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Abstract

There is a growing interest in the application of experimental studies of geological mate-
rials at high pressure- and temperature conditions to both new and long-standing theories
in Earth and planetary science. Such experiments can address essential questions about
the structure, dynamics and evolution of the Earth’s interior. In addition, the discovery
of thousands of extra-solar planets around other stars raised interest about the diversity of
planetary architectures, compositions and how such planets might form and evolve.
Silica is one of the most fundamental constituents in planetary science, being vastly abun-
dant in the Earth’s crust and mantle. As an essential ‘building block’, it bonds with Mg,
Fe and other elements to form major mineral phases and even free SiO, can be expected
in localized regions in the Earth’s mantle, derived from e.g. subducted oceanic crust. The
stability of SiO, within these regions is vastly affected by polymorphism at high pressures
and SiO, serves as an archetype for the dense highly coordinated silicates of planetary in-
teriors and large exoplanets (1-10 Mg).

In this work, the high pressure behavior of four major SiO, polymorphs as well as the
structural analogue GeO, were investigated by means of dynamic compression: «-quartz,
fused silica, stishovite and x-cristobalite. Here, laser shock compression and dynamic di-
amond anvil cell (IDAC) techniques were applied. The concomitant use of hard X-ray
radiation at synchrotron- and X-ray free electron laser (XFEL) light sources made a time-
resolved investigation of the lattice response at high pressures possible. From laser shock
compression, a phase transformation of x-quartz to stishovite, the high-pressure SiOs
polymorph, as well as to the metastable defective niccolite structure at pressures between
45 GPa and 94 GPa could be demonstrated. By using stishovite as the starting material,
it was furthermore shown, that the stishovite (=rutile) structure is stable upon shock load-
ing to 336 GPa, a result deviating strongly from equilibrium data. Moreover, melting of
«-quartz, fused silica and o-cristobalite was observed at pressures greater than 119 GPa,
126 GPa and 70 GPa, respectively. At late XFEL probe time delays of up to 200 ns, a
resulting recrystallisation from initially crystalline material was shown (x-quartz and o-
cristobalite) but not from vitreous silica glass, which indicates a remaining short-range
bonding within the melt, from which strong coalescence growth is assumed. The investi-
gation of GeO, by means of laser shock compression, revealed a phase transformation of

an initially quartz-like structure towards the rutile structure at 19 GPa and a subsequent
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melt signature at peak pressures of 53 GPa and 104 GPa. Here, a change of the bond
distance of Ge-O and Ge-Ge was demonstrated, which was accompanied by a change of
coordination from initially 4-fold to 6.8-fold at 104 GPa.

Ultimately, from the dynamic compression of x-cristobalite by means of the dDAC, phase
transitions to the high pressure polymorphs critobalite II, cristobalite X-I and seifertite
was demonstrated. The pressure onsets of these phase transitions are directly correlated
to the applied compression rate, and the increasing compression rates can shift the transi-
tion to higher pressures. Increasing compression rates or applied moderate temperatures
(500 °C and 700 °C) furthermore have a direct impact on the molecular unit cell volume
of seifertite, which deviates strongly from equilibrium data. Finally, the effect of hy-
drostaticity within the dDAC was investigated. The experiments revealed, that the phase
transition of cristobalite X-I to seifertite is hindered at hydrostatic experimental condi-
tions, e.g. with single crystal o-cristobalite as the starting material. Finally, these results
were benchmarked and confirmed by means of metadynamics simulations derived from

density functional theory molecular dynamics (DFT-MD) calculations.




Zusammenfassung

Die Entdeckung tausender extrasolarer Planeten (Exoplaneten) in anderen Sonnensyste-
men wirft neue Fragen in Bezug auf deren Zusammensetzung, Entstehung und Entwick-
lung auf, die durch experimentelle Untersuchungen geologischer Materialien entschliisselt
werden sollen. Die sogenannten ”Super-Erden‘ haben hiufig die 10-fache Masse der Erde
und sind mehr als doppelt so groB3. Dies hat einen Einfluss auf die vorherrschenden Min-
eralphasen im Planeten-Inneren, welche ernormen Driicken unterliegen. Ausgehend von
den abundanten Phasen unserer Erde, ist davon auszugehen, dass die primidren Minerale
im Mantel von Super-Erden aus MgO, FeO, MgSiO3 und SiO, bestehen. Siliziumdioxid
(S10,) ist hierbei einer der grundlegendsten Bestandteile, da es in unserer Erdkruste und
im Erdmantel iiberdurchschnittlich hdufig vorkommt. Als wesentlicher Baustein geht es
mit Mg, Fe und anderen Elementen eine Verbindung ein, um die primédren Mineralphasen
des Erdmantels zu bilden. In manchen Bereichen des Erdmantels wird sogar reines SiO4
angenommen, welches z.B. durch ozeanische Kruste subduziert worden ist. Die Stabilitét
der Minerale wird hierbei durch die Hochdruckmodifikationen von SiO, beeinflusst. Zu-
dem stellt SiO, ein Archetyp fiir die dichten Silikate im tiefen Mantel der Erde und groBer
(1-10 Mg) Exoplaneten dar.

In dieser Arbeit wurde das Hochdruckverhalten von vier SiO, Modifikationen und dem
strukturellen Analogons GeO, mit Hilfe dynamischer Kompression durch Laser
induzierten Schock und der dynamischen Diamantstempelzelle (ADAC) untersucht: o-
Quarz, Quarzglas, Stishovit und x-Christobalit. Die gleichzeitige Verwendung harter
Rontgenstrahlung eines Synchrotrons oder Freien Elektronenlasers (XFEL) ermoglicht
eine zeitaufgeloste Untersuchung der Gitterstruktur dieser Materialien. In dieser Ar-
beit wurde gezeigt, dass die schnellen Kompressionsraten der dynamischen Experimente
einen immensen Einfluss auf das Einsetzen der Phaseniibergange hat. Durch die Anwen-
dung Laser induzierter Schock-Kompression wurde ein Phaseniibergang von «-Quarz zu
Stishovit, eine Hochdruckmodifikation von SiO,, bei einem Druck von 45 GPa beobachtet.
Zudem wurde ein Phaseniibergang zu einer metastabilen Struktur (d-NiAs) bei einem
Druck zwischen 73 GPa und 94 GPa gezeigt. Nutzt man Stishovit als Startmaterial, blieb
die Struktur bis zu einem Druck von 336 GPa unverdndert. Dies stellt einen starken Kon-
trast zu statischen Experimenten dar, in denen ein Phaseniibergang zu der silikatischen
CaCly; Hochdruckmodifikation beobachtet wurde.



Zudem wurde das Schmelzverhalten von «-Quarz, Quarzglas und «-Cristobalit durch
Rontgenbeugung bei Driicken von iiber 119 GPa, 126 GPa und 70 GPa untersucht. Eine
spite Bebrobung mit dem XFEL relativ zum Schock von bis zu 200 ns zeigte einen
Rekristallisationseffekt von wurspriinglich kristallinem Material (x-Quarz und
«-Cristobalit) auf. Dieser Effekt war jedoch nicht mit Quarzglas als Startmaterial zu
beobachten. Dies deutet auf bestehende Ordnungseffekte der urspriinglich kristallinen
Phasen innerhalb der Schmelze hin und es kann von einem starken Kristallwachstum
von den Kristallisationskeimen ausgegangen werden. Die Untersuchung von GeO, durch
Laser induzierte Schock-Kompression zeigte bei einem Druck von 19 GPa eine
Phasenumwandlung von einer Quarz-artigen Struktur zu der Rutil-Struktur auf. Bei
Driicken von 53 GPa und 104 GPa konnte eine Schmelzsignatur beobachtet und eine
Verinderung der Ge-O und Ge-Ge Bindungslidngen und der damit einhergehenden Koor-
dinationszahl nachgewiesen werden.

Durch die dynamische Kompression von o-Cristobalit in der dDAC wurden die
Phaseniibergiinge zu den Hochdruckmodifikationen Critobalite II, Cristobalit X-I und
Seifertit beobachtet. Die Driicke dieser Phaseniibergénge hingen direkt von der ange-
wandten Kompressionsrate ab und zunehmende Kompressionsraten fiihrten zu hoheren
Driicken der Phaseniibergange. Zudem wirkten sich steigende Kompressionsraten auch
direkt auf das Volumen der Einheitszelle von Seifertit aus, welche stark von statischen
Experimenten abweicht. Dies zeigte sich auch fiir Experimente mit moderaten Temper-
aturen (500 °C und 700 °C). Zudem wurde der Effekt von hydrostatischen Bedingungen
innerhalb der dDAC untersucht. Hier konnte gezeigt werden, dass quasi-hydrostatische
Bedingungen unter Verwendung von «-Cristobalit Einkristallen zu dem Ausbleiben der
Phasenumwandlung von Cristobalit X-I zu Seifertit fiihrt, was im Gegensatz zu nicht-
hydrostatischen Experimenten mit Pulver als Ausgangsmaterial steht. Die Ergebnisse
wurden zudem durch Metadynamik-Berechnungen der Dichtefunktionaltheorie und

Molekulardynamik Simulationen verglichen und bestitigt.
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Chapter 1

Introduction

1.1 Mineralogy at Super-Earth interior conditions

1.1.1 Composition of Super-Earths

Since the first discovery of a planet orbiting a host star beyond our solar system in 1992
[1], more than 4290 other exoplanets have been confirmed up to date (as of October
8th, 2020). There has been a growing interest in the exoplanet survey missions of dis-
covering low-mass planets with the goal of finding Earth analogues. Because of the
development of new telescopes in the past

years (e.g. the Kepler-, Spitzer- and TESS

space telescopes), hundreds of so-called

”Super-Earths” have been found. A Super-

Earth is defined as a planet with a mass

between 1-10 Mg and a corresponding ra-

dius in the range of 1-2.5 rg [4, 5]. The

most abundant population of exoplanets

within the size range between Earth and

Neptune are representing a novel planetary

type with no direct analogues within our

solar system [6, 7] and raise fundamen-

tal questions about the structure, dynamics

and evolution of these terrestrial bodies. Figure 1.1: Mass-radius diagram for ex-
Super-Earths can encompass a wide range oplanets for which the mass and radius
of compositions depending on their mass- have been measured combined with compo-
radius relation [3], ranging from iron-rich sitional trendlines. Modified after [2, 3].
Super-Mercuries and molten lava planets

to water worlds with thick steamy envelopes, to planets enriched in carbon [8]. The com-

positional variety of Super-Earths are displayed in Figure 1.1. Here, the measured masses

1



Chapter 1

and radii of exoplanets are put into correlation with theoretical mass-radius curves for
different chemical compositions. It is evident, that numerous Super-Earths are of same
or similar composition as Earth, with a rocky interior. The interior mineralogy plays an
essential role for the fundamental question of habitability [9], including the composition
of the atmosphere, existence of plate tectonics and the possibility of generating an inter-
nal magnetic field [8]. Measured densities of Super-Earths indicate a bulk composition,
which is comparable to terrestrial planets of our solar system [6, 10]. Therefore one can
model the mineralogy of these planets by assuming an Earth-like composition as a start-
ing point, dominated by O, Fe, Mg and Si [11]. The interior of Earth consists of Mg-rich
silicates and oxides within the mantle, overlying a metallic Fe core. The pressure and
temperatures encompassed in planetary interiors are tremendous (Fig. 1.2). The silicate-
rich mantle of the Earth reaches pressures of up to 135 GPa, within a depth of 2900 km
and the core extends to 6371 km with pressures reaching up to 363 GPa. The temperatures
within Earth range from ~1500 K to 2500 K through the mantle and reach 6500 K at the
center of the Earth. A terrestrial (rocky) Super-Earth (10 Mg) likely reaches more than
1 TPa at the base of its silicate mantle and up to 4 TPa at the center of the core [6, 12].

The mineralogy of Super-Earths depend on the composition of the mantle and core at
respective pressures and temperatures. For terrestrial Super-Earths, simple oxides and sil-
icates are of strong relevance and the properties of the end-member oxides such as MgO,
FeO, MgSi03 and SiO, are of major importance to understand the solid solution, solu-
bility and dissociation reactions in plausible mineral assemblages. At the P-T conditions
of Super-Earth interiors, the phase relations of even those simple compositions are only
starting to be explored and the lack of constrains on the physical and chemical properties
of materials at extreme conditions limit the progress in the understanding of the evolution,

inner structure and thermal behavior of these planets [6].

1.1.2 Crystal structure and phase transitions of silica and its struc-

tural polymorphs

One of the most abundant oxide component within the terrestrial mantles of Earth and
Super-Earths is silica. Silica is a reference for a compound of silicon and oxygen (SiO-),
with both elements being the two most common elements on Earth (16 wt% and 30
wt%, respectively) [11]. SiO, is the dominant oxide constituent within the Earth’s crust
(60 wt%) and a major constituent of the Earth mantle, bonding with Fe and Mg to form
the primary mineral phases. The reason for the high abundance of SiO5 within the Earth’s
mantle is the significantly stronger Si-O bond (466 kJ/mol) in contrast to any other el-
ement bonding with oxygen [13]. Free SiO, within the Earth’s mantle is only expected
in localized regions such as subducted oceanic crust, however within the wide range of

P-T conditions in Super-Earths, a variety of possible SiO, compositions and a large range

2



1.1. Mineralogy at Super-Earth interior conditions

Super-Earth
Sio,

Stishovite
CaCl,-type

Pyrite-type
e

Cotunnite

Fe,P-type M

Fe alloy

liquid?
hcp? fcc?

cP? 7120
2000 00 km

Figure 1.2: Schematic overview of the interior pressure conditions and expected min-
eral phases in the MgO-SiO, system within the Earth and a representative Super-Earth
(10 MEg). Modified after [6].

of silica phases are expected [8]. Within the mantle of these planets, silicate phases are
likely to be affected by a high structural complexity manifested by prolific polymorphism
of Si0, and its disproportionation might produce silica-rich regions within the deep end
of the Super-Earth’s mantle [8].

Under steady state equilibrium conditions, SiO, undergoes a well known sequence of
phase transitions towards high pressures. Low- or «-quartz transforms to the mon-
oclinic coesite structure (Space group C2/c) at ~2 GPa [14, 15] and further crystal-
lizes in the rutile-type structure (P4o/mnm) as stishovite, consisting of octahedrally co-
ordinated Si atoms (Fig. 1.3) [16, 17, 18]. At ~60 GPa, stishovite undergoes an or-
thorhombic distortion and displacively transforms to a CaCl,-type structure (Pnnm) [19,
20, 21, 22, 23, 24, 25] and seismic discontinuities observed in the mid-lower mantle of
Earth (1000-1600 km), for instance, are associated to this phase transition [22, 23]. A
further transition to the «-PbOy type (seifertite) structure (Pbcn) occurs at ~121 GPa
[25, 26, 27, 28, 29, 30, 31]. To date, the highest-pressure experimentally determined SiO,
phase transformation is to the pyrite-type structure (Pa3) at around 268 GPa [32]. By
using silica glass (fused silica) as the starting material, a high pressure transformation to-
wards the rutile structure at ~10 GPa and to a metastable, monoclinic defective niccolite
structure (d-NiAs) has been observed at pressures between 30-55 GPa (and 1000-1300 K)
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[31]. At pressures exceeding 55 GPa, the CaCl, structure was shown [21, 22, 23, 24, 25].
Furthermore, numerous studies under static conditions have directly investigated
stishovite as the starting material for high pressure research due to its strong relevance
in planetary science [19, 20, 24, 33, 34, 35, 36, 37, 38]. Stishovite was found in terres-
trial impact-related rocks, as well as in shocked meteorites and is likely a dominant phase
in free SiO, regions within the upper mantle in depth of up to ~300 km. Similar to o-
quartz, it was demonstrated, that stishovite transforms to the CaCl, structure at ~60 GPa
[20, 38]. However no other phase transitions using stishovite as the starting material has
been found at pressures of up to 128 GPa.

At ambient pressures and at temperatures above 1470 °C, the SiO, polymorph
o-cristobalite (P4,2,2) forms. It has a subordinate and rather exotic terrestrial occur-
rence, compared to x-quartz or stishovite, but its high pressure behavior is of great interest
to geological studies, since it has been observed in meteorites in close spatial association
with high pressure mineral assemblages [39, 40, 41, 42]. «-Cristobalite has been ob-
served in low shocked meteorites [39, 43] but also in meteorites, that show signatures
of peak shock pressures exceeding 25 GPa alongside seifertite, the post-stishovite high-
pressure polymorph of SiO, ("seifertite puzzle”) [40, 41, 42]. According to these studies,
x-cristobalite seems to be stable at variable pressure conditions and its phase relations
show complex behavior. Under hydrostatic conditions it was shown, that «-cristobalite
undergoes a transformational sequence from tetragonal x-cristobalite towards monoclinic
cristobalite II (P2,/c) at ~1.5 GPa and to monoclinic cristobalite X-I (P2,/n) at ~11 GPa
[28, 31, 44]. Using «-cristobalite powder as a starting material, a further transformation
towards the orthorhombic seifertite structure at ~35 GPa was found [45]. These studies
provide evidence that seifertite can form at pressures much lower than expected from its
thermodynamic equilibrium at ~121 GPa [46]. Using single crystal «-cristobalite, the
transformation pathways towards cristobalite II and cristobalite X-I are observed as well
[47], but a further transformation to seifertite even at pressures of up to 80 GPa has not
been found [46].

Although it is not a polymorph of SiOs, the inorganic compound GeO, holds great impor-
tance to planetary and high-pressure science due to its structural similarity to x-quartz.
Furthermore, it is commonly used in X-ray diffraction experiments because, as a mate-
rial with a large atomic number, high diffracted X-ray intensities can be expected. GeO,
exhibits three different polymorphs: «-quartz-type GeO,, vitreous GeO, and rutile-type
GeQ,. In static experiments at room temperatures it was shown, that «-quartz-type GeO-
transforms to a poorly crystalline monoclinic structure (P2,/c) up to at least 52 GPa
[31, 48]. At elevated temperatures (1200-1600 K), a pressure-temperature induced trans-
formation of GeO, has been observed towards the rutile structure at ~7 GPa and to the
CaCl,, structure at 26 GPa [31]. When starting from vitreous GeOs, a phase transforma-

tion towards a 6-coordinated glass at ~23 GPa [49] and a phase transformation to the
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defective niccolite structure at 25 GPa can be observed [50]. Ultimately, starting with the
rutile-type GeO,, a phase transformation towards the CaCl, structure at 26 GPa has been
found [31].

a-quartz a-cristobalite stishovite

Figure 1.3: Polyhedral representation of a-quartz, c-cristobalite and stishovite. The struc-
tures are viewed along the c axis at ambient conditions with the large spheres representing
the Si atoms and the small ones the O atoms.

1.2 Theoretical and experimental approaches for high-

pressure research

Understanding the structural evolution of materials, such as silicates, at pressures and
temperatures comparable to Super-Earth interior conditions, requires several theoretical
and experimental approaches. These methods are often complementing each other and
give constrains to structural transitions at high pressures and temperatures. The results of
an experiment require theoretical confirmation by means of e.g. ab initio quantum me-
chanical simulations. Here, a short overview of theoretical models and the development

of high pressure techniques at X-ray sources are presented.

1.2.1 Theoretical models

Planetary materials such as silica are studied by means of density functional theory (DFT)
and molecular dynamics (MD) simulations, which use the many-body Schrodinger equa-
tion. This method is based on the properties of electrons and nuclei rather on empirically
determined parameters. To solve these equations, one has to rely on approximations,
which are well tested for a wide range of materials and conditions and the accuracy of
e.g. the local density approximation (LDA) or generalized gradient approximation (GGA)
have been shown to be typically 1-2% for bond lengths and unit cell dimensions, 5% for
vibrational frequencies and 15% for elastic constants [51]. The DFT simulations have
been extensively tested against experiments at lower pressures and its success and limi-

tations are therefore well established [8]. For solids which are investigated by means of
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temperature, molecular dynamics are often used to sample phase space. Within the MD
approach, ions are moved according to the Newton’s equation of motion in which each
atom has a mass, a velocity and a force acting upon it. Here, the solution of the equation
of motion [52] can be approximated with the use of small time steps (e.g., <1/20th of a vi-
brational period). The combination of density functional theory and molecular dynamics
are an essential tool for providing information on dynamics which are used to demon-
strate electrical and transport properties, as well as diffusion behavior and viscosities in
planetary materials. Several approaches have been pursued to explore the phase diagram
of silica, and phase transition as well as melting have been thoroughly investigated (e.g.
[53, 54, 55, 56, 57, 58, 59, 60, 61]). The results of the simulated phase relations are used,

to further constrain the interior and evolution of exoplanets [62, 63].

1.2.2 Experimental techniques
Advances of static and dynamic compression techniques

Within the past century, a wide range of experimental techniques have explored material
properties at high pressures and temperatures. The technical capabilities to reach extreme
P-T conditions have increased drastically from first static compression achieved with the
use of tungsten carbide cells by Bridg-

man in the mid-1930s [64], to the first di-

amond anvil cell (DAC) in the late 1950s

[65, 66, 67]. In a DAC experiment,

a small (~10-100 pum) sample is com-

pressed between two diamonds [8] and can

be heated using laser or resistive heating

techniques. Recent developments to im-

prove conventional anvils led to a enor-

mous enhancement of the DAC, resulting

in static pressures approaching a terapas-

cal (TPa) at room temperature. This was

made possible through the microfabrica-

tion of toroidal [68, 69] and double-stage Figure 1.4: Peak pressures (GPa) achieved
anvils [70]. Furthermore, the so-called dy- by various compression techniques as a func-
namic DAC (dDAC) was developed [71] tion of year. Modified after [8].

which represents a bridge between static

and dynamic (shock) compression. Here, electromechanical actuators apply a load, which
produces a tailored time-dependent pressure profile on the investigated material. From
initial compression rates of 500 GPa/s in 2007 [71], an increase of up to 160 TPa/s has

been demonstrated recently [72]. Static (and semi-dynamic) compression studies can
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achieve pressures of several hundreds of gigapascals and are almost always based on the
use of multi-anvil presses or (d)DACs. To reach pressures within the terapascal range and
temperatures of up to 10000 K or more, however, one needs to rely on dynamic-loading
techniques. These include shock and ramp compression, which involve loading durations
of nano- to microseconds. Historically, dynamic compression was primarily conducted
with the use of gas-guns. A gas-gun can accelerate a flyer plate to several km/s, which
generates a shock wave by impacting a sample, leading to immense pressures and tem-
peratures. In the recent decades, however, high-powered lasers and pulsed power drivers
are emerging. In a laser shock experiment, the surface of a material is ablated through the
irradiance of a short (~ns) intense laser pulse, which creates a shock wave propagating
through the sample. Within these short timescales, pressures and temperatures can reach
several tens of thousands of Kelvin and several terapascals [73]. The first demonstra-
tions of strong shock waves with lasers were conducted at large laser facilities, emerging
in the 1970s [74]. Through the advances in laser interferometry diagnostics, a precise
description of shock wave profile measurements under laser compression was possible
[75]. The dynamic compression techniques have undergone rapid development in the last
decade, greatly extending the accessible conditions and types of measurements that can
be performed. A general overview on the historical evolution of pressures achieved in

laboratory experiments with various compression techniques is shown in Figure 1.4.

Advances of high pressure research at X-ray radiation sources

X-rays have been recognized for their exceptional importance since their discovery in
1895 by Rontgen (which led to him being awarded the first Nobel Prize in physics in
1901). In 1897 Larmor derived an expression from classical electrodynamics for the
instantaneous total power radiated by an accelerated charged particle, which Liénard ex-
tended the following year to a relativistic particle undergoing centripetal acceleration in
an circular trajectory. Here, radiated power was shown to be proportional to (E/mc?)*/R?,
with E being the particle energy, m the rest mass and R the radius of the trajectory [76].
The principle of the energy-loss mechanism was then used in the 1940s for magnetic-
induction electron accelerators (betatrons) as machines to produce intense beams of X-
rays by directing the accelerated beam to a suitable target [77]. A following trend towards
higher energies and shorter wavelengths of synchrotron radiation led, for instance, to the
6 GeV Deutsches Elektronen-Synchrotron (DESY) in Hamburg, which began operating
for both high-energy physics and synchrotron radiation in 1964 [76]. To take maximum
advantage of the brightness of a synchrotron radiation source, undulators and wigglers
were developed, implemented and retrofitted into storage rings. Undulators and wigglers
are similar in setup, by being an array of closely spaced, vertically oriented dipole mag-
nets of alternating polarity. The trajectory of an electron beam oscillates in the horizontal

plane during passing between two of these magnetic arrays and radiation cones are emit-
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ted. Electron emission is present at each bend in the trajectory overlap, which leads to
constructive interference resulting in one or a few spectrally narrow peaks (a fundamental
and harmonics) in a beam that is highly collimated in both the horizontal and vertical
directions, resulting in a high spectral brightness. The wavelengths can be tuned by me-
chanically adjusting the vertical spacing between the pole tips.

Soon it was apparent, that a third generation of storage rings with a still lower emittance
and long straight sections for undulators would permit achieving even higher brightness
and with it, a considerable degree of spatial coherence [76]. The third generation fa-
cilities optimized for brightness in either the short-wavelength regime (high-energy or
hard X-rays) or vacuum ultraviolet and long-wavelength regime (low-energy or soft X-
rays). The European Synchrotron Radiation Facility (ESRF) in Grenoble was the first
third-generation hard X-ray source with a 6 GeV storage ring coming online in 1994.
This was followed by the Advanced Photon Source at Argonne National Laboratory (7
GeV) and PETRAIII at DESY (19 GeV) [76]. Combining pressure vessels such as
a diamond anvil cell (DAC) or large volume press with synchrotron beamlines, sub-
sequently enabled in-situ XRD measurements under high pressure [78, 79]. For DAC
experiments, synchrotrons are ideal, because X-ray radiation easily passes the transpar-
ent diamonds and the X-ray beam can be focused down to micrometer spots. The sam-
ple between the diamonds is compressed to pressures of up to several hundreds of gi-
gapascals while being heated resistivitly or with a laser system to several thousands of
Kelvin [80]. This made the investigation of planetary materials under in-sifu conditions
possible and various studies with the DAC at synchrotrons have been conducted so far
(e.g.[81, 82, 83, 84, 85, 86, 87]). Further, a few experiments with a dynamic DAC have
been conducted recently at synchrotrons on planetary material, making use of the fast

compression rates while being probed by hard X-ray synchrotron radiation [88, 89, 90].

In parallel with the development of accelerator-based X-ray sources, a growing inter-
est in the field of ultrafast science emerged over the past 40 years. Combining the ad-
vanced femtosecond lasers with conventional synchrotron-based X-ray sources has en-
abled the generation of broadly tuneable femtosecond X-rays with the use of laser manip-
ulation of the relativistic electron beam [91, 92, 93]. The most promising development
in ultra-fast X-ray sources has been the emergence of X-ray free-electron lasers (XFELSs)
which have sparked another revolution in X-ray science in the twenty-first century [94].
The free-electron lasers (FELs) were invented by Madey [95] at Stanford University in
the 1970s [96]. Here, relativistic electrons propagating through an undulator generate
and amplify coherent electromagnetic radiation. By passing the long FEL undulator,
the initial random spontaneously emitted radiation of the relativistic electrons are am-

plified by the bright electron beam. This self-amplified spontaneous emission (SASE)
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Figure 1.5: (200) Bragg reflection of o-
cristobalite at PETRAIII (within a DAC) and
SACLA (as a direct target) from this work. Ac-

cumulated X-ray penetration time is indicated.

XFELs compared to synchrotron radiation is shown in Figure 1.5. Here, x-cristobalite
was investigated by means of synchrotron radiation at the PETRAIII X-ray light source
of DESY and at the SACLA X-ray free electron laser. The intensity of X-ray Bragg re-
flections from SACLA is around 7 times higher compared to PETRAIII, but accumulated
only within 7 fs, compared to 20 s at PETRAIII (it should be noted, however, that at PE-
TRAIII the sample was compressed between a DAC, which decreases the signal of the
sample to some extent).

With the implementation of optical laser systems at the LCLS, SACLA and the European
XFEL (foreseen in 2020), structural information of the dynamic response of material un-
der shock compression with the concomitant use of femtosecond X-ray pulses can be ob-
tained, and various studies have already investigated planetary materials such as silicates,
hydrocarbons or water (e.g. [100, 101, 102, 103, 104]). The investigation of dynamic
compression of geological materials at ultra-high pressures with the use of XFEL radi-
ation is, however, still in its infancy and will likely be one of the primary high pressure

research challenges in the next decade.

1.3 Motivation and aim of this study

As one of the most important planetary compounds, silica is widely investigated by means
of high pressure techniques at pressure and temperature conditions comparable to the in-

terior of Earth. In static experiments, silica was shown to undergo several high pressure
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and high temperature phase transitions and the phase relations of silica within the mantle
of Earth are well understood. The equation of state for silica at pressures corresponding to
P-T conditions of Super-Earths has been thoroughly investigated through dynamic com-
pression techniques, however, structural and melting properties on the atomic level have
not been studied so far, due to experimental limitations such as the lack of X-ray diag-
nostics. Recently, the emergence of optical laser systems at synchrotron radiation sources
and XFELs has enabled reaching P-T conditions comparable to Super-Earth interior con-
ditions, and to constrain the structural evolution of silica at ultra-high pressures. Up to
date, the only structural information on the silica shock Hugoniot is from x-quartz and
fused silica up to 67 GPa, but other modifications such as stishovite or x-cristobalite have
not been investigated on the atomic level at all. A detailed comparative study of the high
pressure pathways of silica under dynamic compression is needed, in particular in light of
its immense geophysical importance for planetary structures and dynamics at high pres-
sures, as well as impact phenomena. Furthermore, it has been shown, that the dynamic
response of materials are deviating strongly from equilibrium behavior [105, 106] and it
is crucial to investigate the effect of fast compression rates on the phase transition kinetics
of silica, especially concerning the validity in comparing the SiO steady state phase dia-
gram to results from dynamic compression experiments. Moreover, the compression with
a laser or gas-gun is accompanied by large deviatoric stress. This uniaxial compression
might lead to the shifting of phase transition boundaries to larger pressures, compared to
hydrostatic equilibrium data [107]. Ultimately, melting properties of planetary materials,
such as silica, play an essential role for planetary dynamics. As the liquid outer core is
responsible for the electromagnetic field around Earth, dissociated silicate melts might
also contribute to the dynamo generation [108]. Therefore, there is a great interest in in-
vestigating silicate melts on the atomic scale at pressures corresponding to lower mantle
conditions. Furthermore, recrystallization effects from these melts can constrain pressure
and temperature conditions of other geophysical events, such as meteor impacts.

In the present study, silica and its polymorphs were investigated by dynamic compression
in a variable P-T regime with the concomitant use of hard X-rays of
synchrotron- and XFEL radiation sources. Firstly, «-quartz, fused silica, x-cristobalite
and stishovite as well as GeO, were compressed along their respective Hugoniot with
the use of laser induced shock compression at the LCLS and SACLA free electron laser
sources. Secondly, «-cristobalite was dynamically compressed with the use of the (re-
sistive heated) dDAC at PETRAIII. The first approach targets the high pressure shock
response on the lattice level, including high pressure transitions and melting, whereas the
second approach quantifies the relation between compression rate and the phase transition
pressure onset at variable hydrostatic conditions. Ultimately, both approaches were com-
plemented by hydrodynamic- and DFT-MD simulations to consolidate the experimental

results.
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Material and Methods

This chapter emphasizes on the methodological and experimental approach for studying
planetary materials with the use of laser shock compression and dynamic diamond anvil
cell techniques at synchrotron radiation- and XFEL light sources. Sample preparation for
shock compression experiments, including target synthesis with the use of a large volume
press and the experimental setup of the MEC and BL3:EHS end-stations at the Linac
Coherent Light Source (LCLS) and SPring-8 Angstrom Compact free electron LAser
(SACLA), respectively, are described in chapter 2.1. Chapter 2.2 will illustrate sample
synthesis and preparation for the dynamic diamond anvil cell experiments as well as the
detailed setup of the experiments at PETRAIII. Ultimately, computational simulations
which were performed to constrain experimental parameters and benchmark results are
described in chapter 2.3. These include hydrodynamic-, density functional theory and

molecular dynamics simulations.

2.1 Laser induced shock compression

2.1.1 Sample preparation and sample synthesis

In this work, commercial and synthesized sample material was used to investigate the
high-pressure behavior of silicates and GeO, during shock compression. In order to
compare and validate the equilibrium phase diagram of SiO, to shock data, several sil-
ica polymorphs were chosen as starting material for the shock compression experiments.
These include crystalline Si0, (-quartz), amorphous SiOs (fused silica) and the high-
temperature and high-pressure SiO, polymorphs «-cristobalite and stishovite, respec-
tively. Furthermore, GeO, was investigated to elucidate high pressure phase transitions

and melt properties, including bonding structure and coordination.

Single crystal c-cut x-quartz samples were provided by VM-TIM (Jena, Germany) and
HEBO-Spezialglas (Aalen, Germany) as transparent windows with a thickness of 35 um,
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30 um and 15 pum, respectively. Sample dimensions varied, depending on the experimen-
tal setup: x-quartz windows for experiments at LCLS were 2 X 3 mm in size, each fitting
precisely on top of the cone shaped holes of the MEC sample holder (Fig. 2.1a) whereas at
SACLA, samples were cut to 5 X 5 mm windows, to fit onto the notches of the respective
sample holder (Fig. 2.1b). Initial density of x-quartz was 2.65 g/cm? (as per supplier’s
specifications). Samples were optical grade, double sided polished and furthermore anti-
reflection (AR)-coated for a wavelength range of A =527 - 532 nm. The AR coating was
used to avoid reflections (“ghost fringes”) at the rear surface of the samples while using
the velocity interferometry system for any reflector (VISAR) (see chapter 2.1.2).

(a) (c)

Figure 2.1: Photographs of (a) targets on a sample holder at MEC and (b) at BL3:EHS.
Furthermore shown are (c) target assemblies on glass slides compressed by weights.

Apart from crystalline «-quartz, fused silica was investigated, which was provided by
Corning Inc (Corning, USA) as 2 x 3 x 0.2 cm thick glass slides. As per supplier’s spec-
ifications, samples contained no impurities and initial density was 2.2 g/cm?®. Glass slides
were polished down to 35 um in thickness by using SiC sandpaper (P400-P1200) and cut

to 2 X 3 mm large windows with a diamond string blade.

The Si0; high-temperature polymorph «-cristobalite was provided as natural crystals
embedded in volcanic glass (Colima volcanic complex, Jalisco, Mexico). x-Cristobalite
pieces were separated from several globules within the volcanic glass and polished with
SiC sandpaper (P1200) to 20 um thick pieces, each cut to 2 X 3 mm windows.

The SiO. high-pressure polymorph stishovite was synthesized using the large volume
press (LVP), housed at the PETRAIII end-station P61B at the German Electron Syn-
chrotron DESY. Cylindrical rods of fused silica (Goodfellow GmbH) with a diameter
of 2.5 mm were cut and polished (SiC sandpaper, P400-P1200) to 3 mm in height,

subsequently cleaned with acetone in an ultrasonic bath and placed into a Pt-capsule.
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The capsule and two Pt lids had
been cut from Pt foil (Alfa Aesar)

[ Cr-doped MgO
] zr02

[ Molybdenum
[ (aCrO; heater
1 mgo

[ Pt capsule
[ Fused silica

and were subsequently cleaned

and folded. The capsule was

placed into an MgO gasket (4 mm

in diameter), which had been pol-
ished to 3.3 mm in height (SiC
sandpaper, P800), cleaned with

acetone and put into a high tem-
perature oven at 1000 °C for one
hour. Two 2.6 mm thick MgO

spacer, and additionally two 0.8

Figure 2.2: Cross section of the large volume press
cell assembly with various components and fused sil-
mm thick ZrO, lids (each 4 mm in ica as starting material used for the synthesis of poly-
diameter) were placed on top and crystalline stishovite.
bottom of the MgO gasket. The
assembly was then put into a cylindrical LaCrOg rod, which served as a heater during the
experiment. The LaCrOj3 cylinder was cut to 6 mm in diameter with the use of a razor-
blade and subsequently perforated with a 4 mm drill. Ultimately, the LaCrO3 furnace
was cut and polished (SiC sandpaper, P400) to 10 mm in height. 25 pum thick molybde-
num foil (6 mm in diameter) served as a conductor and was put on top and bottom of the
furnace. Two ZrO, lids (2.25 mm thick and 6 mm in diameter), each perforated with a
one millimeter Mo rod, were put on top and bottom of the Mo lids. The assembly was
then placed into an 18 mm edge length Cr,O3-doped MgO octahedron (Fig. 2.2). The
octahedron was put into the center of eight WC-cubes with a truncation of 10 mm and
subsequently compressed in the LVP (Fig. 2.3). The octahedral assembly was heated to
1500 °C for one hour after being compressed to a maximum pressure of 12 GPa. Pressure
was calibrated at room temperature using the semiconductor to metal transition of ZnTe
at 9.6 GPa and 12 GPa. Sample temperatures were estimated through power-temperature
relations calibrated in a separate run using a W5%Re/W26%Re thermocouple (C-type).
The experimental run product was cut out of the compressed assembly and the stishovite
cylinder (Fig. 2.3) was dissected to approximately three pieces (each ~300 pum thick)
with the use of a diamond saw. The pieces were then polished with SiC sandpaper (P400-
P1200) to 35 +1 um thick windows.

The synthesized products were translucent with no visible cracks or impurities. The run
products were analyzed with a bench-top X-Ray diffractometer (Europe 600, GNR Ana-
lytical Instrument Group) at the P61B end-station (Cu - Kog; A = 1.5419 A). X-ray diffrac-

tion of the products confirmed the pure stishovite phase composition (Fig. 2.4).
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(@) (b) (c)

2 mm

Figure 2.3: Photographs of (a) the cell assembly octahedron surrounded by four WC
anvils. Shown are furthermore the wood spacer on top of the anvils as well as spacers
between the gaps of octahedron and the anvils. (b) The large volume press at the P61B
end-station at DESY. (c) Polycrystalline stishovite sample enclosed in an opened Pt cap-
sule.

Grain size of stishovite was determined through XRD with the commonly used Scher-

rer equation [109]
K\

= B cosb

with 7 = grain size, K = shape factor (commonly set to 0.94), A\ = X-ray wavelength, 3

(2.1)

equals the line broadening at full width at half maximum (FWHM) corrected of the in-
strumental broadening and 0 = Bragg angle. Typical average grain size of the synthesized
samples was ~0.52(2) pum.

GeO, targets were prepared by mixing 10 wt% GeO; powder (Sigma-Aldrich Chemie
GmbH, 99.999 % purity, density = 4.23 g/cm?) with epoxy resin (Double Bubble, Loc-
tite, Henkel Corp). The slurry was mixed for approximately 20 minutes, then equally
distributed on polyimide foil (Kapton CB, DuPont de Nemours, Inc) with the use of a
wooden stick and subsequently dried for 24 hours. Thickness of the slurry was mea-
sured by using a micrometer device and was accounted to 35 £ 4 um. The GeO, coated

polyimide foil was ultimately cut into 2 X 3 mm sized pieces.
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Figure 2.4: X-ray diffraction pattern of the stishovite synthesis product. Shown are the
experimental XRD pattern (blue), the background (orange) and a best phase fit (red). The
XRD pattern confirmed the pure stishovite composition of the synthesis product.

2.1.2 Experimental setup at MEC and BL3:EHS

A typical laser shock experiment at an XFEL source is carried out by launching a smooth,
well defined optical laser pulse onto a target surface while simultaneously probing with
the highly brilliant and coherent X-rays at a given time delay. To investigate the time-
depending evolution of the structural changes of the samples during shock compression
and release, sample dimensions and laser irradiation conditions were held constant during
a series of shots. Here, probing with the FEL was systematically varied over time with
regard to the shock breakout of the target, which lead to the determination of the struc-
tural changes across a range of P, T, p paths. The targets are usually built up in a sequence
of (i) a plastic ablator at the front end, (ii) the sample and (iii) for ~20 % of the runs a
pressure window at the rear end of the assembly. The ablator consists typically of 50 um
polymide film (Kapton CB, DuPont de Nemours, Inc), which was glued onto the sample
with ~1-3 um thick two component epoxy resin (Double Bubble, Loctite, Henkel Corp).
The kapton film was coated with aluminum to insure sufficient coupling of the laser into
the assembly.

Some experiments were furthermore conducted using a 22 um thick CH coating instead
of the kapton film, which was applied directly onto the sample using a sputtering device at
the Institut De Minéralogie, De Physique Des Matériaux Et De Cosmochimie (IMPMC),
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France. This was done to circumvent the use of epoxy between the kapton and the sample,
which always holds an uncertainty in thickness and subsequently makes the analysis more
difficult.

To measure the temporal and spa-

tial evolution of the compression (a)

wave in the sample, a Veloc-

ity Interferometer for Any Sys-

tem (VISAR) was used to de-

tect the Doppler shift of re-

flected laser light (532 nm) at the

sample/pressure window inter-

face. Two VISAR legs with dif-

ferent velocity sensitivities were Figure 2.5: Photographs of (a) the sputter sample

employed to resolve ambiguities holder with Ta coated target windows and (b) the sput-
associated with sharp velocity ter chamber with sample holder hosted at the Mag-

jumps that exceed the time re- netism and Coherent Phenomena Group at DESY.

sponse of the system. By insert-

ing different lengths of fused silica etalons in one leg of the interferometer, it is possible
to alter the optical delay in that leg, which was used to control the velocity sensitivity of
the interference fringes.

The pressure windows for the VISAR were chosen according to the expected pressures,
impedance, opacities and densities, achieved during compression. For the shock experi-
ments it was crucial, that the impedance of the pressure window and the sample closely
matched. A reference- and sample material mismatch will result in the shock wave re-
solving into a transmitting shock and a reflective wave directed back into the standard
material. Is the impedance of the sample lower than that of the pressure window, the re-
flected wave will be a rarefaction and the standard will undergo an isentropic release. Is
the impedance of the sample higher, the reflected wave is a shock and the pressure win-
dow will undergo further shock compression [110].

For most of the experiments, 100 um and 500 um LiF windows (courtesy of Los Alamos
National Lab) were used, because of the similar impedance values to the silica samples.
For higher pressure experiments (above 120 GPa), predominately 25 um and 125 um
thick Al,O3 (HEBO Spezialglas, Aalen) and 100 um thick MgO windows were applied
(courtesy of Lawrence Livermore National Laboratory), because transparency of the LiF
windows was decreasing, which made the analysis of the VISAR images increasingly dif-
ficult.

All pressure windows were coated with a 100 nm thick tantalum layer with the use of
a sputter chamber hosted at the Magnetism and Coherent Phenomena Group at DESY
(Fig. 2.5). The Ta layer was used as a reflectivity surface for the VISAR system and was
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2.1. Laser induced shock compression

chosen because its diffraction patterns were easily distinguished from the samples. To
prevent an alteration of the timing of the shock wave in the sample, a thin glue layer be-
tween ablator, target and pressure window had to be ensured. The assembly was therefore
tightened together between two glass slides with weights on top (Fig. 2.1c). The targets
were subsequently glued on the target holder of each experimental platform with a small

line of epoxy which was applied with the tip of a string of hair.

The Matter in Extreme Conditions (MEC) end-station at the LCLS

Laser induced dynamic shock compression experiments on x-quartz, fused silica, stishovite
and GeO, were conducted at the Linac Coherent Light Source, USA, at the Matter in Ex-
treme Conditions (MEC) end-station. MEC is equipped with an optical- and VISAR laser
system, used for shock compression experiments. A detailed description of the MEC
experimental platform can be found in Ref. [111]. The MEC end-station holds a target
chamber with target holder, laser- and XFEL optics and detector setup.

Experiments at MEC were carried out

in transmission Debye-Scherrer geome-

try with dual drive laser beams inci- 40t
dent on the sample at 15° and the 351
XFEL beam at 30° incident to the tar- 30f

get normal. The dynamic compression =
of the target assembly was conducted ézo-
using the long pulse output from the ._?Cj

frequency-doubled Nd-YAG MEC laser
system, which operated with two 527 nm of ]
beams, typically in a power-limited mode ohe k .
(~1.5 GW) within a temporally-shaped

-5 1 1 1
10-20 ns pulse. The fine-tuning of the laser -10 0 10 20 30
time (ns)

energy was achieved with the adjustment

of waveplates within the beamline. Fur- Figure 2.6: Ten representative laser pulse
thermore, each beam required a post-shot shapes for a conducted time series with the
7 minute laser amplifier cool down period, use of the Nd:glass optical laser at the MEC
resulting in alternating successive shots to end-station. Laser pulse shapes demon-

sample delivery every 3.5 minutes. For the strated a great level of reproducibility during

experiments, the drive laser was focused to  the experiment.

a spot diameter of 250 um with the use of

phase plates, which resulted in a smooth ablatively-driven shock-compression wave trav-
eling through the target assembly. Maximum laser energies of 62 J were achieved, re-
sulting in a total maximum laser intensity of ~ 6.3 TW/cm?. At MEC, etalon lengths of

25.036 mm and 11.006 mm were used, which produced a velocity-per-fringe (VPF) sensi-
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tivity of 1.99016 and 4.527138 um/(ns x fringe shift). The velocity at the sample/pressure
window interface was corrected to account for the refractive index of the used pressure
windows. Fourier analysis of the VISAR interferograms resulted in a resolution of the
phase shifts to within 5% of a fringe producing a sample/pressure window particle veloc-
ity precision of 50-70 m/s, with a temporal resolution of 0.05 ns. Furthermore, the VISAR
images along the target plane were a useful indicator of the planarity of the compression
wave. The sweep time of the VISAR windows was set accordingly to the time of the
shock breakout and was typically 20 ns or 50 ns.

For the experiments at LCLS we used quasi-monochromatic (AE/E = 0.2-0.5 %) coher-
ent 11.2 keV X-ray pulses with 50 fs pulse duration, containing ~10'? photons. The FEL
beam was furthermore focused to 50 x 50 um? onto the target and centered to the fo-
cal spot of the drive laser. X-rays diffraction of the entire shocked sample volume was
collected by four Cornell-SLAC Pixel Array Detectors (CSPAD’s) [112], which were po-
sitioned downstream (Fig. 2.7). 20 coverage of the scattered X-rays for the chosen X-ray

energy and detector-sample distance, ensured an angular coverage of ~20-75°.

polyimide (50 um) Ta (100 nm)

Al (150 nm) \ XFEL
Y o
\ _ _ ”~
optical laser - VISAR>

I

» ,’f — j
"

sample (35 ym)

pressure window (100 uym)

/ S optical laser

XFEL
_ o A =527 nm
11.2 keV (A =1.107 A) 10 ns pulse (~60 J)

50 fs pulse

Figure 2.7: Experimental setup arranged in transmission Debye-Scherrer geometry at the
MEC end-station of LCLS. On the left is indicated an insight into the sample geome-
try and on the right the detector arrangement. Dual drive laser beams were incident on
samples at 15° and the XFEL beam at 30° from the target normal. Modified after [113].
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Figure 2.8: Experimental setup in grazing incidence geometry at the BL3:EHS
end-station of SACLA. Grazing-incidence angle of the XFEL towards the target was 18°

and drive laser beam was incident on samples at 18° from the target normal. Modified
after [113].

The BL3:EHS end-station at SACLA

Experiments at the Spring-8 Angstrom Compact free electron Laser, Japan, were per-
formed at the BL3:EHS5 end-station. The setup for laser induced dynamic shock com-
pression experiments at BL3:EHS was similar to MEC, however at SACLA, experiments
were conducted in grazing incidence geometry with an angle of the XFEL towards sample
normal of 18° (Fig. 2.8). A ceramic YAG optical laser operated with one 532 nm beam
in combination with 300 um diameter phase plates. Laser energy was deposited onto the
target as a 5-10 ns top hat pulse, at maximum drive energies of 22 J resulting in laser
intensities of up to ~1.5 TW/cm?. For probing the sample, 11 keV X-ray pulses of ~7
fs duration were used, focused to a 10 x 30 um? spot onto the targets. A large flat panel
detector (CMOS camera coupled with an X-ray scintillator) recorded X-ray scattering
from the target during XFEL probing of the assembly. 20 angular coverage of the scat-
tered X-rays was between ~20-80°. Similar to MEC, two VISAR legs were employed to
resolve fringe-jump ambiguity from the compressed sample velocity traces. Etalon thick-
nesses of 5.025 mm and 8.037 mm were used, resulting in a VPF sensitivity of 8.91908
and 5.576508 um/(ns x fringe shift). The sweep time of the VISAR windows was set to
20 ns.
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2.2 Dynamic diamond anvil cell (dDAC) experiments

The high temperature SiO, polymorph x-cristobalite is found in meteorites in close spatial
occurrence to the SiO, high-pressure polymorph seifertite. The abundance of low- and
high pressure cristobalite phases indicate a complex compression history during impact.
Therefore, to investigate the dynamic lattice response of cristobalite to high-pressures at
various compression rates, we used an enhancement of a DAC, the dynamic DAC (dDAC).
This section describes the sample preparation and DAC setup at the P02.2 end-station at
PETRAIII as well as the final adjustment to the dynamic DAC. Further the setup of two

experimental runs with the resistive heated dDAC will be shown.

2.2.1 Sample preparation and sample synthesis

«-Cristobalite was synthesized in a high temperature furnace at the Goethe University
Frankfurt (GUF), Germany. For the synthesis, fused silica rods (Goodfellow GmbH)
were cut to 500 um thick and 2 cm long discs with the use of a diamond blade saw.
The fused silica discs were put on a Pt-mesh and inserted into a high temperature furnace
(Carbolite Gero) at ambient pressure and maximum temperatures of 1550 °C for 24 hours.
Subsequently, samples were rapidly quenched by dropping the Pt-gasket into water at the
cold end of the furnace’s Al,O3 pipe. The annealing procedure allowed the growth of
«-cristobalite crystals of up to ~215 um in linear dimension (Fig. 2.9a). To verity, that
the quench product was cristobalite, samples were probed with a micro-Raman spectrom-
eter (Renishaw PM-1000) housed at GUF. The measurements made use of a red (633 nm)
50 mW-HeNe laser, for which a spectrum was recorded of the initial and quenched prod-
uct (Fig. 2.9b). The spectrum of the starting material displays the characteristic glass pro-
file, whereas the quench product exhibits characteristic x-cristobalite peaks at wavenum-
bers of 229 cm™', 272 cm™!, 285 cm™!, 418 cm~!, 780 cm™', 791 cm™!, 1075 cm™!
and 1192 cm™!. Prior to the dDAC experiments, x-cristobalite pieces were dissected and
ground in a Zr-mortar with acetone, to obtain a fine powder. The product was mixed with
~10 wt% gold powder (Sigma Aldrich), which was used as a pressure standard for the ex-
periments. Furthermore, some single crystal x-cristobalite pieces were cut and polished
to ~ 15 um thick discs along the growth direction. Single crystals and powder were both
used for the experiments with the dDAC.

Preparation of the diamond anvil cells

The DACs were prepared at the PO2.2 end-station of PETRAIII at DESY. The DAC is
equipped with two diamond anvils (type Ia standard design from Almax easylLab) glued
to a tungsten carbide seat on the upstream side and a cubic boron nitride (c-BN) seat

on the downstream side (Fig. 2.10). The diamond tips are truncated to a flat surface, that
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Figure 2.9: (a) Photograph of crisotbalite crystals, which show linear growth of up to
~215 um. (b) Characteristic Raman spectra of the starting material shown as fused silica
(blue) and the product of the high temperature synthesis displays as «-cristobalite (red).

maintain sub-micron alignment of the anvils as the diamonds are driven together. Pressure
between the two diamond anvils is created by mechanically tightening screws between the
metal holders. When force is applied to the diamonds the sample gets pressurized. In or-
der to separate the diamonds from each other, a rhenium gasket with a truncation in the
center was placed between the diamonds. The truncation was drilled with the laser drilling
system at P02.2 and resulted in a centered hole of 200 um in diameter. It served as a sam-
ple chamber in which the sample, a pressure marker and pressure transmitting medium
was hosted. The culet size was 200 um which allowed to reach pressures within the sam-
ple of up to ~100 GPa. The cells were loaded either with single crystal o-cristobalite or
o-cristobalite powder (Fig. 2.11). The single crystal experiments were furthermore con-
ducted using Neon as a pressure transmitting medium, to ensure hydrostatic conditions
during pressurization. Neon was loaded into the cell with a gas loading system installed
at P02.2.

2.2.2 Experimental dDAC setup at P02.2

To investigate the lattice response of «-cristobalite at various compression rates, we made
use of the dynamic DAC. The dynamic DAC enhances the DAC by incorporating piezo-
electric actuators, that substitute the mechanical tightening of the screws [71]. The DAC
is enclosed by a cylinder of hardened steal with a piezoactuator (PA) being placed at the
upstream of the cylinder [72]. Here, the PA pushes directly onto the DAC (Fig. 2.12).
Because the upstream end of the cylinder is closed with a cap of fine threading, a small
pressure is applied to the PA, which pre-compresses the sample. The PA is 90 mm in
length (type 64-107 from PI Ceramic GmbH) and is equipped with a through-hole of

9 mm in diameter. This allowed the sample to rotate +1° on the sample stack in the X-ray
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Figure 2.10: BX90 diamond anvil cell design, modified after [114]. (a) section view, (b)
photograph and (c) exploded view with (1) outer cylinder part, (2) inner piston part, (3)
diamond supporting plates, (4) diamond anvils, (5) metallic gasket, (6) M4 (#8-32 screws
for generating loading force, (7) pack of conical spring washers (Belleville springs), (8)
setscrews for diamond anvils alignment and (9) safety setscrews.

beam. The large PA provides more force than the usually smaller (60 mm) versions. How-
ever, this resulted in the force to the DAC being critically dependent on the parallelism at
the interfaces between the dDAC housing and the DAC [72]. The dDAC at P02.2 is driven
by a waveform generator (Agilent 33522B), a delay generator (SRS, DG645/5 with Rb
clock) and a piezoamplifier (Piezosystem Jena GmbH). The waveform generator allowed
to apply trapezoidal waveforms, with different rise, hold and fall times (Fig. 2.13). Three
different trapezoidal waveforms were applied, to investigate the effect of slow, intermedi-
ate and fast compression, as well as decompression on the lattice response of the sample.
Rise times for the waveforms were 980 s, 330 s and 160 s, holding time was 0 s, 330 s and
320 s, and fall times were 19.6 s, 330 s, and 520 s, respectively. Here, a maximum voltage
of 6 V was used. The delay generator is controlled by the beamline control computer and
the signal, which is triggered by an /O signal, starts recording of the drive signals on a
digital oscilloscope. The delay generator generates a time delay between the I/0 signal
and the triggering of the two GaAs LAMBDA detectors as well as the waveform genera-
tor. For the maximum time resolution, both GaAs LAMBDA detectors were operated the
same acquisition frequency (2 kHz), but with an offset by 0.25 ms (half of the exposure
time of a single LAMBDA detector), resulting in an effective frequency of 4 kHz at 12
bit data collection mode [72]. The LAMBDA detector is composed of 3 modules, tiled

together resulting in a image resolution of 2.3 megapixels with a pixel size of 55 um and
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a sensitive area of 8.5 cm x 8.5 cm.

Figure 2.11: DAC culets with (a) cristobalite single crystals embedded into Ne pressure
transmitting medium and (b) cristobalite powder.

(a) (b) (c)

Figure 2.12: (a) 3D model of the dDAC developed at P02.2 at DESY [72]. In green is
indicated the piezo-motor on top of the diamond anvil cell (gray). (b) Photograph of the
opened dDAC with the diamond anvil cell on top, enclosed in the dDAC. (c) Photograph
of the 90 mm dDAC equipped with the large piezoactuator [72].

The two LAMBDA detectors can be operated simultaneously and positioned indepen-
dently. The detectors are offset in the horizontal direction from the X-ray beam, which
passes in between the two detectors (Fig. 2.14). Because of the fast recording of the
LAMBDA detectors, it was possible, to achieve a time resolved X-ray study during slow,
intermediate and fast ramp compression of x-cristobalite.

For the experiments with the dDAC, a photon energy of 25.6 keV was used. Sample to
detector distance (SSD), detector tilt and rotation was calibrated using a Cr,O3 (NIST
647b) standard and the DIOPTAS software [115]. The SSD was set to 425.7 mm with the
X-ray beam being focused through a Compound Refractive Lens (CRL) system to 8(h) x
2(v) um? FWHM.

Diffraction peaks on both detectors covered a 20 range of 10° to 22°, which was suffi-
cient to record the (111) and (200) reflection of the pressure calibrant Au to the maximum

pressure of 114 GPa. Data was subsequently processed using the customized beamline
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Figure 2.13: (a) Three different waveform voltage profiles as a function of time (s). (b)
From the waveform profiles resulting pressures (GPa) within the dDAC as a function of
time (s).

software P02 Processing Tool” which quickly transformed the diffraction images to one-
dimensional diffraction patterns as a function of frame number/time. The resulting 1D
diffraction patterns were read into a Matlab script and automatically fitted by using the
Savitzky-Golay function. From the fitted pattern, Au as well as cristobalite peaks were

indexed, from which unit cell parameters were calculated.

Lambda detectors

dDAC

Figure 2.14: Photograph of the experimental setup at P02.2 at PETRA III of DESY. In
blue are indicated the X-rays scattered from the dDAC with Debye-Scherrer rings incident
on the two LAMBDA detectors.
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2.2.3 Resistive heated dDAC experiments

Next to the conventional dDAC experiments, two additional experimental runs were con-
ducted using a resistive heated dynamic DAC (RHdDAC). A detailed desciption of the
setup can be found in Ref. [116]. For the heating of the samples, two rigid graphite heater
discs (11 mm in diameter, 1.2 mm thick) were put around the diamond anvils with a con-
ical aperture of 104° in the center (Fig. 2.15). Ceramic rings (12 mm in diameter, 0.5
mm thick) were glued to the seats with air-set cement (OMEGABOND 400) to prevent
a heat transport towards the cell. To measure the temperature during the experiments,
type-R thermocouples were put on the anvil pavilion close to the tip of the diamonds (Fig.

2.15, T1, T2). The wires of the thermocouples were laid into two grooves engraved in the

(a) (b)

Figure 2.15: (a) Cross section of the inside of the symmetric DAC with seated diamond
anvil cells and heating assembly. (b) 3D illustration of the rigid graphite heater (top and
bottom view). Thermocouples are placed in the location of the red lines. (c) Attachment
of the symmetric DAC cylinder to the cap with a bayonet lock viewed from above. (d)
Attachment of the RHADAC into the PEA-housing viewed from the downstream end.
Images are modified after Ref. [116].

bottom faces of the heaters, coated and fixed with ceramic adhesive (Cotronics Resbond
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989 from Polytec PT), to electrically insulate the thermocouples. The adhesive serves as
a thermal insulator as well, due to its low conductivity (2.16 W/(mK)). Two molybdenum
rods (4.7 mm thick and 68 mm long) are inserted into the DAC via two electrically insu-
lating socket head screws, with the flat tips of the rods connecting to the graphite heater.
The Mo rods are connected to a DC power supply (8 V, 220 A) with the use of copper
connectors. The resistive heated DAC (RHDAC) is placed into the downstream end of
the hardened stainless steel case of the piezoelectric actuator with a bayonet locked cap
(Fig. 2.15). A water cooled aluminum holder is attached to the exterior of the cap. A fine
threaded end cap is tightened on the upstream end. The piezoelectric actuator is thermally
insulated from the RHDAC by a hardened stainless steel plate (30 mm thick), filled with
ceramic insulation and encircled by a copper pipe at the interface between the RHDAC
and the actuator. The piezoelectric actuator expands when connected to the amplifier via
a standard high voltage feedthrough, and subsequently pushes the cooling plate, result-
ing in a transmission of force to the piston of the RHDAC. Furthermore, the housing of
the piezoelectric actuator is enclosed with water-cooled jacket, consisting of an outer alu-
minum case, connected to a water chiller. The water temperature is set to 5°. Temperature
of the piezoelectric actuator housing is monitored by two Pt100 sensors, which are placed
close to the interface with the cooling plate and the outer part of the cooling jacket. To
avoid diamond graphitization, minimize the heat loss through air convection and to avoid
the oxidation of the setup, a vacuum vessel is used, at which the RHADAC assembly is
attached to the top lid (Fig. 2.16 & 2.17). To let the incident beam and diffracted X-rays
pass, two Kapton windows are set into the stainless steel, water-cooled vacuum vessel on

the upstream and downstream sides.
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(@) (b)

Figure 2.16: (a) Setup of the RHADAC connected to the lid of the vacuum vessel. (b)
RHADAC inserted into the vacuum vessel. Images are modified after Ref. [116].

Figure 2.17: Photographs of (a) the interior of the RHdDAC, connected to the lid of
the vacuum vessel and (b) the RHADAC with surrounding vacuum vessel installed at the
P02.2 end-station at PETRA TII.
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2.3 Computational simulations

To constrain experimental conditions and interpret obtained data, theoretical calculations
of the experiments and the sample properties at high P-T conditions were conducted. Hy-
drodynamic simulations were performed, to define experimental parameters during shock
compression. Density functional theory and molecular dynamics were used to obtain ad-
ditional theoretical ab initio information about the sample properties on the lattice level

at high pressures and to benchmark experimental results.

2.3.1 1D radiation hydrodynamics simulations

The physical processes during the interaction between an optical laser pulse and matter
can be described by partial differential equations which can be solved through numerical
simulations.

The laser-matter inter-

actions, derived on the mesh 2 ash 3 mesh N-1 mesh N
basis of experimental mesh 1.,

properties during shock

compression were mod- Exterior Interior
eled using the plasma

radiation hydrodynamic I:JSI:;

codes Esther [117, 118]

and Helios [119]. The

ID software codes sim- Ablator Sample  Pressure window

ulate a moving mesh

within the Lagrangian- Figure 2.18: Schematic overview of the target assembly of the
Eulerian framework, hydrodynamic simulations. Each part of the assembly (ablator,
from which the density sample and pressure window) are segmented into smaller sec-
can be calculated at a tions (mesh 1,2,3...N-1, N), in which the material parameters
fixed mass in each zone during shock compression are calculated.

and coordinate of the

mesh through energy-, mass- and momentum conservation (Fig. 2.18). For the simu-
lations, several material parameters need to be a priori known, such as the equation of
state, optical indices, thermal conductivities, dense plasma transport coefficients, opaci-
ties, collision and ionization frequencies and mechanical parameters. Ultimately, from the
simulations the most important variables pressure, temperature and density can be calcu-
lated for each time step of the laser-matter interaction. This is vital for the accurate timing
of the X-ray probe with regard to the shock wave and resulting peak pressures, tempera-
tures and densities within the sample assembly (Fig. 2.19). The simulations make use of

various equation of states of the materials, derived from e.g. the SESAME (Los Alamos
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National Laboratory) or the PrOpacEOS (Prism Computational Science, Inc) databases,
which present good fits to Hugoniot and brightness temperature measurements in the high
energy density (HED) regime. Overall for the simulations, laser pulse shapes according
to the experimental measurements (Fig. 2.6) were applied. A typical output of a laser
driven shock simulation on «-quartz with given peak pressure is shown in Figure 2.19 in
which 3.22 TW/cm? top hat laser power input on a target assembly consisting of CH and
«-quartz sample. Here, the pressure is plotted as a function of Lagrangian distance versus
time. From the output one could obtain information about the conditions during shock
transit, but also a time window for probing with the XFEL X-rays. It is important to note,
that in an shock experiment, the shock front during the transition of the target assembly
needs to be planar and uniform, to ensure reproducibility of measured pressures and den-
sities for each sample. These conditions can be simulated accordingly with the use of
hydrodynamic simulations. Furthermore, densities obtained from the the hydrodynamic
simulations can be used to implement starting densities of structures, which are used for

density functional theory molecular dynamics (DFT-MD) calculations.

pressure (GPa)

0
g% 80
3 50
S 75 60
C
S
B 100
©
§125 40
& 150
5 20
4 175

200 0

0 5 10 15 20 25 30
t (ns)

Figure 2.19: A representative result of a hydrodynamic simulation with Lagrangian dis-
tance (mm) versus time (ns) of an exemplary shock drive at the MEC end-station with
regard to pressure within the «-quartz and kapton (CH) ablator. Shown is furthermore
XFEL probing time, at which sample experiences peak pressures.

2.3.2 Density functional theory (DFT) - molecular dynamic (MD)

simulations

Classical molecular dynamic simulations are often used to calculate matter under extreme
conditions. The MD simulations numerically solve the equation of motion of a many
particle system in a periodic boundary system. The integration of the motion of the par-
ticles can only be solved, if the forces which are acting on the particles are known. In

many MD simulations, a model pair potential [120] is used, however the exact potential is
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not known. Therefore, forces on the ions are calculated ab initio with density functional
theory. DFT deals with the quantum mechanical description of electrons in an external
potential and is based on the theorems of Hohenberg and Kohn [121] which state that
(1) if two (electron) systems with an external potential vI(r) and v2(r) have the same
ground-state density n(r), then the potentials can only differ by a constant and (ii) the
density functional E[n(r)] has its minimum at the ground-state density. These theorems
have the advantage over the use of the usual formulation of quantum mechanics, since it is
not needed to solve the many particle Schrodinger equation, which requires an enormous
amount of dimensions and is not feasible for more than a few electrons, but instead states,
that only an electron density has to be found which yields the minimum energy [122].
From the correct energy functional E[n(r)], the ground state energy and density can be

obtained. The energy functional can be written as
E[n(r)] = Vert[n@')] + UH[Tl(l’)] + TS[TL(I‘)] + EXC (22)
with
Verln(0)] = [ veael(0)n(r)d’r (2.3)

being the energy due to the external potential v, (r), and
Lo rn(n() o
Unln(r)] = 3 / / g r’ (2.4)
as the Hartree energy and ultimately,

Toln(r)] =3 / o (r) <—;v2> ®, (r)dr 2.5)

as the Kohn-Sham kinetic energy, with E ¢ representing the Exchange-Correlation (XC)
functional [123]. The XC functional consists of all unknown properties of the interact-
ing system and plays an essential role for DFT calculations. In this study, we used the
Generalized gradient approximations (GGA) which depends not only on the electron den-
sity, but also on its gradient. The GGA by Perdew, Burke, and Ernzerhof (PBE) [124] is
used throughout this work which has been shown to give good results in the warm dense
matter regime with reasonable computational demands. To reformulate the many-body
Schrédinger equation into effective one-particle Schrodinger equations, the theorems of

Hohenberg and Kohn were used by Kohn und Sham [125] to derive a set of equations:

(—;V2 + veff(r)) ®;(r) = €P;(r) (2.6)

() =30 |@,(r)? @.7)
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- n(r’) 3 (SEXC
Veff = Vegt(T) +/ T r’]d r 4 S(r) (2.8)

The equations have to be solved self-consistently, thus an iterative approach is taken with
starting from a guessed groundstate density n(r), constructing the effective potential vy s
(eq. 2.8), solving equation 2.6, and calculating the new density n(r) from equation 2.7.
Until the energy is converged, this iteration has to be performed (Fig. 2.20). In this work,
the Quantum ESPRESSO software package [126] was employed, and, in order to evaluate
the Kohn-Sham equations, a plane wave expansion was used. The straightforward imple-
mentation of periodic boundary conditions is the big advantage of using plane waves for
the simulations, however its representation near ions is difficult, because of the strong os-
cillations due to the Coulomb potential. Since many plane waves, which could represent
these oscillations, come with large computational cost, so called pseudopotentials are in-
troduced, which replace the wavefunctions with smooth functions without changing the
physical outcome. In this study, the projector augmented wave (PAW) method [127, 128]
was used , which represents a linear transformation between the all-electron and pseudo-
wavefunctions. Furthermore, due to the periodic boundary conditions, calculations need
to be done in reciprocal space by integrating over the Brillouin zone. With DFT-MD it is
not possible to integrate the Brillouin zone and, instead, a summation over some special
k-points is favored. Very common, and also applied in this study, is the use of only one
I point, which has the advantage that the wavefunctions have real values and no complex
numbers are needed. This reduced computational costs but convergence of the results

needed to be carefully checked.
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Figure 2.20: DFT-MD workflow as implemented in Quantum Espresso. Here, the DFT
calculations (orange) is performed for each MD step (blue). The central input for the DFT
calculation is the chosen XC functional (modified after Ref. [123]).
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In this work, the Born-Oppenheimer approximation was used, which performs classical
MD simulations for the ions and DFT for the electrons. Here, the calculations start with
a given ion configuration within a simulation cell, which present the external potential
for the DFT calculations in the electron system. The Kohn-Sham equations are solved by
guessing an initial electron density n(r), and, together with the Kohn-Sham eigenvalues
and wavefunctions result in the energy functional. The iteration is repeated with the new
electron density until the energy functional reaches its minimum. Forces on the ions can
then be calculated from the Hellman-Feynman theorem and ions are moved in a finite
timestep. The MD simulations are in general performed in the microcanonical ensemble,
i.e. density and energy are fixed, however for some of the simulations we rather fixed the
density and temperature. This was done by using the Anderson thermostat [129], which
basically removes heat when the temperature is too high or adds heat when the system
is too cold. Alternatively a rescaling function was used, in which the temperature was
adjusted externally. Further, for the MD runs, the mean square displacements of the ions
were monitored (Fig. 2.21) from which the needed time steps for equilibrium of the sys-
tem was estimated. The computational resources of the MAXWELL cluster were used at
the German Electron Synchrotron (DESY), which included the use of various nodes and
the workload manager Slurm for job processing.

time (ps)
3 0 5 ‘IlO 1.5 2.0 2.5 30

0 1 1 1 1 1
0 2000 4000 6000 8000 1000012000
time step

Figure 2.21: Mean square displacement (MSD) of the atoms during a typical MD simu-
lation as a function of time step/time (ps). The MSD is equilibriated at lager time steps,
at which thermodynamic parameters were extracted.
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Results

To elucidate the complex dynamic lattice response of silica and its structural analog GeO,
at ultra-high pressures and to understand the effect of short compression rates and hydro-
staticity on the phase transition kinetics during compression, several experiments have
been performed by using dynamic compression techniques. This chapter emphasizes
on the results obtained from laser induced shock compression experiments at LCLS and
SACLA (chapter 3.1) as well as the dynamic diamond anvil cell ({DAC) experiments at
PETRAIII (3.2). The results from the laser shock experimental campaigns treat the dy-
namic compression response of «-quartz (3.1.1) and stishovite (3.1.2) on the lattice level.
Time-resolved X-ray diffraction and VISAR analysis are providing insights into the phase
transformations and atomic structures at various high pressure states. Furthermore, X-ray
diffraction was used to calculate the structure factor, corresponding radial distribution
function and the coordination number of GeO, (3.1.3). Moreover, results from shock in-
duced melts of x-quartz, fused silica and «-cristobalite are presented with the emphasis
on nucleation and grain growth during the pressure release (3.1.4).

The results of the experimental campaign at PETRAIII with the use of the (resistive
heated) dDAC demonstrates the unit cell volume dependency of the high pressure poly-
morphs of x-cristobalite at different compression rates. Ultimately, computational results
within the DFT-MD framework and hydrodynamic simulations benchmark the experi-
mental results on the high pressure behavior of «-quartz, stishovite and x-cristobalite

during shock- and dynamic compression.
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3.1 Laser induced shock compression experiments

3.1.1 «-Quartz
Experimental conditions

Laser induced shock compression experiments on «-quartz were performed at the MEC
end-station of LCLS. For the experimental runs, a 10-20 ns, top hat laser pulse shape was
used in combination with a 250 um diameter phase plate to ensure high pressures and
controlled stress within the sample. In order to reach a wide range of pressure states, the

intensity of the laser pulse was varied between ~2.05 TW/cm? and 3.66 TW/cm?.

VISAR analysis

The particle velocities U, for each shock drive were derived from the VISAR. For the ex-
perimental runs with the VISAR, LiF pressure windows were used as a reference standard.
VISAR analysis was conducted with the software Neutrino (Copyright 2013; Alessandro
Flacco, Tommaso Vinci). Particle velocities, deduced from the VISAR analysis, were
used to obtain peak pressures within the sample from impedance matching calculations
[130]. The x-quartz sample itself was furthermore used as a pressure standard, next to
the LiF standard. Because quartz is transparent, the VISAR could be reflected at the
ablator-sample interface and was used up to the maximum pressure of 94 GPa. At the
ablator-sample interface, a tantalum layer served as the reflection surface, which was
usually located between the sample and the LiF window. Thereby not only the particle
velocity but also the shock velocity U, of x-quartz could be determined. This was done
by 1) measuring the transit time of the shock wave, by observing the change of reflectivity
in the sample. Here, by dividing the well known thickness of x-quartz with the shock
wave transit time (U = dggmpie/tiransit) ONE can obtain the shock velocity. Moreover, ii)
with the use of the subsequent X-ray diffraction measurements, one could determine the

shock velocity through the Rankine-Hugoniot relationship

Up

U= ——
L—po/p

(3.1)
Here, U, was measured by the VISAR whereas p (initial density) and p (shocked density)
was determined by the refined diffraction data. Methods i) and ii) were in very good
agreement and differed from each within ~1 %.

With U, U, and the initial density (po), one could ultimately calculate the peak pressure

within the sample through the Rankine-Hugoniot equation

P — Py = pU,U, (3.2)
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3.1. Laser induced shock compression experiments

with Py as the reference value at ambient state. The uncertainties of the VISAR measure-
ments were typically between 10-15 % and arose predominantly from the uncertainties
of the free-surface velocity profile (Fig. 3.1). Moreover, the density measurements from
the refinement held an uncertainty from the fitting error of the diffraction data, which was
however much smaller than from VISAR measurements and typically between 2-5 %.
Table 3.1 displays results of the four high pressure drives with shock- and particle ve-
locities as well as derived peak pressures from the impedance matching calculations and
direct measurements.

From shock wave- and particle velocities we obtain a linear U,-U), relationship of
Us = 1.494U, + 2.478 (3.3)

in the pressure regime between 45 GPa to 94 GPa. U, and U,, agree well with published

data as shown in Figure 3.2.

@) 4 - - ; y (b) 5
2.9+0.2 4F 3.6£0.3
3k
. e \ @ 3}
£ - E
1k
1k
qz
0 2 0
8 10 12 14 5 6
©)s (d)s
3.8+0.3
4F 3.5+0.2 ] AF
] ¥ @ 3
€ €
< <
o2 o2
1k 1k
0 . . . 0 . .
6 7 8 9 10 11 12 13 12 13 14 15 16

time (ns) time (ns)

Figure 3.1: VISAR outlines for different pressure drives with particle velocities (km/s)
vs time (ns). The black line is the average maximum particle velocity, the grey area
indicates uncertainty. Inlets show parts of the raw VISAR images. Particle velocities
and subsequently peak pressures were determined either directly from «-quartz (a,b) or
indirectly through the impedance matching method with LiF (c,d) windows.
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Table 3.1: Experimental results of shock compressed x-quartz from this work. Particle

and shock velocities U, and U, and peak pressures within the x-quartz samples for dif-

ferent exemplary shock drives from direct and impedance matching methods are shown.
Run # Peak pressure (GPa) Uj(calc.) (km/s) U, (exp.) (km/s) U, (exp.)* (km/s)

98 45(7) 6.8(5) 2.9(2) 2.8(9)
105 73(13) 7.9(6) 3.6(3) 3.5(8)
133 7909) 7.9(4) 3.7(2) 3.509)
247 94(14) 8.7(6) 4.1(3) 4.0(7)

@ derived from impedance matching of the quartz/LiF interface

10 ~——r—rr—r—rrrrrrr S— S— —————r—rrrr
I o Altshuler et al. 196
[ @ Truninetal 1971
L o Marsh 1980 <
9} <« Lyzenga 1983
[ A Truninetal. 1988

[ ¢ present study

U_ (km/s)

Figure 3.2: U; - U, relationship of shocked x-quartz from this work and literature.

X-ray diffraction

Figure 3.3 illustrates the raw X-ray diffraction (XRD) images recorded from o-quartz at
ambient- and driven conditions. For the driven samples, XRD images were collected at
or close the vicinity of the shock breakout, hence at peak pressure conditions. Shock
breakout was recorded and confirmed by the VISAR. The diffraction image at ambient
conditions displays a single crystal reflection (Fig. 3.3a) which was indexed to the (302)
Bragg reflection of x-quartz. Furthermore, the aluminum coating is observed as poly-
crystalline Bragg reflection rings within the ambient X-ray diffraction images. These
signatures are vanished in the XRD images of the high pressures drives due to the degra-
dation of Al from the high pressure and temperature conditions. From the azimuthally
integrated XRD images, several time-resolved diffraction lineouts were extracted and are
shown in Figure 3.5. Here, for each peak laser intensity, successive time delays of the
XFEL with regard to the optical laser were applied. These are indicated as the relative
time of the shock breakout observed by the VISAR. The ambient «-quartz structure was

indexed in the pre-shot (cold) pattern. One furthermore can observe a broad peak at a 20
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3.1. Laser induced shock compression experiments

angle of ~32°, which is associated to the diamond (111) peak. This reflection derived
most likely from a demixing of the partially compressed kapton (CH) ablator and subse-
quently highly compressed carbon at high pressures and temperatures. A signature of the

demixing and can be observed in every XRD pattern of this study.

Figure 3.3: X-ray diffraction raw data images for «-quartz at (a) ambient conditions, (b)
45(7) GPa and ~2900 K, (c) 73(13) GPa and ~4600 K, (d) 79(9) GPa and ~4700 K
and (e) 94(14) GPa and ~5500 K. Pressures were determined by the VISAR analysis and
temperatures were estimated through hydrodynamic simulations.

Derived from the X-ray diffraction data, one observes a phase transformation from single
crystal «x-quartz to a crystalline structure at 44(7) GPa (Fig. 3.3b & 3.5 purple lines).
Here, the high-pressure structure exhibits symmetric crystalline diffraction reflections
which can be indexed to the rutile structure (tetragonal, P4o/mnm), which is associated to
the SiO- high pressure phase stishovite. Approximately 2 ns before shock breakout one
can observe the emerging of several stishovite Bragg reflections. These include the (110),
(101), (111), (210), (211), (220), (301) and (112) Bragg reflections of the stishovite unit
cell with a maximum intensity around shock breakout (Fig. 3.4). The relative intensities
of the stishovite peaks indicate no preferred orientation and are comparable to powder
diffraction rings, hence stishovite is most likely polycrystalline. At peak pressures of
73(13) GPa, four dominant Bragg reflections are emerging in the XRD pattern on top of
the stishovite peaks (Fig. 3.3c & 3.5 green lines). The Bragg reflections appear at 20-
angles of ~30.2°, ~34.6°, ~45.5° and ~53.8° which can be indexed to the (100), (101),
(102) and (110) Bragg reflections of the defective niccolite (d-NiAs) structure of SiO,
[31]. At 79(9) GPa, the previous very pronounced (110) stishovite peak is decreasing in
intensity and broadening, whereas Bragg reflections of the d-NiAs structure are further
emerging (Fig. 3.3d & 3.5 red lines). Ultimately at the highest pressure of 94(14) GPa,
one can solely observe the Bragg reflection of the d-NiAs structure and no other struc-
tures appear to be present (Fig. 3.5 yellow lines). The strong (110) stishovite peak has
vanished completely and instead a bulk feature can be observed. A complete list of deter-
mined Bragg reflections with corresponding identified phases at each driven peak pressure
is shown in Table 3.2. Also listed are theoretically Bragg reflections of the high pressure
Si0O; polymorph CaCl,. This polymorph was not observed within the XRD images at

pressures >60 GPa, which has been previously found in static compression experiments.
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Figure 3.4: Exemplary XRD raw images of a time-series at 45(7) GPa. Time (ns)
indicates the time before shock breakout. Given on the top are furthermore the positions

of the stishovite Bragg reflections.
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Figure 3.5: Multiplot of XRD data. Shown are the ambient data and time series (indicated
as the time before shock breakout) at various peak pressures. Grey dashed lines indicate
stishovite Bragg reflections at 45 GPa. d: d-NiAs phase; *: Tantalum; +: Aluminum.
Grey band indicates a detector gap of the CSPADs.
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Table 3.2: Calculated vs. observed d-spacing (A) of the stishovite and d-NiAs structure at
different peak pressures. Given are furthermore theoretical CaCl, positions, which would
be observed as a peak splitting of the stishovite (101) and (220) peaks.

phase hkl d (observed, A) d (calculated*, A)

45 GPa
stishovite 110 2.814 2.857
101 2.186 2.215
111 1.914 1.942
210 1.781 1.807
211 1.472 1.493
220 1.411 1.429
301 1.187 1.201

73 GPa
stishovite 110 2.808 2.824
101 2.121 2.182
111 1.894 1.915
210 1.780 1.786
211 1.466 1.473
220 1.401 1.412
301 1.182 1.186
d-NiAs 100 2.181 2.129
101 1.859 1.868
102 1.428 1.436
110 1.224 1.229
(CaCly) 011 not obs. 2.101
121 not obs. 1.422

79 GPa
stishovite 110 2.760 2.808
101 2.129 2.164
111 not obs. 1.900
210 1.764 1.776
211 not obs. 1.463
220 not obs. 1.404
301 1.176 1.178
d-NiAs 100 2.123 2.110
101 1.856 1.852
102 1.425 1.425
110 1.223 1.218
(CaCly) 011 not obs. 2.077
121 not obs. 1.406

94 GPa
d-NiAs 100 2.098 2.095
101 1.838 1.846
102 1.411 1.429
110 1.212 1.209

*calculated from the unit cell parameters at respective pressures
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XRD refinement and densities of shock driven x-quartz

A Le Bail refinement on the azimuthally integrated XRD diffraction data was performed
using the GSAS-2 [131] and EXPO2014 [132] software packages. Here, the known
stishovite [33] and d-NiAs [31] phase properties served as starting structures for the re-
finement analysis. For the profile function, the Pearson VII peak shape was applied and
the background was fitted using the Chebyshev polynomial. From the refinement calcu-
lations, lattice parameters (a,c), unit cell volume (V) and goodness of fit factor (y?) were
obtained and are listed in Table 3.3. Calibration of the sample to detector distances and
the detector tilts was performed using a CeO, (674b) NIST Standard Reference Material.

Examples of the refined diffraction patterns are shown in Figure 3.6.
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Figure 3.6: Outlines of Le Bail refinements on integrated diffraction data. Shown are the
diffraction refinements at a peak pressure of 45(7) GPa (top panel), at a peak pressure of
94(14) GPa (middle panel) and of the CeO- standard (lower panel).

The density of stishovite obtained from its respective Bragg reflections of the refined

diffraction pattern at 45(7) GPa is p = 4.61(9) g/cm3. At 73(13) GPa a mixed

stishovite/d-NiAs structure was observed and a phase mass fraction of £tishovite — 30.6wt. 7o
d—NiAs 69.4wt.%
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3.1. Laser induced shock compression experiments

Table 3.3: Unit cell parameters for the stishovite (st) and d-NiAs (d) structure at different
experimental runs.

Run # Peak Identified a(A) c(A) V p.fu. reduced
pressure (GPa) phase (A3 x>

264 45(7) st 4.041(7) 2.648(5) 21.6(1) 1.687
107 73(13) st (30.6 wt.%) 3.992) 2.61(1) 20.8(2) 2.050

d (694 wt.%) 2.45(1) 3.892) 20.3(2) 2.050
133 79(9) st(17.3 wt.%) 3.97(1) 2.58(2) 20.5(3) 1.929

d(82.7 wt.%) 2.44(1) 3.86(2) 19.9(1) 1.929
109 94(14) d 2.418(6) 3.912(9) 19.85(9) 1.537

could be calculated from the refined diffraction pattern. The densities of stishovite and
d-NiAs are pgishovite = 4.80(8) g/cm?® and py_nias = 4.89(9) g/cm?®, respectively. The

resulting density ratio was calculated to be ”;si_s?véﬁfe = 0.98(3) and the total density of

the mixed phase is p = 4.86(9) g/lcm®. At 79(9) GPa, a relative phase mass fraction of

sflis%)%te = 17.3wt.% ~an be obtained and the calculated densities of stishovite and d-NiAs
—NiAs 82.7wt. %

are Pgishovite = 4.87(9) glem?® and py_nias = 5.02(9) g/cm?®, respectively. Here, the den-
sity ratio of the mixed phase is % = 0.97(3) with a resulting total density of p =
4.99(9) g/lcm3. At 94(14) GPa, refinement of the XRD pattern with d-NiAs as the starting
structure results in a total density of 5.04(10) g/cm?.

Hydrodynamic simulations

On the basis of the experimental laser- and target properties, hydrodynamic simulations
were conducted. For the simulations of the kapton ablator and «-quartz sample, the
SESAME 7770, and SESAME 7383 equation of states were employed. Both give reason-
able fits to Hugoniot and brightness temperature measurements in the experimental pres-
sure regime. The conditions of all four experimental runs were simulated at 2.05 TW/cm?,
2.6 TW/cm?, 2.9 TW/cm? and 3.66 TW/cm?. For the experiments as well as the simula-
tions, a 10 ns top hat pulse shape at an incident angle towards the target normal of 15°
was used. Snapshots of the simulations at different times are shown in Figure 3.7. From
the simulations for each laser power, one obtains maximum pressures within the x-quartz
targets of ~48 GPa, ~76 GPa, ~82 GPa and ~97 GPa which are in great accordance
to experimental determined pressures. Calculated densities were ~4.68 g/cm?3, ~4.88
g/em®, ~4.97 g/cm® and ~5.07g/cm?. Ultimately, calculated temperatures of each run
were ~2900 K, ~4600 K, ~4700 K and ~5000 K, respectively.
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Figure 3.7: Temporal evolution of (a) pressure, (b) density and (c) temperature within the
kapton and o-quartz targets derived from hydrodynamic simulations. Four different laser
power inputs of 2.05 TW/cm? (black), 2.6 TW/cm? (blue), 2.9 TW/cm? (green) and 3.66

TW/cm? (red) are shown.
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3.1.2 Stishovite

In this subsection, results from shock compression experiments on stishovite at the LCLS
and SACLA X-ray free electron lasers are shown. The results have been published in
Scientific Reports 10, 10197 (2020).

Experimental conditions

The laser induced shock compression experiments on polycristalline stishovite were car-
ried out at the MEC end-station of the LCLS- and the BL3:EHS5 end-station of SACLA.
For the experimental runs, synthetic polycrystalline stishovite was used with an initial
density of py = 4.30 g/cm?® (Tab. 3.4, run795997). To compress the stishovite samples to
ultra high pressures, a 10 ns flat top hat laser pulse shape in combination with 250-pum
diameter phase plates at laser energies of 48.6 J, 50.6 J and 51 J was used. In order to
reach very high pressures within the stishovite samples at SACLA, it was necessary to
compensate the relative low optical laser energies (E, .. = ~22 J) of the ceramic YAG
optical laser (w=532 nm) at BL3:EHS. Hence, A shorter shock drive (5 ns) was chosen,
which resulted in higher laser intensities. However, the planarity of the shock wave was

decreasing and strong perturbations in the laser profile were observed.

Since only a limited number (10) of stishovite samples was available, it was not possible
to obtain several diffraction patterns sufficient for a time series at each peak pressure. The
samples were rather probed at- or close to vicinity of the shock breakout (4-0.5 ns), hence
when the sample was completely compressed. The timing of the shock breakout was a
priori determined through hydrodynamic simulations. For the simulations of the experi-
ment, the hydrodynamic software package Helios [119] was used. A representative result
of the achieved pressures as a function of time and Lagrangian distance is shown in Fig-
ure 3.8. Here, the target assembly consisted of 50 um kapton tape and 35 pum stishovite.
The simulations employed the SESAME 7770 and SESAME 7360 equation of state for
kapton and stishovite, respectively. The calculations show, that maximum pressures of
340(10) GPa can be achieved within ~3 ns with the use of a 10 ns top hat laser pulse at
5117.

VISAR analysis

From VISAR analysis, the free surface velocity Uy, and reflectivity of the shocked stish-
ovite samples were obtained (Fig. 3.9). The free surface velocity can be converted to
particle velocity U, by using the acoustic approximation U, = 2U,,. Similar to chapter
3.1.1 (VISAR analysis), two different approaches were taken, to determine the shock ve-
locity Uy during shock transit. The first method constituted of measuring the transit time

of the shock wave in observing the change of reflectivity of the transparent stishovite.
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Figure 3.8: Pressure conditions derived from hydrodynamic simulations using the hydro-
dynamic code Helios [119].

With the well known sample properties, one can calculate U, by dividing the thickness
of the sample with the shock wave transit time (U = dgsgmpie/tiransic). In the second ap-
proach, the densities of stishovite at each peak pressure, obtained through XRD refine-
ment were used to calculate the shock velocity 3.1. In combination with equation 3.2 and

the Rankine-Hugoniot relationship

1
E—Eozi(P‘f‘Po)(l/ﬂo—l/P) (3.4)

one can calculate internal pressures P (GPa) and energies E-E, (kJ/mol) at each exper-
imental run. Here, Eq and p, are reference values at ambient state. The results of the
velocimetry measurements of stishovite during shock compression are listed in Table 3.4.

Similar to the measurements at LCLS with x-quartz as starting material, uncertainties of

Table 3.4: Experimental results from this work on shock compressed stishovite. Particle
and shock velocities U, and Uy, as well as pressures and energies determined from VISAR
are given.

Run U, (km/s) | Ug (km/s) | Pyrsar (GPa) | E-E (kJ/mol)
SACLA-795997 n.a. n.a. ambient n.a.
SACLA-796485 | 0.45(2) 9.66(53) 18(2) 0.10(1)
SACLA-796491 | 2.38(4) | 12.10(25) 123(5) 2.82(12)

LCLS-235 4.75(8) | 14.76(31) 301(12) 11.28(48)
LCLS-233* 4.90(8) | 15.04(45) 317(15) 12.01(56)
LCLS-239 5.1009) | 15.35(31) 336(13) 13.01(51)

the VISAR were typically between 10-15 % and predominantly arose from the uncertain-
ties of the free-surface velocity profile (Fig. 3.9). The quality of the VISAR at SACLA
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Figure 3.9: Representative VISAR image from the experiment (top image) and the cor-
responding free surface velocity trace (bottom image, red line). Furthermore, standard
deviation of the velocity are shown (blue error bars).

was slightly inferior and the uncertainty was between 15-18 %. Moreover, the uncertainty

of the density measurements of the refinement was typically between 1-2 %.

A linear fit to the U,-U), relationship from this study in the high pressure stishovite regime
is shown in Figure 3.10. It should be noted that U, for run233 was solely calculated by
dividing the sample thickness with the shock transit time, which was determined from the
reflectivity change in the VISAR image.
From the shock- and particle velocities, which were obtained in this work, one can calcu-
lated a linear fit of

Us(km/s) = 1.21U, + 9.155 (3.5)

within the pressure regime of 0-336 GPa which is in excellent agreement to literature data
[133] and indicates that the applied acoustic approximation for stishovite is valid at these

pressures.
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Figure 3.10: U, - U, relationship from this work and literature [63, 133, 134, 135]. Shown
is furthermore the linear fit from this work and the SESAME7360 equation of state as a
reference.

X-ray diffraction

Figure 3.11 illustrates a multiplot of 5 different XRD images and their corresponding az-
imuthally integrated XRD pattern at the ambient state and at peak pressures of 18(2) GPa,
123(5) GPa, 301(12) GPa and 336(13) GPa. At ambient state, one can observe the char-
acteristic polycrystalline stishovite Bragg reflections. The most prominent reflections are
(110), (101), (111), (210) (211) and (220) which are further observed upon shock loading
up to 336(13) GPa. For the high pressure drives at LCLS at 301(12)GPa and 336(13) GPa,
partly ambient stishovite peaks are still apparent (Fig. 3.11, indicated with an asterisk).
This feature indicates that the sample was not completely compressed during XFEL prob-
ing. Furthermore intensity of the stishovite peaks from experiments of SACLA and LCLS
are deviating from each other, mainly due to background corrections.

Next to the experimentally obtained X-ray diffraction pattern, the theoretical Bragg reflec-
tions of the stishovite, PbO, and pyrite-type silica structures at 336 GPa were calculated.
The peak positions of each structure are plotted in comparison to the XRD spectra of
run239 in Figure 3.12. Except of the stishovite Bragg reflections, no other high pressure
SiO, polymorph candidate matches the present XRD pattern at the respective pressure.
Furthermore, the evolution of lattice spacing d (A) of the primary stishovite reflections
at given peak pressures are shown in Figure 3.13 and compared to other SiO; high pres-
sure structures. Here, the characteristic peak splitting towards the CaCl, structure, seen
in static experiments, cannot be observed. Furthermore, neither does the d-spacing of

«-PbO; nor the pyrite-type silica fit the obtained XRD spectra from this study.
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Figure 3.11: Multiplot of XRD pattern of stishovite. Observed d-spacing (red crosses) and
Le Bail-fitted pattern (black line) of stishovite at ambient conditions, 18(2) GPa, 123(5)
GPa, 301(12) GPa and 336(13) GPa. Stishovite peaks are labeled at each peak. Peaks at
ambient conditions are indicated with an asterisk. Note that peaks are shifting to lower
d-spacing values due to the change in volume of the lattice with increasing pressure.
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Figure 3.12: XRD outline (black line) of run235 at 301 GPa. Indicated are Bragg Peaks
of stishovite (blue), of the PbO, type silica (red) and the pyrite-type SiO, (green). Peaks

with an asterisk indicate still un-shocked stishovite. Gray areas indicate discontinuities in
the plot from detector gaps.
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Figure 3.13: Measured d-spacing of primary stishovite reflections at given pressures

(squares) compared to calculated d-spacing positions of stishovite (blue), CaCl; (yellow),
« -PbO, (red) and pyrite-type silica (green dots).
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XRD refinement, volume change and densities of stishovite

A Le Bail refinement on the integrated XRD diffraction data at ambient- (run795997)
and shock compressed conditions were performed using the EXPO2014 software [132].
Refinement was conducted with the stishovite starting structure [33] and the Pearson VII
peak shape function. Here, the the lattice parameters (a,c), unit cell volume (V) and den-
sity (p) were calculated and listed in Table 3.5. From the refined diffraction pattern, a rel-
ative change in volume of V/V = 0.95 and a shock density of 4.51 g/cm? can be extracted
at peak pressures of 18(2) GPa. At 123(5) GPa, XRD of compressed stishovite reveals a
relative volume change of V/V =0.80 at a density of 5.35 g/cm?® and at 301(12) GPa a vol-
ume change of V/V, = 0.69 at a density of 6.3 g/cm® can be determined. At 336(13) GPa,
the highest achieved pressure within stishovite in this work, a relative volume change of
V/Vy = 0.66 at a density of 6.44 g/cm® was calculated. Note that for run LCLS-233 at
317(15) GPa, no X-ray diffraction data was available due to an electromagnetic pulse
(EMP) and subsequent failure of the CSPADs during the optical laser shot. For this run,
volume and density is solely determined from velocimetry data, described in the previous
section. Here, a relative volume change of V/V, = 0.67 at a shock-density of 6.4 g/cm?

was calculated. To evaluate the quality of the refinement, a goodness of fit factor (y?)

Table 3.5: Unit cell paramters of ambient and shock compressed stishovite. Shown are
volume, density and lattice parameter a and c, obtained from refined XRD spectra.

Run VA3 | p(glem®) | ad) c(A)
SACLA-795997 | 46.5(2) | 4.30(2) | 4.176(8) | 2.664(6)
SACLA-796485 | 44.3(3) | 4.51(5) | 4.09(1) | 2.65(1)
SACLA-796491 | 37.3(2) | 5.35(4) | 3.85(1) | 2.513(9)

LCLS-235 31.8(4) | 6.3(1) | 3.692) | 2.33(2)
LCLS-233* 31.3(9) 6.4(3) n.a. n.a.
LCLS-239 | 31.0(4) | 6.44(8) | 3.66(2) | 2.32(1)

*no XRD information is available for run233. All results of run233 were solely determined through
velocimetry data.

and the reliability factors, R,,, and R, were determined and listed in Table 3.6. It must
be noted that larger x? factors are calculated for the shock-compressed runs at LCLS, due
to the partially ambient phase and the gaps of the CSPADs. To calibrate the sample to
detector distances and detector tilts, the NIST Standard Reference Materials (SRM) CeO,
(674b, LCLS) and LaBg (660a, SACLA) were used.
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Table 3.6: Fit parameters from refinement of shock compressed stishovite. Shown are the
goodness of fit factor (reduced-x?) and the reliability factors, R,, and R,, derived from
Le Bail refinements of stishovite.

Run reduced-x* | Ry, | R,
SACLA-795997 | 1.153 2474 | 1.689
SACLA-796485 | 1.422 3.724 | 2.372
SACLA-796491 | 1.367 2.473 | 1.602
LCLS-235 3.590 2.615 | 1.917
LCLS-239 1.962 3.661 | 2.526
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Figure 3.14: Relative volume change of shock compressed stishovite with regard to pres-
sure from this study.

First principle calculations

In order to validate achieved pressures obtained from the experiments, results were com-
pared to first principle simulations. Here, ground states from density functional theory
were computed starting with the refined structures and densities of each experimental
run. DFT was performed using 48 atoms in a 2x2x 2 tetragonal supercell with I' centered
k-points to sample the entire Brillouin zone. The effect of the finite size in the simula-
tion zone cell was investigated by using a larger cell of 384 atoms (3x3x3), however no
immediate effect on the internal stress was observed. A good compromise between accu-
racy and computation speed was found for the plane-wave expansion of the Kohn-Sham
orbitals with a cutoff of 80 Ry.

The determined pressures from DFT are in reasonable agreement to the experimental re-
sults and to literature data (Tab. 3.7 ). Internal stress is not computed for run233, since a

refined starting structure was not available.
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3.1. Laser induced shock compression experiments

Table 3.7: Comparison between obtained pressures of the experimental work to literature
data and density functional theory.

Run | Pyrsar (GPa) | Ppos[133] (GPa) | Pprr (GPa)
796485 18(2) 17.1 20.6
796491 123(5) 119.3 118.9

235 301(12) 313.8 305.1

233* 317(15) 329.6 n.a.

239 336(13) 359.1 3359

Equation of state

To gain more information about the equation of state of stishovite at high pressures, P-
V/V, (Fig. 3.14) was corrected to a 300 K isotherm and fitted with the EosFit software
[136] to the third-order Birch-Murnaghan equation of state [137]. The 300 K isotherm
was calculated by subtracting the thermal pressure from the shocked state at fixed volume
[37]. To calculate the thermal pressure, one has to estimate the reached temperature con-
ditions of the individual experimental runs, which was done according to the approach of
[63], using the Mie-Griineisen formalism [138, 139]

V) = [ OP(V.T)

= W\v (3.6)

The Griineisen parameter v(V) is assumed to be only a function of the volume

V q
(V) = <Vo> ;70 = 1.35 (3.7)

with q = 2.6 [133], V, as the ambient specific volume and 7y, the ambient Griineisen
parameter [140].
The pressure on the isentrope can be derived from the Eulerian strain framework [141],

using a finite strain parameter f

1
=3

2
Vo 3
2) 1 3.8
() - o
and the third-order Birch-Murnaghan strain-stress relation [137]
Ps = 3Kosf(1+2f)3[14 (3/2)(Kj s — 4)f] (3.9)

Furthermore, the internal energy of the isentrope can be described through

AEs = (9/2)VoKos f*[1 + (K} g — 4)f] (3.10)
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To calculate the shock temperature, one can use the Debye model using the Debye tem-

perature O(V):

V 2l
O(V) = 6, (VO) (3.11)
and the specific heat Cy, as a function of the temperature only:
T 3 6o/T x4e:c
Co(T) =9 R<> [ 3.12
V( ) n 90 0 (ex N 1)2 T ( )

with n the number of atoms in a formula unit (n=3, SiO;) and R being the perfect gas
constant.

From equation 3.6 and 3.7 one can write

Py — Pg = %(EH — Ey) (3.13)

with H being the states along the Hugoniot and S for the isentrope, derived from the
reference state Eq, Vy and T,.

The Rankine-Hugoniot relation gives:
1
EH:EO+§(PH+PO)(‘/0_V> (3.14)

Using equation 3.6, 3.7 and 3.14, the pressure along the Hugoniot can be obtained with:

_ Ps —y(FF =) - 1)

Py (3.15)
1-2(% -1
With the equations 3.6, 3.7, 3.9 and 3.14 one can write:
Vv Ts
—(Py — Ps) = CydT (3.16)
v Ty
With o o
YClv 1%
dS = ——d —dT .17
S v V+ T (3.17)
and (V) ”
0
n (25X — / Tav 3.18
" ( TO ) |4 |4 ( )

one can calculate the temperature along the isentrope using equation 3.7 as

Ty(V) = Tyewp <7q°> l1 _ (?)QD (3.19)

The temperature along the Hugoniot can then be calculated by solving equation 3.10 using
a constant specific heat Cyy = m(3nR) with m being a multiplier to the Duong-Petit limit

value:
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V)

Ty =Ts+ —t
n=As m(3nR)y

(Py — Ps) (3.20)

Ultimately, the shock wave data fit to the third-order Birch-Murnaghan equation of state
yields a bulk modulus of Kq = 307 4+ 4 GPa and its first pressure derivative K" = 4.66 +
0.15 GPa in the range of 0-336 GPa.

Variable cell DFT-MD simulations

Lattice parameters a and ¢ derived from the XRD Le Bail refinement were plotted against
run pressures (Fig. 3.15). While lattice parameter ¢ exhibits an almost
linear trend, lattice parameter a

shows signs of a decreasing rel- 27

¢ this study (300 K corr.)

ative compression at pressures 06
exceeding ~100 GPa.  These '
results indicate strong 0%2-5 r
anisotropic compression which 241
might contribute to the remaining 03
stishovite structure at ultra-high 0 100 200 300 400
.. Pressure (GPa)
pressure conditions.
To elucidate the effect of 4.2 _
O this study (300 K corr.)
anisotropy within the c-direction 4

of the stishovite unit cell, a meta- g
dynamics study at given exper- ©3g|
imental pressures by means of
variable cell DFT-MD (vc-md) 3.6 : : :

0 100 200 300 400

was performed. Here, refined Pressure (GPa)

structures of the experimental

runs were used, to generate a 2 Figure 3.15: Unit-cell parameters a and ¢ of stishovite
x 2 x 2 stishovite unit cell, gen- With regard to pressure (GPa).

erated through a plane wave self

consistent field (pwscf) optimization. Subsequently a variable cell DFT-MD simulation
was conducted, employing a total number of 48 particles (32 O and 16 Si atoms). The
ionic temperature was set to 300 K and was controlled through velocity rescaling. The
interaction between electrons and ions is described by PAW pseudopotentials and the PBE
approximation was chosen for the exchange correlation functional. The planewave energy
cutoff was set to 80 eV and the I' point was used for the k space. A total of 3000 time
steps was applied, each 2.5 fs long, resulting in 7.2 ps total simulation time. All simula-
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tion parameters have been thoroughly checked to ensure the convergence of the results.
Two cases were simulated: in the first approach, all lattice vectors were allowed to move
freely under hydrostatic compression and the pressure was applied within all three crystal-
lographic directions. In the second approach, non-hydrostatic conditions were simulated,
in which the compression was only applied in the c-direction, generating large uniaxial
stress conditions within the unit-cell.

The results of the simulations show that in the case of hydrostatic compression at 300 GPa
and 300 K, the expected displacive phase transition towards the high pressure polymorph
CaCls is promoted. Here, the structure differs from stishovite only by a small rotation of
the octahedral chains (Fig. 3.16).

At non-hydrostatic conditions it can be demonstrated that applying uniaxial stress dis-

places only the oxygen atoms slightly, but the general stishovite structure is still preserved.

hydrostatic
compression

uni-axial
compression

Figure 3.16: Snapshots of the DFT-MD simulation of stishovite for the hydrostatic and
non-hydrostatic case at 300 GPa and 300 K. The structures are viewed along the ¢ axis
with the large spheres representing the Si atoms and the small ones the O atoms. In the
hydrostatic case, the expected high-pressure CaCl, structure can be observed in contrast
to the partially intact stishovite structure in the non-hydrostatic case.
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3.1. Laser induced shock compression experiments

3.13 GeO,

Experimental conditions

Laser induced shock compression experiments on GeO, were carried out the MEC end-
station of LCLS to elucidate the high pressure phase transformation on the respective
Hugoniot and to calculate the structure factor, radial distribution function and the coordi-
nation number at high pressure conditions.

Here, a 10 ns, quasi flat top hat laser pulse shape in combination with 250-um diameter
phase plates was used to launch a smooth and well defined laser pulse onto the GeO,
targets. For the experiments, three different drive laser energies of 7.7 J, 14,5 J and 31.2J

were applied.

VISAR analysis

Pressures were determined with the VISAR at the MEC end-station (Fig. 3.17). For
some of the experimental runs, 100 um LiF windows were glued on the rear surface of
the GeO, samples. Hence, one was able to conduct impedance matching calculations
with given equation of state for LiF [9] and GeO, [142]. From VISAR analysis, peak
pressures of 19(5) GPa, 53(9) GPa and 104(12) GPa were determined for the three applied
laser energies. The uncertainties of the VISAR measurements were typically between 11-
25 %, derived from the uncertainties of the velocity profiles (Fig. 3.17) and impedance

matching calculations.

(b) 4

(km/s)

5 10 15 20 25
time (ns)

Figure 3.17: (a) VISAR image and (b) outline of shock compressed GeOs. Shown in the
VISAR image is fringe shift within the LiF window and the subsequent shock breakout.
The uncertainty of the particle velocities from the VISAR image are shown in green in
the VISAR outline.

X-ray diffraction

From the obtained XRD images, azimuthally integrated XRD pattern of the driven GeO,

runs were derived and are shown in Figure 3.18. At 19(5) GPa, initially ambient quartz-
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like GeO, transforms to the high pressure rutile structure (Fig. 3.18, indicated as ’r”). In
the two diffraction outlines in can be shown, that at an early time delay (-1.5 ns before
shock breakout), only the ambient GeO, Bragg reflections are observed. This indicates,
that the sample is incompletely compressed. At a later time delay (-0.5 ns before shock
breakout), four distinct new peaks are emerging. These peaks are located at 20 angles of
~21.5°, ~27.1°, ~30.9° and ~42.4°, which can be indexed to the (110), (101), (111) and
(220) Bragg reflections of the rutile structure.

Intensity (a.u.)

Figure 3.18: XRD multiplot of shock compressed GeO,. Shown are ambient data (cold)
as well as XRD pattern at various time delays at three peak pressures of 19(5) GPa,
53(9) GPa and 104(12) GPa. Indicated are the ambient peak positions of GeO, (dashed
lines) as well as Bragg reflections of the rutile structure (r). The gray band depicts a
detector gap.

At a higher peak pressure of 53(9) GPa Bragg reflections of the ambient GeO, structure
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3.1. Laser induced shock compression experiments

at early delay times (-4.0 ns and -2.5 ns before shock breakout) are still present. How-
ever, as the driven samples are probed closer to the shock breakout, (hence, when the
sample is completely compressed) a decrease in peak intensities of the ambient phase and
an increase of an amorphous (melt) structure can be shown. One nanosecond before the
shock breakout (-1 ns), the ambient GeO, peaks have almost entirely vanished and solely
a broad amorphous feature can be observed. This is an indication of the onset of shock
induced melting of GeO,. After shock breakout, a distinct peak at a 20 angle of ~21° is
re-emerging. This peak is indexed to the (110) Bragg reflection of the rutile structure.

At the highest experimental peak pressures of 104(12) GPa, one can observe a transition
of ambient GeO, at early delay times (-1.5 ns relative to the shock breakout) to a melt
structure close to the vicinity of the shock breakout (-1 ns to 1 ns relative to shock break-
out). Ultimately, at late time delays on the release (4 ns after shock breakout), a bulk

feature with various low intensity peaks of the ambient GeOs structure is shown.

Structure factor and pair distribution functions

The structure factor of shock compressed GeO, was furthermore calculated, to gain in-
formation about inter-atomic properties (e.g. bonding and coordination) of the crystalline
and melt structure at respective pressures. The structure factor S(Q), which is related to
coherent scattering from the sample, can be described as

1(Q)

SQ) = —mrss (3.21)

Nf2(Q)
with N as the number of atoms, f as the atomic form factor and 1¢°" as the coherent X-ray
scattering.

Through Fourier transformation of S(Q), one can obtain the expression
F(r) =4nr[p(r) — n] (3.22)

with n as the average density (number density) of GeO, and r the radial distance from
a reference atom. Here, F(r) is limited by the experimental finite maximum of Q,,,. at
LCLS of ~6 AL,

From F(r) one can obtain the radial distribution function

1
4rrn

Qmaz
9(r) =1+ — [T QS(Q) — D sin(@r)dQ (3:23)

with n as the number density from the GeO, shock Hugoniot, which is based on the pres-
sure during compression. Density is taken from [142] and converted into number density

whereas Q is expressed as 47sin0/\.
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The structure factors and radial distribution functions were calculated using the software
package PDFgetX3 [143]. Prior to the calculation of S(Q) and g(r), the background from
a “dark shot” (only X-rays) was subtracted. Furthermore, some experimental runs were
conducted only with epoxy resign, to obtain information about the compressed scattering
signal of the kapton ablator + epoxy. This signal was also subtracted from the overall
scattering of the experimental runs.

A representative plot of the structure factor is shown in Figure 3.19. Here, two dominant
peaks can be observed at ~2.4 A ~! and ~4.7 A ~!. This is in great accordance to exper-

imental static data at similar pressures [49].

Figure 3.20 illustrates the re-

sulting radial distribution func- T

. GeO2 - Kono et al.(2016) - smoothed

tions of shock compressed GeO, 1.8} ~53(9) GPa
. N

at ambient state and pressures 16}

of 19(5) GPa, 53(9) GPa and 14l
104(12) GPa. The first and sec- &

()
ond peak of g(r) is considered 1?_ e
to represent the Ge-O and Ge-
Ge distance (A), respectively. In o8 /
this work, an increase of the Ge- 0673 5 6

4
. ) Q (1/A)
O distance from 1.73 A at ambi-

ent state to 1.83 A at 19(5) GPa Figure 3.19: Structure factor S(Q) of GeO, at

can be observed. Further, Ge-O 53(9) GPa compared to literature data at comparable

distance decreases at higher pres- pressure [49].

sures to 1.77 A at 53(9) GPa and

104(12) GPa, respectively. The second (Ge-Ge distance) peak increases from 3.08 A at
ambient conditions to 3.24 A at 19(5) GPa. At 53(9) GPa and 104(12) GPa, this value
decreases again to 3.04 A and 3.08 A , respectively.

Moreover, to quantify the change in coordination of GeO,, one can use the calculated
pair distribution function to obtain the coordination number of each structure with the use
of the equation:
ON =2 / " dmpg(r)dr (3.24)
L]

with ry and r,,,,, being the left edge position and the peak position of the first peak of
g(r) and p the number density. Here a change in the coordination number from 4 at
ambient state to 5.8 at 19(5) GPa and 53(9) GPa, respectively can be demonstrated. At
104(12) GPa, a further increase of the coordination number to 6.9 is shown (Tab. 3.8).
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——ambient

—19(5) GPa
53(9) GPa

—104(12) GPa

Figure 3.20: Calculated pair distribution functions of GeO, at ambient state, 19(5) GPa,
53(9) GPa and 104(12) GPa, derived from this work. Indicated are furthermore the max-
ima of the first and second peak, which represent the Ge-O and Ge-Ge distances.

Table 3.8: Experimental pressure conditions and the results of the first (r1) and second
(r2) peak positions of g(r) and the coordination number CN.
Pressure (GPa) | r1 (A) [ 2(A) | CN
ambient 1.74(2) | 3.06(6) | 4.0(4)
19(5) 1.83(3) | 3.27(8) | 5.8(9)
53(9) 1.78(4) | 3.02(9) | 5.8(9)
104(12) 1.77(3) | 3.10(8) | 6.9(9)
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3.1.4 Shock melt and release experiments of x-quartz, «-cristobalite

and fused silica

A series of shock compression experiments were conducted to elucidate the melt and
shock release behavior of single crystal x-quartz, polycrystalline x-cristobalite and amor-
phous fused silica. The experiments were carried out at the MEC end-station of LCLS
and the BL3:EHS end-station of SACLA. At MEC, 35 um thick single crystal oc-quartz
(c-cut) and 35 um thick amorphous fused silica windows were used. At BL3:EHS, 15
um thick single crystal «x-quartz and 20 um thick polycrystalline x-cristobalite samples

were investigated. Laser power at MEC and BL3:EHS was each set to a maximum, to

Table 3.9: Experimental run conditions from this work with used targets (s.c. = single
crystal, p.c. = polycristalline), as well as time delay (ns) and observed XRD features.

Run# target time delay observed XRD
(ns) feature
LCLS253 quartz (s.c) 5 single crystal reflections
LCLS254 quartz (s.c) 6 melt feature
LCLS256 quartz (s.c) 80 increasing p.c. gz reflections
LCLS257 quartz (s.c) 200 maximum p.c. gz reflections
SACLA795601 quartz (s.c) 5 single crystal reflections
SACLA795590 quartz (s.c) 10 melt feature
SACLA796463 quartz (s.c) 30 onset p.c. qz reflections
SACLA795606 quartz (s.c) 50 increasing p.c. qz reflections
SACLA795603 quartz (s.c) 80 maximum p.c. gz reflections
SACLA796521 | cristobalite (p.c) 7 poly-crystalline reflections
SACLA795961 | cristobalite (p.c) 13 melt feature
SACLA796504 | cristobalite (p.c) 65 increasing p.c. crist. reflections
SACLA796501 | cristobalite (p.c) 80 maximum p.c. crist. reflections
LCLS62 fused silica 6 amorphous
LCLS154 fused silica 7 melt feature
LCLS150 fused silica 50 amorphous
LCLS151 fused silica 80 amorphous
LCLS152 fused silica 150 amorphous
LCLS153 fused silica 250 amorphous

ensure sufficient high pressures and temperatures to reach the liquidus regime of the indi-
vidual targets. At MEC, laser power was set to 6.3 TW/cm? in a 10 ns top hat drive laser
pulse, which resulted in peak pressures within o-quartz and fused silica of 159(13) GPa
and 126(12) GPa, respectively. At BL3:EHS5, laser power was set to a maximum of
1.5 TW/cm? in a 5 ns top hat drive laser pulse. Because the x-quartz targets were only
15 pm thick and coated directly with 22 um thick CH, one was still able to compress
the samples with the relative low laser power up to a maximum pressure of 119(18) GPa.
a-Cristobalite was driven to a maximum pressure of 70(9) GPa. The particle velocity U,

for each experimental drive was determined by the VISAR of each beamline and peak
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pressures where calculated with the concomitant use of the impedance matching method.
Furthermore, X-ray diffraction was used during shock transit to confirm the melting at
each peak pressure. Timing of the X-rays was set according to the peak compression of
the sample (close to the shock breakout) and at late time delays of up to 250 ns after laser
impact. The scattering signal of the melt and the released samples allowed to gain infor-
mation about the respective amorphisation or solidification at decreasing pressures and
temperatures. An overview about the individual targets, delay times and observed XRD

features is given in Table 3.9.

x-Quartz

Figure 3.21 displays four representative XRD images of the ambient state, shock induced
melting and release of x-quartz at various time delays. Those are furthermore displayed

as azumithally integrated XRD outlines in Figure 3.22. In the ambient XRD pattern of

Figure 3.21: X-ray diffraction images of shock compressed x-quartz at various delay
times.

the experiments at MEC, a single crystal a-quartz reflection (302) can be observed (Fig.
3.22a). Furthermore, Bragg reflections of the aluminum coating is shown. These peaks
vanish at a later time delay of 6 ns, at with only an amorphous broad peak is exhibited at
a 20 angle of ~30°. At time delays of 80 ns and 200 ns, respectively, Bragg reflections
can be observed again and are indexed to polycrystalline x-quartz. Here, the intensity of
the Bragg reflections are increasing with later time delays.

From the experimental campaign on o-quartz at BL3:EHS, a transformation from single
crystal «-quartz at ambient state to an amorphous melt structure at a time delay of 10
ns is shown (Fig. 3.21b). The ambient x-quartz is indexed by the two single crystal
(302) and (312) Bragg reflections whereas the amorphous structure is only exhibited by
two distinct broad features at 20 angles of ~21° and ~48°. At 30 ns time delay, the
emergence of polycrystalline oc-quartz Bragg reflections can be observed. The intensity
of these polycrystalline «-quartz Bragg reflections are increasing at 50 ns and 80 ns,

respectively.
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Figure 3.22: X-ray diffraction pattern of shock compressed «-quartz at various delay
times. Shown are time series from the experimental campaigns at (a) MEC and (b)
BL3:EHS. Furthermore given are the indices of «-quartz Bragg reflections at ambient
and release conditions, as well as the observed melt feature from XRD (red line).

o-Cristobalite

Figure 3.23 depicts four XRD images of ambient-, shock molten- and released
«-cristobalite at various time delays. From the azimuthally integrated XRD images (Fig.
3.25a) one can observe a transformation of polycrystalline «-cristobalite to an amorphous
(melt) feature at a time delay of 13 ns. Here, a broad feature at a 20 angle of ~32°
is apparent, which can be associated to the signature of the shock compressed kapton
ablator. This signature depicts the (111) Bragg reflection of diamond, which originates
from highly compressed carbon from the CH dissociation of the ablator, which has been
also observed in previous experiments (see section 3.1). At time delays of 65 ns and 80
ns, respectively, the emergence of Bragg reflections, associated to the polycrystalline o-
cristobalite structure, is shown. The peak intensities of polycrystalline «-cristobalite are

increasing at later time delays.

Figure 3.23: X-ray diffraction images of shock compressed «-cristobalite at various delay
times.

62



3.1. Laser induced shock compression experiments

Fused silica

XRD images of shock compressed fused silica with regard to time delay are shown in
Figure 3.24. Furthermore, the azimuthally integrated XRD images are given in Figure
3.25b. A shift of the characteristic bright amorphous structure at low 20 angles from the
ambient pre-shocked state towards a broader and more diffused feature at later time delays
is demonstrated. From the XRD pattern a broad melt feature at a 20 angle of ~32° at a
time delay of 7 ns is shown. This broad feature has vanished at a time delay of 50 ns. At
very late time delays of 80 ns, 150 ns and 250 ns, one can observe the re-emerging of the
aluminum Bragg reflections of the ablator coatings, but no other crystalline phase can be
identified.

Figure 3.24: X-ray diffraction images of shock compressed fused silica at various delay
times.
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Figure 3.25: X-ray diffraction pattern of shock compressed (a) x-cristobalite and (b) fused
silica at various delay times. Shown are time series from the experimental campaign at
MEC with given indices of ambient and release conditions, melt features (red lines) and
the Bragg reflections of the Al coatings (dashed lines).
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3.2 Dynamic diamond anvil cell experiments

Experiments on o-cristobalite (space group P4,2,2) with the (resitive heated) dDAC were
conduced to elucidate the effect of compression rate, hydrostaticity and temperature on
the phase transitions towards the high pressure polymorphs cristobalite II (Space group
P21/c), cristobalite X-1 (P2,/n) and seifertite (Pbcn). Different (de-)compression rates
and holding times were used in the experiments on powder samples and single crystals.

The experimental run conditions are shown in Table 3.10.

3.2.1 Dynamic compression of powder «-cristobalite

Figure 3.26 displays four representative diffraction images of a dynamic compression ex-
perimental run with powdered o-cristobalite as starting material. Indexed are the Bragg
reflections from ambient x-cristobalite (x-C) as well as the high pressure phases cristo-
balite II (CII), cristobalite X-I (CXI) and seifertite (Sft). Shown are furthermore the re-

flections of the rhenium (Rh) gasket as well as the gold (Au) pressure standard. Several

a-cristobalite cristobalite Il cristobalite X-I seifertite

N

<«—Rh

Figure 3.26: X-ray diffraction images of «-cristobalite, cristobalite II, cristobalite X-I and
seifertite with corresponding Bragg reflections.

XRD images could be recorded for each experimental run. The XRD images were az-
imuthally integrated and converted into surface plots, which represent the evolution of
Bragg reflections of the sample within the time - 20 space. The representative surface
plot in Figure 3.27 displays a successive 20 shift of all Bragg reflections during the ramp
compression, indicating increasing pressures within the dDAC cell. At 69 GPa, a sudden
shift to lower 20 angles is shown, which indicates the sudden decompression of the sam-
ple to a pressure of 21 GPa. Throughout compression, one can observe Bragg reflections
of the o-cristobalite, cristobalite II, cristobalite X-I and seifertite structures at different
ramp times, which demonstrates the well known phase transformation of «-cristobalite
— cristobalite II — cristobalite X-I — seifertite. This was observed in all experimental
runs with powder as a starting material.

From the XRD pattern of the experimental runs syn-08, syn06_2, vasOa_run2,
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3.2. Dynamic diamond anvil cell experiments

dRHDAC _runl and dRHDAC _run2, unit cell volumes of seifertite were calculated. Here,
corresponding sefiertite Bragg reflections were fitted using the Savitzky-Golay function
and unit cell parameters were obtained. The intensity and abundance of the Bragg re-
flections of cristobalite II and cristobalite X-I were not sufficient to calculate unit cell
volumes (Fig. 3.28). Here, the weak scattering of the sample decreased drastically the

signal-to-noise ratio and consequently, a refinement analysis reached its limit.

Au
N
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Rh 2
N 8
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Rh \ Time (s)
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Figure 3.27: Representative 3-D surface plot exhibiting the effects of dynamically, rapid
compression of o-cristobalite consisting of a series of integrated X-ray diffraction pat-
terns. Pressure increases with time upwards in a 0.07 GPa/s experiment. Arrows identify
individual peaks from o-cristobalite (-C), cristobalite II (CII), cristobalite X-I (CXI),
seifertite (Sft), the pressure marker (Au) and the gasket material (Rh).

Structural response to compression rate

The phase transition pressure onset was investigated with regard to different compres-
sion rates (low, intermediate and fast, Tab. 3.10). From dynamic compression of «-
cristobalite using powder as a starting material, one can observe a phase transformation
of «-cristobalite to cristobalite II between 0.5 GPa and 1 GPa within all experimental
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Table 3.10: Summary of the experimental conditions of the dDAC experiments on «-cristobalite.

Run sample  Pgurt  Prae Total acquisition Compression Holdat P.,; Decompression
(GPa) (GPa) time (s) rate (GPa/s) P,,.. (s) (GPa) rate (GPa/s)
syn-08 powder 0 69 1000 0.07 0 21 0.96
synll powder 0 73 1000 0.02 0 73 N/A*
syn06_2 powder 18 106 1000 0.25 333 17 1.18
p2svl4 powder 0 57 1000 0.17 333 43 0.05
vasOa_run2 powder 0 66 1000 0.41 320 40 0.05
synl1_run2 powder 0 92 3000 0.19 320 41 0.03
dRHDAC runl* powder 5 101 300 0.27 0 83 3.23
dRHDAC run2® powder 3 114 300 0.17 0 103 2.21
p2svl3 sin.crys. 14 82 1000 0.07 0 21 3.11
p2sv13_run2 sin.crys. 21 31 1000 0.01 0 31 N/A*

aresistive heated to 500 °C and °700 °C; * diamonds broke
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Figure 3.28: Selected X-ray diffraction pattern of the structural evolution of «-cristobalite
during dynamic compression in experiment Syn-08 (compression rate 0.07 GPa/s). Indi-
cated are o-cristobalite (x-C), cristobalite II (CII), cristobalite X-I (CXI), seifertite (Sft)
The top diffraction outline depicts the rapid decompression of the dDAC to 26 GPa, from
which seifertite can still be observed.

runs, independent of the compression rate. The occurrence of Bragg reflections of the
cristobalite X-I phase can be observed at ~5-7 GPa for the low compression rate runs
(syn-11 and syn-08), at ~7-9 GPa for the intermediate compression rate runs (p2sv14 and
synl1_run2) and at ~11 GPa for the fast compression rate run (vasOa_run2). For the exper-
imental run syn06_2, the initial pressure in the cell was already equilibriated at ~18 GPa,
at which only the cristobalite X-I structure could be detected. First seifertite Bragg reflec-
tions were observed at ~23-28 GPa for the low compression rate runs (synl 1 and syn-08),
at ~28-31 GPa for the intermediate compression rate runs (p2sv14 and synl1_run2) and
at ~32-35 GPa for the fast compression rate runs (syn06_2 and vasOa_run2).

No transformation to a low pressure phase could be detected during decompression of
all experimental runs to finite end pressures between 17 GPa to 73 GPa (Tab. 3.10) In-
dependent of the decompression rate, the end product of the decompression runs could
always be indexed to the seifertite structure. It should be noted, however, that at pressures
below 17 GPa, this might not be the case anymore, but due to the experimental limitations
(diamonds breaking and remaining pressure within the DAC), could not be further inves-

tigated.

The unit cell volume (A®) was calculated with respect to pressure (GPa) for three differ-
ent experimental runs (Fig. 3.29). At a slow compression rate (0.07 GPa/s, Syn08), unit
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cell volumes at respective pressures are in good agreement to static data [28]. However,
molecular volumes derived from the slow compression rate experiment deviate from unit
cell volumes of the experimental run at a faster compression rate (0.25 GPa/s, Syn06_2).
The unit cell volumes at respective pressures of the experimental run with a slow com-
pression are smaller compared to volumes derived from the fast compression rate run.
This deviation increases in particular at higher pressures to ~0.5 A ® per formula unit.
In the experimental run with the highest compression rate (0.41 GPa/s, vasOa_run2), unit
cell volumes at respective pressures are much larger compared to the slow and interme-
diate compression rate runs and static data, but converge towards smaller volumes during
holding time.

Figure 3.30 depicts the volume strain of seifertite with regard to pressure for the three ex-
perimental runs. Here, the volume strain is strongly dependent on the
compression/decompression rate. During fast compression (vasOa_run2), the volume strain
of seifertite is lower (1-2%) compared to experiments with slow or intermediate compres-
sion rates (Syn08 and Syn06_2). During decompression, it can be demonstrated, that an
almost instantaneous decompression (Syn06_2) leads to a much larger (1-3%) volume
strain compared to slow decompression rate runs at respective pressures. The volume
strain of seifertite derived from experimental run Syn06_2 converges towards smaller val-

ues, comparable to the slow decompression runs, only at low pressures and long holding

times.
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Figure 3.29: Molecular volume per formula unit of seifertite as a function of pressure.
Shown are experimental results from three different experiments (Syn-08, Syn06_2 and
vasOa_run2) with respective compression rates (0.07 GPa/s, 0.25 GPa/s and 0.41 GPa/s,
respectively). Furthermore indicated are results from ground state DFT calculations of
seifertite and published data of seifertite and cristobalite X-I at various pressure points.
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Figure 3.30: Volume strain with regard to pressure during compression and decompres-
sion of Syn-08, Syn06_2 and vasOa_run2.

Ground state calculations

Next to obtained refined unit cell data, DFT calculations on the unit cell volumes of seifer-
tite at pressures between 40 GPa and 100 GPa were conducted. For the simulations, the
relaxation of the cell at various external pressures with 96 atoms (32 Si and 64 O) in a
2x2x?2 orthorhombic supercell was performed. Here, I' centered k-points were used to
sample the entire Brillouin zone. A good compromise between accuracy and computa-
tional speed was found for the plane-wave expansion of the Kohn-Sham orbitals with a
cutoff of 70 Ry. The simulations made use of PAW pseudopotentials and the PBE ap-
proximation as the exchange correlation functional. The BFGS quasi-newton algorithm,
implemented in the Quantum Espresso suite is based on the trust radius procedure and
was used for structural relaxation. All simulations were conducted at room temperature.
The results of the DFT ground state calculations of seifertite are in great agreement to
calculated molecular volumes from literature data (e.g. [28]) at lower pressures between
40 GPa and 60 GPa (Fig. 3.29). However unit cell volumes calculated from DFT deviate
from literature data at higher pressures of up to 0.8 %.

The results from first principle calculations agree well with the experimental results from
this work on seifertite at slow (0.07 GPa/s)- and moderate compression rates (0.25 GPa/s),
but deviate strongly for results from fast compression rates (0.41 GPa/s) (Fig. 3.29).

3.2.2 Resistive heated experimental runs

«-Cristobalite was furthermore resistively heated within the RHdDAC to maximum tem-
peratures of 500 (+50) °C and 700 (£100) °C, respectively. Here, the cells were heated in
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100 °C successive temperature steps up to a maximum temperature. Subsequently, cells
were ramp compressed with a compression rate of 0.27 GPa/s (IRHDAC _runl) and 0.17
GPa/s (dRHDAC _run2) to a maximum pressure of 101 GPa and 114 GPa, respectively.
The applied temperatures within the cell led to an increase of the internal pressure at each
temperature step. The pressure increase was accompanied by phase transformations from
oc-cristobalite towards cristobalite II, cristobalite X-I and seifertite, which was observed

in the XRD pattern (Fig. 3.31).
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Figure 3.31: The structural evolution of x-cristobalite during resistive heating of experi-
ment dRHDAC _run2. Here it can be shown, that structural transformations are appearing
during heating and subsequent pressure increase within the cell.

In the experimental run dARHDAC _runl, the starting pressure in the cell at room temper-
ature was 5 GPa. At this pressure, Bragg reflections of the sample could be associated
to the cristobalite II structure. At 100 °C, pressure had increased to 7 GPa and sample
reflections could still be indexed to cristobalite II, with no other phases observed. At a
temperature of 200 °C, pressure had increased to 10 GPa with intensities of the Bragg
reflections of cristobalite II decreasing. At 300 °C, pressure increased to 11.5 GPa and
Bragg reflections of cristobalite II had almost vanished, however, no other phases were
observed in the XRD pattern. At 400 °C, pressure had risen to 14.5 GPa and Bragg reflec-
tions of cristobalite X-I were emerging. The intensity of the cristobalite X-I reflections
increased at 500 °C, at which pressure had risen to 18.5 GPa. The first diffraction image

of the dDAC ramp compression was then acquired after around ~20 minutes at which the
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pressure had been further increased to 24 GPa. Here, Bragg reflections of the sample was
indexed to the seifertite structure. The reflections of seifertite can be observed throughout
the complete ramp compression run up to 101 GPa as well as the decompression to an
end pressure of 83 GPa.

Starting pressures within the RHADAC cell at room temperature of experimental run
dRHDAC run2 was 3 GPa. Similar to dRHDAC runl, Bragg reflections of the sample
could be indexed to the cristobalite II structure. At 100 °C and 200 °C, pressure within
the cell had increased to 4.5 GP and 8.5 GPa, respectively, and the present Bragg reflec-
tions were still indexed to cristobalite II. At 300 °C and 14 GPa, however, first cristobalite
X-I reflections were emerging and at 400 °C and 20 GPa, only reflections of the cristo-
balite X-I structure was demonstrated. At 500 °C, pressure had risen to 24 GPa and first
Bragg reflections of the seifertite structure were indexed. At 600 °C and 700 °C, pressures
within the cell had increased to 30 GPa and 45 GPa, respectively and Bragg reflections
of the sample could only be associated to the seifertite structure, with no other structures
observed (Fig. 3.31). The first XRD image of the ramp compression was acquired at 66
GPa. Up to 114 GPa, only the seifertite structure was indexed. Decompression of the

sample to an end pressure of 103 GPa revealed no further phase transformation.
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Figure 3.32: Molecular volume of seifertite as a function of pressure from experimental
runs dRDAC runl and dRDAC _run2. Furthermore indicated are the results from ground
state DFT calculations of seifertite and literature data of seifertite and cristobalite X-I at
various pressure points. Here, the molecular volume from the experimental runs with the
RHADAC is deviating strongly from results of seifertite from static or dDAC experiments.

Unit cell volumes of seifertite during dynamic compression up to maximum pressures of
101 GPa (dRDAC_runl) and 114 GPa (dRDAC_run2) reveal increasingly larger values
compared to static and theoretical DFT data (Fig. 3.32). Between ~24 GPa and ~38

GPa, unit cell volumes are similar to static data but deviate strongly at higher pressures
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from the equilibrium steady state data (Fig. 3.32). The calculated unit cell volumes of
experimental runs dARDAC _runl and dRDAC _run2 during dynamic compression are com-
parable. The reason for this might be the slower compression rate of the experimental run
(dRHDAC _run2) at higher temperatures compared to faster compression rates at lower
temperatures (ARHDAC _runl).

3.2.3 Dynamic compression of single crystal o-cristobalite

To further investigate the effect of hydrostaticity within the dynamic diamond anvil cell
during compression of cristobalite, two experimental runs at quasi-hydrostatic conditions
with single crystal x-cristobalite and neon as a pressure transmitting medium were con-
ducted. XRD reveals the cristobalite X-I structure upon compression from 14 GPa up to
82 GPa with no intermediate phase transitions. Because the pre-pressure of the dDAC
was already at 14 GPa, it is not possible to ascertain, if a prior phase transformation from
«-cristobalite towards cristobalite II, and cristobalite II to cristobalite X-1 was apparent.

The decompression of the sample to 21 GPa did not reveal any phase (re-)transformation
towards cristobalite II or o-cristobalite and the diffraction pattern of the sample during
a second ramp up to 31 GPa could still only be indexed to the cristobalite X-I structure.

From the refined Bragg reflections of cristobalite X-I, unit cell volumes could be calcu-
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Figure 3.33: Molecular volume of cristobalite X-I as a function of pressure. Shown are
experimental results of experiment p2sv13 with a compression rate of 0.07 GPa/s. Fur-
thermore indicated the results from ground state DFT calculations of seifertite and liter-
ature data of seifertite and cristobalite X-I at various pressure points. The experimental
data of this work is in excellent agreement to literature data from [46]
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lated within the entire pressure regime of 14-82 GPa. The unit cell volumes appear to be

in excellent agreement to literature data of Ref. [46] (Fig. 3.33).

3.2.4 Metadynamic simulations of «-cristobalite by means of vari-
able cell DFT-MD calculations

In order to elucidate the effect of hydrostaticity on the transformational pathways of o-
cristobalite, a metadynamics variable cell DFT-MD simulation was performed. The meta-
dynamics simulations were conducted by means of first principles (ab initio)- and vc-md
methods, implemented in the Quantum Espresso software package. Ab initio calcula-
tions were carried out within the DFT formalism, using the generalized-gradient approx-
imation (GGA) for the exchange—correlation energy. A tetragonal super cell with 96
atoms (32 Si and 64 O atoms) were used for the simulations and I' point sampling for
the cell’s Brillouin zone integration was chosen. For each value of the applied stresses,
the lattice vectors were optimized together with the atomic coordinates. The vc-md runs
were conducted at ambient temperatures (300 K), controlled through velocity rescaling.
The planewave energy cutoff was set to 120 eV and a total of 19000 time steps, each
0.96 fs (total 9.67 ps) were applied. Because of the metadynamic nature of this study,
the vc-md simulations were conducted within a variable cell, either with hydrostatic pres-
sures applied on all three crystallographic axis, or a non-hydrostatic compression in the
c-crystallographic direction.

The results show, that in the ab initio case, x-cristobalite undergoes a phase transforma-
tion to a high pressure (hp-cristobalite) phase at ~20 GPa (Fig. 3.34). Further, the ab
initio simulations predict a structural transformation of the hp-cristobalite phase into six-
fold stishovite at ~37 GPa up to ~60 GPa (Fig. 3.35).

In the vc-md simulations, one can observe the same initial transformation from
«-cristobalite to hp-cristobalite at ~20 GPa, independent of hydrostatic or non-
hydrostatic compression. Subsequently, in the non-hydrostatic case, i.e. when the
«- cristobalite unit cell is uniaxially compressed, one can further determine a phase trans-
formation from hp-cristobalite to seifertite at ~28 GPa up to pressures of ~60 GPa (Fig.
3.35). However, in the hydrostatic case one does not observe any further phase transfor-

mations from hp-cristobalite to a higher pressure structure (Fig. 3.35).
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Figure 3.34: Structures of the ambient and high pressure polymorphs of «-cristobalite
derived form ab inito (GGA) and vc-md simulations. The structures are viewed along the
c axis at various pressures with the large spheres representing the Si atoms and the small
ones the O atoms.
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Figure 3.35: Density and structural evolution of «-cristobalite with regard to pressure.

Shown is

the density from ab initio (GGA) and variable-cell molecular dynamics (VC-

MD) simulations. The phase transitions are indicated by dashed black arrows.
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Discussion

In this thesis, numerous physical effects on the atomic structure of silicates and GeO, were
investigated using laser induced shock compression and dynamic DAC experiments. At
first, the lattice response towards laser induced shock compression on x-quartz, stishovite
and GeO, are discussed in chapter 4.1. Subsequently, the melting and post-shock dy-
namics of o-quartz, o-cristobalite and fused silica as starting materials are dissected with
regard to recrystallization and grain growth kinetics during shock release. Next, the effect
of fast- and ultra-fast kinetics by means of dynamic DAC and laser shock compression
techniques (4.2) as well as the effect of hydrostaticity to high pressure phase transition-
son of x-quartz, stishovite and x-cristobalite (4.3) are discussed. This ultimately leads to
a new interpretation of the transformation pathways of SiO, and GeO, and elucidates the

concomitant geophysical implications (4.4).

4.1 Material response to laser induced shock compres-

sion

4.1.1 «-Quartz

Figure 4.1 summarizes peak pressures and corresponding densities, derived from the /e
Bail refined XRD data (Fig. 3.11). The obtained «-quartz Hugoniot in pressure-density
space are compared to experimental data on «x-quartz from literature [144, 145, 146, 147,
148, 149, 150, 151] and the stishovite isotherm derived from 300 K static data [20]. The
refined densities, obtained in this work, are in excellent agreement to literature values at
comparable pressures and support the general oc-quartz Hugoniot trend (Fig. 4.1). From
this work, the refined density of the stishovite structure at 45(7) GPa exhibits slightly
lower densities compared to experimental equilibrium data on the 300 K static stishovite
isotherm [20]. The elevated temperatures during shock transit can explain this devia-

tion from the static experimental data at ambient temperatures. At higher pressures, the
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Figure 4.1: Pressure-density plot of x-quartz shock wave data. Shown is the o-quartz
shock Hugoniot curve as well as the quartz and stishovite isotherms. Densities derived
from this work are indicated as large diamonds. Shown are furthermore the contin-
uum Hugoniot data from laser shock compression experiments [144, 145, 146, 147, 148,
149, 150], gas-gun experiments [151], as well as the 300 K static compression data for
stishovite [20]. Horizontal dashed line indicates shock melting conditions, horizontal
dotted line equilibrium melting conditions. st: stishovite, d: d-NiAs.

d-NiAs mass fraction of the mixed phase between stishovite and d-NiAs is increasing and
results in overall lower densities compared to pure stishovite on its respective isotherm
(Fig. 4.1). As described previously [151], we also observe a denser stishovite structure
relative to the d-NiAs phase. The density ratio between stishovite and d-NiAs (1.01-1.02)
is furthermore comparable to static experiments [152] at lower pressures.

Theoretical calculations suggest, that the mass fraction A of stishovite from shocked o-
quartz starts to increase at 15 GPa and will eventually reach ~1 at 46 GPa [107], resulting
in a complete transformation to the stishovite structure. The observed phase transfor-
mation from single crystal «-quartz to stishovite at 45(7) GPa in this study, is in great
accordance to the theoretical assumption. The observations are furthermore comparable
to diffraction data from shock compressed fused silica (SiO5), in which a phase trans-
formation to the stishovite (rutile) structure in laser shock compression experiments was
observed at ~33 GPa [100] and between 34 GPa to 64 GPa [153] in a gas-gun experi-
ment. For fused silica it was shown, that the nucleation and growth of the high pressure
stishovite phase is a coalescence grain growth due to the homogeneous nucleation [100]

and a growth model involving only small-scale atomic motions was proposed [153]. For
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4.1. Material response to laser induced shock compression

x-quartz, there are two likely mechanisms, that would explain the transformation towards
stishovite: the first one assumes that the x-quartz-stishovite transformation mechanism
is a combination of shear-band melting of «-quartz and recrystallization (progressive
bond-bending model [154, 155]). Here, heterogeneous strain results in the deformation
of narrow shear zones, which can accommodate much higher temperatures than the bulk
sample [156]. During shock transit, the o-quartz structure will be partially amorphized
and stishovite nucleates and grows from the heated zones (Fig. 4.2a). The second mech-
anism is a displacive, martensitic phase transition from «-quartz to stishovite, induced
by uniform shear stress in the shocked sample [157], however, the continuous increase
in intensity of the Bragg reflections of polycrystalline stishovite (Fig. 3.11, purple lines)
would rather suggest a successive nucleation and growth than a martensitic phase transi-
tion.

On the x-quartz Hugoniot, at pressures exceeding 70 GPa, a phase transformation towards
the CaCl; structure was assumed [158]. The experimental data obtained in this thesis, did
not reveal the CaCl; structure upon shock loading at 73(13) GPa, but instead a mixed
phase between stishovite and defective niccolite (d-NiAs) was identified. The increasing
intensity of the Bragg reflections during the various X-ray probe times indicate, that this

mixed phase is also crystallizing from
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vanished and only Bragg reflections of

the defective niccolite structure can be observed. One can assume, that during shock load-
ing, a complete crystallization of stishovite is hindered, resulting in the d-NiAs structure
(Fig. 4.2c). It should however be noted, that at 94(14) GPa, the sample could not be
probed directly at shock breakout (t,...e = -0.5 ns relative to the shock breakout) and
therefore there might be the possibility, that stishovite peaks are still emerging. However,
molecular dynamic simulations [159] indicate that the crystallization of stishovite from
quartz takes ~0.5-5.0 ns and therefore corresponding peaks should already have been ob-
served. In general, one can interpret the high pressure regime (> 70 GPa) of the general
«-quartz Hugoniot as a metastable state with d-NiAs-type SiO, being the primary phase.

4.1.2 Stishovite

The pressures, determined from VISAR, as a function of density, obtained from XRD, are
shown in Figure 4.3. They are in excellent agreement with literature data from shock com-
pression experiments [63, 133, 135] and below 128 GPa comparable to static compression

experiments[20, 33, 35, 36, 37]. A stishovite structure from the refined diffraction pattern
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Figure 4.3: Pressure-density experimental data for stishovite (yellow diamonds) and
300 K corrected data (grey diamonds) from this study and literature. (s) indicates shock
wave experiments. Drawn are furthermore the stishovite Hugoniot (dashed line) and
300 K isotherm (solid line). Modified after [113].

at 18(2) GPa is well within the stishovite stability field found in static compression ex-
periments [17, 20, 25, 33, 35, 36, 37]. However, a departure from equilibrium behavior is
observed at higher pressures: at 123(5) GPa, Bragg reflections of compressed stishovite
are still apparent. These conditions are within the equilibrium phase stability field of -
PbO, type silica [25, 26, 27, 28, 29, 30, 31], and at 301(12) GPa and 336(13) GPa, P-T
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4.1. Material response to laser induced shock compression

conditions can be associated to the pyrite-type silica stability field [32].

The obtained bulk modulus of stishovite from this study (K, = 307 GPa, Ky’ = 4.66 GPa)
is comparable to published data of shock compression experiments (Ko = 315 GPa, Ky’ =
4.8 GPa and K, = 307 GPa, Ky’ = 5.0 GPa) [133, 158] as well as EOS studies of stishovite
at lower pressure from static DAC experiments (Ko = 309.9 GPa, Ky’ = 4.59 GPa and
Ko = 294 GPa, K’ = 4.85 GPa) [20, 37]. It seems that this is not only valid at lower
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Figure 4.4: Si0, phase diagram, modified after [8, 63, 158]. Shown is experimental data
where the structure of SiO, was resolved. Indicated are the different equilibrium phase
stability fields and the geotherms of Earth and terrestrial planets with a mass of 10 Mg.
Red diamonds are data from this study and the dashed magenta line indicates the Sesame
stishovite EOS 7360 [134]. Shown is data with «-quartz or fused silica as a starting
material: black and grey squares from [17], circles from [25], right triangles from [27],
lower triangles from [30] and stars from [32] as well as stishovite as a starting material:
white squares [19], upper triangles [37], crosses [38] and left triangles [36]. Furthermore
melting lines are indicated: brown [63], orange [160], pink [59], blue [161], green [58]
and light blue [162, 163]. Modified after [113].

pressures, but continues to be apparent at multi-Mbar pressures [63, 135]. Past studies
have interpreted the lack of evidence for a phase transition as i) not being in the right
pressure regime, ii) sluggish kinetics, or iii) relatively small changes in structure and en-
ergy attending a phase transition and not detectable with diagnostics [133]. Up to now,
however, there has been no lattice-level structural information for stishovite under shock
compression. By coupling XFEL sources to high-power laser systems, one can now reveal
subtle changes in lattice structure during the shock response of materials. The femtosec-
ond diffraction contradicts 1) and iii), since Bragg reflections of stishovite can still be
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observed in the shock compressed state along the respective Hugoniot at pressures ex-
ceeding 300 GPa. Furthermore, the measured lattice parameters do not indicate a change
in crystal structure as in a first order transition, in contrast to static data [20, 38] (Fig.
3.15). The stishovite structure of the shock compression experiments of this work above
300 GPa is therefore in vast contrast to static compression experiments: at 123 GPa,
there is no indication of a a-PbO, phase, which was seen in DAC experiments with SiO,
[25, 27] and at experimental peak pressures of 301 GPa to 336 GPa there is no indication
of the pyrite structure [32] at the ns-timescales of the experiment.

41.3 GeO,

X-ray diffraction of shock compressed GeO, reveals two major high pressure phase tran-
sitions. The first transition from the ambient quartz-like structure of GeO, to a higher
pressure polymorph seems to occur at 19(5) GPa, at which the onset of Bragg reflections
within the XRD pattern of the rutile structure can be observed (Fig. 3.18). This is in ac-
cordance to literature, in which a rutile structure in this pressure regime on the respective
Hugoniot is expected [164]. However, even though the obtained XRD pattern is close to
the shock breakout (t,,.5. =-0.5 ns relative to the shock breakout), the rutile peaks are low
in intensity compared to the ambient GeO, Bragg reflections. The reason for the indistinct
rutile peaks may be due to the experimental setup. Since a slurry of GeO, powder was
used, it is possible, that the various orientations of the GeO, crystals within the slurry are
slightly distorted and pressure propagation within a slurry might not be as efficient and
effective as for single crystal shock compression, because the used epoxy in the slurry
likely attenuates the shock wave. This would also explain why some ambient GeO, peaks
can still be observed at this pressure, close to the shock breakout. This indicates, that the
sample was incompletely compressed at 19(5) GPa.

Athigher applied laser intensities and a concomitantly increased peak pressure of 53(9) GPa,
one can observe the transformation from ambient GeO, towards an amorphous structure
close to the shock breakout (t,.., = -1.0 ns relative to the shock breakout) (Fig. 3.18).
Here it seems that the GeO, slurry has transited towards melting, which is in accordance
to theoretical calculations [164]. Shortly after the shock breakout on the release (t,ope
= 0.5 ns relative to the shock breakout), the characteristic (110) rutile-structure Bragg
reflection appears next to the amorphous feature. This is an indication, that the GeO, re-
lease Hugoniot traverses P-T conditions at which the SiO, rutile structure is stable, which
would explain the observed feature within the XRD data.

At 104(12) GPa, the ambient GeO, Bragg reflections almost completely vanish close to
the shock breakout and an amorphous structure emerges. This amorphous structure could

result from the melting of the GeOs slurry. Similar to fused silica (Fig. 3.25), one ob-
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serves a shift of the amorphous peak position towards lower 20 angles at later time delays,

on the respective release Hugoniot. This indicates that the release Hugoniot of GeO, at

these pressures does not traverse the solidus regime, similar to what has been seen for

fused silica [101]. Future research might probe on the release Hugoniot of GeO- at later

time delays, which could exhibit a recrystallization of ambient GeO, at lower tempera-

tures and ambient pressures.

The calculated structure factors are
in accordance to static data [49]
at comparable pressures (e.g. Fig.
3.19). Due to the lower photon en-
ergies available from XFEL sources
compared to synchrotron radiation
sources, a limitation in F(r) (eq. 3.22)
is apparent, which arises from the
experimental finite maximum Q,,q;.
This can result in extraneous features
near the first coordination peak in F(r)
which will be evident in the radial dis-
tribution function. However, the qual-
ity of g(r) is in reasonable agreement
to static data and the peak shapes and
positions in g(r) are changing signif-
icantly at higher pressures. The Ge-
O distances, obtained from the first
peak of g(r) are slightly lower com-
pared to data from [49] and [165].
However, similar to static compres-
sion, an observed shift of the Ge-O
distance towards larger values with in-
creasing pressure up to 19 GPa indi-
cates a phase transformation from a
4-fold to a 6-fold coordination, hence

from the quartz-like GeO, structure to
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Figure 4.5: Ge-O (a) and Ge-Ge (b) distances de-
rived from the first- and second peak position of
g(r) with regard to pressure from this work (red
squares) compared to Ge-O and Ge-Ge distances
of amorphous GeO, glass at ambient tempera-
tures from Ref. [165] (black line) and Ref. [49]

(yellow circles)

the rutile structure. With further compression, the effect of the pressure is apparent and

the Ge-O distance is increasing again.

A major difference between the results of shock compression from this work to static data
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is the missing of the distinct shoulder at the lower 1 side of the second peak, which has
been widely observed in static data for pressures below 50 GPa [49, 165, 166, 167, 168].
The shoulder is associated to two Ge-Ge distances in the sixfold-coordinated GeO, struc-
ture. However, in this study, this feature cannot be distinguished from the broad second
peak in g(r) at pressures below 53 GPa, likely because of the limited Q-range in the ex-
periments. The pair correlation function at pressures of 53(9) GPa and 104(12) GPa are
however in accordance to literature data [49, 165]. A coordination number of 4.0 at am-
bient state, of 5.8 at 19(5) GPa and 5.8 at 53(9) GPa is in good agreement with Ref.
[165] but deviates from data of Ref. [49]. At 104(12) GPa, a coordination number of 6.9

indicates a higher coordinated GeO- structure.
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Figure 4.6: Germanium coordination number in shock compressed GeO, compared to
literature data [49, 165].

4.1.4 Shock induced melting and recrystallization of «x-quartz, «-

cristobalite and fused silica

The results of the laser induced post-shock dynamic experiments on «-quartz,
«-cristobalite and fused silica display distinct features, while being probed with the XFEL
at late time delays on the respective release Hugoniot. The single crystal x-quartz struc-
ture undergoes two major stages during shock at pressures at liquidus conditions. In the
first stage, melting is observed upon shock loading of the ambient structure. One can
assume the structure is molten, because no crystalline features are observed within the X-
ray diffraction data and only broad features are apparent. These broad XRD band(s) are
similar to melt- and glass features seen for other materials, such as fused silica glass [169]
or liquid tin [170]. In the results from the LCLS experiments, only one broad peak was
detected, whereas in SACLA data, two broad plateaus are apparent (Fig. 3.22). Further-
more, the broad peak in the experimental data from LCLS is located at higher 20 values

than in the data from the SACLA experimental campaign, which likely derives from the
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different peak pressures and temperatures in each experiment.

In the second stage, after 80 ns first Bragg reflections appear within the XRD of poly-
crystalline x-quartz at the LCLS experiments. Because the sample was only probed at a
80 ns delay time and not earlier, one cannot rule out the emergence of Bragg reflections
at earlier times, as seen for instance at SACLA (30 ns time delay). The intensity of the
Bragg reflections of polycrystalline quartz are generally increasing with later time delays,
which suggests an increase of reflective o-quartz crystals within the melt.

Similar stages can be seen for x-cristobalite. Here the initial ambient polycrystalline

structure, as seen in the XRD, trans-

forms to a melt or melt-like structure, 8ns

. . . 9ns\>
with no crystalline signatures appar- 8000
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an initial amorphous glass structure, as seen in the XRD, one can observe the occurrence
of a broad Bragg peak, similar to quartz, which can be associated to the melting of fused
silica. This broad peak shifts towards lower 20 values at later time delays, which indicates
a pressure release of the sample. At late time delays (50 ns to 250 ns) the re-appearance
of an amorphous structure with no crystalline features was detected. It is striking, that the
product of molten single- as well as polycrystalline samples appear to be again of poly-
crystalline nature, whereas the shock melt product of an initial amorphous structure will
remain amorphous on the release. A theoretical study indicated, that x-quartz will remain
amorphous when shock loaded towards the liquidus regime and then released to ambient

pressures [107]. However, it was argued, that the amorphous nature on the release is only
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apparent at high temperatures and significant phase changes are likely happening during
or after cooling over a period of time, much longer than the shock loading and unloading
duration [107]. Since the time delays of the XFEL probing of the molten samples are
relatively long, it is likely that the amorphous state of each sample has not been captured
and temperatures have already cooled down. From hydrodynamic simulations (Fig. 4.7)
it is evident, that for the simulated silica experiments at estimated peak pressures, the
pressure is decreasing much faster than the temperature on the release, which is in accor-
dance to the findings of this work, since first Bragg reflections of polycrystalline x-quartz
emerged at a ~30 ns time delay. At this time delay, temperature likely has reached the
solidus regime of «-quartz at ambient pressure (Fig. 4.7).

To quantify the crystal growth kinetics, the grain size and growth of the release products
during shock compression were determined, using the Scherrer equation (eq. 2.1). The
calculated grain sizes gave rise to a grain growth for «-quartz of ~80 A within 200 ns

(Fig. 4.8). The grain growth of o-cristobalite reaches ~20 A at 80 ns time delay (Fig.
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Figure 4.8: Experimentally determined average grain sizes as a function of delay time.
Shown are results from the release kinetics of x-quartz (blue triangles at BL3:EHS, red
triangles at MEC), x-cristobalite (green diamonds) and fused silica (yellow triangles).
Given are further the fits from the simple growth model at a fixed n. The black dotted line
indicates the initial grain size of the polycrystalline o-cristobalite.

4.8). No measurements at later time delays were conducted, and it is not clear, if grain
growth continues at later time delays. However, similar to other nanocrystalline growth
[172] the evolution of the mean particle size versus time resembles the trend predicted
by classical growth models [173], in which the size of the particles D is proportional to
growth time t, according to [174]:

D — Dy = k(t — to)¥/" (4.1)
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where k(T) is the temperature-dependent material constant corresponding to exponent n,
Dy is the starting size and t; is the starting nucleation time. n can be associated to the
transformation and growth mechanism [174, 175, 176]. Here, crystal growth is diffusion
related if n < 4 or described by attachment or coalescence events if n > 4.

From hydrocode simulations, it is possible to determine the approximate time delay (= ty),
at which the P-T conditions would reach the solidus of «-quartz, x-cristobalite and fused
silica, respectively (Fig. 4.7). For cristobalite, initial grain size of the polycrystalline
structure was calculated from the ambient drives (28 nm), which was assumed to be also
the final grain size after a complete recrystallization from the melt (Fig. 4.8, dashed
black line). If fitted with a single best-fit value of n = 9 for all given crystal growths,
one can assume a strong coalescence grain growth from the melt to be most appropriate.
The strong coalescence grain growth as well as the absence of any crystal growth from
fused silica at any given time delay indicates that crystallization and nucleation must
arise from remaining short-range structures within the melt. Short-range bonding was
also determined by DFT-MD simulations, in which the «-quartz structure was simulated
at 9000 K and a pressure of 160 GPa. The resulting structure still exhibits some remaining
Si-O bonding (Fig. 4.9a). By simulating X-ray diffraction of this bonded melt structure,
one can observe a strong resemblance of the simulated- and the experimental diffraction
pattern of molten quartz (Fig. 4.9b) which may be attributable to the growing structural

disorder caused by bond breaking in the melt.
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Figure 4.9: (a) Snapshot of the DFT-MD simulations of «-quartz at 160 GPa and 9000 K.
Partial bonds within the liquid like structure are still apparent. (b) Diffuse liquid scattering
signal from the experimental work at MEC and simulated from DFT-MD of the liquid -
quartz structure.
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4.2 The effect of fast compression and temperature on

phase transitions

4.2.1 Laser induced shock compression

From the experimental campaign on shock compressed x-quartz, a phase transformation
towards the metastable d-NiAs structure was observed at 73 GPa, which are at higher P-T
conditions than required for steady state SiO5 equilibrium melting [58, 161, 162, 163]. A
possible explanation for this discrepancy might be, that upon shock compression, pres-
sure and temperature are raised simultaneously on ultra short time scales. The rise time
of a shock wave is approximately 1 ns and temperature increases at about ~10% K, which
results in a heating rate of ~102 K/s [107]. Solids can therefore be heated at rates higher
than those required for a rearrangement of atoms upon melting [55]. The fast heating
rate during this so-called ’superheating” of the structure is likely an explanation for the
metastable nature in the high P-T regime of the x-quartz Hugoniot. One can assume a
shear-mediated crystallization of stishovite in which the oxygen sublattice responds read-
ily to the loading of the applied shock and transforms to a quasi hexagonal closed packed
(hep) structure, accompanied by a partial diffusion and reordering of the Si cations. By in-
creasing temperatures, the crystalline part of the sample successively transforms to a dis-
ordered network of atoms in which the smaller Si cations are randomly occupying one half
of the octahedral sites. Prior to the sudden catastrophic homogenous melting at ~115 GPa
[107, 158], this structure is metastable, which is because of the short timescales during
shock loading. Experiments in which only the temperature was monitored, revealed su-
perheating of «-quartz at pressures between ~70 GPa and ~115 GPa [144, 150, 177].
This was consolidated by theoretical calculations [107, 158], but could not be verified on
the lattice level, because of the limited diagnostics at that time.

For shocked compressed stishovite there was no phase transformation at a pressure of up
to 336 GPa, which deviates strongly from structural modification in static compression ex-
periments at respective pressures. This is in accordance with previous shock compression
studies on stishovite [63, 133, 135]. It is assumed, that in absence the phase transforma-
tions, shock temperatures rise with increasing pressure to adjust to the increase of internal
energy due to the compression work [63]. The calculations in this work indicate, that
stishovite is experiencing temperatures ranging from 324 K up to 4757 K over a pressure
range of 18 GPa to 336 GPa during shock loading (Fig. 4.4). However, because of the
nanosecond timescales during dynamic loading and accommodation of rate-limiting ki-
netic hinderances, effects can result in significant shifts of equilibrium phase boundaries.
Hence, transitions may not be observed or may require significant overpressure.

The delay or absence of a phase transition during shock loading, which have previously

been determined by static data, is a known phenomenon for other shock compressed ma-
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terials [105, 178, 179, 180, 181, 182]. The extent, however, to which these pressure
induced phase transformations can be hindered seems to be much more pronounced for
«-quartz and stishovite than for other materials such as Sn or Bi [105, 106]. The results
are unexpected as one would not presume crystallization to be inhibited, at least e.g. for
the CaCl, structure, which is differentiated from stishovite only by a small diffusionless

displacement of oxygen ions.

4.2.2 Dynamic compression with the (RH)dDAC

A comparative summary of the dDAC study from this work of the structural response of
«-cristobalite with regard to the compression rate is shown in Figure 4.10. Here, the pres-
sure onset of phase transformations towards the high pressure polymorphs is increasing
with increasing compression rates. Out of all the experimental runs, only the pressure on-
set of the phase transformation of x-cristobalite towards cristobalite II does not exhibit a
clear correlation between compression rate and phase transformation. The uncertainty of
the pressure determination from the Au standard is however at ~0.5 GPa and is therefore
comparable to the pressure range of the «-cristobalite — cristobalite II transition itself.
From Figure 4.10 it is evident, that the compression rate has a fundamental effect on phase
transformations. It has been shown, that an overpressurization of «-cristobalite can lead to
the delay of phase transformation towards cristobalite II [46, 47], however, no quantifica-
tion of this effect was made before. Because of the novelty of the dDAC technique, there
are only a few other experimental campaigns, which elucidate the effect of compression
rate towards pressure onset of phase transitions for geological materials [88, 89, 90, 183].
The effect of a delayed phase transition by fast compression was observed in a dDAC
study with o-quartz as the starting material [88]. Here, the high pressure phase transition
towards stishovite (and an amorphous feature) was seen between 18-38 GPa, which is in
contrast to the pressure of ~7 GPa reported in static transformation experiments. The
effect of fast compression rate to over-pressurization was also found in a study on KCl
[183]. It was shown, that the compression rate is dependent on the activation energy, with
the activation energies decreasing linearly with the logarithm of the compression rate.

In static experiments, it was shown, that at small over-pressurization of a DAC, the nu-
clei of high pressure phases can be formed on grain boundaries, whereas at large over-
pressurization nuclei form in the grain interiors. That means, that the nucleation mecha-
nism changes from a heterogeneous, to a homogeneous nucleation with increasing over-
pressurization. The formation of nuclei near the grain boundaries and surfaces has there-
fore a slightly smaller activation energy at low compression rates. However, with in-
creasing compression rates, the effective activation energy for homogeneous nucleation
decreases, which results in the increasing likelihood of a nucleation in the grain interiors

and subsequent suppression of heterogeneous nucleation. This can be observed from the
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diffraction images of the seifertite formation at increasing compression rates at which
slower compression resulted in larger and more inhomogeneous diffraction spots and
rings, while more rapid compression led to more homogeneous diffraction rings. One
can therefore assume, that the higher compression rates seen in this work are the result
of the effective increase in the slower homogeneous nucleation, resulting in the over-

pressurization and delay of phase transitions to higher transition pressures.
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Figure 4.10: Pressure versus compression rate for different experimental runs with the
dDAC and powder as starting material. Shown are the different high pressure polymorphs
of «-cristobalite: cristobalite II (CII), cristobalite X-I (CXI) and seifertite (Sft).

Subsequently, the effect of temperature on the phase transition of x-cristobalite during
fast compression was investigated. At static conditions, it was shown, that elevated tem-
peratures will promote seifertite formation at pressures as low as ~11 GPa due to its low
activation energy (~10 kJ/mol). This is consistent with a diffusionless transformation
mechanism from «-cristobalite to seifertite [42]. At even higher temperatures a possible
diffusion controlled mechanism can promote formation of stishovite, which occurs with a
relatively large activation energy (~110 kJ/mol) [184]. Since the formation of stishovite
was not encountered in this study, the applied temperatures were apparently not sufficient
to promote the phase transformation. The first seifertite Bragg reflections in this work
with the RHADAC were observed at 24 GPa. At this pressure, temperatures exceeding
~825 °C would have likely promoted stishovite formation [184], however temperatures
applied in this work were only at a maximum of 700 °C. Furthermore, during the fast

ramp compression, the molecular volumes are strongly deviating from static and dynamic
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compression data at comparable compression rates. This indicates, that the molecular vol-
ume of seifertite at temperatures between 500 °C and 700 °C cannot reach equilibrium-
or low compression rate steady state values because of the thermal expansion within its

lattice structure during fast compression.

4.3 The effect of hydrostaticity on structural transforma-

tion pathways

4.3.1 Stishovite

There has been evidence derived from this work, that shock compressed stishovite re-
mains stable up to a pressure of 336 GPa. Besides the effect of short-timescales, this
can be explained by uniaxial compression during shock loading. Strong anisotropic ef-
fects are in place while the shock wave traverses the sample, which is reflected in the
differences of relative compression between the lattice parameters a and ¢ of shock com-
pressed stishovite (Fig. 4.11). The relative lattice parameter displays a preferred com-

pression along the a axis up to ~100 GPa. At pressures between 100 GPa and 336 GPa,
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Figure 4.11: Lattice parameter ratio ¢/a with regard to pressure. Indicated is furthermore
the pressure, at which a structural transformation from stishovite to CaCl,-type silica has
been observed in static experiments [20, 38] (dashed line).

the pressure axis of stishovite orientates itself primarily along the c-direction, indicating
strong non-hydrostatic conditions. Additionally, the broadening of the Bragg reflections
in Figure 3.11 likely arises from a pressure gradient and non-hydrostatic stress, with the
accuracy of the measured d-values being diminished. Previous studies on stishovite in

static experiments show, that non-hydrostaticity produces large deviatoric stresses as a
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result of the high shear strength [22, 24] and it was reported that the preferred orien-
tation of stishovite under compression was the crystallographic c-direction [185]. It is
well known from static experiments, that the effect of hydrostaticity can fundamentally
change the onset, or presence, of phase transitions [46, 186]. However, it was suggested,
that non-hydrostatic conditions in DACs, for instance, actually decrease the pressure-
induced onset of e.g. a ferroelastic phase transition from the tetragonal (stishovite) to the
orthorhombic (CaCls,) structure [23]. Since no such transition was observed in this work,
the non-hydrostatic stresses may displace the equilibrium boundaries to higher pressures

in shock compression experiments, as previously suggested [107, 187].

The anisotropic behavior of shock compressed stishovite was further confirmed by vari-
able cell DFT-MD simulations. These showed, that by hydrostically compressing the
stishovite unit cell the expected phase transition of the stishovite structure to the CaCl,
structure took place (Fig. 3.16). Here, the transition is driven by the softening of a zone-
center optic mode that couples with acoustic modes to produce a marked softening of
the shear elastic constants [18]. In contrast, when applying uniaxial stress conditions to
the stishovite unit cell, only slightly distorted oxygen atoms are observed and the general
stishovite structure is retained (Fig. 3.16). These observations endorse the anisotropic
compression behavior of stishovite during laser induced shock compression and might
be, next to the short timescales of the experiment, an explanation, why a phase transition

of stishovite to CaCl, cannot be observed at pressures of up to 336 GPa.

4.3.2 o-Cristobalite

The effect of hydrostaticity during dynamic compression was furthermore investigated
with the dDAC, and it is evident that the mechanism that o-cristobalite adopts during
compression depends on the stress conditions. In contrast to non-hydrostatic conditions,
that is without any pressure transmitting medium (PTM) using powders as starting mate-
rial, this work also reports on hydrostatic experiments with single crystal «-cristobalite
and Ne as the PTM. In non-hydrostatic experiments with powders, the «-cristobalite —
cristobalite I — cristobalite X-1 — seifertite phase transition sequence takes place. Here,
grain interaction within the powder samples are the major contributor to a non-hydrostatic
environment. For single crystal x-cristobalite in a hydrostatic environment only a phase
transformation to the cristobalite X-I structure was detected between 14 GPa and 82 GPa.
No intermediate phase transitions or higher pressure phases, such as seifertite were en-
countered, neither during compression nor decompression. The results are in great ac-
cordance with recent data from a steady state Raman study [46], in which cristobalite

X-I was shown to be stable up to ~80 GPa under hydrostatic conditions. Furthermore,
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this work demonstrates, that in hydrostatic experiments, seifertite formation cannot be in-
duced by e.g. an overdriving of the hydrostastic conditions through fast compression rates
(0.07-0.41 GPa/s). This might be different at even higher compression rates and should

be further investigated in the future.

The dependence of phase transitions of a-cristobalite at high pressures to hydrostatic-
ity was investigated by means of metadynamics DFT-MD simulations. Here, variable
cell conditions (hydrostatic and non-hydrostatic) and ab initio calculations were applied.
From the result of the simulations one can observe various phase transformations towards
high pressure structures, strongly depending on the simulation modes. Both, the ab initio
and vc-md simulations show a similar transformation pathway up to ~20 GPa, in which a
phase transition of a-cristobalite to a high pressure structure (hp-cristobalite) was shown.
The hp-cristobalite structure is identical to cristobalite X-I and the transition pressure of
the simulations is consistent with experimental findings, in which the transformation to-
wards the cristobalite X-I phase was observed. The difference in density (Fig. 3.35) of
the two simulated approaches can be attributed to the fact that the ab initio simulations
are carried out at zero Kelvin compared to the vc-md calculations at finite temperatures.
On further compression by means of ab initio, this structure transforms into six-fold co-
ordinated stishovite at ~37 GPa, which is in agreement to MD simulations [188]. This is,
however, in stark contrast to experimental findings, in which the stishovite structure was
not observed during compression with the dDAC, neither for single crystals (hydrostatic)
nor powder starting materials (non-hydrostatic). When metadynamics are switched on
and a-cristobalite is uniaxial compressed in the ve-md runs, a phase transformation from
hp-cristobalite towards the seifertite structure at ~28 GPa takes place. This is consistent
with experimental results from this work and literature data [28, 31, 44, 45, 189] in a non-
hydrostatic environment, in which a transformation of cristoablite X-I to seifertite was
demonstrated between 23 GPa and 28 GPa. By hydrostatically compressing a-cristobalite
with the use of variable cell DFT-MD one does not observe any further phase transforma-
tions from hp-cristobalite to a higher pressure phase. This is consolidating experimental
results of this work and literature data [46], in which the cristobalite X-I structure was
observed at pressures up to 82 GPa during hydrostatic compression (Fig. 3.33). In con-
clusion, the vc-md simulations match the experimental results of this work and the effect

of hydrostaticity on the phase transitions was successfully demonstrated.
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4.4 Conclusions and geophysical implications

4.4.1 The transformation pathways of silica and GeQO, at high pres-

sure conditions

In summary, this work investigated four different silica polymorphs, «-quartz, fused sil-
ica, stishovite and «-cristobalite, as well as the structural analogue GeOs by means of
laser induced shock compression and the concomitant use of XFEL radiation.
Furthermore, the dynamic behavior of o-cristobalite at high pressures and variable com-
pression rates were studied with the use of the (resistive heated) dynamic DAC and syn-
chrotron radiation.

On the basis of the obtained results, phase transformation pathways of silica at high pres-
sures in relation to compression techniques were constructed (Fig. 4.13). Finally, these

results are incorporated into the current understanding of silica phase relations.

A phase transformation from shock compressed x-quartz to the stishovite (rutile) struc-
ture at 45 GPa and a transition between 73 GPa and 94 GPa to the defective niccolite
(d-NiAs) structure was observed in this work. The occurrence of stishovite on the quartz
Hugoniot was theoretically predicted [107] and verified in the experiments. Even though
the timescales of shock loading are short, crystallization of stishovite was not hindered as
previously suggested [151]. These findings are consistent with DFT-MD simulations on
nanosecond nucleation and crystal growth of shock compressed SiO, [159]. The transi-
tion from quartz to the defective niccolite structure on the Hugoniot could be explained
by elevated shock temperatures and fast heating rates, indicating a strong thermal depen-
dence of the d-NiAs phase formation under disequilibrium conditions. The formation of
stishovite at 45 GPa in this work is, however, in contrast to gas-gun experiments, where
solely the d-NiAs structure was found [151]. The differences between gas-gun and laser
induced shock compression experiments, which have been similarly encountered recently
for fused silica [100, 153], might result from distinctions of the experimental techniques
(e.g. timescales, shock planarity and shock temperatures) and should be investigated in
the future.

From dDAC experiments, it was shown, that x-quartz undergoes a phase transition be-
tween ~18-38 GPa to the rutile structure, with remains of «-quartz and amorphization
signatures [88, 89]. Between ~38-77 GPa, quartz ultimately transforms to the rutile
structure and glass. The results from shock and dynamic compression deviate strongly
from static equilibrium data, in which a phase transformation of x-quartz to coesite at
~2-7 GPa [14, 15] to the rutile structure at ~7-60 GPa [16, 17, 18] and to the CaCl,
structure above 60 GPa was observed [31].
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The transformation pathway of fused silica at high pressures was investigated by means of
static and shock compression. In laser and gas-gun experiments it was demonstrated that
fused silica transforms along its Hugoniot to the stishovite (rutile)
structure at pressures of ~5-34 GPa
(laser shock) and ~34-63 GPa (gas-
gun) [100, 153]. Up to date it could st (110

not be shown, if an intermediate phase

d-NiAs (101)

d-NiAs (100)

\

st (101)

transition to e.g. the d-NiAs struc-

d-NiAs (102)
ture might occur at higher pressures,

d-NiAs (110)

Intensity (a.u.)

which has been seen for quartz in this
work. However, we did observe the

transformation of fused silica to the d-

NiAs structure in one shock drive to 20 3'0 4'0 5'0 60
~60 GPa (Fig. 4.12). Due to the sta- 26 (°)
tistical limitation we cannot conclu-

sively identify this phase transition at Figure 4.12: XRD outline of shock compressed

this point. There are, although, indi- fused silica. Here, a transformation towards the

cations from shock recovery experi- stishovite (st) and d-NiAs phase was observed.
ments, that fused silica is transitioning
to the d-NiAs structure at high pressures on the Hugoniot, because a very small amount
of d-NiAs phase was identified together with glass within recovery material [190].

In comparison to shock experiments, data from static compression exhibits a transition
towards the rutile structure at ~10 GPa and subsequently the d-NiAs structure has been
demonstrated at pressures between 30-55 GPa (and 1000-1300 K) [31]. At pressure ex-

ceeding 55 GPa, the CaCl; structure was observed [21, 22, 23, 24, 25].

In this work, o-cristobalite was shock driven to a peak pressure of ~70 GPa and a
melting signature was obtained by means of X-ray diffraction. Shock induced melting
of x-cristobalite along its Hugoniot at ~70 GPa is in good agreement to theoretical calcu-
lations [191], in which liquidus conditions are achieved at pressures exceeding ~65 GPa.
One other study reports on the structural transformation of «-cristobalite on its Hugoniot.
Here, the recovery experiment could demonstrate an amorphization of o-cristobalite at
pressures between 23-28 GPa [171].

In comparison, the P-T conditions of the high pressure phase transitions of «-cristobalite
with the use of the dDAC seems to be more complex and strongly depending on the
compression rate and hydrostaticity of the experiment. It is evident from this study, that
«-cristobalite transforms to cristobalite II at pressures between 0.5 and 1 GPa when using
powder as the starting material. Further compression induced a phase transition towards
the cristobalite X-I structure between 5-35 GPa and ultimately to seifertite between 23-35
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GPa. By dynamically compressing single crystal x-cristobalite, one only observes a phase
transition of «-cristobalite to cristobalite II at ~1 GPa, and cristobalite II to cristobalite
X-I at ~14 GPa. It was demonstrated, that cristobalite X-I remains stable up to a pressure
of 82 GPa and no further phase transition towards the seifertite structure was detected.
This transformational pathway is similar to static experiments, in which a phase tran-
sition of o-cristobalite towards cristobalite II has been observed between 1.5-11 GPa,
cristobalite II to cristobalite X-I at 11 GPa and cristobalite X-I to seifertite at ~30 GPa
[45, 46, 47]. Similar to the findings of this work, it becomes evident, that by using single
crystal o-cristobalite as the starting material cristobalite X-I remains stable up to 80 GPa
[46].

The structural behavior of stishovite at high pressures seems to be less complex, com-
pared to other silica polymorphs. In this work we demonstrated, that the stishovite struc-
ture remains stable up to 336 GPa. This is in contrast to static compression experiments,
in which a phase transformation to CaCl, at ~60 GPa was observed [20, 38]. The shock
compressed stable stishovite structure at 336 GPa implies a skipping of three different
second-order equilibrium phase transitions to CaCl,, «-PbO, and pyrite-type structures,
illustrating how complex structural changes are hindered during dynamic compression

experiments.

The lattice response of polycrystalline GeO, was investigated by means of laser shock
compression. From XRD it was shown, that GeO, undergoes a phase transition from a
quartz-like structure to the rutile structure at 19 GPa and transforms to a melt at a pres-
sure of 53 GPa. It was furthermore shown, that the bonding of Ge-O and Ge-Ge changes
during shock loading towards high pressures, and is accompanied with an increase of
the coordination number. A change in coordination from 4-fold at ambient conditions
to 5.8-fold at 19 GPa indicates further a transition from a tetragonal quartz-like structure
towards an octahedral rutile structure. Ultimately, a coordination number of 6.9 at 104
GPa implies a high-coordinated melt structure. Similar observations were made by using
silica glass as starting material in a DAC experiment [169]. Here, a continuous increase

in coordination from 4 to 6.8 at pressures of up to 172 GPa was observed.

Finally shock induced melting was investigated by using «-quartz, o-cristobalite and
fused silica as starting materials. Here, it was shown, that melting occurs at peak pres-
sures of at least 119 GPa for x-quartz, at 70 GPa for «-cristobalite and at 126 GPa for
fused silica. It must be noted, that shock induced melting for these three silica polymorphs

might also occur at lower pressures, but was not investigated in this work.

To summarize, it becomes evident from the results of this work and literature, that the
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different phase transition pathways of silica are strongly dependent on the applied com-
pression techniques and that the compression rate of an experiment has a vast influence
on the pressure onset of a phase transition. One should be therefore cautious to compare
results form dynamic compression experiments to the existing pressure and temperature

conditions of silica phase relations obtained from static data.

4.4.2 Geophysical implications

Although the pressure and temperature range encompassed in Super-Earths (1-10 Mg)
is comparable to conditions from this work (e.g. Fig. 4.4), one has to be careful to con-
strain the physical and chemical properties inside these planets from results of shock com-
pressed materials. Within the mantle of terrestrial planets, high pressure mineral phase
transitions are likely occurring on large timescales (~Mio years) and static conditions
must be assumed. For instance, seismic discontinuities observed in the mid-lower mantle
(1000-1600 km) are associated to the phase transition of the CaCl, structure, which was
demonstrated in static compression experiments, but is in contrast to findings of this work
and other dynamic compression experiments. It can therefore be assumed, that results
from e.g. diamond anvil cell experiments are a more likely proxy for the compositional
transitions within the interiors of terrestrial planets compared to dynamic compression by
a laser or gas-gun experiment.

On the other hand, some natural phenomena are occurring on timescales, which are more
comparable to conditions of a laser induced shock compression, gas-gun or dynamic DAC
experiment. The timescales of an impact, for instance, are within the ns-s range, depend-
ing on the size of the impactor. In natural impact sites, small quantities of e.g. stishovite
or the defective niccolite phase were found [192, 193] which strongly endorse the findings
of this work on other dynamic compression experiments [100, 151, 153].

The dDAC experiments in this study furthermore demonstrated, that the compression rate
has a vast influence on the phase transition onset pressure and, for at least a-cristobalite,
it is evident that faster compression leads to a delay of the transition to a high-pressure
phase. These findings are therefore very important to correctly understand the complex
P-T conditions of e.g. an impact event. These conditions are often derived from minerals
and crystal structures found in meteorites or impact debris. However, meteorites which
descend from fast velocity impacts, and are thus experiencing fast compression condi-
tions, might exhibit low-pressure mineral phases (such as x-cristobalite, cristobalite II or
cristobalite X-I) while actually having experienced much higher pressures. The lack of a
high pressure phase such as seifertite might then cause a misleading conclusion about the
prevailing P-T conditions. Moreover, single crystal «-cristobalite might have experienced
hydrostatic compression during the impact event. It will then not have transitioned to a

high pressure phase (e.g. seifertite) which could easily lead to the misassumption of lower
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pressure conditions during impact.

Finally, the crystal growth detected from shock-induced melting of «-quartz and
«-cristobalite in this work, lead to the conclusion, that a strong coalescence growth
is apparent on nanosecond timescales. The occurrence of crystalline «-quartz and o-
cristobalite in highly shocked meteorites within a glass-like matrix [43] endorses the in-
situ findings of nanocrystalline silicate growth from a shock induced melt in this study.

Contrary to the recrystallization of the initially crystalline materials o-quartz and
x-cristobalite from the melt, there were no recrystallization signatures from initially
amorphous fused silica. This indicates a short-range bonding within the melt from -
quartz and «-cristobalite, which is consolidated by a simple growth model that results in
coalescence grain growth. From published results of optical reflectivity measurements in
a laser induced shock compression study, it was proposed that liquid silica undergoes a
transition from a bonded melt to an atomic fluid, which causes the electrical and therefore
thermal conductivities of silica to attain metallic like values [194]. We could demonstrate,
that at P-T conditions of at least ~160 GPa and ~9000 K, silica is present as a bonded
liquid and does not experience a complete dissociation of Si-O atoms. These experimen-
tal conditions are comparable to the Earth’s deep interior and it can be deduced, that silica
melts are not present as a conductive fluid and have no influence on the dynamo genera-
tion in the lower mantle or upper liquid core. This might be different for larger terrestrial
planets, where P-T conditions are much higher and for which it can be assumed that liquid

silica would contribute to magnetic fields in the deep interior [108].
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