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Abstract

We report the first experimental determination of elastic anisotropy in highly textured polycrystalline hexagonal-closed-
packed (hcp)-iron obtained at room temperature and 112 GPa by inelastic X-ray scattering (IXS) in a diamond anvil cell
(DAC). The compressional sound velocity Vp at 50° and 90° from the c-axis was determined to be Vp{50°} =9900 + 200
m/s and Vp{90°} =9450 + 150 m/s, respectively. The difference of 4—5% between the two velocities is of the same order
of the seismic observations of the anisotropy in Earth’s inner core. Combining our new results with the equation of state of
hep-iron, we derive the pressure dependence of the shear velocity Vs. The Vs-values, extrapolated to inner core densities,
are 30% higher than the PREM results. The extrapolated Vp-values are instead in fair agreement with the PREM seismic
model, though differences in the slope remain. Furthermore, assuming a strong texture characterized by cylindrical
symmetry, we provide an estimate for the single crystal elastic modulus C;; as a function of pressure. While our results are
in general agreement with the predominant existence of hcp-iron in Earth’s inner core, the remaining differences might be
assigned to the presence of another solid iron phase, light elements, or liquid inclusions as well as anharmonic high-
temperature effects.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction some light element(s) in order to account for a 4% to

5% deficit in density with respect to pure hexagonal-

Present theories consider the Earth’s inner core to
be predominantly composed of solid iron, alloyed with

* Corresponding author. Tel.: +33-4-76-88-23-92; fax: +33-4-
76-88-29-04.
E-mail address: antonangeli@esrf.fr (D. Antonangeli).

0012-821X/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.epsl.2004.06.004

closed-packed (hcp)-iron [1,2]. Amongst the possible
high-pressure crystallographic structures of iron, the
hep or e-phase is the one generally considered most
relevant for Earth’s core, since it is stable to at least
300 GPa at ambient temperature [3], although other
structures, such has dhcp [4,5], bee [6], or orthorhom-
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bic [7] phases have been proposed as well. It is by now
well established that the Earth’s inner core is elastically
anisotropic [8—12], with seismic waves travelling
along the rotation axis 3—4% faster than those prop-
agating in the equatorial plane. Current experimental
and theoretical efforts aim to identify the underlying
mechanisms responsible for such anisotropy. In gen-
eral, alignment of iron crystals is required to explain
this feature, but proposed mechanisms for generating
the texture differ in the dynamical forcing (i) by the
magnetic field of the outer core as it solidifies at the
inner core boundary [13], (ii) by large-scale convective
flow in the inner core [14,15] or (iii) by the remains of
preferential orientation from the growth of the crystals
[16], and (iv) by the development of anisotropy as the
inner core deforms plastically under the influence of
electromagnetic shear stresses [17]. Differentiation
between the various models is to a great degree
hampered by the dearth of experimental data at rele-
vant pressures and temperatures. Prior to the present
study, the only experimental results on elastic anisot-
ropy were obtained using X-ray radial diffraction
(XRD) on textured e-iron to 211 GPa at room temper-
ature [18], but the assumptions necessary for the
analysis limit the reliability of the results [19]. The
variation of the longitudinal (compressional) sound
velocity Vp in the meridian plane proposed in [18] is
shown in Fig. 1 along with theoretical results. At both
pressures investigated in this experiment (39 and 211
GPa), the curve has a “bell-like” shape with a maxi-
mum sound anisotropy—defined as 2 X (Vjax — Vinin)/
Vinax T Vnin)—of about 8% at 45° from the basal plane
(a), and almost identical sound velocities along the a-
and c-axes. Theoretical results show differences not
only in magnitude [20], but as well in shape [21-25],
and furthermore emphasise the importance of temper-
ature on the elastic properties [24,25]. Possible causes
for these discrepancies are (i) the difficulty to perform
reliable calculations at core conditions as evidenced
for example in [26], and (ii) the impossibility to carry
out experiments on single crystal hcp-iron due to the
bee-to-hep transition around 13 GPa. The discrepan-
cies amongst the various calculations, and these stud-
ies and experimental results, clearly demonstrate the
need to perform further experimental work and have
motivated the present study.

Here we report the first direct experimental
determination of the anisotropy in the propagation
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Fig. 1. Longitudinal sound velocity Vp as a function of propagation
direction in the meridian (a—c plane) for hep-iron at 211 GPa. XRD
measurements [18]: solid line. Calculations at 0 K: dashed line
[21,23]; dotted line [20]; dash-dotted line [22]. Short dashed line:
calculations at 210 GPa and 300 K [24]. Dash-dot-dotted line:
calculation at 6000 K for a density of 13 mg/m® [25].

of longitudinal acoustic waves in iron at high
pressure by inelastic X-ray scattering (IXS). In an
ideal, randomly oriented powder, IXS probes the
orientationally averaged longitudinal sound disper-
sion. On the other hand, it is well known that hcp-
iron develops strong lattice preferred orientations
when uniaxially compressed in a diamond anvil cell
(DAC). This preferred orientation, or texture, has
been determined by X-ray diffraction [18,27,28],
showing that, with increasing pressure, the c-axis
preferentially aligns along the main compression
axis of the cell. Utilising different scattering geom-
etries relative to the DAC compression axis, it is
possible to determine Vp for different propagation
directions, intermediate between the c-axis and the
basal plane. We also present a new analysis of the
pressure evolution of the compressional velocity Vp
as well as results for the shear velocity Vg and the
elastic modulus Cj;. Our IXS results are compared
with other experimental and theoretical data, and
implications for the sound wave propagation in
Earth’s inner core are discussed.

2. Experimental set-up

Our IXS experiments were performed on beam-
line ID28 at the European Synchrotron Radiation
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Facility (ESRF) in Grenoble, France [29]. We used
the Si (8 8 8) configuration, yielding a total instru-
mental energy resolution of 5.6 meV full-width-half-
maximum (FWHM). The transverse dimensions of
the focused X-ray beam were 0.25 horizontal X 0.06
vertical mm? (FWHM). These incident beam dimen-
sions were further reduced by slits in order to avoid
scattering from the pressure cell gasket. The scat-
tered photons were energy-analysed by five crystals
in Rowland circle geometry working at the same
reflection order as the high-resolution backscattering
monochromator. The momentum transfer, Q= 2kysin
(042), where ky is the wave vector of the incident
photons and 6 the scattering angle, was selected by
rotating the spectrometer arm in the horizontal plane.
The Q resolution was set by slits in front of the
analysers to 0.2 nm™~ .

Polycrystalline 99.99% iron from Sigma Aldrich
was loaded in a 90 um diameter hole drilled in a
rhenium gasket, pre-indented to a thickness of 28
pm (initially 200 um), and pressurized in a diamond
anvil cell equipped with bevelled diamonds (150 um
flat bevelled from 300 pm culets at an angle of 8°).
No pressure-transmitting medium was used. The cell
was specifically designed with a rectangular slit
opening of 96 x 10° (parallel and perpendicular to

the scattering plane, respectively). Thus two differ-
ent geometries were employed (see Fig. 2), corres-
ponding to a longitudinal sound propagation of 50°
and 90° with respect to the loading axis. Pressure
was determined in situ by the ruby fluorescence
technique and crosschecked by X-ray diffraction
using the equation of state of iron [3].

3. Results
3.1. Experimental data and analysis

The data were collected at room temperature and
at two different pressures (22 and 112 GPa), re-
cording up to nine Q-values (between 4 and 13
nm~ ') for the two orientations. Fig. 3 shows typical
IXS spectra for two momentum transfers and ori-
entations of the DAC at 112 GPa. The spectra are
characterized by an elastic contribution, centred at
zero energy, and inelastic contributions from iron
and diamond. The transverse acoustic (TA) phonons
of diamond are located at higher energies with
respect to iron because of their higher sound veloc-
ity, and appear as rising slopes at the high energy
end of the investigated spectral range. The longitu-

Fig. 2. Schematic representation of the diamond anvil cell and the two different scattering geometries: k;, and ko, denote the incident and
scattered photon wave-vector, respectively. The dash-dotted line indicates the load axis of the DAC. The propagation direction of the probed
sound waves, given by O, and their angle with respect to the load axis are indicated as well.
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Fig. 3. IXS spectra of hep-iron at room temperature and 112 GPa for
two different orientations of the DAC: full (open) circles: sound
propagation at 90° (50°) to the DAC loading axis. The experimental
data and their statistical error bars are shown together with their best
fits. The momentum transfer values, at which the spectra were
recorded, are indicated in the figures. The low count rate required an
integration time around 1000 s per point, resulting in a total
acquisition time of 2 days per dispersion curve.

dinal acoustic (LA) phonon of iron is therefore
unambiguously identified as peak between the dia-
mond phonon and the elastic line. In each scan the
full elastic line has been recorded. This allowed a
robust determination of the zero energy position.
The energy position of the iron phonons were
extracted by fitting a set of Lorentzian functions
convoluted with the experimental resolution function
to the IXS spectra, utilizing a standard y*> minimi-
sation routine. For both momentum transfers shown
in Fig. 3, the iron phonon in the “50°-configura-
tion” is observed at higher energies than in the
“90°-configuration”; this is especially true for
0=11.57 nm~ ' where the energy difference
amounts to several meV. This observation is further
validated by the inspection of the complete disper-
sion curves, which are reported in Fig. 4. At 22
GPa the phonon energies are essentially the same
for the two orientations of the cell, whereas the two
dispersions at 112 GPa clearly show that, for each
given momentum transfer, higher phonon energies
are observed in the case of the “50°-configuration”,
suggesting that there is a considerable sound prop-
agation anisotropy. Due to the low contrast of the
iron phonon peak with respect to the elastic line at
low Q, IXS data could not be recorded in the linear
part of the dispersion, where the sound velocity is

proportional to the slope of the curve. As a conse-
quence, reasonable assumptions concerning the
shape of the dispersion curve have to be made, in
order to extract the value of the sound velocity.

Within the framework of the Born—von Karman
lattice-dynamics theory, the solution of the dynam-
ical matrix can be written as [30]:

wi-gol e )] o

where M is the atomic mass, o the angular fre-
quency and Q the wave vector of the considered
normal mode, Q.. is half the distance to the
nearest reciprocal lattice point in the direction of
0O, and @, the interplanar force constants (the force
between an atom and the nth neighbour plane
normal to Q). Limiting us to the first term in the
expansion (nearest neighbour interaction), and con-
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Fig. 4. LA phonon dispersion curves of iron at room temperature
and at pressures P of 22 GPa (lower curve) and 112 GPa (upper
curve) for the two orientations of the DAC; full (open) circles:
sound propagation at 90° (50°) to the DAC loading axis. The
displayed error bars of the energy position results from the statistic
error of the fit and the finite O-resolution of the spectrometer. The
lines through the data points are fits to the data, with Q. as a
free parameter. The inset reports the relative difference of the
sound speeds Av/(v) as a function of pressure. The two methods
used to derive the sound speed (see Section 3.1) yield slightly
different results, indicated by full circles ( Omax free) and squares
(Qmax ﬁxed)'
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verting the equation into a form suitable to fit the
experimental data, one obtains:

E[meV] = 2.964 x 10~*Vp[m/s]

X Omax [nm’l]

or equivalently

E[meV] = 4.192 x 10~*¥p[m/s]

Qo Jin (5 %) (2b)

Inspection of Egs. (2a) and (2b) shows that the
resulting value of the sound velocity critically depends
on the value of Oy« Its value can be unambiguously
determined in single crystals, while a correct averag-
ing scheme including the effect of texture has to be
employed in the case of polycrystalline samples. In the
present case, Onax Was determined in two different
ways: (i) a set of 10,000 vectors with their origin at the
I' point and random orientation were generated and
their intersection with the Wigner—Seitz Brillouin
zone (BZ) boundary was determined. Q,,.x Was then
derived from the average length of these 10,000
vectors. (il) Omax 18 left a free parameter in the fit.
The first method has the advantage to reduce the
correlation between the parameters and to ensure the
reliability of the QO,,.«-value, but it does not include
the effect of preferred orientation, while the second
naturally takes it into account. The Q,.x values given
by the two methods differ by about 2% to 3%, while
the differences in sound speed are typically less then
2%. The accuracy on the determination of sound
velocities, considering the statistical error of the fits,
the error on pressure determination as well as a
possible pressure gradient up to + 10 GPa at the
highest pressure, and the correlation with the values
of Omax, 18 between 2% and 3%.

3.2. Sound wave anisotropy

Fig. 4 shows the best fits to the dispersion curves
at room temperature for the two orientations of the

DAC at pressures of 22 and 112 GPa with Q. left
as a free parameter. The inset reports the sound
velocity differences. At 22 GPa, the sound velocities
differ by 0.9%. This difference increases to 1.6% if
Omax 18 fixed according to the procedure described
earlier. In both cases, however, these differences are
within the error bars (2%), and the sound velocities
for the two orientations can be considered to be
identical. At 112 GPa, the difference in the disper-
sion curves becomes significant. When keeping
Onmax free, the fitted values yield Omax {50°} < Omax
{90°}, in qualitative agreement with the known
preferred orientation of the c-axis along the loading
axis. The sound velocities then differ by about
4.8%. When using the procedure to fix QOp.x, and
keeping in mind that it is less justified due to the
well-developed texture at such pressures, the differ-
ence is reduced to 4.4%. Most importantly, in both
cases the difference is significant and outside the
error bars. It can therefore be firmly concluded that
the sound propagates faster by 4% to 5% at 50°
from the c-axis than at 90° (i.e. in the basal plane),
with Vp{50°}=9900 200 m/s and Vp{90°} =
9450 + 150 m/s (average of the values determined
by the two procedures).

The measured anisotropy on a textured polycrys-
talline sample at 112 GPa is comparable to that
observed in Earth’s inner core (3% to 4%) [8—12].
This result directly negates the first-principle calcu-
lation [21] that suggested that a nearly perfectly
oriented single crystal was needed in order to
account for the geophysical observations. Converse-
ly, the texture generated in a DAC without pressure
transmitting medium with a dominating c-axis fibre
component [28] aligned parallel to the loading axis
of the DAC is sufficient to explain Earth’s core
elastic anisotropy. This conclusion is even more
robust in the sense that, while our experiments
have been performed at pressures significantly low-
er than that of Earth’s inner core, we find a positive
correlation between anisotropy and pressure. Fur-
thermore, recent calculations performed at core
temperatures [25] suggest that the amplitude of
the anisotropy is increased by a factor two when
compared to 0 K results (see Fig. 1). According to
these results, even less preferred orientation of hcp-
iron crystals could account for the observed seismic
anisotropy.
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3.3. Pressure evolution of Vp and Vg

These new IXS data allow us to extend previous
IXS results [31]. In particular, it has been possible to
record the dispersion at 112 GPa with better statistics
and more Q points than previously [31], which in
turn allows a more robust extrapolation to higher
pressures. Fig. 5 reports the density evolution of Vp,
for which the whole data set was analysed utilising
the procedure described in Section 3.1, together with
the results obtained by other experimental techniques
and calculations. We use the density—velocity repre-
sentation to display the data. Within the quasi-
harmonic approximation, this allows to compare
results that were obtained at different pressure or
temperature conditions, and Vp is expected to scale
linearly with density (Birch law [32]). The IXS
values for Vp compare well with the ultrasonic
measurements reported in [18] at low pressure, and
follow a nearly linear evolution with density with a
larger slope than previously reported. A linear ex-
trapolation to higher densities is closer to the Vp
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Fig. 5. Aggregate compressional (Vp) and shear (Vs) velocities as a
function of density. No texture and temperature effects have been
considered. Solid circles (squares): IXS results with the parameter
Omax left free (Omax fixed); the lines represent linear fits to the
density evolution of the IXS data: solid line ( Oy free), dashed line
(Omax fixed). Measurements: side-triangles, ISLS results [34];
upside-down triangles, NRIXS data [35]; hexagons and asterisks,
XRD data [18,36]; triangles, shock wave Hugoniot measurements
[37]; star, ultrasonic measurements [18]. Calculations: crossed
squares [21,23]; crossed circles [20]; crossed diamonds [22];
crossed triangles [24]. Preliminary Reference Earth Model seismic
data [33] are reported for comparison as full diamonds.

values given by the PREM seismic model [33]. As a
matter of fact, the linear extrapolations of the two
sets of IXS data (Onax free and fixed) straddle the
seismic data [33].

Our measurements are in good agreement with
recent results obtained by impulsive stimulated light
scattering (ISLS) [34]. We furthermore note a sub-
stantial agreement with NRIXS [35] and XRD [18]
measurements in a density range between 9500 and
12,000 kg/m®, partly reconciling the discrepancies
observed between IXS results of [31] and NRIXS
measurements [35]. At lower densities, a disagree-
ment still persists, even in comparison with other
XRD measurements [36]. The longitudinal sound
velocities derived from shock wave measurements
[37] are lower by 3—4% than all other experimental
data determined at room temperature, indicating that
anharmonic effects gain an increasing importance at
high temperature [18,24]. In contrast, velocities de-
termined through theoretical calculations [20—24] are
systematically higher than experimental data.

Combining our results for V/p with the measured
density p and the bulk modulus K obtained from the
e-iron equation of state, one can derive the shear
velocity Vg [38] according to:

=3 (%2 )

In the present case we utilised the equation of state
derived from XRD measurements carried out under
analogue (i.e. non-hydrostatic) conditions [18,36].
The resulting density evolution of Vg is reported in
the lower part of Fig. 5. For clarity, only the IXS data
set for which Vp was determined keeping Op.x fixed
is reported (employing the other method gives results
that differ by a few percent). In the case of Vg as
well, we observe substantial agreement with the ISLS
results [34]. In the density region between 9000 and
10,000 kg/m® the IXS data lie slightly above the
NRIXS [35] and XRD [18,36] results. This is a direct
consequence of the higher Vp values in this density
region. The overall agreement is, however, still
satisfactory, although a linear fit to the IXS data
shows a reduced slope as a function of density with
respect the trend of NRIXS and XRD. We note that,
independently of the particular experimental data set
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used, an extrapolation to core densities leads to Vg
values that are significantly higher than what is
shown by the PREM model. This observation is in
agreement with theoretical results [24], which
showed that the shear modulus for e-iron at core
pressures is reduced by 70% going from room
temperature to 5400 K. It has also been speculated
that partial melting could occur in the inner core,
dramatically reducing the composite shear velocities
(with respect to pure crystalline hcp-iron) in that
region [39] measured by seismic inversion models
such as PREM.

3.4. Estimation of Cy;

XRD measurements [18,27,28] and simulations
[28] suggest that the texture of e-iron in a DAC
displays a cylindrical symmetry with a predominant
alignment of the c-axis parallel to the compression
axis of the high-pressure cell. Under these specific
conditions, the expression for the compressional wave
velocity reduces to [40]:

pVa{E} = Ciy + (4Cay +2C15 — 2C1y)cos*(§)
+ (C33 4+ C1p —4Cus
— 2C13)cos4(é) (4)

where ¢ is the angle between the direction of propa-
gation and the loading axis of the cell, and C;; are the
elastic moduli. For sound propagation at 90° the
upper relation reduces to:

pVi{90°} = C1y (5)

From the IXS data we can therefore estimate the
elastic modulus Cj;. The results are reported as a
function of pressure in Fig. 6, together with the
values derived from XRD measurements [18,27]
and calculations [20—24]. We note a good agreement
between the IXS and XRD results and theoretical
results by Laio et al. [24], while other calculations
[20—-23] tend to over-estimate C;;. One possible
reason could be the fact that the work by Laio et
al. is the only one performed at the same temperature
as the experiments (300 K), while the others are
performed at 0 K, although calculations by Steinle-
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Fig. 6. Derived elastic modulus Cj; as a function of pressure. Full
circles (squares): IXS data analysed with Q.. free (fix), solid
(dashed) line: corresponding linear fits to the IXS data with Opax
free (fix); hexagons: XRD data [18,27]. All the experimental results
are at room temperature. Calculations at 0 K: crossed squares
[21,23], crossed circles [20], and dotted line [22]. Calculations at
300 K: crossed triangles [24].

Neumann et al. [25] predict an increase of Cy; with
temperature. However, the reliability of such calcu-
lations at high temperature is strongly dependent on
the chosen approximations, and these results are
consequently still debated [26].

4. Conclusions

The main result of the present study is the
evidence for a measurable anisotropy in sound wave
propagation in hcp-iron, which constitutes a new step
towards the characterisation of the elastic properties
of iron in Earth’s core conditions. The current set of
IXS data is limited to two propagation directions,
namely 90° and 50° with respect to the c-axis,
which does not allow us to distinguish between the
various schemes of anisotropy of longitudinal acous-
tic wave propagation as presented in Fig. 1. It has to
be stressed, however, that the observed sound veloc-
ity difference of 4% at 112 GPa is already of the
same order of the anisotropy shown by seismic
observations in the Earth’s inner core, suggesting
that only a moderate alignment of hcp-iron is suffi-
cient to explain such elastic anisotropy. In this
context, the effect of temperature on the elastic
moduli is potentially important and should be care-
fully considered [25,26]. Further information can be
gained by spanning the full range of propagation
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direction between the a- and c-axes thus putting
important constraints on the shape of the sound
velocity anisotropy, and consequently on the values
of the elastic moduli Cj.

The density evolution of Vp, extrapolated to core
pressures, is in reasonable agreement with the PREM,
though we note that there is a visible difference in the
slope. Possible reasons for this are the presence of
other elements in the core, as well as high-temperature
anharmonic effects. An indication of this temperature
effect is provided by the comparison of the whole set
of data collected by different techniques at room
temperature with the shock wave results [37], which
yield systematically lower values for Vp. The effect of
temperature and/or light elements on the shear veloc-
ity Vs is much more significant, where both experi-
mental and theoretical results at 0 K or room
temperature lie well above the PREM data. Experi-
ments that could probe the effect of temperature or
light elements should provide important insights for
iron shear properties at core conditions.
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