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1. Introduction

Achieving increasingly extreme temperatures
and pressures is of great interest to materials
science and condensed matter physics, as it en-
ables the synthesis of new functional materials
and allows new phenomena to be explored. Geo-
physics and planetary science have also benefited
greatly from the development of experimental
techniques that allow substances to be studied
under extreme conditions, since it has opened
up the possibility of studying the interior of the
Earth and other planets in the laboratory, to try
to solve the many open problems concerning its
structure and dynamics.

In particular, for the Earth, it has not yet been
possible to constrain the composition of the in-
ner and outer cores: in fact, it is known from
seismological, gravitational and astrochemical
data that the core is largely made of Fe and a
little Ni (5%). But, in order to match the den-
sity profile and velocity of the primary seismic
waves in the core, there must be a considerable
amount of lighter elements within the core.

It is therefore necessary to study the thermody-
namic and structural properties of mixtures of
Fe with the light and siderophilic elements abun-
dant during the formation of the Earth, such as

C, O, Si, S and H [1].

In the past studies have focused on binary mix-
tures of Fe with light elements, while recently,
ternary mixtures have begun to be studied.
Mixtures with Si and O are promising, since they
are very abundant elements in the mantle, and
could easily be exchanged, moreover, the Fe-Si-
O system has shown surprising and contradic-
tory properties recently. In fact, it has been
shown that the different solubility limit of Si0-
in liquid iron at different depths could lead to
composition-driven convection, which might be
able to power a stable geodynamo, something
that pure Fe is known to be unable to do due to
limited thermal convection. In addition, other
works have shown a liquid-liquid immiscibility,
which could account for some still unexplained
discontinuities in seismological data. Both phe-
nomena are disputed by ab initio molecular dy-
namics simulations by Huang et al. [2].

These experimental studies were done with
Laser-Heated Diamon Anvil Cells (LH-DAC),
and are known to be prone to carbon contami-
nation, which can greatly change the outcomes
of experiments [3].

Within this framework, the work summarised
here proposes to study the Fe-Si-O system un-



der extreme conditions of pressure and tempera-
ture, using laser-induced shock compression cou-
pled with X-ray absorption at ESRF’s ID24-ED
beamline, a technique that should avoid carbon
contamination and give more reliable results.
The work was then accompanied by absorption
spectroscopy in diamon anvil cells (DAC) at
room temperature at the beamline BM23, to
probe a region of the P-T plane that cannot be
reached with shock compression and get refer-
ence data for the shock compression study.

2. Target design and sample
characterization

Two compositions similar to the previous studies
were chosen:

e Composition 1: Fe — 16wt%Si — 9wt%O

e Composition 2: Fe—10wt%Si—12wt%0
The samples used in shock experiments had
a thickness of 7.5um, deposited by physical
vapour deposition on black kapton, 50 pm thick,
which serves as an ablator in shock compres-
sion experiments.
sists of nanometric grains, less than 10 nm
in size, as confirmed by TEM analysis. To
better assess the initial structure of the sam-
ples, we performed X-ray diffraction experi-
ments at 30 KeV at the ESRF ID15-B beam-
line. This allowed us to confirm that the phases
present are 14.3mol%Si02 — 85.7mol%Fe —
0.177S% for Composition 1 and 20.4mol%Si02—
79.6mol%Fe for Composition 2.
In addition, we obtained the densities of the Fe-
rich phases, which are necessary for the data
analysis of shock compression studies: p = 7.912
g/cm? for the pure body centered cubic struc-
ture (BCC, space group Im3m) Fe of Compo-
sition 2, p = 7.297 g/em? for Fe-0.177Si in a
BCC-like structure that we could not determine.

The microstructure con-

3. High-pressure and
temperature EXAFS

Static compression experiments on Composition
2 (only that one due to a lack of beam time) were
performed at BM23, which using a monochro-
mator and ion chambers allows extended X-ray
absorption fine structure (EXAFS) spectra to
be obtained in transmission mode. The Fe K-
edge was studied, from 7KeV to 8.1KeV. The
DAC was loaded with a Re gasket, with KCI

room

as pressure transmitting medium and a ruby
(Cr:AlyO3) as pressure gauge. The pressure was
increased in 9 steps, from 0 to 73 GPa, and
was measured by following the displacement of
the ruby’s second emission peak after exciting it
with a green laser (532nm).

Figure 1 shows the evolution of the averaged
and normalised spectra, zoomed into the 7050
- 7335 eV energy range. The low pressure sprec-
tra, up to 9 GPa, show the typical features of
iron in the BCC structure, while between 15
GPa and 20 GPa the spectrum changes consid-
erably: for example, the disappearance of the
peak at 7.2KeV is one of the signatures of the
transition to a HCP structure. This is close to
the 13 GPa transition pressure of pure Fe un-
der hydrostatic conditions. Furthermore, it can
be seen that the increase in pressure shifts fea-
tures to higher energies, due to the contraction
of atomic distances.

4. Laser-Induced Shock Com-
pression

Shock compression experiments were performed
at the ID24-ED beamline. A flat-top laser pulse
with energy up to 40 J and duration of 10ns was
focused on the kapton face of the target, with a
spot size of 100 or 250 pm in diameter, resulting
in intensities up to 5TW /em?. The absorption
of the laser at the ablator surface generates a hot
plasma that expands outwards at high speed.
By conservation of momentum, a shock wave is
formed and propagates inside the target pack-
age, compressing and heating the sample up to
300 GPa and several thousands Kelvin.

The thermodynamic conditions inside a station-
ary shock are described by Rankine-Hugoniot
equations:

PoUs = P(Us - up)
P — Py = pousu
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and the resulting function P ( Py, po, p) is called
the main Hugoniot of the material. The un-
knowns ug and wu,, are called the shock front
and particle velocities, and they can be retrieved
with a velocity interferometry system for any
reflector (VISAR), that measures the Doppler
effect occuring during the reflection of a probe
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Figure 1: XANES Fe K-edge spectra of Com-
position 2, the spectra are averaged and nor-
malised, and then offset for clarity purposes.

laser pulse on the moving sample surface. The
reflected light is analysed in a Mach-Zehnder in-
terferometer in which an optical window (etalon)
is placed in one of the two arms. The optical de-
lay introduced by this window induces a shift of
the interferometer fringe pattern whose ampli-
tude is directly related to the velocity of the re-
flecting interface. By measuring the time evolu-
tion of the fringe positions using streak cameras,
we could monitor the time at which the shock
broke out from the sample (as shown in Figure
2) and the velocity of the sample free surface.

From these images, the arrival time of the shock
at the surface (breakout) was extracted, and
only the shots in which the synchrotron X-rays
arrived with a delay of +100ps relative to the
breakout were selected, in order to probe fully
compressed samples on the main Hugoniot. The
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Figure 2: VISAR image superimposed with a
dashed line to show the shock breakout and a
red bar indicating the arrival time of the X-rays
and their spatial extent.

free surface velocity u s was then extracted, and
with that the particle velocity was calculated,
assuming u, ~ % In order to know the ve-
locity of the shock wave, we need an equation
of state of the shock wave, which links us to u,,
which in this case must be done by putting to-
gether the EoS of the two phases present, with
a model of the type:

Uiz = Xoul + (1 — Xo)uj
where u,,;; is the particle velocity of the mix-
ture at a given pressure, u, and u; the particle
velocities of the components, and X, is the mass
fraction of component a [4]. For composition 2,
we took the shockwave EoS of Fe and SiO; glass
from the literature and did the mixing, while for
composition 1, since there was no data on Fe-
0.177Si, we constructed an EoS by extrapolating
it from other Fe-Si compounds before doing the
mixing. At this point, it was possible to calcu-
late density and pressure using Eq. (1), bearing
in mind that the densities that appear are an av-
erage density of the two phases, constructed by
averaging the density of the Fe-rich phase found
by XRD and of the SiOs glass, taken from liter-
ature.
To evaluate temperature, which does not appear
in the Rankine-Hugoniot equations, an equation
of state is required, which we have constructed
using the quotidian equation of state (QEOS)
formalism . The experimental uncertainties were
evaluated with Monte Carlo error propagation,
assuming a standard deviation of 10% velocity
per fringe (a quantity related to the etalon used)
for uyss, 5% for the initial density and using the
covariances of the regressions introduced.
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Figure 3: Temperature-Pressure diagram show-
ing the experimental points and the uncertain-
ties for Composition 1 (in orange) and Compo-
sition 2 (in blue) on their QEOS, along with the
theoretical curves for Fe and SiO2, the melting
curve of Fe-9wt%Si (Fisher 2013) and the Fe
melting curve with the FCC-HCP phase bound-
ary (Morard 2018), taken from the literature.

Ultrafast XANES measurements were per-
formed under shock using ID24 Energy Disper-
sive beamline. A single bunch of polychromatic
X-rays, whose energies were spatially dispersed
by means of a polychromator, probed the mate-
rial allowing X-ray absorption near edge struc-
ture (XANES) spectra to be acquired. the
K-edge of the Fe in the energy range TKeV-
7.335KeV was studied; 10 spectra of the mate-
rial in the pre-shot conditions were taken, which
were then averaged, and one during the shock.

Composition 1 has similar features to those
seen in the static compression for composition
2: the initial structure appears to be BCC, as
also found by XRD, but we are unable to in-
dicate which of the BCC-like structures it is,
since as the ab initio simulations (done with the
FDMNES software) confirm, the spectra of the
different structures are too similar to each other.
With regard to the structure under shock, based
on the features, we are able to say that it is HCP-
like. This is confirmed by ab initio simulations
of the spectra. As early as around 100 GPa, it
is difficult to see structure in the spectra. This
may be due to the high temperature, which is
known to flatten features creating thermal dis-
order, or more probably to melting, which is
consistent with the melting curves in Figure 3.
To confirm that this is indeed a melting signa-
ture in our system, it would be useful to do den-

sity functional theory molecular dynamics simu-
lations (DFT-MD) of the liquid phase, and then
use these to simulate the spectra. These simula-
tions will also be useful to understand whether
there was mixing or reaction of the components
in the liquid phase, in order to compare the be-
haviour with that found in recent studies.
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Figure 4: XANES spectra of composition 1. The
spectra in blue represent the average of the 10
spectra taken for the initial material, with the
shading representing the maximum and mini-
mum spectra acquired. The coloured spectra are
of the material under shock, offset with increas-
ing pressure and temperature.

The spectra show for composition 2 features sim-
ilar to those of static compression, with a tran-
sition from a BCC to an HCP-like structure, al-
ready at the lowest pressures obtained. In this
case, the features of the HCP-like structure, in
particular the peak at 7160 eV, can be seen more
clearly up to at least 91 GPa. Then the spec-
tra seem to lose structure and become flat, ex-
cept for the spectra at 202 and 210 GPa, which
show strong oscillations, but these do not appear
to be features of the HCP structure as they do
not follow the expected trend of shifting towards
higher energies, which is very evident in Figure
1. These oscillations could therefore be due to
some phenomenon occurring in the liquid, which
should be the phase present under those condi-
tions considering Figure 3. Again, this need to
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be confirmed by DFT-MD simultions.
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Figure 5: XANES spectra of composition 2. The
spectra in blue represent the average of the 10
spectra taken for the initial material, with the
shading representing the maximum and mini-
mum spectra acquired. The coloured spectra are
of the material under shock, offset with increas-
ing pressure and temperature.

One of the most interesting aspects, however, is
that we are able to confirm that the density dur-
ing a phase-assembly shock does not equilibrate,
and therefore the density of the different phases
must be evaluated at the pressure reached on
the respective Hugoniot, as recently reported by
Smith et al. in NaCl-epoxy mixtures studied
with XRD [5]. In fact, by running simulations
of the shocked materials, it can be seen that by
assuming the density from the Fe-0.177Si curve
instead of the mix curve, the experimental spec-
tra are well reproduced (Figure 6). Therefore
confirming this to be the right density, the cell
parameters a and c¢ of the Fe-rich phase can be
calculated.

5. Conclusions

We have reported the first XANES spectra ob-
tained with synchrotron X-rays on Fe-Si-O mix-
tures compressed with laser-induced shocks at
conditions above 300 GPa and 12000 K, mea-
sured at the ESRF’s ID24-ED beamline.
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Figure 6: XANES spectrum of composition 2,
shocked at around 72 GPa, with ab initio sim-
ulations done at the density calculated on the
Hugoniot of the mixture and of the Fe compo-
nent showing that the spectrum is best repro-
duced at the density of the latter

Supported by the static compression experi-
ments performed at the ESRF’s BM23 beam-
line we could show that starting from BCC-like
structures, the mixtures reached HCP-like struc-
tures. This was confirmed by the ab initio sim-
ulations performed, which also made it possible
to confirm a recent result reported in the litera-
ture on the equilibration of densities in mixtures
studied with shock compression. This allowed us
to calculate the cell parameters of HCP struc-
tures as pressure and temperature change.

A possible melting criterion was also identified,
which will soon have to be confirmed using DFT-
MD simulations of the liquid phase. This is cru-
cial in order to find the thermodynamic prop-
erties of the liquid phase from the spectra ob-
tained, so that they can be compared with the
contradictory recent studies on this system.
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