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Abstract

Ruddlesden-Popper type ruthenates (Sr,Ca),1Ru,Os,.1 are a class of strongly
correlated electron systems where interactions between different degrees of freedom
lead to a wealth of exotic electronic phenomena. Complexity in nature typically
emerges from competing energy scales. In the ruthenates, the moderately localized
valence d orbitals impose multi-orbital physics that is enriched by comparable energy
scales of crystal field environment, spin-orbit and Hund’s coupling. In the past
decades, resonant inelastic x-ray scattering (RIXS) has developed rapidly as a
technique to probe the relevant energy scales and the multi-orbital structure of
various compounds.

This thesis presents a combined oxygen K-edge x-ray absorption spectroscopy and
resonant inelastic x-ray scattering study of CazRuyO7. The low-lying electronic
properties of Ru d orbitals were investigated by accessing them indirectly through
their hybridization with O p orbitals. In this way, a new type of collective orbital
excitation has been discovered in CagRu;O7. By comparison to similar experiments
on CasRuQy, it is shown that the excitation spectrum of CazRuy,O7 is unique for
that compound. This finding is likely linked to the different electronic and magnetic
ground states of CagRusO7 and CasRuQOy4. The work presented here elucidates the
important orbital degrees of freedom and offers a direct comparison of structurally
closely related ruthenates.






Zusammenfassung

Ruthenate (Sr,Ca),+1Ru,03,4+1 der Ruddlesden-Popper Phase sind eine Klasse
von stark korrelierten Elektronensystemen, bei denen die Interaktion zwischen
den verschiedenen Freiheitsgraden zu einer Vielzahl von exotischen elektronischen
Phénomenen fiithrt. In der Natur entsteht Komplexitat iiblicherweise aus gegen-
einander konkurrierenden Energieskalen. In den Ruthenaten werden multi-orbital
Effekte durch die méssig lokalisierten d Valenzorbitale auferlegt und hinzu kommen
auch die vergleichbaren Energieskalen der Kristallfeld Umgebung, Spin-Bahn und
Hund’s Wechselwirkungen. In den letzten Jahrzehnten hat sich resonante inelastische
Rontgenstreuung (RIXS) als Messmethode rasant entwickelt, um die relevanten
Energieskalen und multi-orbital Strukturen von verschiedenen Verbindungen zu un-
tersuchen.

In dieser Arbeit wird eine Kombination von Sauerstoff K-Kanten Rontgenabsorptions-
spektroskopie- und resonanter inelastischer Rontgenstreuungsstudien von CazRuyO7
prasentiert. Die niedrig gelegenen elektronischen Eigenschaften von Ru d Oritalen
werden untersucht, indem sie indirekt iiber ihre Hybridisierung mit O p Orbitalen
erreicht werden. Auf diese Weise konnte eine neue Art von kollektiven orbitalen An-
regungen in CagRuyO7 entdeckt werden. Durch den direkten Vergleich zu dhnlichen
Experimenten an CasRuO,4 konnte gezeigt werden, dass das Anregungsspektrum von
CazRu, 07 spezifisch fiir diese Verbindung ist. Dieses Ergebnis steht méglicherweise in
Zusammenhang mit den unterschiedlichen elektronischen und magnetischen Grund-
zustdnden von CazRusO7; und CaysRuOy. Die hier vorgestellte Arbeit erlautert die
wichtigen orbitalen Freiheitsgrade und erméglicht einen direkten Vergleich von eng
verwandten Ruthenaten.
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1. Introduction

Technological advancement and progress have always been closely linked to the
materials exploited by human mankind. Since the stone age when humans first used
tools craved out of stone over the Bronze and Iron age up to the present Silicon Age,
the understanding and usage of materials was the cornerstone for human development.
For instance, the technological progress that lead to digitalization forming our current
society was based on the fundamental understanding of semiconductors like silicone.
Nowadays, a main pillar of modern science is condensed matter physics, devoted to the
study and understanding of the microscopic mechanisms in solids and liquids. This
lays the ground for controlled manipulation of their properties for new technological
applications.

1.1. Strongly Correlated Electron Systems

One of the most challenging but deeply intriguing field of condensed matter physics
addresses strongly correlated electron systems. Whereas in conventional metals or
semi-metals the electrons can be treated approximately as free particles in the periodic
potential of the atomic nuclei, in strongly correlated systems the interactions between
different degrees of freedom impose more complexity and a complete solution of the
many-body problem is not feasible anymore. However, it is the incorporation of the
strong interactions that leads to a vast variety of fascinating phenomena and makes
these materials such a rich and widely studied area of condensed matter physics.
Probably the most famous example are superconductors (SC): their electric resistivity
drops to zero below a certain transition temperature due to a delicate net attraction
of conduction electrons which is mediated by crystal lattice vibrations in the case
of conventional SC. In addition to the resistivity drop, SC also actively exclude
magnetic field lines from their interior when cooled below the transition temperature.
This phenomenon is called the Meissner effect. Since their discovery at the beginning
of the last century by H. K. Onnes [1] a lot of attention and effort have been put
into their research and up to the present, superconductivity has been found in many
different compounds. The dream of superconductivity at room temperature has come
within reach after the sensational discovery of high temperature superconductors
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Figure 1.1.: Illustration of the Ruddlesden-Popper crystal structure of
(Sr,Ca)p+1Ru, O3p41 for n = {00,1,2,3}. Green, red and blue atoms are Sr or
Ca, Ru and O atoms, respectively. Taken from Ref. [§].

and their improvement in transition temperature ever since. Regarding the theory
behind superconductivity, the famous BCS theory is successful to describe normal
superconductivity arising from a lattice vibration mediated pairing mechanism
on a microscopic level. However, new types of superconductors have been found
that seem to have a different pairing mechanism and symmetry. Up to now, this
unconventional superconductivity has not been fully understood and drives one of
the main research fields in condensed matter. However, superconductivity is not
by far the only interesting phenomena that can be observed in strongly correlated
materials. They often have an extremely rich phase diagram with exotic electronic
and magnetic properties such as Mott insulating phases, spin and orbital orders,
colossal magnetoresistance and quantum criticality [2, 3, 4].

At the root of big variety in physics usually lie the localized valence shells of the
metal atoms in these compounds. While s and p orbitals typically interact strongly
with neighbouring atoms resulting in large bandwidths, f shells are tightly bound
to the nucleus. In between the d orbitals have itinerant and localized properties
[5]. Here, the charge, spin and orbital degrees of freedom can still be described in a
localized picture, but they are able to interact with neighbouring ions. This complex
interplay is the reason for the intricate wealth of phenomena exhibited by correlated
materials with valence d shells. In particular, the correlation effects in 4d transition
metal oxides (TMO), to which class the ruthenates studied in this thesis belong, are
weak compared to 3d TMOs but in the same order of magnitude as the bandwidth
or crystal field splitting. Consequently, there is a constant competition of these
energy scales and even small perturbations such as magnetic field, doping or pressure
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Figure 1.2.: Phase diagram of Cag_,Sr,RuQO4. It covers the whole range from
insulating (z = 0) over correlated and Fermi liquid (FL) metallic behaviour up to
superconductivity (z = 2). The magnetic structures cover all antiferromagnetic (AF),
ferromagnetic (FM) and paramagnetic ordering. Taken from Ref. [9].

have a huge impact on the characteristics of such compounds [6]. This behaviour
explains the rich phase diagrams of these materials which make them one of the
most interesting but at the same time one of the most complex systems to study.
Also from the theoretical point of view they are extremely challenging, since density
functional theory fails to describe their physics and new approaches like dynamical
mean-field theory had to be developed [7].

1.2. Ruthenates

A prominent and widely studied class of TMQO'’s are the ruthenates. Particularly
interesting are the Ruddlesden-Popper series of the form (Sr,Ca),,+1Ru,,03,,1 where
n layers of the perovskite lattice (Sr,Ca)RuQOj3 are interleaved by a spacer layer, as
depicted in Fig. 1.1. As mentioned above, these systems have extremely rich phase
diagrams with exotic ground states as shown in Fig. 1.2 for the single layer compound
series Cag_,Sr,RuQy. The phases range from unconventional superconductivity on
the Sr side (x = 2) to the antiferromagnetic Mott-insulator on the Ca side (z = 0).

Generally, in the materials of the Ruddlesden-Popper series, the octahedral crystal
field environment of the transition metal lifts the degeneracy of the Ru d orbitals.
At lower energy are the ty, states composed of d,,, d,. and d,. orbitals whereas
the e, orbitals d,2 and d,2_,2 lie at higher energy [10], see Fig. 1.3. Here, four
electrons occupy the Ru valence states in the 5, orbitals leading to a 2/3 occupancy.
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Figure 1.3.: d orbitals in an octahedral crystal field environment. The fivefold

degeneracy is lifted and the two e, states are left at a higher energy than the three
tog states. Taken from Ref. [8].

To understand the exotic phenomena arising in ruthenates, it is vital to have
knowledge of the electronic structure, structural distortions and orbital and spin-
orbital interactions. The focus usually is on the ruthenium bands as they are
responsible for strong correlations and magnetic moment formation.

In this thesis, the single layer CasRuQO4 and the bilayer CazRu,O7 are investigated
by resonant inelastic x-ray scattering to shed light on the energy scales of different
interactions within the Ru d bands. Below, the two compounds are introduced to
give an overview of their ground states and emerging phenomena.

1.2.1. Mott Mechanism of CaRuQ4

In single layer CasRuQy, the crystal shows lattice distortions in form of rotation and
tilt of the RuOg octahedra compared to the undistorted crystal structure of SroRuOy
and has lattice constants a = 5.39 A, b = 5.63A and ¢ = 11.75 A [11]. The tilt of
the octahedra is primarily in the ac-plane and only slightly in the be-plane. Both
distortions are due to the smaller ionic radius of Ca compared to Sr. They reduce
the hopping matrix element and hence enhance correlation effects. This in return
has a huge impact on the ground state of this compound. When CayRuQ, is cooled
down, it undergoes a first-order structural transition at 7 = 356 K, compressing the
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c-axis lattice parameter by around 1.2% [12]. The compression lowers the energy of
the d,, orbital relative to that of the d,. and d,. orbitals. This triggers an almost
fully occupied d,, orbital which opens for a Mott insulating transition in the half
filled d,. and d,. bands. Between 7" = 356 K and 110 K CayRuQy is a paramagnetic
insulator before it enters a G-type AFM ordered phase at Ty = 110 K [11]. In
this type of antiferromagnetism, the magnetic moments are antiferromagnetically
aligned in-plane as well as in the out-of-plane direction. To understand the Mott
insulating state and the mechanism behind the gap opening within the d bands
from a theoretical point of view, it is important to take into account many different
interactions. Not only the relative value of Coulomb repulsion U and bandwidth W,
but also the crystal field A, spin-orbit-coupling A and Hund’s coupling Jg have to
be considered. The Hund’s coupling describes the intra-atomic exchange interaction
and has been shown to play an important role in different correlated materials [13].
Hence, this system goes beyond the standard Mott theory and is of great interest to
explore the complex interplay of comparable and thus competing energy scales.

1.2.2. Elusive Semimetallic State of Ca3Ru,0y

In the Ruddlesden-Popper series the bilayer CagRu,O7 stands in between the metallic
paramagnetic CaRuQOj3 [15] and the Mott insulating antiferromagnetic CagRuQy intro-
duced above. As in CayRuQy,, the RuOg octahedra are rotated and tilted due to the
small Ca radius, see Fig. 1.4 (a). The lattice parameters are a = 5.37 A, b= 5.54 A
and ¢ = 19.52 A [16]. In contrast to the single layer, CagRu,O; undergoes first a
magnetic transition upon cooling at Ty = 56 K entering an antiferromagnetic state.
However, the in-plane magnetic moments are not aligned antiferromagnetically as in
CasRuOy4 but ferromagnetically within the double layer while antiferromagnetically
between the double layers [16, 17]. This structure is the so-called A-type AFM.
This difference in the in-plane magnetic order implies that the interaction within
the double layer plays an important role for the magnetic ground state and further
investigation of the energy scales defining the microscopic interactions is of great
interest.

Upon further cooling, a first order structural transition takes place at Ty = 48 K.
This transition was often referred to as a metal-insulator transition [18, 19, 20]
although the system is not going fully insulating but remains poorly metallic down
to lowest temperatures. More specifically, the behaviour of the resistivity is highly
anisotropic as can be seen in Fig. 1.4 (b). The motivation for referencing it as
metal-insulator transition may lie in the steep up-rise of the out-of-plane resistivity
pe at the transition temperature. This behaviour of p. is surprising considering that
the c-axis is compressed which should lead to larger orbital overlap in the out-of-plane
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Figure 1.4.: (a) Crystal structure of CagRugO7. There are three different oxygen sites:
one planar (O(p)), and two apical (inner O(a2) and outer O(al)). (b) Temperature
dependence of in-plane and out-of-plane resistivity in CagRupO7. Taken from Ref. [14]

direction and hence enhance electron itinerancy. In contrast, the in-plane resistivity
Pap is only increasing slightly first and then dropping below 30 K. Recently, it has
been shown that there is even an anisotropy in the in-plane resistivity between
pa and p, [21]. This puzzling anisotropic behaviour and the additional transition
at 30 K have not been fully understood yet and an explanation on a microscopic
level is still lacking. At low temperature, the quasi-two-dimensional metallicity
seems to emerge from small Fermi surface pockets as it was observed in quantum
oscillation experiments [22, 23]. In disagreement to this, ARPES measurements
report boomerang-like Fermi arcs [24]. Even though CagRus,O7 does not undergo
a full Mott transition like CayRuQOy, the lattice response across Ty is very similar
with a c-axis lattice parameter compression. The effect is however one order of
magnitude smaller in CazgRuyO7 with around 0.1% compared to 1.2% in CayRuO,
[16]. Also worth mentioning is the fact that upon the transition, both in-plane and
out-of-plane Ru-O bond lengths jump in CasRuO,4, whereas there is no significant
change observed in the case of CagRus;O7. These structural differences may be part
of the reason for the different physical behaviour of these two compounds.

Another interesting phenomenon arising in this compound is the colossal magnetore-
sistance [23, 25, 26]. But it has to be mentioned that the behaviour of CagRu,O7 upon
application of magnetic field is highly anisotropic. Changing the direction of the
magnetic field along the different crystallographic axes drives the system either in
a canted antiferromagnetic metallic phase (B]|b), exhibits the already mentioned
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colossal magnetoresistance (Bl|a) or Shubnikov-de Haas oscillations (B]|c)[26, 27].
When CazRus07 is doped with Ti, the Mott insulating state can be achieved and
the magnetic structure transforms from A-type to G-type AFM. Applying a modest
magnetic field to this compound leads to a collapse of the Mott insulating state and
a negative colossal magnetoresistance is observed [19].

1.3. Thesis Outline

To develop new technologies and applications, the discovery of new phenomena
alone is not sufficient. It requires the fundamental understanding of the material’s
properties to the extent that they can be manipulated to the respective needs. In
this context, the research on calcium ruthenates is dedicated to the understanding
of the microscopic processes behind the exotic phenomena arising in their phase
diagrams. One major part of the mechanism behind different transport and magnetic
properties exploited in technology are the electronic structures. Especially important
for potential applications is the excitation spectrum of the electrons that displays
the effects and processes that take place when the system is energetically excited.
Measurements like resonant inelastic x-ray scattering address this by identifying the
low energy spin and orbital excitations.

This thesis focuses on oxygen K-edge x-ray absorption spectroscopy (XAS) and
resonant inelastic x-ray scattering (RIXS) measurements of CapRuQO, and CagRusO7.
It presents new data on the bilayer CagRuyO7 that were analysed and interpreted
within the work of this thesis, and compares this data to recent studies on the single
layer CaoRuO,4. Both datasets were measured at the ADRESS beamline of the Swiss
Light Source synchrotron in Switzerland.

The thesis starts with a description of the experimental methods employed to
measure the data presented here, namely XAS and RIXS. The second part about
RIXS includes introduction of the underlying physical process, the instrumentation
and data analysis tools needed for the experiments as well as the theory behind the
scattering process.

Chapter 3 presents experimental results of CazRuyO7, their discussion and the
comparison to CagRuQOy4. The first section is devoted to the XAS results, starting
with a detailed discussion about the choice of the absorption edge and orbital
selectivity through hybridization of O p with Ru d orbitals. Then the absorption
spectra of CagRu,O7 are analysed for different experimental geometries and light
polarizations to determine the energy scales of the Ru d orbitals. The differences to
CayRuOy spectra are analysed and discussed. The absorption resonances identified
in the XAS spectra are used to set the photon energy for the RIXS measurements
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presented in the second section. The RIXS data of CagRuy,O7 comprise spectra taken
under different geometries, polarizations and temperatures to measure the evolution
of the excitations. The analysis of the low energy features reveals a momentum
dependence of the lowest excitation. The findings of CagRusO; are then again
compared to recent studies of CasRuQOy.

Lastly, in chapter 4 the conclusions are summarized and an outlook for future
experiments is given.



2. Experimental Methods

This chapter introduces the two experimental methods employed in this study: x-ray
absorption spectroscopy (XAS) and resonant inelastic x-ray scattering (RIXS). The
combination of these methods allows to probe site-specific elementary excitations
in complex materials energy and momentum resolved. After a brief introduction to
XAS, the focus is on a detailed description of the RIXS technique, including the
physical process, the instrumentation at the ADRESS beamline of the Swiss Light
Source and the theory of RIXS.

2.1. X-ray Absorption Spectroscopy

Every RIXS experiment starts with a XAS measurement to determine the absorption
edge. While varying the incident photon energy E, the absorption spectrum is
measured. Every time the photon energy E equals the binding energy of a core
electron in the material, the interaction cross section is enhanced and the absorption
shows a sharp increase. This so-called absorption edge is due to annihilation of
the photon by creating a photoelectron and a core-hole. The XAS technique thus
probes unoccupied electronic states of the material under investigation. Above the
absorption edge, the difference between the photon energy and the binding energy
goes into kinetic energy of the photoelectron and the absorption decreases again. On
a femtosecond timescale, the excited states decay and the core-hole is filled by an
electron from a higher energy level. The excess energy is released by fluorescence
x-ray or Auger electron emission.

Generally, the edges occur at the binding energy of all core levels. They are classified
by the principal quantum number n of the core electron which is excited: n =1, 2,
and 3 correspond to the K-, L-, and M-edges, respectively. The energy of each
edge is in strong correspondence to the atomic levels of the element and increases
roughly with Z2?, Z being the atomic number, see Fig. 2.1 (a). This means that the
technique is element-specific and by choosing the photon energy one chooses the
element inside the material that is investigated. Furthermore, the exact binding
energy is site dependent. This is due to the different crystal field environment the
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Figure 2.1.: (a) Energy of different x-ray absorption edges as a function of atomic num-
ber Z. Taken from Ref. [28]. (b) Copper L-edge absorption spectrum of Lag_,Sr, CuOy
with a doping of x = 14.5%. Recorded at the ADRESS beamline of the Swiss Light
Source, 2019.

elements experience at different crystallographic sites. For example, the oxygen in a
layered perovskite structure (Fig. 1.4 (a)) can occupy a planar or apical site which
results in distinguishable features in the absorption edge spectrum. Fig. 2.1 (b)
shows a copper L-edge absorption spectrum of Las_,Sr,CuQ,4 as a general example
for a XAS spectrum. Below 931 eV, the energy of the photon is not high enough to
excite an electron in the copper 2p level to an unoccupied state. From 931 eV and
higher energies, the electrons get excited and the detected intensity is non zero.
Beside the energy characteristics of this method, the orbital character of the core
electron also plays an important role. Because the initial core state of the electron
has a well defined symmetry, the selection rules of the transition define the symmetry
of the final state in the continuum. According to the dipole selection rule, the final
state’s orbital momentum [ must increase or decrease by a quantum Al = +1. For
instance, excitation of a 1s electron at the K-edge promotes it into an initially
unoccupied final orbital state with strong p character. This selectivity gives the
opportunity not only to study the energy levels of the unoccupied states, but also
orbital character and hybridizations.

Experimentally, an XAS spectrum can be obtained in different ways. The most
direct way of measuring the absorption in transmission mode is usually unpractical
because homogeneously thin samples are required. Additionally, the RIXS experiment
afterwards is mostly done in reflection mode. Therefore, the more convenient methods
are based on reflection measurements and make use of the relaxation process that
follows the absorption. The core hole that is left after the absorption is filled on
a femtosecond timescale by an electron in the valence band of the system. This
electron thus decays from a valence state into a core state with much higher binding
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energy and the energy difference is released in two ways: either a photon is emitted
(fluorescence) or the energy is transferred to another electron which is then promoted
in an unoccupied state and eventually escapes into vacuum (Auger electrons). The
indirect XAS measures these decay products, the emitted photon or the electron and
can therefore be operated in fluorescence yield mode or electron yield mode.

In total electron yield mode, the emitted electrons, which can be photoelectrons,
secondary electrons or Auger electrons, are measured. Because the samples are
routinely grounded, the emitted electrons are replaced and one can measure the
current flowing from the ground to the sample. The amount of electrons detected
with this method is proportional to the number of absorbed photons. In this way,
the Fermi level of the system is not affected by the process and charge neutrality is
preserved.

In total fluorescence yield mode, the intensity of the emitted x-rays from the radiative
relaxation of the core hole is measured by a photodiode. The intensity of this
fluorescence line is proportional to the absorption, but a finite solid angle and a
broad range of photon energies are integrated. This means that the fluorescence yield
intensity corresponds to the integrated RIXS intensity at the same incident energy.
One complication in fluorescence mode is the self-absorption that has to be taken
into account for both XAS and RIXS measurements. The emitted photon can be
re-absorbed by the sample and this reduces the measured intensity. Self-absorption
depends strongly on experimental geometry because the travelling distance of the
photon inside the sample depends on incoming and outgoing angle.

2.2. Resonant Inelastic X-ray Scattering

Resonant inelastic x-ray scattering (RIXS) is a fast developing photon-in photon-out
synchrotron based spectroscopy in which one scatters x-ray photons inelastically
off matter and detects the scattered photon. By measuring the changes in photon
energy, momentum and polarization which are transferred to the material under
study, this technique provides substantial information about the intrinsic excitation
spectrum. The main principle lies in tuning the incident photon energy such that it
coincides with one of the atomic x-ray transitions of the system, so-called absorption
edges. Not only does this enhances the scattering cross-section but it also makes the
process element-specific allowing to probe charge, magnetic and orbital degrees of
freedom on selected atomic species.

RIXS has a number of unique features that make it advantageous and extremely
powerful compared to other scattering techniques. Firstly, as mentioned above it is
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element and orbital sensitive by setting the incident photon energy to an element-
specific absorption edge. RIXS can even be sensitive to inequivalent bondings or
inequivalent crystallographic positions of the same chemical element if the absorption
edges are distinguishable. Other advantages are the bulk sensitivity and the small
sample volumes that can be measured [28].

The main limitation of RIXS is the energy resolution, which is determined by both
the availability of tunable photon sources that provide a high enough photon flux
and the availability of the instrumentation to energy resolve the scattered photons.
In addition, the reciprocal space that can be measured is usually limited to the first
Brillouin zone due to the scattering geometry. However, the RIXS resolution has
improved considerably over the years and currently a resolution of ~ 35 meV at Cu
L3 edge can be achieved at the European Synchrotron Radiation Facility (ESRF)
[29].

2.2.1. Physical Process

In the microscopic picture of the RIXS process, the incoming photon is tuned to
resonate with an absorption edge of the material under study and promotes a core
electron into an empty valence shell. The system is now in an excited intermediate
state with a hole deep in the electronic core and will therefore decay quickly from
this intermediate state. The decay can occur in a number of different ways. In the
channel relevant for RIXS, the empty core state is filled by an electron and a photon
is emitted. The energy of the emitted photon hw,,; depends on the relaxation process.
If the same electron that was promoted to the valence shell by the absorption process
decays back into the core level, the energy of the outgoing photon will be the same
as the incident one. This process is called an elastic scattering event. However, if an
electron from a different, initially occupied valence state annihilates the core hole, the
emitted photon has a lower energy than the incident one and the process is inelastic,
see Fig. 2.2. As a result, the system is left with an electron-hole excitation. This
excitation can propagate through the material with an energy hw = A(wi, — Wour)
and momentum hq = h(k;, — kout) [28]. By detecting the outgoing photon in specific
angles to the incoming photons, the transferred momentum hAq can be selected and
excitations can be measured in a momentum dependent fashion.

A summary of the different elementary excitations that can be accessed with the
inelastic process described above is shown in Fig. 2.3. A very broad class of excitations
can be studied including plasmons, charge transfer excitations, crystal-field and orbital
excitations, magnons and phonons. All these excitations are overall charge neutral
since the scattered photons do not add or remove charge.
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Figure 2.2.: Schematic depiction of the RIXS process. The excited intermediate state
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the initially occupied valence band decays into the core hole. Taken from Ref. [30].
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Figure 2.3.: Elementary excitations that are accessible by RIXS and their approxi-

mate energy scales. Taken from Ref. [28].

2.2.2. Instrumentation

In a RIXS experiment, a monochromatic photon beam is focused on the sample and
the scattered beam is then detected energy resolved in a specific scattering angle.
The RIXS instrument is therefore divided in two parts: the beamline which provides
a well-collimated, focused and highly monochromatic beam and the spectrometer
which includes the sample environment, focusing, energy dispersion of the scattered
beam and the detector. Depending on the absorption edges and therefore the photon
energy that is used, it can be differentiated further between hard and soft RIXS
instruments. Hard x-ray instruments use Bragg crystal optics where the highly
ordered crystalline lattice of Si or Ge is used to achieve very high energy resolution.
Such schemes do not work in the soft x-ray regime, since the longer wavelength
prohibits the use of crystal optics. Instead, diffraction gratings are utilized.
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Figure 2.4.: (a) Schematics of a RIXS spectrometer using a spherical grating. Taken
from Ref. [32]. (b) Sketch of the spatial resolution improvement by tilting the detector.
Adapted from Ref. [33].

In this section, the soft x-ray RIXS endstation at the ADRESS beamline of the
Swiss Light Source, where the experiments presented in this thesis were performed,
is discussed in detail.

The ADRESS beamline delivers soft x-ray radiation with a photon energy ranging
from approximately 400 to 1600 eV. The photon source is a fixed-gap undulator with
four permanent magnetic arrays that can be shifted in the longitudinal direction,
allowing to set the energy without changing the gap and having full control over the
polarization. The beamline optics adopt the scheme of plane-grating monochromator
operating in collimated light and ensure a highly monochromatic beam with high
flux and small spot size [31].

After scattering off the sample, the photons are analysed by the high-resolution
spectrometer called SAXES [34]. It is based on a variable line spacing (VLS) spherical
grating to energy disperse the beam and provide focusing onto the two dimensional
detector. Photons with different energies are thereby scattered off the grating in
different directions such that the vertical impact location on the detector corresponds
to the energy of the photon, see Fig. 2.4 (a). The ADRESS beamline has two gratings
with different line spacings in operation. The first one has an average groove density
of 3200 lines/mm and is optimized for high-resolution measurements around the
Cu Ls-edge. The second grating has a lower groove density of 1500 lines/mm to
enhance reflectivity and thus compensate for the lower cross-section of softer x-rays
[35]. The detector RIXSCam from XCAM Ltd. is an electron-multiplying charge
coupled device (CCD) that consists of three horizontally arranged chips with 1608 x
1632 pixels each. The advantage of using three chips next to each other is better
statistics and therefore reduced acquisition time. The pixel size is 16 pm x 16 pm.
To enhance the spacial resolution, and thus the energy resolution, the detectors
are mounted at an angle of 20° with respect to the optical axis which reduces the
effective pixel size, see Fig. 2.4 (b). Because of the diffusion of the charge cloud
that is produced by a single photon in the field free region of the CCD, the signal is
shared by multiple pixels. Therefore, a centroiding algorithm is used to determine a
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sub-pixel position of interaction. This single-photon counting software then allows
to divide each pixel in four sub-pixels [36]. Overall, the achieved effective sub-pixel
size is less than 2 pm [32].

Beside the energy dispersing feature of the spectrometer, it also allows for varying
the scattering angle of incoming and outgoing photons between 25° and 130°. For
this, the 4m long dispersion arm is mounted on a rotating girder platform and thus
the dispersion of low-energy excitations can be measured as a function of momentum
transfer.

2.2.3. Data Evaluation

Following, the procedures to analyse the data are shortly presented. First, it is
explained how the energy scale of each spectra is correctly set and how the intensity
is normalized, allowing to qualitatively compare different spectra. Second, the
calculation of the momentum that is transferred to excitations inside the sample is
demonstrated.

Energy Calibration

As explained above, the photons scattered off the sample are vertically energy
dispersed by reflection on a grating and then detected by a CCD camera. Thus, the
height of the detector determines the energy range which is measured and needs to
be adjusted when the photon energy is changed. In the spectrum recorded by the
detector, each channel corresponds to a specific photon energy and the difference
between two neighbouring channels in the oxygen K-edge experiment presented in
this thesis is equal to 45 meV. This energy per pixel varies for different photon
energy settings of the whole spectrometer and therefore needs to be remeasured
after every change of the absorption edge. The method to determine the energy
per pixel is a measurement on carbon tape. There, the resolution limited, intense
elastic peak on the detector is measured for different incoming photon energies. In
addition to the energy per pixel, this method also allows for the determination of
the energy resolution of the experiment as the full width at half maximum (FWHM)
of the elastic peaks. The absolute energy of one pixel is not known a priori, depends
on the detector height and can drift during a long measurement. Because of this,
it is necessary to evaluate the energy corresponding to a specific pixel for each
spectrum in the data analysis process. Fig. 2.5 illustrates how this is done. Since
the probability for a photon to gain energy in the scattering process is negligibly
small for our conditions, the value of the incoming photon energy is the upper limit
for the detected energies and the first signal from the high energy side is the elastic
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Figure 2.5.: Energy scale calibration. (a) Raw data as it is detected by the CCD
camera. Intensity is recorded as a function of vertical pixel. (b) After converting
pixel into energy and setting a rough zero energy loss position, the low energy part of
the spectrum is fitted with two Gaussians (orange), a DHO (green) and a quadratic
background (light blue) to find the exact zero energy loss position as the centre of the
first Gaussian (indicated by vertical line). (c¢) Spectrum shifted to match the exact
zero energy loss position. The intensity is normalized to the dd excitation.

peak hw;, = hwy,:. Here, the high energy side corresponds to higher pixel number.
The elastic peak can therefore be used to set the zero energy loss in the spectrum.

In the case of calcium ruthenate spectra, the elastic peak overlaps with low energy
excitations. Thus, the fitting needs to include contributions from these excitations
in order to guarantee an exact determination of the centre of the elastic peak. For
the RIXS data presented in this thesis, the zero energy was first set roughly to the
first peak and then the low energy part is fitted with four contributions to determine
the exact position of the elastic peak (Fig. 2.5 (b)). The contributions are two
Gaussians for the elastic peak and the lowest excitation, a response function of a
damped harmonic oscillator (DHO) [37] and a quadratic function to describe the
background. The width of the first Gaussian is always fixed to the energy resolution
determined by the carbon tape measurement. In order to find the right zero energy
loss position, it is important that the left side of the first peak is described well by
the first Gaussian as it represents only elastic scattering. After the energy scale is
set, the intensity is normalized to the dd excitation peak between 2.2 — 5 eV energy
loss.
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Top view

Figure 2.6.: Experimental geometry and momentum transfer. (a) For both XAS and
RIXS measurements, the incoming photons k;, have an angle 6 with respect to the
surface normal and their polarization is either linear vertical (LV, out of scattering
plane) or linear horizontal (LH, in the scattering plane). (b) For RIXS measurements,
the momentum transferred to the sample q,,; = kouwt — Kin can be divided into a
component parallel and perpendicular to the surface (Here, —g,,, is plotted for clarity).
The angle « between the incoming and outgoing photons is fixed by the experimental
setup.

Momentum Transfer

Due to the momentum conservation in the RIXS process, the momentum that is
transferred to excitations inside the sample can be calculated from the experimental
geometry. Fig. 2.6 shows the geometry of the incoming and outgoing photon with
respect to the sample. In the experiments shown in this thesis, the in-plane momentum
dispersion is measured along the Ru-O instead of the Ru-Ru direction. Therefore
the reciprocal space is indexed by q = ha}. + kb} + lc* where a}. and b}, are the
reciprocal vectors of lattice parameters pointing along the in-plane Ru-O bond as
in tetragonal convention. The lattice parameters in real space are then ar ~ by ~

Va2 +b%/2 = 3.86A.

The angle 6 between the incoming beam and the surface normal is varied during
the experiment to change the in-plane momentum transfer along ar. The scattering
angle between incident and scattered light is fixed by the experimental setup to 130°
which leads to a« = 50°. For the calculation it is assumed that k;, ~ k.. (elastic
case), which introduces a negligible error since an energy difference of a few eV only
changes the photon momentum by several 1073 A~! from a total momentum in the
order of 1071 A~ for soft x-rays. Taking into account all the above the in-plane
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momentum is calculated as
@0t =[Kout — Kin| = 2kip cos(ar/2)
q) =|q1¢| sin(a/2 — 0)

q1 =[qyet| cos(a/2 —0)
__4
27 fay

(2.1)

2.2.4. Second Order Perturbation Scattering Theory

This section covers the theory behind RIXS and the derivation of the RIXS cross
section, following closely the derivation found in the review of Ament et al. [28].

In the RIXS process, a photon hits the sample and resonantly excites the electrons
inside the material. After this, part of the absorbed energy is released by emitting
another photon. The theoretical description of this process therefore includes the
electrons, the electromagnetic field of the photon and the interaction terms. To tackle
this complex problem, it is common to start from the electrons without electromag-
netic potentials and then add the interaction in a perturbative way. To this end, we
start by writing down the complete Hamiltonian that describes the problem and then
separate the part H’ describing the electron-photon interaction from the remaining
terms Hg, which describe the electron and photon in the absence of interaction. H’
can then be treated as a perturbation to Hy and the Fermi’s golden rule up to second
order will describe the transition rate for the RIXS process, leading to the RIXS
cross section.

To start, the system containing a set of N electrons in interaction with an electro-
magnetic field is described by the following Hamiltonian:

N

H :2 (w + %O‘i'B(n)

2m

+—2(2ch)2 o {E(r;) x [p; + eA(r;)] — [pi + eA(r;)] X E(n)}) (2.2)

1
+ HCoulomb + Z hwk (aLEake + 5) )
k,e

where the electron ¢ has momentum and position operators p; and r; and Pauli
matrices o; acting on it. A(r,t) is the vector potential of the incoming x-rays, defining
the electric field E(r) = —V¢ — 0A /0t and the magnetic field B(r) = V x A. The
creation (annihilation) of the photon with wave vector k and polarization € is
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represented by the operators aLE (ake). The vector potential can be expanded in

h . 4
A _ ( . ikr * t fzk-r> 9.
(r) ; \/ Vo €axee™ " + € ay e ) (2.3)

where V' is the volume of the system.

plane waves to

In the Hamiltonian, Eq. (2.2), the first term represents the kinetic energy of the
electron in the presence of an electromagnetic field. The second term yields the
Zeeman splitting, and the third describes the spin-orbit coupling. Hcouoms contains
the remaining electrostatic contributions, as the interaction of electrons with an
external electric potential and with other electrons and nuclei in the sample. The
last term is the energy of the radiation summed over all modes.

Now we split the Hamiltonian H into the electron-photon interaction part H’ and
the remaining terms Hy. All terms in H that are independent of A are included
in Hy, while the others contribute to H’. However, the terms linear in A coming
from the third term of Eq. (2.2) are neglected because this derivation is done in
two limits: one of the electron’s speed v being small compared to the speed of light
(non-relativistic), and the other of small potentials compared to twice the mass of the
electron (eg/2mc?, e|Al/2me < 1). Additionally, these terms would only contribute
to the second order term in the transition rate as we will see below. Fixing the gauge
by choosing V - A(r) = 0 so that A -p = p - A we have for H"

N e 62 eh
H = Z [EA(IH) “pi+ %Az(ri) + om i V x A(r;) 2.4
i=1 2.4
_ €2h ' @A(I‘Z)
(2mc)20-1 ot

X A(r;)

To calculate the transition rate for the RIXS process, it is assumed that there is a
single initial photon with energy hwy and polarization € that is scattered to energy
hwy and polarization € in the final state. Due to the scattering with the photon,
the electron system in the material changes from the ground state |g) to the final
state |f) with energies £, and Ey. In the process, the photon transfers momentum
hq = h(k—k’) and energy fiw = h(wx —wy) to the material. Using the Fermi’s golden
rule to second order, the transition rate can now be calculated. The second order
term is needed because we look at a resonant process where the photon promotes
the electron in a first step to an excited intermediate state before it relaxes into the
final state. This leads to:
2

2m (f;K'e'|H'[n) (n| H'|g;ke)
I _k/ / Hl k ’ )
w h sz,e, <fa € | |ga €> + ; Eg + hwk _ En (25)

OBy + hure — B, — huy,) .



28 Experimental Methods

Here, the first order direct transition from initial to final state describes the non-
resonant inelastic scattering which generally dominates over the second order. But if
the incoming x-rays are in resonance with a transition in the material (hwy ~ E,—E,),
the second order term which describes resonant inelastic scattering becomes large.

Having a closer look at the terms in H’ and Eq. (2.5), one can classify H' into
terms linear and quadratic in A. The quadratic ones contain terms of the form
aL,e,ake and akealt,e,, hence they are the only ones contributing to the first order
term as they include annihilation and creation of a photon in one step and give rise
to non-resonant scattering. In principle, these terms would also appear in the second
order, but there they are neglected because they are comparatively small [28].

Altogether, only two terms contribute to the first order amplitude, the one propor-

tional to A% and the o; - 22 x A term. The latter is much smaller and is therefore

ot
g;k(—:> .

neglected as well. The first order term is then given by
(2.6)

§ ' eiqu‘
i

62 f k/ , Z A2( ) k h62 6/>|< - € f k/ ,
—( f:Ke r;) | gke ) = K'e
2m \ "’ - g 2mV ey /W

As mentioned above, this term is dominating when the incident photon energy hwy
is far away from any resonance. In the case of hard x-rays and zero energy transfer,
this term contributes among others to the Bragg peaks. In the following the first
order term will be omitted because RIXS spectra show a strong resonance behaviour
which demonstrates that for these processes the second order term is dominating.

The second order amplitude in Eq. (2.5) includes then only the two resonant terms
linear in A of Eq. (2.4): the nonmagnetic term A - p and the magnetic -V x A
term. Again it can be shown from an estimate that the nonmagnetic term dominates
[28]. The magnetic term is therefore ignored and the remaining relevant operator for
the resonant transition becomes

N

1 .
D= Z e p;, (2.7)

1MWk

1=

where the prefactor has been chosen to simplify the expressions that follow.
Finally the double-differential cross section I(w,k,k’ €, €) can be obtained by
inserting the relevant parts of H’' for resonant scattering in the second order
term of Eq. (2.5), multiplying the density of photon states in the solid angle d€:
p = Vk?d|K|dQ/(27)? and dividing by the incident flux ¢/V [38]. The resulting
Kramers-Heisenberg equations are

e

[(w, kK €, €) = r2mwwic Y [Fry(k K, €, €, wi,wn0)|* 8(Ey — By + hw)  (2.8)
!
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(f|DT|n)(n|D|g)

2.9
E, + hwy — E, + 1T, (29)

Fro(k, K €, €, wy,ww) = Z
n
where the classical electron radius r, = (1/4meg)e?/mc? and the prime in D’ refers to
transitions related to the outgoing x-rays. In the scattering amplitude Fy, a lifetime
broadening I',, is introduced for the intermediate states n. This accounts for the
nonradiative interaction terms like Auger decay that are not included in H' and
make the intermediate states short lived.

From the Kramers-Heisenberg equations Eq. (2.8) and Eq. (2.9) one can make
different approaches to proceed. In a next step one can separate the scattering
amplitude Fy,(k, K, €, €, wk, wy) into two parts: one includes the geometry of the
experiment coming from the photon momentum and polarization vectors and the
other is the fundamental scattering amplitude that relates to the physical properties
of the system under study. This separation can be done exactly and leads to

Frok K e € ) =Y Tk K, €€) F(k K w), (2.10)

with the fundamental scattering amplitude F*(k, k', wy) and the angular dependence
T$(l;, K. e € ). Hence the RIXS scattering amplitude is a linear combination of these
fundamental scattering amplitudes weighted by the angular functions T”*“(f{, K. e, € ).
To understand the fundamental scattering amplitudes and compute the exact RIXS
response of a material is very demanding and sometimes a virtually impossible
task. However, different approaches can be divided in numerical and approximative
evaluations. One method is to evaluate the exact scattering amplitude and RIXS
intensity numerically, but for a simplified system like in an effective single-particle
description or small cluster of atoms. A complementary approach is to use an
approximation for the interactions of the system with the intermediate core-hole to
obtain an effective theory. The best way to come to an effective solution depends
strongly on the system and the RIXS process that is investigated.

2.3. Sample Preparation

Before the experiment, the single crystals were aligned exz-situ with a Laue x-ray
diffractometer to orient the crystallographic axes. A polychromatic x-ray beam is
focused on the sample and the backscattered signal is detected by a two-dimensional
screen. Since the incident beam contains different wavelengths, several crystal planes
fulfil the Bragg condition and multiple peaks are visible. By rotating the crystal,
one can identify high-symmetry planes and the crystal axes. Fig. 2.7 (a) shows
the diffraction pattern of CazgRuyO7 in the ab-plane that is typical for perovskite
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Ru-O

Figure 2.7.: (a) Measured Laue pattern of CazgRuzO7. Adapted from Ref. [39] (b)
Corresponding simulated Laue pattern. The crystal bonds in the measured pattern
can be assigned according to the indicated directions in the simulated pattern.

structured materials. The different axes along Ru-O and Ru-Ru, standing at an
angle of 45° to each other, can be identified thanks to higher-order reflections. These
are closer to the Ru-Ru bond directions. This is also verified by comparison to the
simulated Laue pattern in Fig. 2.7 (b). In this way, the sample was aligned such
that the c-axis is perpendicular to the surface and Ru-O and Ru-Ru directions were
marked to allow later RIXS measurements along the Ru-O direction.

For the experiments presented in this thesis, a low surface roughness is important
for a good data quality. This has two reasons: first, the soft x-rays have a shorter
penetration depth. Second, RIXS is a very photon hungry technique and diffuse
scattering on the surface should therefore be minimised. In order to obtain a clean
and flat surface, the sample was cleaved in-situ at base temperature and high vacuum
with the standard top-post procedure.



3. Results

In this chapter, results on the bilayer CazRu,O; are presented and compared to
recent studies of the single layer CagRuO,4 [40, 41]. The first section focuses on the
XAS and the second on the RIXS measurements. At the ADRESS beamline, both
experiments are done within the same measurement chamber by simply switching
the detectors from diodes for the XAS experiment to the SAXES spectrometer for
RIXS.

3.1. XAS Measurements

Before the low energy excitation spectrum can be measured by RIXS, the energy
of the incoming photon beam is tuned to an absorption edge in the material under
investigation. Because the exact energy difference between occupied and unoccupied
levels is material and site dependent, the exact fine structure of the edge is first
determined by a XAS measurement. The absorption spectrum already reveals a
lot of desirable information about the structure of the sample. In this chapter, it
is shown how the different sites of the oxygen in the CazRu,O7 crystal result in
distinguishable absorption energies and that the coupling to different Ru d orbitals
induces an extra shift in energy. The results on CagRu,O7; are compared to the
spectrum taken from CasRuQOy.

3.1.1. Absorption Edge and Orbital Selectivity

Most of the intriguing physics of the ruthenates evolves from the valence electrons in
the moderately localized d shells. The 4d shell in the ruthenates is only partially filled
because the ground state electron configuration of Ru changes from [Kr]4d"5s! to
[Kr]4d*5s° due to the oxygen octahedron environment. For a complete understanding
of the exotic phenomena in these materials it is therefore ideal to look directly at
the electronic structure of the d orbitals. However, the Ru L 3-edges that probe
transitions from 2p — 4d have an energy of ~ 2.8—3 keV which lies in the tender x-ray
regime [42]. From a technical point of view, light with this energy causes difficulties
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because its wavelength is too large to match the inter-plane spacing in hard x-ray
crystal monochromators and too small for the groove of grating monochromators used
for soft x-rays. For this reason, there were no instruments available to measure this
edge with high energy resolution when the experiments presented in this thesis were
done. But it has to be mentioned that just recently a tender x-ray RIXS beamline
at PETRA-III operating in the tender x-ray regime has been built. Its spectrometer
was especially designed for measuring the L-absorption edges of 4d metal compounds
and first papers on ruthenates have already been published [43, 44]. However, the
energy resolution of this instrument is around 150 meV which is much worse than
the resolution that can be obtained with soft x-ray instruments (see section 2.2).
The next higher edges are Ru M 3 that probe transitions from 3p — 4d. Though
they have an energy in the soft x-ray regime, these edges have been little studied
and the ease of measurement is not well established. In fact, the RIXS intensity is
currently too small to obtain reasonable data. Another way around the technical
obstacles is accessing the Ru d orbitals indirectly through their hybridization with
the O p orbitals [40, 41]. The oxygen K-edge is around 530 eV and can be measured
with soft x-ray instruments.

Measuring at the oxygen K-edge also allows the experiment to be orbital selective.
This is due to the fact that the absorption is determined by the dipole matrix element
of O 1s—2p, , . transitions and the hybridization strength between O 2p,, .—Ru
4d orbitals. The matrix element is fully determined by the relative orientation of
the polarization vector and the final state p orbitals because of the initial state s
orbital’s isotropy. This means that if the polarization vector is aligned with the p
orbital direction x,y or z, the transition is enhanced. This procedure has already
been applied for different materials like the iridates and is explained in Ref. [45].
In the geometry used for the experiments in this thesis (see Fig. 3.1 (a)) the O p
orbitals are aligned along the x,y or z-direction. The incoming light beam lies in
the zz-plane with varying angle 6 to the z-axis. Therefore, incoming linear vertical
(LV) light has the polarization out of the scattering plane along the y-direction
and interacts predominantly with p, orbitals. For linear horizontal (LH) polarized
light the polarization vector lies in the scattering plane and points either along the
z-direction for normal incidence (6 = 0°) or along the z-direction for near grazing
incidence. Thus, this light polarization probes the changeover from in-plane p,
orbitals to out-of-plane p, orbitals. Changing the light polarization and varying
the incident angle 6 therefore makes it possible to selectively enhance transitions to
specific p orbitals.

Fig. 3.1 (b)-(d) illustrate how the different p orbitals from planar or apical oxygen
sites hybridize with the different Ru 4d orbitals. Taking all these considerations
together, one can for example infer that for measurements with LV polarization which
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Figure 3.1.: (a) Simplified crystal structure without calcium atoms. The orange
apical oxygen atoms lie on the out-of-plane crystal c-axis whereas the red planar
oxygen atoms are on the ab crystal plane. Incoming light lies in the xz-plane with a
varying angle 0 to the z-axis (compare Fig. 2.6) (b)-(d) Hlustration of the O 2p - Ru
4d hybridization. Red and orange p orbitals correspond to planar and apical oxygen

sites, respectively.

aligns the electrical field with p, orbitals, the apical oxygen absorption probes the
occupancy of Ru d,, while the absorption on planar oxygen probes the Ru d,, and
dg2_,2 through hybridization with the oxygen p, orbital. Table 3.1 shows a summary
of the orbital selectivity achieved by different experimental conditions. The orbitals
written in bold correspond to the ¢y, states which are lower in energy than the e,
states. Because of this, the peaks in an absorption spectra corresponding to these
orbitals will also be at lower energies. The apical and planar absorption edges of the
oxygen can generally be distinguished through their energy as well. Because they
experience a different chemical environment, the absorption resonances are changed.
In single layered ruthenates this difference is around 1 eV. However, for bilayered
structures there are two different apical sites where only one of them, the O(al) has
just one ruthenium neighbour. The apical oxygen O(a2) in the middle of the two
layers is in between two ruthenium atoms and its chemical environment is therefore
more close to the one of planar oxygen. This difference will manifest itself in the
absorption spectra presented in the next section.
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Apical O Planar O

LH normal p, | d. Ay, dy2_yp2
LH grazing p. | d.» dyz, dy.
LV Dy dyz dmy, dxz,yz

Table 3.1.: Summary of the different experimental conditions that enhance transitions
from planar or apical oxygen into certain Ru d orbitals. Orbitals in bold correspond

to ty4 states at lower energy.

3.1.2. Absorption Spectra of CazRu;07

Fig. 3.2 shows the oxygen K-edge absorption spectra of CazRusO7; recorded in total
fluorescence yield at base temperature T" = 23 K. It compares measurements taken
with LH or LV polarization for normal (# = 0°) and near grazing (6 = 74°) light
incidence. A constant background was subtracted and the spectra were normalized
to the maximum intensity. The same data processing procedure was applied to all
XAS spectra of CagRuyO7 shown in this thesis. The first striking feature of the
spectra in Fig. 3.2 is the similarity between both LV and the LH spectrum at normal
incidence: they are completely identical in the near-edge region at lower energies.
The absence of a dependence on the incident angle in the LV spectra is consistent
with the assumption that always the same orbitals are probed with this polarization.
However, the similarity between LV and LH normal incidence spectra confirms that
the hybridization between the two in-plane O p,/p, and the Ru d,./d,. orbitals is
indistinguishable. This reflects that the  and y direction in the crystal are almost
equivalent. Furthermore, it is a strong indication that a splitting in energy between
the d,. and d,. orbitals has to be much smaller than the energy resolution of this
experiment (~ 15 — 35 meV at oxygen K-edge [31]).

The situation looks different for LH polarization at grazing incidence. There we
are probing the out-of-plane p, orbital that is hybridizing with the two ¢y, orbitals
dy.,d,.. Through the apical oxygen site we are only sensitive to the e, orbital d»
which lies at higher energies. Comparing the low energy part of the spectrum, the
shoulder at around 528.3 €V in the LV and LH normal incidence spectra (indicated
by a dashed vertical line) is clearly gone for LH grazing incidence. This leads to
the conclusion that this lowest energy peak can be assigned to the apical resonance
probing d,. and d,.. In fact, it is a common feature for single layer perovskite
structured TMO’s that the apical resonance is at 1-2 eV lower energies than the
planar one. This is observed for CasRuO, [46], strontium ruthenates [47], iridates
[45] and cuprates [48]. The same trend can be observed in our data for the bilayer
CazgRu,07, although the difference in energy to the pronounced peak around 528.9 eV
seems to be less than 1 eV.
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Figure 3.2.: Oxygen K-edge XAS for (a) LH polarized and (b) LV polarized light
recorded at T = 23 K. # = 0° corresponds to normal incidence of the incoming photon
beam and 6 = 74° is near grazing incidence.

Common to all spectra is the strong peak at 528.9 eV (indicated by a solid vertical
line). Only for LH polarized light at grazing incidence this resonance is shifted
slightly to 529 eV. On one hand this peak can be assigned to the planar oxygen
site hybridizing with ¢3, ruthenium orbitals. On the other hand, considering the
two different apical sites O(al) and O(a2) in CagRuyO7, they have a significantly
different chemical environment and should therefore have distinguishable absorption
energies. Thus, the spectra shown here suggest that the inner apical O(a2) and
planar site O(p) are very close in energy so that the strong peak is arising from
these two sites. The resonances at higher energies stem from hybridization of the
O p orbitals with the Ru e, states. However, at higher energy the spectra do not
allow for an unambiguous assignment of the peaks to certain resonances. To be
more specific, it is not possible to distinguish resonances from apical or planar sites

hybridized with the two e, states dy2_y2, d.2.

In summary, we have assigned the lowest energy contribution at 528.3 eV to come
from O(al)-to, hybridization and the strong peak at 528.9 eV to have O(p)/O(a2)-ta,
character. For brevity and clarity the features are from now on relabelled to apical
for the former resonance and planar for the latter. However, it should be kept in
mind that the planar resonance has contributions from both O(p) and O(a2).

Fig. 3.3 (a) shows the temperature dependence between the base temperature
T =23 KuptoT =79 K of the LV spectra at normal incidence. It is clearly seen
that there is no significant dependence of the absorption on temperature. Both the
energy as well as the relative intensity of the different resonances stay exactly the
same. This is remarkable considering the major changes CazRuy0O7 undergoes both
electronically and magnetically between these temperatures. As introduced in section
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Figure 3.3.: (a) Temperature dependence of the CagRuyO7 oxygen K-edge XAS
taken with LV polarized light at normal incidence. The spectra are normalized and
shifted vertically for clarity. (b) Temperature and angle dependence for CagRuO4. A
and B label the apical and planar feature, respectively. Taken from Ref. [49].

1.2.2, CagRu, 07 undergoes two phase transitions when it is cooled. First a magnetic
transition at Ty = 56 K where the material enters an A-type AFM state and then
a structural transition at T, = 48 K. Below this temperature, the out-of-plane
resistivity has a sharp increase while the in-plane resistivity decreases with lowering
temperature. This leaves the system in a poorly metallic antiferromagnetic state.
However, none of these changes in macroscopic observables seem to be showing up in
the absorption measurement. In contrast, CasRuQO4 shows dramatic changes going
through the structural transition at 7, = 356 K and the magnetic transition at
Tn = 110 K as can be seen in Fig. 3.3 (b). There, the relative intensity of apical
and planar resonances (labelled A and B, respectively) switches by going from a
paramagnetic metal to an antiferromagnetic insulator.

It has to be mentioned that even though only one spectrum (LV, § = 0°) is shown
for CagRusO7 in this thesis, all four different experimental conditions (LH/LV,
0 = 0°/74°) were measured temperature dependent. For all conditions, the spectrum
does not change at all when the temperature is raised up to 7' = 79 K.

3.1.3. Comparison to Ca;RuQ,

The structural and magnetic differences between the single layer CasRuO,4 and the
bilayer CazRuyO7 are well reflected in the absorption spectra. Fig. 3.4 (a) compares
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Figure 3.4.: (a) XAS comparison of CagRuyO7 data with CagRuQO,4 data from Ref.
[41]. Green bars indicate energy difference between the apical resonances in the lower
panel and between the planar resonances in the upper panel. (b) XAS spectra at
oxygen K-edge for strontium ruthenates. Taken from Ref. [47].

the spectra of CagRu,O7 from Fig. 3.2 (a) with spectra of CagRuO, recorded under
the same experimental conditions that were published recently in Ref. [41].

In the single layer CasRuQy, the ruthenium atom is also surrounded by an oxygen
octahedron and we have the same orbital selectivity for the different experimental
conditions as displayed in table 3.1. But for Cay;RuOy it is known that the o,
triplet is not degenerate. The c-axis compression at the structural transition lowers
the energy of the d,, band and leaves it almost completely occupied. This orbital
is therefore not accessible in the XAS process and can not be probed. Another
difference is that there is only one layer of the perovskite lattice alternating with
spacer layers. This means that the oxygen can only occupy two different sites in the
crystal: either the apical at the border to the spacer layer or the planar site within
the Ru-O plane.

The dark blue spectrum of CasRuOy in the lower half of Fig. 3.4 (a) was recorded
with LH polarization at normal incidence. This experimental condition measures the
p. orbital hybridized with d,. at the apical site and with d 2_,» at the planar site.
In good agreement with this there is only one strong peak in the low energy part
which has apical ty, character. In the upper half of Fig. 3.4 (a), the spectrum for
grazing incidence is shown. In this condition, the orbitals probed are d,,/d,. at the
planar site and the high energy d,» at the apical site. As expected, the apical ty,
peak is strongly suppressed here and instead a pronounced response is observed at
slightly higher energy having planar ¢y, character.

Comparing CazRusO7; and CasRuQy4 spectra, it can be observed that the whole
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CagRuyO7 spectrum is shifted consistently to lower energies as indicated by green
bars for the apical and planar resonance. The extracted low energy t,, resonances
are summarized in table 3.2. They support the observation and reveal a shift value
of 0.8 eV. Consistent for both compounds is the separation of the apical and planar
resonance by 0.7 eV.

CazRuy,O7 CasRuOy
apical 528.3 eV  529.1 eV
planar 529.0 eV 529.8 eV

Table 3.2.: Energies of the low energy XAS resonances of CagRusO7 and CasRuOy.
The planar resonance value of CagRusO7 is extracted from the LH grazing spectrum,
where the measurement is mainly sensitive to O(p) contributions only at low energies.

The data analysis procedure is illustrated in appendix A.

3.1.4. Discussion

The XAS spectra of CagRuyO7 reported here can be consistently interpreted with
orbital selectivity by light polarization and incident angle as it was applied in previous
studies of ruthenates [40, 41]. It seems that the resonance mediated by the inner
apical oxygen O(a2) is very close in energy to the planar O(p). Because of this,
these two can not be distinguished in the spectra which makes it impossible to
draw any direct conclusion about the occupation of the d,, orbital. However, the
c-axis compression is much smaller in CagRu,O7 than in CasRuO4 which leads to
the assumption of less d,, occupancy in CazRuyO7. For CayRuOy, the spectra
are in perfect accordance with an almost fully occupied d,, orbital and apical and
planar resonances can be distinguished easily in the spectra. The fact that the
inner apical resonance shifts towards the planar resonance for increasing number of
layers has already been seen in the Sr,1Ru,, 03,41 series [47]. Fig. 3.4 (b) shows
XAS spectra at the oxygen K-edge for different incident angles measured on the
single layer, bilayer and trilayer compound. There it is also observed that the double
apical and planar peak for SroRuQO4 turns into a single peak with a shoulder in
SrsRusO7 and SryRus307y. But what is not observed for the strontium series is the
shift of the whole spectrum towards lower energies for the bilayer. This seems to
be specific for the calcium compound. Another remarkable observation is the lack
of temperature dependence of the XAS spectra for the bilayer. As the material
undergoes significant changes in electronic properties, it would be expected to see
changes in the partially occupied Ru 4d orbitals. In the single layer CasRuQy, the
XAS spectra show dramatic changes in the relative intensity of apical and planar
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resonances by going through structural and magnetic transitions. A reason for the
difference between the single and double layer may lie in the temperature regime
and magnitude of the structural transition. In CagRuQy, T§ is seven times higher
and the compression of the c-axis is ten times larger compared to CagRusO7. Thus
the relatively small structural changes in CagRu,O7, which are not enough to drive
the system fully insulating, are not visible in XAS spectra.

3.2. RIXS Measurements

After the absorption spectrum was recorded, the energy of the incident photon beam is
set to an absorption edge and a RIXS measurement is performed. This chapter shows
the data of CagRuyO; taken under different experimental conditions and the low
energy excitations are discussed. They are then compared to CasRuO,4 measurements
from Ref. [41].

Unless otherwise indicated, all the measurements on CagRuyO7 presented in this
chapter are taken at the planar absorption edge at 528.9 eV. This resonance has
O(p)/O(a2)-ty, character and probes mainly the Ru d,,, d,. and d,, orbitals via
oxygen atoms within the double layer. Since CagRuyO7 is a quasi two dimensional
crystal the in-plane momentum transferred by the RIXS process is indexed in
tetragonal convention as relative lattice unit & in (h,0) for measurements along the
Ru-O bond (see section 2.2.3).

3.2.1. Excitations in Different Experimental Conditions

Fig. 3.5 shows the RIXS spectra of CagRu,O7; taken under different experimental
conditions where each panel compares another experimental parameter under other-
wise identical conditions. In Fig. 3.5 (a) the spectrum shows the RIXS intensity as a
function of energy loss up to 5 eV at base temperature recorded with LV polarized
light at near grazing incidence. The dark blue curve was taken with an incident pho-
ton energy of 528.9 eV which corresponds to the planar resonance whereas the orange
curve was taken at the apical resonance with incident photon energy of 528.3 eV.
Both spectra were normalized to the integrated intensity of the most pronounced
peak around 3.5 eV. In both spectra, three distinct RIXS excitations, labelled as
A, B and dd, can be identified. The highest energy excitation has its maximum at
around 3.4 eV energy loss at the planar resonance. At the apical resonance, the
peak is shifted downwards to around 3.1 eV. Additionally, the peak is less broad and
therefore slightly more intense in the normalized spectrum shown here. Excitations
A and B show the opposite trend in both position and width. Peak B is shifted
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Figure 3.5.: (a) RIXS spectra comparing two different incident energies, one at
the apical resonance with E = 528.3 eV and the other at the planar resonance with
E = 528.9 eV. (b) Comparison of the low energy part for different incident light
polarizations LV and LH. (¢) Comparison for two different temperatures, one below
and the other above the structural and magnetic transitions.

towards higher energy loss for the lower incident energy and is much broader. For
the A excitation, an unambiguous conclusion is difficult to make since it overlaps
strongly with the elastic scattering peak at 0 eV energy loss. However, the two peaks
seem to be more separated in the apical curve, indicating that this excitation is also
at higher energy loss for lower incident energy. Especially interesting is the intensity
behaviour of this lowest energy excitation. In the planar curve it is only apparent as
a shoulder on the right side of the elastic peak whereas it appears as a peak with
the elastic peak as a shoulder on the left side for the apical curve. This indicates
that the A excitation is enhanced for an incident photon energy tuned to the apical
resonance which probes Ru d,./d,, orbitals.

The dependence of the low energy excitations on incident light polarization is shown
in panel (b) for incident energy at the planar resonance and base temperature. The
dd peak at higher energy, which is not shown in this spectrum, does not show
any dependence on light polarization. However, in the low energy part, the elastic
scattering at 0 eV energy loss shows a clear difference: it is strongly suppressed for
LH polarized light. The reason for this lies in its origin. A large contribution to the
elastic peak comes from diffuse scattering due to deformations and crystal defects.
Another source is the crystalline surface roughness which also gives rise to diffuse,
static scattering. Both contributions are seen in the non-resonant scattering channel
which is described by Eq. (2.6). The transition rate for these processes has an €’ - €
polarization dependence, where € (€) is the scattered (incoming) photon polarization.
As a result, non-resonant scattering is minimized for LH polarized light, where the
polarization lies in the scattering plane, and for a scattering angle of 90°. This effect
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is also seen in the data presented here, where the scattering angle was fixed to 50°.
Another difference between the two curves in panel (b) is a slightly more intense
B excitation for LH polarization. However, the A and B excitations do not show a
strong light polarization dependence, indicating that there is no big difference in
exciting into d,,/d,, or d,, orbitals. This further strengthens the assumption that
the d,, orbital is not globally fully occupied in the bilayer.

Lastly, two different temperatures are compared in panel (c) of Fig. 3.5. At 20 K, the
system is in a poorly metallic and antiferromagnetically ordered state as described
in section 1.2.2. The high temperature curve was taken at 80 K, well above the
structural and magnetic transition temperatures where the system is a paramagnetic
metal. In the previous section it was already seen that the XAS spectrum does
not show any temperature dependence between 20 K and 80 K. Consistent with
this, the RIXS spectra do not show any distinct changes as well. However, a small
enhancement of intensity is observed between approximately 1 eV and 2.5 eV energy
loss. The increase in intensity rather has the character of a bigger background than
an additional excitation signal. Another small difference in the two spectra is the
slightly smaller peak around 0 eV energy loss at 80 K.

In summary, all three excitations (A, B and dd) are measured for all experimental
conditions. The dd excitation shows neither a polarization nor a temperature
dependence but shifts to lower energy loss for lower incident photon energy. This
means that the incident energy does not affect the energy of the re-emitted photon,
but rather the amount of energy transferred to the system, suggesting a wide range
of final states accessible. Together with the high energy of this excitation this
points either towards charge transfer or dd excitations, where the hybridization
with broad O p orbitals leads to a relatively broad bandwidth. Comparison to the
CagoRuOy spectrum discussed in section 3.2.3 will allow to assign it to dd excitation.
The A and B excitations have no distinct dependence on temperature, indicating that
these excitations persist into the paramegnetic regime and therefore do not have a
magnetic origin. Whereas the B excitation is slightly enhanced for LH polarization, it
is not possible to draw any conclusion for the A excitation as it can not be separated
from the extremely weak elastic peak at LH polarization.

Puzzling is the behaviour for these two excitations with varying incident energy. The
fact that the B excitation is at higher energy loss for lower incident energy and the
considerably broader width could be indications for a different origin.
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3.2.2. Momentum Dispersion of Lowest Energy Excitation

In addition to the energy of elementary excitation, RIXS is capable to measure
their dependence on momentum by varying the incident angle 6 of the photon beam.
Even though the angle between incident and scattered light is fixed to 50° for all
measurements shown in this thesis keeping also the modulus of momentum fixed,
the in-plane component of the momentum transferred to the quasi two-dimensional
system can be varied by changing #. The determination of the in-plane momentum
h in relative lattice units from the incident angle 6 is explained in detail in section
2.2.3.

To extract the momentum dependence of the lowest energy excitation, LV polarization
is chosen. There the elastic peak is pronounced enough to allow for a fit according to
the left side of the peak at 0 eV energy loss. The additional weight on the right side
of this peak can then be assigned to the A excitation. For the LH spectrum, the weak
peak around 0 eV energy loss is overlapping strongly with higher energy components
and is not strong enough to be unambiguously divided into two components for the
elastic peak and the A excitation. To determine the A excitation energy, the data
around 0 eV energy loss is fitted by a 4 component function as described in section
2.2.3 to account for the elastic, A and B peaks and the background. Fig. 3.6 (a)
shows two spectra recorded with different incident angles (momentum transfers)
as indicated. The solid black line is the Gaussian fit corresponding to the elastic
scattering. Here it is clearly evident that this elastic peak with a resolution fixed
width is not enough to capture the data below 0.2 eV. As the elastic scattering is
most pronounced near specular condition (f# = 28°), the peak in the lower spectrum
is dominated by this part and the excitation A is only visible as a shoulder on the
right side. Near grazing condition the situation is reversed and the elastic scattering
appears as a shoulder on the left side of the excitation peak. In Fig. 3.6 (b), spectra
with elastic scattering subtracted according to Gaussian fits as shown in (a) are
displayed for different in-plane momentum transfer h to visualize the dispersion of
the A excitation. The position of the second Gaussian fit component corresponding
to the excitation is indicated with short vertical bars. It is clearly visible that the
peak is moving towards lower energy as in-plane momentum is increased.

Even though the B excitation is mimicked by a damped harmonic response function
in the fitting, the resulting width of the peak is higher than the energy of the
excitation. This indicates that the feature in the spectrum is composed of more than
one component. The data presented here do however not allow for a deconvolution
of the peak. For this reason, the peak position was extracted from fitting the zero
of the peak derivative. This procedure is summarized in appendix B. Within the
accuracy of this method and the energy resolution of this experiment, no dispersion
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Figure 3.6.: (a) Zoom around the elastic peak for two spectra taken with LV
polarization for incident angle (momentum transfer) as indicated. Solid black curves
are Gaussian fits of the elastic component. Shoulder to the right of the elastic peak
indicate an overlapping low energy excitation. (b) RIXS spectra as a function of
in-plane momenta with elastic scattering subtracted according to Gaussian fits as
shown in (a). Short vertical bars indicate the position of the Gaussian fit for the low

energy excitation.

for the B excitation can be observed. The results of the momentum dependence
together with the results of CagRuO,4 are summarized in the next section.

3.2.3. Comparison to Ca;RuQ,4

The results on CagRusO7 are now compared to the single layer CagRuO,4 with focus
on distinct differences in the spectra. This allows for a more profound interpretation
of the excitations found in CagRuy07, since the low energy features in CagRuO,4 have
a strong orbital character and are interpreted as manifestations of the materials
band-Mott insulating nature. The differences in RIXS can therefore be discussed
in terms of the dissimilar spin and orbital ground states. Fig. 3.7 (a) shows the
data on CagRuyO7 in red, taken with LH and LV polarized light at incident angle as
indicated, as well as data on CagRuQOy in dark blue from Ref. [41], taken at almost

the same experimental conditions.

In CayRuQy, four low energy excitations labelled A, B, C and D can be observed
with approximate energy losses of 0.08, 0.35, 1.3 and 2.4 ¢V. The broad and intense
peak around 4 eV energy loss corresponds approximately to ty, to e, splitting in
XAS spectra and is hence assigned to dd excitations in Ref. [40]. The intensity
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Figure 3.7.: (a) Comparison of LH and LV RIXS spectra of CagRusO7 and CagRuOy.
Four low energy excitations A, B, C and D are found in CagRuOy4. (b), (c) energies of A
and B excitations as a function of in-plane momentum h, extracted from CagRusO7 LV
(LH) spectra for A (B), and CagRuO4 LH spectrum. Errorbars on CagRusO7 A
excitation energies indicate standard deviation 3¢ extracted from confidence intervals
of the fitting parameter. For the B excitations, see appendix B. The A excitation
shows a clear dispersion towards lower energies for increasing momentum in CagRusO7.
CagRuO, data from Ref. [41].

of the four low energy excitations depends strongly on incident light polarization.
In Ref. [41] it is discussed how the different excitations can be observed on the
apical or planar site with LH or LV polarization. In comparison to theoretical
modelling that is discussed in detail in the supplemental material of Ref. [41], they
can be interpreted as a result of composite spin-orbital excitations. More precisely,
excitations C and D are associated to single and double singlet-triplet excitations
with energies defined by Hund’s coupling (2Jy and 4Jy respectively). The A and
B excitations reflect the internal low energy scale configuration of the t,, orbitals
occupied by 4 electrons. Without spin-orbit-coupling A, the threefold degenerate
ground state sector o has a doubly occupied d,, orbital (doublon) and the other
two electrons forming a spin-triplet state. The lowest lying excitation sector (8
is sixfold degenerate with the doublon in the d,. and d,. orbitals. When finite
spin-orbit-coupling is introduced, the degeneracies of the o and [ states are lifted.
Additionally, the orbital character of the doublon state is mixed and the [ states
hence correspond to spin orbital excitations. With this theoretical background, the
A feature in the spectrum is assigned to magnetic excitations within the « sector
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whereas the B feature is interpreted by S sector excitations.

In Fig. 3.7 (b), the momentum dependence along the Ru-O bond for A and B in
CasRu0, are shown again in dark blue. The peak maximum position reveals a very
weak momentum dependence for the B feature, indicating a dispersive B sector with
a minimum at the zone centre. For the A excitations, no dispersion could be observed
within the experimental energy resolution.

Comparing CagRu,O; and CasRuO, spectra clear differences can be observed. First,
the intense peak around 3.5 eV associated to dd excitation is shifted towards lower
energies in CagRuyO7. Second, peaks C and D in CasRuQO, representing singlet-
triplet excitations are completely absent in CazRusO7. Lastly, peaks A and B are
present in both compounds, but the peak shape, intensity and position of B clearly
differs. In CayRuQ,, the peak has a distinct polarization dependence in intensity
as well as in position. In contrast, the B peak in CagRu,O7 is much broader, less
intense and shows almost no polarization dependence.

Looking at the momentum dependence of excitations A and B for both compounds in
Fig. 3.7 (b), the differences of these two excitations become even more apparent. Due
to the broadness of B, no dispersion can be observed for CagRus0O7. On the other hand,
excitation A is consistently at significantly lower energies in CagRusO7 compared to
CayRuQOy4 and disperses strongly to lower energies for higher in-plane momentum h.
This indicates that excitation A in CagRusO7 represents a unique collective orbital
excitation.

3.2.4. Discussion

The differences between CasRuO, and CazRuyO; in the RIXS spectra are not
surprising considering the different magnetic and electronic ground states. As already
mentioned for CagRuOy, the c-axis compression lowers the energy of the d,, orbital
leaving it doubly occupied. The remaining two electrons in the d,, and d,,, orbitals
form a spin triplet with antiferromagnetic in-plane spin ordering. In CazRu,O7,
the magnetic moments are ferromagnetically ordered in-plane. Having the same
ferro-orbital order as in CasRuQO4 with the doublon always on the same orbital, this
would lead to a complete blocking of the electron itinerancy in the ab-plane. Hence,
one would expect to have a different type of orbital ordering. Another indication
for this scenario is the reduced c-axis compression in CagRu,O7 that may not lower
the energy of the d,, orbital enough to leave it doubly occupied on all ruthenium
sites and drive the system Mott insulating on the other orbitals. Altogether, these
theoretical considerations about an antiferro-orbital order in CazRu,O7 are supported
by the experimental data presented in this work. Neither do the XAS data show
a dependence on probing d,,, d,. or d,., nor are the excitations seen in RIXS
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polarization dependent.

With such a type of ground state, CazRuyO7 will have spin and orbital excitations of
different nature than CasRuQOy. A possible explanation for the low energy mode in
CagRus 07 would be orbital flip type excitations, where the doublon character on one
ruthenium is changed and this excitation then propagates. This kind of excitations
would not be sensitive to spin ordering and therefore the presence of these features in
the RIXS spectra above the magnetic transition at 80 K is not surprising. However,
other origins of the excitations can not be excluded and a complete explanation can
not be given based on the data presented here. Additionally, a reason for the missing
C and D excitations in CagRu,O7 is still lacking.

In summary, the RIXS data presented in this chapter reveal two low energy excitations
A and B besides the dd excitation in CazRusO7. Momentum dependent measurements
of A show that this excitation is dispersing towards lower energy for increasing in-plane
momentum and is therefore interpreted as a collective orbital excitation. Comparison
to CagRuQy reveals several significant differences in the spectrum: missing C and D
excitations in CagRu,O7, shifted dd excitation peak and different shape, intensity
and energy position for A and B. Most remarkably, the momentum dependence of
the low energy excitations present in both compounds is clearly different.
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In materials that show an extremely diverse phase diagram like the ruthenates, the
interplay of multiple competing energy scales leads to complex behaviour of lattice,
spin and orbital degrees of freedom. In CasRuQy, the insulating state can not be
explained by a conventional Mott transition alone but rather by a combination of
band and Mott physics. Hund’s coupling also takes an important role since the
intermediately filled 4d-t5;, manifold has a multi-orbital character. Additionally, the
importance of spin-orbit coupling has been confirmed in the interpretation of low
energy electronic excitations. Comparison of the double layer CazRusO7 to this
system therefore offers the opportunity to study the influence of structure on the
relative strength of these different energy scales. Although there are many similarities
between the two compounds, the low temperature electronic and magnetic properties
of CazRu,07 differ significantly from CasRuO4 and are not fully understood yet.

In this thesis, a comparative XAS and RIXS study of these two compounds is
presented and differences in the low-lying electronic properties are identified. The
oxygen K-edge absorption spectra of CagRu,O7 confirms the orbital selectivity of this
method and shows distinct features depending on the oxygen site and hybridization
with ruthenium ¢4 and e, orbitals. The comparison of different light polarizations
and incident angles suggests that the inner apical oxygen O(a2) is very close in energy
to the planar O(p). Furthermore, there was no temperature dependence observed
in the absorption by crossing both structural and magnetic transitions. This is in
contrast to the behaviour found in CasRuO,4. Additionally, the whole XAS spectrum
of CazRuy07 seems to be shifted towards lower energies compared to CasRuQOy.

The RIXS spectra of CagRusO7 show three features beside the elastic peak. A very
intense and broad dd excitation and two low energy excitations A and B. All of
them are almost independent of light polarization and do not change by crossing
the magnetic and structural transition temperatures. Thus, these excitations are
not likely to depend on spin ordering. Most remarkably, a detailed analysis of
the momentum dependence reveals the dispersive character of the A feature. This
collective orbital excitation is reported here for the first time and is unique for that
compound as shown by a direct comparison to the single layer CapRuQOy4. Additionally,
two features in the RIXS spectrum of CasRuO4 are completely absent in CagRusO5.
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Altogether, the findings suggest that these differences are connected to the different
electronic and magnetic ground states of these two materials. Whereas the in-plane
momenta are antiferromagnetically ordered in CasRuOy, they are ferromagnetically
ordered in CagRuyO7. To preserve itinerancy in CagRusO7, the orbital order of the
t9, manifold must be different from CayRuQOy4, where ferro-orbital order is realised by
a doubly occupied d,, orbital on all ruthenium sites. However, the results presented
here do not allow for an unambiguous conclusion about the relative occupancy of
the ¢y, orbitals.

Further investigations of the orbital occupancy with different techniques like polariza-
tion dependent ARPES or resonant scattering are necessary to resolve this question.
Another possible next step are theoretical model calculations for both XAS and
RIXS responses of the in-plane ferromagnetic ground state to support our findings
and help for an interpretation of the low energy excitation spectrum. A more direct
way of looking at the interesting physics happening in the Ru d orbitals is Ru L-edge
RIXS that has been currently made accessible at PETRA-III (see section 3.1.1).
Such a measurement has already been done on CayRuO,4 by Gretarsson et al. [44].
In contrast to the findings presented here and in Ref. [41], they observe an additional
excitation below 2 eV and hence obtain a different value for the Hund’s coupling Jg.
The excitation spectrum of CagRuQy is therefore still controversial.

In general, RIXS is an extremely versatile technique that is routinely used to
investigate many different types of excitations. Apart from the above mentioned
orbital excitations, a lot of work has been done on magnons, phonons and even charge
order. In appendix C, a Cu L-edge RIXS experiment on the cuprate superconductor
Lay ggFug 2Srg.12CuQy is presented, where charge order is measured in the quasi-elastic
scattering contribution of the RIXS spectra.

Beyond the scope of standard RIXS experiments presented here, new advances are
made in studying the time evolution of elementary excitations after a perturbation
of the system. Such non-equilibrium measurements have been made possible by the
development of extremely bright x-ray free-electron lasers (FEL). First time-resolved
pump-probe RIXS measurements have already been made and a lot of effort is taken
to enhance energy resolution in such experiments [50, 51]. Although FEL-based
RIXS is a new and still developing technique, FEL facilities are regularly used as a
source for other techniques like x-ray diffraction. Appendix D briefly summarizes
the outcome of two XRD free-electron laser experiments performed at SACLA and
SwissFEL with high magnetic field (47 Tesla) applied to La; ggSrg 12CuQOy.
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A. Absorption Resonance Energy

To determine the energy of the apical and planar resonance, the low energy part of
the XAS spectrum is fitted with the sum of three Gaussian line shape components
to describe the two resonance peaks and the background from absorption resonances

at higher energies:
_ 2 _ 2 _ 2

I(E) = are”(5a") 4 ape(52%) 4 gpe (557) (A1)
where [ is the measured intensity, £ the incident photon energy and a;, b; and c; are
the amplitudes, positions and widths of the Gaussians. The absorption energies for
apical and planar resonances are then extracted as the peak positions b; /by of the two
fitted lower-energy Gaussians. Fig. A.1 shows an example of the fitting procedure.
The value of the planar resonance in table 3.2 is extracted from LH grazing spectrum,
as this experimental geometry probes the O(p) sites at low energies.

0.8~ 1= (528.30 £ 0.10) eV

b
b, = (528.91 + 0.03) &V

o
o
T

XAS Intensity
o
~
\

02—

oe Y o — | — = —
527 527.5 528 528.5 529

Energy [eV]

Figure A.1.: Low energy part of the LV normal incidence XAS spectrum illustrating
the fitting procedure. The fit (red) is composed of two Gaussians (orange) and the
tail of a third Gaussian as background (green dashed).
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B. Analysis of B Excitation

In CazRuy07, the B excitation around 350 meV is so broad, that its width is larger
than the excitation energy. This indicates either that a quasiparticle picture is
invalid or that the B feature is composed of more than one quasiparticle excitation
which can not be resolved in this experiment. To assign an energy to this feature for
comparison with the single layer data, the peak position is defined as the maximum
evaluated as the zero of the derivative.

Because the data includes counting statistical noise, each spectrum is first smoothed
by taking the Gaussian weighted average of data points in a variable binning win-
dow. To account for the dependence of the peak maximum on the window size,
each spectrum is smoothed with window sizes between five and one hundred, see
Fig. B.1 (a). The zero of the derivative is then extracted for all the differently
smoothed data and plotted as function of window size. The actual peak position for
the spectrum is the limit for window size zero defined as the y-intercept of a first
order polynomial fit to the points, see Fig. B.1 (b). The first four data points are
excluded in the fitting procedure. For these points, the window size is too small
resulting in a non-representative peak maximum. The errorbars in Fig. 3.7 represent
the peak width at 98% of the total hight, evaluated from the smoothed data with

window size 40.
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Figure B.1.: (a) Zoom on B excitation recorded with LH polarization and incident
angle 8 = 56°. Red line represents the data smoothed with Gaussian weighted average
in a window of 40 data points. (b) Peak positions (defined as the zero of the derivative
of smoothed data), as a function of the binning window size. Red line is a first order

polynomial fit.
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C. Charge-Density-Wave Order in LESCO

This section summarizes the outcome of RIXS experiments on Laj ggFug.2Srg.12CuOy
(LESCO), in which I participated during my master project. Apart from studying
elementary excitations, RIXS is also a powerful technique to probe charge ordering
phenomena by measuring the quasi-elastic scattering contribution of RIXS spectra.
The advantage of RIXS over resonant elastic scattering (REXS) techniques is that the
energy resolving power of RIXS allows to disentangle elastic from inelastic scattering

processes. Here, a RIXS study on the temperature evolution of charge order in
LESCO is summarized.
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Figure C.1.: (a)-(d) Energy/momentum intensity maps of the RIXS spectra across
the H direction for different temperatures. (e) Representative RIXS spectra showing
data measured at the charge order peak and background positions. Vertical red dashed
lines mark the energy window of the quasi-elastic intensity integration for (f) and (g).
(f),(g) Background subtracted integrated quasi-elastic scans along the H direction for
different temperatures. Taken from Ref. [52].

In LESCO, the low-temperature tetragonal (LTT) crystal structure phase sets in at
125 K and previous REXS experiments report charge-density-wave (CDW) ordering
appearing only below 80 K. This discrepancy in temperature between the onset of
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LTT structure and charge order suggests that they are not fundamentally correlated.
However, the data obtained with RIXS presented here show that the CDW diffraction
persists up to 210 K, well above the LTT phase. Fig. C.1 (a)-(d) show intensity maps
of the Cu Lz-edge RIXS spectra in energy-momentum space for different temperatures.
At 24 K strong elastic scattering due to the CDW order is observed near relative
momentum H = 0.233. On warming, the quasi-elastic peak intensity weakens but
does not vanish completely. In Fig. C.1 (f),(g) the integrated quasi-elastic intensity
in the RIXS maps are plotted as function of momentum H for temperatures up to
210 K. Most remarkably, the well defined peaks remain detectable far above the
LTO-LTT structure transition. Upon warming up from base temperature towards
the transition, the peak amplitude is reduced drastically and the peak width increases
gradually. At higher temperatures, the main change is on the peak position which
moves towards higher H. The temperature dependences of the CDW peak intensity,
correlation length and wavevector Qcpw are summarized in Fig. C.2. Both intensity
and correlation length show a prominent change upon entering the LTT phase. In
contrast, the wavevector of the CDW peak does not show any anomaly across the
transition temperature but decreases gradually down to 80 K. In summary, the data
presented here nicely illustrate the power of the RIXS technique even for quasi-elastic
scattering studies.
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Figure C.2.: (a),(b) Temperature dependence of the CDW peak intensity, wavevector
and correlation length in LESCO. Taken from Ref. [52].
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D. Free-Electron Laser Experiments

In addition to the resonant x-ray scattering experiments on ruthenates and cuprates
(appendix C), my master project included two hard x-ray diffraction (XRD) ex-
periments conducted at free-electron laser (FEL) facilities: SACLA in Japan and
SwissFEL in Switzerland. I have contributed in sample preparation, cryogenic instru-
mentation, experiment execution and data analysis. This section briefly describes
the outcome of these two experiments on Laj ggSrg 12CuOy.

The primary goal of the experiments was to search for novel field-induced charge
order reflections. To this end, the femtosecond x-ray pulses from the FEL were
synchronized with millisecond magnetic field pulses up to 47 T. Unfortunately, the
signal-to-noise ratio was not sufficient to resolve the charge order peak. Instead,
a large magnetostriction effect was observed on the lattice Bragg peak (2,0,12).
This effect describes the change in lattice parameters upon applied magnetic field.
In Laj ggSrg12CuQy, a relative change in the lattice parameter Ac/c of 10~ was
measured as a shift in the 26 position of the Bragg peak. Fig. D.1 (a) shows single
shot 2D images of the detected Bragg peak without (left) and with (right) magnetic
field pulse. As can be seen, the peak shifts to lower values of 20 when a magnetic
field is applied. In (b), the calculated relative change in the lattice parameter c is
plotted as function of magnetic field.

Such pulsed magnetic field experiments have been made possible by the advent of
FEL user facilities, since their bright and very short pulses provide enough intensity
for measuring diffraction peaks within a single shot.

A B

dclc,, vs H-field
1st shot 2nd shot <10 0

- N

o
®

o
Y
[

L 2
[ ]

Vertical scattering angle (degree)
Change in lattice constant dc/co
°
>
[ ]
[

°
[

)
o
°

2
165.9 166 166.1 166.2 166.3 166.4 165.9 166 166.1 166.2 166.3 166.4 5 10 15 20 25 30 35 40 45 50
20 (degree) 20 (degree) Magnetic Field H (Tesla)

Figure D.1.: (a) Single shot image of the (2,0,12) Bragg peak as detected by the
2D detector under zero (left) and 47 T (right) external magnetic field. (b) Relative
change of lattice parameter ¢ as a function of magnetic field.
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