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How can we probe the Earth’s interior? 
(without having to drill to the Core…) 



1-D seismic profiles 

“What materials may 
h a v e  t h e  e l a s t i c 
properties demonstrated 
by the seismic waves 
under the conditions of 
the interior?” 
 

          F. Birch, 1952 

 Elasticity of minerals 



but also … 

Unwary readers should take warning that ordinary language 
undergoes modification to a high-pressure form when applied 
to the interior of the Earth; few example of equivalent 
follow: 

High-pressure form             Ordinary meaning
 certain      dubious       
 undoubtedly     perhaps    
 positive proof    vague suggestion  

unanswerable argument    trivial objection   

 pure iron                         uncertain mix of   
                                                     all the elements 

F. Birch, 1952 



Velocity vs Density Systematics 

Birch (1962) 

Fe (+Ni) main constituent of Earth’s core 



EOS of hcp-Fe vs Earth’s models 

Ø  11% density difference for the liquid outer core 
Ø  6% density difference for the solid inner core 

Light elements in the core (Si, S, O, C …) 
Poirier, PEPI 1994 



Sound velocity measurements on Fe and Fe-alloys 
as a function of pressure and temperature 

“traditional” techniques limited 
 

•  HIGHEST ATTAINABLE PRESSURE                                         
(large volume press, probe/sample dimensions) 

 

•  CHOICE OF MATERIALS                                                         
(transparent samples, Mössbauer isotopes) 

 

•  INFORMATION CONTENT                                                      
(only partial, surface probe, necessary approximation, complex 

data inversion…)  



3rd generation synchrotron sources  
+ diamond anvil cell 

Sample volume < 10-5 mm3     

Beam size < 100 µm (<10 µm) 

(Non-resonant) 
inelastic x-ray 

scattering 

Nuclear resonant 
inelastic x-ray 

scattering 



Pioneering experimental studies on Fe 

pressure are summarized in Table 1. Our
results for the low-pressure bcc structure
agree with the ultrasonic data collected to 1
GPa (18) and extrapolated to 10 GPa within
1%, thus attesting to the reliability of these
measurements (19).

Our results for the high-pressure hcp
structure of iron (Fig. 4) compared with
shock wave measurements (20) show that hcp
iron follows a Birch law (21) for VP, which
provides a convenient relation for extrapolat-
ing our measurements to higher pressures.
Seismic data (22) do not fit the experimental
extrapolation, suggesting that Earth’s inner
core is slightly lighter than hcp iron, as pro-
posed in earlier work (1, 23). The density
differences are 4 to 5%.

Our measurements are consistent with the
ultrasonic data (3), the XRD measurements (3),
and the NRIXS data (9) below 100 GPa (Fig.
5). Above 100 GPa, however, our extrapolation
departs from these measurements, yielding low-
er acoustic velocities than those derived from
XRD (3) and NRIXS experiments (9). In the
same manner, one observes a substantial dis-

crepancy with results from theoretical calcula-
tions (4–7) at pressures of 210 GPa.

Our IXS experiment on a polycrystalline
iron sample only allows us to determine the
orientationally averaged dispersion curves for
the LA phonon branch. The experiment is there-
fore sensitive to preferred orientations of crys-
tals in the sample, when reciprocal lattice vec-
tors are not randomly oriented in comparison
with Q. XRD measurements carried out in par-
allel to our IXS study (14) indicate randomly
oriented iron crystals at pressures below 40 GPa.
At low pressure, we find an excellent agreement
between our VP measurements and orientation-
ally averaged ultrasonic data (3). At pressures
higher than 50 GPa, our diffraction data show
that hcp iron displays a concentration of c axes
parallel to the diamond anvil cell compression
axis, in agreement with recent XRD texture
measurements (24). Those XRD measurements
(24) predict a large anisotropy for VP, with P
waves traveling 18% faster at 45° from the c
axis than either in the ab plane or along the c
axis. According to our XRD measurements, the
x-ray inelastic scattering by acoustic phonons is

made preferentially in the ab plane, because
momentum transfer lies perpendicular to the
incident x-ray beam and to the c axis. Conse-
quently, one could have underestimated VP as
preferred orientations develop. When anisotropy
curves are considered (3, 24), however, the
orientationally averaged values of VP are simi-
lar, within a few percent, to the values corre-
sponding to a predominant but not complete
preferential orientation of the c axis [figure 4 in
(3)]. Taking into account experimental error
bars, the values of VP measured in this study
should therefore be indistinguishable from ori-
entationally averaged values. Up to 100 GPa,
the agreement with measurements of VP by
XRD data (3) is good (Fig. 5), suggesting that
the isostress assumption used for interpreting
such data, experimentally validated for cubic
phases of iron and iron oxide only (2), might be
valid for hcp iron as well. A direct comparison
with NRIXS data (8, 9) is more difficult. In such
experiments, the strong elastic line has to be
subtracted in order to perform a meaningful
parabolic fit of the low-energy part of the den-
sity of states. This yields an average Debye
phonon velocity, which has to be converted into
VP and shear wave velocity VS through an a
priori averaging scheme. We note, however, that
our VP measurements are encouragingly consis-
tent with VP values derived from vibrational
densities of state measured by NRIXS (9), al-
though extrapolation of the trends outside of the
actual measurement ranges would yield very
different values of VP at inner core conditions.

Fig. 3. LA phonon dis-
persion curves of iron
at different pressures.
Lines represent the re-
sults of the fit of Eq. 1.
Solid symbols and
dashed lines stand for
measurements carried
out on the bcc phase at
0.2 and 7 GPa. Open
symbols and solid lines
correspond to the pat-
tern recorded on the
hcp structure of iron at
19, 28, 45, 55, 64, and
110 GPa from bottom
to top, respectively.
The energy position of
the phonons could be
determined within 3%
(error bars).

Fig. 4. LA wave veloc-
ities of hcp iron [open
squares (this work)]
and solid diamonds
[shock wave Hugoniot
measurements (20)]
as a function of specif-
ic mass. Preliminary
Reference Earth Model
seismic data are rep-
resented by open dia-
monds (22). As shown
by the dashed line, the
experimental points
for pure iron move
along a straight line.
This linear relation be-
tween velocity and
density, known as
Birch’s law, is de-
scribed in detail in (21). Error bars indicate the error in VP as obtained from Eq. 1.

Fig. 5. LA wave velocities (VP) of iron as a
function of pressure for the present work (F)
and extrapolated at higher pressure after a
Birch fit to our data (solid line) and plotted
along with ultrasonic (E) and XRD measure-
ments (µ) (3), XRD measurements (!) (2),
NRIXS data (!) (9), shock wave Hugoniot mea-
surements not reduced to 300 K (}) (20), ob-
servations for the inner core ({) (22), and ab
initio calculations (ƒ) (4–7). The possible ef-
fects of preferred orientations as estimated
from (3) and (24) are within the displayed error
bars.
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the megabar diamond cell (Fig. 1). Isotopically
enriched 57Fe samples were loaded in a Be
gasket (19). No pressure medium was used.
NRIXS was performed at the undulator beam-
line (3ID) of the Advanced Photon Source
(APS) with a high-resolution (2 meV) mono-
chromator scanning the range of !100 meV in
steps of 0.4 meV (20). Pressures were calibrat-
ed by the ruby scale (21) and confirmed by the

equation of state of Fe (13) from x-ray diffrac-
tion, which also revealed the crystal structure
and preferred orientation of the Fe samples.
Data were collected at 0, 3, 25, 36, 50, 70, 112,
133, and 153 GPa in two experiments (Fig. 2).
Our DOS of hcp Fe shows sharp multiple-
resolved phonon peaks, sharp high-energy cut
off, and velocities that match ultrasonic and
x-ray diffraction values (9). As observed in a
textural study (22), hcp Fe developed preferred
orientation with the c axis, partially aligning to
the compressional direction. However, within
the statistical accuracy, no significant depen-
dence of the phonon DOS on the preferred
orientation was observed. This is consistent
with the Raman phonon study of hcp Fe to 152
GPa (9), which indicates nearly isotropic shear
phonon velocity.

Ab initio electronic structure calculations
were performed on the Cray T3E at Manches-
ter, England, to determine the phonon DOS
of hcp Fe at the same pressures (23). Density
functional theory (DFT) within the general-
ized gradient approximation (GGA) was used
with the Projector Augmented Wave (PAW)
method (24), as implemented in the VASP
code [Vienna ab initio simulation package
(25)] to describe the electron-core interac-
tions, and the small displacement method was

used to obtain the vibrational properties. We
used supercells containing 36 atoms with an
electronic k-point sampling grid of 19 to 39
k-points in the irreducible Brillouin zone.
The calculated phonon DOS spectra for bcc
Fe below 3 GPa compare well (within !2
meV) with the NRIXS results (Fig. 2). For
hcp Fe, the multiple peaks of the calculated
and measured DOS agree qualitatively within
the 2-meV resolution limits, but the theoret-
ical DOS calculated for the nonmagnetic Fe
is shifted 3 to 5 meV to higher energies, most
pronounced for the low-energy branches
(transversal modes and the optic E2g mode).
A similar discrepancy exists for the recently
measured optic E2g mode (14), pointing to an
incomplete description of hcp Fe by theory,
at least in the low-pressure region. At higher
pressures, the difference between theoretical
and measured DOS spectra reduces, especial-
ly at the high-energy cutoff energy. The noise
and oscillations visible in the experimental
spectra beyond the cutoff energy are a result
of the normalization and multi-phonon sub-
traction procedures of the measured spectra
by Fourier analysis, which enhances the noise
of the low-count rate measurements of the
microscopic samples at ultrahigh pressures.

High-pressure density ("), compressional

Fig. 2. Phonon DOS of Fe. Thin dotted curves,
ab initio theory; circles with error bars, NRIXS
data.

Fig. 3. (A) Bulk and shear
moduli and (B) aggregate
compressional and shear
velocities of Fe at high
pressures. Solid squares (9),
ultrasonic data; circles, sol-
id RXD data with Au stress
calibration; open dia-
monds, the present NRIXS
results; bold solid curves,
linear-fitting of velocity
as a function of density
through the ultrasonic and
the NRIXS data [except for
K, which is the input values
from (13)]; dotted curves,
calculated from the slope
at the gamma point of the
present ab initio theo-
retical phonon dispersion
curves; thin solid curves,
first-principles calculations
of Steinle-Neumann et al.
(29) for nonmagnetic (nm)
(upper thin curve) and
antiferromagnetic (afm)
(lower thin curve) phases.
The afm calculations were
only performed for K; afm
curves for VS and VP were
calculated (courtesy of
Steinle-Neumann) from K
(afm) and G (nm). The VS
of afm and nm are indistin-
guishable in this plot. The
dash-dot curves are shock-
wave data (12) at high
Hugoniot temperature; crosses, inner core values form PREM (35); open box, linear temperature
correction between Hugoniot and our curve for Fe at a range of estimated inner core geotherms [4670
to 6600 K] (34). The vertical line separating bcc and hcp Fe at 13 GPa is also shown in Fig. 4.
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Phonon Density of States of
Iron up to 153 Gigapascals

H. K. Mao,1 J. Xu,1 V. V. Struzhkin,1 J. Shu,1 R. J. Hemley,1

W. Sturhahn,2 M. Y. Hu,2 E. E. Alp,2 L. Vocadlo,3 D. Alfè,3

G. D. Price,3 M. J. Gillan,3 M. Schwoerer-Böhning,4

D. Häusermann,4 P. Eng,5 G. Shen,5 H. Giefers,6 R. Lübbers,6

G. Wortmann6

We report phonon densities of states (DOS) of iron measured by nuclear
resonant inelastic x-ray scattering to 153 gigapascals and calculated from ab
initio theory. Qualitatively, they are in agreement, but the theory predicts
density at higher energies. From the DOS, we derive elastic and thermodynamic
parameters of iron, including shear modulus, compressional and shear veloc-
ities, heat capacity, entropy, kinetic energy, zero-point energy, and Debye
temperature. In comparison to the compressional and shear velocities from the
preliminary reference Earth model (PREM) seismic model, our results suggest
that Earth’s inner core has a mean atomic number equal to or higher than pure
iron, which is consistent with an iron-nickel alloy.

The phonon DOS of hexagonal close-packed
(hcp) Fe at ultrahigh pressure provides infor-
mation on the vibrational, elastic, and ther-
modynamic properties of Fe that are crucial
for interpreting seismologic (1, 2) and geo-
magnetic (3–5) observations deep in the core
(6, 7). The full phonon spectrum of Fe has
been calculated (8) but needs experimental
input for test and improvement. Previous
phonon measurements have often been limit-
ed to partial phonon information, such as
ultrasonic phonon velocities (9), shock-wave
velocities (10–12), stress-strain relations (9,

13), and zone-center E2g Raman phonon
spectra (14). Nuclear resonant inelastic x-ray
scattering (NRIXS), a relatively new tech-

nique (15, 16), has been applied to determine
the phonon DOS of body-centered cubic
(bcc) Fe at ambient pressure (17) and hcp Fe
to 42 GPa (18), but these pressures are still
far below the pressure found in the liquid
outer core (135 to 330 GPa) and solid inner
core (330 to 363 GPa). Moreover, the hcp Fe
study also does not yield the correct phonon
DOS; i.e., the reported Debye average pho-
non velocity (VD) (18) is as much as 20%
higher than the ultrasonic and x-ray diffrac-
tion results (9). Here we report a new exper-
imental and theoretical comparison. With
high-resolution NRIXS measurements, we
obtained the phonon DOS of Fe at pressures
beyond the core-mantle boundary of Earth.
Using ab initio theory, we calculated the pho-
non DOS and derived elastic and thermody-
namic parameters for equivalent pressures.
Comparison between experiment and theory
provides guidance to the development of the-
ory for application at the pressure-tempera-
ture (P-T ) range unattainable by experiments.

In order to achieve core pressures for
NRIXS studies and to optimize the detection
of the Fe fluorescence (16, 18), we modified

1Geophysical Laboratory and Center for High Pressure
Research, Carnegie Institution of Washington, Wash-
ington, DC 20015, USA. 2Advanced Photon Source,
Argonne, IL 60439, USA. 3University College London,
Gower Street, London WC1E 6BT, UK. 4High Pressure
Collaborative Access Team (HPCAT), Advanced Pho-
ton Source, Argonne, IL 60439, USA. 5Consortium for
Advanced Radiation Sources, University of Chicago,
Chicago, IL 60637. 6Fachbereich Physik, University of
Paderborn, D33095 Paderborn, Germany.

Fig. 1. Wide-angle diamond cell optimized for NRIXS at ultrahigh pressures (left, side view; right,
end view). Long piston-cylinder configuration assures the alignment stability critical for reaching
ultrahigh pressures. Three windows, each with a 105° equatorial and 68° azimuthal opening
[resembling cells developed for neutron diffraction (36)], allow the collection of Fe fluorescence
through the high-strength Be gaskets (19) over a huge (40% of the 4"r2) spherical area by
tailor-fitting three APD on the side. The fourth APD at the end records the coherent nuclear forward
scattering and monitors the instrument resolution function.
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decoupling between the Kaapvaal crust and
its present mantle root. It follows that Arche-
an crust can couple to Archean mantle at
more than one time before the birth of the
tectosphere.

Our data place a maximum age of 3.09 Ga
on the time of crust-root coupling, given that
this is the last recognized time of voluminous
granite magmatism in the Vredefort section.
Magmatic intraplating and/or impact related ef-
fects at the crust-mantle boundary have caused
local granulite-facies metamorphism at 2.7, 2.0,
and 1.0 Ga (24, 25), but these thermal events in
the Mesoarchean crust as a whole have been
minor relative to the events at !3.1 Ga. The
presence of Neoarchean dolerite dykes (16)
also argues against elevated ("400°C) crustal
temperatures after this time. A lower limit of
3.07 Ga for tectosphere birth is derived from the
age of basal volcanic and sedimentary rocks of
the Witwatersrand Basin, part of a passive con-
tinental margin sequence deposited on the sta-
bilized crystalline crust (1, 7). On the basis of
these upper and lower age limits, we place
the age of permanent crust-mantle coupling
(tectosphere initiation) beneath the central
Kaapvaal crust at 3.08 # 0.01 Ga.

Given our 3.08 Ga age for Kaapvaal tecto-
sphere birth, there is a !120 million year gap
between the 3.2 Ga assembly of the Meso-
archean crust of the craton (7 ) and its cou-
pling to the mantle root. This indicates an
allocthonous relation between the crust and
mantle root, consistent with continental gen-
esis models that portray crust and mantle
lithosphere as components generated in dif-
ferent tectonic settings before unification
(e.g., 3, 5). A model of root formation by
accretion of oceanic lithosphere plates (5) is
supported by recent Re-Os dating that reports
about 3 Ga eclogitized oceanic crust beneath
much of the craton (26 ). Moreover, the dis-
covery of 2.86 # 0.06 Ga sulphide inclusions
in eclogitic diamonds beneath the center of
the craton indicates root thickening to "150
km (the approximate depth to diamond sta-
bility field) by this time (27 ). Thus, the con-
struction of the tectosphere took place within
roughly 0.2 Gy of tectosphere initiation.

Our integrated mapping and high-preci-
sion geochronology of the deep Kaapvaal
crust demonstrates that tectosphere birth can
post-date the age of its crust and mantle
components by several hundred million
years, with crust assembly preceding subduc-
tion-driven mantle root construction by at
least 0.12 Ga. A similar rate and process of
tectosphere genesis later in the Archean can
be inferred from limited data for 2 of the 10
other tectosphere fragments; namely the Su-
perior craton of North America (22, 28) and
the Siberian craton (29). Further lower crust
and mantle root geochronology will test
whether indeed all such ancient continental
plates were created equally.
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Sound Velocities in Iron to 110
Gigapascals

Guillaume Fiquet,1* James Badro,1 François Guyot,1

Herwig Requardt,2 Michael Krisch2

The dispersion of longitudinal acoustic phononswasmeasured by inelastic x-ray
scattering in the hexagonal closed-packed (hcp) structure of iron from 19 to 110
gigapascals. Phonon dispersion curves were recorded on polycrystalline iron
compressed in a diamond anvil cell, revealing an increase of the longitudinal
wave velocity (VP) from 7000 to 8800 meters per second. We show that hcp
iron follows a Birch law for VP, which is used to extrapolate velocities to inner
core conditions. Extrapolated longitudinal acoustic wave velocities compared
with seismic data suggest an inner core that is 4 to 5% lighter than hcp iron.

The knowledge of the elastic constants of the
phases of iron, which makes up 70 to 90 weight
% of planetary cores, is essential for compari-
son with global velocity models of Earth. The
hcp (or ε) high-pressure phase of iron is stable
to at least 300 GPa at ambient temperature (1).
Elastic properties of hcp iron have been deter-
mined to 210 GPa by x-ray diffraction (XRD)
lattice strains measurements (2, 3), but these
results show discrepancies with calculations us-
ing first-principles methods (4-7), as well as
with a recent experimental investigation to 42

GPa by nuclear resonant inelastic x-ray scatter-
ing (NRIXS) of synchrotron radiation (8). The
most recent investigation with NRIXS (9),
however, yielded results consistent with lattice
strain measurements (3). Elastic properties of
hcp iron determined by Raman spectroscopy to
156 GPa yielded a C44 elastic modulus that is
lower than previous determinations (10). Incon-
sistencies among these studies might be partly
attributed to the fact that none of these tech-
niques directly measures the acoustic wave ve-
locities of iron. This limitation can be overcome
by inelastic x-ray scattering (IXS) with meV
energy resolution, where the acoustic velocity
can be directly derived from the dispersion of
the acoustic phonon energy (11, 12).

Our IXS experiment was carried out at the
inelastic scattering beamline ID28 at the
European Synchrotron Radiation Facility

1Laboratoire de Minéralogie et Cristallographie, UMR
CNRS 7590, Université Paris VI, 4 Place Jussieu, 75252
Paris cedex 06, France. 2European Synchrotron Radi-
ation Facility, BP220, 38043 Grenoble cedex, France.

*To whom correspondence should be addressed. E-
mail: fiquet@lmcp.jussieu.fr
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Basics of Nuclear Resonant Inelastic X-ray Scattering 
(NRIXS) 

Secondary photoemission yield  from Mössbauer isotopes (57Fe) resonances 
to probe the projected partial vibrational density of states 
 
 
 
 
 
 
 
 
Within an harmonic approximation, for solid with Debye like low-
frequency dynamics, parabolic fit to low energy range  

in Grenoble, France. The storage ring was
operated in the 16-bunch mode, yielding a
time window of 176 ns between the SR puls-
es. The experimental setup (Fig. 1) allows
two types of nuclear resonance experiments
distinguished by their coherent or incoherent
character, with the latter arising from the
transfer of energy to or from the lattice.

In the first type of experiments, named
nuclear forward scattering (NFS), resonantly
absorbed 14.413-keV gamma rays are scat-
tered by the sample strictly in the forward di-
rection and are detected by the first avalanche
photodiode (APD1). For this purpose, the high-
resolution monochromator is tuned to the nu-
clear resonance energy of 57Fe, and the coher-
ently forward scattered intensity is registered as
a function of time with respect to the exciting
SR pulses (14). This time analog to the classical
Mössbauer effect allows the measurement of
hyperfine interactions, used here to monitor the
magnetic (!-Fe) or nonmagnetic (ε-Fe) state of
the sample (15).

In the second experiment type, nuclear in-
elastic absorption spectra are measured by tun-
ing the high-resolution monochromator in a
range of about "100 meV around the nuclear
resonance energy and monitoring the yield of a
secondary radiation, here the Fe K! (6.4 keV)
and K# (7.1 keV) x-ray fluorescence, in the
time window between the SR pulses. The Fe
x-rays are produced by the internal conversion
process, which is the dominant deexcitation
channel in the decay of the 14.413-keV level
(16). For a given energy transfer, determined
by the difference in energy of the incident
radiation and the nuclear resonance, phonon
states with any momentum allowed by the dis-
persion relations contribute equally to the ab-
sorption probability (8, 10). Thus, nuclear in-
elastic absorption provides momentum-aver-
aged information on the density of the phonon
states. Because of the incoherent nature of the
absorption process, the Fe x-rays are emitted in
arbitrary directions and are monitored by the
two other detectors (APD2 and APD3), placed
perpendicular to the beam and near to the pres-
surized sample by using a specially designed
high-pressure cell with large openings for the
APD detectors. In these measurements, the first
detector (APD1) provides, by the forward-scat-
tered 14.413-keV quanta, the spectrometer
function. Further details may be found in (10).

The sample, an Fe foil (17) 90 $m in
diameter and 10 $m thick, was placed be-
tween two diamonds, together with ruby
chips (for pressure calibration with an accu-
racy of 5%), inside the hole of a gasket, with
a mixture of methanol, ethanol, and water as
a pressure-transmitting medium (18). Impor-
tant factors for this high-pressure study were
(i) the large cross-section of nuclear resonant
absorption, which for the case of 57Fe is
several orders-of-magnitude larger than cor-
responding neutron or x-ray cross sections,
(ii) the use of focusing optics (Fig. 1) that
concentrated the monochromatized SR beam
with a bandwidth of about 6 meV and a flux
of 3 % 109 photons/s onto an area 100 $m by
100 $m, (iii) the complete suppression of any
electronically (nonresonant) scattered back-
ground from the high-pressure environment
by monitoring only delayed radiation from
the nuclear decay, and (iv) the use of beryl-
lium as the gasket material to allow sufficient
transmission of the K!,# x-rays.

The measurements were performed at
room temperature (294 K) and at ambient
pressure for !-Fe and 20, 32, and 42 GPa for
ε-Fe. At 20 GPa and higher, the NFS spectra
revealed the nonmagnetic phase of Fe (15),
confirming a complete structural transition to
ε-Fe. The normalized energy spectra of nu-
clear absorption (Fig. 2) consist of a central
peak originating from elastic absorption and
sidebands resulting from inelastic absorption
with concomitant annihilation (left side) or
creation (right side) of phonons. The spec-
trum of !-Fe is shown with the corresponding
spectrum calculated with the phonon DOS
from neutron scattering (19) and convoluted
with the present spectrometer function (solid
line in Fig. 2). The two data sets are com-
pared in absolute scale without any adjustable
parameter, demonstrating agreement between
the two methods.

The procedure to extract the phonon DOS
from the measured energy spectra of inelastic
nuclear absorption was introduced by
Sturhahn et al. (8). The multiphonon contri-
butions and the central elastic peak were
subtracted from the measured spectrum. The
remaining spectrum represents the single
phonon contribution, from which the density
of phonon states g(E) was extracted (8, 20).
The resulting phonon DOS of !-Fe at ambi-

ent pressure and of ε-Fe at 42 GPa are shown
in Fig. 3. The DOS of !-Fe is again well
described by the solid line representing the
DOS derived from neutron scattering (19).
All spectral features of the DOS of ε-Fe are
shifted to higher energies with respect to
!-Fe. The resolved high-energy maximum of
the DOS, originating mainly from longitudi-
nal acoustic (!-Fe) and longitudinal acoustic
and optical (ε-Fe) phonon branches, is shifted
from 35 meV in !-Fe at ambient pressure to
51 meV in ε-Fe at 42 GPa.

The observed changes in the phonon spec-
tra reflect primarily the reduced volume of
the unit cell; modifications resulting from the
structural transition are small for mono-atom-
ic lattices (21) and are not resolvable with the
present energy resolution, which is, however,
sufficient to derive a set of thermodynamic
parameters from the integral properties of the
phonon DOS. The Lamb-Mössbauer factor
fLM, describing the elastic (recoil-free) frac-
tion of the nuclear absorption, was calculated
from the DOS according to (9, 10, 20). The
results are given in Table 1, together with the

Fig. 2. Energy dependence of nuclear inelastic
absorption of SR in Fe at different pressures.
The spectra are normalized according to the
procedure in (8). The intensity of the inelastic
sidebands is proportional to (1 & fLM); it de-
creases with increasing pressure by about 50%,
reflecting the change in the recoil-free fraction,
fLM, from 0.80 to 0.90 (Table 1). The solid line
shown in the uppermost spectrum is calculated
from neutron data of !-Fe (19), convoluted
with the spectrometer function.

Fig. 1. Experimental setup.
SR source: storage ring
with two undulators tuned
to 14.413 keV; CRL: focus-
ing compound refractive
lens (33); PM: high-heat
load Si(1,1,1) double-crys-
tal premonochromator
with 3-eV bandwidth; HRM: nested high-resolution monochromator composed of two channel-cut
Si(4,2,2) and Si(12,2,2) crystals with '6-meV bandpass; FM: horizontally focusing Si(1,1,1) crystal pair
(34); DAC: diamond anvil cell with beryllium gasket; APD1, APD2, APD3: avalanche photodiode detectors
to monitor nuclear forward scattering and nuclear inelastic absorption.
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à  Debye velocity VD   

mean-squared thermal displacement !"x2#,
determined by fLM $ exp(–k2 ! !"x2#) with
k $ 7.31Å%1 as the wave vector of the
14.413 keV quanta. From the first moment of
the DOS, we obtained a mean phonon energy
Eav and, according to the Debye approxima-
tion, a corresponding Debye temperature

&D(Eav) $ 4/3 Eav/kB, where kB stands for
Boltzmann’s constant (22).

By integration of the phonon DOS with
various energy weights (23), we derived further
thermodynamic properties such as the lattice
contribution to the specific heat at constant
volume cV, the internal energy Uvibr, and the
entropy Svibr, as well as the mean force constant
Dav (Table 1). Finally, from the low-energy part
of the DOS up to 10 ('-Fe) and 15 meV (ε-Fe),
where one can assume a linear relation between
the phonon frequency ((k) and the lattice k-
vector (19), we derived the average velocity of
sound vav (Fig. 3) according to the relation (24):
g(E) $ 'E2, where ' $ V/2)2*3v3

av. Here, V
stands for the volume per Fe atom and * for
Planck’s constant. In order to examine the reli-
ability of all the derived parameters, we com-
pared them with those from neutron data of
'-Fe at ambient pressure (Table 1).

We now discuss the volume dependencies
of the Debye temperature and the average ve-
locity of sound shown in Fig. 4. The Debye
temperature of Fe increases by almost 50% in
the studied pressure range. The volume depen-
dence of &D(Eav) is described by the Grüneisen
parameter, defined as + $ –dln&D/dlnV. With
the present &D(Eav) data and the corresponding
volumes (25), we derived +(ε-Fe) $ 1.5 , 0.2.
This value represents an average for the inves-
tigated pressure range (20 to 42 GPa) and is
slightly lower than the measured value for '-Fe
at ambient conditions +('-Fe) $ 1.66 (26).

The value of the sound velocity in our '-Fe

sample, vav $ 3.57 , 0.10 km/s, is consistent
with vav $ 3.54 km/s, derived in the same way
using the phonon DOS from neutron data (19).
In addition, the average sound velocity vav can
be compared with results derived, in the Debye
approximation, from the longitudinal and trans-
verse sound velocities vp and vs: 3(vav)%3 $
(vp)%3 - 2(vs)

%3. From tabulated values of vp

and vs for Fe at ambient conditions (27), we
obtained a mean value of vav $ 3.58 , 0.03
km/s. Our experimental values of vav in the
ε-phase agree with theoretical calculations (28,
29) and an elasticity study (30), whereas data
derived by recent ultrasound and elasticity stud-
ies (31) deviate by about 20% (Fig. 4B).

Finally, our data (for example cv, Uvibr,
and Svibr) provide, in contrast to other (e.g.,
calorimetric) measurements, pure vibrational
parts of the thermodynamic properties. They
are free of the possible electronic or magnetic
contributions from the 3d band electrons and
are therefore useful for testing theoretical
calculations of thermodynamic parameters
responsible for the equation-of-state (29) or
the melting temperature of Fe (32).
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Fig. 3. Density of phonon states
g(E) of '-Fe at ambient pressure
(solid circles) and of .-Fe at 42
GPa (open circles) obtained from
the corresponding energy spec-
tra in Fig. 2. The solid line repre-
sents the DOS from neutron
scattering (19), convoluted with
the spectrometer function. The
inset shows a plot of the low-
energy part of g(E) versus E2 up
to 15 meV in order to derive the
sound velocity. Here, the solid
lines represent a linear fit of the
experimental data.

Fig. 4. Derived values of '-Fe and .-Fe at room
temperature (circles): (A) Debye temperature
&D(Eav), (B) mean sound velocity vav. Other
experimental data in (B) are given by diamonds
(30) and squares (31); theoretical calculations
are indicated by a dashed line (28, 31) and a
triangle (29). Solid lines are guides to the eye.
The vertical dotted line indicates the center of
the transformation of '-Fe to .-Fe.

Table 1. Thermodynamic parameters of Fe (17 ) derived from the densities of
phonon states (see text), where at. stands for atom. For comparison, the
corresponding parameters derived from neutron data (19) are given in the

first line. V/V0: relative volume obtained from compressibility data of .-Fe
(25) with V0 $ 7.093 cm3/mol. The uncertainties given in parentheses
correspond to the statistical accuracy of the data on the last digit.

Pressure
(GPa) V/V0 fLM

!"x2#
10%3 Å2

Eav
(meV )

/D(Eav)
(K)

cv
(kB/at.)

Uvibr
(meV/at.)

Svibr
(kB/at.)

Dav
(N/m)

vav
(km/s)

0, neutron 1 0.801 4.15 27.2 421 2.71 83.6 3.07 173 3.54
0, present 1 0.802(3) 4.13(7) 28.0(5) 433(8) 2.70(4) 83.4(20) 3.00(5) 185(12) 3.57(10)

20 0.862 0.882(3) 2.35(7) 36.5(8) 565(12) 2.51(4) 90.0(20) 2.31(5) 320(15) 4.82(15)
32 0.828 0.893(3) 2.12(7) 38.7(8) 599(12) 2.44(4) 91.8(20) 2.12(5) 365(15) 5.00(15)
42 0.805 0.897(3) 2.03(7) 40.7(8) 630(12) 2.42(4) 93.0(20) 2.06(5) 388(15) 5.14(15)
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3/(VD)3 = 1/(VP)3 + 2/(VS)3 
K/ρ = (VP)2 –(4/3) (VS)2 

G/ρ = (VS)2      



• Energy transfer E = Eout – Ein                                       (E<< Ein) 
 
• Momentum transfer Q = kout – kin = 2k sin (θ/2)                  (kout≈kin≡k) 

♦ Directional analysis of the scattered photons                              Q 
 
♦ Energy analysis of the scattered photons                           E 

Basics of Inelastic X-ray Scattering (IXS) 

     

Ein, kin, εin 

E, Q 
θ 

Large variety of samples, metals as well as semiconductors or insulators 

Opaque as well as transparent materials 

Single crystals, powders, liquid   



Elasticity form IXS measurements 

Single crystals: complete phonon dispersion curve  à full elastic tensor (Cij)  
 
 
Powders: averaged longitudinal dispersion 

 
 
 
 
from sinus fit à aggregate compressional sound velocity VP 
 

          (aggregate shear sound velocity VS)      



pressure are summarized in Table 1. Our
results for the low-pressure bcc structure
agree with the ultrasonic data collected to 1
GPa (18) and extrapolated to 10 GPa within
1%, thus attesting to the reliability of these
measurements (19).

Our results for the high-pressure hcp
structure of iron (Fig. 4) compared with
shock wave measurements (20) show that hcp
iron follows a Birch law (21) for VP, which
provides a convenient relation for extrapolat-
ing our measurements to higher pressures.
Seismic data (22) do not fit the experimental
extrapolation, suggesting that Earth’s inner
core is slightly lighter than hcp iron, as pro-
posed in earlier work (1, 23). The density
differences are 4 to 5%.

Our measurements are consistent with the
ultrasonic data (3), the XRD measurements (3),
and the NRIXS data (9) below 100 GPa (Fig.
5). Above 100 GPa, however, our extrapolation
departs from these measurements, yielding low-
er acoustic velocities than those derived from
XRD (3) and NRIXS experiments (9). In the
same manner, one observes a substantial dis-

crepancy with results from theoretical calcula-
tions (4–7) at pressures of 210 GPa.

Our IXS experiment on a polycrystalline
iron sample only allows us to determine the
orientationally averaged dispersion curves for
the LA phonon branch. The experiment is there-
fore sensitive to preferred orientations of crys-
tals in the sample, when reciprocal lattice vec-
tors are not randomly oriented in comparison
with Q. XRD measurements carried out in par-
allel to our IXS study (14) indicate randomly
oriented iron crystals at pressures below 40 GPa.
At low pressure, we find an excellent agreement
between our VP measurements and orientation-
ally averaged ultrasonic data (3). At pressures
higher than 50 GPa, our diffraction data show
that hcp iron displays a concentration of c axes
parallel to the diamond anvil cell compression
axis, in agreement with recent XRD texture
measurements (24). Those XRD measurements
(24) predict a large anisotropy for VP, with P
waves traveling 18% faster at 45° from the c
axis than either in the ab plane or along the c
axis. According to our XRD measurements, the
x-ray inelastic scattering by acoustic phonons is

made preferentially in the ab plane, because
momentum transfer lies perpendicular to the
incident x-ray beam and to the c axis. Conse-
quently, one could have underestimated VP as
preferred orientations develop. When anisotropy
curves are considered (3, 24), however, the
orientationally averaged values of VP are simi-
lar, within a few percent, to the values corre-
sponding to a predominant but not complete
preferential orientation of the c axis [figure 4 in
(3)]. Taking into account experimental error
bars, the values of VP measured in this study
should therefore be indistinguishable from ori-
entationally averaged values. Up to 100 GPa,
the agreement with measurements of VP by
XRD data (3) is good (Fig. 5), suggesting that
the isostress assumption used for interpreting
such data, experimentally validated for cubic
phases of iron and iron oxide only (2), might be
valid for hcp iron as well. A direct comparison
with NRIXS data (8, 9) is more difficult. In such
experiments, the strong elastic line has to be
subtracted in order to perform a meaningful
parabolic fit of the low-energy part of the den-
sity of states. This yields an average Debye
phonon velocity, which has to be converted into
VP and shear wave velocity VS through an a
priori averaging scheme. We note, however, that
our VP measurements are encouragingly consis-
tent with VP values derived from vibrational
densities of state measured by NRIXS (9), al-
though extrapolation of the trends outside of the
actual measurement ranges would yield very
different values of VP at inner core conditions.

Fig. 3. LA phonon dis-
persion curves of iron
at different pressures.
Lines represent the re-
sults of the fit of Eq. 1.
Solid symbols and
dashed lines stand for
measurements carried
out on the bcc phase at
0.2 and 7 GPa. Open
symbols and solid lines
correspond to the pat-
tern recorded on the
hcp structure of iron at
19, 28, 45, 55, 64, and
110 GPa from bottom
to top, respectively.
The energy position of
the phonons could be
determined within 3%
(error bars).

Fig. 4. LA wave veloc-
ities of hcp iron [open
squares (this work)]
and solid diamonds
[shock wave Hugoniot
measurements (20)]
as a function of specif-
ic mass. Preliminary
Reference Earth Model
seismic data are rep-
resented by open dia-
monds (22). As shown
by the dashed line, the
experimental points
for pure iron move
along a straight line.
This linear relation be-
tween velocity and
density, known as
Birch’s law, is de-
scribed in detail in (21). Error bars indicate the error in VP as obtained from Eq. 1.

Fig. 5. LA wave velocities (VP) of iron as a
function of pressure for the present work (F)
and extrapolated at higher pressure after a
Birch fit to our data (solid line) and plotted
along with ultrasonic (E) and XRD measure-
ments (µ) (3), XRD measurements (!) (2),
NRIXS data (!) (9), shock wave Hugoniot mea-
surements not reduced to 300 K (}) (20), ob-
servations for the inner core ({) (22), and ab
initio calculations (ƒ) (4–7). The possible ef-
fects of preferred orientations as estimated
from (3) and (24) are within the displayed error
bars.
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IXS on pure-Fe 

- Birch’s law 
  

- Light elements in the inner core (Si, S, O, C …) 



Sound velocities in Fe and Fe-compounds 

Badro et al., EPSL 2007 



Sound velocities in Fe and Fe-compounds 128 G. Fiquet et al. / Physics of the Earth and Planetary Interiors 172 (2009) 125–129

Fig. 3. Compressional P-wave velocities of Pnma Fe3C as a function of density (solid
squares), along with results obtained for other light elements alloyed with pure iron
(Badro et al., 2007). As shown by the solid line, the experimental points move along a
straight line. This linear relation between velocity and density is known as the Birch’s
law (see Birch, 1952). Solid squares: FeS2 pyrite; hollow stars: FeSi; solid stars: FeO;
solid triangles: phase IV FeS, according to Fei et al. (1995); hollow squares: Fe3C;
solid and hollow circles: pure iron IXS data and shock wave data, respectively; solid
and hollow diamonds: solid inner core and liquid outer core, respectively.

Table 2
Birch’s equations obtained for Fe3C cohenite, pure hcp-iron and other alloys (from
Badro et al., 2007) used to solve the system of equations (2) and (3).

Fe3C VP = 1.90! ! 8671
FeS2 VP = 3.00! ! 6977
FeS phase IV VP = 1.07! ! 1392
FeO VP = 1.67! ! 3285
FeSi VP = 1.82! ! 4169
hcp-iron VP = 0.94! ! 1466

temperature longitudinal acoustic velocities when normalized to
density (Table 2).

3. Results and discussion

We have further used this dataset to constrain the relative
abundance of carbon that could possibly be alloyed in the solid
iron core. We follow here the approach developed by Badro et al.
(2006), where sound velocities were modeled using a simple com-
posite mineral model, assuming that the average density ! and
the compressional velocity V of a two-component ideal solid are,
respectively, given by

! = x!1 + (1 ! x)!2 (2)

and

V = V1V2

(1 ! x)V1 + xV2
(3)

where x is the volume fraction of component 1. Forcing ! = !PREM
and knowing !1 (iron density) from the thermal equation of state of
Uchida et al. (2001) and the Birch’s law presented above, we have a
system of two equations and two unknown parameters that can be
solved for x (the volume fraction of the alloyed light element) and
!2 (the density of this alloy). Assuming that this simple expression
for the sound velocity in an ideal solid holds for low light element
contents, the most striking observation is that about 1 wt% carbon
in the solid inner core could account for the difference between
the measured compressional velocity and density, and the PREM
inner core data. The set of equations (2) and (3) also yields a den-
sity of Fe3C component (!2) in a reasonable agreement with that
predicted at inner core conditions from experiments or theoreti-
cal calculations (see Scott et al., 2001; Li et al., 2002; Vočadlo et

al., 2002). At core densities, we calculated that shear velocity for
such an alloy would be only marginally increased by such a carbon
content. Calculated value would still be significantly higher than
velocities indicated by the model PREM model, in agreement with
theoretical results (Laio et al., 2000) which show that the shear
modulus for !-iron at core pressures should be reduced by 70%
when temperature is raised to core temperatures. It has also been
speculated that partial melting could occur in the inner core, and
dramatically reduce the composite shear velocities with respect to
pure crystalline hcp-iron (see Singh et al., 2000).

High-pressure compression experiments confirmed that this
phase could be preserved to 73 GPa, even at temperatures
in excess of 1500 K (Scott et al., 2001). However, Vočadlo et
al. (2002) reported a possible transition at 60 GPa toward a
high-pressure non-magnetically ordered state. We observed an
anomalous behaviour of the inelastic X-ray scattering dispersion
curve recorded at pressures above 68 GPa, which prevented any fur-
ther measurements at higher pressure. A IXS spectrum collected
at 83 GPa (see Fig. 2B) indeed displays a strong softening of the
longitudinal acoustic branch used to determine VP compressional
velocity which could correspond to the second-order magnetic
transitions proposed from theoretical calculations (Vočadlo et al.,
2002). Lin et al. (2004) reported a magnetic collapse in Fe3C at
25 GPa, based on X-ray emission spectroscopy measurements. Our
observations, if consistent with such a transition, clearly place the
transition pressure above 68 GPa at room temperature as indicated
by theory (Vočadlo et al., 2002). As previously observed in the
diffraction study of Scott et al. (2001), our own X-ray diffraction
pattern do not indicate any major structural change. These data,
however, do not have the resolution to resolve any subtle change
such as small variation in the c/a ratio.

4. Conclusions

To conclude, we show that 1 wt% of carbon in the inner core
could reasonably explain the density and compressional velocity
differences observed between average seismic models for the inner
core and experiments. Such a result is obtained if carbon is consid-
ered as being the unique light element alloyed to the iron inner core,
in the frame of an ideal solid solution between pure iron and carbon.
The magnetic transition at high pressure proposed by theoretical
calculations is here of central importance, since it will probably
change the derivative of the elastic properties (in particular of the
compressional P-wave velocity) with carbon content. It would be
desirable to determine the transition pressure as a function of car-
bon content in future experiments, in particular in the range of few
wt% in the alloy. In addition, there is no reason to consider that only
one light element is present in the inner core. Badro et al. (2006)
showed that silicon was likely to be the most abundant in the inner
core, and that oxygen was probably incorporated in the liquid outer
core (see Alfe et al., 2000). From a geochemical point of view, the
sulfur content may be limited to 1–2 wt% in the core (Dreibus and
Palme, 1996; McDonough and Sun, 1995), which would be strongly
partitioned into the liquid outer core. For the inner core alloying
light elements, we are thus left with silicon and carbon. Extensive
experiments in the Fe–Si–C ternary system at high pressure and
temperature would be critical for understanding the Earth inner
core.
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Element Fraction (wt%) Compression 
(ρ/ρo) 

Model 
Inner Core 

(wt%) 

Model 
Outer Core 

(wt%) 

Si 2.3 1.28 2.3 2.8 

O 1.6 1.33 minor 5.3 

S2- 9.7 2.51 minor minor 

S- 3.6 1.05 minor minor 

Composition of the core  

Badro et al., EPSL 2007 



Main assumptions: 
 
1)  Birch’s law 

2)  “Linear mixing” of velocities of end-members 

3)  Inclusion of up to 15 wt% Ni is considered negligible 

4)  Only VP and ρ, neglecting VS 

Sound velocities and density 
measurements on 

Fe0.89Ni0.04Si0.07 to 108 GPa   

+ check Fe as reference 



Fe sound velocities at high P and ambient T 

Antonangeli et al., submitted 



IXS measurements to 108 GPa                                                                  
(ID28-ESRF) 

Polycrystalline homogeneous samples of silicon bearing iron-nickel alloy 
Electron micro-probe analysis: Si à 3.7 wt%   Ni à 4.3 wt%  
 
Compacted pellets (90 µm diameter, 20 µm thick) loaded into DAC 

longitudinal acoustic 
phonon dispersion 

diffraction 

VP  and ρ 

VS combining VP and K/ρ  



Comparison with pure-Fe, Fe-Ni and Fe-Si 

Antonangeli et al., EPSL 2010 
Kantor et al., PEPI 2007 
Tsuchiya and Fujibuchi, PEPI 2009 



Down to PREM 
for  

Si ~ 1.2 wt% 

hcp-Fe 

hcp-Fe0.89Ni0.04Si0.07 

Antonangeli et al., EPSL 2010 

Comparison with seismic models: VP 



Comparison with seismic models: VP and VS 

Down to PREM 
for  

Si ~ 1.2 wt% 

Down to PREM ? 
 

No for any Si 
concentration 

Antonangeli et al., EPSL 2010 



equation-of-state (EOS) parameters of hcp-
Fe using the thermal EOS from previous
studies (23–25) and the Birch-Murnaghan
EOS (26). The adiabatic bulk modulus at
zero pressure (K0S) is

K0S!T" 0 K0T!T"!1 # agT" !1"

where K0T is the isothermal bulk modulus at
zero pressure (23), a is the thermal expan-
sion coefficient (23), g is the Gr[neisen
parameter (g 0 1.78) (25), and T is the
temperature. The Birch-Murnaghan EOS is
used to calculate the isothermal bulk modu-
lus at high pressures (KT) and the adiabatic
bulk modulus at high pressures (KS). The KS,
density (r), and VD are used to solve for the
aggregate VP, VS, and shear modulus G by the
following equations (10)

KS

r
0 V 2

P j
4

3
V 2
S 0 V 2

F !2"

G

r
0 V 2

S !3"

3

V 3
D

0
1

V 3
P

# 2

V 3
S

!4"

where Vf is the bulk sound velocity calcu-
lated from the thermal EOS parameters of KS

and r. The derivation of VS is relatively in-
sensitive to the differences in the EOS data
(27). Our results at high pressures and room
temperatures are consistent with those of a
previous study (10). At high temperatures, the
bulk sound velocity (Vf) followed Birch_s law
(Vf is linearly related to the density and mean
atomic weight; dVf/dT 0 0) (14), whereas VP,
VS, and G did not (Fig. 2). At a pressure of
È54 GPa, VP decreased by È7%, VS de-
creased by È14%, and G decreased by È28%,
with a temperature increase of 1000 K. The
effect of temperature on the sound veloci-
ties at constant density is smaller than the
effect at constant pressure; i.e., at a density of
È10.25 g cm–3, VP decreased at a rate of
0.00035 km s–1 K–1 (dVP/dT), VS decreased
by 0.00046 km s–1 K–1 (dVS/dT), and G
decreased by 0.035 GPa K–1 (dG/dT). These
values are in general agreement with the Vf-
density linear relation; if Vf is linearly related
to the density without temperature effect, then
VP(dVP/dT) – 4/3VS(dVS/dT) 0 0 (from Eq. 2).
X-ray diffraction spectra showed that the
samples after laser heating were in the polycrys-
talline hcp structure at high pressures without
significant preferred orientation, suggesting that
the strong effect of temperature on the sound
velocities cannot be explained simply by the
elastic anisotropy in highly textured hcp-Fe,
which can account for a few percent of the
difference in VP (12). Different thermal pressure
conditions varying from no thermal pressure

effect to full thermal pressure effect (28) have
been used to test the systematic errors in the
temperature effect on the sound velocities. We
found that the uncertainties in the thermal pres-
sure alone were too small to result in a signif-
icant temperature effect on the sound velocities,
in particular, the temperature effect on VS.

Extrapolated sound velocities of hcp-Fe at
3000 and 6000 K, obtained by combining our
study at moderate pressure and temperature
with a previous NRIXS study at high pressures
and 300 K and with shock-wave data at high

pressure and high temperature, show that the
effect of temperature on the sound velocities of
Fe is significant at moderate pressures, but
weakens under inner core pressures because a
highly compressed Fe has a smaller thermal

7.1

7.5

7.9

8.3

8.7

V
s 

(k
m

/s
)

V
P
 (k

m
/s

)

3.4

3.8

4.2

Density (g/cm3)

G
 (G

P
a)

110

130

150

170

190

300 K

300 K

300 K

880 K

700 K

880 K

880 K

1000 K

1000 K

1000 K
1700 K

1700 K

1700 K

1000 K

1000 K

1000 K

1200 K

1200 K

1200 K

1300 K

1300 K

1300 K

1500 K

1500 K

1500 K

1100 K

1100 K

1100 K

A

C

B

700 K

700 K

9.5 10.0 10.5 11.0

Fig. 2. Experimental results of aggregate VP (A),
VS (B), and G (C) of hcp-Fe at high pressures and
temperatures. Black circles, 300 K; red diamonds,
high temperatures. Temperatures are given next
to the red diamonds.
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Fig. 3. Comparison of VP and VS of hcp-Fe at
high pressures and temperatures. Black open
circles, this study at 300 K; red open diamonds,
this study at high temperatures; X’s, Preliminary
Earth Reference Model (PREM) (29); red solid
line, shock wave (3); blue dashed line, radial
x-ray diffraction at 300 K (6); black solid line,
NRIXS at 300 K (10); black dashed line, x-ray
diffraction to 300 GPa and 1200 K (30); blue
solid line, IXS at 300 K (9); green solid line, IXS
at 300 K (12); gray dashed line, x-ray diffraction
study up to 330 GPa and 300 K (31); red dashed
line (3000 K) and red dash-dotted line (6000 K),
extrapolated sound velocities of hcp-Fe at 3000
and 6000 K. At a density of È10.25 g cm–3, we
used the slope of 0.00035 km s–1 K–1 to
extrapolate VP and 0.00046 km s–1 K–1 to
extrapolate VS. At higher pressures, we used a
previous NRIXS study at high pressures and 300 K
(10) and shock-wave data at high pressure and
high temperature (3) to calculate VP and VS at
3000 and 6000 K. The red arrow indicates that
the extrapolated shear wave of hcp-Fe in the
inner core should be further corrected downward,
to lower values.

Fig. 1. DOS of hcp-Fe at 43.3
(T2.2) GPa and 300 K (black curve)
and 46.5 (T2.8) GPa and 1100 K
(T100) (red curve). The spectral
features of the DOS are shifted
toward lower energies and the
initial slope of the low-energy
regime increases significantly at
high temperature, indicating the
softening of the lattice excitation.
Debye sound velocities are derived
from parabolic fitting of the low-
energy regime of the DOS in the
range of 3.5 to 14 meV.
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Anharmonic temperature effects? 

Lin et al., Science 2005 

NRIXS measurements on Fe compressed 
in laser-heated DAC 
 
-  Phonon density of state 
-  Debye velocity 

-  Complex data treatment 
-  Harmonic model 
-  No density determination 
-  Input P-V-T to solve for VP and Vs  
 

Is there a more direct way 
to probe temperature 

effects on sound velocity? 



IXS measurements on Fe  
at high pressure and high temperature 

IXS on polycrystalline sample à aggregate phonon dispersion à VP 
 
XRD à phase stability, phase purity and density 

high temperature. For this purpose, an internally-heated DAC is best
suited as pioneered by Liu and Bassett (1975).

Here we have developed a resistive internal-heating technique, in
which thin iron foil served as a heater and a sample simultaneously. By
resistance heating, it produces much more stable heating than the
laser-heating technique and much higher temperature than the
external-heating system. Together with an angle-dispersive high-
resolution X-ray diffraction (XRD) method, we have carried out high-
P–T in-situ measurements of the !-" transition. In the previous
internal-heating experiments, the phase change was detected by the
resistivity change (Liu and Bassett, 1975; Boehler, 1986; Mao et al.,
1987). This criterion could be problematic because there is a
possibility of a co-occurrence of ! and " phases at high pressures
due to the sluggish kinetics of the reaction (Kubo et al., 2003). In
addition, it is very difficult to ensure that temperature and resistivity
measurements weremade at the same area. The goal of this study is to
address the controversies mentioned above and provide a reliable !-"
transition boundary by stable heating using the resistive heating
system, combined with in-situ synchrotron angle-dispersive XRD
measurements. We also performed simultaneous laser- and internal-
heating to produce further higher temperatures at high pressure, up to
70 GPa and 2400 K.

2. Experimental procedure

Fig. 1 shows the configuration of an internally-heated DAC we have
developed for high-temperature experiments. Internally-resistive
heated DAC systems have been used by several groups in the past
(Liu and Bassett, 1975; Boehler, 1986; Mao et al., 1987; Dubrovinsky
et al., 1998; Zha and Bassett, 2003). The basic design of our internal-
heating system is similar to that of Zha and Bassett (2003) and Zha
et al. (2008). High-pressure was generated between two diamond
anvils with 350- or 200-µm culet. In order to use the iron foil as the
sample and heater, we have newly developed a cubic boron nitride
(cBN)-Re gasket systemwith brass supporting gaskets as the electrical
leads. First, the Re gasket was pre-indented to a thickness of about 40-
µm. We then drilled a hole on the pre-indented gasket to match the
size of the diamond culet. The hole was refilled with fine powder of
cBN which served as an inner gasket. The cBN gasket was finally
drilled to a 50-µm diameter of sample chamber. A thin strip (7- to 15-
µm thickness and ~25-µmwidth) of iron foil (99.999% Fe) was placed
across the sample chamber, used as the sample and heater. Pt foils
were connected to the both ends of iron foil to make the electric leads.
Finely grounded SiO2 glass was used as the pressure medium. We
added small amounts of Al2O3 powder on the iron foil to use as an
independent pressure calibrant. Because we are in the process of re-
evaluating the thermal equation of state of Al2O3, we did not calculate
pressures from Al2O3 standard in this study for self consistency. The
entire gasket-sample assembly was sandwiched between a pair of
brass supporting gaskets connected to the Pt electric leads. The
supporting gaskets were designed with easy connectable electrical
jacks.

We supply electricity to the sample through the brass supporting
gaskets from a DC power supply, heating up the iron foil (Fig. 1). With
350-µm culet anvils, we are able to heat sample to 2000 K at 50 GPa,
with stable temperature over a long period of time. To achieve higher
pressures, we used 200-µm culet anvils. The smaller anvil culet
reduces the gasket thickness substantially, leading to thinner pressure
medium. With this configuration, we were able to generate stable
temperatures up to 1600 K by the internal-heating system alone. In
order to achieve higher temperature, we conducted simultaneous
laser- and internal-heating; a double-sided laser-heating system was
turned onwhile the internal-heating was set at 1600 K (cycles #5 and
#6). This simultaneous laser- and internal-heating method still
produced a very stable high temperature. The stability of temperature

Fig. 1. (a) Configuration of the internally-heated diamond anvil cell. (b) CCD camera
image of the sample chamber at 44 GPa and 1600 K. Bright cubic BN is because of the
transparent light. BN, boron nitride; Pt, platinum lead; Re, rhenium gasket.

Fig. 2. X-ray diffraction pattern of the sample collected at 68 GPa and 2409 K in the
heating cycle #6. The " and ! phases were observed. Stishovite (St) was crystallized
from the pressure medium SiO2 glass upon heating. Small peaks of corundum (Cor)
(Al2O3 powder) are also observed.

253T. Komabayashi et al. / Earth and Planetary Science Letters 282 (2009) 252–257

Mao type DAC 
Internal and external resistive heating 
In vacuum measurements 
 
-  30 GPa < P < 93 GPa 
-  300 K < T < 1100 K (for up to 12 hours) 
-  hcp-phase 



No temperature effect up to 1100 K 

Antonangeli et al., submitted 



Anharmonic corrections 

At core temperatures (4000-7000 K) anharmonic effects are expected 
 
More relevant to VS  (e.g. Laio et al., 2000; Steinle-Neumann et al., 2001) 
 
 
 

corrections at constant density (13000 Kg/m3) 
 

-4% on VP and -30% on VS at 5000 K  
 
 

after calculations on pure hcp-Fe (Vočadlo et al., 2009) corrected for the 
4% density variation of computational results at 300 and 5000 K  



Seismic wavespeeds and density                                          
are matched for 1.5 wt% of Si at 5000 K 

Antonangeli et al. EPSL 2010 



Conclusions 1  

w  Si major light element in inner core 
 
 

w Inner core containing 4-5 wt% of Ni and 1-2 wt% of Si 
 

(exact Si amount might vary depending on temperature corrections                                       
and if other light elements are present) 

 
 

for 1.2 ≤ DLiq/Sol ≤ 1.9 (after Alfe et al., 2002) 
 

w Total core composition with 1.2 wt% < Si < 4 wt% 
 

on the lower range of core formation and core-mantle interactions models 
that often call for larger Si amount in the core                                                    

e.g. 7.3 wt% (Allègre et al, 1995), 10.3 wt% (Javoy, 1995),                            
5-7 wt% (Wade and Wood, 2005) 



w Simple model that simultaneously matches the main 
seismic observables: density, P-wave and S-wave velocities  

Conclusions 2 

Other mechanisms for lowering VS 
 

 
-  Fluid inclusions (e.g. Singh et al., 2000; Vočadlo, 2007)  

-  Viscoelastic relaxation (e.g. Jackson et al., 2000) 

-  Randomly oriented anisotropic “patches” (e.g. Calvet et el., 2008) 

No strictly needed to explain seismic velocities 
 

Possibly needed to account for seismic attenuation, seismic 
anisotropy, variation with depth, hemisphericity…  



Outlooks 

 beyond radial models, single crystal properties  

IXS from textured polycrystalline samples 
 

VP{ξ} up to 110 GPa                                          
(Antonangeli et al., EPSL 2004; Mao et al., JGR 2008) 

for Fe-alloys expected limit ~150 GPa 

Ø 45 µm                   20 
µm thickness 

hcp Co single crystal 

Ruby Helium 

IXS from single crystals à full phonon dispersions 
 

Cij up to 39 GPa and 1000 K                                         
(Antonangeli et al., PRL 2004; Farber et al, PRL 2005; Antonangeli et al., PRL 

2008) 

so far limited by sample’s availability,                        
dimensions and quality 
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