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Many seismological studies have confirmed that Vp travels 3-4% faster along the rotation axis of the Earth
than along the equatorial plane in the inner core, indicating that the inner core is elastically anisotropic.
However, seismic and mineral physics observations of the polarized Vs are still emerging. Thus far, the Vs
anisotropy of the constitute iron crystals at relevant pressures of the Earth's core has remained mostly
theoretical mainly because of the technical difficulties involved in measuring reliable Vs velocities of iron
crystals. Here we have measured azimuthal Vs anisotropy of highly textured hcp-Fe at high pressures using
nuclear resonant inelastic X-ray scattering, a technique sensitive to Vs, in a diamond anvil cell. Our results
Earth's inner core show that the azimuthal Vs is 2-4% faster along the crystallographic c axis than along the a axis at 158 GPa
elastic properties and 172 GPa. If one describes the Vp anisotropy of the inner core as a result of the textured hcp-Fe crystals, it
iron is conceivable that azimuthal and polarized Vs anisotropies with a magnitude of a few percent also exist in
seismology the region. Since Vp and Vs of candidate iron phases behave quite differently in theoretical predictions, our
high pressure results here indicate that future seismic observations of the Vs and Vp anisotropies of the inner core thus
hold the key to deciphering the causes for the seismic and dynamic signatures as well as constitute iron
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phase(s) of the region.
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1. Introduction

Intriguing yet enigmatic phenomena of the Earth's inner core have
recently been reported by deep-Earth seismology, geodynamics, and
mineral physics studies including the compressional wave (Vp)
anisotropy (Morelli et al., 1986; Woodhouse et al., 1986; Song and
Helmburger, 1993; Tromp, 1993; Stixrude and Cohen, 1995; Song and
Helmberger, 1998; Beghein and Trampert, 2003; Deuss, 2008), the
differential super-rotation (Creager, 1997), the fine-scale seismic
heterogeneity (Creager, 1997; Ishii and Dziewonski, 2002; Niu and
Chen, 2008), the low rigidity and shear wave velocity (Vs) (Cao et al.,
2005; Belonoshko et al., 2007, 2008; Wookey and Helffrich, 2008; Cao
and Romanowicz, 2009), and the existence of iron crystals with
textures in the inner core (Mao et al., 1998; Steinle-Neumann et al.,
2001; Antonangeli et al., 2004; Vocadlo et al., 2003, 2009; Vocadlo,
2007; Dubrovinsky et al., 2007; Belonoshko et al., 2007, 2008).
Particularly, Earth's inner core is known to be elastically anisotropic
from many seismic analyses of the depth and directional dependence
of the Vp (e.g., Morelli et al., 1986; Woodhouse et al., 1986). The Vp
anisotropy of the innermost inner core also differs from that of the top
of the inner core, with the slowest direction tilted at an angle of 45° to
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the equatorial plane, indicating the existence of seismic layering and a
possible phase transition of the constitute iron alloy in the region
(Creager, 1997; Ishii and Dziewonski, 2002; Niu and Chen, 2008;
Vocadlo et al., 2009). It is mostly believed that such anisotropy can be
explained by the preferred lattice orientation of the iron alloy crystals,
although the underlying mechanisms for generating the texture and
the degree of texturing all remain to be reconciled (Mao et al., 1998;
Steinle-Neumann et al., 2001; Antonangeli et al., 2004; Vocadlo et al.,
2003, 2009; Dubrovinsky et al., 2007). In a textured and elastically
anisotropic inner core, two types of Vs anisotropies are to be
expected: (1). azimuthal anisotropy in which Vs varies in different
directions; (2). polarization anisotropy in which Vs is split into two
waves, Vs; and Vs,, with orthogonal polarizations that travel at
different speeds. From an analysis of timing, amplitude and waveform
of the seismic ‘PKJKP’ phase, a possible Vs splitting with approxi-
mately 1% in polarization anisotropy has been suggested for the inner
core (Wookey and Helffrich, 2008).

Earth's inner core is mainly made of iron with a few percent of
nickel, together with a small amount of light elements (see Li and Fei
(2003) and Dubrovinsky and Lin (2009) for recent reviews). hcp-Fe
crystals, widely believed to exist in the inner core (Takahashi and
Bassett, 1964; Mao et al., 1990; Hemley and Mao, 2001), display
strong lattice preferred orientations (textures), with ¢ axes parallel to
the compression axis of the high-pressure DAC (Mao et al., 1998;
Wenk et al., 2000). Such stress-induced lattice strains with textures
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have been measured using radial X-ray diffraction (RXD) to
investigate elasticity on textured hcp-Fe crystals up to 211 GPa at
room temperature (Mao et al., 1998), but the finite-strain theory and
iso-stress assumptions used in the modeling, together with plastic
deformation of the crystals, cast serious doubt on the reliability of the
results (Antonangeli et al., 2006). Thus far, the Vs anisotropy of the
hcp-Fe at relevant pressures of the Earth's core remains mostly
theoretical, with studies predicting various degrees of the polarized
and azimuthal Vs anisotropies along different orientations (e.g.,
Stixrude and Cohen, 1995; Laio et al., 2000; Steinle-Neumann et al.,
2001; Vocadlo et al.,, 2003, 2009; Vocadlo, 2007; Sha and Cohen,
2010). Here we present new experimental results for the azimuthal Vs
anisotropy of textured hcp-Fe crystals using nuclear resonant inelastic
X-ray scattering (NRIXS), a technique sensitive to Vs, in a high-
pressure diamond anvil cell (DAC).

2. Materials and experiments

57Fe-enriched bcc-Fe starting sample (>95% enrichment) was
purchased from Cambridge Isotope Laboratories, Inc., and was
examined by X-ray diffraction and electron microprobe for its crystal
structure and chemical composition. We used a Be gasket and a cubic
BN gasket insert to contain the Fe sample at high pressures (Lin et al.,
2008). The use of the ultrapure Be gasket (IF-1 grade), purchased from
Bruch Wellman of the Electrofusion Products (Lin et al., 2010), was
critical in the success of the experiments as it contained less than
0.03% iron impurity in which >’Fe isotopes contributed negligibly to
the measured energy spectra of the sample. The ultrapure Be gasket,
however, was extremely brittle and required a tailored fit, pre-drilled
hole in order to reach high pressures in a DAC. The cubic BN gasket
insert with high strength allowed us to prepare samples with
sufficient thickness for the experiments at unprecedented pressures
(Fig. 1).

High-pressure NRIXS experiments were conducted using a high-
resolution monochromator with 1 meV energy bandwidth at sector 3
of the Advanced Photon Source (APS), Argonne National Laboratory
(ANL) (Sturhahn, 2004) (Fig. 1). Beveled diamond anvils of 100-300
or 60-180-300 um in diameter were used with an ultrapure Be gasket
2 mm in diameter and 250 pm thick, together with a cubic BN gasket
insert to contain >’Fe-enriched sample of ~35um in diameter in a
DAC. The samples were then compressed to 158 GPa (with culets of
100-300 pum) and 172 GPa (with culets of 60-180-300 pm) to convert
them to textured hcp-Fe crystals. Previous studies with a similar
sample preparation procedure have shown that non-hydrostatically
compressed hcp-Fe crystals exhibit strong preferred orientations at
such pressures (Singh et al., 1998; Mao et al., 1998; Wenk et al., 2000).

X-ray diffraction patterns were used to determine densities and
pressures in situ, whereas RXD patterns revealed strong lattice
preferred orientations with ¢ axes parallel to the main compression
axis of the DAC and a axes along the Be gasket plane, consistent with
previous studies (Mao et al., 1998; Wenk et al., 2000) (Figs. 2 and 3).
Here we calculated the sample densities (p) from the X-ray diffraction
patterns collected in the axial geometry with an incident X-ray going
through a diamond and diffracted signal going through another
diamond (see Fig. 1 for the geometry) (Mao et al., 1998). The pressures
of the sample were then calculated from the reported equation of state
(EoS) (Mao et al., 1990). Energy spectra were collected by three
avalanche photodiode detectors (APD) placed next to the DACs by
tuning the X-ray energy to 4100 meV around the nuclear transition
energy of 14.413 keV and collecting the Fe K-fluorescence radiation
that was emitted with time delay. The energy spectra were measured at
three different geometries at 158 (+5) GPa and 172 (+6) GPa,
respectively, by rotating the textured hcp-Fe crystals in the meridian
plane with respect to the incoming X-ray beam (Figs. 1 and 4). The
probability of the inelastic nuclear absorption varies with the angle
between the k-vector of the incident synchrotron radiation and the

(1) X-ray:
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(B)

158 GPa

hep-57Fe

Fig. 1. (A) Schematics of the experimental geometries used for the NRIXS experiments
with textured hcp-Fe in a DAC. (1). Axial geometry with an incident X-ray going
through diamonds (black arrowed line); (2). radial geometry with an incident X-ray
going through the Be gasket (red arrowed line); (3). inclined geometry with an incident
X-ray tilted at 28° or 30° from the Be gasket (blue arrowed line). Three avalanche
photodiode detectors (APD) were placed close to the Be gasket to detect the NRIXS
signals. X-ray diffraction patterns were also measured along the axial and/or radial
geometries. (B) Image of the textured hcp-Fe sample at 158 GPa and 300 K used for the
experiments. The image was taken in transmitted light. Cubic BN was used as the gasket
insert with the ultrapure Be gasket.

polarization vector of the excited or annihilated phonon, which allowed
us to probe projected phonon density of states (DOS) along the
direction of the incoming X-ray beam (Gieffers et al., 2002). The
counting time for each spectrum was approximately 2h, and
approximately twenty spectra with a total of approximately 500 counts
at the maximum of the inelastic energy spectra were collected and
added for a given orientation.

3. Results

A quasi-harmonic model was used to extract the phonon DOS from
the energy spectra (Fig. 5) and the Debye sound velocity (Vp) was
derived from parabolic fitting of the low-energy regime of the DOS
(Fig. 6) (Sturhahn, 2004). With the NRIXS technique we measure the
spectrum of the self-correlation function of the position of the iron
atoms (Sturhahn and Kohn, 1999). In the model, the atomic motions
relative to the temperature-dependent averaged position are as-
sumed to be harmonic under the given conditions of pressure,
temperature, and other parameters. Thermal effects like expansion
and change of force constants with atomic distances are allowed to
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Fig. 2. Representative X-ray diffraction pattern of textured hcp-Fe sample at 158 GPa. hcp-Fe crystals displayed strong textures as a result of the non-hydrostatic compression. The
pattern was taken through diamonds in the axial geometry (see Fig. 1(A) for the experimental geometry).

change but the vibrations are still assumed to occur in a harmonic
potential (Sturhahn and Kohn, 1999). Previous studies have con-
firmed the reliability of this model to extract the phonon DOS and the
Vp of iron under high pressures (Mao et al., 2001).

We used the PHOENIX program to analyze the energy spectra
(Fig. 4), including determination of the elastic contribution to the
spectra by matching the resolution function to the central peak and
calculation of several moments of the spectra followed by normali-
zation, removal of the elastic contribution from the data, decompo-
sition into multi-phonon terms, and derivation of the DOS (Figs. 4-6).
The high-quality energy spectra with an energy resolution of 1 meV is
critical in allowing us to remove the elastic contribution very close to
the low-energy region of the spectra and to extract phonon DOS for
reliable derivations of the Vp needed to evaluate the Vs anisotropy of
the textured hcp-Fe crystals. The Vp was derived using the parabolic
fitting to the initial slope of the energy spectrum with the smallest
chi-square distribution because the derivation of the Vp from the
phonon DOS relies on a linear phonon dispersion that will only be
accurate in a limited energy range which was approximately 22 meV
in our analyses (Fig. 6; Table 1).

The derived Vp of hcp-Fe had been previously used with density
and incompressibility values to solve for aggregate Vp, Vs, and shear
modulus (G) averaged over randomly distributed crystals (e.g., Mao et
al., 2001; Gieffers et al., 2002; Mao et al., 2004; Struzhkin et al., 2004;
Lin et al., 2005; Mao et al., 2008). However, the equations for deriving

these values become non-trivial and elaborated averaging schemes
such as the Voigt-Reuss average or the Hashin-Shtrikman bounds are
needed for a textured sample (Struzhkin et al., 2004). Nevertheless,
the derived Vp is still very appropriate for deriving Vs because Vs can
be generally expressed as Vs=0.952Vp — 0.041V,, where Vg, is the
bulk sound velocity and only accounts for 4.1% of the contribution to
the Vs. As addressed previously (Mao et al., 2004, 2008), Vs is very
sensitive to Vp and a variation of Vg, has only a very minor effect (~4%
total in the expression) on the Vs, showing that Vs can be determined
from the derived Vp with great precision and high accuracy (Fig. 7).
We also used the literature adiabatic bulk modulus (Ks) values (Mao
et al., 1990) to calculate the Vy, (V3 =Ks/p). Our statistical error bars
on the Vs, after taking the major source of uncertainty from the Vg,
into account, are on the order of 0.3 to 0.6% which is much smaller
than the derived Vs anisotropy.

4. Discussion and conclusions

Systematic differences in the measured phonon DOS were
observed from the textured hcp-Fe samples in the meridian plane at
orientations projected along the c axes, a axes, and 28-30° to a axes
(Fig. 7). For example, the derived mean force constant is systemat-
ically larger along the c axes than the a axes, indicating that the c axis
is stiffer than the a axis. Of particular importance to the Vs anisotropy
of the inner core is the variation of the Vp along different orientations
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Fig. 3. Representative unrolled X-ray diffraction image of hcp-Fe sample at 158 GPa. The image was taken through a Be gasket in the radial geometry (see Fig. 1(A) for the
experimental geometry). Representative X-ray diffraction lines of 100, 002, and 101 of the hcp-Fe show strong preferred orientation and strains. Green numbers next to unrolled

diffraction lines represent Miller indices of the hcp-Fe diffraction peaks.

of the textured hcp-Fe crystals (Fig. 7). We note that our technique
does not necessarily distinguish between polarized Vs; and Vs,, and
our Vs is averaged over Vs; and Vs, values intrinsically following the
equation, 2/Vs>=1/Vs3 +1/Vs3 (Mao et al., 2008; Struzhkin et al.,
2004).
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Fig. 4. Energy spectra of the hcp-Fe sample at 158 GPa. Three energy spectra were

collected from the highly textured hcp-Fe sample along the c axis (black line), the a axis
(red line), and 30° inclined to the a axis (blue line).

Our measured Vs vary systematically with the c¢ axis being the
fastest direction and the a axis the slowest direction. By defining the
azimuthal Vs anisotropy as 2 (Viax — Vimin)/ (Vimax + Vmin) Where
Vmax is Vs along the ¢ axis and Vp,, along the a axis from our
measurements, the azimuthal Vs anisotropy is 4.1 (+£0.7) % at
158 GPa and 1.5 (40.8) % at 172 GPa (Fig. 7). Based on previous
studies (Wenk et al., 2000), the preferred orientations in our hcp-Fe
crystals should have fully developed at the investigated pressures
(Fig. 3), indicating that the difference in Vs between 158 GPa and
172 GPa is likely a result of the statistical uncertainty, rather than the
pressure effect alone. We thus conclude that the azimuthal Vs is 2-4%
faster along the crystallographic c axis than along the a axis at 158 GPa
and 172 GPa in the highly textured hcp-Fe. Combined with a previous
experimental study on the Vp anisotropy of textured hcp-Fe crystals
(Antonangeli et al., 2004), the Vp anisotropy qualitatively exhibits a
similar sigmoidal shape to the Vs anisotropy. Compared with previous
studies for hcp-Fe at relevant pressure conditions, our observed
azimuthal Vs anisotropy of 2-4% at 158-172 GPa is consistent with
that of Laio et al. (2000) but much lower than other reports (e.g., Mao
et al., 1998; Laio et al., 2000; Steinle-Neumann et al., 1999, 2001; Sha
and Cohen, 2010) (Fig. 8). Because our Vs anisotropy is measured
from the highly textured hcp-Fe at room temperature, the azimuthal
anisotropy for individual Vs; and Vs, of a single-crystal hcp-Fe is
expected to be different. Furthermore, high temperature and higher
pressures may further affect the magnitude of the anisotropy (e.g., Lin
et al., 2005; Vocadlo et al., 2009; Sha and Cohen, 2010).

A shear wave splitting anisotropy of approximately 1% in the inner
core has been recently invoked to explain the waveform features and
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Fig. 5. Phonon density of states (DOS) of textured hcp-Fe at 158 GPa. The DOS were
derived from the measured energy spectra along three different directions, and were
used to derive Debye sound velocities (Vp) and shear wave velocities (Vs) (Fig. 7). The
black line represents the phonon DOS measured along the compression axis of the DAC
(along the c axes of the hcp-Fe crystals). The red line represents the phonon DOS along
the a axes (along the Be gasket), whereas a third orientation with 30° at 158 GPa or 28°
at 172 GPa inclined to the a axes (blue line) was also probed (see Fig. 1(A) for the
experimental geometries).

to reconcile the large differences between the Vp and attenuation
models for an inner-core shear wave phase at higher frequencies
(Wookey and Helffrich, 2008). If one describes the Vp anisotropy of
the inner core by the existence of the textured hcp-Fe crystals (e.g.,
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Fig. 6. Representative derivation of the Vp from the phonon DOS at 158 GPa. The
derived Vp clearly showed that it is faster along the c axis than along the a axis. Black
open circles: the phonon DOS measured along the c axes of the hcp-Fe crystals; red
open squares: the phonon DOS along the a axes.

Table 1

Derived Debye sound velocities (Vp), shear wave velocities (Vs), and mean force
constants (D,,) of hcp-Fe at three orientations at 158 GPa (p = 12.159 g/cm> (+ 0.068))
and 172 GPa (p=12.338 g/cm? (4 0.069)), respectively. The mean force constants are
directly derived from the measured energy spectra.

File Vp Vs Day
(km/s) (km/s)

5833 (+0.033) 5213 (+0.031) (+5.6)
5691 (+0.027)  5.080 (+0.025) (+3.5)
5615 (+0.024)  5.009 (+0.023) (+4.5)
5848 (£0.036) 5222 (+0034) 5314 (+£8.8)
) ) ( )
) ) ( )

158 GPa; c axis
158 GPa; 30° to a axis
158 GPa; a axis
172 GPa; c axis
172 GPa; 28° to a axis
172 GPa; a axis

5.742 (4:0.041 5.124 (4-0.038
5.714 (+0.031 5.098 (40.029

Tromp, 1993; Wenk et al., 2000; Vocadlo et al., 2009), the azimuthal
and polarized Vs anisotropies of a few percent in magnitude need to
be invoked for the region (Wookey and Helffrich, 2008), likely with
Vp and Vs traveling faster along the rotation axis of the Earth than
along the equatorial direction (Antonangeli et al., 2004). Since Vp and
Vs anisotropies of hcp-Fe and bcc-Fe can behave quite differently at
high pressures and temperatures, future high-resolution seismic
observations of the Vs and Vp anisotropies thus hold the key to
deciphering the underlying causes for the seismic heterogeneities and
dynamic mechanisms of the inner core.
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Red circles: 158 GPa; blue diamonds: 172 GPa. The error bars on the Vp and Vs are
approximately 0.4-0.7%, which are much smaller than the observed anisotropies.



366 J.-F. Lin et al. / Earth and Planetary Science Letters 298 (2010) 361-366

6.8 -— _
~
AN
—_ AN
§6.4 N .
X \ PR =~
N ~
» PN - T =~ ~
> 6.0 - )\// S \\5_
o PR - _
‘g -_-=:_;<———\—\—————-_,_—:?f£
@ s6f_--"~ S- -7
(=]
(=]
<
5.2 -
1 1 1 1 1 1 1
0 15 30 45 60 75 920

Angle (degree)

Fig. 8. Comparison of azimuthal shear wave velocities of hcp-Fe. For simplicity,
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