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Abstract

In order to match the measured density profile and seismic wave velocity, the core must
contain light elements in addition to a large amount of Fe and Ni.

Silicon and oxygen are two of the most promising candidates, but so far the properties of
Fe-Si and Fe-O binary mixtures fail to reproduce the multiple properties required.

It has recently been reported that ternary Fe-Si-O mixtures could clarify several previously

unexplained data, but these studies have been challenged.

The aim of this work is to study for the first time the Fe-Si-O system with laser-induced
shock compression up to 300GPa and 12000K coupled with synchrotron X-ray ultrafast
absorption spectroscopy, a technique that should avoid carbon contamination problems
that are a likely cause of the contradictory results on these mixtures.

The work was accompanied by absorption spectroscopies in diamon anvil cells at room
temperature, to probe P-T conditions not achievable with shock compression, and to ob-
tain reference data to better analyse the latter.

With the aid of ab initio simulations we find that from a BBC-like structure the mixtures
transform into an HCP-like structure, and we find a possible liquid transition.
Interestingly, we also succeed in confirming for the first time a result recently reported in
the literature concerning density equilibration in multiphase mixtures compressed with

laser-induced shocks.

Keywords: dynamic compression, shock waves, iron mixtures, X-ray absorption spec-

troscopy, rocky planets
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Abstract in lingua italiana

Per poter spiegare il profilo di densita e la velocita delle onde sismiche misurate, il nucleo
terrestre oltre ad una grande quantita di Fe e Ni deve contenere degli elementi leggeri.

Il silicio e l'ossigeno sono due dei candidati pitt promettenti, ma finora le proprieta delle
miscele binarie Fe-Si e Fe-O non riescono a riprodurre le molteplici proprieta necessarie.
Recentemente ¢ stato sostenuto che le miscele ternarie Fe-Si-O potrebbero riuscire a

chiarire diversi dati precedentemente inspiegabili, ma questi studi sono stati contestati.

Lo scopo di questo lavoro ¢ studiare, per la prima volta, il sistema Fe-Si-O fino a 300GPa e
12000K con compressione dinamica indotta da impulsi laser accoppiata alla spettroscopia
di assorbimento ultraveloce con raggi X di sincrotrone, una tecnica che dovrebbe evitare
i problemi di contaminazione da carbonio che sono una probabile causa dei risultati con-
traddittori su queste miscele.

Il lavoro é stato accompagnato da spettroscopie di assorbimento in celle a incudini di
diamante a temperatura ambiente, per sondare le condizioni P-T non ottenibili negli
esperimenti di compressione dinamica e per ottenere dati di riferimento utili analizzare
meglio questi ultimi.

Con l'aiuto di simulazioni ab initio, abbiamo trovato che da una struttura simil-BBC le
miscele si trasformano in una struttura simil-HCP e abbiamo trovato una possibile tran-
sizione liquida.

Riusciamo anche a confermare per la prima volta un risultato, recentemente riportato in
letteratura, riguardante la riequilibrazione della densita in miscele multifase compresse

dinamicamente da laser.

Parole chiave: compressione dinamica, onde d’urto, miscele di ferro, spettroscopia di

assorbimento, pianeti rocciosi
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Introduction

The following chapters present the work of a six-month internship at ESRF's BM23/1D24
group.

The work focused on the study of Fe-Si-O mixtures, of great interest for planetary science,
and involved dynamic compression experiments at the ID24 - Energy Dispersive beamline,
probed with in situ ultrafast X-ray absorption spectroscopy. This type of experiment has
never been done on these mixtures and may help to understand their properties, which
are controversial.

Static compression experiments probed with X-ray absorption spectroscopy at the BM23
beamline were also carried out, which not only supported the interpretation of the dy-
namic compression data, but also made it possible to probe a region of the P-T diagram
not accessible by the aforementioned technique.

Finally, ab initio simulations were carried out to support the interpretation of the exper-
imental data.

The rst chapter brie y explains why it is of interest to planetary science to explore the
properties of matter at extreme temperatures and pressures. A short presentation of the
internal structure of rocky planets is made, with particular focus on the Earth, and then
the main techniques for obtaining the extreme thermodynamic conditions of the Earth's
core are explained.

The second chapter presents the diagnostic techniques used in this work to characterise
the thermodynamic conditions achieved and the methods used to probe the properties of
materials.

In the third chapter, the experimental data, their analysis and interpretation are pre-
sented. They are also compared with ab initio simulations and previously published
studies.






1 ‘ Matter at extreme pressure
and temperature conditions

Achieving ever more extreme temperatures and pressures has been a scienti ¢ and techno-
logical goal for decades, as these parameters can in uence the properties of materials and
chemical reactions. This is of great interest for materials science and condensed matter
physics, as it enables the synthesis of new functional materials, such as ultra-hard, super-
conducting or high-energy-density materials [1], and it allows to explore new phenomena

and exotic phases [2].

These experimental conditions can be achieved in many ways, which are generally di-
vided into static and dynamic methods. The former were the rst to be developed, and
although they allow for lower pressures and temperatures around 600 GPa and 7000K,
they have the advantage of continuously probing the entire P-T domain [3]. Moreover, the
possibility of obtaining these conditions statically for a long time allows a large number
of diagnostic techniques to be used to investigate the phenomena of interest. Dynamic
compression techniques, on the other hand, are able to achieve more extreme conditions,
up to 5 TPa and hundreds of thousands K, with the disadvantage that they can only
probe some paths in the P-T plane, and only do so for fractions of a second [4, 5].

It is of paramount importance for all compression techniques to choose and couple ap-
propriate probing techniques, which must be able to work in the temporal, thermal and
mechanical regimes of interest.

Geophysics and planetary science have also bene ted incredibly from the development
of experimental techniques that allow high pressures and temperatures, as it has opened
up the possibility of studying the Earth's interior in the laboratory to try to solve the
numerous open problems concerning its structure and evolution [6]. Furthermore, by
varying chemical compositions and experimental conditions, it is now possible to study
the interior of icy and gaseous giants and other rocky planets. Indeed, to date, 5525
planets outside the solar system have been detected, with masses and sizes ranging many
orders of magnitude and very diverse chemical compositions, and for which there is a lack



4 1| Matter at extreme pressure and temperature conditions

of observations that would allow us to understand the behaviour of their interiors [7, 8].

1.1. Rocky planets

Since the discovery of the rst planet orbiting a Sun-like star in 1995 [9], there has been a
very rapid evolution in the eld of the detection of extra-solar planets (exoplanets), which
has led to the development of numerous experimental techniques and telescopes, both
terrestrial and space-based, dedicated to the search for new planets. There are currently
5525 con rmed exoplanets, numerous other candidates [8], and it appears that having
orbiting planets is very common for stars: stars of the Milky Way hosts on average at
least one planet [10].

An important quantity that can be measured with good con dence intervals is the mass
of the exoplanet, which allows us to deduce some information about its composition and
structure and enables us to classify it into di erent types of planets. The limit for rocky
planets is generally set at 10 Earth masseME): above this mass, the planet is expected
to gravitationally attract large amounts of H, and He from the surrounding nebula,
growing into a planet the size of Neptune or Jupiter.

Planets with masses of 1-Mg are called Earth-like or terrestrial, those with masses
between 2 and 1M are called Super-Earths. We currently know 199 terrestrial planets
and 1675 Super-earths (Figure 1.1).

Figure 1.1: Histogram of con rmed exoplanets masses in units of Earth's mass. Plot made
using NASA Exoplanets Archive [8].
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Rocky planets' interiors consist of three layers: crust, mantle, and core. This division has
been known for more than a century, and is based on the analysis of seismic waves. The
crust is the outermost fragile layer, contains much of the planet's chemical inventory, and
in the case of the Earth extends a few tens of kilometres. The boundary between crust
and mantle is characterised by an important di erence in the speed of seismic waves, and
is called the Mohorovicic discontinuity, after the Croatian seismologist who discovered it
in 1909.

The mantles are a much thicker plastic region (see Figure 1.2), they are usually mainly
composed of magnesium oxide, and siliclgO SiO, systems), and can have signi cant
strati cation. In the case of the Earth, seismological models predict a main discontinuity
at depths between 400 and 1000 Km, separating the upper mantle from the lower mantle,
and many other secondary discontinuities.

Cores are composed of heavier elements suchFesand Ni, have a higher density, are
generally liquid, but may contain solid inner cores, as in the case of the Earth. For the
latter, the thickness of the core is approximately half the radius of the Earth, and it has
twice the density of the mantle.

The rheological and thermodynamic properties of these layers, as well as the position of
their boundaries, are determined by both their chemical composition and phase diagrams.
The latter are therefore of fundamental importance for planetary modelling, not only of
the planet's interior but also of its atmosphere, since it is known that there is strong
interaction between these two regions [11].

Super-earths have no direct analogs in the solar system, so it is more di cult to under-
stand their internal structure. Because they have masses larger than Earth's we would
expect much higher pressures, up to 4 TPa, and temperatures, which depending on dif-
ferent models of planetary formation can range thousands &f, as shown in Figure 1.3.

In addition, their compositions could be di erent, so it becomes critical to study the ther-
modynamic and rheological properties of the chemical systems of interest over a wider
range of compositions and® T conditions than that of the solar planets [12].
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Figure 1.2: Schematic representation of interior structure of Earth and a ten-Earth-mass
planet showing some possible phases in tgO  SiO2 system. Adapted from [6]
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Figure 1.3: Range of pressure temperature conditions in representative planetary inte-
riors. Pressure temperature range for Earth and plausible range for a ten-Earth-mass
rocky planet are shown as black curves and gray shaded regions. Ice giants (in blue)
are represented by Neptune and exoplanet GJ1214b. Melting curves for Siéhd Fe are
shown as dashed green and red lines, from [6].
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1.2. Main experimental techniques

These pressure and temperature conditions can be achieved statically or dynamically.
Among the static methods, the most widely used nowadays are the Paris-Edinburgh
presses and the Diamond Anvil Cells.

The Paris-Edinburgh presses are hydraulic presses, developed in the 1990s by a group of
researchers led by Besson (University of Paris) and Nelmes (University of Edinburgh),
that can compress large volumes of material (1-100nijrat a few tens of GPa, thanks to
opposing anvils typically made of tungsten carbide or boron nitride [13].

Diamond Anvil Cells (DACs), on the other hand, were developed in 1958 and allow ex-
treme pressures to be achieved by opposing diamond anvils pushing against a metal gasket
[14].

In the following, we will describe the DACs, which were used in the experimental work.

In dynamic methods, high pressures and temperatures are achieved for a short time by
using shock waves that propagate in the sample.

In the gas-guns method, an explosive is detonated that drives a piston that compresses a
gas chamber. The latter has a valve that opens when the pressure inside exceeds a certain
threshold; when it opens, the exiting gas sets o a metal plate that impacts the target.
Another method is Z pinches: a very high current on the order of MA is passed through
metal wires producing plasma. This plasma is compressed against the sample by the
Lorenz force, producing high pressures and temperatures [15].

Finally, there is laser induced shock compression, in which high-intensity lasers are used
to heat and ionize targets, which allows shock waves of great intensity to be generated.

The latter will be presented in the following, having been used in experimental work.

1.2.1. Diamond Anvil Cell

DACs originated in 1958, thanks to Alvin van Valkenburg [14].

They consist of a metal gasket, typically stainless steel, tungsten or rhenium, to which a
hole has been drilled, and two diamond anvils. The specimen is placed inside the gasket
hole, along with a medium that allows for better pressure transmission, and through
pumping gas inside a membrane or using screws the anvils can be compressed against
each other (see Figure 1.4).

Diamonds are used for their excellent compressive strength, hardness and above all their
transparency to many types of electromagnetic radiation, which allows the use of many
diagnostic techniques.
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Their shape can be very varied, single or double bevels can be used, which allow greater
deformations to be achieved before breakage, as can be their size, and particularly that
of the culet, which can be as small as a few tens of microns.

The gasket was rst used in 1965, and its utility is to protect the diamonds and improve
the pressure conditions inside. Typically the hole is drilled with drills or laser drilling.

The pressure medium inside can be gaseous, e.g., He, Ar, ethanol-methanol mixture, or
solid, e.g., an inert salt such as KCI [3].

To determine the pressure inside the chamber there are several ways, the most widely used
at pressures below 200 GPa is the use of a ruby (Cry83). The ruby has a uorescence
spectrum that varies with pressure, so by exciting it with visible light, the pressure can
be measured. In a similar way other materials can be used, such as Sm dopedlyO,2.

Figure 1.4: Scheme of a DAC. A gasket is squeezed between two diamond anvils along
the direction indicated by the black arrows. The inset shows the high-pressure chamber
containing the sample, the PTM and the rubym along with a real image obtained from
the top view of the high-pressure chamber of a DAC. Adapted from [16].
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There are also numerous ways to heat the sample: external resistance heating, internal
resistance heating, and laser heating.

In external resistance heating thanks to external resistances rolled around diamonds,
which are excellent thermal conductors, temperatures up to 100Q can be reached.

In case the sample is electrically conductive, it is also possible to do internal resistance
heating and use the sample itself as a resistor. This type of heating can also be done by
placing a non-electrically conductive sample in a perforated metal strip.

Much higher temperatures can be obtained by laser heating, which can be done on one
side or both sides of the cell, but it needs more complex setups and arrangements to
get good results. For example, to reduce radial thermal gradients in the heated spot,
the TEM gy Gaussian modes, typical of lasers, are usually converted into at-top pro les.
Thermal gradients are a problem in these setups because they can lead to changes in the
composition of the heated spot due to the Soret e ect, moreover there are also known
problems of carbon contamination, which at such high temperatures can easily di use
from the diamond to the sample [16].

In recent years, some particular designs of DACs have led to very high pressures of more
than 600GPa, the so called double stage diamond anvil cells (ds-DAC) and toroidal diamon
anvil cells (T-DAC).

The former exploit two types of coupled anvils, primary anvils larger than 250-300microns
and nanocrystalline diamond hemispheres as secondary anvils. The latter, on the other
hand, use a diamond with a toroidal culet, which should better withstand deformation
(see Figure 1.5).
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(a) a

(b)b

Figure 1.5: (a) Scheme of the ds-DAC, from [17]. (b) Scanning electron microscope image
of the toroidal diamond, the scale bar length is 3qum; from [18].
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1.2.2. Laser-induced Shock Compression

In a laser compression experiment, a large pulse of laser energy (Intensitd&2W=cn¥)

is focused on the surface of a target. This heats up the target and ionizes it; the electrons
removed from the atoms are then within an electric eld that accelerates them, causing
them to collide with other atoms and result in an avalanche ionization, which is called
ablation. The result of this process is a hot plasma, which expands outward at high
speed. Conservation of momentum results in a corresponding compression wave inside
the sample, which heats it up and compresses it.

The pressure achieved is strongly dependent on the intensity of the pulse and the wave-
length of the radiation [19]. There are several facilities that are able to depositfJ in
short times, such as Laser Megajoule (France) and the National Ignition Facility (USA),
managing to get beyond TPa pressures, but most facilities achieve much more moderate
energies and pressures. Di erent time pro les for the laser pulses are also possible, and
this allows to explore di erent paths in the P-T-V domain. The three main modes are
steady shock compression, decaying shock compression, and ramp compression.

The targets are usually made of a multilayer: the rst layer is a low-Z material, called
ablator, which allows for homogenization of the ablation pressure and also allows for
better coupling with the laser, since the sample is not necessarily absorbent enough.
Plastic materials can be used, e.g. kapton, as well as beryllium and diamond.

Then there is a thin layer of the sample and sometimes, after the sample, a window, i.e.
a layer of diamond, LiF or quartz, can be inserted to contain the shock wave and retrieve
the thermodynamic conditions achieved more easily.

Sometimes a thin layer of high-Z material, such as gold, can also be used between the
ablator and the sample, in order to shield the latter from the radiation produced during
ablation, which could pre-heat it, changing the initial conditions.

In the following, some basic properties of shock waves will be described, focusing in
particular on steady shock compression waves, which is the mode used in the project.
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Figure 1.6: Top-view photo of a laser-driven shock showing both the ablation plasma on
the left and the ejecta cone on the right, adapted from [20].

1.3. Shock waves

A shock wave is a mechanical wave of large amplitude, propagating with supersonic veloc-
ity relative to uncompressed material and through which pressure, density, temperature
and other properties of matter change almost discontinuously. This type of waves can be
described by nonlinear hydrodynamics [6].

The fundamental properties of shock waves important for shock compression can be de-
scribed by the so-called Rankine-Hugoniot equations, which describe the conservation of
mass, momentum and energy across the wave front. A complete derivation can be found in
[21], here we introduce them without demonstration, going on to highlight the important
features for the experiments performed.

Conservation of mass implies that the mass per unit time and area entering the front (in
the frame of reference of the shock front) is equal to that leaving:

oUs = (Us Up) (1.1)

where o and are the density of the unperturbed material and the one in the compressed
material, us is the velocity of the shock wvae, andis u, the velocity (in the frame of
reference of the shock front) of the particles after being compressed (see Figure 1.7).

Conservation of momentum implies that the change in normal stresses across the front is
balanced by the momentum given to the particles per unit volume; assuming hydrostatic
stress we have:
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Figure 1.7: Scheme of the propagation of a shock wave in the frame of reference of the
unperturbed material. Here U is the shock front velocity, referenced in text asis, U, is
the material velocity behind the shock, called in the texu,. From [15]

where Py and P are the pressures in the initial state and in the nal one.

Finally, conservation of energy implies that the change in energy across the front is equal
to the work done on the material:

e &= PP ) 13)

In fact, the shock transition can be considered adiabatic, since the velocity of the pertur-
bation is much greater than that of heat transfer.

Shock compression is an irreversible phenomenon, so much of the energy is used to heat
the material, despite this we can see that temperature does not appear explicitly in the
equations. This has important implications for its determination, which will be clari ed

in Chapter 2.

Another peculiarity is that the nal pressure is completely determined by knowing the
initial pressure, and the initial and nal densities. The function
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P =Pu(Po; o )

is called the Hugoniot curve of the material. Interestingly, as shown in Figure 1.8 for a
perfect gas this curve is always at a higher pressure than the relative adiabatic, and this
characteristic can be shown to apply to real gases, liquids and solids as well [15].

Figure 1.8: Hugoniot and adiabatic curve for a perfect monoatomic gas. Pressure and
density are expressed in units corresponding to the initial valu¢% and . reproduced
from [15].
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2 ‘ Characterizing extreme
thermodynamic conditions

The previous Chapter dealt with the scienti ¢ utility of producing extreme thermody-
namic conditions and the main methods of achieving them. In this Chapter, a brief
introduction will be made to the main diagnostic techniques that allow these thermody-
namic conditions to be characterised, describing in particular the ones associated with
this project.

2.1. X-ray diraction

X-ray diraction has long been a dominant technique in high-pressure studies, as it can
be used with both static and dynamic techniques and provides information of many types
with great accuracy.

The basic information that can be obtained are the present phases, the crystal cell pa-
rameters, the crystal structure, and with particular geometries of the experimental setup
also information on strains, slip planes, thermal parameters and much more. Samples in
many forms can be used, whether monocrystalline, polycrystalline, amorphous or liquid,
and it is also possible to use both monochromatic and polychromatic X-rays [22].

Using monochromatic beams, it is possible to do Angular dispersive XRD (ADXRD), in
which the di raction pattern is measured with a position-sensitive 2D detector. The most
commonly used detectors are image plates (IP), charge-coupled devices (CCD) and fast
pixel array detectors (PAD). In this case, if a monochromatic X-ray beam impinges on a
crystalline sample, it is di racted when Bragg law is satis ed:

= 2dh|(| Sin( ): (21)

where is the wavelenght of the X-ray, ¢y is the interplane distance and is the angle
between the incident ray and the di racted one.
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In single crystal di raction, this is done by rotating the crystal mounted on a goniometer,
with the centre of rotation aligned with the X-rays, so that the Bragg condition is satis ed
for a certain number of re ections.

In polycrystalline materials or powders, the Bragg condition is statistically ful lled for

a large number of atomic planes, as the crystals will be randomly oriented, resulting in
di raction cones, which on the detector will be seen as rings, similarly to Figure 2.1. The
intensity is then generally integrated on the 2theta angle, generating I-diagrams. The
peaks can then be matched with those found in a database of crystal structures or re ned
to nd the solution of the structure [23].

Figure 2.1: Scheme of an XRD done to probe high pressure and temperature conditions
obtained with LH-DAC, from [24].
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2.2. X-ray Absorption Fine Structure

X-ray Absorption Fine Structure is an element-speci ¢ spectroscopic technique in which
the energy dependence of the absorption coe cient of a sample is measured.

When X-rays with an energy equal to or greater than the binding energy of an electron
impinge on an atom, there is a strong increase in absorption, and in particular in the
absorption coe cient , which is the proportionality factor in the Lambert-Beer law:

I = lge X (22)

where I and | are the intensities before and after the sample, and x is the sample's
thickness.

Since the electrons of di erent elements have di erent binding energies this technique can
be tuned to the element of interest. The energy at which we have the strongest increase
in absorption is called the 'edge’, and is de ned as the point of maximum increase, i.e.
the maximum of the mu derivative. The spectrum is then divided into X-ray absorption
near edge structure (XANES) in the area near the edege and Extended X-ray absorption
ne structure (EXAFS), which can extend more than 1 KeV beyond the edge. The two
regions of the spectrum have the same physical origin and are divided only for matters
of interpretation, so that there is no precise energy range distinguishing one from the
other[25].

The origin of this energy dependence of the absorption coe cient is to be found in the
ejection of the photoelectron from the atom, which for simplicity's sake can be considered
a spherical wave and can go backscattering with the other surrounding atoms, interacting
with other waves moving forward and thus forming an interference pattern. This inter-
ference pattern changes the electron density, which in turn changes the probability of
absorption as described by Fermi's golden rule [26]. Since the probability of backscatter-
ing and this interference pattern strongly depend on the position of the other atoms and
their chemical nature, the XAFS spectrum can be used to study the oxidation states and
coordination of the absorbing atom, as well as atomic distances and the type of chemical
species in its surroundings.

XAFS can be measured in transmission mode, by measuring the intensity of X-rays before
and after the sample, for example with ion chambers, or in uorescence mode by measuring
uorescence X-rays, Auger electrons or visible light that are produced as a result of the
de-excitation of atoms. In transmission mode, which is the one used in this work, the
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transmission coe cient is de ned as:

(E)=In II—O ; (2.3)
In typical transmission experiments, a synchrotron source is used, which allows X-ray
beams with a wide energy range, and then a particular energy is selected by means of
a double-crystal monochromator, which consists of two high-quality crystals. The rst
crystal is centred on the incident beam and rotated so that the beam di racts at a certain
angle, following (2.1), the second crystal rotates together with the rst and is used to
bring the beam back parallel to the initial direction.

Since the monochromator must rotate to select the di erent energies, it can take a long
time to acquire a spectrum, and this may not be compatible with the study of rapid
phenomena, such as chemical reactions or in our case shocks. Recently, to try to overcome
these problems, instruments have been developed that allow very fast acquisitions of one
EXAFS per second over ranges of more than 1KeV, with good quality [20].

One possibility to overcome the problems of acquisition times is the energy dispersive
XAFS, in which a polychromator crystal is used, i.e. a crystal curved to an elliptical
shape, which has a di erent Bragg angle depending on the position on the crystal, so the
energy of the rays di racted in di erent positions changes continuously [27]. The X-rays
are focused on the sample and enter at di erent angles depending on their energy, which
causes them to diverge as they leave the sample, so that they can then be detected by
a position-sensitive detector, which associates the position with an energy, as shown in
Figure 2.2.
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Figure 2.2: Scheme of the energy dispersive x-ray absorption spectroscopy showing the
di erent Bragg angles resulting from the curvature of the polychromator, from [28].

2.3. Velocity Interferometric System for Any Re ec-
tor

The Velocity Interferometric System for Any Re ector (VISAR) is one of the most widely
used diagnostic techniques in shock compression experiments to assess the thermodynamic
conditions achieved during shock. It is based on Doppler velocimetry, i.e. the use of laser
probes that re ect on a surface and change their wavelength, due to the Doppler e ect,

in relation to the velocity of the surface. In particular, calling o the wavelength of the
incident laser and , that of the re ected laser, the velocity of the objectU,y; is given by:

1 Ugi=cC
Roo 2 T (2.4)
o 1+ Ug=cC
which since the velocity in these experiments iy, € can be approximated to:
U .
R o (2.5)
0 C

In order to measure this wavelength variation, a Mach-Zehnder interferometer is used: a
beamsplitter separates the re ected beam into two, with 5% intensity on both sides, the
two beams are re ected by mirrors and then rejoined by another beamsplitter. Speci cally
in the VISAR a transparent etalon is added to one of the arms, see Figure 2.3.
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Figure 2.3: VISAR diagram showing the path taken by the laser beam. The beam splitters
(BS), mirrors and etalon are shown. Adapted from [15].

This produces a fringe interference pattern, which is detected when the rejoined laser
beam enters the streak camera. The movement of the surface together with the time
delay introduced by the etalon causes a phase shift in this fringe pattern, which can be
related to the surface velocity via:

Uonj = VPF > (2.6)

where is the phase shift and VPF is the velocity per fringe, i.e. the velocity by which
the pattern is shifted by an entire fringe, correspondingto =2 [29].

The VPF is related to the delay introduced by the etalon and depends on the thickness
of the etalon, its refractive index and the wavelength of the laser used; it is a measure of
the sensitivity of the system, as low VPFs allow a more accurate measurement. Generally
speaking, however, having only one VISAR available, as was the case during the exper-
iments performed in this project, one must keep a VPF comparable with the velocity
one expects to measure, so as to have less than an integer fringe shift€ 2 ), since
successive fringe shifts are indistinguishable from each other (periodicity of trigonometric
functions).

The object's velocity measured in the case of samples without a window is called the free
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surface velocity,uss, and from this the particle velocity introduced in Chapter 1 can be
retrieved using various models. For example if the refractive index of the sample depends
linearly on the density one can use:

Up = — (2.7)

where

n = Ng 0 (28)

- 0
and o and ng are the density and refractive index in the unshocked material.

At this point, in order to nd us, the other variable needed for the Rankine-Hugoniot
equations introduced in Chapter 1.3, a shock wave equation of state (EOS) is required,
l.e. anus(up) relation. This EOS can be measured in two ways, either by an absolute
method or by a relative method.

Without going into too much details, which can be found in [15], in the absolute method,

a sample made with a step is used (see Figure 2.4), and the velocity of the free surfaces
of the two regions is measured, from which, is derived as explained before, and Us can
be derived by evaluating the di erence in the arrival time of the shock in the two regions.

It is important, therefore, that the laser spot that generates the shock is large enough for
the shock to be planar within the material.

In the relative method, also called impedance mismatch, a target is instead designed by
placing a calibration material before the sample material. By measuring two hydrody-
namic variables of sample and standard, e.g. particle velocity, since the equation of state
of the calibrator is known, it can be traced back to the equation of state of the standard.



24 2| Characterizing extreme thermodynamic conditions

Figure 2.4: Schematic of absolute EOS measurement. The velocity of the free surface is
measured using VISAR, and from that we derivel,, and by evaluating the di erence in

the arrival time of the shock between the two regions we can estimatg = X= tg.
Adapted from [15].

2.4. Streak Optical Pyrometer

As already explained, temperature is not part of the Rankine-Hugoniot equations and
there is therefore a need to constrain it separately. The method used in shock compression
experiments is the Streak Optical Pyrometer (SOP), which uses the thermal emission of
the sample. The shocked sample will emit radiation that has a spectrum of the form:

L(;T)=B(T) (GP;T) (2.9)

whereB( ;T ) according to Plank's law is:

B(;T)= al : (2.10)
5 hc
exp o7 1

and (;P;T) is the sample emissivity, that takes into account that the sample is not
a black body. The SOP works by measuring the thermal emission of the sample over
time, which is transported out of the vacuum chamber parallel to the VISAR laser and
into a dedicated streak chamber (Figure 2.5). In order to calculate the temperature, it
is necessary to know the emissivity at least at some wavelengths of the spectrum: this
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is typically done by evaluating the re ectivity R (; P; T ) of the shock wavefront, which
can be retrieved from VISAR measurements, and then applying Kirchho 's law [15]:

(;P;T)=1 Ris(;P;T) (2.11)

Finally, since the intensity of the radiation generated depends on the temperature, at low
temperatures the signal is generally very low and does not allow an accurate temperature
determination due to the signal-to-noise ratios being too low. Typically, the detection
limit is around 4000-5000K, which is the reason why for many shock compression studies,
it is necessary to nd other strategies to know the temperature, as explained in the next
chapter.

Figure 2.5: SOP measurement of the self-emission of a multi-layered target, from [15].
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3 ‘ Experimental study of the
Fe-SI-O system

3.1. Context

The Earth's core constitutes32%of its mass and16%of its volume. The thermodynamic
conditions are well constrained for pressure, which ranges from 136 GPa to 364 GPa, but
there is great uncertainty about temperatures, which range from about 4000K, to 5000-
6000K, with uncertainties of 500-1000K depending on the models used. The inner solid
core represents only thet% of the volume of the core [30]. Its composition, however, is
still much debated.

The idea that the core was made of iron has been around since at least the mid-1800s,
when the study of meteorites showed how ferrous meteorites could be derived from the
core of an ancient fragmented planet. When Oldham in 1906 con rmed the presence of a
core with his seismological studies, the idea that the core was made of iron was accepted
by the majority [31]. Over the years it has received more and more supporting evidence,
both from seismological data and cosmochemical observations, and one of the strongest
evidences is the correspondence between the speed of primary seismic waves and density
of the core, with experimental data obtained for iron in static and dynamic compression.
Moreover, for what we know, the Earth's magnetic eld needs a metallic liquid core to be
sustained [32].

From the study of some meteorites, called chondrites, it has also been deduced that the
core must contain Nickel, about e&bwt%.

As early as the mid-1900s it was realized that the density of the liquid core wasYaCower
than the one calculated for the iron/nickel mixture at core pressures. Birch therefore
suggested the possibility of the presence of light elements along with iron. Nowadays, the
density de cit estimates are betweer6% and 10%for the outer core, and2 1% for the
inner core [31]. In addition, there are di erences in the velocities of primary seismic waves
compared to those calculated for pure Fe [30]. The assumed elements are S, Si, O, C and
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H, but there is no unambiguous support for one or a combination of these, see Figure 3.1.

There is growing support toward silicon. In the past this element was hypothesized
because of the lower concentration of Si in the mantle, compared to some primitive me-
teorites that are thought to have the same composition of the Earth during its accretion.
In particular, in the mantle the Mg/Si ratio is about 1.3, which is higher than that in
chondritic meteorites, more or less 1. It was calculated that this depletion would be bal-
anced if 7.3vt% silicon was incorporated into the core. More recently this evidence has
been joined by data on isotopic di erences in silicon between meteorites and terrestrial
samples, which would be explained by a fractionalization of silicon when dissolved in the
core during accretion. These studies suggest abow®4 silicon in the core [31].

Figure 3.1: Cumulative number of articles in the literature that support each light element
in the core. From

In addition, the presence of oxygen is highly supported, as it can well explain the di erent
core density; moreover, the mantle is rich in SiO2, so it is possible that Si and O are
exchanged together. Finally, one of the other most supported candidates is sulfur, which
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is a very a ne element to iron.

In order to place better constraints on the composition, it is necessary that the densities
and sound velocities of the iron-light element alloys involved match those of the core,
as well as their melting point, thermal compressibility. They must also have the right
rheology, structure and elastic properties of the inner core, which are mainly determined
by their phase, and they must have a partitioning of the light elements preferably in the
liquid, since the inner core is less rich in light elements. And all these properties must be
measured under the extreme thermodynamic conditions mentioned above. In addition,
this information can shed light on the processes of core formation and accretion, and on
the generation of the Earth's magnetic eld [32].

Finally as mentioned in Chapter 1, these kinds of experiments are also useful for planetary
understanding and modeling of exoplanets.

A brief summary of the state of the art for the Fe-Si-O system will be presented below,
which was chosen for this work for reasons that will be explained later, with a particular
emphasis on phase diagrams and melting curves, the primary focus of this work. The
work's outline will then be delineated.

3.1.1. State of the art

Pure iron at room pressure and temperature is found in a body-centered cubic structure
(BCC, space group In8m). At high temperatures and low pressures it transforms to face-
centered cubic (FCC, space group FBm), while at pressures above 15 GPa it transforms

to close-packed hexagonal (HCP, space group #A&mc).

Most studies nd that the hcp structure is preserved at high pressures, probably even in
the TPa regimes, but there have been numerous reports of di erent structures over the
years. Recently, no study has reproduced these results, and there is consensus that the
hcp structure is preserved at least up to 300 GPa.

A great deal of debate exists, however, over the position of the melting line, with discrep-
ancies as large as 1000K at 136GPa, the conditions of the Core-Mantle Boundary (CMB)
[32]. This is partly due to the fact that there is no single criterion for assessing the on-
set of fusion; among many methods, for example, the onset of di use scattering or the
movement of the sample surface has been used. It is also complicated to make accurate
measurements of pressure and temperature at such extreme conditions, and especially for
dynamic compression experiments it is di cult to evaluate experimental uncertainties.

In 2018 Morard et al. [33] draw a possible major source of uncertainty in laser-heated
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diamond anvil cell (LH-DAC) experiments: carbon contaminations, which at high tem-
peratures can diuse very easily from the diamonds to the sample, forming alloys that
have much lower melting points.

By reducing this phenomenon through careful experimental setup they nd a phase dia-
gram with melting temperature a of 425Gt 250 K at CMB.

The works that probe more extreme conditions are fewer, and already at the core con-
ditions the discrepancies increase greatly, ranging from 4850K to 7600K at 330GPa, the
maximum core pressure [34]. Extrapolating to get to super-Earths core pressures makes
little sense at that point: those conditions are mainly studied through ab initio simula-
tions, with density functional theory (DFT), di usion Monte Carlo (DMC) and statistical
moment method (SMM) methods [34].

Despite these discrepancies on melting temperatures, as was mentioned earlier it is clear
that pure iron cannot explain the seismographic observations on the core, some other
element is needed.

Binary mixtures, Fe-Si, Fe-O, Fe-S and so on, have been extensively studied in recent
decades, but it seems that the properties these alloys cannot explain the properties of the
core [30]. Therefore, more complex mixtures have recently begun to be studied. In partic-
ular, there have been some studies focusing on the Fe-Si-O system, as the incorporation
of both Si and O into the core succeed in explaining the density de cit, and the results
are very surprising and contradictory.

In 2017, a study by Hirose et al, done using LH-DAC up to 157GPa showed that the
liquidus eld of SiO2 is unexpectedly wide at the Fe-rich portion of the phase diagram,
and this leads the Si and O to crystallize during cooling (exolution), and oat toward
the surface of the core due to the lower density (see Figure 3.2). The released buoyancy
would be able to power a stable geodynamo in the Earth core [35]. In fact, it is known
that pure Fe thermal convection alone is not able to sustain the earth dynamo, another
convection driver is needed, which could be this compositional-driven convection.

On the other hand, in 2019 Arveson et al, using again LH-DAC up to 78GPa, reported no
exsolution of SiO2, and instead found liquid-liquid immiscibility. The proposed immiscible
liquids are Fe-Si and Fe-Si-O mixtures (Figure 3.3), and this may explain some seismic
observations that suggest there is a upper region in the core with lower seismic waves
velocities than those in the bulk core [36].

Also in 2019, Huang et al doing ab initio molecular dynamics simulations found complete
miscibility of the Fe-Si-O composition used by Arveson et al, and no clustering of Si and
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O, which could suggest SiO2 exolution [37].

Figure 3.2: Schematic illustration of secular core cooling at the CMB (yellow) and the
centre (red) until inner-core nucleation. The liquid core composition changes from its
original "X' (see inset) as the core cools and crystallizes Si@t the CMB, losing Si+O
to the mantle. This shift in core composition to the Fe-rich side of the eutectic Hs;' or
"Ereo’ eventually induces Fe-rich metal crystallization at the centre. Adapted from [35].
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Figure 3.3: Experimental results for observed miscibility regions in an Fe-9%%Si-3wt%0
alloy based on textural evolution of the melt spot. Black points represent immiscible
conditions, while white one the miscible ones. Diamonds represent the perimeter temper-
atures which enclose the immiscibility region, circles the maximum temperatures recorded
in the melt regimes. The gray line is the melting curve of Fe-9%4Si. From [36].
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3.1.2. This work

In order to be able to try to resolve these controversies, we have chosen to use laser-induced
shock compression, which not only avoids possible carbon contamination problems, which
could be the cause of the discrepancies in the above work on the Fe-Si-O system, but
also allows us to achieve much higher pressures and temperatures than those obtained in
studies with LH-DAC. The samples are probed with in-situ synchrotron x-ray absorption
near edge structure (XANES) to get information about the structure: to the best of
our knowledge this spectra have not yet been reported in the literature for the Fe-Si-O
system. This experiment was carried out in the new ID24-ED beamline at the European
Syncrotron Radiation Facility (ESRF), where we reached over 300 GPa and 12000K,
conditions very close to those at the center of the Earth's core.

We decided to use only two compositions, so that we could have more data at di erent
pressures and temperatures per single composition. These are similar compositions to
those used by Hirose et al. [35].

The experiment was supported by static compression experiments with DAC, done at
room temperature up to 73GPa, so as to obtain information on the part of the phase
diagram that cannot be probed with dynamic compression, and to get reference data for
a better interpretation of the shock experiment results. These experiments were probed
with in-situ x-ray absorption, on a wider energy range (EXAFS), at the ESRF beamline
BM23.

In order to be able to characterize the initial composition of the samples, an x-ray di rac-
tion experiment at room temperature and pressure was also done, at the ID15-B beamline.

The experimental campaign is accompanied by ab initio simulations done with the FDMNES
software, in order to simulate absorption spectra, which support the interpretation of the
experimental data.

3.2. Target design

The compositions chosen are two:
" Composition 1 : Fe 16wt%Si 9wt%O
" Composition 2 : Fe 10wt%Si 12wt%0

The samples for the shock compression experiments were prepared by Dr. Marion Har-
mand at the Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie
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(IMPMC, Sorbonne Universite/CNRS/MNHN/IRD) through physical vapour depaosition.
The deposition is done on a wide sheet of black kapton, 5@ thick, which serves as an
ablator in the shock compression experiments; the sheet is then cut to make many small
samples. The thickness of the deposited layer is frb, and the microstructure is made
from nanosized grains, less than 10 nm in size, as con rmed by TEM analysis, done by
Dr. Francois Guyot at IMPMC, see Figure 3.4.

Figure 3.4: TEM bright- eld image of the starting material of Composition 2. The image
is 80x80nm.
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3.3. X-ray diraction at ID15-B

In order to better evaluate the initial structure of the samples, we performed x-ray di rac-

tion experiments at the ID15-B beamline (the data was acquired by Dr. Davide Comboni).
The samples are the same as those used for the shock and static compression experiments,
so they have the black kapton layer. The diractions were performed with x-ray beams

at 30KeV, which were monochromatic by a Si(111) Bragg monochromator, and the data
was acquired with a large area EIGER2 X 9M CdTe (340x370 mm) at panel detector.
More details on the beamline can be found in [38].

The di raction images were processed by masking the dead zones of the detector and the
central zone corresponding to approximately O degrees (Figure 3.5), then the intensities
were integrated on the2 scale.

Figure 3.5: Diraction pattern image for Composition 1, with the applied mask in red.

The diraction pattern show peaks for BCC iron (Figure 3.6), which is the phase we
expect, no peaks for iron oxides and no lines f&O,, which is probably amorphous and
should be the shoulder of low-angle di use scattering (we cannot say that for sure because
it could also be due to the Black Kapton layer).

The lack of iron oxides was expected considering a crystallisation sequence starting with
SiO,: oxygen has more a nity for silicon and binds to it rst if any is available.

Since O and Si are in a ratio of about 2/1 in Composition 2, the two are consumed
together and we are left with pure Fe.
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In composition 1, on the other hand, there is more silicon than in the stoichiometric
composition, so once all the oxygen is consumed it can only go with iron, forming an Fe-
0.177Si binary alloy. This last consideration is consistent with what we see in the XRD:
in fact Fe-Si alloys have a BCC-like structure, so the XRD lines are very similar to those
for pure iron. See Section 3.6 for a more complete discussion of the speci ¢ starting phase
of the Fe-0.177Si alloy.

Starting from the weight fractions of the compositions we can then calculate that we have:
" Composition 1 : 143mol%SiO2 857mol%Fe 0:177Si
" Composition 2 : 20:4mol%SiO2 79.6mol%F e

Moreover, from the width of the peaks, we can further con rm that our samples have
nanometric grain size, as the small size of the crystalline grains results in a broadening of
the peaks, as described by the Scherrer equation:

Cos

where D is the domain size, the full width at half maximum of the peak at angle , in
radians, the X-ray wavelength, and is a constant, usually assumed to be 0.9 [39].

Another important quantity that we can extract from the spectrum is the Fe-rich phase

density, which will be useful later for dynamic compression studies.

Speci cally for composition 1, considering Fe-0.177Si to be in the BPhase (space group
Fm3m) we obtain a = 7.297 g/cm3. Similar results can also be achieved with the other
possible BCC-like phases described in Section 3.6.

On the other hand, for composition 2, considering pure Fe in the BCC phase we obtain

= 7.912 g/cm3, not far from the theoretical density of pure iron (7.874 g/cm3).
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(b)

Figure 3.6: (a) XRD patterns for composition 1 and (b) composition 2; the di erent curves
represent several scans superimposed. The orange lines represent the Fe-BCC peaks from
the database, shifted by the pressure written in the top left corner.
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