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The plot 

-  Earth’s and telluric planetary interiors: what do we know, how we 
know it 

-  Few (of the many) things we would like to know 

-  Ongoing efforts in high-pressure high-temperature experimentation 

-  Silicates and oxides à Lower mantle 

-  Iron and iron alloys à Core 



The Earth: a telluric planet 

amongst others in the Solar system… 

amongst others in the Universe… 



How does the Earth’s interior look like? 



Can we drill? 

Deepest drilling S3G –Kola peninsula (Russia) – 12262 m  



But things move: heat flow and convection 



Some samples from the mantle 

magma= mantle partial melt 

diamond inclusions 
700 Km or more? 

olivine, 
majoritic garnets 

500 Km 

No samples, 
remote sensing 



Seismic waves within the Earth 
(and free oscillation)  



Imagining Earth’s Interior

!
diagrams courtesy of E. Garnero 



1-D seismic profiles 

“What materials may have 
t h e e l a s t i c p r o p e r t i e s 
demonstrated by the seismic 
waves under the conditions 
of the interior?” 
 

          F. Birch, 1952 

ßà Elasticity of geo-materials 

à Inelastic x-ray scattering 

à Nuclear resonant 
inelastic x-ray scattering 



Phase transitions 

(Mg,Fe)2SiO4-olivine phase diagram and seismic discontinuities 

- olivine 

- wadsleyite 

- ringwoodite 



Temperatures at core-mantle boundary 

Lay et al., Nature Geoscience, 2008 

Large uncertainties  
à geotherm, heat flux, thermal history, geodynamo, mantle convection 



Melting point at inner core – outer core boundary 
as anchor point for geotherm  

after Hernlund & Labrosse, GRL 2007 

TICB≅ 1.36 TCMB 

Melting temperature 
at 330 GPa 

ßà 130 GPa 330 GPa ßà  

à Nuclear resonant inelastic x-ray scattering 
à Synchrotron Mössbauer spectroscopy   



Lower mantle complex dynamics 

after Kellog, Science1999 

à  mineralogy & composition 

à  density & viscosity 

à heat transport mechanisms 



Earth’s and planetary 
deep interior 

high pressure 
high temperature 
 experimentation ab initio 

calculations 

modeling 

seismology 

petrology 
(mineral)-physics 

(geo)-chemistry 

astronomy 
geodesy 



20 µm Gasket 

Diamond 

Diamond 

Diamond anvil cell (DAC) 



wavelength 

T 
thermal emission 

Diamond anvil cell (DAC) 



Progress in P-T range by laser-heated DAC 

after Hirose et al., Annu. Rev. Earth Planet. Sci., 2013 

Techniques other than x-ray diffraction 



Lower mantle heterogeneities  

Panning and Romanowicz, Science 2004 

lateral variations 

shear anisotropy 

à Things look complex, source of complexity? 



Lower mantle mineralogy  
(23 GPa <P<135 GPa) 

magnesium silicate perovskite 
(Mg1-x-z,Fex,Alz)(Si1-y,Aly)O3 

ferripericlase 
(Mgx,Fe1-x)O 

calcium silicate perovskite 
CaSiO3 

post-perovskite 



Electronic structure of iron 

Pressure induced HS-LS transitions? 

Crystalline 
Field 

Isolated atom 



Kβ emission spectroscopy on lower mantle minerals 

(Mg,Fe)O-ferropericlase (Mg,Fe)SiO3-perovskite 

Badro et al., Science 2003 Badro et al., Science 2004 

à pressure-induced spin pairing transition in lower mantle minerals 

3d transition metals: the spectral shape of Kß emission line is dominated by the 
final state interaction between the 3p core hole and the partially filled 3d shell 



10 years of fine tuning  
(iron content, valence state, chemical composition, high temperature) 

Key techniques: 
 
-  Kβ photemission spectroscopy 

 à direct probe of the macroscopically averaged spin of specific 
atomic species (Fe) 
 

-  Synchrotron Mössbauer spectroscopy / Nuclear forward scattering 
 

  à  redox-selective (Fe2+ vs. Fe3+) probe of magnetic state 
   (time domain) 

 
-  Synchrotron Mössbauer source 

  à redox-selective (Fe3+ vs. Fe3+) probe of magnetic state 
   (energy domain) 

 



McCammon et al., Nature Geo sci. 2008 

Examples 

Catalli et al., Am. Min. 2010 

(Mg,Fe)SiO2-perovskite 

(Mg,Fe)O-ferroericlase 

Potapkin et al., J. Synchrotron Rad. 2012 



and today 

Badro Annu Rev. Earth Planet. Sci. 2014  

(Mg,Fe)O-ferroericlase (Mg,Fe)SiO2-perovskite 

Geophysical implications? 

Spin state evolution with pressure 



No detectable effects on 1D seismic profiles  

“gradual” spin transition 
over large P-T range 

Lin et al., Science 2007 Antonangeli et al., Science 2011 

IXS on single crystal Fp at HP à 
no effects on aggregate velocities 

(Mg1-x,Fex)O-ferropericlase 

high-spin low-spin 



Seismologically transparent transition? 
Shear anisotropy in ferropericlase 

 A=2(C’-C44)/(C’+C44) 

Antonangeli et al., Science 2011 



Spin transition and optical properties 



Spin transition and radiative heat transfer 

84 GPa 

125 GPa 

Near IR and visible absorption spectra of (Mg,Fe)SiO3 

Keppler et al., Science 2008 

Naliboff et al., GRL 2006 



Potapkin et al., Nature Comm. 2013  

Spin transition and electrical conductivity 

SMS experiments on Al-bearing (Mg,Fe)SiO3-perovskite 
à Fe3+ remains in HS state throughout lower mantle P-T conditions 

Electrical conductivity measurements 
à No drops in electrical conductivity on samples with only Fe3+  
à Drops in conductivity for HS-LS transition of Fe2+ 

Spin transitions 
 ßà  

Heterogeneities in lower 
mantle electrical conductivity  



The only way out is in… 



Core: velocity vs density systematics 

Birch (1962) 

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



3rd generation synchrotron sources  
+ diamond anvil cell 

Sample volume < 10-5 mm3     

Beam size < 100 µm (<10 µm) 

(Non-resonant, 
momentum resolved) 

inelastic x-ray scattering 
 

IXS 

Nuclear resonant 
inelastic x-ray scattering 

 
NRIXS 



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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… converged later on 

Antonangeli et al., EPSL 2012 Antonangeli et al., submitted 

And in overall agreement with laboratory-based measurements 
(utrasonics, ISLS, picosecond acoustics) 
 
à Baseline upon which build on complexity 

 (high temperature, effect of inclusions, visco-elastic relaxations…) 



hcp-Fe stable at inner core conditions 

Tateno et al., Science 2010 

EOS of hcp-Fe vs Earth’s models 

Fiquet et al., in prep 

light elements in the core (Si, S, O, C, H …) 

Which effects on the physical properties of pure Fe? 
 

à Phase stability, phase diagram, melting curves, sound velocity… 



Sound velocities (by IXS) and density (by XRD) 
 in solid Fe and Fe-compounds at high P, ambient T 

after Badro et al., EPSL 2007; Fiquet et al., PEPI 2009 

Mixing models à~3 wt.% Si in the inner core; ~5 wt.% O in outer core  
 

but still large pressure extrapolation  
and temperature correction from calculations 

Fe-Ni(4.3wt%)-Si(3.7wt%) 

Antonangeli et al. EPSL 2010 



IXS on pure Fe: no temperature effect up to 1100 K 

Antonangeli et al., EPSL 2012 Ohtanii et al., GRL 2013 



Anzellini et al., Science 2013 

Melting curve of Fe based on fast x-ray diffraction 



Melting curve of Fe based on atomic dynamics 

Idea: monitoring mean-square displacement of atoms (solid ≠ liquid) 
by measuring the Lamb-Mössbauer factor (goes to 0 for liquid) 

Nuclear forward scattering 

Jackson et al., EPSL 2013 



-  Complementarity between static and dynamic experiments 

-  Complementarity between experiments and calculations 

 à Central role of dynamical properties 
 
-  Complementarity between synchrotron, neutron and 

laboratory-based techniques 
 
-  Complementarity in backgrounds (physics, chemistry, Earth 

science, planetary science…) 
 

Earth’s and planetary interior 
What do we need? Synergetic approach 


