid-solution case to better understand the light-
element alloying effects. Our results show that high temperature
significantly decreases the V, of hcp-Fe at high pressures, and the
Fe-Si alloy exhibits similar high-pressure Vp —p behavior to hcp-Fe
via a constant density offset. These V, — p data at a given tempera-
ture can be better described by an empirical power-law function
with a concave behavior at higher densities than with a linear
approximation. Our new datasets, together with literature results,
allow us to build new V;, — p models of Fe alloys in order to deter-
mine the chemical composition of the core. Our models show that
the V;, — p profile of Fe with 8 wt % Si at 6,000 K matches well with
the Preliminary Reference Earth Model of the inner core.

compressional-wave velocity | high pressure-temperature

nigmatic properties of the Earth’s inner core have recently

been discovered including differential super-rotation (1), seis-
mic anisotropies (2-4), and fine-scale seismic heterogeneities
(5, 6). Deciphering these observations requires solid knowledge
about the composition of the Earth’s inner core and, therefore,
the elasticity of candidate Fe alloys (7-16). Since F. Birch pointed
out in the 1950s that Earth’s core is too dense if composed of Fe
or Fe-Ni alloy alone (13), a number of candidate major light ele-
ments, including oxygen (O), silicon (Si), sulfur (S), carbon (C),
and hydrogen (H), have been suggested via cosmochemical, geo-
chemical, and geophysical evidence (17). To ascertain the identity
and exact amount of light elements needed in the Earth’s inner
core, one key piece of information lies in the comparison of the
seismic V' p — p profiles with reliable laboratory measurements of
these properties for candidate Fe alloys. Potential Fe-light ele-
ment alloy must have V'p — p profiles that match seismic models
such as the Preliminary Reference Earth Model and AK135
(7, 8). Thus, this requires precise experimental results describing
the Vp — p relationships of Fe alloys at pressure-temperature
(P-T) conditions relevant to the Earth’s core. To address this
issue, here, we present new experimental measurements on the
Vp —p relations of hcp-Fe and hep-FeggsSip 5 alloy at high
P-T conditions using high-energy resolution inelastic X-ray scat-
tering (HERIX) and X-ray diffraction (XRD) in an externally-
heated diamond anvil cell (EHDAC). Si, unlike other candidate
light elements with extremely limited solubility in Fe, readily
alloys with Fe in the hcp structure at high P-T conditions (18),
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though at 1 bar, 2 wt % C can dissolve in solid Fe but in the face-
centered cubic structure (12). In this case, Si is ideally suited to
understand the alloying effects on the V'p — p relation of Fe (e.g.,
refs. 18 and 19). Together with our new experimental results, we
have critically assessed existing literature results on the Vp —p
profiles of the Fe alloys. These results allow us to further model
the V'p — p relation of Fe alloys in order to evaluate the composi-
tion of the core at relevant P-T conditions.

Results and Discussion

Sound Velocities of Fe and Feg gsSiy 15. We have conducted HERIX
and XRD measurements to determine the Vp — p relation of
hep-Fe up to 105 GPa and 700 K at Sector 3 of the Advanced
Photon Source (APS), Argonne National Laboratory in an
EHDAC (20, 21) (Fig. 1 A and B). The Vp —p relation of
hep-Feg g5Sig 15 (7.9 wt % Si), in which Si forms a solid solution
with Fe in the hcp structure at high P-T (18), has also been de-
termined up to 98 GPa at 300 K as a case study to understand the
light-element alloying effects (Fig. 1C). The obtained phonon dis-
persion curves from HERIX measurements were fitted to a sine
function within the framework of the Born—von Karman lattice-
dynamics theory to derive the V' p of hcp-Fe and hep-Feg g5Sig ;5
with uncertainties typically in the order of 1% or less (10, 20, 21)
(Fig. 1, Figs. S1 and S2, and Tables S1 and S2). Measuring V' p and
p simultaneously and precisely permits us to reliably establish the
V' p — p relation without using any external parameters, allowing
more direct implications of the results to the core.

The measured V'p of hep-Fe was strongly reduced at an ele-
vated temperature of 700 K even at a constant density (Fig. 2).
Due to the extremely small error bars in our V'p — p data, we can
resolve that the high-temperature effect was gradually suppressed
by increasing density, likely as a result of the smaller thermal
expansion coefficient at higher densities (thus less anharmonic
effect) (22, 23). We observed a V' p decrease of 5.4(+1.0)% from
300 to 700 K at a constant density of 9.256(+0.004) g/cm?, but
the reduction over the same temperature span is only 2.9(+1.0)%
at the maximum density of 10.304(+0.004) g/cm? (Fig. 2). Such
reduction in Vp at high temperatures has been reported in a re-
cent nuclear resonant inelastic X-ray scattering (NRIXS) study,
but the scattering of the results has limited their implications to
quantify the high P-T effect (22).

Besides the strong temperature effect on the V' p of hcp-Fe, we
also noted that the V'p exhibits a downward trend toward higher
densities (Fig. 2) and deviates from the linear function, so-called
Birch’s law (24). As noted by a number of previous studies and
shown in our V' p — p plot, the linear function may represent the
V p — p behavior of planetary materials only within a limited pres-
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spectra of hcp-Fe and hcp-Feg gsSig.15. (A) hep-Fe at
105 GPa [corresponding to p = 11.141(+0.008) g/
cm?3] at 300 K. (B) hcp-Fe at 67 GPa [corresponding
to p = 10.304(+0.004) g/cm?3] and 700 K. (C) hcp-
FegssSip.1s at 82 GPa [corresponding to p = 9.845
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(£0.005) g/cm3] and 300 K. Pressures were calcu-
lated using the equation of state of hcp-Fe (29, 30)
and hcp-Feg gsSip.15 (35). Experimental data in open
circles with error bars were fitted with a Lorentzian
function (solid lines) for the longitudinal acoustic
phonon peak (LA). Transverse acoustic phonon peaks
(TA) from diamond anvils were observed when the
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sure range, whereas a correction factor is needed to account for
the higher pressure (density) effect on the V' at a given tempera-
ture (25-28) (Fig. 2). We found that an empirical power-law func-
tion can be used to satisfactorily describe our V'p — p data of hep-
Fe (26-28):

Ve =C(M)(p+a(T))" (1]
where C(M) is an atomic mass constant at a given temperature, A
is a correction factor for the nonlinear behavior of the Vp —p
relationship (see ST Methods) (26-28), and a(T) is a temperature-
dependent correction factor that is given to account for the
high-temperature effect on the V/p at higher densities. Assuming
a linear Vp — p relationship [by removing a(7) and 1 in the
equation], on the other hand, would result in an overestimation
of the Vp by 1.4% at our maximum experimental density of
11.141(40.008) g/cm? (approximately 105 GPa using the equa-
tion of state parameters given in refs. 29 and 30) (Fig. 2). Com-
parison of our hcp-Fe and Fe-Si alloy results with previous studies
on Fe at high pressures showed that hcp-Feg g5Sig 15 systemati-
cally exhibits much higher V'p and much lower p than hcp-Fe
(10, 31-34) (Fig. 2). The overall alloying effects of Si in Fe have
resulted in reduced density and increased velocity at high pres-
sures. Systematic V' p — p comparisons between hcp-Feg g5Sig ;5
and hcp-Fe clearly show that the addition of Si mainly contributes
to the density reduction in the V'p — p relation of hcp-Fe at high
pressures, as the V' p — p line of hep-Fe g5Siy 5 matches well with
that of hcp-Fe with a density decrease of approximately 1 g/cm3
(Fig. 2). This density reduction behavior has been reported to
occur in the body-centered cubic (bcc) Fe-Si alloy at ambient con-
ditions (35). The finding on the solid-solution alloying effect on
the V' p — p profile permits one to extrapolate and to interpolate
experimental data to higher pressures with more confidence.

Sound Velocities of Fe Alloys. In the past few decades, various tech-
niques, including synchrotron XRD (29, 30), NRIXS (11, 22, 36,
37), HERIX (10, 31-33, 38, 39), and impulsive stimulated light
scattering (ISLS) (40), combined with DACs, have been applied
to measure the V'p of Fe-light element alloys at high pressures
(Fig. 34). Although large systematic uncertainties exist in com-
parison to each dataset (10, 11, 22, 23, 41-43), the V'p data
of hep-Fe generally seem to follow an empirical linear Vp —p
relation, so-called Birch’s law, for the first-order approximation
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momentum transfer (Q) was lower than approxi-
mately 8 nm~".

without considering potential high-temperature anharmonic and
higher pressure effects (10, 11) (Fig. 34). Without higher P-T
data, extrapolation and interpolation of the linear relationships
in Fe alloys have been extensively used to estimate the amount
and identity of light elements in the core. Nevertheless, high tem-
peratures are reported to result in reduced sound velocities of
hep-Fe and Fe;C in high P-T NRIXS measurements (22, 44)
and in theoretical calculations (4). However, NRIXS is relatively
sensitive to the shear-wave velocity, V5, and much less sensitive
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Fig. 2. Vp —p of hcp-Fe and hcp-Feg g5Sig 15 at high pressures and tempera-
tures. (A) hcp-Fe. Dashed lines: linear fitting at 300 K; solid lines: the power-
law fitting. (B) hcp-Fe (solid circles) and hcp-Feq g5Sig 15 (open circles). Insert
figure: deviations of the power-law fit (black circles) and the linear fit (red
circles) from the experimental V, of hcp-Fe (Fig. 2A) or hcp-Feq g5Sig 15(Fig. 2B)
at high pressures and 300 K. Error bars for V; in the order of 1% or less are
smaller than the circles and are not shown (see Table S1 for details).
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Fig. 3. Sound velocities of Fe and Fe alloys. (A) V — p of hcp-Fe. Pink stars:
ultrasonic measurements at ambient conditions (11); magenta squares: NRIXS
measurements at high pressures and 300 K (11); olive triangles: ISLS measure-
ments (40); royal diamonds: HERIX measurements (10); solid red left triangles:
NRIXS measurements at 300 K (22); open red left triangles: NRIXS measure-
ments at high P-T (22); black right triangles: HERIX measurements from
highly textured hcp-Fe (38); black lines: Earth’s outer core (OC) and inner core
(IC) from seismic model AK135 (8), respectively; grey lines: shock wave mea-
surements (23, 40). Respective color lines are linear or power-law fits to the
data. (B) Vp of Fe alloys. Blue solid circles: hcp-Fe from this study; open circles:
hcp-Fe (40); violet diamonds: FeggsSig 5 from this study; olive diamonds:
Feo7gNig22 (31); pink triangles: FeggoNig04Sioo; (32); dark cyan squares:
Fe3C (37); orange left triangles: FesS (36); purple right triangles: FeS (33);
red stars: FeO (33); navy squares: FeSi (33); dark yellow triangles: FeS,
(33); wine down triangles: FeH (39). (C) Bulk sound velocity (V) of Fe alloys.
Solid lines, except the black and grey lines, are the V,, of Fe alloys calculated
from static compression results at 300 K. Blue line: hcp-Fe (29, 30); orange
line: FesS (50, 51); violet line: FeggsSipqs (35, 51, 52); dark cyan line: Fe3C
(53, 54); red solid and dashed lines: FeO in B1 and B8 phase, respectively
(55); navy blue line: FeSi (55, 56); purple line: FeS in the IV phase (53, 57);
magenta and olive circles: Vq, of FeygOggS0.02 and Feggz500.05350.022 from
shock-compression study, respectively (15).

to Vp, a better-constrained seismic parameter, thus limiting its
direct implications to the inner core geochemistry (11, 22).
Comparison between V' p — p of hep-Fe and Earth’s core indi-
cates significant 17p — p differences that call for the addition of
approximately 8-10 wt % light elements in the outer core and

Mao et al.

4 wt % in the inner core (e.g., 12-15, 23) (Fig. 3B). The amount
of Ni in the core is approximately 5-15 wt % (14, 45) that likely
would not significantly affect the V'p —p relation of Fe (31)
(Fig. 3B). On the other hand, adding a certain amount of light
elements can significantly decrease the density and increase the
sound velocities [V p and bulk sound velocity (V)] of Fe, pro-
viding a better match for the V'p — p profile of the Earth’s core
(31-33, 36, 38-40) (Fig. 3 B and C). Fig. 3B summarizes the V'p —
p profiles of Fe-light element alloys (H, C, O, Si, and S) at high
pressures from recent laboratory measurements (31-33, 36, 38—
40) together with our new experimental results. All of these light
elements seem to produce some degree of alloying effects on the
V p — p profiles that could be interpolated with the Fe profile to
match that of the Earth’s core for the first-order approximation,
though end-member FeS,, FeSi, FeH, and FeO compounds ex-
hibit much higher V'p slopes than Fe and Earth’s core. Indeed,
with the exception of Si, these light elements have extremely lim-
ited solubility in Fe at ambient conditions and, thus, exist with Fe
as end-member or intermediate compounds in various structural
forms (12). Structural transitions have been shown to affect the
Vp — p trend significantly at high pressures (25), suggesting that
the Vp — p profiles of end-member compounds should be exer-
cised with caution especially under the extreme P-T conditions of
the core. For instance, FeO is stable in the cesium chloride
(CsCl)-type (B2) phase at the expected P-T conditions of the
Earth’s inner core (46), yet, the V'p — p relationship of FeO has
only been studied for the rhombohedral-B1 phase (33) (Fig. 3 B
and C). Estimation on the O content based on the V' p — p profile
of the rhombohedral-B1 FeO may thus introduce large uncertain-
ties. Similarly, the V' p — p profile of FeS has only been deter-
mined for the hexagonal NiAs-type phase (IV) (33), although FeS
transforms to a CsCl-type B2 phase (VII) at above 180 GPa and
high temperatures (47, 48). A given light element could be incor-
porated into different structural forms of Fe with very different
V p — p relationships, making the estimation on the amount of
light elements in the Earth’s core much more complicated. For
instance, Badro et al. (33) reported the V' p of FeS and FeS, as a
function of p at high pressures. By linearly extrapolating the ob-
tained V' p — p relations of Fe and Fe alloys to the relevant P-T
conditions of the core. However, the S content is estimated to be
3.9 wt % in the core, if S exists as FeS,. This estimated amount
can be as high as 9.7 wt % for the FeS phase. The same argument
also applies to Fe-C compounds such as Fe;C and Fe,C; (37, 49),
in which the V'p — p relation of Fe;C has been investigated ex-
perimentally (37, 44).

In addition to the Vp —p profiles, static XRD and shock-
compression studies have provided constraints on the Vg, — p re-
lations of Fe alloys (18, 29, 30, 50-57) (Fig. 3C). It should be
noted that pressure-volume relations, instead of Vg — p, were
measured in XRD experiments, whereas temperature measure-
ments along Hugoniot shock compressions were largely uncer-
tain, leading to potential uncertainties in the Vg —p data.
Recently, Huang et al. (15) have measured the V¢, — p profiles
of two Fe-S-O alloys using shock-compression technique. The
Ve —p profile of the sulfur-rich and oxygen-poor Fe alloy
(Feg.02500.05350.022) matches that of the outer core, whereas the
Ve — p profile of an oxygen-rich Fe-S-O alloy (Feg9Og05S0.02)
deviates from that of the outer core, indicating that oxygen
can be ruled out as a major light element in the Earth’s outer
core. Based on the aforementioned discussions on literature
results, it is critical to have reliable velocity-density profiles of Fe
solid-solution alloys at simultaneous high P-T conditions in the
hep crystal structure in order to evaluate more accurately the
composition of the Earth’s core.

Density Deficits of Fe Alloys. Using the new }'p — p profiles of
hcp-Fe and Fe-Si alloy, together with the literature results, we
have evaluated the density deficits at high pressures (Fig. 4).
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Fig. 4. Density deficits of Fe alloys with respect to hcp-Fe. (A) density deficit
derived from the Vp — p profile. Violet line: Fey gsSip 15 from this study; olive
line: Feg 7gNig22(31); pink line: Feg ggNig 04Sip.07(32); dark cyan line: Fe3C (37);
orange line: Fe3S (36); red line: FeO (33); wine line: FeH (39); navy blue line:
FeSi (33); dark yellow line: FeS, (33). The overall uncertainty of these density
deficits is approximately 0.05 g/cm3. (B) density deficit derived from the
Vo — p profile. Orange line: Fe3S (50, 51); violet line: FeggsSig 15 (35, 51, 52);
dark cyan line: Fe5C (53, 54); red solid and dashed lines: FeO in B1 and B8
phase, respectively (55); navy blue line: FeSi (48, 56); purple line: FeS in phase
IV structure (48, 57). The overall uncertainty of these density deficits is
approximately +£0.01 g/cm3.

The density deficit of each Fe alloy system is obtained by using
our V'p — p profile of hcp-Fe as the reference (Fig. 44). At a given
Vp, the density deficit is defined by the density difference be-
tween the Fe-light element alloy and the hcp-Fe. Comparison
of the deficits shows that adding Ni into Fe marginally increases
the density (32), whereas all candidate light elements decrease
the density of hep-Fe (31-33, 36, 37, 39). The density deficit
of hep-Fey g5Siy 15 is fairly independent of the density increase,
though Fe;C, Fe;S, and FeH systems seem to show a marginally
positive slope (33, 37, 39), whereas FeO displays a negative slope
(33). We have also calculated the density deficits of Fe alloys
using the V¢ — p profiles from the XRD measurements following
the same method to derive the density deficits from the Vp — p
profiles (29, 30, 35, 50-58) (Fig. 4B). With the exceptions of the
Fe;C and Feg5Siy 5, the density deficit of FeO, FeSi, and Fe;S,
determined from the Vg — p profile, follow a similar trend with
that determined from the V' p — p profile.

New V, —p Profiles of Fe and Fe-Si Alloy in the Earth’s Inner Core:
Implication for the Core Composition. As shown from our high
P-T measurements and previous NRIXS study (22, 44), the effect
of temperature at a given pressure on the sound velocity of Fe
cannot be ignored. Here we have applied our results to establish
a new Vp —p model of hep-Fe and hep-Feg g5Sig 15 at relevant
P-T conditions of the inner core. The new V' p — p model aims to
provide preliminary constraints on the composition of the inner
core and to examine how the variation in temperature can affect
our understanding of the core composition by using a solid-solu-
tion Fe-Si alloy in the hcp structure as an example. Our experi-
mental results are extrapolated to relevant inner core conditions
using the power-law function and previous shock wave results
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Fig. 5. Modeled V, —p relation of hcp-Fe in Earth’s core. Blue solid lines:
modeled V, at 300 K (solid circles) and 700 K (open circles) of hcp-Fe from
the power-law function, respectively; red solid line: modeled V, at 300 K of
hcp-Feg gsSig.15 from the power-law function; blue and red dashed lines: Vp —
p 6,000 K derived from the measured V; in this study and shock-compression
measurements of hcp-Fe and hcp-Feg gsSig 15, respectively (23, 41); grey line:
shock-compression measurements of hcp-Fe (23, 41); black pluses (+) and
crosses (x): seismic observations for the outer and inner core (8), respectively.

(Fig. 5 and see ST Text for details) (23, 41). Our model shows that
power-law extrapolated V' p of hep-Fe at 300 K is 5-6% and 3.5%
lower than that of the linear extrapolation and seismic references,
respectively, whereas V' p of hep-Feg g5Sig 15 at 300 K are 6.2-7%
lower than that of the linear extrapolation but 2% greater than
that of the seismic references (7, 8, 10, 33) (Fig. 5). Considering
the high-temperature effect on the V'p reduction of hcp-Fe, our
V' p — p model of hcp-Fe at 6,000 K is 6% lower than the seismic
models (7, 8) (Fig. 5), whereas the extrapolated V'p — p line of
hep-Feg g5Sig 15 at 6,000 K is consistent with the seismic models
of the inner core. Furthermore, the V' » — p line of hcp-Fe 35Sig ;5
exhibits a similar slope to the seismic models (Fig. 5). That is, the
Vp—p profile of hcp-Fe with approximately 8 wt. % Si
(Fegg5Sip.15) at 6,000 K can satisfactorily explain the seismic
V'p — p of the inner core.

Based on our model, the percentage of light elements such as
Si in the inner core can be assessed by comparing the seismically
known relationship between V' p and p with laboratory measure-
ments for candidate Fe alloys. The linear V'p — p relationship
and ideal solid-solution behavior of candidate Fe alloys has been
commonly assumed in order to extrapolate experimental results
to the inner core pressures (33). This linear model, however, does
not take the non-linear V' p — p behavior and high-temperature
anharmonic effects into account, and would overestimate the
amount of a candidate light element needed in the inner core. For
example, extrapolation of our V'p — p data using a linear model
would result in much higher Vp than the power-law model,
requiring more than 10 wt. % Si in the inner core. This amount
of Si is much higher than the estimate in the power-law model
and is inconsistent with recent cosmochemical and geochemical
constraints (19, 59-65). Direct measurements of the V' p — p re-
lationship of Fe-light element alloys at relevant P-T conditions of
the core now appear to be on the horizon, which in turn may
eventually answer the longstanding question on the composition
of the Earth’s core.

Methods
Polycrystalline Fe and Feg g5Sig 15 alloys were used as the starting samples. The
Fe-Si alloy was obtained from Goodfellow Corporation (lot FE166010/6);
details of the sample have been given elsewhere (18, 35). Electron microp-
robe analyses showed that the Fe sample did not contain any detectable im-
purities and the Fe-Si sample contained 7.9 (+0.3) wt % Si homogeneously,
whereas XRD spectra showed that both samples were in the body-centered
cubic (bcc) structure.

The Fe sample was sandwiched between two NaCl layers or loaded with
Ne which served as a pressure medium and an insulating layer from the Re
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gasket in EHDAC, whereas the Fe(gsSig1s alloy was loaded with Ne. For
EHDAC with Fe sample, the temperature (700 K) was measured by a K-type
thermocouple placed on the diamond’s surface close to the sample. For HER-
IX measurements at sector 3 of the APS, an incident X-ray beam with an en-
ergy of 21.657 keV and an energy bandwidth of 2.3 meV was focused to a
beamsize of 15 pm vertically and 22 pm horizontally. Phonon-dispersion spec-
tra with an energy resolution of approximately 2.3 meV were simultaneously
collected by detectors with four spherical silicon crystal analyzers with a col-
lection time between 12 and 24 h (Fig. 1). The X-ray beam was also used for in
situ XRD measurements to determine the sample densities. Potential differ-
ential stress of the Fe sample was further reduced by annealing the sample at
700 K for a few hours before the data collection.

Feg.g5Sig.15 sample measuring approximately 22 pm thick and 50 pm in dia-
meter was loaded into a symmetric DAC with 300 pm culets of diamonds for
measurements at 39 GPa, 47 GPa, and 60 GPa, whereas another sample mea-
suring approximately 22 pm thick and 50 pm in diameter was loaded into
another symmetric DAC with 150-300 pm beveled diamond culets for mea-
surements at 71, 82, and 98 GPa (Fig. S1). The choice of the sample thickness
and diameter was intended to provide optimal HERIX signals while sampling
a smaller pressure gradient across the sample and a much lesser signal from
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Ne medium. Orientations of the diamonds were predetermined using Bril-
louin light scattering and Raman spectroscopy, and were prealigned such
that the fastest transverse acoustic waves (TA) of the diamonds were oriented
along the momentum transfer of the HERIX measurements. This permits bet-
ter separation of the sample longitudinal acoustic wave (LA) from the TA dis-
persion curve of the diamond especially at higher pressures where phonon
dispersion curves of the sample are expected to occur at higher energy trans-
fers (Fig. 1 and Fig. S1).
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SI Text

S| Methods. Fitting the V, —p data. Previous studies have shown
that the power-law function can be derived from the fundamental
Debye theory that relates the sound velocities to vibration fre-
quencies or interatomic pair potentials (1-5) and can be used
to describe sound velocity behaviors of rocks and minerals
(1-5). It has been argued in these previous studies that the linear
Birch’s law is a representation of the power-law function over a
limited range of density (1-5), providing a convenient means to
evaluate the V'p — p of rocks and minerals in the Earth’s deep
interior when experimental results are difficult to obtain. Here,
we have developed a modified power-law function to account for
the curved behavior of the V'p — p relation of hcp-Fe at extended
pressure-temperature (P-7') conditions:

Vp=C(M)(p+a(T))*, [S1]

where C(M) is the averaged atomic weight constant at a given
temperature, and 4 is a correction factor for the nonlinear beha-
vior of the Vp — p. a(T) is a temperature-dependent correction
factor that is given to account for the high-temperature effect
on the Vp at higher densities. Fitting the measured Vp —p
data using Eq. S1. (1) yields C(M) = 6.3(£0.6), a(T) = -7.61
(£0.34), and 4 = 0.327(£0.056) for our data at 300 K and
C(M) =63 (fixed), a(T)=-7.88(+0.06), and A=10.332
(£0.018) at 700 K. For Feg45Sij 5, we obtained C(M) = 6.2
(£0.4), a(T) = —6.54(£0.10), and 1 = 0.327 (fixed).

Power-law V' — p relation. We have applied our results to estimate
the V'p — p relation of the hcp-Fe and Fe 45Sig ;5 alloy at relevant
P-T conditions of the inner core using the power-law function in
Eq. S1 and shock-compression results (6, 7) in which values of
a(T) and A are essential to construct the V'p — p relation at a gi-
ven temperature. For hcp-Fe, shock-compression studies provide
additional constraints on the a(7) and A at high P-T. With known
Vp —p at a given P-T condition, deriving a(7T) and A simulta-
neously following Eq. S1 would introduce significant uncertain-
ties. As shown in our experimental results, high temperature
strongly reduces V' p at a given density. With a fixed p value,
Vp at the temperature T; must be smaller (larger) than Vp at
temperature 7,_; (T;,) where T,_; (T;) is lower (higher) than
T;. Using this as an additional constraint, we derived an upper
and lower bound of a(T;), represented as a(7;)y,, and
a(T;)min» respectively. The difference in a(7;) ., and a(T;)min
is found to be less than 3%. The average value, a(7;),. =
(a(T)max +a(T)min)/2 represents a(T;) at temperature 7.
On the other hand, 2 is then retrieved from the power law repre-
sentation in (1) with the known a(7;), Vp and p at a given P-T
condition. Once a(T;) and 1 are determined, the V' value can be
calculated at any given p.

. Anderson OL (1967) A seismic equation of state. Geophys J Roy Astr S 13:9-30.

. Anderson OL (1973) Comments on the power law representation of Birch’s law. J Geo-
phys Res 78:4901-4914.

. Shankland TJ (1972) Velocity-density systematics: Derivation from Debye theory and
the effect of ionic size. J Geophys Res 77:3750-3758.
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. Liebermann RC, Ringwood AE (1973) Birch’s law and polymorphic phase transforma-
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A survey of the literature values on the melting curve of Fe at
the outer-inner core boundary gives an averaged melting tem-
perature of approximately 6,000 K that is used for the modeled
temperature of the inner core. The p of the hcp-Fe can be cal-
culated from literature equation of state parameters for the inner
core P-T conditions (8). At a given density in the inner core con-
ditions, p., the related V' p was found to decrease exponentially
with temperature. Following this exponential function, we then
computed the Vp of hep-Fe at 6,000 K and the density of the
inner core. For the Feg gsSij ;5 alloy, we simply assumed that the
effect of temperature on the V'p is the same as that on the hcp-Fe.

Nonhydrostaticity and texturing in the hcp-Fe sample. Previous high-
energy resolution inelastic X-ray scattering (HERIX) experi-
ments on hcp-Fe have been performed under nonhydrostatic con-
ditions (9, 10) that have resulted in developments of strong
textures in the sample. Radial X-ray diffraction studies of the
hcep-Fe have showed that textures strongly developed up to
~50 GPa, but the maximum pole intensity of hcp-Fe only slightly
increases with further pressure increase (11). It should be noted
that under quasihydrostatic conditions, such as in the case of our
experiments in NaCl or Ne medium, a certain amount of the basal
lattice planes of the hcp-Fe crystals can also reorient perpendi-
cularly to the maximum compression axis of the diamond anvil
cell (the axial direction), resulting in some degrees of texturing
in the sample. Nevertheless, analyses of the X-ray diffraction
patterns of our hcp-Fe samples showed that these samples were
not highly textured indicating that our measured V' p can be used
to represent the sound velocity of the randomly oriented polycrys-
talline sample.

We have further compared our measured V' p with those from
refs. 9 and 10 in Fig. S2. Considering the experimental setup in
this study, the direction of the momentum transfer was perpen-
dicular to the diamond anvil cell axis (the maximum compression
axis). If the hcp-Fe is highly textured, the measured V'p would
represent the velocity along the basal plane. As a result, our Vp
along this direction should be more consistent with the V/p value
of the highly textured samples along the same direction reported
in Antonangeli et al. (10) at similar pressures. Indeed, linearly
approximation and extrapolation of the V' p from Fiquet et al. (9)
showed that the hep-Fe sample used in Fiquet et al. (9) was highly
textured. The obtained V' p in Fiquet et al. (9) thus cannot be used
to represent the aggregate velocity of hcp-Fe. As shown in Fig. S2,
the extrapolated V' p line from the linear and power-law functions
is bracketed between the fast and slow velocities in Antonangeli
et al. (10). Considering the texture analyses, quasihydrostatic en-
vironments and annealing of the sample, we thus conclude that
the texturing of hcp-Fe has minimal effects on the reported Vp
values in this study.

7. Nguyen JH, Holmes NC (2009) Melting of iron at the physical conditions of the Earth’s
core. Nature 427:339-342.

8. Uchida T, Wang Y, Rivers ML, Sutton SR (2001) Stability field and thermal equation
of state of e-iron determined by synchrotron X-ray diffraction in a multianvil appara-
tus. J Geophys Res 106:21799-21810.

. Fiquet G et al. (2001) Sound velocities in iron to 110 gigapascals. Science 291:468-471.

10. Antonangeli D et al. (2004) Elastic anisotropy in textured hcp-iron to 112 GPa from

sound wave propagation measurements. Earth Planet Sci Lett 225:243-251.
11. Wenk HR et al. (2000) The plastic deformation of iron at pressures of the Earth'’s inner
core. Nature 405:1044-1047.
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Fig. S1. Phonon dispersion curves of hcp-Fe (A, B) and hcp-Feq gsSig 15 at high P-T. (A) hcp-Fe at 300 K. (B) hcp-Fe at 700 K; (C) hcp-Feg gsSig 15 at 300 K. The
measured momentum-energy (Q-E) relations were fitted using a sine function (9). The momentum and energy transfers at the origin of the Brillouin zone are
intrinsically set at zero for the data analyses. Error bars of the Q are typically around 0.7 nm~', whereas uncertainties on the energy transfers are mostly less
than 1%. Errors smaller than the symbols are not shown for clarity.
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Fig. S2. Compressional-wave velocity (V) of hcp-Fe compared with two previous high-energy resolution inelastic X-ray scattering (HERIX) studies. Blue circles:

this study at 300 K; open circles: Fiquet et al. (9); open squares: Antonangeli et al. (10). Blue solid and dashed lines represent the power-law fit and linear fit to
our data, respectively, whereas black solid line represents linear fit to the data from Fiquet et al.(9).
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Table S1. Measured V, —p of hcp-Fe

300 K 700 K

p (g/cm3) Vp (km/s) P (GPa)* P medium p (g/cm3) Vp (km/s) P (GPa)' P medium
8.880 (+0.010) 6.80 (+0.07) 14.4 (+0.8) Nacl 8.611 (x0.003) 6.14 (x0.01) 11.1 (21.0) NacCl
9.143 (x+0.003) 7.15 (x0.07) 21.7 (x0.9) NacCl 9.256 (+0.004) 9.68 (+0.04) 26.9 (x1.5) NaCl
9.653 (x+0.005) 7.90 (+0.06) 38.0 (+1.8) Nacl 9.446 (+0.001) 7.24 (£0.06) 32.4 (£1.7) NaCl
10.387 (x+0.005) 8.78 (x0.08) 67.2 (+2.8) Ne 9.742 (+0.004) 7.79 (x0.07) 42.1 (£2.1) NacCl
10.498 (+0.011) 8.91 (x0.11) 72.2 (x4.1) Ne 10.304 (+0.004) 8.29 (x0.03) 67.1 (x2.6) Ne
11.141 (+0.008) 9.42 (+0.06) 104.6 (x4.5) NacCl

*EoS of hcp-Fe from Dewaele et al. (1) was used for calculating pressures at high pressures and 300 K.
'EoS of hcp-Fe from Uchida et al. (2) was used for calculating pressures at high P-T.

1 Dewaele A et al. (2006) Quasihydrostatic equation of state of iron above 2 Mbar. Phys Rev Lett 97:215504.

2 Uchida T, Wang Y, Rivers ML, Sutton SR (2001) Stability field and thermal equation of state of e-iron determined by synchrotron X-ray diffraction in a multianvil

apparatus. J Geophys Res 106:21799-21810.

Table S2. hcp-Feg g5Sig 15

300 K
p (g/cm3) Vp (km/s) P* (GPa) P medium
8.908 (+0.008) 8.21 (x0.07)  39.1 (¢1.5) Ne
9.104 (x0.008) 8.49 (+0.07) 46.9 (+1.8) Ne
9.401 (+0.004) 8.78 (£0.03)  59.9 (x2.1) Ne
9.623 (+0.005) 8.99 (+0.06) 70.7 (+3.4) Ne
9.845 (+0.005) 9.23 (+0.08) 82.3 (x3.7) Ne
10.124 (x0.007)  9.42 (x0.06) 98.2 (+4.3) Ne

*EoS from Lin et al. (1) was used for calculating pressures.

1Lin JF, Campbell AJ, Heinz DL (2003) Static compression of iron-silicon alloys:
Implications for silicon in the Earth’s core. J Geophys Res 108:2045.
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