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Kurzfassung

Eisen ist das am héufigsten vorkommende Ubergangsmetall in der tiefen Erde. Auf-
grund seiner komplexen elektronischen Struktur kann es in zwei verschiedenen Oxida-
tionszustinden (Fe?t und Fe3') auftreten und auBerdem seinen Spinzustand #ndern.
Daher spielt es eine wichtige Rolle fiir die physikalischen und chemischen Eigenschaften
der tiefen Erdschichten. Im Rahmen dieser Arbeit wurden drei geologisch relevante
Probensysteme auf ihre elektronische Struktur bei Druck- und Temperaturbedingungen
untersucht, die fiir den unteren Erdmantel relevanten sind. Dazu wurden die (nicht-
resonante) KB; 3- und Valenz-zu-Kern-Réntgenemissionsspektroskopie sowie die resonante
1s2p-Rontgenemissionsspektroskopie eingesetzt. Zunéchst fithrte die Untersuchung von
lasergeheitztem FeCO4 bei etwa 80 GPa zur Synthese von Fe,C30,5 und Fe,C,0,5. Es
konnte nachgewiesen werden, dass sich das Eisen in diesen beiden Phasen in einem Hoch-
Spin-Zustand befindet. Auflierdem konnte das Auftreten von Raman-Banden mit niedriger
Wellenzahl in einem Wellenzahlbereich zwischen 100 cm™! und 350 cm ™! Fe,C,0, zuge-
ordnet werden. Zweitens belegt die Studie an kalt komprimiertem Fe,O5 einen zweistufigen
Spiniibergang von a- iiber (- zu ©-Fe,O5. Dariiber hinaus unterstiitzen resonante 1s2p-
Rontgenemissionsspektroskopiemessungen eine mogliche Delokalisierung der elektronischen
Zustdnde in den Hochdruckphasen. Drittens zeigt der Einfluss des Drucks auf die elektron-
ische Struktur von FeO einen signifikanten Einfluss auf die Linienform der K3, 5-Emission,
obwohl kein Spiniibergang stattfindet. Die Anderungen der Linienform kénnen mit einer
Verzerrung der Kristallstruktur in Zusammenhang gesetzt werden. Dies wird in Zukunft
einen wesentlichen Einfluss auf die Interpretation von KB, ;-Spektren haben. Zusétzlich
dazu wurde der Aufbau fiir spektroskopische Messungen erheblich verbessert, indem die
Datenerfassungszeiten fiir die KB, 3-Rontgenemissionsspektroskopie innerhalb von Sekun-
den, fiir hochwertige Valenz-Kern-Emissionsspektroskopie innerhalb von Minuten und fiir
resonante Rontgenemissionsspektroskopie-Messungen in weniger als einer Stunde verkiirzt
wurden, was einzigartige spektroskopische Moéglichkeiten unter extremen Bedingungen
bietet.
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Abstract

Iron is the most abundant transition metal in the deep Earth. Due to its complex electronic
structure, it can appear in two different oxidation states (Fe?* and Fe3") and can also
undergo a spin transition. Hence, it plays an important role in the physical and chemical
properties of the deep Earth assemblage. Within this thesis, three geologically relevant
sample systems were investigated regarding their electronic structure at pressure and
temperature conditions that are relevant to the Earth’s lower mantle. Therefore, (non-
resonant) KB, 3 and valence-to-core X-ray emission spectroscopy as well as resonant 1s2p
X-ray emission spectroscopy were utilized. First, the study of laser-heated FeCO5 at about
80 GPa results in the synthesis of Fe,C30,, and Fe;C,0,3. The iron in both of these
phases was verified to be in high-spin state. Furthermore, the emergence of low-wavenumber
Raman bands in a wavenumber range between 100 cm™! and 350 cm™! could be assigned to
Fe,C40,5. Second, the study on cold compressed Fe,O5 verifies a two-step spin transition
from o- via (- to ©-Fe;05. Moreover, resonant X-ray emission spectroscopy measurements
support a possible delocalization of the electronic states in the high pressure phases. Third,
the influence of pressure on the electronic structure of FeO shows significant influence on
the line shape of the KB, 5 emission, although no spin transition occurred. The line-shape
changes could be connected to a distortion of the crystal structure. This will have a
substantial influence on the interpretation of K3, 3-spectra in the future. Additionally,
the setup for spectroscopic measurements was significantly improved with reduced data
acquisition times of KB, 5 X-ray emission spectroscopy within seconds, high-quality valence-
to-core emission spectroscopy within minutes and resonant X-ray emission spectroscopy
measurements in less than one hour, offering unique spectroscopic opportunities at extreme
conditions.

vi



1 Introduction

The Earth has a radius of ~6370km and its interior is divided into three main parts, the
core (thickness ~3480km), the mantle (thickness ~2870km) and the crust (thickness
~20km).! These main parts can be further divided into subparts such as the solid inner
and liquid outer core.? The largest subpart in terms of volume is the lower mantle that
starts at 670km below the Earth’s surface and reaches up to 2890 km in depth, with
thermodynamic conditions of 24 GPa-136 GPa! in pressure and 2000 K-4400K?*® in
temperature, depending on the depth below the surface. Its bulk consists mainly of silicate
perovskite (SP) and oxides (mainly ferropericlase (FP)),? but in the vicinity of subducting
slabs also carbonates are present.'? Within these phases, iron plays a key role, as it is the
most abundant transition metal in the lower mantle. Due to its complex electronic structure,
it can be present in its ferrous (Fe?*) and ferric (Fe3*) oxidation state, allowing for a
transition between numerous different phases, which may buffer the element partitioning
for different oxidizing or reducing conditions. In context of the lower mantle, especially
ferric iron is interesting as with increasing pressure the Fe3* /> Fe is rising.” Furthermore,
iron, in Fe?* and Fe3* state, can undergo a spin transition, which changes its physical
and chemical properties, influencing for example the phase’s sound velocity, density or
compressibility. Additionally, the element partitioning is depending on the iron’s spin
state, as phases with iron in the low-spin (LS) state have the tendency to incorporate more

iron into the phase on loss of, e.g., magnesium in case of Fe?* or aluminum in case of
Fed3+ 11-16

Despite extensive studies, the complex chemistry of the deep Earth is still not fully
understood and further theoretical and experimental studies are necessary. As direct
measurements are not feasible due to the inaccessibility of these regions, the conditions in
the lower mantle have to be reproduced in a laboratory environment. Therefore, diamond
anvil cells (DACs) are commonly used and can generate pressures starting from below
one gigapascal (GPa) up into the terapascal (TPa) range.!” The combination of a DAC
with a laser-heating system or with X-ray heating using short X-ray free electron laser
(XFEL) pulses then allows to probe materials in the full thermodynamic range of the lower
mantle.&19

A variety of possible techniques is available to analyze structural and electronic properties
of the samples inside a DAC. However, the full range of techniques is limited by the complex
sample environment to optical and (hard) X-ray measurements. Methods such as electron
energy loss spectroscopy (EELS) are not feasible, as the electrons are not able to penetrate
the diamonds of the DAC. The same applies for soft X-rays due to the high absorbance
of diamond of more than 99% for photons with an energy below 4500 €V and a diamond
penetration length of 500 pym.2° Nevertheless, there are still numerous methods available
within the optical and hard X-ray regime to determine the properties of the sample.
Optical Raman and infrared spectroscopy provide structural information and are compa-
rably easy to perform with the downside of a challenging data analysis. Both methods
provide complementary information on vibrational modes of the sample that depend on
a variety of structural properties such as bonding distances, angles and type of elements.
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Contrary, X-ray diffraction (XRD) is easy to analyze (compared to the previously mentioned
methods), but the experimental requirements are extensively more complex, especially
when performed on a sample inside a DAC environment. It provides information on atomic
distances and bond angles of the sample and can derive its crystalline structure. However,
XRD is not limited to crystalline samples but can also be applied to solid amorphous
samples or liquids. Despite its experimental challenges, it is a commonly used standard
technique in the DAC community (see for example!'®21723). For information on the elec-
tronic structure, several spectroscopic approaches can be taken, depending on the type of
information required and the type of element studied. These approaches are all sensitive
to only one specific type of element within the sample. X-ray absorption spectroscopy
(XAS) can be divided into two different methods. Extended X-ray absorption fine structure
(EXAFS) provides information on the coordination around the absorbing atom and is
thus, again a method that determines the structural properties of a sample, whereas X-ray
absorption near-edge structure (XANES) spectroscopy directly probes empty electronic
states of the sample in the vicinity of the elements absorption edge, providing information
on the atoms coordination, symmetry and oxidation state.?4 27 Complementary, X-ray
emission spectroscopy (XES) probes occupied states of a sample. In particular, KB 3
XES provides information on the spin state and XES in the valence-to-core (VTC) region
gives information on the coordination chemistry around the absorbing atom.?83% If the
incident energy in an XES experiment is varied around the elements absorption edge, it
can be seen as a combined measurement of XAS and XES and is called resonant X-ray
emission spectroscopy (RXES). This method probes both, occupied and unoccupied states
in a sample. Furthermore, this is a technique that provides information similar to L-
and M- absorption edges of heavy elements, e.g., transition metals, that are otherwise
inaccessible in a DAC environment due to the low energy of those transitions.?! As an
example: In case of 1s2p RXES on iron, the incident energy is varied around the K-edge
of the absorbing iron atom and the signal of its Ko emission is detected. This provides
on the one hand information about the atoms K-edge, if analyzed with respect to the
incident energy, and on the other hand of its L-edge, if analyzed with respect to the
emission energy. Information on the L-edge would be otherwise not accessible due to the
low energy of around 700 V. Furthermore, the energy resolution of its K-edge measurement
is significantly higher than for conventional XAS measurements. Thus, this is also referred
to as high-energy-resolution fluorescence-detected XANES (HERFD-XANES). Another
possibility to obtain information on these transitions is X-ray Raman scattering (XRS),
which can also be used to get information on absorption edges of light elements such as
oxygen or silicon.?%3233 However, the data acquisition time of such a measurement is
comparably long. In this thesis, XES and RXES measurements are utilized to obtain
information on the electronic structure of iron in all samples. Furthermore, the laser-heated
samples are characterized after temperature quenching via optical Raman spectroscopy
and XRD imaging.

In the framework of this thesis, three geologically relevant sample systems are investigated
regarding their iron’s electronic structure and are split into three separate studies that are
introduced in the following. Furthermore, improvements on the experimental setup for the
spectroscopic measurements are elaborated.

First, reaction products of the iron-bearing carbonate siderite (FeCOs) that are relevant
to the Earth’s lower mantle chemistry are analyzed. Siderite itself has been investigated
several times for a wide range of pressure and temperature conditions within the last
decades.?6:39:33739 Recently, it has been shown that FeCO3 undergoes a complex chemical



transition when laser heated at pressure > 50 GPa and new phases are emerging with highly
complex structures, namely tetrairon(IIT) orthocarbonate (Fej'C;0;,) and diiron(II)
diiron(III) tetracarbonate (Fe3Fej™C,0,5).224041 In contrast to the starting material
siderite, the carbon in these phases is tetrahedrally coordinated, hence, they are referred
to as sp3-carbonates in the following. These phases are well understood on a structural
level, but information on their electronic structure is scarce. Although the iron in both sp3-
carbonates is expected in high-spin (HS) state due to their Fe-O distance, an experimental
confirmation was missing. Here, KB; 3 XES is utilized to determine the spin state of
iron in both sp3-carbonates for in situ laser-heated and temperature quenched samples
at pressures between 80 GPa and 85 GPa. Confirmation of the decomposition process of
FeCOj and the emergence as well as spatial distribution of the sp3-carbonates is probed via
XRD and optical Raman spectroscopy imaging. Furthermore, newly found Raman bands
are discussed in context of the sp3-carbonates synthesis. This study is part of the research
within the research unit "FOR 2125” that investigates Carbonates at high Pressures and
Temperatures (CarboPaT).

Second, the (ferric) iron-bearing oxide hematite (a-Fe,O4) is studied under cold compression.
Recently, Bykova et al.?! published a complex phase diagram of Fe,O4 with various dif-
ferent phases for pressure and temperature conditions that cover almost the complete
lower mantle. Here, the focus is on the phases appearing under cold compression, i.e., the
transition from o- via (- into ©-Fe,O4, as there is a discrepancy in the literature about
the spin states of iron in the respective phases. While Bykova et al.?! and Greenberg et
al.#2 report a two-step spin transition, Sanson et al.?® report only one spin transition up to
79 GPa. Here, a detailed, pressure dependent study via KB, 3-XES analyzes the spin states
of all three phases along with high-quality VTC spectra for each phase. Furthermore, 1s2p
RXES spectra of all three phases at high pressure are presented that support the findings
of Greenberg et al.*? of a delocalization of the electrons in the (- and ©-phase.

Third, a pressure dependent study of the (ferrous) iron-bearing oxide wustite (FeO) is
presented up to a pressure of 75 GPa. Although the studies in the literature report no
spin transition in the investigated pressure range, a structural phase transition occurs
between 16 GPa and 23 GPa,*344 probably depending on the used pressure transmitting
medium and its hydrostatic properties. This transitions is accompanied by a distortion of
the crystal structure from a cubic to rhombohedral symmetry. The effect of this distortion
on the KB, s-line shape is discussed in comparison with the spectra of a-Fe,O3 that also
show a slight distortion with pressure. Furthermore, the effect of a line-shape change
with pressure without a dedicated spin transition on the Integral of Absolute Difference
(IAD)* analysis is discussed with respect to its information value and influence on the
interpretation of KB, 3-XES data. Moreover, high-quality VT'C spectra in the complete
pressure range are presented and analyzed in the context of the distortion. Additionally,
1s2p RXES maps are presented in the cubic and rhombohedral phase.

Furthermore, spectroscopic measurements at high pressure conditions are challenging,
due to the high absorbing sample environment of a DAC and require comparably long
data acquisition times. During these studies, the experimental setup using a von Hamos
spectrometer in combination with an area detector was significantly improved and the
extent of improvement is elaborated in this thesis. In this context, the signal-to-noise ratio
(SNR) is introduced as a quantification of the data quality and a lower limit is defined
to obtain meaningful results for spin-state determination via Kf3; 3-XES. Moreover, new
spectroscopic opportunities are discussed.
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This thesis is structured as follows:

In Chapter 2, the theoretical background of (resonant) X-ray emission spectroscopy will
be elaborated along with the electronic characteristics of transition metals, in particular of
iron, based on the ligand field theory and the electronic property of the spin state will be
introduced.

In Chapter 3, the concept of DACs to achieve the extreme pressures of the lower mantle
is explained, along with possibilities to determine the pressure inside the sample chamber.
Additionally, the technical approach for the spectroscopic measurements at the synchrotron
radiation beamline P01 is showcased.

In Chapter 4, the data extraction and analysis process is presented along with a discussion
of the expected accuracy of the methods and possible sources of error.

In Chapter 5, the challenges of spectroscopic measurements inside DACs are elaborated
and the improvements of the setup during the course of this thesis are reviewed with a
focus on the change from forward scattering to a geometry in 70° horizontal scattering
angle. In addition, the possibilities and requirements for further improvements, such as
two-color RXES measurements, are considered. Parts of this chapter are published in
Albers et al.46

In Chapter 6, the results of the study of the spin state determination of the sp3-carbonates
(Fe,C5044 and Fe,C,0,5) at about 80 GPa are presented and the requirements of the
high-temperature measurements, in situ and ez situ, as well as the characterization methods,
XRD and optical Raman imaging, of laser-heated samples are presented. Parts of this
chapter are published in Albers et al.?3

In Chapter 7, the results of the electronic structure measurements of Fe,O5; under cold
compression are presented with focus on the a-, (- and ©-phase. Additionally, the possibil-
ity of a delocalization process of the electronic states is considered. Parts of this chapter
are published in Albers et al.

In Chapter 8, FeO is analyzed up to a pressure of 75 GPa with focus on the cubic to
rhombohedral distortion of the unit cell. The influence of a deviation from a regular
octahedra on the XES signal will be discussed with regards to the significance of the IAD
analysis. Parts of this chapter are published in Albers et al.”

In Chapter 9, the results of this thesis will be summed up with an outlook to future
studies that will further extend the understanding of the influence of iron on the Earth’s
mantle and core chemistry and composition.



2 Theory

2.1 X-ray emission spectroscopy

In the following the principles of XES will be discussed, while following de Groot and
Kotani.*®

In an inelastic X-ray scattering process, an incident photon with the energy fw,, wavevector
k, and polarization A; is annihilated by matter and a second photon with the energy fiws,
wavevector ko and polarization A, is emitted. The measurable instance in such an X-ray
experiment is the double differential scattering cross section (DDSCS), which describes the
probability that a photon with the energy [fiw,, iwy + 0hws] is detected at the solid angle
[Q, 2+ 6Q]. The DDSCS can be written as

d?c w%V 1\?
=235 () W 2.1
dd(hwy)  het <2Tr) 12 (2.1)

with the transition rate as a sum over all intermediate and final states
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This considers resonant and non-resonant electron-photon interaction in the form of
[€2/(2mc?) > A(r,)?], using first-order perturbation and [e/(mc) >, P A(r,)], using
second-order perturbation theory in which A(r) is the vector potential of the photon.
Purely magnetic terms are neglected in equation 2.2. |g), |i) and |f) are the initial (ground),
intermediate and final states of the atom with energies of E, E; and EY, respectively. The
polarization vectors e; and e, belong to the incident and emitted photon, respectively.
The constants are the Planck’s constant #i, the electron mass m, the speed of light ¢ and
the systems Volume V in which the photon is normalized. p(k) and py are defined as

pk)=> p, exp(—ik-r,), (2.3)

p=»_exp(—ik-r,), (24)
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with the sum over all electrons. Equation 2.2 consists of three terms, that are depicted
Fig.2.1 a). The first term occurs from the first-order perturbation of the A? term and
describes the so-called Thomson scattering, which will not be further elaborated here.
Terms two and three describe the annihilation and creation of the incident and emitted
photon, respectively. The difference between two terms is the order of annihilation and
creation of the photon. From considerations of the energies, it follows that only the second
term is resonant. Thus, equation 2.2 can be further simplified to

2
0(E, — B+ hwy — hw,y), (2.5)

(fIT5i) (i[Ty|g)
F(hwl,hwg) :; ;Eg_El—i_hwl—i_ZFZ

neglecting the non-resonant term and combining constant factors to the annihilation and
creation operators T, and T, respectively. The finite core-hole lifetime in the intermediate
state is taken into account by replacing its energy by the complex number E;, = E, —iI;.
T, and T, represent the transition operators of the incident and emitted photons. For
RXES experiments, equation 2.5 can be used directly. However, in case of non-resonant
XES, further simplifications can be applied and will be discussed in the following.

As for XES applies hw; » Ep, the photoelectron is excited into the high-energy continuum.
Thus, the influence on the intermediate and final state is very weak, and they can be treated
as independent of each other, which allows for some more simplifications. Intermediate

and final state along with their energies can be written as
i) = [®c) i) By = By + € (2.6)

1) =12 [f") By =Ep +e¢ (2.7)

with the wavefunction of the photoelectron |®_) and its energy e. This modifies equation
2.5 to

T (' Toi’) (i’ locclg)
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with the almost constant dipole transition amplitude from a core state to the continuum a.
o, is the annihilation operator of the core electron and p(€) its unoccupied density of states
(uDOS). Assuming that the uDOS is approximately constant, the equation ultimately
simplifies to

2
"Tyli’) (i ]ex|g)
F(h ,h _ 2 <f | 2 c , 2.9
< w1 W2) pa ; ZZ/Ef’ _Ei/ +hw2—|—ZFZ/ ( )

which is independent from the incident energy hw;. In fact, p might depend on hw,,
which would tune the intensity of the experiment, but the spectral shape of the emission is
independent of the incident energy.

Within the framework of this thesis iron-bearing compounds are studied by different types
of X-ray emission spectroscopy. All emission lines result from the creation of a core hole in
the 1s orbital of iron. The orbital that fills the core hole then differs between the emission
lines and example spectra are shown in Fig.2.2. For Ka emission the core hole is filled by
an electron of the 2p level. The Ka emission is split into the Ka; and Koy line, depending



2.1 X-ray emission spectroscopy

a) 1'1.1 Hfﬂ b) XES
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Figure 2.1: a) Schematic representation of the three scattering processes discussed in equation 2.2
in the same order (modified after®® with permission by APS). b) Difference between XES and
RXES scattering processes shown for Ko emission of Fe?". In case of RXES using Ko emission
the core electron is excited into an empty 3d state and the core hole is subsequently filled by an
electron of the 2p states (3p for K@ emission). For XES the core electron is excited high above
the partially filled 3d states and the core hole is again filled by a 2p or 3p electron for Ko or K3
emission, respectively.

on whether the electron is decaying from the 2ps; /o OF 2Dy, level, respectively. Ko emission
is the most intense emission measured here and is thus used for RXES measurements.

For Kf3; 5 emission, the core hole is filled by an electron of the 3p level. Due to the vicinity
of 3p and 3d electrons, the K3 emission is highly sensitive of changes in the occupation of
the 3d levels. Depending on the spin state, i.e., the occupation of the 3d levels, a satellite
peak (KB’) emerges, around 15€eV lower in emission energy than the KB, 3 peak. In the
HS state the number of occupied 3d levels is maximized whereas in the LS state it is

a
‘g
=]
2
©
oy X8 x50
=
6380 6400 6420 7030 7050 7070 7085 7100 7115
energy / eV

Figure 2.2: Comparison of iron Ka (left), KB; 5 (middle) and VTC (right) emission, scaled in
intensity for visibility.
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minimized. The K@’ feature is so prominent that a differentiation between HS and LS
state could be performed qualitatively. However, techniques for a quantitative analysis are
presented in Chapter 4, which is important if the sample contains several different phases
or differently coordinated iron sites. Thus, Kf3; 5 emission spectroscopy is the preferred
choice for spin-state analysis. In contrast, RXES measurements are more challenging, as
on the one hand its intensity is lower than for Ka emission and on the other hand the
emission energy is close to the incident energy, which results in a strong background signal
due to inelastic scattering. More details on this are elaborated in Chapter 5.

The third type of spectrum shown here is the valence-to-core (VTC) emission, which
contains the iron K@, 5 and K3” peaks. The K@, 5 emission emerges from 3d orbitals of
the central atom overlapping with 2p states of the ligand, whereas the KB” peak originates
from the 2s orbital of the ligand. It has been shown, that the KB” intensity is strongly
depending on changes in the bonding distance and its position is defined by the type
of ligand.?® Hence, VTC spectroscopy is highly sensitive to the coordination chemistry
surrounding the central atom.

2.2 Ligand field theory

The electron configuration of isolated iron is [Ar]3d%4s?, but in a covalently bond crystal
its oxidation state and thus its electronic configuration changes, as electrons are hybridized
with the ligand. Depending on the amount and type of binding partners, iron commonly
occurs in two distinct oxidation states, as ferrous (Fe?") and ferric (Fe3") iron with the
electron configurations [Ar]3d® and [Ar]3d®, respectively. In an isolated iron atom all 3d
orbitals are degenerated, but due to electron-electron repulsion with the negatively charged
ligand, the 3d orbitals’ energies split. In an octahedral coordination the neighboring atoms
are located on the three main axes of the crystal. Hence, the presence of the ligands
influences the orbitals differently and splits their energy levels. The e/ orbitals (3d,2 and
3dm2_y2) are occupying the main axes and are thus energetically unfavorable compared

} Je06
1

Ly

Fe?*

et

-4Dq

®

1

} +6Dq
Fe3*
-4Dq
xy xz d‘ﬂ t % # }
2

o]
o

®

Figure 2.3: (left) Orientation of the 3d orbitals. (right) Splitting of the degenerate energy levels
for an octahedral crystal field. A low crystal field causes a small splitting of the e, and t,, states
and results in a HS state. By further increasing of the crystal field (e.g. by pressure), the splitting
energy passes the spin paring energy and the electrons reconfigure into an LS state (modified after
Lin et al.?!)



2.2 Ligand field theory

to the t,, orbitals (3d,,, 3d,, and 3d,,), which are located in between the main axes.
A sketch of the orbital orientations is shown in Fig.2.3 a). Such a configuration can
be occupied by the electrons in two ways, resulting in two spin states: Is the energy
difference of the crystal field splitting (10 Dq) between e, and t,, states lower than the
spin pairing energy, the orbitals are filled following Hund’s rule and maximize the total
spin of the system (high-spin (HS) state). Is the energy difference higher than the spin
pairing energy, all electrons occupy the to, states and the total spin is minimized (low-spin
(LS) state). This mechanism is illustrated in Fig2.3 b). For ferrous (ferric) iron the total
spin state then results in S=2.0 (2.5) in the HS state and S=0.0 (0.5) in the LS state. All
systems in this thesis are in octahedral coordination and HS state at ambient conditions.
Nevertheless, external factors such as pressure or temperature can change the sample’s
geometric structure and thus its electronic structure. A deviation from an ideal octahedron
may split the energy levels further as shown by Westre et al.>?> Another important structure
in geologically relevant materials is the tetrahedral coordination, in which the energy
splitting in the e, and t,, is opposite to the octahedral coordination.

Furthermore, coordinations with an even lower symmetry might be present at conditions
relevant in the geological context, leading to a further splitting of the e, and t,, levels and
thus may result in an intermediate spin (IS) state with a total spin of 1.0 (1.5) for ferrous
(ferric) iron. However, the existence of such a configuration is debated in the literature.?3 56
In this thesis, intermediate spin values are always a result of a mixture of either different
iron sites with different spin configurations within one phase are a mixture of different
phases with different spin states, e.g., as a result of laser heating.






3 Experimental setup

As explained in Chapter 1, the Earth’s lower mantle ranges from 670 km to 2890 km in depth,
which translates to pressure conditions of 24 GPa- 136 GPa,! while the temperature at the
top of the lower mantle is estimated to ~2000 K. In contrast, the temperature estimations
at the core-mantle boundary (CMB) range between 2600 K and 4400 K, depending on the
used model.>® Experiments at such conditions are difficult to perform and come in hand
with certain challenges that have to be addressed. This chapter describes possibilities to
achieve these high pressures and temperatures in a way that also allows for in situ X-ray
spectroscopy experiments, which are further explained at the end of the chapter.

3.1 Diamond anvil cells

In the framework of this thesis, experiments were conducted at pressures up to 85 GPa.
In order to achieve such high static pressures, the use of diamond anvil cells (DACs)
is a commonly used technique. In this process, the sample is positioned between two
diamonds with small culets, pressed against each other. The sample is held in position
by a metal gasket such as rhenium, beryllium or steel. To guarantee a fixed position
of the diamonds, they are glued to diamond seats made of either tungsten-carbide or
polycrystalline diamond. A movement of the diamonds would lead to their destruction and
the failure of the experiment. The diamond seats are mounted inside a steel body, called
cell, that is equipped with screws to apply force to the diamonds and thereby pressurize
the sample. The exact structure of the steel body varies between the different cell types.
In this study, a Boehler-Almax type®” and a special BX90 type®® cell with enlarged radial
opening (BX90-RO) were used. The radial opening allows for data acquisition in ~70°
scattering angle, which has great advantages for X-ray emission spectroscopy and will be
elaborated in Chapter 4.

Within this study, various kinds of diamonds were used due to requirements of the cell types
and distinct advantages of each diamond type. The Boehler-Almax type cell functions

1mm

ST BA MD

Figure 3.1: Photography of all three diamond types used in this thesis to illustrate shape and size
differences.
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3 Experimental setup

exclusively with Boehler-Almax diamonds (BA), which have the highest aperture and
are therefore most suitable for X-ray diffraction studies, but have disadvantages in X-ray
spectroscopic studies, due to their limitations to forward and backward scattering geometry.
The BX90-RO cell on the other hand works with a setup containing two different diamond
types. Both possible setups require a standard diamond (ST) on the side where the emission
signal is measured. The ST is shaped differently compared to the BA and has an increased
height of 2.3 mm instead of 1.72mm. On the opposite side, the ST can either be combined
with a BA or a mini diamond (MD).?® The MD has the same shape as the BA but its size
is much smaller, i.e., a height of 0.5 mm instead of 1.72mm. Thus, the absorption of the
incident X-ray beam, penetrating through the upstream diamond, is reduced, which is of
utmost importance for the RXES measurements but also provides significant advantages
for the XES measurements. Fig. 3.1 shows a photography of all three diamond types for
comparison. In the ideal case, XES will be measured on the downstream side due to the
lower height of the BA compared to the ST, but both orientations are possible for XES
if the beamline requires a specific geometry. In case of RXES, the use of a MD on the
upstream side is essential and the emission can only be measured on the downstream side.

The maximum pressure achievable by a DAC is determined by the culet size.!” Furthermore,

v

Figure 3.2: (top) Photo of a Boehler-Almax type cell (left) and an enlarged schematic of the
scattering geometry in forward scattering geometry (right). (bottom) Photo of a BX90-RO cell
with a view on the radial opening (left) and an enlarged schematic of the scattering geometry with
70° scattering angle (right). The incoming X-rays (black arrow) penetrate the BA/MD and hit the
sample in between both diamonds. Subsequently, the polychromatic emission signal is scattered
sideways out of the cell (rainbow-colored cone).
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3.1 Diamond anvil cells

the use of an additional bevel to soften the crossover between culet and pavilion is optional
and further stabilizes the diamonds at high pressure.%? For a pressure of 80 GPa, different
diamond setups were utilized with culet sizes ranging between 120 pm and 200 pm. To set
this into context: Modern DACs are able to reach several hundred GPa and even pressures
in the terapascal range.6'6% These DACs are equipped with special double-stage diamonds
with a second stage of diamonds with very small culets on top of the first stage of diamonds.
More details on this can be found in O’Bannon et al.'”

At such high pressures as in this thesis, it is important to guarantee quasi-hydrostatic
conditions, which is achieved by a pressure transmitting medium surrounding the sample.
There are several possibilities of a pressure medium like alcohols and salts but the best
hydrostatic conditions provide noble gases such as helium, neon or argon,%%® especially
at higher pressures. Although helium provides the best hydrostatic conditions,®® it has
turned out to be more destructive to the diamonds than other pressure media. A possible
explanation is that the helium is small enough to infiltrate micro-cracks in the diamond
while pressurizing the sample, which then leads to their destruction during pressure release.
Consequently, in this thesis only argon and neon were used as pressure transmitting media.
To seal the sample volume between the diamonds and hold the pressure medium as well as
the sample in place, a rhenium plate of about 200 pm thickness is used as gasket material.

3.1.1 Diamond anvil cell preparation

In the following, a detailed description of
the DAC preparation for BX90-RO cells
will be given and the new approach to en-
sure a radial opening will be discussed. The
preparation process will be described for
a setup containing ST and BA diamonds
but BA and MD are interchangeable in this
context.

To begin the preparation process, first the
ST diamond has to be glued on top of the
flat tungsten-carbide seat. As a BX90 cell
has no degree of freedom to adjust the culet
angles parallel to one another, the culet of
the ST is taken as default. In the next step,
the BA is positioned into its seat and both
diamond culets are brought closely together.
Both seats can be shifted horizontally by
four screws each, to position the culets ex-

Figure 3.3: View on the sample chamber through
the backside of a diamond with a culet size of
actly above each other. Simultaneously, the 120 um and a bevel size of 300 pm. The sample
culets have to be aligned as parallel to each chamber is around 45 pm in diameter with the
other as possible, which is achieved by slight sample in its center. Green and blue circles high-
rotations of the BA inside its seat. Thus, light culet and bevel rim, respectively.

the BA is aligned by alternating translation

and rotation. To check the degree of paral-

lelism, both culets are brought closely together, until interference pattern appear. The
less orders of interference can be detected, the more parallel the culets are. It has been
shown that one order of interference comply to a good alignment for 200 pm culets. This
corresponds to a misalignment of less than 0.1°. When both diamonds are positioned

13



3 Experimental setup

correctly, they are carefully pressed against each other to avoid a movement while applying
glue to the BA. This step is very critical as too much force on touching diamonds can
result in their destruction.

In the next step, the rhenium plate has to be prepared to function as a gasket. For
high-pressure experiments in the vicinity of megabar pressures, the usual approach is to
preindent the rhenium gasket of about 200 pm to a thickness of 20 pm- 30 pm to prevent
the sample chamber from closing or moving while increasing the pressure due to movement
of the rhenium. In the framework of this thesis, a new gasket preparation technique for
BX90-RO cells was applied to ensure an (R)XES scattering angle of 70° with respect to
the incoming X-rays. A schematic of the geometry is visualized in Fig.3.2. To achieve
this, the indentation process is split into two parts. First, the gasket is preindented to
a thickness of about 50 pm. Second, the gasket is flipped by 180° and indented to the
final thickness of 20 pm-30 pm. As both diamond types have different pavilion angles, the
ST penetrates further into the gasket than the BA. By flipping the gasket, this effect is
reversed which leads to a shallower indentation depth on the ST side. Also, the horizontal
distance between the center of the culet and the rim is increased due to the pavilion angle
of the BA in the first indentation step. Thus, a smaller angle between culet surface and
gasket rim is achieved which enables (R)XES measurements in 70° scattering geometry.
Moreover, the use of an asymmetric seat setup, i.e., a higher ST seat and a lower BA seat,
enhances the opening angle even further as the sample is no longer in the center of the
DAC but shifted along the incident beam which enlarges the opening of the cell towards
the ST side.

To create a sample chamber, a hole is drilled into the central part of the gasket’s indented
part. Its size typically ranges between 30% and 50% of the culet size, which leads to holes
between 40 pm and 100 pm in diameter for the samples presented here. Such small holes
can be drilled either by an electrical discharging machine or a laser. In the next step the
sample can be placed on top of the ST culet and is ideally positioned in the center of culet
and hole. However, slight inaccuracies during drilling the sample chamber might result in
a small offset with respect to the culet’s center. Samples with a size of 10 pm-40 pm were
used in the framework of this thesis. Optionally, a marker can be placed next to the sample
to allow for pressure measurements by ruby fluorescence or XRD as explained in the next
section. Depending on the sample chamber’s size, it is possible to place several samples in
one DAC, which increases the amount of information for a given set of diamonds and cells.
If such an approach is applied, it is of utmost importance to ensure a sufficiently large
distance between the samples to avoid crosstalk of different signals. The distance should
be at least a full beamsize. It was verified for each cell in this thesis that no crosstalk was
happening by measuring the XES signal while moving from one sample to another. If no
signal could be detected in between the sample, the distance was large enough.

As mentioned previously, noble gases in the sample chamber ensure quasi-hydrostatic
conditions. The gas-loading process was suggested by Mills et al.%? Therefore, the cell is
opened for a few pm to create a gap between diamond and gasket. Afterwards, the cell is
floated by noble gas and the pressure of the gas is increased up to 2000 bar. When the
maximum pressure is reached, the cell can be closed and the sample is surrounded solely
by the pressure medium. The Boehler-Almax cell was gas loaded in the University of
Frankfurt whereas all BX90-cells were loaded at Deutsches GeoForschungsZentrum (GFZ)
in Potsdam."

tThe gas-loading process was supported by Lélia Libon, Hans Josef Reichmann, Georg Spiekermann and
Max Wilke in Potsdam and Lkhamsuren Bayarjargal in Frankfurt.
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3.1 Diamond anvil cells

3.1.2 Pressure determination

An exact pressure determination during an experiment is from utmost importance and
can be achieved by different approaches. For XRD, a pressure marker is added to the
sample chamber with a well known equation of state (EOS). Typically used markers are
metal standards such as Au, Pt, Ta, W, Cu, and AL.7° However, XRD measurements for
samples in DACs require highly focused synchrotron radiation and time slots at suitable
beamlines dedicated for XRD are usually scarce. Furthermore, XRD cannot be added
to every synchrotron radiation experiment due to limitations of the beamline. As it was
not practical to perform it at most experiments in this thesis, this method was not used.
Another method of pressure determination is the shift of the ruby fluorescence line. This
method also requires a pressure marker in the sample chamber, a ruby (Al,O4:Cr3%).
Although this method is easier to establish, as the ruby can be excited by a laser, it is
more difficult at higher pressures because the ruby fluorescence line is significantly loosing
intensity at high pressures. Furthermore, the ruby may limit the available space in the
sample chamber and is thus suboptimal, especially for DACs containing more than one
sample.

The third option is the pressure determination by the shift of the high-frequency Raman
band of the diamond’s culet, which was applied in the framework of this thesis. This
method was proposed by Handfland and Syassen in 1985,7! as they discovered a dependency
between the first-order Raman band position and the nominal stress onto the diamond
culet. Thus, for this method a Raman spectrometer is required. The process of optical
Raman spectroscopy is described in Chapter 6. The pressure calibration used in this thesis
was published by Akahama et al.” and describes the correlation between pressure in the
center of the sample chamber and the diamond’s Raman band shift. The pressure follows
the equation

Av |1 Av
P|GPa)| = Kj— | =(K)—1)— 3.1
(GPal = K5 | 506~ 1) (3.)
1.2
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’ backside derivative
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Figure 3.4: Example of a Raman spectrum of diamond in a DAC with the sample at high pressure

(blue) and its derivative (orange) to determine the high-wavenumber edge position. The given
values result in a pressure of 84.7 GPa.
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with the diamond’s Raman band frequency at ambient pressure v, and its shift during
pressure increase Av. K and K| are the linear and nonlinear coefficients of the diamond’s
EOS with the values 547 GPa and 3.75, respectively. Fig. 3.4 shows a Raman measurement
of a BA diamond in a DAC at high pressure. If the Raman spectrometer is calibrated
correctly, the Raman band position of the unpressurized diamond is at 1334 cm™'. This
can be checked by focusing the laser onto the backside of the diamond. To determine the
pressure in the sample chamber, the laser has to be focused to the culet of the diamond.
This way, the laser is probing the band shift, i.e., the pressure, through the whole diamond
with the pressure of the sample chamber at the high-frequency edge, which is determined
by calculating the derivative of the Raman spectrum and identifying the position of the
minimum. The values in Fig. 3.4 result in a pressure of 84.7 GPa. Although Akahama
et al.” report an accuracy of 3% for their calibration, the pressures in this thesis are
estimated with an uncertainty of 5% of the determined pressure to account for inaccuracies
during the measurement process.

3.2 X-ray emission spectroscopy

In this thesis, all (R)XES measurements were performed at beamline P01 of PETRA III
(DESY).™ The incident energy was monochromatized by a double crystal monochromator
using the Si(111) or Si(311) reflection, depending on the required energy resolution, and
varied between 7000eV and 7300eV for RXES or fixed to around 10400eV for XES
measurements. Latter provides a good compromise between transmission through the
upstream diamond and absorption by the sample. The beamline can be focused down
by a Kirkpatrick-Baez mirror system to a minimal beamsize of 4 x 7m? while providing
a high photon flux of ~8 x 103 ph/s at 10400eV and ~6 x 103 ph/s at 7100eV using
Si(111) monochromator. The Si(311) monochromator provides 20% of the intensity, i.e.,
~1.2 x 10'3 ph/s at 7100eV. These are ideal conditions for spectroscopycal analyses inside
DACs. The beamsize during the experiments in this thesis was typically between 7 x 7 im?
and 8 x 8 pm? full width at half maximum (FWHM).

In order to perform (R)XES, a von Hamos spectrometer™ was utilized in combination with
a Pilatus 100K area detector. The principle of the von Hamos geometry is a cylindrically
bent analyzer crystal system, which on the one hand focuses the signal to the center of the
geometrically assumed cylinder and on the other hand projects the radiation wavelength
dispersively on the cylinder axis. The combination with an area detector allows for data
acquisition of Fe-Ka and Fe-Kf3, including VTC, in a single shot fashion. This setup was
successfully utilized numerous times in the past.?329:30:33,46.47 The yon Hamos spectrometer
used here is equipped with four analyzer crystals. For Fe-Kf emission spectroscopy, Si(110)
crystals were used and the emission was measured by the Si(440) reflection, whereas Si(111)
crystals were used for Fe-Ka detection utilizing the Si(333) reflection. The height of the
analyzer crystals in vertical scattering geometry for a given energy E and lattice pattern
distance d can be calculated by

) he
sy = cot <arcsm (m>> ‘R (3.2)

with the Planck constant h, the speed of light ¢ and the bending radius of the analyzers R.
The detector is positioned twice as high.

fThe (R)XES experiments were supported by Hlynur Gretarsson, Conrad Hagemeister, Johannes Kaa,
Lélia Libon, Robin Sakrowski, Georg Spiekermann, Martin Sundermann, Christian Sternemann, Nicola
Thiering and Max Wilke.
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3.2 X-ray emission spectroscopy

With a crystal height of [ = 3.2mm the energy window can be calculated by

he
2d - sin (arctan (

Et =
sto51))

with the highest and lowest energy ET and E_, respectively. A representation of the energy
windows for Si(440) and Si(333) reflections is shown in Fig. 3.5. Consequently, the total
energy window is the difference between both energies.

As the scattering geometries for Ka and
Kp emission are similar and the ideal de-

tector heights only differ by around 4 mm, 100 1 Si(333)
a simultaneous measurement of both emis- 75 -

sion lines is possible, allowing for two-color .

experiments such as simultaneous 1s2p and @ 50 1

1s3p RXES. More details on this can be % 25 -

found in Chapter 5. E’ 04

Due to its portability, the whole setup might 2

be used at any beamline with the required 5 =25 A
beamsize and photon flux. At P01 the von e _ 50

Hamos spectrometer was positioned on a ®

concentric rail with the DAC in its center, =757
covering a horizontal scattering angle range —100 - Si(440)

of 90° (see Fig. 3.6). This way the scattering
angle can be changed quickly and different
cell types can be used efficiently during a sin-

gle be‘amt‘lme; However, the most efficient Figure 3.5: Energy windows for Si(333) (red) and
combination is the use of a BX90-RO cell Si(440) (blue) analyzer crystal reflections. The

with the spectrometer positioned at ~70° y_axis represents the energy at the center of the
horizontal scattering angle, measuring the analyzer crystal and the colored lines represent
emission in between gasket and diamond the energy difference at the upper and lower end
seat. This way, the emitted photons pene- of the crystal with respect to the center energy.
trate only ~0.5mm of diamond instead of The shaded area is the total energy window of the
1.72mm in case of a horizontal scattering crystal.

angle of 0° and a BA on the downstream

side, which increases the intensity of the

sample by a factor ~16 and ~43 for K3 and Ko emission detection, respectively. If a ST is
positioned on the downstream side, the factor increases to ~56 and ~237, respectively.2’ To
further improve the efficiency of this setup, a helium bag is positioned between sample,
analyzer crystals and detector, preventing absorption of the emission signal by air and
thereby increase the detected emission signal by a factor of ~5.20

It is important to minimize detection of photons on the detector that did not interact with
the probed sample, especially in case of VT'C emission due to its weak intensity. Ideally,
the sample has to be measured in a vacuum chamber. Another option is shielding the
primary beam from both, analyzer crystals and detector. This approach was chosen for
the measurements presented in this thesis, as a vacuum chamber was not available.

6000 6500 7000 7500
center energy / eV
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Pilatus 100K von Hdmos
detector spectrometer

| N

A

unmb

Figure 3.6: XES setup at beamline PO1. The incident X-rays (direction out of the image) penetrate
the upstream diamond and hit the sample inside the DAC. The polycromatic emission (rainbow-
colored cone) is projected wavelength dispersively via the von Hamos’ analyzer crystals onto the
Pilatus 100K detector (red-green-blue). This setup shows the geometry for 70° scattering angle. For
0° scattering angle the von Hamos spectrometer has to be shifted to the downstream side (point of
view).

Set up procedure of the spectrometer

Setting up the von Hamos spectrometer and the detector follows several steps that will be
elaborated in the following.

First, the detector is positioned in the correct height with its X-ray sensitive area exactly
above the sample and the von Hamos spectrometer is positioned on half the height of the
detector in a horizontal distance of 500 mm to the sample and detector. The distance is
measured from the front side of the analyzer crystals and the height of the spectrometer is
measured in between all 4 crystals, leading to a slightly inaccurate height of all crystals.
Moreover, fabrication inaccuracies may cause slightly different bending radii between all
the crystals. Thus, the von Hamos spectrometer is equipped with a set of 3 motors for
each crystal, resulting in a total of 12 motors. A representation of the effect of each motor
on the signal on the detector is visualized in Fig. 3.7. In the next step, a small light bulb is
placed at the sample’s position to optically adjust all crystals and focus the photons from
the sample’s position onto the detector. After replacing the light bulb by the sample and
exciting it by the X-rays, detection of emission signal on the detector should be possible. An
example image of such a detector image is shown in Fig. 3.7 A. By a combined movement
of motors #1 and #3 or complementary movement of motor #2 in the opposite direction
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3.2 X-ray emission spectroscopy

(red arrows), the crystals are adjusted in a way the detector detects photons, reflected
by all crystals (B). Afterwards, all motors are moved in the same direction to achieve a
better focusing of the crystals (green arrows, C). In the last step, the Bragg angle of the
crystals is adjusted to the correct energy window on the detector by a combined movement
of motors #1 and #2 or complementary movement of motor #3 (blue arrow, D).
Although the von Hamos is reflecting the emission signal wavelength dispersively, the
Pilatus area detector does not have an energy calibration. Hence, the setup has to be
calibrated for every experiment. Therefore, the incident X-rays are monochromatized
to specific energies, that geometrically fit onto the detector window and the elastically
scattered radiation is measured and thereby the energy of specific pixels is known. A linear
fit through all energy and pixel pairs extends the information onto all pixel for each crystal
on the detector. Although a fit using equation 3.2 would be more accurate, a linear fit is
an adequate approximation and has shown to be more robust. The elastically scattered
energy can either be measured directly at the same energy as the emission, or at a higher
energy, utilizing a higher order of allowed Bragg reflections. In this thesis Si(555) and
Si(660) reflections were used to calibrate the energy scale of Fe-Ka and Fe-Kf (including
VTC) detection.

Motor #2 1] < —>

v

Motor #1  [\\\\/ C 5

Motor #3 [\

Figure 3.7: (top) Representation of a von Hamos crystal with its three adjusting motors. The
colored arrows represent the possible movements of the crystal. The impact of each movement on
the emission signal on the detector is shown underneath for several steps during the setup procedure
(see text for details).
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4 Data analysis

4.1 Data extraction

For a detailed analysis of the iron’s electronic structure with consistent results in between
samples, DACs and beamtimes, a consistent data processing of all experiments is of utmost
importance. First, for each crystal a region of interest (ROI) is defined, which completely
covers the signal from the sample. This ROI will then be summed up in the direction
orthogonal to the energy axis and contains signal from the sample as well as background
signal. To differentiate between signal from sample and background, the ROI is shifted in
both directions next to the sample’s ROI and also summed up. These ROIs only contain
background signal, which can be subtracted from the original data. If the amount of
pixels in the data and background ROIs is not identical, they have to be scaled by the
difference factor. The data quality might be improved by approximating the background
with a polynomial of higher order to suppress the noise. An example cut-out from the
detector with all crystals and data as well as background ROIs is shown in Fig.4.1 on
the left. The corresponding raw spectrum and background are shown on the right along
with a background subtracted spectrum. In case of spin-state analysis by the XES K 5
measurements, all samples are normalized to their area between 7020eV and 7120eV
to ensure comparable data from all samples. Furthermore, all spectra are interpolated
to a grid of 0.1eV steps, which was not applied to the RXES data. If all 4 crystals
provide a spectrum of the same shape, they might be summed up to improve the data qual-
ity. However, they have to be energy calibrated first, which will be discussed in the following.

—— raw spectrum
—— background L 300000
—— final spectrum

- 200000

l | t L 100000

-
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energy / eV
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Figure 4.1: (Left) Cut-out out from a detector image with the signal of four Si(110) analyzer
crystals. The red shaded area marks the ROI containing signal from the sample whereas the green
areas solely contain signal from the background. As the background was calculated on twice as
many pixels as the signal of the sample, its intensity was divided by a factor of two. (Right)
Corresponding raw spectrum, background and background subtracted signal.
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4.2 Energy calibration

The combination of a von Hamos type spectrometer with an area detector is a great way
to perform spectroscopic measurements, as this approach provides a complete spectrum
in a single-shot fashion and furthermore allows for measurements with multiple analyzer
crystals. However, the detector has to be calibrated beforehand to assign its pixel scale to
the correct energies. Therefore, the energy of the incident X-ray beam is set to different
energies within the detector window and the elastically scattered X-rays are detected. The
positions of these peaks were then determined by a Gaussian fit to the data and a linear fit
through the different energies and positions then provides a pixel-to-energy assignment for
the whole detector. The elastic lines might be measured using a different order of allowed
Bragg reflections as the actual measurement. As stated in the previous section, the K8 3
emission was measured utilizing the Si(440) reflection, whereas for the elastic lines the
Si(660) reflection was used with incident energies between 10500 ¢V and 10680 V. This can
be applied analogously to measurements of the Ko emission using the Si(333) and Si(555)
reflections. When using a higher order of reflection, the energies have to be scaled down by
the factor
R+ kS4B
Ei-di=FEy -dy=>F =FEy ————=— (4.1)
\/h3+E3+13

using

S — (4.2)

RV
x X xX
with the Miller indices h, k, [ and the lattice parameter of the crystal a. An illustration
of the calibration is shown in Fig. 4.2 for a detector image of elastic lines with 6 different
incident energies. As the energy and thus the reflection angle is varied only by a small
amount, a linear correlation between energy and signal position can be used for simplicity
reasons, as it provides more robust results in the fitting procedure. It has been shown
that this setup is very sensitive to slight alignment changes of the sample. Thus, a new
calibration for each measurement is indispensable.
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Figure 4.2: Detector image with elastically scattered X-rays (left) and corresponding energy
positions (right). Thereby, the detector image is a summation of 6 measurements with different
incident energies. The dashed lines are the fit through the data points represented by the colored
squares on the detector image. Extrapolation of the dashed lines results in a calibration of the
complete detector for each crystal.
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4.3 Spin-state analysis

4.3 Spin-state analysis

Different analysis techniques can be applied
to evaluate the spin state of an iron-bearing
sample. In this thesis, mainly the IAD*
analysis is used. However, first momentum
AM; shift™ is also applied if possible and
will be described in the following.

In the TIAD analysis, all spectra have to be
shifted so that their center of gravity (COG)
is at the same energy position. Here, the
COG was arbitrarily shifted to 7055¢eV for
all samples, as it is close to the actual COG
before shifting it. The TAD value of each
spectrum is then calculated by subtracting a
reference spectrum with a known spin state
from the analyzed spectrum. The result-
ing difference curve is then integrated using
their absolute values. Fig.4.3 a) shows this
concept for a HS and LS spectrum with
the LS spectrum as reference. The abso-
lute value of the shaded area is the TAD
value. With HS and LS references of known
spin values, the IAD value of the analyzed
sample can then be converted into a spin
value. This method provides robust results
for most of the spectra in this thesis. How-
ever, spectra with the same spin value as
the reference spectrum might get system-
atically overrated, as the IAD value is the
integration of the absolute values and the
difference curve might solely consist of noise,
which then leads to a positive IAD value.
The second method is the shift of the deter-
mination of the first momentum AM;.” For
this analysis, the spectra are analyzed on
an absolute energy scale and its Kf3; 3-COG
is calculated using the main peak down to
50 % of its maximum intensity, as shown in
Fig.4.3 b). The AM,; compared to a refer-
ence then provides information about the
spin state in the sample. An exact energy
calibration is of utmost important for this
analysis technique. Thus, the spectra in
Fig. 4.3 b) were measured during spin state
imaging, i.e., the same energy calibration
for both spectra. The error is estimated
with 0.2eV for each spectrum within one
spin state map.
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Figure 4.3: a) Fe-KB; 5 emission for a HS and
LS reference, shifted to the same COG. Under-
neath the spectra, the difference between both is
visualized. The gray area highlights the difference.
Integration of the absolute value of the gray area
provides the IAD value. b) AM; analysis of the
same HS and LS reference, shifted in intensity
but unshifted in energy. The shaded areas high-
light the energy range with more than 50% of the
maximum intensity for the COG calculation. The
dashed lines represent the COG positions.



4 Data analysis

A major source of error for the IAD analysis

is the shift to the same COG, as low-quality 5 - .I
spectra might be shifted to a slightly wrong
energy. Fig.4.4 shows the influence on the
TIAD value for five different spectra when
the spectrum is shifted for 0.5eV in both
directions. Spectra with a high amount
of HS iron show a linear response in IAD
value to the shift in emission energy. The
gradient for all three spectra is ~1.9/eV
as TAD value, which is close to 50 % of a 1494 Py
complete HS - LS transition for 1€V shift. O, .A“
Both spectra with a high amount of LS
show a different behavior with a minimum : : - : :
in TAD value close to the unshifted spectra, -0.50 -0.25 0.00 0.25 0.50
as the spectra are close to the reference and ACOG / eV

the IAD value cannot be negative. However,

IAD / arb. units

. . Figure 4.4: TAD values in dependence of a mis-
starting from the minimum, the IAD value alignment in the COG for the spectra shown in

also increases linearly to both sides with Fig.5.4 a). The color code is consistent between
around the same gradient. It has to be poth figures.

noted that an error in the COG of 0.5eV

would be unusually high for spectra with a

reasonable data quality and does more likely not exceed 0.2 eV, resulting in an error of
around 10 % of a complete HS to LS transition, which was assumed as error for the ITAD
analysis. Additionally, spectra with a spin state close to the reference spectrum might
get systematically overrated and interpretation of these spin values has to be performed
carefully.

The energy shift of the complete HS - LS transition for the AM; analysis in this thesis
is around 1.4eV (compare Fig.5.4d)), which is in reasonable agreement with data from
the literature.” As shown in section 5.1, a misalignment of only one pixel results in an
energy shift of 0.42eV and thus around 30% of a complete spin transition. Hence, this
method is very susceptible to misalignment or inaccuracies in the energy calibration, which
makes it difficult to compare spectra measured at different experiments. Even within one
experiment, datasets from different measurements may vary. Thus, this technique can
only applied to measurements with the exact same setup, e.g., during (in situ) spin-state
imaging.

4.4 Resonant X-ray emission spectroscopy

RXES measurements are typically illustrated by a 2D intensity map, in which the x-axis
represents the incident energy and the y-axis is shown on a energy transfer grid, i.e.,
incident energy subtracted by emission energy. Analysis of such a measurement is usually
performed at constant emission energy (CEE) or at constant incident energy (CIE). An
overview of the different methods is shown in Fig. 4.5 for 1s2p RXES of Fe,O5 at 11 GPa.
CEE-cuts are diagonal lines within the RXES map and are probing the intermediate states
during the two-photon process. Thus, they correspond to the final states of classical K-edge
XANES measurement, but with a substantially improved energy resolution. Hence, this
method is also known as HERFD-XANES. The integration range of a CEE-cut is always
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4.4 Resonant X-ray emission spectroscopy

a compromise between energy resolution and data quality, but in all cases the CEE-cut
should include all observable transitions. The blue shaded area in Fig.4.5 a) visualizes
the integrated CEE range for a width of 3 pixels, i.e., ~1.1eV, with the result in the plot
underneath, compared to higher integration widths.

Another type of analysis are the CIE-cuts, which probe all final states for a constant
intermediate state. Thus, this is analogue to the final states in probed L- and M-edge
absorption for 1s2p and 1s3p RXES, respectively. For a complete picture of the analysis all
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Figure 4.5: a) Complete RXES map of Fe;O5 at 11 GPa. The blue shaded area marks the
CEE-cut with a width of 3 pixels, shown in b) along with higher integration widths for comparison.
c) CIE-cut for every 0.2€V step in incident energy between 7110eV and 7120 €V, set off in intensity
for clarity. Both localized 5T, g and 5E o states appear constant on the energy transfer grid due to
their discrete character.
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4 Data analysis

CIE-cuts have to be analyzed as shown in ¢). The dispersion characteristics of an electronic
transition may provide further information about its localization. A discrete localized
transition is constant on an energy transfer grid, whereas delocalized transitions show a
linear dispersion with the incident energy.”® 8" However, overlapping discrete transitions
may also appear as dispersing with the incident energy. In Fig. 4.5 the 5T29 and 5Eg states
are showing discrete characteristics whereas states at higher incident energies are dispersing
with the incident energy.
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5 Discussion of the scattering geometry

The scattering geometry in ~70° horizontal scattering angle was a key improvement for
several aspects of (R)XES experiments, which will be elaborated in the following.

5.1 Energy calibration

a) side view b) top view

Ah
/5%' incoming X-rays

analyzer

an{

detector I

Ad analyzer

Figure 5.1: a) Sketch of the deviation in signal height (Ah) of an elastic line scattered by the
bottom end of the diamond in forward scattering. The scattering angle o is defined by the X-ray’s
energy and the analyzer crystal. b) Schematic of the change in radius for a scattering angle of 3
between scattering close to the sample and at a point inside the diamond. The difference between
R, and R, then defines Ah.

For the calibration method by elastic scattering at a known energy, all photons are scattered
ideally from the sample’s position. However, for some sample environments, such as DACs,
this is hard to achieve, as the incoming X-rays are scattered from every point in the
diamond, which then results in a systematic error within the energy calibration. A sketch
of the geometries is visualized in Fig. 5.1. The offset Ah of the detector position for a given
energy between photons scattered from the sample position (R;) and at another point of
the diamond (Ry) is defined by

Ah = tan(a) - (R —Ry). (5.1)

R, is thereby defined by

R, = /R — 2R, cos(8)Ad + Ad? (5.2)

with the horizontal scattering angle 8 and the deviation from the sample position along the
incident X-ray axis Ad. In case of forward scattering, i.e., § =0, the deviation simplifies
to Ah = tan(a) - Ad. For an incident energy of 10500eV and a downstream diamond
of 1.72mm (BA) thickness this results in a deviation of Ah=0.72mm. In case of 70°
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5 Discussion of the scattering geometry

horizontal scattering angle, i.e., 3 = 70°, and a diamond thickness of 2.28 mm (ST) the
deviation is Ah=0.32mm. With a detector’s pixel size of 172 um this results in a deviation
of around 4.2 px and 1.9 px for both geometries, respectively. Furthermore, in 70° scattering
angle the analyzer will not detect signal of the whole diamond due to limitations of the
cell. Thus, 1.9 px is likely the upper limit.

5 In Fig.5.2 a comparison between both ge-
—— DAC 0% FWHM = 5.0 px ometries with a sample inside a DAC are
DAC 70°; FWHM = 2.3 px shown along with an elastic line scattered

—— iron foil; FWHM = 2.3 px by a thin iron foil outside of a DAC. The
thickness of the iron foil was only around
5pm and can thus be neglected. All lines
are measured with an incident energy of
10500€eV. The plot shows the expected re-
sult, as the FWHM of the elastic line in
forward scattering is more than doubled
compared to 70° scattering geometry. The
comparison to the elastically scattered line
0 . : . =l by the pure iron foil shows no difference
-10 -5 0 5 10 to 70° scattering, which verifies that the
pixel broadening of 1.9 px is only the theoretical

upper limit but the effect on the experiment

Figure 5.2: Comparison of two elastic lines at 18 negligible, as the field of view of the spec-
10500 €V in 0° and 70° horizontal scattering geom- trometer onto the sample is small enough
etry along with an elastic line scattered from an to only detect photons scattered from an
iron foil. area in the vicinity of the sample. It is im-
portant to emphasize, that this broadening

is not statistically in both directions but

systematically shifted to lower energies and thus translates into an absolute error on the
emission energy. The energy scale at the K@ emission is ~0.42 eV /pixel. As the center of the
elastic lines shifts to half of the height deviation, the error on the absolute energy is around
0.9€V in case of forward scattering. To set this in context, for the AM; analysis method
this shift translates to around 65 % of a complete HS to LS transition, as shown in section 4.3.
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5.2 Data quality

In the following, the improvements on the data quality will be highlighted with the
signal-to-noise ratio (SNR) as quantitative evaluation. It is calculated in this thesis by
SNR = 21
v
with the peak intensity [, and the intensity of the background I,. Both intensities are
absolute counts detected in the respective ROI on the detector. For I, the intensity of
the background is chosen at the same energy position but extracted from the background
ROI. There are different approaches to improve the SNR. An example of all cases for an
initial SNR of 1 is shown in Fig.5.3 a). When increasing I, with a constant I, e.g., by
a higher amount of iron in the sample or an enlarged opening angle of the cell towards

(5.3)
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5.2 Data quality
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Figure 5.3: a) Influence of an increased intensity of the sample (blue), a total increase of counts
(orange) and a reduced background (green) by the factor x on the SNR (see text for details). b)
KB 3 emission for different incident energies. The dotted lines represent the background calculated
by shifting the ROI next to the data ROI.
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Figure 5.4: a) 3 x5 spin map analyzed by IAD method with a step size of 7pm in between
positions of the in situ heated sample. The integration time was 5 minutes for each spectrum.
Spectra within the map are plotted for representation of the measurement position. All spectra
are normalized to their area and share the same axis scales. White and black spectra are shown
on different colors for better visualization whereas the SNR of gray spectra is too low for a spin
analysis. Underneath, the middle row of the map is shown with a zoom into the VTC area in the
inset. b) IAD and AM; values for all 5minutes spectra (lines) and each 1 minute spectrum (dots)
for the middle row of a). The black crosses represent the SNR for each 1 minute measurement
(right scales). The color code is consistent for all plots (published in“®).
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5 Discussion of the scattering geometry

the spectrometer, it is scaling linearly. In contrast, when increasing the amount of total
counts of I, and I, by extending the data acquisition time or intensifying the photon flux
on the sample, the SNR is scaling with the square root of the increasing factor. The same
magnitude of improvement can be achieved by reducing the background intensity . An
easy but important way to decrease the backgrounds intensity is the choice of the correct
incident energy. In Fig.5.3 b) two KB, 5 measurements of the same sample are shown
for different incident energies. Both spectra were measured during energy calibration by
elastically scattered photons, using the Si(660) reflection of the analyzer crystals. The
incident energies of 10500 eV and 10680V are detected at the same detector positions as
7000eV and 7120 eV, respectively, that are detected via the Si(440) reflection. At 10500 eV
the position of the scattered photons on the detector is lower than the position of the
KB, 3 emission and no intensity due to Compton scattering is detected in the emission
signal. In contrast, at 10680 eV the position of the scattered photons on the detector is
higher than the position of the K3, 3 emission and the intensity due to Compton scattering
is dominating the spectrum. It has to be emphasized that both spectra are not shifted
vertically for clarity and are calculated using the same ROIs on the detector image. Hence,
an energy should be chosen whose position on the detector is either lower than 7000€V or
high above 7120 €V, regardless of the reflection order of the analyzer crystal, to prevent a
strong background due to Compton scattering.

In Fig. 5.4 IAD and AM,; analyses are compared for spin-state imaging of in situ laser-
heated FeCO5 at 75 GPa and set in context to their SNR, (published in“®). Spin-state
imaging is the concept of measuring the KB, 5 emission spectra on different position on the
sample and evaluating the spin state for each unique position. The SNR was calculated
using the maximum intensity of the K3, 5 emission. The complete spin map is shown in
Fig.5.4 a) along with the spectra of a line over the sample. The spin map is calculated by
TAD analysis with a spectrum of the sample before laser-heating as LS reference. Each
position was measured for a total of 5 detector images with 1 minute integration time
each, i.e., 5minutes in total per position. In b) each 1minute spectrum is analyzed by

1200 A

angle: 0° angle: 70°
45000 4 time: 60 min time: 5 s
SNR: 127 1000 94 SNR: 160
40000 A 800 -
E E
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30000 A
200 A
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Figure 5.5: Comparison of different measurement times in forward scattering (left) and in 70°
horizontal scattering angle (right) for high pressure FeCO5. Both plots show a single analyzer
crystal with a data (blue) and background (orange) ROI of 10 pixels each.
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5.2 Data quality

IAD and AM;, respectively, with the colored lines corresponding to the analysis of the
5 minutes spectra. Furthermore, the black crosses represent the SNR of each 1 minute
measurement. The data of the IAD analysis show, that the spin-state results for spectra
with a SNR > 100 are stable and provide robust spin states, in line with their corresponding
5 minutes spectra. For lower SNRs, the resulting IAD values significantly differ from each
other, which provides a lower limit of SNR > 100 for the IAD analysis. In contrast, AM;
analysis is highly stable even for SNRs < 100. Nevertheless, as the accuracy of the energy
scale is crucial for this analysis, it can only be applied for measurements with the exact
same setup such as spin-state imaging. Furthermore, this means that only differences in
between the spectra of such measurement can be compared and a comparison to data from
the literature might not be possible.

With the SNR as quantitative evaluation
of the spectra quality, improvements of the
scattering geometry can be showcased. In
Fig. 5.5 both geometries are compared re-
garding their SNR for a single analyzer crys-
tal. The measurement in forward scattering
with a diamond setup of ST and BA on
the upstream and downstream side, respec-
tively, was performed on laser-heated and
temperature-quenched FeCO5 at 85 GPa.
The spectrum corresponds to sample C in
Chapter 6 and is published by Albers et
al.?3 In 70° horizontal scattering angle, the
diamond setup consisted of an MD and an : : : :
ST on the upstream and downstream side, 7080 7090 7100 7110
respectively, and the measured sample was energy / eV

unheated FeCOg5 at 75 GPa. The spectra
convincingly highlight the advantages of the
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Figure 5.6: VTC region of Fe,O4 at 75 GPa for

. different integration times. The spectra are nor-
improved geometry. Although the data ac- malized to the complete KB, 5 and VTC region

quisition time is decreased by almost three and shifted in intensity for clarity. The dotted
orders, the SNR in case of 70° horizontal gpectra represent the binned spectra of the same
scattering angle is improved from 127 to color with a binning size of 3pixels (originally
160. Extrapolation to a minimal SNR of published in“®).

100 results in a minimal measurement time

of ~37 minutes for forward scattering and

around 2 seconds for 70° horizontal scattering angle, a reduction of more than three orders
of magnitude. It has to be noted that the sample in 70° horizontal scattering angle provided
the best SNR of all samples and longer measurement times should be assumed for other
samples. Nevertheless, an improvement of two to three orders of magnitude can be assumed
when comparing both geometries.

With such an improvement of the experimental conditions, VI'C measurements become
feasible on reasonable time scales. Fig. 5.6 shows the VTC region of Fe;O5 at 75 GPa in 70°
horizontal scattering angle with different integration times between 2 minutes and 60 minutes
along with their SNRs. Although the spectrum after 2 minutes still contains noticeable
noise, the KB, 5 peak’s position and intensity may be analyzed. With increasing integration
time the SNR improves and after 10 minutes the data quality allows for determination of
the KB” feature. For longer integration times the SNR improves more and more slowly.
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5 Discussion of the scattering geometry

One possibility to improve the SNR of the spectra is a binning of adjacent pixels as shown
by the dotted spectra in Fig. 5.6. The binning size was three pixels, leading to an energy
step size of ~1.2¢eV. This in an adequate technique if the spectral width of the measured
features is not narrower than the new energy step size. However, the maximum factor of
improvement on the SNR cannot exceed the square root of the amount of binned pixel,
which is ~1.73 in case of Fig.5.6. The binning to ~1.2eV emphasizes that a minimum
acquisition time of 10 minutes is required for a reasonable data quality.

5.3 Two-color resonant X-ray emission spectrosopy

A further application that becomes feasible due to the improved experimental conditions
is RXES. While in case of XES the use of an MD on the upstream side provides an
increased intensity by a factor of 2 and thus is not essential for a successful experiment,
for RXES measurements it is indispensable as it improves the photon flux by a factor of
15, due to the lower incident energy of around 7.1keV.?Y Furthermore, the combination of
significantly increased photon flux and the similar experimental geometries for Ka and K3
emission detection allows for two-color experiments with simultaneous measurements of
1s2p and 1s3p RXES maps. This way the information of a single experiment is substantially
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Figure 5.7: Simultaneous measurement of 1s2p (lower right) and 1s3p (upper right) RXES maps.
The detector image (upper left) as well as the summed up crystals (lower left) were summed up
for all incident energies between 7109eV and 7115eV. The KB emission is scaled with a factor
of 2.5 to match the intensity of the Ko emission. The significantly increased background in the
KB emission is due to Compton scattering of the diamond, as the incident energy is close above
the emission energy. The background by the shifted ROI is shown as shaded lines of the same
color as the emission and is nicely correlating to the pixel range in which no Compton scattering is
detected, i.e., below pixel 100 and above pixel 450. The elastically scattered incident X-rays are
visible around pixel 420.
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5.3 Two-color resonant X-ray emission spectrosopy

enhanced. Nevertheless, 1s3p RXES measurements inside DACs bear further complications
to the experiments. First of all, the background in the pre-edge region is considerably
increased by Compton scattering of the diamond, as the incident energy is only about
50eV above the emission energy. Additionally, the Kf3 emission line is substantially less
intense than the Ko emission line. This is highlighted in Fig. 5.7, which shows data from a
two-color measurement of FeO at 34 GPa. The K@ emission was scaled with a factor of 2.5
to roughly match the intensity of the Ka emission. However, around 15 % of the intensity
is based on the increased background.

Despite these challenges, the combination
of 1s2p and 1s3p RXES measurements
adds more detailed information to an ex- 0.54 —— 7058eV
periment. First, the experiment provides 7044 eV
L-edge (1s2p) as well as M-edge (1s3p)

like information. Second, 1s3p RXES al- g o
lows for spin selective HERFD-XANES &
spectra,? as showcased in Fig.5.8. The —g 0-31
CEE-cut at the maximum intensity of the >
KB, 3 emission at 7058eV shows the ex- & 0.21
pected pre-edge features, which are further f:f

analyzed in Chapter8. In contrast, the 0.1 -
CEE-cut at the KB’ maximum at 7044 eV
shows no particular pre-edge features but
a constant rise of the absorption edge.
Both spectra are integrated over 5 pixels
each. These results verify that the fea-
tures are solely based on spin-down tran-
sitions, as they are absent for spin-up
transitions. More detailed information on
this matter are published by Glatzel et
al.80
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Figure 5.8: CEE-cuts at the KB, 3 (blue) and
KB’ (orange) emission integrated over 5 pixels each
of a 1s3p RXES measurement of FeO at 34 GPa.

For future applications, the setup has to be optimized further, especially by minimizing
the additional background by the Compton scattering. As the incident X-rays are linearly
polarized in the horizontal axis, a reduced background can be achieved by positioning
the spectrometer further towards a horizontal scattering angle of 90° with a simultaneous
rotation of the cell to keep the field of view towards the spectrometer. However, such a
rotation prolongs the penetration length of the incident X-rays, which leads to an increased
absorption by the upstream diamond. A rotation of 20° prolongs the penetration length
from 500 pm to 532 pm and decreases the incident flux by ~6.6%.2° Furthermore, the
spectrometer could be positioned to the same height as the sample, which would then
require a tilting of the analyzer crystals and the detector, to keep both close to the correct
scattering angle for the energies required.
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5 Discussion of the scattering geometry

5.4 Conclusion

The change of the experimental setup from forward scattering geometry to ~70° horizontal
scattering angle resulted in a variety of improvements in terms of accuracy, data quality
and efficiency. The energy calibration in the enhanced geometry is significantly improved
and shows no deviation compared to the energy calibration using a thin iron foil, which
leads to the conclusion that it is close to the achievable optimum.

The spin determination of samples with a high iron content inside a DAC environment
can now be carried out on timescales of seconds compared to hours in forward scattering
and allows for new options for experiments such as in situ laser-heated spin-state imaging.
Simultaneously, samples that were previously unable or inefficient to be measured in the
previous setup due to their low iron content are now feasible in the enhanced geometry. A
further improvement is achieved in terms of VT'C spectroscopy, for which the measurement
times have reduced to one hour, which can be further reduced to several minutes, if a
binning of adjacent detector pixels is applied. Moreover, the SNR has been established as a
useful tool to evaluate measurements during the process and may help for a more efficient
usage of beamtime, especially for samples with low iron content and long measurement
times.

In case of RXES, the measurement times depend on the used monochromator but can
be shortened to around 30minutes for 1s2p RXES with all four crystals and Si(111)
monochromator, which allows for in situ laser-heated measurements. It has also been
shown that 1s3p RXES as well as two-color RXES experiments are feasible with this
setup. However, further improvements have to be implemented for a meaningful usage of
this technique in experiments at high pressure and temperature conditions. A significant
downside of RXES inside a DAC in this geometry is the inevitable effect of self absorption
of the sample. As the measurement geometry requires the MD on the upstream side, the
spectrometer has to be positioned on the downstream side. Hence, the emission of the
sample will always be measured in transmission geometry. This limits the information
content of the measurement and, e.g., an analysis of the iron’s coordination by integration
of the pre-edge intensity?* is not feasible. Although there are different approaches to
suppress this effect, such as the measurement of thinner samples or a measurement position
on the rim of the sample at the side of the spectrometer, a remaining self absorption cannot
be excluded and furthermore, both approaches lead to a decreased emission intensity.

All in all, the improvements of the setup allow for new experimental opportunities to
reveal the electronic structure of iron-bearing compounds at lower mantle conditions.
Moreover, the setup is not limited to iron but can be applied for a variety of (transition)
metal complexes by exchange of the analyzer crystals and adjustment of von Hamos and
detector heights. Also, a simultaneous measurement of different elements is possible if
the geometrical requirements are similar enough, analogous to the Fe-Ka and Fe-Kf3
measurements.
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6 Spin state of tetrairon(lll) orthocarbonate and
diiron(I1) diiron(l11) tetracarbonate

6.1 Scientific background

Iron-bearing carbonates are important for the deep carbon cycle.!? The cycle starts by
subducting slabs that transport material from the oceanic crust deep into the Earth.
Mineral inclusions in diamonds have verified their stability up to a depth of 700 km,3!:82
below the Earth’s transition zone into the lower mantle. Thus, these phases are candidates
for the carbon transport in the deep Earth.

In order to understand the stability of carbonates under mantle conditions, numerous
high-pressure and high-temperature studies have been conducted for a variety of carbonates.
These studies have revealed pressure- and temperature-induced transitions on a structural
level and on the electronic states as well as stability conditions of given carbonates and
decomposition into different reaction products.?6:30:33-39

Siderite (FeCOj3) as iron-bearing carbonate is an important mineral in the context of the
deep Earth. It has been shown, that siderite undergoes a spin transition at ~43 GPa,
combined with a simultaneous isostructural volume collapse.3337:38:83 Recent studies have
identified complex new phases with tetrahedrally coordinated carbon as reaction product of
siderite at high pressure and high temperature,?>4%4! namely tetrairon(III) orthocarbonate
(Fed™C30,,) and diiron(I1) diiron(ITI) tetracarbonate (Fe3 Fei™C,0,3). As the carbon
in these structures is sp3-hybridized, they are called sp®-carbonates in the following.
First data on the stability conditions imply that they form at pressures > 50 GPa and
temperatures > 1400 K.#! Although these phases are well understood on a structural level,
information on their electronic structure is scarce. In general, three different spin values are
possible for each sp3-carbonate, as both contain two different iron sites. The possibilites
are spin values of 2.5 (2.25) or 0.5 (0.25) if both sites of Fe}"C304, (Fe3"Fe3™C40,5) are
in HS or LS state, respectively. The third possibility is, that the different iron sites are in
different spin states, which then results in a total spin value of 1.5 (1.25). Both phases are
predicted to incorporate iron in HS state in all iron sites, as the distance between iron and
oxygen atoms is longer than for LS iron complexes.?!34 This is also supported by density
functional theory (DFT) based calculations for both sp3-carbonates.?3%° Furthermore,
it was unclear if the oxidation state in Fe,C,0O,5 is sharply separated into ferrous and
ferric iron or if there is an intermediate valence state, between Fe?t and Fe3*, due to the
similarity of the iron polyhedra. Recent DFT calculations®® suggest a distinct separation
between both polyhedra in ferrous and ferric iron. As both phases contain ferric iron, their
presence in the deep Earth may influence the Fe3" /> Fe ratio, a balance that is otherwise
solely constrained by ferropericlase (FP) and silicate perovskite (SP). The results of this
study are published in Albers et al.? This work was financially supported by the DFG via
STE 1079/4-1 within DFG-FOR2125 (CarboPaT).
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6 Spin state of tetrairon(III) orthocarbonate and diiron(II) diiron(III) tetracarbonate

6.2 Experimental details

The experiments were conducted using single crystalline FeCO5 as starting material.* The
synthesis process is described by Cerantola et al.?” Each sample was pressurized to its final
pressure prior to the heating process, i.e., iron being in the LS state in all samples. After
laser heating, the samples were characterized by Raman spectroscopy and XRD. Spin-state
imaging, ez situ and in situ was performed using KB, 5 XES with the setup described in
Chapter 3. Samples A and D were measured in 70° horizontal scattering angle, whereas
samples B and C were measured in 0° horizontal scattering angle, which accounts for the
difference in data quality. Further details on each sample are listed in Tab. 6.1

Table 6.1: Experimental details for each sample.

diamonds pressure

sample  cell type  culet /pum down /up medium laser
A BX90-RO 200 ST/MD Argon  Yb:YAG single-sided
B Plate DAC 200 BA/BA  Argon CO, double-sided
C BX90-RO 200 BA/ST Neon  Yb:YAG double-sided
D BX90-RO 150 ST/BA Argon  Yb:YAG single-sided

6.3 Laser-heating system

Most of the samples were heated using a portable laser-heating setup,* which will be
described in the following. The laser heating system was funded via BMBF 05K10PEC.
Sample B was heated using the CO, laser-heating system of the AG Winkler at University
of Frankfurt,® which will not be further described here. "

The portable laser-heating system was build in cooperation between University of Potsdam
and Technische Universitidt Dortmund. The setup was originally designed for the use at
beamline P01 and subsequently stationed at the University of Potsdam for maintenance
and optimization, with the option to set it up quickly at PO1 on user demand. It contains a
100 W Yb:YAG fiber-laser with a wavelength of 1070 nm for on-axis and double-sided laser
heating. Therefore, the laser beam is split into two parts by a polarizing beam splitter.
Each beam can be tuned in intensity by a combination of a motorized phase-shifting plate
and a subsequent polarizing beam splitter. Depending on the phase shift, a fraction of the
laser is directed into a metal block which functions as a beam dump. The laser is then
guided in 90° angle to the X-rays on the upstream and downstream side of the sample.
The collimated beam is focused by geoHEAT 60_NIR objectives onto the sample. On
the upstream side, the collimated beam is first focused and subsequently redirected by a
mirror to be in line with the X-rays. On the downstream side the collimated beam is first
redirected by a mirror to be in line with the X-rays and subsequently focused. Sample C
was heated with this set of objectives from both sides, whereas in case of samples A and
D the geoHEAT 60__NIR objectives were removed and a Mitutoyo M Plan Apo 20x was
positioned on the downstream side for one-sided laser heating. The mirror on the upstream

*The samples were synthesized by Stella Chariton and Valerio Cerantola at Bayerisches Geoinstitut.
tThe laser heating was supported by Lélia Libon and Georg Spiekermann in Potsdam and Lkhamsuren
Bayarjargal in Frankfurt.
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side contains a hole of 300 pm in diameter to allow transmission of the incident X-rays
without intensity loss. These mirrors on upstream and downstream side can be adjusted by
motors to ensure a homogeneous heating from both sides. For temperature measurement
during heating, the emitted thermal radiation of the sample is collimated with the same
objectives and guided to a spectrometer to analyze its black-body-radiation and calculate
its temperature by a Planck fit. The entrance of the spectrometer is covered by a mirror
with two holes drilled into it. The mirror allows an observation of the glowing sample during
heating and through the two holes, the upstream and downstream temperature of the
sample can be measured independently. As basis for the Planck fit, a spectrum of a tungsten
filament lamp with a well known temperature was measured prior to the experiment. The
lamp itself was calibrated against a radiance standard from Gooch Housego PLC. Fig. 6.1
shows the whole setup with an example of a temperature measurement and the image on
the mirror.

X-ray
emission

Figure 6.1: Top view of the laser heating setup at PO1. The laser path and the optical path for
thermal radiation for temperature measurement are indicated by red and green arrows, respectively.
The X-ray emission is indicated by the rainbow colored cone. On the left side, an example of the
temperature analysis using T-Rax®0 (top) and the camera image of the glowing sample (bottom)
are shown. Enlarged views of both images are shown underneath the laser setup.
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To keep track of the temperature during
heating, a spectrum of the glowing sample
2600 H 2 was measured every 1 to 4seconds. The
different integration times are based on the
different intensities of the glowing samples
to obtain a reasonable intensity at low tem-
, : peratures but avoid saturation of the spec-
et , g trometer at higher temperatures. Within a
1800 - W heating process, the laser and also the tem-
perature was stable over long measurement
' ' ' ' ' ' times. Fig. 6.2 shows the temperature vari-
0 5 ) 10 _15 20 25 ations during the in situ measurements of
time / minute sample D. As can be seen, the temperature
Fi . . variation within one measurement is small
igure 6.2: Temperature measurements during .
in situ laser heating of sample D for different laser and varies between 50 K and 70K standard
powers. deviation. However, the uncertainty of each
temperature measurement itself is signifi-
cantly higher than these standard devia-
tions. There is a wide range of possible source for errors in the temperature measurements
of a laser-heating experiment such as inaccuracies in the setup, an inaccurately calibrated
spectrometer or reference spectrum. Besides this, a possible source of error that is not
caused by handling of the setup is the chromatic aberration of the used lenses, which leads
to a displacement of different wavelength on the spectrometer. However, this effect can be
reduced either by the use of apochromatic lenses or the combination of apochromatic lenses
with an iris in front of it, which, on the down side, also reduces the numerical aperture
and results in a reduced image quality. Furthermore, the temperature measured with
the spectrometer is the temperature at the surface of the sample, but, especially in case
of single-sided laser heating, the laser causes an axial temperature gradient within the
sample that is not reflected in the temperature measurement. Additionally, there is also a
temperature gradient orthogonal to the laser axis and a large range of temperatures may
be probed, depending on the spatial resolution of the incident X-rays. Consequently, an
error was estimated of 200 K for double-sided and 300 K for one-sided laser heating. A
more detailed overview of laser-heating in general can be found in Anzellini et al.'® and
the references therein.

temperature / K
N
N
o
S
1
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6.4 Characterization of samples after heating

6.4.1 Raman spectroscopy

Optical Raman spectroscopy is an experi-

mental technique to determine vibrational B at S virtual
modes of a sample by exciting it via a laser — ___________________________ || __ states
to a virtual state and detecting the scat-
tered photons afterwards.®” Fig. 6.3 shows
the principle of three possible cases. Elastic
scattering of the photons results in Rayleigh
scattering and results in no energy shift,
whereas Stokes and anti-Stokes scattering
result in an energy decrease or increase, re-
spectively. As the ground state has a higher h 4
population than the excited states, the prob- A 4 v
ability for Stokes scattering is higher than Rayleigh Stokes anti-Stokes
for anti-Stokes scattering. Raman spec- scattering scattering scattering
troscopy is sensitive to changes in the geo- Figure 6.3: Principle of Rayleigh, Stokes and
metric structure of a sample that affect their anti_Stokes scattering.

polarizability and generally a well available

technique, which is relatively easy to apply,

even for challenging sample environments such as DACs.8%89 Thus, it was chosen to verify
the decomposition of the starting material.

o B N W

All samples in this chapter were characterized after laser heating by optical Raman
spectroscopy imaging at GFZ with a laser of 532nm wavelength and a spot size of
2 pm. Raman bands were measured in a wavenumber range from 100 cm™! to 1300 cm™!.
This technique is a fast and easy way to detect changes in the sample, particularly the
decomposition of FeCO3 can be verified. At pressures below the spin transition, FeCOj4
shows four Raman bands in the observed wavenumber range, the T, L, v, and v; mode.”
However, at such high pressure as in this study, only three Raman bands are detectable
at around 630 cm™1, 915cm~! and 1200cm ™!, the L, v, and v; mode, respectively (see
Fig.6.4 a)).”! Integration of its most intense mode v, provides a good overview on the
spatial distribution of FeCOj in the sample. Due to the heating process, the intensity of
the v;-mode significantly decreased in the vicinity of the heating spot, which indicates a
decomposition. Furthermore, in some parts of the samples, new low-wavenumber Raman
bands appeared in a wavenumber range of 100cm ™! to 350 cm™!. An example spectrum is
shown in Fig. 6.4 b). To estimate its amount and spatial distribution within the sample,
the most intense mode at around 230 cm ™! was integrated and transferred into a map.
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Figure 6.4: Example spectra of high pressure FeCO5 (top) and the new low-wavenumber Raman
bands (bottom). Known Raman modes of FeCO4 are labeled modeled on the right side (modified
after Boulard et al.%2) with permission by Springer Nature.

6.4.2 X-ray diffraction

XRD is an X-ray technique to gain information on the structure of samples. In such
an experiment, usually monochromatic X-rays interact with the electrons of the samples
crystal structure and are elastically scattered by the electrons of the sample. The theory
of XRD is widely known and and can be found in the literature, e.g., in Kopitzki and
Herzog.”® In the following a short outline of the theory will be presented.

The incident X-rays are interacting with the electrons of the sample. The incident and
scattered photons can be described by their wave vectors k and k’, respectively. In case of
elastic scattering is follows that |k| = |k’| The wave vector transfer is defined as k' —k = q
and is depending on the scattering angle 20

4
la| = Tﬂsin@ (6.1)

The amplitude of the scattered photons in an XRD experiment is a summation of the
contributions of all participating atoms in the scattering process

Ak) = fala)eam. (6.2)
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Here, r,, and f,, represent all atom positions and their regarding atomic form factor. In
case of an XRD experiment, the measurable instance is the intensity, which is defined as
the square of the absolute amplitude

I(q) = |A(q)? (6.3)

On crystallized samples, symmetry properties can be exploited and the crystal can be
defined by its unit cell and its lattice. Hence, each atom position within the crystal can
be described by its lattice translation vector r; = ax + by + cz and its basis Jy, i.e., its
position within the unit cell

with x, y and z as unit vector of the lattice and a, b and c as integers. This simplifies Eq.
6.2 to

A(q) x S(q) - F(q). (6.5)

with the structure factor
cell

S(a) = fla)eaor (6.6)
k:

and the lattice sum
F(q) =) e (6.7)
J
F(q) (and consequently also A(q)) only provides a contribution for q - r; = 27 - m with m
as an integer. As a consequence of this, the Laue equation

!
q = Gpp (6.8)
follows with Gy,;; as the reciprocal lattice and h, k£ and [ as the Miller indices.

For the samples studied in this chapter, XRD imaging was performed at beamline P02.2 of
PETRA IIT (DESY) with a spatial resolution of 2 um and an incident energy of 42.7keV,
in order to obtain a detailed phase distribution of the whole sample after laser heating.
The beamline uses a PerkinElmer XRD 1621 detector with a pixel size of 200 x 200 pm?,
which was positioned at a distance between 400 mm and 500 mm downstream of the sample,
varying between different experiments. The detector was calibrated using CeO,(NIST
standard647b). Example diffraction patterns of FeCOs, Fe,C30,5 and Fe,C,0,5, measured
on different positions of sample C, are shown in Fig. 6.5 along with a cut from the detector
image. To quantify the occurrence of each phase, a 2-O-range was selected which only
contains diffraction peaks of a single phase and its intensity was integrated. However, as
no powder average was measured, this method cannot verify the exact amount of each
phase, but provides a good overview of the lateral phase distribution of the sample.
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Figure 6.5: Detector images (left) and corresponding integrated diffraction pattern (right) of
FeCOg4 (top, blue), Fe,C530,5 (middle, red) and Fe,C,05 (bottom, green). Underneath each
pattern all reflexes with an intensity of more than 2% are indicated by the colored lines. Peaks
that cannot be assigned to a certain phase are marked by an asterisk.
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6.5 Experimental results

In the following, the results on laser heated siderite samples at high pressure will be
presented for four samples in total. Each sample shows a different phase distribution
and thus provides complementary information for the analysis on the electronic structure
of iron-bearing sp3-carbonates. The phase distribution is analyzed by optical Raman
spectroscopy as well as XRD after temperature quenching and listed in Tab. 6.2 for all
measurements. The spin state is analyzed by XES for all samples after temperature
quenching and in situ during heating for sample D. The spin state of Fe,C30,5 will be
determined by samples A and C, whereas sample B and C provide information about
Fe,C40,5. Sample D will then extend the information from temperature quenched samples
to in situ conditions up to 2600 K.

Table 6.2: List of sample conditions and dominant reaction products. Gray phases might not be
present at given conditions. The phase occurrence during in situ heating is an educated guess and
will be elaborated in the discussion.

sample pressure / GPa temperature / K reaction product
A 80+ 2 2700 + 300 Fe,C301,
B 8342 3000 + 200 Fe,C,015
C 85 +2 2300 + 200 Fe,C30,,, Fe,C,0
2800 4 200 Fe,C50,5, Fe,C,045
D 8242 1700 4+ 300 (in situ) Fe,Cg045, Fe,C,0

2000 + 300 (in situ) Fe,Cy0yy, Fo,CL0 .
2600 + 300 (in situ) Fe,C30,4, Fe,C 0,3
3000i300 Fe403012, Fe4C4013
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Figure 6.6: Raman spectroscopy (a) and XRD
imaging (b) of sample A. The FeCO4 contribu-
tion is shown in blue in both images, whereas
the Fe,C,0 4 contribution, determined via XRD
imaging is shown in green. The occurrence of
the low-wavenumber bands in a) is visualized in
green as well. The red area indicates Fe,C304,.
Raman spectra and XRD pattern for the traverse
indicated by the black arrow in (b) are shown in
(¢) and (d), respectively (modified after Albers et
al.?3).

Sample A was laser-heated to 2800 K using
the Yb:YAG-laser heating system® and all
measurements were performed after tem-
perature quenching at 80 GPa. The phase
distribution is visualized in Fig. 6.6. Raman
spectroscopy imaging in a) shows a signif-
icant amount of unreacted siderite (blue)
on the right and upper side of the sample.
Furthermore, starting from its center to the
sample’s left side, low-wavenumber bands
(green) are present. The FeCO4 distribution
could be verified by XRD imaging with the
results presented in b). In the sample area
where low-wavenumber bands appear, both
sp3-carbontes are present (left side of the
sample) with the contribution of Fe,C504
in red and Fe,C,0,5 in green. Fig.6.6¢)
and d) display a traverse across the sample
in terms of Raman and XRD data, respec-
tively. The Raman spectra show first an
onset of the low-wavenumber bands with-
out a significant contribution of the FeCO3-
band. Afterwards, both phases are simul-
taneously present and eventually the low-
wavenumber bands vanish while the FeCO3-
band is still present. XRD data from the
same traverse show first an onset of both
sp3-carbonates without a significant contri-
bution of FeCO5 and a subsequent vanish-
ing of both sp3-carbonates with the onset
of the FeCOg5 contribution. The overlap
between the spatial distributions of FeCO4
and Fe,C,0,5 is larger than for Fe,C30,.
However, the total amount of Fe,C,0,5 is
estimated to be smaller by a factor of 10
compared to Fe,C30,5, indicated by the in-
tegrated intensities of the XRD pattern, al-
though an exact determination of the phase
composition is not possible as no powder
average was measured. The shaded areas
in Fig.6.6d) indicate the Bragg reflections
used to determine the distribution of each
phase. The distribution of FeCO; is based
on single crystal peaks in the detector im-

age. Thus, its contribution is indicated only on the right part of the sample, although
the integrated pattern from the left side show a contribution in the same 2-O-range.
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XES measurements were performed on a
5x 5 grid with a step size of 5 pm and the re-
sults are presented in Fig.6.7. Single K3, 3
emission spectra are shown in a) with their
corresponding IAD values in b) for the same
traverse discussed before. For comparison
the M; value is shown with the right y-axis
as scale. The data show a significant HS
contribution on the left side of the sample,
developing to a mostly LS value on the right
side of the sample. Within the limits of this
analysis the spin values on the right side
are considered as completely in LS state.
Both spin values at the edge of the sample
are based on a low data quality due to low
emission intensity. Thus, the results of the
TAD analysis of these points may be inac-
curate which shows especially for the LS
spectrum on the right side. All in all, IAD
and AM; analysis are in good agreement
for spectra with an SNR > 100. Fig.6.7 c)
(left) extends the information from b) to the
whole sample with its contour in black. The
positions were determined by overlapping
the COG positions of XES and XRD inten-
sities. The results are shown in Fig. A.1 in
the appendix. The IAD map visualizes the
HS and LS contribution on the left and right
side, respectively. The HS regime correlates
with the distribution of the sp3-carbonates.
The fact that the highest spin values are
located next to the sample is based on the
spot size of 8 x 8 pm?, indicated by the gray
circles, and thus a non-negligible amount of
unreacted FeCOg in the spectra when scan-
ning the sample. If the COG of the incident
X-rays beam is located next to the sample,
only its tail is interacting with the sample
and thus mostly sp3-carbonate is probed.
To underline this, a theoretical spin map is
calculated based on the XRD results and
is visualized in Fig.6.7 ¢) on the right side,
assuming the spatial resolution of the XES
experiment. As the sample characteriza-
tion indicates a significantly less amount of
Fe,C,0,5 in the sample, only the Fe,C30,,
contribution was considered. The spin state
of Fe,C30,, was set to HS state, in line
with the literature?>%0 and the spin state
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Figure 6.7: a) KB, 3 XES spectra of sample A
for the same traverse shown in Fig. 6.6 with their
TAD results and M; position (offset by 7058 eV)
in b). Open symbols represent spectra with a
SNR < 100. The difference spectra to the LS ref-
erence are shown in Fig. A.2 in the appendix. The
gray arrows in a) and b) indicate changes while
following the gray arrow in c¢). The color code
matches the spectra in a). The gray dashed line
in b) indicates the IAD value between a LS and
HS FeCOg reference. c¢) (left) Resulting IAD map
for the whole sample. The gray circles indicate
the beam size for intensities of 50 % (solid) and
5% (dashed). (right) Calculated spin value map
based on contributions of FeCO5 and Fe,C50,,
as identified by XRD (see text for details, modified
after Albers et al.??).
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of FeCO4 was set to LS state. As the exact amount of each phase could not be determined
unambiguously, the contribution of Fe,C30,, was arbitrarily scaled with a factor of 3
compared to FeCO5. The results are in mutually agreement with that of the spin-state
imaging by XES. Thus, the spin state of iron of temperature quenched Fe,C30,, can be
verified as HS state. The spin state of Fe,C,0;3 could not be determined in this sample
and will be discussed in the following along with the occurrence of low-wavenumber Raman
bands. IAD and AM; analysis are in good agreement as seen for the traverse in Fig. 6.7 b)
as well as for the whole map. Fig. 6.8 visualizes all spectra measured at their respective
position on the map with the spin state calculated by the AM; analysis overlapping with
the spectra. Spectra with an SNR < 100 are plotted in gray and their spin value was set to
0 as the data quality was not sufficient for a dedicated analysis.

J
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O

Figure 6.8: Representation of all K3, 5 spectra measured during spin-state imaging at the position
of measurement, along with the spin-state map analyzed via AM;. All spectra are normalized to
the same area and each spectrum is represented on the same y-scale. Spectra with an SNR < 100
are shown in gray and their spin state is not analyzed but set to 0.
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B Diiron(Il) diiron(11l) tetracarbonate

Sample B was heated by a CO,-laser to

3000K. Fig.6.9a) and b) show results of

Raman and XRD imaging after tempera-
ture quenching at 83 GPa, respectively. Ra-
man spectroscopy verifies low-wavenumber

bands for the majority of the sample with

a small contribution of FeCO5 in the lower

part. XRD imaging verifies the occurrence

of Fe,C,0,5 in the whole sample. Due to

the vicinity of Bragg reflections and the

presumably low amount of FeCOg5 in the

sample, no single crystal reflexes could be

identified unambiguously and the FeCOj4

signal could not be extracted by XRD. Fur-
thermore, contributions of iron oxides, as

predicted by Cerantola et al.,?? were not

found but could also not be excluded defi-
nitely due to complexity of Bragg reflections.
In addition, Raman spectroscopy was per-
formed for the most common iron oxides

FeO, Fe;O5 and Fe;O, at 75 GPa in order

to interpret the low-wavenumber Raman

bands. No Raman bands could be observed

in the wavenumber range between 100 cm™!

and 1300 cm~!. Thus, these phases can be

excluded as possible cause. However, the

appearance of the low-wavenumber bands

is strongly correlated to the appearance

of Fe,C;0;5 in the XRD measurements,

which indicates that the Raman bands ei-
ther occur from the Fe,C,0,5 directly or

indirectly due to a byproduct in the synthe-
sis process.

XES measurements were performed at 4

different positions on the sample and are

shown in Fig. 6.9 ¢) along with the difference

to the LS reference underneath. As the data

acquisition was performed in forward scat-
tering geometry with BA diamonds on the

upstream and downstream side, the data

quality is significantly lower compared to
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Figure 6.9: Phase characterization by Raman
spectroscopy a) and XRD b) imaging for sample
B. The FeCO5 contribution is shown in blue in
both images, whereas the Fe,C,0, 5 contribution,
determined via XRD imaging is shown in green.
The occurrence of the low-wavenumber bands in
a) is visualized in green as well. ¢) K@, 3 XES
spectra with the difference to the LS reference
underneath for 4 positions on the sample indicated
by the circles in b). The LS reference is shown
in black as a guide to the eye. The inset shows
the TAD results for all 4 positions (modified after
Albers et al.?3).

the previously presented sample, despite a

substantially increased acquisition time. Nevertheless, all spectra indisputably contain a
significant contribution of HS iron, which indicates that the iron in both coordinations in
Fe,C,0,5 is in HS state. Furthermore, variations between the XES spectra can be spotted
when focusing on the difference to the LS reference. This is reflected in the results of IAD
analysis, visualized in the inset of Fig.6.9¢). Positions 1 and 2 show a higher IAD value
than positions 3 and 4, which might be attributed to unreacted FeCOj5 in the sample, at
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least for the spin value of position 4. However, these variations have to be interpreted
carefully due to the low SNR of all spectra. Despite the challenging data analysis, the
results clearly verify Fe,C,0,5 with iron in HS state in both coordinations.

C Tetrairon(lll) orthocarbonate and diiron(l1) diiron(l1l) tetracarbonate
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Figure 6.10: Phase characterization by Raman
spectroscopy a) and XRD b) imaging for sample
C. The colors correspond to the low-wavenumber
bands and Fe,C,05 in green for Raman spec-
troscopy and XRD, respectively. The FeCO5 con-
tribution is shown in blue in both images, whereas
the red area corresponds to Fe,C3015. ¢) KB; 3
XES spectra (top) and difference to the black LS
reference (bottom) for line 1 across the sample
as indicated in b). The LS reference is shown in
black as guide to the eye. The inset shows the
TAD results for lines 1, 2 and 3 with matching
colors (yellow, black, blue, modified after Albers
et al.?3).
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Sample C was laser heated two times us-
ing the Yb:YAG-laser heating system. In
the first heating process the sample was
heated to 2300 K and in the second process
to 2800 K. Raman spectroscopy in Fig.6.10
a) shows remaining unreacted FeCO4 in the
upper left part and low-wavenumber bands
in the lower and the right part of the sam-
ple after temperature quenching at 85 GPa.
XRD imaging in Fig.6.10 b) shows a clear
spatial separation of FeCOj3 and both sp3-
carbonates, with little overlap in the central
part. The FeCOs contribution correlates
with the Raman imaging results. Contri-
butions of Fe,C30,5 and Fe,C,0,5 are lo-
cated on the right and lower part of the
sample, respectively. The low-wavenumber
bands appear exclusively in the sample area
where XRD verifies Fe,;C,05.

XES imaging was performed on a 3x 3 grid
with 5pm step size in between measure-
ments. The experimental geometry was in
forward scattering with a diamond setup
of ST and BA on the upstream and down-
stream side, respectively, which causes the
lower data quality compared to samples
A and D. Fig.6.10 c) shows K83, 3 spectra
for line 1 (yellow) as indicated in b), with
the difference to the LS reference in the
plot below. Corresponding IAD values are
shown in the inset of ¢). The results are
in good agreement with the previously re-
ported samples and show in general two
directions of spin increase. First, from left
to right, the change from probing mainly
FeCOj5 to probing mainly Fe,C30,, is ac-
companied by a significant increase in spin
value, at least for lines 1 and 2. The sec-
ond increase in spin value occurs from the
upper part to the lower part of the sample
and is more complicated and not as straight
forward as the first one. However, all spin
values of line 3 are higher than for line 1,



6.5 Experimental results

which is most significant for the most left points and occurs due to the change from probing
mainly FeCOj5 to probing mainly Fe,C,0O;3.

The phase distribution of sample C may occur due to the two-fold heating process. Based
on the results by Cerantola et al.,?? Fe,C30,, is forming at lower temperatures than
Fe,C,0,5 which could also be the case for this sample. This would imply that the first
heating process to 2300 K was located on the right part of the sample, whereas the second
heating process to 2800 K was located on the lower part of the sample. These findings are
in accordance with the results of sample B that was heated to even higher temperatures of
3000 K and only contains Fe,C,0,5 and no Fe;C,0,,. However, as the stability regions of
both sp3-carbonates are not well established and also the exact positions of both heating
spots are not exactly known, this conjecture is only speculative. Conclusions on the spin
state, on the other hand, are well founded and in accordance with both samples presented
previously. Thus, this sample verifies again iron in both sp3-carbonates being in HS state.

D In situ measurements
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Figure 6.11: Spin-state imaging results of sample D for different temperatures measured in
situ during heating and after temperature quenching. The phase distribution was analyzed after
temperature quenching by Raman and XRD imaging. The spin maps were calculated using linear
combination of HS and LS references (a), IAD (b) and AM; (c) analyses. As HS reference for the
compositional fit a spectrum of sample A was used (orange spectrum in Fig.6.7) and for AM;
analysis the spectrum before heating was used.! The different maps are not overlapping due to
movement of the sample and holder by thermal expansion and compensatory movements. Thus,
the rim of the sample is indicated only in the spin maps after temperature quenching. The scale in
the top left image is valid for all maps (modified after Albers et al.?3).

TBetween measurements of the in situ maps and the quenched map, the cell was removed from the beamline.
Thus, the map after temperature quenching was calculated with a different calibration and showed a
small offset in the energy positions and 0.2 eV were added to the quenched map, to align it with the other
measurements.
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Figure 6.12: Phase characterization by Raman
spectroscopy a) and XRD b) imaging for sample
D. The colors correspond to the low-wavenumber
bands and Fe,C,0;5 in green for Raman spec-
troscopy and XRD, respectively. The FeCO5 con-
tribution is shown in blue in both images, whereas
red indicates Fe,C3015. ¢) KB; 3 XES spectra
(top) and difference to the LS reference (bottom)
for spectra with a large HS contribution in the
vicinity of the heated area for the different tem-
peratures and after temperature quenching. Fur-
thermore, the LS reference is shown in black as
guide to the eye (modified after Albers et al.?3).

In sample D the results of the previ-
ously temperature-quenched samples are
extended to in situ conditions at high tem-
perature. The sample was heated in sev-
eral steps with increasing laser power be-
tween 1700 K and 2600 K. During heating,
XES maps were measured on a 5x5 grid
with 5pum step size and 1 minute integra-
tion time per spectrum. After temperature
quenching, the sample was measured again.
The corresponding spin-state imaging re-
sults based on three different analysis tech-
niques are shown in Fig. 6.11 for all temper-
atures during in situ heating and after tem-
perature quenching. All spectra are shown
in Fig. A.3. To ensure stable results, only
spectra with an SNR < 100 were taken into
account. As LS reference a spectrum of the
sample measured directly before switching
on the laser at 82 GPa was used for all anal-
yses. Additionally, a spectrum of sample A
(orange spectrum in Fig.6.7) was used as
HS reference for the compositional fit anal-
ysis by linear combination of HS and LS
references. Despite some variations, all anal-
ysis techniques show the same results for
the different measurements. The position
of the HS area is shifting between the dif-
ferent maps, which is based on the heating
process and a slight shift of the cell due to
thermal expansion of the cell holder. Thus,
the positions of sample and laser had to be
adjusted in between each spin-state map
and the maps do not necessarily represent
identical positions in the cell. Nevertheless,
all maps screen a similar part of the sam-
ple, which is shown by the distribution of
the HS containing area. The temperature
quenched map was measured after the cell
was cooled down completely and the rim of
the sample is indicated in white. Within
these maps a continuous trend is detectable
as the total area containing HS iron is in-
creasing with temperature, which is based

on two effects. First, slight movements of the sample position enlarge the heated area and
thus an increase the HS contribution. Second, as the laser power is increased, the spot
size, with a temperature high enough to induce a reaction, is increasing. Furthermore, the
highest spin value of each map is also rising with increasing temperature, which is shown
in Fig.6.12 c) and is also attributed to an increased amount of reacted sample.
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6.6 Discussion

Characterization of the sample was performed after temperature quenching at 82 GPa
and the results are presented in Fig.6.12. The Raman spectroscopy imaging in a) was
performed on the unheated side of the sample and shows unreacted FeCOg5 in the complete
sample, overlapping with a small contribution of low-wavenumber bands on the right side.
As Raman spectroscopy is surface sensitive for opaque samples, the resulting distribution
of Fe,C,0,5 might be incomplete and the amount of FeCO5 might be overestimated. XRD
mapping in b) confirms the distribution of FeCO4 in the complete map. Moreover, the
small contribution of low-wavenumber Raman bands is again overlapping with the position
of Fe,C,0,5 detected by XRD mapping. Fe,C30, can be found in the same area as
Fe,C,0,5 but with a significantly higher contribution. Comparison with the spin-state
map after temperature quenching shows a good overlap with the spatial distribution of both
sp3-carbonates. Based on these results and along with the previously presented samples,
both sp3-carbonates can be verified in HS state under pressure and temperature conditions
of the Earth’s lower mantle and after temperature quenching. The fact that the spin values
of this sample are relatively low compared to the other ones is due to a substantial amount
of unreacted FeCOj5 in the sample as verified by the Raman and XRD imaging. Hence, the
KB, 5 spectra are based on a mixture of FeCO4 and (primarily) Fe,C30,5 with changing
proportions. The results indicate that in the beginning of the heating process Fe,C504 is
forming, which reacts only at the highest temperatures to Fe;C,0O,5 in the center of the
heating spot. This is in accordance with the thermodynamic conditions published in the
literature??% and in agreement with samples B and C.

6.6 Discussion

The results of all four presented samples are consistent within each other and show com-
plementary information for each sample. Combination of both characterization techniques,
i.e., XRD and Raman imaging, shows a convincing overlap for FeCO5 and the distribu-
tion of the low-wavenumber bands is correlating with the occurrence of Fe,C,0,5 for all
samples with a mutual agreement between both techniques. From this correlation, the
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Figure 6.13: a) Experimental and calculated Raman spectra of FeCO5 at 80 GPa. b) Low-
wavenumber Raman bands along with a selection of Raman active modes of Fe,C,0 3, calculated
by Prof. Dr. Bjérn Winkler, to highlight the differences to the Raman spectrum of LS FeCOg4
(modified after Albers et al.2?).
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6 Spin state of tetrairon(III) orthocarbonate and diiron(II) diiron(III) tetracarbonate

low-wavenumber bands can be assigned either to Fe,C,0O;5 or another phase emerging
during the reaction. DFT calculations, performed by Prof. Dr. Bjorn Winkler of the
University of Frankfurt (published in??), show several Raman active modes for Fe,C,0,5 at
80 GPa in the wavenumber region between 100 cm ! and 350 cm™* (see Fig.6.13). Hence,
the low-wavenumber Raman bands are a product of Fe,C,0,3, although a determination
of the peak intensity was not possible.

The combination of Raman and XRD imaging as characterization methods provides a
detailed spatial phase distribution with consistent results between both methods. Especially
Raman spectroscopy imaging is an easy but useful tool to determine the decomposition
of FeCO4 due to laser heating. However, the verification of newly formed phases requires
Raman active bands. The low-wavenumber bands are corresponding to the formation of
Fe,C,0,3, whereas Fe;C30, shows no sign of Raman bands in the measured wavenumber
range and is thus probably not Raman active. Furthermore, Raman spectroscopy is a
surface sensitive method for opaque samples like FeCOg4 at high pressures as shown for
sample D and its results depend on the samples’ orientation, especially if one-sided laser
heating was used. Hence, a detailed phase distribution by XRD imaging is indispensable to
obtain meaningful results, with the downside of a lower accessibility due to the experimental
requirements of highly focused synchrotron radiation.

The phase characterization verifies different phase distributions for all samples. Sample A
and D contain a significantly higher amount of Fe,C30,, compared to Fe,C,0,3, whereas
sample B contains almost solely Fe,C,0,5 and no Fe,C505. These results in combination
with the thermodynamic conditions during laser heating suggest a decomposition of FeCO4
and a formation of Fe,C30,, at lower temperatures with a subsequent formation of
Fe,C,40,5 at higher temperatures, which is in accordance with the findings of Cerantola et
al.?? Based on this premise, the formation of Fe,C50,5 in sample C is likely due to the first
heating process at 2300 K, whereas Fe,C,0,5 was forming in the second heating process at
2800 K. In fact, sample C was the first cell in which sp3-carbonates have been synthesized
and after the first heating process Raman spectroscopy showed only contribution of FeCOs.
Thus, it was unclear if new phases have been synthesized and the sample was heated
a second time. After the second heating process the low-wavenumber bands appeared.
Furthermore, both samples that contain a significant amount of Fe,C,0O,5 were laser heated
from both sides, which reduces the temperature gradient in the sample and enlarges the
area with sufficiently high temperature for the synthesis of Fe,C,0,3. Based on these
findings a formation path is suggested as follows:

Fe?CO5; — FeltC30,5 — Fel'Fed™C,0,5 + iron-oxides

Stoichiometric considerations imply that in the first reaction process carbon has to be
released. Moreover, in the second reaction process further iron-bearing phases have to
be synthesized, most probably iron oxides.?? Possible candidates are FeO, FeO,, Fe, O,
h-Fe;O,4, Fe,O5 and higher order oxides. However, due to the complexity of Bragg
reflections of both sp3-carbonates no oxide phase could be identified.

Despite the complexity of the phase distribution, the combination of characterizing methods
with XES imaging provides convincing results of iron in both sp3-carbonates in HS for
both iron containing sites. This is verified for Fe,C30,, by sample A and Fe,C,O,5 by
sample B, whereas sample C again confirms the results for both sp3-carbonates. Sample D
extends these results from temperature quenched to in situ high temperature conditions,
at least for Fe,C30,,.
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6.6 Discussion

These findings are important for the chemical composition in the Earth’s mantle, especially
in the vicinity of subducting slabs, due to the increased amount of carbonates present
compared to the other parts of the lower mantle. It has been shown that the iron’s spin
state strongly influences the element partitioning between FP and SP, which are the most
abundant phases in the deep Earth.''16 In case of ferrous iron an exchange of iron with
magnesium is possible and Piet et al.!® have shown that with the onset of the iron’s HS to
LS transition in FP its abundance in the FP is increasing on loss of iron in the SP. For
ferric iron the mechanism is more complex. Piet et al.'® report an increasing iron content
in FP starting at around 70 GPa, i.e., the onset of the spin transition. The maximum of
iron content is at 85 GPa, which is subsequently reversed with an iron migration into the
SP. The effect is explained by a change of the iron’s valence state from ferric to ferrous iron
in the SP as the Fe3™ /> Fe fraction in SP follows the same course, although they do not
report data on the Fe3* /S"Fe fraction that represent the complete pressure range. As the
FP has an affinity for (ferrous) LS iron, the resulting ferrous iron then migrates to the FP.
Shim et al.'® report the same behavior, but for a lower pressure range with a minimum of
the Fe3* content between 40 GPa and 70 GPa. This effect is explained by a change in the
substitution mechanism in which it changes from a charge-coupled combined substitution
of aluminum and iron to a process in which aluminum incorporates both distinct cation
sites in the SP structure.

The increased ionic radius of HS iron compared to LS iron favors a substitution reaction
of ferric (ferrous/ferric) iron in Fe3"C30,, (Fe3tFe3tC,0,5). As both sp3-carbonates
are stable under deep Earth conditions, they may play an important role in the redox
equilibrium of the Earth’s lower mantle and should be considered in the complex chemistry
of the aluminum and magnesium exchange, which is otherwise solely constrained by FP
and SP.

In a recent study, Spahr et al.? have shown for Sr,CO, that the stability conditions of
sp3-carbonates can be shifted to lower pressures if oxides are present prior to the heating
process. It is possible that these findings can be adapted to the formation of iron-bearing
sp3-carbonates, which would stabilize the phases at shallower depth and impact the redox
conditions throughout the lower mantle. However, this has to be verified experimentally
before conclusions can be drawn.
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7.1 Scientific background

Iron oxides are highly relevant when discussing the composition of the Earth’s lower mantle,
as their high density compared to the surrounding phases leads to the subduction all the
way down to the CMB.% Especially hematite (a-Fe,Oj) is an interesting case in terms of
geolocically relevant materials as it contains ferric iron and is a potential source for magnetic
anomalies in the Earth’s mantle.?” The importance of ferric iron is elaborated in Chapter 1.
Thus, it has been investigated in numerous studies within the last decades?!:25,28:42,80,98-111
in terms of its structural and electronic changes reaching from ambient to high-pressure
and high-temperature conditions. The phase diagram of Fe,O5 is complex and contains
a variety of phase transitions with pressure and temperature. Recently, Bykova et al.?!
published a detailed stability diagram up to around 110 GPa and 3000 K. As it is the most
detailed study in the recent past, it serves as the basis for the following elaboration.

At ambient conditions Fe,O4 occurs in the a-phase (hematite) in a R3c structure. In this
phase, all the iron is in octahedral coordination and in HS state. Under cold compression,
the phase is stable to about 54 GPa with a subsequent transition into the (-phase with a
distorted perovskite structure (P1). Here, one half of the iron is in octhaedral coordination
in LS state and the other half is in trigonal-prismatic coordination in HS state. The
transition from the o- to (-phase is accompanied by a volume collaps of ~8.4%. At even
higher pressures of 67 GPa a transition into the ©-phase occurs, accompanied by a further
volume collaps of 1.7%. In this phase, all iron is in trigonal-prismatic coordination in
LS state. ©-Fe;Oj5 is stable to at least 100 GPa under cold compression. However, laser
heating from the ©-phase to temperatures above 1600 K leads to the formation of n-FeyO4
in the post-perovskite structure (Cmem) with again two distinct iron sites in octahedral
and trigonal prismatic coordination with both iron sites in HS state but the same unit
cell volume as ©-Fe,O5. After temperature quenching only the n-phase remains present.
Furthermore, the phase is stable under decompression to around 26 GPa and subsequently
transforms back to a-FeqO5. Heating the sample after decompression at 50 GPa results
again in a the formation of (-Fe,O5 and at 41 GPa in the formation of 1-Fe, O3, which is in
a RhyOs5-II type structure (Pbcn). This phase contains all iron in octahedral coordination
but with a smaller cell volume than a-Fe,O4.

For the phases appearing during cold compression (a-, (- and ©-Fe,0O5) Sanson et al. and
Greenberg et al.?>42 have further investigated the structural and electronic changes. Sanson
et al. confirm the volume collapse at ~ 50 GPa but did not detect a further transition within
the limits of their analysis. However, their results determined by EXAFS measurements
imply, that the Fe-O distances at 74 GPa are best fitting to the ©-phase. Hence, they put
into question the existence of the (-phase. On the electronic structure they observe a HS to
LS transition by analyzing the pre-edge position of XANES measurements in the pressure
range where Bykova et al.?! report the transition into (-Fe,Os, but did non detect further
changes at higher pressures. In contrast, Greenberg et al.*? have verified the findings of
Bykova et al.?! on both, structural and electronic changes, with a mutual agreement of the
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corresponding pressures. Furthermore, they report a delocalization of the 3d electrons of
half of the iron in (-Fe;O3 and all of the iron in ©-Fe,O5. This delocalization process has
been suggested earlier as a possible driver for the drastic volume collapse in the (-phase.!0!
The following chapter investigates the electronic transitions from o- via (- into ©-Fe,O4
under cold compression, using Kf3; 3 and VTC emission spectroscopy in addition to 1s2p
RXES measurements. The discrepancy between the works of Sanson et al.?® and Greenberg
et al.*2 will be solved and the possibility of a delocalization of the electronic states in (-
and ©-Fe,O4 will be discussed. Parts of these results are published in Albers et al.®

7.2 Experimental details

The sample was commercially available hematite (a-FeyO4)
powder (Sigma-Aldrich, 99.995% trace metalbasis), loaded
in a BX90-RO cell with argon as pressure transmitting

O O medium. The diamond setup contained an MD on the
upstream side and an ST on the downstream side with a
@ culet of 200 pm in diameter without a bevel. Due to the

large sample chamber of around 80 pm in diameter, the cell
could be loaded with three different samples for different
experiments with sufficient distance in between to avoid
Figure 7.1: Photo of the sample Superposition of the XES signals as shown in Fig.7.1. The
chamber loaded with three differ- presented data set is a combination of experiments using
ent samples as indicated by the three different samples in different cells, measured at two
red circles. The sample chamber different beamtimes at beamline PO1 (DESY). A complete
has a size of around 80 pm in di- Jigt of all measurements is presented in Table B.1. The von
ameter. Hamos spectrometer was positioned in 70° horizontal scat-

tering angle as described in Chapter 3. The incident energy

for KB; 3 and VT'C measurements was fixed to 10400 eV
using a Si(111) double crystal monochromator and varied around 7100 eV using a Si(311)
double crystal monochromator for RXES measurements, except for the measurements at
13 GPa and 75 GPa which were measured using the Si(111) double crystal monochromator.
The incident energy resolution of the RXES measurements was 0.2eV and 1.0eV at 7100 eV
for Si(311) and Si(111) monochromator, respectively. The energy steps of the incident
energy in between measurements were 0.2€eV in the pre-edge area and larger steps in the
other energy ranges. For energy calibration, a 1s2p RXES measurement of an iron foil was
measured and the inflection point of its K-edge spectrum was set to 7111.1eV.24 Hence,
all spectra of that beamtime, i.e., all spectra measured with the Si(311) monochromator,
were then shifted by the same energy offset of 1.1eV. For the 1s2p RXES measurement at
11 GPa, a different cell was used that showed an ambiguous energy calibration of the von
Hémos spectrometer as the elastically scattered photons appeared on several positions of
the detector. Thus, the RXES maps were shifted by 0.8eV in transfer energy to match
the energy calibration of the other measurements during that beamtime. The spectra
measured using the Si(111) monochromator were calibrated by overlapping the CEE-cuts
and CIE-cuts of 11 GPa and 13 GPa and applying the same parameters for shifting and
stretching the spectrum to the measurement at 75 GPa. The raw and adjusted CIE-cuts at
11 GPa and 13 GPa are shown in Fig. B.1. Nevertheless, all CIE-cuts might have an offset
in terms of their energy transfer axis, but, the relative energy scale between all plots is
correct.
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7.3 Experimental results

7.3.1 KB, ; XES - spin state

The spin-state development of Fe,O5 with
pressure was determined by its KB, 5 emis-
sion using the spectrum at 13 GPa as HS
reference for IAD analysis. All spectra are
shifted to the same COG and normalized to
the same area. Fig. 7.2 a) shows K, 3 spec-
tra for different pressures along with the
difference to the reference spectrum. For
clarity, only a selection of spectra is shown
(see all spectra in Fig. B.2 in the appendix).
The spectra show a slight difference between
13 GPa, 30 GPa and 42 GPa, which is still
within the margin of error. Thus, the spec-
tra most probably indicate the iron being a
100 % in HS state. The differences may oc-
cur due to a slight distortion with pressure
and will be analyzed in detail in Chapter
8. At 50 GPa and 56 GPa the spectrum has
changed significantly with a drop in spin
state, but the sample is still not completely
in LS state. At 75 GPa the LS amount has
further increased and the spectrum is signifi-
cantly closer a complete LS state. In b), the
TIAD values for all pressures are visualized
for two different experiments. To quantify
the TAD value changes, a scale was spanned
open by the IAD value calculated for the dif-
ference between FeCO4 measured at 36 GPa
(HS) and 75 GPa (LS).333783:112 Thig sets
a scale for a spin state change of AS=2.0
and is indicated by the gray dashed lines
for steps of AS=0.5 as orientation. The
gray shaded area serves as a guide to the
eye to follow the spin state development.
The IAD values of Fe,O5 are in a complete
HS state within the margin of error up to
42 GPa. At increasing pressure the sample
shows a two-fold transition, first between
42 GPa and 57 GPa and second at pressures
above 64 GPa. At 50 GPa the TAD value
is in between the values from 42 GPa and
57 GPa, which suggests a mixture of the
a- and (-phase with different spin states.
Starting at 57 GPa, a plateau ranges to at
least 64 GPa, which is in the stability range
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Figure 7.2: a) Selected K@, 5 emission spectra
of Fe,O5. Underneath the spectra the difference
to the spectrum measured at 13 GPa is shown for
IAD analysis. b) IAD values of Fe,O5 under pres-
sure, measured at two different beamtimes (solid:
2020, open: 2022). The solid points represent
the spectra in a). The gray dashed lines indicate
spin value changes, determined by the difference
between FeCO5 measured at 36 GPa and 75 GPa
(AS=2). The gray shaded area is a guide to the
eye (modified after6).
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of (-Fe;O4. Although the (-phase contains HS and LS iron sites with equal abundance,
the IAD values between 57 GPa and 64 GPa substantially differ from the value for AS=1.0.
This might be based on the symmetry reduction of the trigonal prismatic HS site, as seen
similarly for FeO (compare Chapter 8), which undergoes a rhombohedral distortion under
pressure and its Kf3; 3 XES spectra also show a decreased Kf3’ intensity.” The resulting
IAD value change in FeO is about 20 % of a complete HS-LS transition. Transferred to
this case, the IAD value of (-Fe;O4 should be around 60 % of a completed spin transition,
i.e., AS=1.2. The values determined here are noticeably higher, which might be due to the
fact that the scale of AS=2.0 for FeCOj is not necessarily the same for Fe,Og, or that the
impact of the symmetry reduction on the IAD-value is higher in this case. At 75 GPa the
IAD value increases further to AS=2.0. As no spectrum was measured at higher pressures
it is unclear if the sample is in a complete LS state. Based on Mdssbauer measurements by
Greenberg et al.,*? about 70% of the sample should be in the ©-phase at 75 GPa, while
30% remains in the (-phase, which might explain the difference in IAD value in the (-phase
and implies a higher range for AS=2.0 in case of Fe,O5. However, due to the limited
amount of measurements in this pressure range, a definitive conclusion cannot be drawn.
Nevertheless, a two-step reduction of the average spin state with pressure that relates to
the expected phase boundaries of Fe,O5 under cold compression can be concluded.

7.3.2 KB, 5 XES - valence-to-core

VTC-XES is useful tool to analyze the chemistry around the absorbing iron atom, as it is
sensitive to the coordination, bonding distance and type of ligand.?® However, its intensity
is small compared to the K@, 3 emission and requires significantly longer measurement
times. Thus, only at selected pressures high-quality VT'C spectra were acquired. In Fig. 7.3
a) VTC spectra are shown for the same pressures as in Fig. 7.2 a) (all spectra are shown
in Fig. B.3). To analyze the VTC features, the spectra are background corrected by an
arctangent function to remove the tail of the Kf3; 3 emission. The spectra show a slight
difference in the K83, 5 line shape between 13 GPa and 30 GPa, which might be induced by
a distortion of the iron octahedra within the a-phase.!®! Starting at 50 GPa, its intensity
is increasing substantially along with a shift to lower emission energies. The increasing
intensity of the Kf3; 5 peak is small compared to the intensity increase of the KB” peak
(compare Fig.B.3). The changes are quantified and shown in Fig. 7.3 b) with the COG
position of the KB, 5 peak in the upper as well as the integrated intensity of the KB” peak
in the lower plot. The differences in errorbars are due to differences in the spectras’ quality
and are calculated by the square root of the counting rate n of all integration points N,
multiplied by v/2 to account for the background subtraction:

AKB”-intensity = Z V2-vn
N

The error of the COG-position was estimated with 0.6 eV for the solid symbols and 0.9 eV for
the open symbols to account for the lower data quality. The COG-position shift correlates
with the first phase-transition at around 50 GPa. However, the second phase transition is
not detectable within the limits of this analysis due to limited amount of spectra in the
respective pressure region. To some extent the shift can be explained by the overall shift
of the Kf3; 3 emission and the shift of the whole spectrum to the same COG. However, the
difference between the a-phase and the (/©-phase is ~1.8€V for the KBy 5 peak and only
~1.0eV for the KB; 3 main line.
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Figure 7.3: a) Selected background corrected VT'C spectra of Fe,O4 for different pressures and
phases, corresponding to the spectra shown in Fig. 7.2. b) (top) COG position of the KB, 5 emission
line (black) compared to the K3, 3 main line position (red) along with a guide to the eye in gray,
measured during two different beamtimes (solid: 2020, open: 2022). For a better comparison, the
COG positions are shifted by 7100eV (black) and 7055€eV (red). (bottom) Integrated KB” intensity
with a guide to the eye as gray shaded area. (Modified after®).

The KB” peak originates from hybridization with the ligand’s 2s orbital and is very sensitive
to changes in the Fe-O bonding distance. It has been shown, that the KB” peak rises
exponentially with decreasing metal-ligand distance,’® due to increased hybridization.
Thus, its intensity originates mainly from the lowest Fe-O distance rather than the mean
distance. Contrary, Spiekermann et al.? report a linear relation between the KB” and
KBy intensity, but, as the KB5 peak cannot be isolated here, an analysis of the relation is
not possible. As seen also for the spin state, up to 42 GPa the KB” intensity is constant
within the margin of error (Fig. 7.3 b)). Subsequently, there is a strong increase in intensity
with pressure, indicated by the gray shaded area. In a-Fe,O5 at ambient conditions there
are two Fe-O distances of 1.94 A and 2.11 A '3 which decrease to 1.83 A and 1.99A at
51 GPa.?? In (-Fe,O4 the iron is present in different coordinations with the general formula
AyB’'B”04.*? The lowest Fe-O distance at 54 GPa is present on the LS octahedral B’
and B” sites with mean distances of 1.86 A and 1.78 A, respectively, and little variation
in between the distances.*?> Hence, the majority of the intensity is originating from the
B” site, followed by the B’ site. However, both octahedra are only occupied by 25 % of
the total iron. At 75 GPa the integrated intensity has more than tripled compared to the
pressures below 42 GPa, in the a-phase. Structural data by Greenberg et al.*? report, that
at 74 GPa, in the ©O-phase, the iron is only present in a single trigonal prismatic LS site
and its mean Fe-O distance (1.82 A) is slightly higher than for the B” site, but, as there is
only a single iron site with little variation in between the Fe-O distances, 100 % of the iron
is contributing to the KB3”-peak.
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7 Electronic structure of Fe, O3 under pressure

7.3.3 1s2p resonant X-ray emission

The XES measurements have shown that the sample remains in a complete HS state with
octahedral coordination to at least 42 GPa. Fig. 7.4 a) shows 1s2p RXES maps for pressures
between 11 GPa and 46 GP, along with CIE-cuts in b) for each incident energy in the
pre-edge region with focus on the Ko, emission. The CIE-cuts are shifted in intensity
for clarity. In Fig.7.5 a) CEE-cuts are shown with an integration range of 3 pixels, i.e.,
~1.1eV. The sample is in HS state for all pressures as the pre-edge area contains both
expected transitions into the 5T2g and 5Eg states. However, a small mixture of LS iron can
not be ruled out unambiguously for the highest pressure as no XES spectrum was acquired.
To analyze the crystal field splitting, the pre-edge region was reconstructed using two
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Figure 7.4: a) 1s2p RXES maps of a-Fe,O4 for different pressures along with the corresponding
CIE-cuts in the pre-edge region with focus on the Koy emission in b). The CIE-cuts are vertically

shifted for clarity. The colored dots mark the maximum position of each CIE-cut (see Fig.7.9,
modified after6).
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Table 7.1: Crystal field splitting values for different pressures of a-Fe,O4 calculated by the position
of two Pseudo-Voigt profiles each. The error of each peak position is estimated with +0.1eV and
0.14€V for the splitting energy between the 5Ty, and °E states (see fit results in FigB.4).

pressure / GPa | CEE-split / eV | CIE-split / eV
11 1.59 1.83
35 1.70 1.90
46 1.78 1.97

Pseudo-Voigt profiles for the 5T29 and 5Eg transitions and an arctangent function as step
function to reproduce the delocalized transitions at higher incident energies.?* The position
of the step function is fixed to 7115eV and the spectrum was fitted between 7110eV and
7116 eV. The resulting crystal field splittings are listed in Table7.1. Theoretically, the
intensity ratio between 5T2g and 5Eg states should be 3:2 due to the number of orbitals in
each state. However, the deviation from this ideal ratio is due to orbital hybridization®"

and is reported in the literature.?4:80,114

At ambient pressures, the crystal field splitting of a-Fe,Oj is reported to be ~1.4eV.80:114
Here, the crystal field splitting is increasing with pressure from 1.59€V at 11 GPa to 1.78 eV
at 46 GPa. An increasing crystal field splitting is expected due to the decreased Fe-O
distance with increasing pressure. The crystal field splitting energy at the spin transition
is estimated to be ~1.8eV. The intensity at higher incident energies (> 7115€V) is due
to delocalized states with a hybridization via bridging oxygen 2p orbitals to neighboring
Fe-atoms, leading to a mixing of Fe;(3d)-O(2p)-Fe,(4p) states.”80:115:116 [tg intensity is
depending on the degree of orbital mixing and is influenced by the Fe-O-Fe bond length as
well as the bonding angle.” The intensity is maximized for small distances and angles close
to 180°. For all phases discussed here the maximum bonding angle is around 130°.21:101
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Figure 7.5: a) Integrated CEE-cuts and b) CIE-cuts for different pressures in the a-phase with
an integration range of 3 pixels each, i.e., 1.1eV and 0.6 eV, respectively (modified after®®).
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7 Electronic structure of Fe, O3 under pressure

Hence, the intensity is relatively low compared to the 5T, g and 5Eg transitions.

Integrated CIE-cuts are shown in Fig. 7.5 b) with an integration range of 3 pixels for each
transition, i.e., 0.6 eV. The energy scales of the resulting spectra show an offset to spectra
published in the literature,3 1 which is likely due to an absolute error in the energy
calibration. However, as this offset is present in all L-edge like spectra, the comparability
between the spectra is maintained. Again two Pseudo-Voigt profiles are fitted to the
transitions along with a third Pseudo-Voigt profile fixed at 714 eV to reproduce the tail
at higher transfer energies. The energy splittings are also shown in Table7.1. Between
11 GPa and 46 GPa the energy splitting increases by about 0.19eV and 0.14eV for CEE-
and CIE-cuts, respectively. The error of each peak position is estimated with 0.1eV, which
leads to an error of 0.14 eV for the energy splitting. Although the accuracy of each single
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Figure 7.6: a) 1s2p RXES maps for different pressures during the transition from the a- to the
(-phase along with the corresponding CIE-cuts in the pre-edge region with focus on the Ko

emission in b). The CIE-cuts are vertically shifted for clarity. The colored dots mark the maximum
position of each CIE-cut (see Fig. 7.9, modified aftert).
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fit has a large uncertainty, a clear trend can be detected. Furthermore, the energy splitting
of the CIE-cuts is ~0.2¢eV larger than for the CEE-cuts, as the intermediate states are
screened via CEE-cut analysis, whereas the final states are screened in the CIE-cut analysis
and the changed electron-electron repulsion due to the extra electron in the 3d orbitals
may influence the final states by coulomb and exchange interactions.

At high pressures, the XES results show a transition from pure HS state to a mixed spin
state. Further, 1s2p RXES maps were acquired at 50 GPa, 57 GPa and 64 GPa to screen
the a- to (-FeyO5 transition. The results are shown in Fig. 7.6 with the RXES maps
in a) and the corresponding CIE-cuts in b), shifted in intensity for better visualization.
The CEE-cuts are again calculated by a range of 3 pixels and are shown in 7.6 a) for
46 GPa, 50 GPa and 57 GPa along with integrated CIE-cuts of the whole range between
7111eV and 7115€V in b) in order to include all transitions, as no states could be singled
out at the higher pressures. During the pressure increase from 46 GPa to 57 GPa, the
electronic structure changes significantly. In the CEE-cuts, the COG of the pre-peak
region is shifting to lower incident energies, which is consistent to the findings of Sanson et
al.,?> although their limited resolution does not clearly resolve the two-peak feature in the
a-phase. However, an exact COG determination is not possible due to the influence of the
main-edge subtraction and the delocalized transitions about 7115 eV. Furthermore, the clear
distinction between 5T2g and 5Eg states in the CEE-cuts is vanishing. However, at 50 GPa
both transitions are still indicated in the spectrum but superposed with an underlying broad
feature. The integrated CIE-cuts show a similar change from two distinct electronic states
at 46 GPa into a broad featureless spectrum at 57 GPa with a superposition of both spectra
at 50 GPa. As the XES results imply, that the spectrum at 50 GPa is a superposition of
the o- and (-phase, a compositional fit was performed for both analysis methods and is
visualized by the gray dashed lines. The fit range was between 7110eV - 7116 eV for CEE-
and 705eV - 735¢eV for CIE-cuts. The results show a ratio of 57+ 10 % and 60 + 10 % of the
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Figure 7.7: a) Integrated CEE-cuts and b) CIE-cuts for different pressures during the transition
from the «- to the (-phase with an integration range of 3 pixels each, i.e., 1.1eV and 0.6€V,
respectively. The gray dashed lines are the resulting CEE- and CIE-cuts of the fit results (see text
for details) (modified after®).
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7 Electronic structure of Fe, O3 under pressure

46 GPa spectrum, i.e., the a-phase, in the data for the CEE- and CIE-cuts, respectively.
This is in reasonable agreement with the results from the spin state analysis of ~50% a-
and C-phase. Furthermore, a small contribution of the (-phase at 46 GPa would increase
its ratio in the fit results, which might explain the differences between XES and RXES
results. Nevertheless, both techniques are in good agreement within the margin of error.

The transition from (- into ©-Fe,O5 is more

1.5 1 —  46GPa difficult to analyze as the measurement at

@ 75 GPa was performed during a different
5 beamtime and also using the Si(111) instead
5 1.01 of the Si(311) monochromator, which de-
5 creases the incident energy resolution from
E, 0.2¢eV to 1.0eV for this measurements. Fur-
% 0.5 thermore, the correct normalization of the
% absorption edge is difficult due to a Bragg
i reflection occurring in the post-edge region.
oo=~_ Despite these deficiencies, the general struc-
7110 7112 7114 7116 7118 7120 ture of the CEE-cuts of the pre-edge region,

incident energy / eV shown in Fig. 7.8, matches the results of
Sanson et al.?5 and Boulard et al.!17 (Sup-
Figure 7.8: CEE-cuts in the a- (46 GPa), (- plementary Information) as the COG of the
(57 GPa) and ©-phase (75 GPa). pre-edge region is shifting from the a-phase
via the (-phase to the ©-phase to lower in-
cident energies and the transitions around

7113 eV are increasing in intensity with respect to the delocalized transitions at 7118 ¢eV.

The transition from o- to (-phase has been investigated before and an insulator-metal
transition has been proposed,??101 with a delocalization of the 3d electrons, at least for one
of the two iron sites. Furthermore, Greenberg et al.%? proposed that all the 3d electrons in
the ©-phase are delocalized. One indicator for the delocalized continuum-like character
of a transition is its dispersion with the incident energy. A discrete localized state is
dispersing in emission energy, i.e., is constant on an energy transfer grid, whereas the
emission of delocalized states with continuum-like character is constant in energy and thus
disperses with the energy transfer.”80 Hence, the dispersion characteristics of the emission
energy may provide information about the localization of electronic states. However, this
assignment is not unambiguous but only an indicator.!'® To analyze this, the shift of
the maximum position of the L-edge like spectra from the CIE-cuts were determined for
every incident energy in the pre-edge region. Therefore, the spectra were interpolated to
0.1eV and smoothed by 0.5eV to eliminated effects of the finite energy resolution by the
detector’s pixel size. In Fig. 7.9 the maximum shift of the CIE-cuts is shown along with
the corresponding CEE-cuts for all pressures. The data points are shown on an arbitrary
energy grid as only the dispersion behavior of the maximum is of interest.

The results show that in the a-phase, up to 46 GPa, the maximum position determined
from the CIE-cuts is not shifting with the incident energy for the 5T29 and 5Eg states and
that the maximum positions determined from the CIE-cuts at higher incident energies are
linearly dispersing. This shows that both states, 5T2g and 5Eg, are discrete localized states,
whereas the intensity at higher incident energies (>7115€V) is due to continuum-like
delocalized states.” ¥ At 50 GPa the energy dispersion is still detectable for the 5T29 and
5Eg states but the effect of the (-phase is clearly visible. At pressures of 57 GPa and 64 GPa
the spectra are almost completely dispersing with the incident energy except for small
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7.3 Experimental results

range below 7112eV. The shift at such pressures implies the delocalized continuum-like
character of the electronic states. However, according to Greenberg et al.*? the (-phase
contains delocalized states in the octahedral LS site and localized states in the trigonal
prismatic HS site. Due to the lower symmetry in the trigonal prismatic site, the 3d orbitals
split further from t,, and e/ into a,,, 7 and ey orbitals.*? Following Greenberg et al.,*?
the pre-edge region is thus a superposition of 3 localized states from the trigonal prismatic
site and at least two energy dispersive peaks from both delocalized octahedral sites, B’
and B”. This might cover several localized states and appear as delocalized states so the
results have to be carefully interpreted. In the ©-phase, the same dispersion behavior can
be detected as the maxima are completely dispersing with the incident energy, only at
an incident energy around 7110eV the maxima are constant on an energy transfer grid.
These results indicate the delocalized continuum-like character of the transitions, in line
with the findings reported by Greenberg et al.*? Nevertheless, this interpretation is not
unambiguous as explained previously and is further complicated by the decreased energy
resolution, which might blur out adjacent discrete transitions. Thus, this interpretation
has to be taken with care.

Another observation can be made by analyzing the energy splitting between the CIE-cuts
at the Ka; and Koy, emission, i.e., Ls- and Ly-edge like transitions, respectively. Fig.7.10
presents the splitting energy in a) along with all the CIE-cuts in b), integrated for all
incident energies between 7110eV and 7115¢eV. The splitting energy was determined by
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Figure 7.9: (left) CEE-cuts of all pressures with an integration range of 3 pixels each. (right)
Dispersion behavior of the maximum of the CIE-cuts in the pre-edge region (see and text for details).
The maximum positions are marked in Figs.7.4 and 7.6 b). Data from both plots are shifted
vertically for clarity and the color code is matching. The dispersion behavior of the measurement
at 75 GPa could be determined at lower incident energies due to the increased intensity and data
quality.
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7 Electronic structure of Fe, O3 under pressure

the difference of COG positions of both peaks, calculated on the upper 50% of intensity.
The error of each COG-position was estimated to 0.2eV by varying the range of COG-
determintation. The resulting error for the splitting energy is then ~ 0.28 V. It shows, that
the splitting energy is decreasing by around 1eV between the a-phase and the (/©-phase,
which is a result of the decreased spin-orbit splitting at higher pressures due to the spin
transition. However, as mentioned previously, the energy calibration of the measurement
at 75 GPa was different to the measurements using the Si(311) monochromator and had
to be adjusted accordingly for analysis. Therefore, the resulting values for 13 GPa and
75 GPa may differ in regard to the rest of the data set.
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Figure 7.10: a) Splitting energy between the Ls- and Ly-like edge for the CIE-cuts in b), integrated
between 7110eV and 7115V incident energy.

7.4 Discussion

In this chapter, the change of the electronic structure of Fe,O4 under cold compression was
investigated up to the final pressure of 75 GPa using complementary X-ray spectroscopy
techniques.

The results of the spin-state analysis by KB, 5 emission are in good agreement with the
findings of Greenberg et al.,*? which report a first transition between 48 GPa and 56 GPa
from the a-phase into the (-phase, with a mixed iron spin state, and the onset of the
transition into the ©-phase at 62 GPa, with all iron being in LS state, which is completed
by about 70% at 75 GPa. The pressures of the phase transitions observed in this thesis are
also in good agreement with the phase transitions published by Bykova et al.,?! although
their X-ray Mossbauer measurements slightly differ from the results of Greenberg et al.,*?
which might be a combination of the lower number of measurements and the data quality.
Contrary, the results of Sanson et al.?5 could not be verified, as they report only a single
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7.4 Discussion

electronic transition at around 50 GPa with no further changes up to 79 GPa and assign
the iron to be fully in LS state above 55 GPa, questioning the existence of the (-phase
completely. The offset in IAD value for the mixed spin state phase to the expected value
can likely be traced back to a reduction in symmetry in the trigonal-prismatic HS site and
is in accordance with the results obtained for the distortion in FeO (compare Chapter 8).
At the highest pressure of 75 GPa, it is unclear if the sample is already completely in the
©-phase. Based on the results published by Greenberg et al.,*? a remaining amount of 30%
of the (-phase can be expected. Hence, the IAD value compared to the 13 GPa spectrum
might increase further with pressure, which would increase the scale of a spin value change
of AS=2.0 and thus also shift the IAD values in the (-phase closer to AS=1.0.
Moreover, the VT'C measurements are in accordance with the K3, 5 results and verify
the a-phase up to 42 GPa for both, the KB” and K, 5 peak, with an onset of the phase
transition at higher pressures in both features. However, a distinction between the (- and
O-phase was not possible, which might be connected to the limited data quality. It is also
possible that the difference between the phases is so subtle that both phases cannot be
separated with this method.

Although the data originate from different beamtimes, DACs and samples, the results are in
good agreement with each other. Only at 50 GPa the deviation between both measurement
series is significant, which is likely due to uncertainties in the pressure determination. As
both measurements are very close to the phase transition, an inaccuracy of only 1 GPa
might have a high impact on the IAD value.

The RXES measurements up to 46 GPa show the expected behavior with the sample still
in the a-phase, i.e., all of the iron is octahedrally coordinated and in HS state.?!2%42 Both
5T29 and 5Eg states are clearly detectable and the crystal field splitting is increasing with
pressure, which is expected due to the decreased Fe-O distance and results in around 1.8 eV
at the spin transition. The transition from o-Fe,O3 to (-Fe,O5 at around 50 GPa is clearly
detectable in both, CIE- and CEE-cuts, with an overlap of both phases at 50 GPa. The
abundance of the a-phase with 60% and 57%, respectively, is in good agreement between
both analysis methods and the results of the XES measurements of ~50%. The RXES
measurement at a pressure of 75 GPa is more difficult to compare as the incident energy
resolution is 1.0€V instead of 0.2€eV due to the Si(111) monochromator. However, the
spectrum determined by the CEE-cut is in line with the results of the literature.2%117

As explained, the dispersion behavior of the single CIE-cuts might reveal if an electronic
state is localized or delocalized. For all measurements in the a-phase, this provides the
correct results of discrete localized 5T29 and 5Eg states and continuum-like delocalized
states at higher incident energies.” 0 After the phase transition from a-Fe,O3 to (-Fe,Os,
the electronic states are almost completely dispersing for all pressures with the incident
energy except for a small energy range below 7112eV. Although this assignment might be
a product of overlapping localized states, the dispersion behavior and thus the possible
delocalization is in line with the results by Greenberg et al.? of a site selective delocalization
in the (- and a complete delocalization in the ©-phase. However, this assignment is not
unambiguous and might lead to false conclusions when only focusing on the dispersion
behavior. A linearly dispersing feature might also be a combination of overlapping localized
states, whereas delocalized states may also appear as a sharp transition without an energy
shift if the transitions is well separated from other excited states.''®

Furthermore, the splitting energy between the Lj- and L,-like edges due to the o- to

(-Fe, 05 transition is decreasing by around 1eV due to a decreased spin-orbit splitting due
to the spin transition. A further change in the ©-phase was not observable in this data
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7 Electronic structure of Fe, O3 under pressure

set and might be too subtle to be detected within the limits of the analysis. However, the
difficulties in the energy calibration might have a large influence on the results and a more
detailed and consistent study has to be performed.

All in all, the results are in line with the findings of Bykova et al.2! and Greenberg et

al.*2 of a two-step transition from a- via (- to ©-Fe,O5, accompanied by a two-step spin
transition. This is in contrast to the findings of Sanson et al.?® that only report the first
transition at around 50 GPa, which might be due to the limited energy resolution in their
study as conventional XANES was applied instead of HERFD-XANES. Furthermore, the
1s2p RXES measurements indicate a possible delocalization of the electronic states as
reported by Greenberg et al.4?
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8 Electronic structure of FeO under pressure

8.1 Scientific background

Ferropericlase (FP) (Fe,,Mg;_,)O is an iron-bearing oxide of high relevance in the deep
Earth assemblage. Along with silicate perovskite (SP), it builds the dominating phases in
the lower mantle.?!1?

FP has been investigated in numerous studies regarding its electronic structure with
a variety of spectroscopic approaches, ranging from optical absorption'?%-122 to X-ray
Méssbauer!?3 129 and (R)XES?3130°133 experiments. Most of these studies investigated FP
in its mixed (Fe,,Mg;_,)O crystal system. Nevertheless, the pure FeO system (wustite)
has been also in focus of some studies. As early as 1999, Badro et al.?® performed first
KB, 3 XES studies on pure FeO and reported no complete spin transition from HS to LS
up to a pressure of 143 GPa. However, the KB 3 emission line shape changed significantly
at the highest pressure. In contrast, Ozawa et al.!3* identified a nearly complete LS state
with a transition occurring between 103 GPa and 119 GPa. This is supported by findings
of Hamada et al.!3% and Pasternak et al.,'® who report a slow spin decrease with pressure
above 90 GPa, obtained by X-ray Mdssbauer spectroscopy.

Complementary studies on the crystal structure of FeO have shown that it undergoes a
first transition at a relatively low pressure from cubic (Fm3m) to thombohedral (R3m)
crystal symmetry. Yagi et al.*? report this transition at 16 GPa, whereas Jacobsen et
al.* report a higher pressure of 23 GPa, with the difference of helium as their pressure
transmitting medium instead of a mixture of methanol-ethanol in case of Yagi et al.?
Hence, the pressure at which the distortion is occurring is depending on the choice of
pressure medium. Yagi et al.*3 also report a further distortion of the rhombohedral unit
cell at around 40 GPa, which could not be confirmed by Jacobsen et al.** up to at least
51 GPa. This might also be based on the different choice of pressure transmitting medium,
which shifts the further distortion either to a higher pressure or hinders this transition
completely. At higher pressures of about 100 GPa the crystal structure changes into the
B8 phase having a NiAs-type structure,®137139 which will not be discussed here.

To investigate the cubic to rhombohedral distortion of pure FeO regarding its influence
on the electronic structure, K3; 3 and VTC results will be presented for pressures up to
75 GPa. The KB, 5 spectral-shape changes will further be discussed in comparison to Fe;Og
spectra in the a-phase, which also undergoes a slight distortion with increasing pressure,
but without a change of the crystal symmetry. The impact of this transition in comparison
to an increased distortion within one crystal symmetry will be analyzed. Additionally, 1s2p
RXES measurements of FeO will be presented in the cubic and rhombohedral phase at
13 GPa and 75 GPa, respectively. Parts of these results are published in Albers et al.4”

69



8 Electronic structure of FeO under pressure

8.2 Experimental details

The investigated sample was synthetic Fey 94O (FeO from here on)." The diamond setup
contained an MD on the upstream and an ST on the downstream side with a culet of
200 pm in diameter and no bevel. Argon was used as the pressure transmitting medium.
The von Hamos spectrometer was positioned in 70° horizontal scattering angle as described
in Chapter 3. All spectra between 13 GPa and 75 GPa were measured on the same sample
and in the same sample environment at P01 (DESY), whereas the spectrum at ambient
conditions was measured outside of a cell during another experiment at beamline P64
(DESY). In contrast to the experiment at P01, the measurement geometry was horizontally
with both, the von Hamos spectrometer and detector on the same height as the sample.
Hence, there might be differences between the two experiments regarding background
subtraction, energy calibration and energy resolution. An overview of the setup at P64 is
presented by Kalinko et al.!¥ The RXES measurements were conducted at beamline P01
using the Si(111) monochromator for an incident energy resolution of 1.0eV at 7100€V.
The energy steps in between measurements were 0.2 eV in the pre-edge area and larger
steps before and after the pre-edge region. Information on the measurement of Fe,O4
spectra can be found in Chapter 7, as the same spectra were used.

8.3 Experimental results

8.3.1 K3, 3 XES - spin state

The pressure dependent spin-state changes of FeO were investigated from ambient conditions
up to a pressure of 75 GPa. KB, 3 XES spectra are shown in Fig.8.1 a) for all pressures,
shifted in emission energy to the same COG of 7055 eV for IAD analysis. For an improved
visibility, a zoom into the K@’ emission is shown in the inset. The differences to the LS
reference are shown in the plot underneath. As LS reference a spectrum of FeCO5 measured
at 75 GPa was used.?6 Overall, the Kp, 3 emission shows a relatively small variation over a
high pressure range without complete HS to LS transition. However, at a more detailed
analysis certain changes can be identified and in general two pressure regimes can be
spotted. With increasing pressure the KB’ peak is constantly decreasing, typically for
a HS-LS transition. These changes are reflected in the resulting IAD values, shown in
Fig.8.1 b), which are constant within the margin of error for the first two spectra, up to
13 GPa. Subsequently, the TAD value drops by ~ 20 % and remains on a plateau to least
56 GPa. At 75 GPa there is another decrease in IAD value, which might be connected to
the onset of a HS-LS transition, but, as the change is relatively small and only present in
a single data point, the results have to be interpreted carefully. In addition, the angle of
distortion (A¢) is shown as red crosses with the right axis as scale in Fig.8.1 b). The angle
of distortion is here defined as the mean deviation from the 90° O-Fe-O angle in the cubic
phase and was extracted from the structural data of Jacobsen et al.** up to 51 GPa.

TThe sample was synthesized by heating of Fe, 05 at 1300°C for 48 hours under reducing conditions and was
synthesized and provided by Christian Pliickthun of European XFEL. Méssbauer spectroscopy showed a
fraction of ~6% Fe3" in the sample, which leads to the stoichiometry of Feq 4,0.
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Figure 8.1: a) KB, 5 spectra of FeO between 0 GPa and 75 GPa along with a spectrum of FeCO5
measured at 75 GPa as LS reference. The inset is a zoom into the KB’ region for better visualization.
Underneath the spectra, the difference to the LS reference is shown. The results of the IAD analysis
using FeCO5 at 75 GPa as reference are presented in b) (black, closed) along with TAD values
calculated with the spectrum of FeO at 30 GPa as reference (black, open). Gray dashed lines are
guides to the eye and represent a full HS- LS transition. The black line also functions as a guide to
the eye and represents the offset between 13 GPa and 30 GPa. The red crosses represent the angle
of distortion** (see text for details). ¢) 1st derivatives of the KB’ region for all spectra from a),
smoothed by 2eV. d) Minimum value of the derivatives from c¢) shown on a pressure grid, again
with the angle distortion as red crosses.** The black line is a linear fit through the pressures above
30 GPa. The gray shaded area is a guide to the eye. The legend for the spectra is shown in the top
right corner and applies to all spectra in a) and c¢). All spectra except for the ambient pressure are
published in”.
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8 Electronic structure of FeO under pressure

The value at 75 GPa was determined by extrapolation via a linear fit as shown in Fig. C.1
in the appendix. The small distortion of around 3° in the rhombohedral phase is correlating
with the drop in IAD value. However, it has to be kept in mind that the value at 75 GPa is
only an extrapolation and thus might deviate from the actual distortion at such pressure.
To underline the two different regimes, the IAD values are additionally calculated using
the spectrum of FeO at 30 GPa as reference in the rhombohedral phase and presented
in Fig.8.1 b) as open symbols, with a gray shaded area as a guide to the eye. It shows
that the IAD values at higher pressures up to 56 GPa show a small offset value, which is a
systematic inaccuracy caused by the nature of the IAD analysis as showcased in Chapter 4.
Nevertheless, the resulting TAD values are even lower than the assumed error of 10 %. In
contrast, the IAD values at lower pressures are substantially larger, which underlines that
this effect is not caused by the analysis method but a change in the structure of the sample.
Furthermore, both pressure regimes show IAD values on a plateau that are constant within
the margin of error.

As seen, a disadvantage of the IAD analysis is, that it only shows the difference to a
certain reference and might be inaccurate regarding structural changes that do not trigger
a complete HS-LS transition. Hence, a more in depth analysis is necessary to account
for changes without a spin transition. As seen in the XES spectra in Fig.8.1 a), the
KB’ peak measured at ambient pressure and at 13 GPa, in the cubic phase, shows a line
progression with a clear maximum at around 7045¢eV, followed by a clear minimum at
around 7050 eV. With increasing pressure in the thombohedral phase, the shape is changing
and the maximum as well as the minimum are significantly less pronounced and converge
to a saddle point. The 1st derivatives in Fig. 8.1 ¢) of the XES spectra from a) illustrate
this effect clearly. At 0 GPa and 13 GPa, both minima around 7047 eV are clearly negative
whereas at higher pressures the minima are close to zero or even positive. When the
minimal values are shown in dependence of their pressure as in Fig.8.1 d), two distinct
domains become noticeable. All pressures above 30 GPa are lining up linearly with pressure
as indicated by the black line, which is a linear fit through these pressure points, but the
minima in the cubic phase are substantially lower than the linear trajectory. This again
indicates, that the cubic to rhombohedral distortion between 16 GPa and 23 GPa is causing
changes in the line shape of the Kf3; 3 emission as also seen in the IAD analysis, but in
contrast, the minimum of the 1st derivative of the spectrum at 75 GPa is lining up with
all pressures between 30 GPa and 56 GPa. Again, the angle of distortion is shown as red
crosses with the right axis as scale and are in correlation with the analyzed results.

8.3.2 Comparison between FeO and Fe,0,

To set the spectral line-shape changes more into context and quantify the changes due
to the distortion, the pressure dependent development of FeO and Fe,O5 was compared.
In case of a-Fe,Og5 the iron is already coordinated in an distorted octahedra at ambient
conditions and with increasing pressure this distortion is slightly increasing,'! whereas FeO
is coordinated in a non-distorted cubic crystal symmetry that transitions into a distorted
rhombohedral symmetry. In Fig.8.2 the KB’ peak of the difference to the FeCO5 LS
reference is compared between FeO and Fe,O5 spectra for pressures up to 42 GPa, with
Fe,O5 being in the a-phase for the complete pressure range. Spectra of FeO at higher
pressures are also shown for completeness. The spectra of FeO in a) again underline the
offset between the cubic phase at low pressures and the rhombohedral phase at higher
pressures. However, the spectra of Fe,O5 in b) also show these two regimes at similar
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pressures, i.e., all pressures up to 18 GPa as well as between 30 GPa and 42 GPa are
identical within the margin of error. For a better visualization and comparison, all spectra
in the respective pressure regimes are averaged for both samples individually and visualized
in Fig.8.2 ¢). The position of the maximum is shifted to lower emission energies by 0.7 eV
for Fe,O5 (similar to Fig. S18 in Lafuerza et al.”), but is constant with increasing pressure
for both samples. To quantify the difference in peak intensity, all averaged spectra are
integrated for £2eV around their maximum and shown in d) for both samples. The
intensity loss between the low pressure (LP) and high pressure (HP) spectra is higher
for FeO ((25.1 +4)%) than for Fe,O5 ((14.5 + 4)%), which is likely due to the higher
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Figure 8.2: a), b) Difference of KB, 3 spectra of FeO and Fe;O5 to the FeCO5 LS reference with
focus on the KB’ area. Spectra of FeO measured above 42 GPa are shown for completeness but are
not further analyzed at this point. ¢) Summed up K@’ differences for LP and HP regimes. The
HP regime contains all spectra with pressure between 30 GPa and 42 GPa. The gray dashed lines
underline the difference in peak maxima between both oxidation states. d) IAD value of the peaks
from c) integrated for +2¢eV around its maximum. The errorbars are estimated by shifting the
spectrum by +0.2eV (compare Chapter4).
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8 Electronic structure of FeO under pressure

degree of distortion as a change in crystal symmetry is occurring. In case of FeO, the
angle distortion is increasing from 0° to 2.91° between 13 GPa and 38.5 GPa for all angles
uniformly,** whereas for Fe,O5 the angle distortion is more complex, as the difference to
90° is not uniformly. However, both the mean value of the angle distortion as well as the
maximum difference to 90° are only slightly increasing with pressure. Between 12.9 GPa
and 38.3 GPa the mean value is changing from 7.13° to 7.24° and the maximum difference
is increasing from 12.75° to 13.17°.191 Hence, the angular distortion is higher in case of
Fe,O4 for all pressures, but the variation with pressure is much smaller than for FeO.
Contrary, the Fe-O distance in Fe,O5 is not uniformly, as in FeO, but inhibits two different
distances. Rozenberg et al.'®! report an increase of this difference between both distances
from 11% to 18% between 12.9 and 38.3 GPa, which might cause the difference in intensity.
Furthermore, spectra of FeO measured at pressures above 42 GPa show a further decrease
in intensity up to around 50% at 75 GPa, which might be due to a further distortion with
higher pressure as reported by Yagi et al.*> However, this conclusion is only speculative
and requires an in depth study (including XRD) to confirm it.

8.3.3 K@, 5 XES - valence-to-core

At all pressures, VT'C spectra were measured and are presented in Fig. 8.3 a). For a better
analysis of the features, the tail of the KB, 3 main line was subtracted by an inverse tangent
function. With rising pressure, both KB3” and K, 5 intensities are increasing. Furthermore,
the KB, 5 peak is shifting to lower emission energies as well as its FWHM is decreasing
with increasing pressure. This effect is even more pronounced when all peaks are scaled to
the same maximum value as shown in appendix C. Nevertheless, a quantitative analysis
of the KB, 5 peak visualizes these changes also very clearly. In Fig.8.3 b) the COG and
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Figure 8.3: a) Background subtracted VTC spectra of FeO measured between ambient pressure
and 75 GPa. b) Analysis of the KB, 5 feature regarding its COG and FWHM. The errorbars were
estimated with 0.5eV. The gray shaded area marks the pressure of the distortion between 16 GPa
and 23 GPa. The black and red lines are linear fits through all data points with pressures between
30 GPa and 75 GPa. All spectra except for the ambient pressure are published in?’.
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the FWHM of the K, 5 peak are shown in relation to their pressure during the measure-
ment. In addition, the gray shaded areas mark the pressure of the cubic-rhombohedral
distortion.*>137139 Due to the low emission intensity, the VT'C spectra are very sensitive
to the data handling process, e.g., the background subtraction. Thus, the uncertainties
for the COG and FWHM were estimated with a comparably large error of +0.5€V for all
measurements at pressure. The uncertainty of the FWHM of the ambient measurements
was increased by 50% to account for possible changes in the energy resolution due to the
different experimental conditions. The COG was calculated for the upper 50 % of intensity,
i.e., the same values that provide the FWHM, to minimize the effect of the background
subtraction on the results. Similar to the K3, 5 emission, the spectra at ambient pressure
and 13 GPa differ substantially from the spectra at higher pressures. Between 13 GPa and
30 GPa the COG-position shifts around 0.9 eV to lower emission energies, whereas the COG
shifts between 30 GPa and 75 GPa only around 0.7eV. When taking the linear fit through
the values between 30 GPa and 75 GPa as basis, the offset is ~0.9eV and ~0.6¢eV for
0 GPa and 13 GPa, respectively. Additionally, the FWHM drops in the cubic phase from
9.5eV and 8.0eV at 0 GPa and 13 GPa, respectively, to around 7.2eV in the rhombohedral
phase. Between 30 GPa and 75 GPa it stays constant within the margin of error. The shift
of the COG is neither a product of the energy grid, nor the shift of the spectra to the same
COG of the KB, 3 main line, as the main line is constant at 7058.8eV with a standard
deviation of only 0.1eV for all pressures (compare appendix Fig. C.2).
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The error of the ambient measurement was increased by 50% to account for the different
experimental conditions. Despite the difficult analysis, a clear trend can be identified within
the results and the strong correlation between Fe-O distance and KB”-peak intensity is
showing. While the Fe-O distance is decreasing by around 10% between ambient conditions
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8 Electronic structure of FeO under pressure

and 75 GPa, the integrated intensity of the Kf3”7-peak is approximately tripled. The results
show that the structural changes and especially the cubic-rhombohedral distortion is also
reflected in the VTC spectra, consistent to the results of the K3, 3 main line.

8.3.4 1s2p resonant X-ray emission

At 13 GPa in the cubic phase and at 75 GPa in the rhombohedral phase 1s2p RXES maps
were acquired. A zoom in the pre-edge region is visualized in Fig. 8.6 a) with focus on
the Koy emission. According to multiplet theory, a 3d% transition metal in octahedral
coordination contains 3 electronic states in the HS state, a lower 4T, g (I) state, a 4T29
(IT) and another 4T, 4 (IIT) state at higher incident energy.5? Despite the limited energy
resolution and the strong overlap of the states, a qualitative analysis of the RXES map may
indicate a splitting into 3 different states at 13 GPa. The positions of the states are marked
in the RXES map. At 75 GPa, the states cannot be separated anymore by qualitative
analysis. By comparing both pressures, it is noticeable that the general structure of the
pre-edge region is conserved but the different transitions are smeared out at the higher
pressure, which might be connected to the cubic-rhombohedral distortion of the unit cell.
Furthermore, the distortion changes the crystal field splitting from a three-fold t,, and a

two-fold e, into a non-degenerate a;, and two two-fold e, states.14!
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Figure 8.5: a) 1s2p RXES measurements of FeO at 13 GPa and 75 GPa with focus on the pre-edge
region. I, IT and IIT indicate the positions of the three expected electronic states (see text for
details). b) CEE-cuts for both pressures for an integration range of 11 pixels each. The inset shows
a zoom into the pre-edge region. The green and red spectra are digitized versions of Boulard et
al.''7 (vef, Fig. S3) measured at 13 GPa and 80 GPa, for comparison. The spectra of the reference
are shifted 1eV to lower incident energies to overlap with the spectra from this study.
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The CEE-cuts of the complete XANES spectra are shown in Fig. 8.6 b) for an integration of
11 pixels for each spectrum in the inset with a zoom into the pre-edge region. Additionally,
digitized reference spectra published by Boulard et al.''” at 13 GPa and 80 GPa are added
to the figure for comparison. All spectra are scaled to overlap between 7140eV and 7180 ¢V,
after the K-edge onset. Both spectra measured at 13 GPa are in good agreement with the
difference of more distinct features in the reference spectrum, which is probably connected
to a lower degree of self-absorption and a smaller energy step size. However, an exact
measurement of the sample’s thickness was not possible. Although the XANES spectrum
reported by Boulard et al.''7 shows a better data quality in the post-edge region, the pre-
edge features are significantly less pronounced. At 75 GPa, the XANES spectrum changed
substantially with a shift of all features towards higher incident energies. Additionally,
all feature are smeared out at the high pressure spectrum. In contrast to both spectra
at low pressure, this is no effect of self-absorption as the XANES spectra were measured
both on the same sample during the same experiment. The comparison with the reference
spectrum shows slight changes between both spectra, which might be due to the difference
in pressure. These XANES spectra verify a change in the local coordination of the sample,
which is not connected to a full HS- LS transition, when taking into account the results of
the KB, 3 emission analysis.

With increasing pressure also the pre-edge 0.06 -
region changes significantly. In Fig. 8.6 all ' —— 13GPa —— 13 GPa"™®f
spectra are shown with a subtracted edge 0.05 - 75 GPa —— 80 GPa™f
for further analysis. Due to the limited en-
ergy resolution of the incident X-rays and
an overlap of the different states, a dedi-
cated analysis of the single features is not
possible in the CEE-cuts. However, with
increasing pressure the edge subtracted pre-
edge features are shifting to higher incident
energies, i.e., from 7112.9 40.1€eV at 13 GPa
to 7113.3 + 0.1V at 75 GPa. Additionally,
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field splitting by pressure. Nevertheless, the
limited energy resolution and data quality Figure 8.6: Pre-edge features of FeO at 13 GPa

require a careful interpretation of the results and 75 GPa after edge subtraction along with the
edge subtracted spectra published by Boulard et

especially as the change is so subtle. The
al.7 (ref).

change in FWHM might also be strongly
influenced by the edge subtraction. A com-
parison with the digitized spectra published
by Boulard et al.''7 underlines the substantially improved data quality as well as energy
resolution of the RXES measurements. Hence, a dedicated analysis of the digitized data is
not feasible.
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Figure 8.7: 1s2p RXES CIE-cuts at 13 GPa and 75 GPa for incident energies between 7110eV and
7116 €V, offset in intensity for better visibility.

In Fig. 8.7 all CIE-cuts are shown for incident energies between 7110eV and 7116 €V, shifted
in intensity for clarity. The step size in between two CIE-cuts is 0.2eV. At 13GPa a
clear distinction between the three transitions is visible, that vanishes when increasing
the pressure on the sample. The three different electronic transitions, I, IT and IIT (T, g
4T29 and 4T, 4)» are indicated by the shaded areas. At 75GPa the general structure of the
spectra is conserved but smeared out due to the distortion by pressure, which underlines
the previous findings.

8.4 Discussion

In this chapter, pressurized Fe 9,0 has bee studied up to 75 GPa using different spectro-
scopic techniques to study the influence of structural variations on the electronic structure
and spectral shape changes of a system that does not undergo a spin transition in the
investigated pressure range.

Analysis of the KB, 3 emission to identify changes in the spin state verifies that the sample
remains in HS state for the complete pressure range. However, the line shape is changing
noticeably for spectra measured before and after the distortion pressure. Especially the
KB’ peak shows a significant decrease in intensity, which is detectable by the derivative
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of the spectrum. Although the minimum of the 1st derivative consistently decreases, the
change at the pressure of distortion is substantially higher and leads to an offset, which
correlates with the angle of distortion in the crystal structure. Furthermore, the line-shape
change results in an IAD value change, that is most clearly pronounced when the spectrum
measured at 30 GPa is considered as the reference. The results are in line with the reported
literature of no spin transition up to at least 90 GPa.?®134-136 Fyrthermore, the change
in KB, 5 emission at higher pressures matches the spectra reported by Badro et al. and
Ozawa et al.2®134 The resulting drop in IAD value due to the distortion is ~20% of a
complete HS- LS transition. This effect should always be considered in the analysis of
pressure induced spin changes of iron-bearing complexes, as it otherwise might lead to
incorrect conclusions. Hence, it is unclear if the further decrease of IAD value at 75 GPa
indicates a beginning HS- LS transition or is caused by a further distortion of the iron
polyhedra with pressure, as indicated by the results of Yagi et al.*?

The comparison between FeO and Fe,O5 in the pressure range up to 42 GPa shows certain
differences between both oxides. The significant drop in intensity is due to the higher
degree of distortion occurring in FeO than in Fe,Os, as in case of FeO the crystal symmetry
is changing with pressure whereas in case of Fe,O4 the iron is already coordinated in
a distorted octahedra at low pressures that gets further distorted at higher pressures,
as reported by Rozenberg et al.!! Contrary to FeO, the Fe-O distances in Fe,O4 are
not decreasing uniformly, which might have a larger impact on the line shape than the
small angular distortion. The onset of the distortion is at around 20 GPa, which is at the
hydrostatic limit of argon.%® In contrast, Schouwink et al.'4? report no increased distortion
up to at least 25 GPa with the difference of neon as pressure transmitting in their study,
which has better hydrostatic properties at these pressures.’® Thus, the effect might be
based on the choice of pressure transmitting medium. The further decrease of intensity of
the KB’ peak of FeO at higher pressures again indicates a further distortion of the iron
polyhedra.*?

VTC spectroscopy is in general more sensitive to the local coordination around the iron.
Hence, the data presented in this chapter also show spectral changes at the pressure of
distortion, but, as the features are relatively weak in intensity compared to the K@ ;
emission, an analysis is even more delicate. In case of K3” emission, the integrated peak
intensity is significantly increasing with pressure and approximately triples between ambient
pressure and 75 GPa, while the Fe-O distance decreases by about 10% in the same pressure
range.?+%0 In contrast, the KB, 5 emission is around 4 to 7 times more intense and allows
for a dedicated analysis of the peak shape. Again, the two pressure regimes are detectable
in the COG and FWHM of the Kf; 5 emission, in line with the pressures of the cubic
to rhombohedral distortion. In case of VI'C spectroscopy, the measurement at ambient
conditions has to be interpreted even more carefully as the different experimental conditions
might have a larger influence on the results. Nevertheless, the results are in accordance
with the measurements at high pressure.

Interpretation of the results of the 1s2p RXES measurements is more challenging, as no
complete pressure series was acquired but only one measurement at a pressure in each
stability region of the cubic and rhombohedral structure. Nevertheless, certain differences
between the spectra can be detected that reflect the structural changes. The changes are in
accordance with the reported changes by Boulard et al.'7 for both, the maximum position
and the post-edge feature at around 7144 eV. In contrast, changes in the pre-edge region
are more delicate, but still reflect the further splitting of the electronic states due to the
distortion, especially in the CIE-cuts. For a full analysis of the impact of the structural
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changes on the electronic states, a more detailed pressure series has to be performed with
an improved incident energy resolution, for example by using a Si(311) monochromator.

All in all, the (R)XES measurements of pressurized FeO up to 75 GPa with analysis of
complementary spectroscopic features leads to consistent results for all measurements
and shows a noticeable influence on the electronic structure due to the reported cubic to
rhombohedral distortion between 16 GPa and 23 GPa. 4344137138 The comparison between
FeO and Fe, O3 underlines the larger impact of a change in the crystal structure compared
to an already distorted structure with a small further distortion.
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In the framework of this thesis, the electronic structure of iron in three iron-bearing sample
systems was investigated via XES and RXES measurements at pressure and temperature
conditions relevant for the Earth’s lower mantle. All samples are influencing the chemical
composition of the Earth’s mantle and the knowledge of their electronic structure helps to
understand the complex chemistry of the deep Earth. Furthermore, the experimental setup
using a von Hamos spectrometer in combination with an area detector was substantially
improved during the course of these studies and provides unique high-quality spectroscopy
data on comparably short time scales in the challenging sample environment of DACs.

The first study of geologically relevant sample systems was the determination of the iron’s
spin state in the recently discovered sp-carbonates, Fe,C30;, and Fe,C,0;5,224%41 and
revealing their formation path. This study is based on four samples that all provide unique
information with results that are consistent towards each other. The iron in both sp3-
carbonates is in HS state for all iron sites under high pressure conditions, which is in line
with predictions in the literature.?>?* Additionally, the in situ laser-heated measurements
verified at least Fe,C30,, in HS state at high temperature, although XRD and optical
Raman measurements were not feasible under in situ conditions due to the already highly
complex experimental setup. Hence, the characterization via XRD and optical Raman
imaging was performed after temperature quenching. Moreover, a formation path could
be derived starting from FeCOj via Fe;C30,5 into Fe,C,05 formation, which is in
accordance with the suggested formation path in the literature.?? Furthermore, the newly
found low-wavenumber Raman bands could be connected to the synthesis of Fe,C,03
and the DFT calculations by Prof. Bjéorn Winkler imply that they are a direct result of
Fe,C,0,3 formation. As both sp3-carbonates are in HS state, they might be a possible
donor of iron to FP and SP on exchange of magnesium or aluminum and may influence
the iron partitioning in those phases, at least in the vicinity of subducted slabs.

In the future, the investigation of the spin state at higher pressure conditions can examine
if the carbonates are in HS state for the complete lower mantle or if a spin transition is
occurring in greater depths. A possible LS state would turn the effect around and iron
could be incorporated in the sp3-carbonates. Moreover, further studies can be conducted
to test if the stability region of these sp3-carbonates can be extended to lower pressure if
oxides are present before the heating process, as shown by Spahr et al.?? for Sr-bearing
sp3-carbonates. Another interesting but extremely challenging investigation would be the
direct measurement of the carbon K-edge in the sp3-carbonates, which was not verified
experimentally up to this point. However, this would require measurements under high
pressure conditions and only XRS would be capable to conduct such measurements due to
the low energy of the carbon K-edge. XRS is in itself a challenging measurement technique
that is further complicated by the fact that the carbon in the sample with a thickness of
~10m is pressurized between at least 1 mm of carbon of the diamonds (in case of MDs
on both sides). Nevertheless, in principle such an experiment should be feasible due to the
imaging properties of the XRS measurement technique.32:33:143
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In the second study, the changes of the electronic structure of a-Fe,O5 and its emerging
phases under cold compression, i.e., (-Fe;O5 and ©-Fe, 05, were investigated via (non-
resonant) KB; 3 and VTC XES as well as 1s2p RXES. The spin-state analysis via Kf3; 3
XES clearly verifies a two-step spin transition with the first step around 50 GPa and the
second step between 64 GPa and 75 GPa, although the second transition might not be
completed at 75 GPa. This verifies the results of Bykova et al.?! and Greenberg et al.*?
and is contradictory to the results of Sanson et al.,?> who report a complete spin transition
around 55 GPa and question the existence of the (-phase. The results here via IAD analysis
appear as if in the first transition more than 50% of the iron is changing from a HS into a
LS state. However, this might be the result of either a non-accurate transformation of the
IAD value to a spin value or the symmetry decrease on the HS site from an octahedral to
a trigonal-prismatic coordination, as seen similarly for FeO.47

In the VTC emission region, the transition from the a- to the (-phase is clearly visible
by the COG shift of the K@, 5-line to lower emission energies. Furthermore, starting at
42 GPa, the intensity of the K@3”-line is significantly increasing with pressure, attributed
to the decreasing Fe-O distance in the respective iron sites. The transition from the C-
into the ©-phase was not visible in the VTC emission, which might be either due to the
low amount of measurements in the respective pressure regions or the subtlety of changes
between these two phases.

The 1s2p RXES measurements show an increase of the crystal field splitting up to around
1.8 eV at the spin transition in the spectra derived from the CEE-cuts and around 2.0V in
the spectra derived from the CIE-cuts, which demonstrates the influence of the additional
electron in the valence orbitals and the effect of electron-electron interactions. At higher
pressures, the spectra from the CEE-cuts shift to lower incident energies due to the
transition into the (- and ©-phase, in accordance with the spectra reported by Sanson et
al.?® and Boulard et al.''” Simultaneously, the spectra show a change in the L-edge like
transitions from a constant energy transfer of the 5T29 and 5Eg states in the a-phase to a
linear dispersion with the incident energy in the (- and ©-phase. This supports the finding
of Greenberg et al.*2 of a delocalization of the electronic states, first on one half and second
on all of the electrons due to the phase transitions, although a definitive conclusion on this
is not possible, as the energy dispersion with the incident energy is only an indicator of a
delocalized state. Furthermore, the distinction of the (- and ©-phase is challenging, as the
O-phase was measured during a different beamtime and by using a different monochromator
for the incident energy. Hence, the energy scales of the different measurements may differ.
Nevertheless, especially in the spectra derived from the CEE-cuts there is a noticeable
difference between the spectra in the (- and ©-phase.

All in all, the results support the findings of Bykova et al.2! and Greenberg et al.*? and
contradict the findings of Sanson et al.?> In the future, a more detailed pressure dependent
study could help to better determine the phase boundaries of the different phases, especially
in case of the (- to ©-Fe,O4 transition. Furthermore, the combination with a laser-heating
setup could provide interesting insights into this sample system at conditions more relevant
to the Earth’s lower mantle.

1.21

The third study deals with the changes of the electronic structure of FeO under cold
compression and investigates the influence of a structural distortion without a dedicated
spin transition on the electronic structure.

XES shows small changes in the K3, 3 line shape as well as the VT'C region occurring
in the pressure range where a cubic to rhombohedral transition of the crystal structure
was reported.*%* This results in an IAD value change of around 20% of the maximum
value, determined by the difference between a FeCO4 reference in LS state and the spectra
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measured at pressures lower than the distortion pressure. It further shows, that the scale
to translate the IAD value to a spin value change (AS) is similar between FeO and FeCOj4
as HS reference when FeCOj is used as LS reference, as in the study of Fe;O5. When
increasing pressure after the initial distortion, the line-shape changes correlate to the angle
difference between the cubic crystal symmetry and the rhombohedral symmetry, i.e., the
deviation from 90°, reported by Jacobsen et al.,** although the angle at the highest pressure
was only extrapolated from the values of the lower pressures. In comparison with Fe;Os,
that also undergoes a small distortion with pressure,'! the effect on the line shape in FeO
is higher than in Fe,O3, which can be assigned to a higher degree of distortion occurring
in FeO as the deviation in the respective angles in Fe,O5 is small compared to FeO.

In terms of VT'C spectroscopy, the results show slight but consistent changes and the
distortion is clearly detectable in the KB, 5 peak shape and position. Furthermore, the
decreasing Fe-O distance correlates to the integrated KB” peak intensity.

The 1s2p RXES results are more challenging to analyze, as the rhombohedral symmetry
complicates the detectable electronic states that are already difficult to separate in the
cubic phase. Nevertheless, the influence of the distortion is clearly visible in the spectra.
This study demonstrates that is not sufficient to draw conclusions by only using the
TAD value of a spectrum and its reference. If only focusing on the IAD value change, a
possible (false) conclusion could be a structural transition that results in different iron
sites of which 20% incorporate iron in the LS state. Hence, further information have to be
gathered for a consistent interpretation of structural and electronic transitions. In future
studies, it might be interesting to explore if the K@, 3 line-shape changes are reversible
with temperature, as the rhombohedral phase changes back to the cubic phase, if heated
to certain temperatures.'?4 Also, the investigation of a sample composition that is closer
to existing composition in the Earth’s mantle would be interesting, i.e. (Mg,_;,Fe,)O. It
has been shown, that the pressure of the spin transition is depending on the amount of
magnesium.'?? Thus, the effect of distortion and spin transition could be separated at lower
pressures. Furthermore, a more detailed RXES study with a higher energy resolution would
be favorable to better understand the influence of the distortion on the electronic states of
FeO. Additionally, a more diversified study of well characterized materials that undergo
structural changes without a dedicated spin transition could improve the understanding of
structural properties on the K@, 5 line shape and RXES maps and help to interpret data
of materials that are less well characterized.

Additionally, the changes and improvements of the measurement geometry in 70° horizontal
scattering angle were elaborated. With the previous scattering geometry, a Kf3; 3-XES
measurement lasts around 1 hour for spectra with an SNR of 100, which was determined
as the lower limit of detection for consistent spin-state results in this thesis. Hence, a
maximum of 3 samples could be measured via spin-state imaging within 24 hours, with a
grid of only 3x 3 steps. Furthermore, this only applies for samples with a high amount
of iron. A deviation from the optimal measurement conditions leads to spectra with
lower SNRs and for meaningful results the measurement times of the spectra have to
be increased. As an example, a change from FeCOj to (Mg ¢7Fey 33)CO5 would triple
the data acquisition time and only one map could be measured within 24 hours. The
same applies for measurements at the rim of the sample. Moreover, measurements of
the VTC region were not feasible on resonable timescales. In contrast, the new geometry
reduces the data acquisition time for spin-state determination via KB, 3-XES from around
1 hour to several seconds and allows for new opportunities such as in situ laser-heated
spin-state imaging and measurements of samples with a lower amount of iron. Additionally,
measurement of high-quality VT C spectra can be conducted in less than one hour for
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9 Summary and outlook

samples with a high amount of iron, which can also be decreased to minutes by binning of
adjacent detector pixels.

The combination of the new measurement geometry with an MD on the upstream side
also allows for high-quality RXES measurements at high pressure, which was not possible
up to this point. A measurement of 1s2p RXES is now possible in about 1 hour with an
incident energy resolution of 1eV. Higher energy resolutions require longer measurement
times. Furthermore, the measurement of 1s3p RXES maps is still challenging due to the
high background caused by inelastic scattering of the diamond. A change of the geometry
in a way to position the von Hamos spectrometer on the same height as the beam with a
simultaneous rotation of the cell to measure the KB emission in 90° horizontal scattering
angle would significantly decrease the background on the detector. Additionally, such an
orientation in combination with a second von Hamos spectrometer and detector could allow
for measurements on both horizontal openings of the cell and a simultaneous measurement
of 1s2p and 1s3p RXES maps could be possible. In this way, the von Himos spectrometer
that analyzes the Ka emission would be positioned at 50° horizontal scattering angle on
the opposite side of the von Hamos spectrometer that analyzes the K3 emission. However,
such a setup would be significantly more complicated than the existing one and the time
to set up and calibrate all components would increase substantially.

Another major improvement for future studies would be the combination of simultaneous
XES and XRD imaging. However, this would require several changes of the setup and lead
to deterioration of the data quality or prolonged measurement times.

First, XRD measurements usually require high incident energies of at least 20 keV, which
on the one hand decrease the absorption of the incident beam by the upstream diamond
and hence, leads to a higher flux of photons on the sample, but on the other hand also
decreases the absorption of the beam by the sample and results in a decreased emission. In
case of samples that incorporate a heavy element different to iron, higher incident energies
can also lead to further emission lines in the spectra, that do not originate from the iron.
For example, measurement of a sample containing iron and arsen with an incident energy
above 12kev leads to arsen K-alpha emission on a detector position in the vicinity of the
KB’ peak. Unfortunately, such a mixing of emission lines cannot be countered with a
special selection of ROIs to analyze, as both emissions originate from the same sample
position.

Second, an XRD measurement in the current setup requires an MD or BA on the downstream
side to take advantage of the enlarged opening angle on this side. However, this means
that the ST is positioned on the upstream side. While in case of non-resonant XES, a
rotation of an MD /ST setup decreases the incident flux on the sample by a factor of ~ 3.2
at 10.4keV, which might be tolerable in context of the extendet information gain of the
experiment, the incident flux in an RXES measurment is decreased by a factor of ~ 40 and
the experiment is no longer possible on reasonable time scales.?’

Third, an XRD measurement in situ during laser heating is not feasible in the current
setup, at least for double-sided laser heating, as the optics of the laser heating system on
the downstream side are too close to the sample and block a large part of the view of an
XRD detector on the sample. Hence, the laser heating setup would have to be changed
substantially for the gain of a small view of the detector on the sample, or the setup has to
be used only on one side with the downside of lower temperatures and a higher temperature
gradient.'®

A possibility to combine XES and RXES measurements with XRD measurements, at least
without heating, would be to perform them sequentially rather than simultaneously, i.e.,
rotation of the cell by 180° in between measurements and change of the incident energy
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in the meantime. However, this requires an exact positioning of the sample along the
beam’s pathway to guarantee the calibration of the sample towards the detector used for
XRD, which is more sensitive to deviations in this dimension than the detector used for
(R)XES. Furthermore, this will add another layer of complexity to an already complicated
experiment and will require a longer time to set up. Thus, both extensions of the setup
have to be evaluated carefully if the additional information gain is more valuable than the
(R)XES measurements that could be performed in the meantime.

In conclusion, the setup in the new scattering geometry provides spin-state results within
seconds, high-quality VTC spectra within minutes and 1s2p RXES maps in less than one
hour, offering unique opportunities for spectroscopic measurements at extreme pressure
and temperature conditions and will contribute to a deeper understanding of the interior
of the Earth and other terrestrial planets.
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FeCO3 FesC301> FesC4013 XRD intensity XES intensity

Figure A.1l: Spatial distribution of FeCOg4, Fe,C30,5 and Fe,C,0;5, determined by XRD
imaging. Furthermore, the sum of the three phases is shown (XRD intensity) along with the
intensity map, determined by XES imaging (XES intensity). The black circles represent the COG
positions of the intensities of the XRD and XES imaging results. All plots contain the outline of
the sample in white.
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Figure A.2: XES spectra shown in Fig. 6.7, shifted to the same COG (left) along with the difference
to the LS reference (right). The color code is matching and spectra with an SNR < 100 are shaded.
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Figure A.3: Representation of all KB, 3 spectra measured in situ during spin-state imaging or
after temperature quenching (quenched) at the position of measurement, along with the spin-state
map analyzed via IAD. All spectra are normalized to the same area and each spectrum is represented
on the same y-scale. Below each spectrum is the difference to the LS reference. Spectra with an
SNR < 100 are shown in gray and their spin state is not analyzed but set to 0. The color code
corresponds to Fig.6.11 b).
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Figure B.1: Visualization of the adjustment of the 13 GPa spectrum, measured with the Si(111)
monochromator regarding its CIE-cuts. The spectrum measured at 11 GPa functions as the
reference.

Table B.1: List of all measurements and the experimental conditions for each cell loaded with
a-Fe, 05 and argon as pressure transmitting medium. The error of the pressure is estimated with
+5%. RXES spectra of cell 1 were measured using the Si(111) monochromator and cells 2 and 3
were measured using the Si(311) monochromator.

cell 1 (Si(111)) cell 2 (Si(311)) cell 3 (Si(311))
p/GPa XES RXES |p/GPa XES RXES|p/GPa XES RXES

13 v v 11 v v 35 v v
30 v - 14 v - 37 v -
42 v - 18 v - 42 v -
50 v - 46 - v
56 4 - 50 v 4
75 v v 57 v v

59 v -

64 v v
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Figure B.2: a) KB, 3 emission of Fe,O5 for all pressures, set-off in intensity for clarity. The
pressure is increasing from up to down. The small dip in some spectra at about 7030 ev is due to a
dead pixel in the detector panel.
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Figure B.3: All analyzed VTC spectra of Fe,O4 for different pressures and phases, scaled to the
same maximum value. The spectra are split for the solid (a) and open symbols (b), corresponding
to Fig. 7.3 (modified after®6).
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Figure B.4: Fit results for CEE- (a) and CIE-cuts (b), corresponding to Table.7.1. The colored
dashed lines correspond to the 5T, g and 5Eg transitions, whereas the gray dashed lines are the
total fit results.
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Figure C.1: Angle of distortion of FeO under pressure extracted from the unit cell parameters by
Jacobsen et al.** along with a linear fit through all angles above 23 GPa for extrapolation to higher
pressures. The angle of distortion is defined as the deviation from 90° for all O-Fe-O angles.
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Figure C.2: Background subtracted VT'C spectra of FeO for different pressures, scaled to the
same maximum of the K3, 5 emission for comparison. b) (top) COG position of the KB4 5 (black)
compared to the KB main line position (green). (bottom) FWHM of the KB, 5 emission.
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Figure C.3: Pressure dependent VTC spectra of FeO after KB, 3-tail subtraction as shaded lines.
The dashed lines represent the fit result of the KB4 5 peak using two Pseudo-Voigt profiles and the
solid lines show the VTC spectra after subtraction of the KB, 5 peak to analyze the K37 emission.
All spectra are offset in intensity for clarity.
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