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Abstract

Comparison with seismic models

Determining the sound velocity of iron under extreme thermodynamic conditions is essential for a proper
interpretation of seismic observations of the Earth’s core but is experimentally challenging. Here, we review
techniques and methodologies used to measure sound velocities in metals at megabar pressures, with specific
focus on the compressional sound velocity of hexagonal close-packed iron. A critical comparison of literature results,
coherently analyzed using consistent metrology (pressure scale, equation of state), allows us to propose reference
relations for the pressure and density dependence of the compressional velocity of hexagonal close-packed iron at
ambient temperature. This provides a key base line upon which to add complexity, including high-temperature
effects, pre-melting effects, effects of nickel and/or light element incorporation, necessary for an accurate comparison
with seismic models, and ultimately to constrain Earth’s inner core composition.

Keywords: Sound velocity measurements; High pressure; hcp-Fe; Extrapolation schemes; Earth’s inner core;

Review
Iron (Fe) has always attracted considerable interest in
fundamental physics and chemistry, as well as materials
science, due to its primary role in a great variety of
technological applications. The physical properties of Fe
at high pressure and high temperature also have unique
relevance for Earth and planetary science, since all the
telluric planets share the same basic layered nature: a
central metallic core, made mostly of iron, surrounded
by a silicate mantle and a thin, chemically differentiated
crust. Thus, the experimental characterization and the-
oretical calculations of the physical properties of iron at
relevant thermodynamic conditions are crucial in refining
the chemical composition and dynamics of the Earth’s
core and of telluric planetary cores more generally.

Direct sampling of the Earth’s deepest regions, includ-
ing the core, is impossible. Amongst the remote sensing
techniques we have to rely on, seismology is certainly
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one of the most direct. Conventional, radially averaged,
one-dimensional seismic models, such as the Preliminary
Reference Earth Model (PREM, Dziewonski and Anderson,
1981), provide a generalized description of the evolution of
the sound velocities (Vp and Vs) and density (p) with
depth. However, to derive an accurate compositional
model, these seismic observations have to be combined
with experiments or calculations constraining the density
and elastic properties of highly compressed candidate
materials. In this respect, compressional-wave (Vp) and
shear-wave (Vs) sound velocities play a fundamental
role, as two of the few parameters that can be directly
compared with the seismic observations.

In the early 1950s, Birch used shock wave measure-
ments to support the notion that the Earth’s core was
mainly composed of iron (Birch, 1952). Since then, a
large number of experimental and theoretical studies
have addressed the sound velocities of solid iron at
extreme conditions. Over the last 15 years, a great deal
of effort has been devoted to the development of experi-
ments capable of probing elasticity and sound velocity of
opaque metallic samples at high static pressure, with
iron providing much of the motivation. Current data
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sets, however, even including those based on indirect
determinations, are generally limited to pressures of the
order of 100 to 200 GPa at ambient temperature, and
very few results exist at simultaneous high pressure and
temperature. Most importantly, different studies are not
always in agreement. Thus, even neglecting eventual
corrections at high temperature, the extrapolations of
results to the pressures of the Earth’s inner core (330
GPa < P < 360 GPa) come with large uncertainties. These
limitations become very critical when attempting to esti-
mate the nature and amounts of light elements, whose
presence as impurities in the inner core is required to
modify the density and velocity of iron to match seismic
observations. For instance, models based on linear
extrapolations of Vp-p relation argue for about 2 wt%
silicon alloyed with iron in the inner core (Badro et al,
2007; Antonangeli et al., 2010), while a recent model
using a power law for the Vp-p extrapolation leads to 8
wt% silicon (Mao et al., 2012).

In this paper, we intend to briefly review the techniques
for sound velocity determinations. Literature data will be
examined and compared to ultimately propose a reference
for the pressure and density evolution of compressional
sound velocity of hexagonal closed-packed (hcp) iron, the
polymorph of iron observed to be stable at Earth’s inner
core conditions (Tateno et al., 2010). Finally, the proposed
velocity-density relationship will be discussed in relation
to potential high-temperature effects.

Experimental techniques for sound velocity determination
under static high pressure

In the 1950s, shock wave measurements provided the bulk
sound velocity (Vg) of iron along the Hugoniot curve at
multi-megabar pressure (Birch, 1952), and the compres-
sional sound velocity of solid iron has been determined
along the Hugoniot up to melting (approximately 205
GPa) (Brown and McQueen, 1986). Conversely, sound
velocity measurements of iron under static compression
turned out to be an experimental challenge.

Conventional pulse-echo ultrasonic techniques require
sample dimensions large enough to avoid overlap of
successive acoustic echoes and, hence, experimental vol-
umes of several cubic millimeters, hardly compatible
with experimentation at megabar pressures. As a result,
the ultrasonic Vp and Vg have been reported for hcp-Fe at
only 16.5 GPa (Mao et al., 1998). Gigahertz interferometry
has been proposed as a possible solution to overcome
these hindrances, but applications at very high pressure
are still limited (e.g. Jacobsen et al., 2004). Only very
recently, measurements of acoustic echoes in samples
compressed in diamond anvil cells became possible
thanks to the developments in time-resolved pump-probe
techniques (laser ultrasonics), both in the nanosecond
time scale (Chigarev et al, 2008) and in the picosecond
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time scale (Decremps et al., 2008). Measurements on iron
provided Vp and Vs up to 23 GPa (Chigarev et al., 2008)
and of the only Vp up to 152 GPa (Decremps et al., 2014).

Another classical method to obtain elasticity and sound
velocity of samples at high pressure is Brillouin spectros-
copy (e.g. Murakami et al., 2012), for which application is
limited to optically transparent specimens. Impulsive
stimulated light scattering (ISLS) has been developed to
enable measurements on metallic samples but is sensitive
to surface properties, and data analysis is relatively com-
plex (e.g. Crowhurst et al., 2006). Nonetheless, aggregate
sound velocities of hcp-Fe have been determined up to
115 GPa with this method (Crowhurst et al., 2004).

It is only with the advent of third-generation synchro-
tron sources and the development of X-ray diffraction
and scattering techniques in conjunction with the use of
diamond anvil cells that systematic experiments on iron
and iron alloys at megabar pressure have become possible.
The first attempts to obtain information on elasticity and
sound velocity of hcp-Fe were based on X-ray diffraction
(XRD) techniques. Lattice strain relations obtained by
radial diffraction measurements on non-hydrostatically
compressed iron were analyzed to estimate the single-
crystal elastic moduli, and hence the aggregate velocities,
up to 220 GPa at ambient temperature (Mao et al., 1998).
Alternatively, Rietveld refinement has been exploited to
estimate the Debye-Waller factor and then to calculate
the aggregate velocities starting from X-ray diffraction
measurements on hcp-Fe up to 300 GPa and 1,200 K
(Dubrovinski et al., 2001). Although such studies provide
very valuable information, they only probe the sound
velocities indirectly, relying heavily on interpretative
schemes and assumptions in data analysis. Specifically,
stress inhomogeneities resulting from grain-to-grain
interaction in combination with effects of plastic deform-
ation undermine the validity of the continuum elasticity
theory used by Mao et al. (1998) to invert the single-
crystalline elastic moduli from the measured lattice
strain (Merkel et al., 2006; 2009), while the results of
Dubrovinski et al. (2001) explicitly depend on the assumed
relation between the Debye-Waller temperature factor
and the aggregate elastic properties.

In the early 2000s, two phonon-probe techniques were
developed, almost in parallel: nuclear resonant inelastic
X-ray scattering (NRIXS or NIS) and inelastic X-ray scat-
tering (IXS or HERIXS). NRIXS probes the partial pro-
jected phonon density of states of materials containing
Maossbauer resonant isotopes. In the case of pure *"Fe, the
total phonon density of states is probed. Amongst the
various thermoelastic and vibrational parameters that can
be derived, the Debye velocity can be obtained by a para-
bolic fit of the low-energy portion of the phonon density
of states (Sturhahn and Jackson, 2007). Combining the
measured Debye velocity with results from an equation of
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state (density and adiabatic bulk modulus), Vp and Vs can
be determined. IXS, on the other hand, can be applied to
any material and probes the momentum-resolved phonon
dispersions. In the case of experiments on single crystals,
the longitudinal and transverse sound velocities can be
measured along any arbitrary direction, and all the
independent elements of the elastic tensor can be
obtained (e.g. Antonangeli et al., 2004a). Vp and Vg can
then be derived by straightforward averaging. However,
in the case of measurements on polycrystalline samples
(as typically the case for experiments at very high
pressures), the loss of directional information limits
the measurements to the averaged phonon dispersions
of the aggregate (Bosak et al., 2007). Vp can be then
obtained from a sine fit to the aggregate phonon dis-
persion and Vg derived by combining the measured Vp
with results from an equation of state (density and
adiabatic bulk modulus) (Antonangeli et al., 2004b),
but data analysis and interpretation now depend on
how well the data sample the linear part of the phonon
dispersion and on the knowledge of sample texture
(Bosak et al., 2007).

Pioneering studies by IXS (Fiquet et al., 2001) and
NRIXS (Mao et al, 2001) on hcp-Fe are contradictory.
The linear extrapolation of the Vp-p relation proposed
by IXS experiments up to 110 GPa (Fiquet et al., 2001)
is in close agreement with shock wave determinations
(Brown and McQueen, 1986), suggesting that anharmonic
effects at high temperature are negligible (Birch’s law) and
arguing for hcp-Fe slower than PREM at core densities.
On the contrary, Vp derived from the phonon density of
states measured by NRIXS up to 153 GPa (Mao et al,
2001) plots higher than shock wave determination (Brown
and McQueen, 1986), indicating possible temperature ef-
fects, and extrapolates at core pressures to Vp higher than
PREM. Later NRIXS and IXS studies, with progressively
improved beamline performance (flux, focusing optics),
improved statistics and improved sample environment
(hydrostaticity and/or texture characterization), focused
on anisotropy (Antonangeli et al., 2004b; Lin et al., 2010),
high-temperature effects (Lin et al, 2005; Kantor et al,
2007; Antonangeli et al., 2008; Antonangeli et al, 2012;
Ohtani et al.,, 2013), or effect of nickel and/or light elem-
ent inclusion (Lin et al., 2003; Badro et al., 2007; Kantor et
al, 2007; Gao et al,, 2008; Fiquet et al., 2009; Antonangeli
et al.,, 2010; Shibazaki et al., 2012; Kamada et al., 2014). In
view of the specific characteristics of the two techniques
and of the respective data analysis, today’s general consen-
sus is that, for measurements on polycrystalline samples,
IXS provides more reliable Vp and NRIXS more reliable
Vs (the Debye velocity measured directly by NRIXS is
more heavily weighted in the determination of Vs, while
Vp determination is more dependent on the used equa-
tion of state; in comparison, IXS provides a direct
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determination of Vp while Vs depends on the choice of
equation of state).

Density dependence of the compressional sound velocity
in hcp-Fe

All the techniques discussed above have advantages and
drawbacks. A critical discussion of each individual tech-
nique is beyond the scope of the present paper. In the
following, we will only compare results obtained for
polycrystalline hcp-Fe under static compression by dif-
ferent methods, with specific interest on the pressure
and density dependence of the compressional sound vel-
ocity. Our choice in limiting detailed discussion to Vp is
mainly driven by the fact that comparison with seismic
models is more straightforward for the case of Vp than
Vs. This is because anharmonic and/or pre-melting ef-
fects at high temperature (e.g. Laio et al., 2000; Vocadlo
et al,, 2009; Sha and Cohen, 2010; Martorell et al., 2013),
as well as the possible presence of fluid inclusion in the
core (Vocadlo, 2007), or frequency-dependent viscoelas-
tic relaxations (Jackson et al., 2000), are all expected to
more strongly influence Vg than Vp.

Comparison of results obtained by the various tech-
niques, and sometime even the comparison of results
obtained by the same technique, is complicated by dissimi-
lar experimental strategies, differences amongst sample
materials (isotopic compositions, degree of hydrostaticity,
powders vs. foils, textures), and use of different pressure
scales or equations of state (EOS). All these aspects have to
be borne in mind when confronting different data sets. To
allow for the most direct comparison, following Sakai et al.
(2011; 2014), we rescaled reported pressures to the Pt scale
of Matsui et al. (2009), which yields results quite consistent
with the pressure scale of Dewaele et al. (2004) and Fei
et al. (2007). When not otherwise specified, we use a third-
order Birch-Murnagan relation with Vj=22.468 A>/unit
cell (Dewaele et al. 2006), K,=155 GPa and K =5.37
(Sakai et al., 2014) as the reference hcp-Fe EOS. To
account for temperature effects, at least within the limit of
a quasi-harmonic approximation (Antonangeli et al., 2008),
we opted for the so-called Birch’s diagram, a Vjp-p repre-
sentation of the data.

Taking a conservative approach, the ultrasonic deter-
mination of velocities for hcp-Fe reported in Mao et al.
(1998) can be considered as an anchor point, yielding
Vp = 6,950 + 140 m/s at 16.5 GPa (p = 8,981 kg/m?). Esti-
mations of Vp starting from XRD measurements are one
of the most indirect and model-dependent approach, but
with the advantage of providing the largest coverage in
pressure (and hence density) range (up to approximately
200 GPa in Mao et al. (1998) and up to approximately
275 GPa in Dubrovinski et al. (2001), once rescaling
reported values to the Matsui P scale). Vp obtained as a
function of density is illustrated in Figure 1. Besides the
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Figure 1 XRD-derived compressional sound velocity as a function of density. Grey right-pointing triangles (Mao et al.,, 1998); dark cyan
left-pointing triangles (Dubrovinski et al,, 2001). Lines are linear fit to the distinct experimental data sets. The star is the ultrasonic determination
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absolute values for the velocities, it is very interesting to
note that both data sets follow a linear density evolution
up to densities exceeding those of the Earth’s inner core.
In both cases, hcp-Fe is suggested to have Vp higher
than PREM at inner core density (Figure 1).

IXS experiments on hcp-Fe have been conducted over
the last 15 years at the European Synchrotron Radiation
Facility (ESRF) (Fiquet et al, 2001; Antonangeli et al.,
2004b; Antonangeli et al, 2012) and more recently at
the Advanced Photon Source (APS) (Mao et al., 2012)
and at Spring-8 (Ohtani et al., 2013). This gives us the
opportunity to compare measurements performed over
time with the same instrument with similar experimental
strategies, as well as results obtained by the same tech-
nique at different synchrotrons, often involving dissimilar
experimental strategies. Importantly, in all cases, diffrac-
tion patterns have been collected in situ to obtain directly
the densities, and the measured velocities do not depend
upon any assumption concerning the equation of state.
These aspects greatly facilitate direct comparison and
allow evaluation of the finer aspects of the measurements
such as instrument operation, energy and momentum
resolution, analyzer settings, and sample preferred orien-
tation. For a direct comparison, we only considered the
ambient temperature measurements, even for the more
recent studies including data at simultaneous high-
pressure and high-temperature conditions (Antonangeli
et al., 2012; Mao et al., 2012; Ohtani et al., 2013).

The Vp results obtained at 300 K by Fiquet et al.
(2001), Antonangeli et al. (2004b) and Antonangeli et al.
(2012) using IXS are consistent but for the highest

density point in Fiquet et al. (2001) (see Figure 2). In this
pioneering IXS work (Fiquet et al., 2001), the phonon
dispersion curve at 110 GPa was constrained with only 2
points and the resulting Vp is not reliable enough. This
low Vp value at 110 GPa largely affected the extrapola-
tion of the measured velocities to inner core densities,
leading to extrapolated Vp well below PREM (Figure 2).
Subsequent measurements (Antonangeli et al., 2004b;
Antonangeli et al, 2012) have been carried out with
improved instrument performances (increased flux, bet-
ter focusing optics), constraining the phonon dispersion
curves with more points (8 to 9) and with improved
statistics. As a consequence, Vp was determined with
progressively increased precision (error bars are not
shown in Figure 2 for clarity) and the data obtained
display less dispersion with respect to the Vp-p trend
that extrapolates close to, but is slightly higher than,
PREM (Figure 3). We note, however, that, as illustrated
in Figure 2, the linear fits to the individual data sets are
not strictly the same.

The Vp-p relation obtained from a linear fit to the
combined data set of Antonangeli et al. (2004b) and
Antonangeli et al. (2012) is compared to IXS results by
Mao et al., (2013) and Ohtani et al. (2013) in Figure 3.
While results by Antonangeli et al. (2004b; 2102) and by
Ohtani et al. (2013) support a linear evolution of Vp with
density (the two trends are almost parallel, only shifted
in the absolute values by 200 to 300 m/s), Mao et al.
(2012) proposed a sub-linear evolution, described by a
power-law function. This sub-linear relation is also at
odds with the Vp-p trend derived by the analysis of XRD
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measurements (Figure 1), which, as mentioned previously, ~PREM, and Vp by Antonangeli et al. (2004b; 2012) extrap-

covered the largest density range amongst all determina-
tions. Similarly, it is not supported by results obtained by
NRIXS or light scattering (Figures 4 and 5). As a direct
consequence of the linear vs. power-law fit, Vp values of
Ohtani et al. (2013) extrapolate to values higher than

olates close to, but slightly higher than, PREM, while
Vp by Mao et al. (2012) extrapolates to values below
PREM (Figure 3). Reasons for these differences can be at
least qualitatively understood by considering similarities
and distinctions in spectrometer operations. Both IXS
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rescaled to those for iron of natural isotopic abundance (55.85 vs. 56.95 g/mol) are plotted as a dotted line. The star is the ultrasonic determination
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spectrometers at ESRF and Spring-8 operate in back-
scattering geometry and scan energies by varying the
temperature of the main monochromator, while the
spectrometer at APS exploits a six-reflection inline mono-
chromator. These technical aspects directly influence the
temporal stability of the elastic energy and the data collec-
tion strategy (longer integration scans vs. sum of short
scans). Another significant difference is in the number,
relative position and momentum resolution of the points
used to constrain the phonon dispersion within the first
Brillouin zone: Antonangeli et al. (2012) used 8 to 9 points
in the 3.5 to 12.5 nm™' range, with a momentum reso-
lution of 0.25 nm™, Ohtani et al. (2013) used 4 points in
the 8 to 12 nm™ range, with a momentum resolution of
0.4 nm™}, and Mao et al. (2012) used 5 points in the 4 to
14 nm™! range, with a momentum resolution of 0.7 nm™".
A detailed discussion of the influence of q-settings and q-
resolution on the derived velocity can be found in Bosak
et al. (2007). Finally, especially when comparing the results
of Antonangeli et al. (2012) with those of Ohtani et al.
(2013), we cannot rule out a difference due to absolute
energy calibration. Another non-negligible aspect to be
considered in the comparison of various results is the
nature of the specimens. Powder samples (Antonangeli
et al., 2004b; Antonangeli et al., 2012; Ohtani et al. 2013)
are more suitable than foils (Mao et al., 2012), which may
have significant texture (rolling texture), that undermines
the assumption of random orientation used in data

analysis. On the contrary, differences in the hydrostatic
conditions are not observed to be significant (Ohtani et al.,
2013), unless differential stress results in the development
of preferential orientation in the sample (Antonangeli
et al,, 2010).

The discussion of the different NRIXS studies is some-
what less straightforward, because an EOS is used to solve
for Vp from the measured Debye velocity and because of
the different isotopic enrichment in the samples used
(which becomes relevant when estimating the density
from the pressure or the volume). We considered the re-
ported Vp without accounting for possible difference due
to the use of different EOS or dissimilar data processing.
When not directly measured (as in Mao et al. (2001) and
in Lin et al. (2005)), the density has been estimated using
the same EOS used for data analysis, in order to have
values of Vp and p internally consistent, but neglecting the
possible influence of variations in isotopic enrichment.
For studies reporting data at simultaneous high-pressure,
high-temperature conditions (Lin et al, 2005), we only
considered 300 K data. Figure 4 shows Vp as a function of
density obtained by NRIXS studies (Mao et al,, 2001; Lin
et al, 2005; Murphy et al. 2013; Gleason et al., 2013).
More recent data sets (Murphy et al. 2013; Gleason et al,,
2013) benefited from improved instrument performance
and have been collected with improved counting statistics,
as well as enhanced hydrostatic conditions, relative to
earlier determinations. Furthermore, density has been
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directly measured by complementary X-ray diffraction
experiments. However, the two data sets, while suggesting
a similar slope for the Vp-p relation, display the largest
difference in the absolute values of the velocities. A direct
consequence of this is that one data set extrapolates
slightly above PREM (Gleason et al., 2013) while the other
extrapolates well below PREM (Murphy et al. 2013) (see
Figure 4). A possible cause for this apparent discrepancy
might come from the fact that, in contrast to other NRIXS
studies, sample isotopic enrichment (56.95 vs 55.845 g/mol
of natural Fe) has been explicitly accounted for in density
determination in the analysis of Murphy et al. (2013). After
rescaling the reported density to those expected for natural
Fe (dotted line in Figure 4), we observe a closer agreement,
even if the trend from Murphy et al. (2013) is still slightly
below the others.

Pulsed laser techniques, even though not systematically
used, provide measurements of sound velocities at pres-
sures exceeding the megabar and are complementary to
synchrotron-based techniques in many ways. In particular,
picosecond acoustics can be seen as the most direct tech-
nique for sound velocity measurements in DAC, at least
to the extent that, as in conventional pulse-echo ultrason-
ics, it is based on travel time determination. One of the
main current disadvantages of both ISLS and picosecond
acoustics is that these laboratory-based techniques are
not yet coupled with X-ray diffraction. Accordingly, these
measurements are more largely dependent on specific
choice of ruby pressure scale and iron EOS. Results ob-
tained by ISLS (Crowhurst et al., 2004) and by picosecond

acoustics (Decremps et al., 2014) are reported in Figure 5.
Densities have been determined starting with the reported
pressures and using the EOS by Mao et al. (1990), which
is consistent with the old ruby scale, and then using our
reference EOS to reassess the pressure values. We observe
that ISLS and picosecond acoustics data sets are in close
agreement and linearly extrapolate to values somewhat
above PREM.

A reference for Vp-p relation for hcp-Fe at 300 K

Combining results obtained by different techniques,
each one with its own specific and often very dissimilar
advantages and limitations, likely provides the most
stringent constraints on the Vp-p relation. Application of
classic pulse-echo ultrasonic techniques in multi-anvil
presses is feasible but challenging, and only a single
measurement has been obtained on hcp-Fe, at the rela-
tively low pressure of 16.5 GPa (Mao et al,, 1998). As
already mentioned, Vp derived from XRD-based tech-
niques suffers from model dependence, but data have
been obtained up to pressures close to 300 GPa (Mao
et al,, 1998; Dubrovinski et al., 2001), supporting a linear
dependence of Vp with density. NRIXS measurements may
provide the most accurate determination of Vg (Murphy
et al,, 2013; Gleason et al., 2013), while Vp values are more
dependent on the choice of the EOS used in the data
analysis. On general grounds, fitting the low-energy portion
of the phonon density of state as a parabola, as commonly
done, might lead to an underestimation of the Debye
velocity (Chumakov, 2014). This, together with the fact
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that measurements are carried on isotopically enriched
samples of higher atomic weight than natural iron
(56.95 g/mol for 95% isotopically enriched *>’Fe samples
vs. 55.85 g/mol for natural iron), might explain, at least
qualitatively, why NRIXS measurements yield Vp values
generally lower than those measured by other tech-
niques. Furthermore, the most recent, and presumably
most accurate, NRIXS measurements (Murphy et al,
2013; Gleason et al., 2013) are in disagreement in terms
of Vp determinations (see Figure 4). Accordingly, we
will not use NRIXS results to constrain the Vp-p rela-
tion. IXS in combination with XRD has been largely
used to measure the aggregate compressional sound
velocity as a function of density. Provided an adequate
data collection strategy (energy and momentum resolution,
number and relative positions of points to constrain the
phonon dispersion curve) and controlled and limited
texture of the samples (polycrystalline aggregates, as
close as possible to an ideal randomly oriented powder),
Vp can be obtained with 1% to 2% precision. Amongst
the various data sets present in literature, we will not
make use of the result by Fiquet et al. (2001), as these
pioneering measurements have been superseded by sub-
sequent determinations using improved instrumenta-
tion. Similarly, we do not use the results by Mao et al.
(2012), because they were obtained on a foil, with re-
laxed momentum resolution and non-ideal settings of the
spectrometer. Furthermore, this last data set is the only
one supporting a sub-linear dependence of Vp on p, in
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contrast to all other determinations. Both ISLS and pico-
second acoustics do not allow for parallel determination
of the density (at least with currently available experimen-
tal setups), but provide direct determination of surface
waves (ISLS) and acoustic echoes (picosecond acoustics)
travelling across the sample. With accurate estimation of
the sample thickness, picosecond acoustic methods may
thus yield the most direct measurements of V5.

Selected measurements of the compressional sound
velocity as a function of density are shown in Figure 6.
All the data agree within mutual uncertainty and plot
along a well-defined linear trend. Linear regression of
all the data, according to the relation Vp =a + bp, yields
a=-4,000+110 m/s and b=1.206+0.011 m4/(kg s)
(solid line in Figure 6). For completeness, the same data
and fit are plotted as a function of pressure in Figure 7.

Extrapolation to inner core conditions and high-
temperature effects

The linear fit to the experimentally observed Vp-p trend
can be extrapolated to inner core densities and com-
pared to PREM (Figure 6). Vp for hcp-Fe at 300 K is 3%
to 4% above PREM, with a slightly steeper slope. Inner
core temperatures are not well constrained, ranging be-
tween 4,000 and 7,000 K (Anzellini et al., 2013; Nomura
et al, 2014). Accordingly, temperature effects have to be
considered when comparing 300 K data with seismic
observations. Within a quasi-harmonic approximation,
Vp is expected to scale linearly with density, irrespective
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Figure 6 Compressional sound velocity as a function of density. Violet crossed diamonds (Crowhurst et al., 2004); blue open diamonds
(Decremps et al, 2014); red open circles (Antonangeli et al., 2004b; 2012); green lined circles (Ohtani et al.,, 2013). The star is the ultrasonic
determination reported in (Mao et al,, 1998). PREM is shown as crosses. The solid line is a linear regression across all experimental data
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Figure 7 Compressional sound velocity as a function of pressure. Violet crossed diamonds (Crowhurst et al, 2004); blue open diamonds
(Decremps et al., 2014); red open circles (Antonangeli et al, 2004b; 2012); green lined circles (Ohtani et al, 2013). The star is the ultrasonic determination
reported in Mao et al, (1998). PREM is shown as crosses. The solid line is the extrapolation to higher pressure after the Birch's fit in Figure 6.
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of the specific P-T conditions. This relation is often
referred to as “Birch’s law”. Limits in the validity of the
Birch’s law have been discussed in literature, with specific
focus on the case of iron, but without reaching a consen-
sus (Fiquet et al., 2001; Lin et al., 2005; Antonangeli et al.,,

2008; 2012; Mao et al., 2012; Ohtani et al., 2013). In all
cases, however, investigated temperature ranges were
quite limited (1,000 to 1,700 K). Much higher tempera-
tures are instead achievable by shock compression.
Ironically, shock wave measurements along the Hugoniot

T T T T T
11000 L static vs. dynamic compression
= static datasets (same as Fig. 6 and Fig. 7) u
| © shock-wave Hugoniot measurements ™
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Figure 8 Compressional sound velocity as a function of density. Black squares are selected data sets (same as Figures 6 and 7) obtained
under static compression at 300 K (Mao et al,, 1998; Crowhurst et al, 2004; Antonangeli et al, 2004b; 2012; Ohtani et al., 2013; Decremps et al, 2014).
The solid line is a linear regression across the static data. Red open hexagons are shock wave Hugoniot measurements not reduced to 300 K (Brown
and McQueen, 1986).
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suffer from the opposite problem: temperatures at ele-
vated pressures are much higher than the geotherm and
the Hugoniot curve crosses the iron melting line at
approximately 225 GPa (Nguyen and Holmes, 2004).
Accordingly, Vp data obtained in shock wave experiments
on solid hcp-Fe are limited to pressures below approxi-
mately 205 GPa (Brown and McQueen, 1986). The
comparison between selected Vp measurements at 300 K
under static compression and shock wave determination
at high temperature, along the Hugoniot curve, is reported
in Figure 8. Shock data yield systematically lower Vp than
static data, with a difference that seems to increase, even if
slightly, with increasing density. The most reasonable
explanation for this difference is the anharmonic effects
at high temperature, which are predicted to decrease
velocities even at constant density (albeit a larger reduction
is anticipated for Vg than for Vp) (e.g. Laio et al, 2000;
Vocadlo et al, 2009; Sha and Cohen, 2010). Anharmonic
effects are expected to increase with increasing temp-
erature, but to decrease with increasing compression, and a
quantitative assessment of eventual temperature-induced
softening of Vp calls for further experimental work at
simultaneous high static pressure and high temperature.
In any case, the observed systematic difference between
data sets obtained at ambient temperature and shock mea-
surements argues against the suitability of fits combining
results of ambient temperature static compression experi-
ments with results by shock wave at high temperature, as
proposed by Fiquet et al. (2001) or Badro et al. (2007).

Conclusions

In this paper, we reviewed the experimental techniques
and methodologies used to measure sound velocities in
metals at megabar pressures, with specific focus on the
compressional sound velocity of hcp-Fe. Each technique
presents advantages and drawbacks. Being aware of
these is of the greatest importance when assessing the
robustness of each measurement and, all the more so,
when comparing different data sets. A critical review of
literature results, coherently analyzed using consistent
metrology (pressure scale, equation of state of hcp-Fe),
allows us to propose a reference for the Vp-p relation-
ship in hcp-Fe at 300 K that linearly extrapolates 3% to
4% above PREM (Figure 6). This provides the principal
base line upon which to add complexity, including anhar-
monic effects at high temperature, pre-melting effects,
effects of nickel and/or light element alloying, required for
accurate reconciliation with seismic models. In particular,
our results argue for combined effects of high temperature
and inner core impurities (such as nickel and light ele-
ments) that slightly reduce Vp of pure hcp-Fe at constant
density. This can be potentially satisfied by assuming that
both alloying and high temperature only very moderately
lower V5 which, however, is not supported by recent
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results (Badro et al., 2007; Antonangeli et al, 2010; Sha
and Cohen 2010; Mao et al. 2012; Martorell et al., 2013).
Alternatively, and most likely, effects of impurities (com-
bined effect of nickel and light elements) and high
temperature counterbalance, the first increasing velocity
at constant density (e.g. Antonangeli et al. 2010) and the
second decreasing velocity at constant density (e.g. Sha
and Cohen 2010), leading to slightly reducing overall sum.
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