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Chapter 1
Introduction

Superconductivity, a remarkable quantum phenomenon, has captivated the imagination of sci-
entists for more than a century. Over the years, extensive research has been dedicated to under-
standing the underlying mechanisms and discovering new superconducting materials. Among
the materials investigated, unconventional superconductors have emerged as a particularly in-
triguing class, offering the potential for applications in advanced technologies. This master
thesis explores unconventional superconducting materials, specifically focusing on two material
systems: the iridate compound SroIrO4, which has similarities to the high-temperature cuprate
superconductors, and the infinite-layer Sr-doped NdNiO; nickelate. While the latter shows su-
perconductivity below 15K [1], a superconducting phase has not been found in SroIrO4 up
to now. In the framework of this thesis, we have fabricated and investigated the iridate com-
pounds Sr2IrO4 and Sr3lraO7, which are the first two members of the Ruddlesden Popper series
Stp+11r, 03,41, as well as the Ndg gSrg 2NiOs perovskite material system to provide deeper in-
sights into their magnetic properties and structural characteristics.

The first part of this thesis delves into the fabrication of thin films of SraIrO4 and Ndg gSrp 2NiO3
using pulsed laser deposition (PLD). SroIrOy, a strongly correlated electron system, shares struc-
tural similarities with high-temperature cuprate superconductors, making it an attractive candi-
date for studying unconventional superconductivity. The study aims to optimize the growth
parameters, such as substrate temperature, oxygen pressure, and the laser fluence of the excimer
laser using a new PLD system, to improve the quality of the thin films. Although the primary
focus of this part is not the exploration of superconductivity, it is a crucial step towards enabling
future investigations into the superconducting properties of SroIrO,4 and with a particular interest
in the infinite-layer nickelate phase, Ndg gSrg 2NiO2, due to its recent discovery of superconduc-
tivity.

In the second, more critical part of the thesis, we investigate the influence of epitaxial strain
on the magnetic properties of SroIrO4 and Sr3lroO~ thin films grown on different substrates. The
application of epitaxial strain is a powerful tool in tailoring the physical properties of thin films,
and it has been shown to impact the magnetic properties of complex oxide materials signifi-
cantly. We employ resonant inelastic X-ray scattering (RIXS) to probe the spin wave dispersion
relation of the strontium iridate thin films. By comparing the obtained spin wave dispersion
relations to bulk values obtained from the literature, we aim to gain a deeper understanding of
the impact of epitaxial strain on the magnetic properties of these materials.
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To insight into the exchange constants as well as anisotropy parameters of the iridate thin
films, we have employed linear spin wave theory (LSWT) using the SpinW package to simulate
the spin wave dispersion relation, helping to elucidate the role of epitaxial strain in modifying
the magnetic exchange in these materials.

This two-part master thesis represents a comprehensive exploration of unconventional super-
conducting materials, encompassing both their growth optimization and the intricate influence
of epitaxial strain on their magnetic properties. Through these endeavors, we aim to contribute
to the evolving field of superconductivity and complex oxide materials, shedding light on the
potential for high-temperature superconductivity in materials like SroIrO4 and Ndg gSrg 2NiOg
while advancing our understanding of the fundamental interactions between structure and mag-
netism in condensed matter physics.






Chapter 2
Theory

The observation of unconventional superconductivity in (La, Ba)oCuO, [2] has inspired the in-
vestigation of materials possessing analogous crystal and electronic structures. The primary
objectives are to identify new superconductors and gain insights into the fundamental princi-
ples governing superconductivity in copper oxide compounds. This chapter is devoted to two
perovskite families, strontium iridate oxides and neodymium nickelate oxides, which show sim-
ilarities to the cuprate high-temperature superconductors.

The Ruddlesden-Popper series Srj,111r,03,41 are of particular scientific interest because they
possess similar crystal structures to high-temperature cuprate superconductors. Examples with
a shared crystal structure encompass the bulk superconductor SroRuO,4 and surface-electron-
doped SraIrOy4. The latter displays spectroscopic features indicative of a superconducting en-
ergy gap, although the presence of a zero-resistance state has not been confirmed up to now
[1]. Here, we will introduce the first two material compounds, namely SraIlrO4 (SIO-214) and
Sr3lroO7 (S10-327), which we have investigated in the framework of this thesis.

Additionally, the Sr-doped Ruddlesden-Popper series Nd,, 1 1Ni,, 03,41 have recently become
popular, due to its Ndg gSrg 2NiOs (n — o0) perovskite phase, which shows superconductiv-
ity in the topotactically reduced infinite-layer phase Ndg gSrgoNiOs. There is a possibility of
the potential existence of a family of nickelate superconductors similar to copper oxides and
pnictides [1].

2.1 Strontium iridates Sr, . 11r,03,.1

In this section, we will discuss the physical properties of strontium iridates St;,11r, 03,41 With
n = 1 and 2.

2.1.1 Crystal structures of strontium iridates

In the first n = 1 member of the Ruddlesden-Popper series Sr,111r,,03,,41, SralrOy4 (SIO-214),
a material that has been studied extensively due to its interesting physical properties. The large
spin-orbit coupling in this Hd transition-metal compound combined with a moderate Coulomb
repulsion results in a Mott insulating Jer = 1/2 ground state, which is similar to the S = 1/2
ground state of high-temperature superconducting cuprates. The compound crystallizes in the
tetragonal space group I41/acd, with lattice parameters a = b ~ 5.48 Aand ¢ ~ 25.8 A [3].
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This space group is derived from the KoNiF,-type structure (space group 14/mmm) through a
correlated staggered rotation of the IrOg octahedra by 11.8° about the ¢ axis, resulting in a larger
unit cell v/2a x v/2b x 2c than the unit cell in the space group I14/mmm. The crystal structure
of SrpIrO4 can be visualized schematically in Fig. 2.1.1(a). The atomic coordinates of each
element are shown in Table 2.1.1 The IrOg layers contain Ir ions at the center of corner-sharing
oxygen octahedra, separated by Sr ions [3].

Site Element X y z Spin Oxidation Occupation
Sr Sr 0 1/4 0.05072 0 +2 1
Ir Ir 0 1/4 3/8 1/2 +4 1

o1 o 0.19372  0.44372 1/8 0 -2 1

02 o 0 1/4 0.29045 0 -2 1

Table 2.1.1: Atomic coordinates and isotropic displacement of SIO-214 in the 141/acd space group.
Lattice constants are ¢ = b = 5.493 A and ¢ = 25.777 A. O1 and O2 are different oxygen sites.
Data taken from Ref. [4].

One significant feature of SralrOy4’s crystal structure is that the IrOg octahedra are slightly
elongated by 4% along the ¢ axis. This makes it unclear whether the pure Jo = 1/2 state
is realized in a system that deviates from perfect cubic symmetry. Although neutron studies
recently questioned the exact tetragonal space group [5, 6], the difference from the commonly
used I41/acd is small and not significant in terms of the magnetic structure [3].

The second (n = 2) member of the Ruddlesden-Popper series Sry,+11r, 03,41 is Sr3lraO7
(SIO-327). The exact crystal structure of SIO-327 has been the subject of debate, with initial
reports suggesting that it crystallizes in the tetragonal 14/mmm space group and recent reports
suggesting an orthorhombic Bbcb space group [7-9]. The crystal structure of Sr3lroO7 contains
strongly coupled double Ir—O layers, separated by layers of Sr—O and offset along the c axis,
which results in a double-layered framework of Ir ions centered inside oxygen octahedra. The
rotation of these octahedra leads to subtle differences in the crystal structure that have been
reported thus far. Therefore the exact crystal structure remains debated. However, in this thesis,
we will use the tetragonal 14/mmm structure model.
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(a) Sr2IrOy4 (SIO-214) (b) Sr3Ir2O7 (S10-327)

Figure 2.1.1: Tetragonal crystal structures of (a) SroIrO4 (SIO-214) and (b) Sr3lroO7 (SIO-327).
The Sr?*, the Ir**, and the O%~ ions are represented as green, red, and blue spheres. The oxygen
octahedra are highlighted. Scales are not considered.

The tetragonal crystal structure of Sr3lroO7 is shown in Fig. 2.1.1(b) and the atomic positions
and site symmetries are given in Table 2.1.2. The crystal structure of Sr3lroO7 contains three
oxygen sites: O1, 02, and O3 with 50 % occupancy. The partial occupation of the O3 sites
generates the octahedral rotation around c axis in analogy with SIO-214, which was supported
by electron diffraction experiments that revealed the presence of two sets of reflections with dif-
ferent intensities and spacing [7, 9].

The presence of octahedral rotations in the crystal structure of Sr3lroO7 has a significant
impact on its electronic and magnetic properties. In this compound, the oxygen octahedra sur-
rounding the Ir** ions undergo rotational distortions. These distortions cause changes in the
Ir-O-Ir bond angles, leading to a reduction in the hopping matrix element between neighbor-
ing Ir ions. As a result, the material exhibits suppressed metallic behavior and instead displays
insulating properties [10].
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Site Element x y z Spin Oxidation Occupation
Srl Sr 0 0 1/2 0 +2 1
Sr2 Sr 0 0 0.3128 0 +2 1
Ir Ir 0 0 0.09743 1/2 +4 1
01 O 0 0 0 0 -2 1
02 o) 0 0 0.1939 0 -2 1
03 O 0 0.3957 0.404 0 -2 0.5

Table 2.1.2: Atomic coordinates and isotropic displacement of SIO-327 in the 14/mmm space group.
Lattice constants are a = b = 3.896 A and ¢ = 20.879 A. Srl and Sr2 are different strontium sites.
01, 02, and O3 are different oxygen sites. Data taken from Ref. [11].

The suppression of metallicity in SIO-327 is further enhanced by the strong spin-orbit cou-
pling of the Ir** ions. In Sr3IryO7, the spin-orbit coupling of the Ir** ions plays a significant
role in shaping the electronic properties of the material. It leads to the formation of an energy
gap in the electronic band structure, which contributes to the insulating behavior observed in
SIO-327. This energy gap has important implications for various aspects of the material, includ-
ing its conductivity and magnetic properties [10].

Beyond its electronic properties, the octahedral rotations in SIO-327 also give rise to intrigu-
ing magnetic characteristics. The Ir** ions within the double-layered structure of the material
are arranged in a triangular lattice. This triangular arrangement, combined with the competing
exchange interactions between the Ir spins, leads to frustrated magnetism. Frustrated magnetism
arises when the arrangement of magnetic moments cannot simultaneously satisfy all pairwise in-
teractions, leading to complex and unconventional magnetic behaviors [12].

Additionally, the spin-orbit coupling of the Ir** ions in SIO-327 generates a strong magnetic
anisotropy, which results in highly anisotropic magnetic behavior, where the magnetic response
of the material strongly depends on the orientation of the external magnetic field [13].

The interplay between frustrated magnetism and magnetic anisotropy in Sr3lroO7 gives rise
to a rich magnetic phase diagram. The material exhibits various magnetic phases depending
on external factors such as temperature and magnetic field. These phases include antiferromag-
netic, ferromagnetic, and spin liquid phases, each characterized by different arrangements and
orientations of the magnetic moments in the material [14].

2.1.2 Electronic states of strontium iridates

Strontium iridates, including SroIrO4, have attracted significant attention due to their intriguing
electronic properties. The fundamental concept in understanding these materials is the presence
of Ir** ions in a 5d® electron configuration situated within octahedral IrOg coordination (see
Fig. 2.1.2). The 5d orbitals, initially 5-fold degenerate, undergo splitting under the influence
of a strong cubic crystal field (O, symmetry). This splitting results in a lower orbital triplet,
known as the o, states, and an upper orbital doublet, the e, states. Due to this considerable



Chapter 2 Theory

crystal field effect, the 5d-electrons primarily reside in the ¢o, manifold, leaving the Ir ion in
a low spin configuration. Notably, the contribution of the e, orbitals can be largely neglected.
This simplification allows the system to be effectively described as having a single hole in the
194 subspace [10].

Figure 2.1.2: Schematic energy diagram of IrOg octahedra with Ir** ions in the 5d (tgg) configura-
tion. The energy levels of the Ir** ion undergo two significant splittings: first, due to the influence
of a robust octahedral crystal field, and second, as a result of the strong spin-orbit coupling effect.
The spin-orbit coupling causes the formation of a fully occupied Jer = 3/2 quartet and a Jeir = 1/2
doublet with half occupancy. Consequently, the system’s ground state features a hole residing in the
Jeir = 1/2 state. This illustration is further complemented by a spatial representation of the wave
functions for the Jer = 3/2 state (comprising |1, +) and |2, ) doublets) and the Je = 1/2 state
(comprising the |0, + ) doublet). Figure taken from Ref. [10].

However, the presence of a strong spin-orbit coupling (SOC) of the Ir** 5d-ions makes stron-
tium iridates especially interesting. This SOC results in a remarkably narrow Jeir = 1/2 band.
While the electronic correlations are relatively modest in comparison to 3d-transition metals,
they act on an effective bandwidth that has been significantly reduced by the influence of the
SOC. Consequently, the system is situated close to the Mott insulating regime, where U/W is
approximately 1 (see Fig. 2.1.3). The cooperative interplay between U and SOC leads to the
establishment of an insulating state. In this insulating state, the Jor = 1/2 band is further split
into lower (LHB) and upper Hubbard (UHB) bands, and these bands are separated by a small
energy gap of approximately 0.5eV. This phenomenon has been observed in various iridates,
but particularly including layered perovskites like SroIrO4 and Sr3lroO7 [10].
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Figure 2.1.3: Schematic representation of the density of states of electrons in a material as a function
of the ratio between the local Coulomb interaction U and the bandwidth of non-interacting electrons
W within the Hubbard model. In the figure, we see how spectral features evolve in the dynamic
mean-field solution of the Hubbard model under different conditions. (a) When electrons are entirely
independent, the density of states is assumed to resemble a half ellipse, characteristic of a metal. The
Fermi level (EF) is situated in the middle of the band. (b) In weakly correlated materials (small U),
electrons behave as quasiparticles, and their density of states remains akin to that of free electrons.
The Fermi liquid model explains the slight peak narrowing. (¢) Highly correlated metals exhibit a
distinct three-peak structure in the spectrum: the Hubbard bands, arising from local "atomic" exci-
tations and electron scattering at the atomic level, alongside the quasiparticle peak near the Fermi
level. (d) The Mott-metal-insulator transition occurs when electron interactions are strong enough to
eliminate the quasiparticle peak, redistributing its spectral weight to higher frequency components,
including Hubbard bands. Figure taken from Ref. [15].

The crucial point of interest is that these unique electronic properties position strontium iri-
dates as potential candidates for superconductivity. This stems from their closeness to a Mott
insulating state and the presence of the J.;t = 1/2 band. However, the high degree of SOC and
electronic correlations adds complexity to the situation. 5d transition metals, with their large
SOC, exhibit intricate ground states. The potential for a complex interplay between spin-singlet
and spin-triplet superconducting order parameters emerges, making it a challenging problem to
determine the ground states in multi-orbital systems like iridates. These intricacies are a source
of ongoing theoretical and experimental research [16].
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Figure 2.1.4: Schematic phase diagram of Sr2IrO4 as a function of the band filling n and Hund’s
coupling Jy. A variety of possible phases appear such as an antiferromagnetic insulator (AF-I) and
metal (AF-M), a paramagnetic metal (PM-M), a ferromagnetic metal (FM-M) as well as possibly
two distinct superconducting (SC) phases. Figure taken from Ref. [16].

In the search for superconductivity in iridates, especially SraIrQOy, various experimental stud-
ies have been conducted to investigate the effects of doping with electrons or holes (see Fig.
2.1.4). These studies include methods such as oxygen depletion, La substitution, surface dop-
ing, and Rh substitution for Ir. While superconductivity has not been observed in these materials,
the impact of even modest doping on their magnetic and transport properties is notable. For in-
stance in bilayer Sr3IroO7, the introduction of 5 % La leads to the emergence of a robust metallic
state, with a significant drop in resistivity occurring below 20 K. This contrasts with La-doped
SraIrO4, where the magnetic order is entirely suppressed in the metallic state. Additionally,
angle-resolved photoemission spectroscopy (ARPES) has provided valuable insights into the
electronic behavior of doped iridates, revealing features reminiscent of doped cuprates. These
observations motivate the continued exploration of superconductivity in doped iridates, with a
focus on Sr3IrOy, both theoretically and experimentally [16].

2.1.3 Strain effects in strontium iridates

The properties of strontium iridates (SIO) are strongly influenced by its unique structural and
magnetic characteristics. As discussed in Sec. 2.1.1, the SIO unit cell consists of four IrO9 lay-
ers separated by Sr2* ions along the c-axis. In the ab plane, the Ir** ions are positioned within
elongated oxygen octahedra. These octahedra exhibit an alternate rotation by about p = 11.8°
degrees about the c-axis concerning the ideal tetragonal crystal structure 14/mmm [17].

SIO-214 undergoes an antiferromagnetic transition below the Néel temperature of around
240 K where Ir** spins and coupled orbital moments follow the rotation of the oxygen oc-
tahedra, forming a canted antiferromagnetic structure with a next-nearest-neighbor exchange
constant .J; of approximately 60 meV and a canting angle of the Ir** moments of around

10
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¢ = 12.2 — 13.0°. This magnetoelastic locking of Ir*" moments with the oxygen octahe-
dra rotation was initially predicted by Jackeli and Khaliullin [18] and makes SIO-214 sensitive
to strain effects.

The magnetic structure of SIO is similar to that of the superconducting parent compound
LayCuO,4. However, there are differences. In LaoCuQy, the spin canting is out of the plane with
a much smaller tilting angle, while in SIO, it’s within the ab plane. This results in a smaller net
magnetic moment in LaoCuOy4 [17].

Understanding the physical effects that promote or suppress superconductivity in oxide mate-
rials, especially by manipulating them to mimic each other more closely using external pertur-
bations, such as doping, pressure, or elastic strain (see Fig. 2.1.5), is of great interest. Elastic
strain can be particularly promising due to the strong magnetoelastic locking of the canting of Ir
moments to the rotation of the oxygen octahedra [17].

Figure 2.1.5: (Left) Schematic of the SryIrO, unit cell. Blue spheres represent O?~, green spheres
Ir**, and red spheres Sr>* ions. The oxygen octahedra are highlighted. (Middle) Schematic repre-
sentation of each IrOy plane in the unit cell of SroIrO4 with different net magnetic moments my,eq
of Ir** ions below the Néel temperature of 240 K. (Right) Schematic representation of the expected
structural changes of the IrO5 planes under compressive strain compared to the unstrained bulk, and
tensile strain cases. The green arrows display the magnetic moments of the Ir** ions. The finite
tilting of the moments results in a net magnetic moment m,, .

11
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When epitaxial thin films are grown on substrates with significant lattice mismatch, they may
undergo strain-induced modifications in bond lengths and angles [17].

Tensile strain tends to increase the rotation angle p of the IrOg octahedra and the Ir-O bond
length, which can enhance the Coulomb correlation and the spin-orbit interaction. The com-
pressive strain has the opposite effect. It’s worth noting that larger changes in bond lengths
and p can lead to a transition from the canted-antiferromagnetic ground state to a collinear-
antiferromagnetic ordering or a reorientation of Ir moments from the a—b plane to the out-of-
plane direction along the c-axis [17].

The impact of epitaxial strain on the Néel temperature is subject to ongoing research. Some
studies suggest an increase in Néel temperature for tensile-strained SIO, while others indicate a
decrease. Raman spectroscopy has also revealed that compressive strain results in higher cou-
pling strength J and hopping integral ¢ in SIO thin films [17].

These findings underscore the complex and multifaceted nature of the interaction between
structural strain and magnetic properties in SIO and similar materials. Understanding these
effects is crucial for tailoring their properties for specific applications [17].

2.2 Neodymium nickelates

In the following section, we will discuss the physical properties of neodymium nickelates, which
yield superconductivity in the infinite-layer nickelate compound.

2.2.1 Crystal structures of strontium-doped nickelates

Ndg.gSr.2NiOj3 is a member of the perovskite family, which is characterized by the general for-
mula ABQOs. In this structure, A-sites are occupied by rare earth elements, such as neodymium
(Nd) and strontium (Sr), while the B-sites are populated by transition metals, including nickel
(N1) (see Table 2.2.1).

Site Element X y z Spin Oxidation Occupation
0.8Nd + 0.2Sr 0.8Nd +0.2Sr 0.43745 1/4  0.01537 3/2 +3 1

Ni Ni 0 0 0 0 +3 1

01 O 0.1988 0.0528 0.3044 0 -2 1

02 O 0.5323 1/4 0.5996 0 -2 1

Table 2.2.1: Atomic coordinates and isotropic displacement of Ndg St 2NiO3 in the Pnma space
group. Lattice constants are ¢ = 5.365 A, b = 7.613 A and ¢ = 5.396 A. O1 and O2 are different
oxygen sites. Data taken from Ref. [19].

The orthorhombic Pnma crystal structure of Ndg gSrp.2NiOj3 results from deviations from the
ideal cubic perovskite arrangement. These deviations occur due to factors such as differences
in the ionic radii of the A and B cations and the presence of oxygen octahedra that exhibit

12
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tilting and rotation. These distortions from the cubic symmetry are often quantified using Gold-
schmidt’s tolerance factor or Glazer angles.

The angle formed by the B-O-B bonds offers a quantifiable gauge of distortion within per-
ovskite compounds, and it exhibits a proportional relationship with the Goldschmidt tolerance
factor. For oxide materials, especially perovskites, it is common practice to employ pseudocu-
bic notation, which simplifies the process of comparing lattice parameters. This notation proves
highly beneficial when assessing lattice mismatches within the plane connecting a substrate to
an oxide thin film, a critical aspect to ensure the high-quality growth of these materials [20].

In contrast, Ndg gSrg 2NiO2 (see Table 2.2.2) exhibits a tetragonal P4/mmm crystal structure
with infinite layers. This compound belongs to the emerging family of infinite-layered nicke-
lates, which have gained substantial attention due to their potential for high-temperature super-
conductivity.

Site Element X y z Spin Oxidation Occupation
0.8Nd+0.2Sr 0.8Nd+0.2Sr 1/2 1/2 1/2 3/2 +3 1
Ni Ni 0 0 0 0 +1 1
O o 0o 1/2 0 0 -2 1

Table 2.2.2: Atomic coordinates and isotropic displacement of Ndg gSrg oNiOs in the P4/mmm space
group. Lattice constants are a = b = 3.921 A and ¢ = 3.281 A. Data taken from Ref. [21].

The transition from the perovskite structure in Ndg gSrp 2NiOj3 to the tetragonal infinite-layer
structure in Ndg gSrp2NiO; is achieved through a topotactic reduction process. This process
involves the removal of oxygen species from the host structure, leading to significant structural
modification (see Fig. 2.2.1).

Figure 2.2.1: Crystal structures of orthorombic perovskite Ndg gSrp.2NiO3 and tetragonal infinite-
layer Ndg gSrg oNiO2. The figure illustrates the transition from one phase to another utilizing the
CaH; reduction method. Scales are not considered.

One effective method to achieve the transition from the perovskite phase of Ndg gSrg 2NiOg3
to the infinite-layer phase of Ndg gSrg 2NiOy is through the use of calcium hydride (CaHs) as
a reducing agent. During this topotactic reduction process, CaHy reacts with the perovskite

13
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compound, causing the removal of oxygen species, and leading to the formation of the tetrag-
onal infinite-layer phase. The reaction involving CaHy as a reducing agent is a soft chemical
process in which atoms undergo small displacements, requiring minimal energy. The reaction’s
efficiency is related to the strong reducing power of hydrides, making them suitable for inducing
structural transitions in solid-state materials [20].

2.2.2 Discovery of superconductivity in infinite-layered nickelates

The discovery of superconductivity in infinite-layer Ndp gSrpoNiOg suggests that it exhibits
type-1I superconducting behavior. Resistivity measurements with varying magnetic field per-
pendicular to the a—b plane observe a critical temperature at 7¢ ~ 10.8 K [1] (see Fig. 2.2.2).
This finding was notably influenced by the analogy to copper oxides, which has opened up excit-
ing possibilities for exploration in this new superconducting compound. However, it’s important
to acknowledge several key differences between these two systems.

Figure 2.2.2: Resistivity as a function of temperature of Ndj gSrg 2NiO2 measured using different
magnetic field strengths perpendicular to the a—b plane. Superconductivity has been observed at
zero-field at T ~ 10.8 K. Adapted from Ref. [1].

One prominent distinction lies in the energy level alignments of their orbital electronic struc-
tures. In copper oxides, the presence of holes is often described in terms of Zhang—Rice singlets,
characterized by strong oxygen character. This arises from the close spatial overlap and near-
energetic degeneracy of the Cu d,2_, 2 orbitals and the O 2p orbitals. This feature naturally leads
to large in-plane antiferromagnetic coupling, a factor many consider crucial for the supercon-
ducting pairing mechanism [1].
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2.2 Neodymium nickelates

Conversely, in the infinite-layer nickelates, the chemical potential is positioned several elec-
tronvolts higher compared to copper oxides, mainly due to Ni' ™ being one column to the left of
Cu?" on the periodic table and one oxidation state lower. Consequently, when introducing holes
into nickelates, one can anticipate far less hybridization with the O 2p band. Furthermore, stud-
ies utilizing powder neutron diffraction for LaNiOy and NdNiOg have not shown any indication
of magnetic order down to temperatures of 5 K and 1.7 K, respectively [1].

Therefore, it becomes apparent that two essential features that play a central role in copper
oxides — namely, the Zhang—Rice singlet and large planar spin fluctuations may either be ab-
sent or significantly reduced in the nickelate superconductors. These distinctions emphasize the
unique electronic and magnetic properties of this newly discovered superconducting compound

[1].
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Chapter 3
New pulsed laser deposition system

This particular chapter provides a brief overview of the new pulsed laser deposition (PLD) sys-
tem by DCA Instruments. PLD plays a pivotal role in creating complex thin film materials with
unique properties such as strontium iridates and neodymium nickelates thin films. The details,
advantages, challenges as well as our own experience working with a new system will be also
provided in this chapter.

3.1 Ultra-high vacuum thin film cluster system

The pulsed laser deposition (PLD) system is part of an advanced state-of-the-art thin film depo-
sition system dedicated to cutting-edge materials research provided by DCA Instruments. What
distinguishes DCA Instruments thin film deposition systems (Fig. 3.1.1 and Fig. 3.2.3) is their
seamless integration into a unified ecosystem. A buffer line connects the loadlock, sputtering,
molecular beam epitaxy (MBE), and pulsed laser deposition (PLD) systems in ultra-high vacuum
(UHV) environment, allowing for efficient sample transfer between processes without exposing
samples to atmospheric conditions. Moreover, the entire system is controlled by computers,
ensuring precise and reproducible deposition processes. All these systems form a coherent and
versatile platform for the synthesis and characterization of thin films with unprecedented preci-
sion. The different parts of the UHV cluster are:
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3.1 Ultra-high vacuum thin film cluster system
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Figure 3.1.1: Top view of the new UHV cluster deposition system provided by DCA Instruments
employing sputtering, MBE, and PLD systems connected to one buffer line enabling sample transfer
without contaminating samples to ambient conditions.

Loadlock: The journey through the cluster deposition system begins with the loadlock, a crit-
ical component designed to maintain the integrity of the UHV environment. The loadlock serves
as a gateway for introducing samples, substrates, and PLD targets into the system without com-
promising the vacuum conditions of the other chambers. The base pressure of 5 x 10~? mbar
minimizes contamination and ensures the purity of the subsequent deposition processes.

Sputtering: Within the integrated system, the sputtering chamber is dedicated to fabricated
Nb- and Al-based superconducting thin films. Employing a plasma discharge, sputtering enables
precise control over the deposition rate and composition, making it ideal for creating supercon-
ducting thin films with tailored properties.

Molecular beam epitaxy (MBE): MBE represents the epitome of precision in thin film de-
position. This technique enables the growth of epitaxial layers with atomic-scale precision,
making it invaluable for fabricating quantum materials, topological insulators, and metallic thin
films with low microwave damping. In the MBE chamber, elemental or compound sources are
thermally evaporated within different effusion cells, allowing the precise control of film compo-

19



Chapter 3 New pulsed laser deposition system

sition, thickness, and crystalline structure at the atomic level. The MBE chamber is equipped
with a turbo molecular pump, an ion getter pump as well as a cryo-shield to reach a base pressure
of 2 x 1079 mbar. In addition, to the thermal evaporation of materials a six-pocket electron-
beam evaporation system allows the fabrication of thin films with materials with high melting
temperatures such as Pt.

Pulsed laser deposition (PLD): PLD is another pivotal component of this integrated system,
offering unique capabilities for the fabrication of complex oxide thin films. Using a pulsed high-
energy excimer UV-laser, PLD ablates a target material, generating a plasma plume of vaporized
atoms or molecules that condense onto the substrate. This technique is particularly suitable for
creating oxide materials, superconductors, and multilayer structures with exceptional quality
and stoichiometry.

Buffer line: The connection between these core components is made by a UHV buffer line
with a base pressure of 2 x 107'% mbar that facilitates the smooth transfer of samples between
modules while maintaining the UHV environment. This ensures that researchers can seamlessly
switch between deposition techniques, enabling the fabrication of high-quality thin film het-
erostructures with well-defined interfaces.

Within this thesis, we have fabricated oxide thin films using PLD, which will be described in
more detail in the next section.

3.2 Pulsed laser deposition

PLD is a complex and advanced technique for controllable thin film growth. Since the detailed
physics behind the complex pulsed laser deposition process is not the main topic of this thesis,
this section will provide a brief overview of the PLD process. For an in-depth discussion of the
PLD process, the reader is referred to the review by Haider et al. [22] and references therein.

3.2.1 Concepts of pulsed laser deposition

Pulsed laser deposition (PLD) stands as a widely adopted thin-film deposition method with ap-
plications spanning academia and industry [23]. Its distinct advantages over alternative deposi-
tion techniques make it a preferred choice. PLD offers exceptional adaptability, enabling precise
control over growth rates, stoichiometric transfer, and a virtually limitless range of ablation ge-
ometries [22].

One of the most notable features of PLD is its superior control over deposition stoichiometry,
which is based on a stoichiometric transfer of material from a target to a substrate through the
intermediate plasma plume. Therefore, this technique is particularly suitable for complex de-
position compositions. While PLD may appear deceptively straightforward, it involves a series
of intricate processes. These encompass laser absorption, plasma plume formation, and thin
film growth. The complexity of the PLD approach is further magnified, especially at elevated
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3.2 Pulsed laser deposition

pressures, underscoring the need for a nuanced understanding of its underlying principles and
intricacies [22].

During ablation, a high-energy nanosecond UV laser pulse is focused onto a target surface
using a lens system and interacts with its material. This interaction is influenced by several
factors, including the absorption coefficient, target material’s reflectivity, laser pulse frequency,
laser wavelength, and laser fluence [22]. The interaction causes rapid conversion of photons
into electronic excitations affecting a depth of only a few tens to hundreds of nanometers of
the target material [22]. These excitations swiftly transit into lattice, chemical, and mechanical
energy, which results in abrupt ablation of the target material, driven by high laser fluences and
power densities. The temperature at any point in the material during the laser pulse is deter-
mined by the heat flow equation. While the equation accounts for various parameters, including
density, thermal heat capacity, thermal conductivity, and laser intensity, it remains complex due
to these parameters’ temperature-dependent nature. Thermal ablation can occur in vaporization
and explosive boiling modes. However, only vaporization and explosive boiling are compatible
with the nanosecond laser pulse timescale. The rate of material vaporization can be calculated
using the Hertz-Knudsen equation, taking into account the material’s latent heat of vaporization,
pressure, and temperature [22].

After the laser ablation, a dense vapor layer forms in front of the target surface. The absorbed
energy elevates the pressure and temperature of this vapor, eventually leading to partial ioniza-
tion. The intense pressure propels this layer, termed the "plasma plume", away from the target
surface. During this adiabatic expansion with high velocities [22], internal heat and ionization
energies are transformed into kinetic energy, reaching several hundred electron volts. These en-
ergetic particles then scatter as they encounter a low-pressure background gas and condense on a
substrate surface [22, 24]. Importantly, this ablation process occurs before thermal equilibrium
in the target material is reached, ensuring a stoichiometric transfer of the target material into the
plasma plume and ultimately onto the substrate surface (see Fig. 3.2.1).
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Chapter 3 New pulsed laser deposition system

(a) Plasma plume from top-side view (b) Plasma plume from side view

Figure 3.2.1: Ablation process of SroIrO,4. Different coloring of the plasma plume is caused by
different oxygen background gas pressures. Exposure time ~15s.

On the substrate surface, there is a transition from the plasma plume to a crystalline solid
phase. This crystalline thin film nucleation depends on different factors, namely the laser en-
ergy, pulse repetition rate, density and degree of ionization of the ablated material, substrate
temperature, physicochemical properties of the substrate, as well as the background gas [25].
However, the substrate temperature and the so-called supersaturation taking place between the
plasma and solid phase transition are the main thermodynamic parameters. A high supersatu-
ration rate may be needed to initiate crystalline nucleation at the substrate surface, while a low
supersaturation rate is required to facilitate a single crystal film growth with low roughness. In
general, three growth modes can be distinguished [26]: In the island or Volmer-Weber growth
mode, small clusters nucleate directly on the substrate surface and into three-dimensional is-
lands. In this case, the atoms or molecules of the deposited material are more strongly bound to
each other than to the substrate surface. This is the opposite in the Frank-van der Merwe growth
mode. Since the deposited material is more strongly bound to the substrate than to each other,
a two-dimensional layer-by-layer growth mode with low surface roughness can be achieved.
The third growth mode, the Stranski-Krastanov growth mode, describes a transition from a two-
dimensional layer-by-layer into a three-dimensional island growth mode after a few monolayers.
In the case of substrates with finite miscut angles, a second two-dimensional growth mode can
be realized by two-dimensional nucleation on substrate terraces, the so-called step-flow growth
mode. Which mode occurs depends on the atomistic processes in the early stages of thin film
growth described by competing kinetic and thermodynamic effects of the deposited atoms. The
reader is referred to Refs. [26, 27] for a detailed overview of atomistic properties of thin film
growth.
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3.2 Pulsed laser deposition

3.2.2 Advantages and challenges of pulsed laser deposition

The PLD technology has demonstrated exceptional effectiveness in developing epitaxial films,
facilitating the creation of multilayers, heterostructures, and superlattices on lattice-matched
substrates [28]. PLD offers the unique advantage of enabling film growth in highly reactive gas
environments across a range of pressures. It achieves suitable kinetic energy (10 — 100 eV) and
photochemical excitation during film growth, which can enhance the quality of the deposited
films compared to other deposition techniques. However, PLD’s practical limitations include its
relatively low duty cycle and the potential incorporation of particles into deposited films [29, 30].

The simplicity of PLD has made it a staple in research laboratories for thin film development,
ablation, and deposition. Its potential extends to various commercial applications, including
coated conductors, microwave filters, solar cells, sensors, and satellite communication. PLD
employs a high-power density laser with a narrow, wide bandwidth to vaporize the target mate-
rial effectively. In summary, PLD offers ease of generating multicomponent films with precise
stoichiometric ratios, rapid deposition rates, short processing times, and low substrate tempera-
tures. Its adaptability, development potential, compatibility, and ability to control growth make
it a promising choice for materials research and commercial applications. Furthermore, PLD’s
ability to generate plasma using a UV pulsed laser with high photon capacity and energy density
makes it an environmentally friendly and manageable technology [22].

3.2.3 The pulsed laser system PLD500 from DCA instruments

Within this thesis, we have fabricated thin films using the PLD500 system from DCA Instru-
ments (see Figs. 3.2.2 and 3.2.3). One distinguishing feature of the PLD system is its base
pressure of 8 x 1079 mbar after bakeout the chamber for at least 24h. This ultra-high vac-
uum environment is based on turbomolecular pumps together with a well-designed differential
pumping module, which ensures minimal contamination during the deposition process.
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Chapter 3 New pulsed laser deposition system

(a) Pulsed laser deposition (PLD) system (b) Sample holder

Figure 3.2.2: Side view of the PLD system and bottom view of a laser-heated substrate in the substrate
holder.

For the laser ablation process, we use a Coherent KrF-excimer UV-laser with a wavelength of
248 nm and pulse duration of approximately 10 ns. In principle, PLD employs short-wavelength
nanosecond UV-pulses. Longer wavelengths and pulses are prone to thermal effects associated
with droplet formation [22]. To focus the laser pulse on the target surface, we use a three-lens-
zoom system with a magnification of 0.09 creating a sharp laser spot with an area of 0.084 cm?
on the target surface. Together with a software-controlled attenuator module within the beam
path of the UV laser, the energy density at the target surface can be continuously tuned from
1J/cm? to 4J/cm?. The laser fluence at the target is an essential parameter in PLD. It must
exceed the binding energy of the target material elements for laser pulse ablation and determine
the ablation rate. Furthermore, higher fluence can impact the target’s surface characteristics,
including morphology, optical, and electrical properties [22]. To realize precise control of the
laser fluence, the power and energy of the UV laser pulses can be automatically measured within
the PLD chamber using a laser power meter.

The target is placed on one of the six one-inch target holders of the target manipulator. Each
of the targets can be removed and installed separately via the buffer line. To optimize target
efficiency and homogeneity as well as operational uptime, the PLD500 system incorporates an
oscillating target movement. During ablation, this component orchestrates a continuous rota-
tion and a simultaneous rocking motion of the target material. This dynamic movement pattern
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3.2 Pulsed laser deposition

ensures uniform target erosion, thereby minimizing target costs and increasing ablation homo-
geneity. Additionally, a water-cooled cover safeguards the front of the target manipulator during
high-temperature substrate annealing, preserving target integrity. An electro-pneumatic rotary
shutter further protects the selected target area. Additionally, specially designed aperture plates
can be installed enabling plasma-plume shaping mainly to decrease the formation of droplets at
the substrate surface.

The substrate with a maximum size of 10 mm x 10 mm is installed in a sample manipulator,
which is equipped with a magnetic rotary drive for motorized rotation (< 60 RPM) to increase
deposition homogeneity. Using a motorized z-drive, the target to substrate distance can be var-
ied from 55 to 65 cm. At this distance, growth monitoring by reflection high-energy electron
diffraction (RHEED) is still possible. By using a high-power IR laser together with a laser head
equipped with a fiber-coupled pyrometer and camera the substrate is heated from the backside
(see Fig. 3.2.2(b)). This laser heating module occupies a prominent role in the PLD system and
allows for precise control of the substrate temperature up to 1300 °C.
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Figure 3.2.3: Technical drawing of the PLD500 provided by DCA Instruments.

The choice of the background gas type as well as an accurate control of the background gas
pressure within the chamber during deposition is a further crucial aspect of PLD operation. The
PLD500 system offers four different gas types (Ar, O2, N, and Ho) and a mixture of them.
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The pressure control is carried out by up-stream (flow control) and down-stream (throttle-valve
control) approaches. The former adjusts the flow rate using precise mass-flow controllers at a
fixed throttle-valve position, while the latter represents the opposite control scheme.

Although the PLD500 system offers detailed and precise control of PLD parameters mainly
influencing the thin films growth. It is important to acknowledge that the PLD system is not
without its challenges. Its operational life is inherently limited, necessitating periodic mainte-
nance that can be intricate and demanding. Moreover, PLD demands the use of extensive and
high-purity gases, with continuous replenishment, which can be resource-intensive. Addition-
ally, the system’s footprint can be considerable due to its various components and requirements.
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Chapter 4
Fabrication of strontium iridate thin films

With the previously described PLD500 system, we have fabricated strontium iridate stron-
tium iridium oxide thin film, strontium iridate thin film (SIO) thin films on SrTiO3 (STO) and
(LaAlO3)g.3(SroTaAlOg)g.7 (LSAT) substrates. To optimize the crystalline structure of the thin
films, we have varied the substrate temperature, gas pressure, and laser fluence. This chapter
emphasizes the great variability of PLD fabrication process for SIO thin films.

4.1 Substrates

For the fabrication of SIO-214 thin films, we have chosen two different but structurally simi-
lar single-crystalline substrates — SrTiO3 (STO) and (LaAlOs3)g 3(Sr2TaAlOg)g 7 (LSAT). Both
crystallize in a cubic crystal structure. The lattice parameters are close to that of the SIO-214
phase with a epitaxial relation of [100]sto || [110]sio and [001]sto || [001]si0. Another important
reason is that they are chemically compatible with SIO-214 thin films during the growth process,
ensuring that the desired material properties are maintained, and lastly, they can withstand high
temperatures.

4.2 Growth optimization

Our goal was to fabricate high crystalline SIO-214 thin films with the new PLD500 system.
There are different PLD parameters that influence the growth process of the thin films. There-
fore, we have conducted three sets of optimization series — firstly varying substrate temperature,
then changing partial oxygen pressure, and lastly the varying fluence at the target surface. These
steps will eventually lead to single-crystalline thin films of the desired SIO-214 phase.

4.2.1 Substrate temperature series

The substrate temperature has the biggest influence on the quality of the SIO thin films. To
investigate this influence on the crystalline structure, we have fabricated SIO thin films in the
range 550 °C — 900 °C with 50 °C step. We have been guided by the paper by Nishio ef al.
[31] to expect at a SIO-214 phase at 850 °C. To investigate the structural properties, we have
performed high-resolution X-ray diffractometry (HRXRD) measurements around the expected
SIO-214 (0 0 12) as well as the STO (0 0 2) substrate reflection. Figure 4.2.1 displays the
results of the 260 — w scans of the SIO thin films fabricated by different substrate temperatures
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using an oxygen pressure of 10 ubar and 25 ubar, respectively. The 260-angle of the SIO-214
(0 0 12) reflection is indicated by the vertical dashed line. We clearly see that the SIO-214
(0012) reflection is clearly visible at substrate temperatures T's > 750 °C, slowly fading out by
increasing even further. We have found that SIO thin films fabricated at a substrate temperature
of 850 °C and an oxygen pressure of 25 pbar exhibit a single SIO-214 phase with the highest
crystallinity. The SIO-214 (0012) reflection is shifted to higher 26 angles mainly due to epitaxial
strain.

SIO T series, 10 pbar, 72%, STO SIO T series, 25 pbar, 72%, STO
T T T T T 108 T T T T T ;
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Figure 4.2.1: HRXRD measurements of SIO thin films fabricated with different substrate temper-
atures on STO substrates using an oxygen pressure of 10 ubar and 25 pubar with the same 72 %
transmission of the UV laser which equates to a 2.1 J/cm? fluence at the target surface (T-series).
The vertical dashed line corresponds to the theoretical bulk 26-value of the SIO-214 (0 0 12) reflec-
tion.

4.2.2 Pressure series

After finding the best crystallinity of SIO-214 thin films at a substrate temperature of 850 °C we
have varied the oxygen pressure in the PLD chamber. Guided by Ref. [31] we have fabricated
SIO in the range of 5 ubar — 55 pbar on LSAT using a fixed substrate temperature of 850 °C
as well as an UV laser pulse transmission of 90 %, which corresponds to an energy density
of around 3.5 J/cm? at the target surface. The HRXRD measurements on these SIO thin film
samples reveal different SIO phases for oxygen pressures lower than 25 pubar as well as larger
than 40 pbar (see Fig. 4.2.2). It is clear that 25 pbar and 40 pbar show the best results.
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Figure 4.2.2: HRXRD measurements of SIO thin films grown on LSAT substrates at different oxygen
pressures and fixed substrate temperature of 850 °C with the same 90 % transmission of UV-laser
which equates to 3.5 J/cm? energy fluence at the target surface (p-series). The vertical dashed line
corresponds to the theoretical bulk 20-value of the SIO-214 (0 0 12) reflection.

4.2.3 Fluence series

Lastly, we have determined which laser fluence is the most compatible with the SIO-214 phase.
Figure 4.2.3 displays the results of the HRXRD measurements of different SIO thin films fabri-
cated with different laser fluences on the target using the determined optimal substrate tempera-
ture of 850 °C and oxygen pressures of 25 ubar as well as 10 pubar on the two different substrates
STO and LSAT. Interestingly, by varying the transmittance of the UV excimer laser pulses from
50 % to 90 %, we can produce two different phases of the strontium iridate Ruddlesden-Popper
series. For a transmission of 50 % of the UV laser pulse, HRXRD measurements reveal a pos-
sible SrIrO3 phase with Laue oscillations demonstrating a coherent thin film growth with high
crystallinity and low roughness (see black curve in Fig. 4.2.3 top left panel). At higher fluence,
we have produced higher crystallinity of the SIO-214 phase. We therefore have chosen the sam-

ple fabricated at 850 °C, 25 ybar and 90 % transmittance which equates to 3.5.J/cm? fluence
for further measurements.
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Figure 4.2.3: HRXRD measurements of SIO thin films fabricated on STO and LSAT substrates at
10 pbar and 25 pbar with a substrate temperature of 850 °C using different transmission of the
UV-laser pulses (TR-series). Different phases of SIO can be observed in different SIO thin films
fabricated using different transmissions of the UV laser pulses. The vertical dashed line corresponds
to the theoretical 26-value of the SIO-214 (0 0 12) reflection.

4.3 Summary

After growth optimization, fabricating a variety of SIO thin films with different substrate tem-
peratures, different oxygen pressures, and different energy fluence of the excimer UV laser at
the SIO target, we have found that the best crystalline quality of strontium iridate thin films
with SroIrO4 phase have been found for SIO thin films fabricated with a substrate temperature
of 850°C, an oxygen pressure of 25 ybar and a 90 % transmittance of the UV laser pulses,
which corresponds to an energy fluence at the target of 3.5.J/cm?. However, as obvious from
Fig. 4.2.3, these SIO thin films exhibit a good, but not perfect crystalline quality. In particular,
they do not show any finite thickness fringes (Laue oscillation) demonstrating a more disordered
growth. Furthermore, the rocking curves around the SIO-214 (0 0 12) reflection reveal a high
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mosaicity demonstrated by a large full width at half maximum of around 0.5°. Since we have
scanned through nearly the full thin film growth phase diagram, other restraints might be present
explaining the poor crystallinity of the SIO thin films.

In PLD deposition, the state of the target material is also a crucial parameter. We therefore
fabricated a new SIO target and produced SIO thin films using the above-determined optimum
growth parameters. We further found that an increase of the target to substrate distance by 5 mm
to 65 mm reveals SIO thin films with good crystalline qualities as shown in Fig. 4.3.1.

The 260-scan reveals two prominent reflections of the thin film and the substrate indicating
high crystallinity of our film and no presence of other Sr;,411r,03,1 phases. It is also worth
mentioning the finite thickness fringes (Laue oscillations) around the thin film reflection due to
the finite size of the thin film. They indicate a coherent growth over the whole thickness, which
points to a high crystalline quality. To investigate the crystalline quality of the SIO-214 thin film
even further we have performed a rocking curve around the SIO-214 (0 0 12) reflection (Fig.
4.3.1). We have fitted the rocking curve with a Two-Gaussian model. The thin peak with high
intensity exhibits a full width at half maximum (FWHM) of 0.02° demonstrating an excellent
crystalline quality of the thin film. The second more broad component with a FWHM of 0.0873°
points to structural imperfections, and/or a strain relaxation of SIO-214 grown on STO substrate.
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Figure 4.3.1: HRXRD data of a SIO thin film produced using a newly fabricated polycrystalline SIO
target. The thin film is deposited using a substrate temperature of 850 °C, an oxygen pressure of
25 ubar, and a 90 % transmittance of the UV-laser pulses. Furthermore, the substrate-target distance
has been increased by 5 mm to 65 mm. The good crystalline quality is revealed by finite thickness
fringes around the SIO-214 (0 0 12) reflection (top left panel) as well as the narrow rocking curve
with a full width at half maximum (FWHM) of 0.02° (top right panel). The simulation of the X-ray
reflectometry data reveals a low roughness as well as a thickness of 112 nm (bottom panel).

We have also performed an X-ray reflectometry scan (see Fig. 4.3.1 bottom panel). The sim-
ulation of the data reveals a root mean square roughness of approximately 1.5 nm as well as a
thickness of the SIO-214 thin films of 112 nm.
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To investigate the magnetic properties of this SIO thin film, we have performed SQUID mag-
netometry measurements at different temperatures and external magnetic fields. Figure 4.3.2
shows the magnetization as a function of temperature with an external magnetic field of 0.2 T
applied in the film plane. The change in slope of the M (T')-curve indicates a magnetic ordering
temperature of around 225 K, which is close to the bulk value of SIO-214 (1 = 250K [3]).
Figures 4.3.1 and 4.3.2 therefore represent the starting point for further optimization of SIO-214
thin films using the new PLD500 system from DCA instruments.
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Figure 4.3.2: SQUID magnetometry measurements of a SIO thin film grown on a STO substrate
using a new polycrystalline SIO target. The magnetization is normalized to 100 K. The change in
slope at Ty ~ 225K indicates the magnetic ordering temperature of the SIO-214 phase, which is
close to the bulk temperature value of 250 K [3].
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Chapter 5

Growth optimization of heodymium
nickelate thin films

The parent material to investigate superconductivity in infinite-layer neodymium nickelate thin
films is the perovskite-based material system Ndg gSrp 2NiO3. This chapter therefore discusses
the growth optimization of Ndg gSrg2NiOs thin films on (LaAlOs3)g 3(SroTaAlOg)g.7 (LSAT)
substrates using the new PLD500 system from DCA instruments. To this end, we have varied
the substrate temperature, gas pressure, and laser fluence to find the best parameters to fabricate
Ndg gSrg 2NiOg thin films.

5.1 Growth optimization

In this thesis, we have focused on the material system Ndg gSrg.2NiO3, which can then be re-
duced to the superconducting infinite-layer nickelate compound Ndg gSrg 2NiOs as discussed in
Ch. 2. Therefore, it is important to first realize Ndg gSrg oNiOg thin films with high crystalline
quality. To this end, we have conducted three sets of optimization series — firstly varying the
substrate temperature, then changing the partial oxygen pressure via gas flow, and lastly varying
the energy fluence at the target surface similar to the optimization of the thin film growth of
strontium iridate thin films discussed in the previous chapter.

5.1.1 Substrate temperature series

The variation of the substrate temperature for the fabrication of neodymium nickel oxide (NNO)
thin films has delivered a great variety of different crystalline phases as revealed by high-
resolution X-ray diffractometry (HRXRD) measurements (see Fig. 5.1.1). Some phases were
hard to identify since epitaxial strain as well as oxygen deficiencies might play a dominant role.
However, we interpret the different reflections visible in the HRXRD data as different phases of
the Sr-doped Ruddlesden-Popper series Nd;,+1Ni,O3,,41. In Fig. 5.1.1 the 26-position of the
bulk (00 6) reflection of the NdaNiO4-phase (n = 2), the (0 0 14) reflection of the Nd4NizO1¢-
phase (n = 3) as well as of the (002) reflection of the desired Sr-doped NdNiOs-phase (n — o)
are indicated with vertical dashed lines. Furthermore, the 260 position of a possible NiO para-
sitic phase is also indicated. As obvious from Fig. 5.1.1 none of the NNO thin films show
the NdNiO3 phase. However, as the NNO thin film fabricated with a substrate temperature of
600 °C seems to deliver the best crystalline quality, we have chosen this substrate temperature
for further optimizations.
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Figure 5.1.1: HRXRD data of NNO-thin films fabricated with different substrate temperatures on
LSAT substrates at an oxygen pressure of 100 pbar and with a 72 % transmission of the UV laser
pulses which equates to 2.3 J/cm? energy fluence at the target surface (T-series). Different phases of
the Sr-doped Ruddlesden-Popper series Nd,,+1Ni,,O3,,+1 have been observed. The dashed vertical
lines correspond to theoretical 26 values of the bulk reflections of the NdsNiO,4-phase (NNO-214)
with n = 2, the Nd4NizO1g-phase (NNO-4310) with n = 3 as well as the NdNiOs-phase (NNO-
113) with n — oco. Furthermore, the 26 reflection of a possible NiO parasitic phase is also indicated.
The reflection at 26 ~ 42.1° corresponds to the LSAT substrate reflection with Cu K-/ wavelength.

5.1.2 Pressure series

Changing the oxygen gas pressure has also created a great variety of different NNO phases. We
clearly can see Laue oscillations in Fig. 5.1.2, indicating a good crystalline growth of NNO-214
and NNO-4310 phases with some possible epitaxial strain. But most importantly this time we
have spotted Nd gSro 2NiO3 "shoulders" right to the LSAT (0 0 4) substrate reflection using an
oxygen pressure of 150 pbar.
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Figure 5.1.2: HRXRD measurements of NNO thin films fabricated using different oxygen pressures
(p series) on LSAT at 600 °C with the 80 % transmission of UV laser which equates to an energy
fluence of 2.9J/ cm? at the target surface (p-series). Different Sr-doped Nd,,4+1Ni,, 03,41 phases
can be observed. The vertical dashed lines represent the 26 position of reflections from these phases
withn =1, n = 2, and n — oo (see Fig. 5.1.1).

5.1.3 Fluence series

The results of the HRXRD measurements of NNO thin films fabricated at a substrate tempera-
ture of 600 °C as well as an oxygen pressure of 100 pbar with different excimer laser transmis-
sion are not much different to the HRXRD data of the temperature series. Low fluences with
transmission < 72 % produce NNO phases with no or little crystallinity. On the other hand, at
high fluences with a transmission of 90 % the crystallinity is also reduced. Furthermore, X-ray
reflectometry as well as atomic force microscopy measurements reveal an increase in surface
roughness. We will stick to a transmission of 72 % of the UV laser pulses because it produces
NNO thin films with the highest X-ray intensity and visible Laue oscillations.
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Figure 5.1.3: HRXRD measurement data of NNO thin films fabricated at different UV-laser trans-
mission on LSAT substrates using a substrate temperature of 600 °C and an oxygen pressure of
100 pbar (TR series). The 26 position of different NNO-phases of the Sr-doped Ruddlesden-Popper
series Nd,,+1Ni,,03,,41 are marked as vertical dashed lines similar to Figs. 5.1.1 and 5.1.2.

5.2 Summary

As the Sr-doped perovskite compound NdNiOg (NNO) is the starting point for the investigation
of superconductivity in infinite-layer nickelates (see Chapter 2), we have fabricated a variety
of Sr-doped NNO thin films under different growth conditions to find the optimum growth pa-
rameters. By analyzing the structural properties of these thin films by high-resolution X-ray
diffraction, we have found a set of parameters, which yield the best crystalline quality of the
NNO thin films so far. However, NNO thin films fabricated under these conditions, namely a
substrate temperature of 600 °C, an oxygen pressure of 150 ubar as well as an energy fluence
at the target surface of 2.4J/cm? show additional phases of the Sr-doped Ruddlesden-Popper
series Nd,,11Ni,Os,41 (as indicated by vertical dashed lines in Fig. 5.2.1) demonstrating the
complex nature of neodymium nickelate thin films. In this HRXRD data the desired Sr-doped
NNO-113 phase is visible as a broad reflection at around 24° as well as a shoulder at slightly
larger 260-angles than the LSAT (0 0 4) substrate reflection.
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Figure 5.2.1: HRXRD measurements of a neodymium nickelate thin film fabricated at a substrate
temperature of 600 °C, an oxygen pressure of 150 ubar and a 72 % transmission of the UV laser
which equates to an energy fluence of 2.4 J /cm? at the target surface. The vertical dashed lines mark
the different phases of the Sr-doped Ruddlesden-Popper series Nd,, 1Ni,,O3,, 1.

As demonstrated by the optimization of SIO thin films discussed in the previous chapter,
the distance between target and substrate could also play a significant role in the fabrication of
single-phase Ndg gSrg 2NiOj3 thin films and needs to take into account in further optimization
processes. Furthermore, the oxygen gas pressure should be delicately adjusted to get rid of other
phases.
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Part Il

Resonant inelastic X-ray scattering
of strontium iridate thin films
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Chapter 6
Theory and experimental set-up

Strontium iridate thin films (SIO) are an interesting class of materials that exhibit a range
of intriguing electronic properties, including topological insulating behavior and the possibil-
ity for high-temperature superconductivity. The perovskite-based Ruddlesden-Popper series
Stp4+11r, 03,41 attracted considerable scientific attention due to the possibility of generating
new physics properties within a strong spin-orbit coupling regime (see Ch. 2). However, under-
standing the nature of these properties requires a detailed understanding of the electronic ground
state of these materials, which can be challenging to obtain using conventional spectroscopic
techniques.

This is where resonant inelastic X-ray scattering (RIXS) comes in — by providing a way to
directly probe the electronic and magnetic excitations in strontium iridate thin films. RIXS
can provide valuable analysis into the underlying physics of these materials. By measuring the
energy and momentum of the emitted X-rays, RIXS can reveal information on the electronic
structure, magnetic interactions, and excitations of these materials, providing a powerful tool for
studying their properties and potential applications.

6.1 Resonant inelastic X-ray scattering

This subsection is completely referred to the paper provided by Ament et al., titled "Resonant
inelastic X-ray scattering studies of elementary excitations" [32]. The paper discusses the use
of resonant inelastic X-ray scattering (RIXS) as a tool for studying elementary excitations in
various materials. We only took basic knowledge without deepening in details.

RIXS is a powerful experimental photon-in photon-out spectroscopic technique that can ana-
lyze the electronic structure and excitations of materials. RIXS is particularly useful for studying
transition metal compounds and their complex electronic interactions. This technique uses syn-
chrotron radiation to excite an atom or molecule and measure the energy of the emitted X-rays.

Compared to other scattering techniques, RIXS has several unique features. It covers a large
scattering phase space, is polarization and penetration depth dependent, element and orbital spe-
cific, and requires only small sample volumes. The scattering phase space available to X-rays
is larger than that of electrons or neutrons, enabling RIXS to probe the full dispersion of low-
energy excitations in solids. RIXS is element and orbital-specific, with chemical sensitivity
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6.1 Resonant inelastic X-ray scattering

Figure 6.1.1: Direct RIXS is a two-step process: An electron in the core level is excited into the
valence band by an incoming photon (initial step). The hole is then filled by an electron from another
valence state emitting an outgoing photon. In the indirect RIXS process, there is an intermediate
state: the valence electrons scatter off the hole in the core level through the Coulomb interaction
Uc. This leads to excitations of the valence electrons (intermediate step). In the final stage the
photoelectron decays leaving the resulting excitation in the valence band with a momentum Ak’ — hk
and an energy fwy — hwys. k' and k are the outgoing and incoming wave vectors as well as fiwy
and /wy are photon energies after and before excitation, respectively. Figure from Ref. [32].

arising from tuning the incident photon energy to specific atomic transitions of different types of
atoms in a material. It is also bulk sensitive, with a penetration depth of a few microns for hard
X-rays and around 0.1 ym for soft X-rays, making it possible to study small volume samples,
thin films, surfaces, and nano-objects. It can utilize the polarization of the photon to disentangle
the nature of the excitations created in the material and to characterize their symmetry and na-
ture, allowing for the probing of a broad class of intrinsic excitations of the system under study,
as long as these excitations are overall charge neutral.

When an incident X-ray photon is absorbed by a material, an electron in the material is excited
to an unoccupied state at higher energy. In the RIXS process, the energy and momentum of the
emitted photon can change from the incident one due to two different scattering mechanisms

known as direct and indirect RIXS.

In direct RIXS, a core electron is excited by an incoming photon into the valence band (see
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Chapter 6 Theory and experimental set-up

the initial state in Fig. 6.1.1). The empty state in the core level is then filled by an electron
from another valence state emitting an outgoing photon (see the final state in Fig. 6.1.1). In
this case, the energy and momentum of the emitted photon are directly related to the energy and
momentum of the incident photon.

In indirect RIXS, there is an intermediate step (see Fig. 6.1.1). The electron is excited from
a core level into the valence shell. Excitations are created through the Coulomb interaction Uc
between the core hole (and in some cases the excited electron) and the valence electrons. The
photoelectron subsequently decays, leaving behind an excitation in the valence band as shown
in Fig. 6.1.1 with momentum hk’ — fik, where k’ and k are outgoing and incoming wave vectors
respectively. This process involves a more complicated scattering mechanism, and the energy
and momentum of the emitted photon can change due to the interactions between the excited
electron and other electrons in the material.

The classification of a RIXS process as being either direct or indirect is useful because the
cross sections for each are quite different. For the direct RIXS process, both photoelectron tran-
sitions (the initial transition from the core level to the valence band and the final one from the
valence to the core level) must be allowed. In transition metal ions, for example, this could
be a dipole transition 2p — 3d followed by a 3d — 2p transition. When direct scattering is
allowed, as the energy levels and electronic transitions in the material satisfy the selection rules
for both the initial and final transitions, it is the dominant inelastic scattering channel, with in-
direct processes contributing only in higher order. In contrast, for the large class of experiments
for which direct scattering is forbidden, RIXS relies exclusively on indirect scattering channels.
In the following, we imply only the indirect process as the direct process is not applicable for a
complex Ruddlesden-Popper series Sry,11Ir,Os,41. These complex materials, like many others
with intricate energy levels, orbital symmetries, and spatial electron distributions, do not readily
satisfy the selection rules for direct RIXS, making indirect RIXS the primary scattering channel
in RIXS experiments on such materials.

Resonant scattering in the context of RIXS refers to the phenomenon where the incident X-
rays have an energy close to the resonant energy level of the sample’s core electrons. When the
incident X-rays are tuned to this resonant energy, they can excite core-level electrons to higher
energy states through a process called resonant absorption. The resonant energy is specific to
each element and corresponds to the energy difference between the core-level electron’s ground
state and an excited state. This energy is typically in the range of X-ray energies. When the
incident X-rays are resonant with this energy, the probability of exciting the core electrons is
greatly enhanced compared to off-resonant energies. In our RIXS measurements on strontium
iridate thin films we have tuned the energy of the incoming X-rays to the L3-edge of Ir (the
excitation of a metal 2p electron to unfilled 5d orbitals).

By using the RIXS intensity formula, we can predict and interpret the experimental RIXS
spectra. It allows us to extract valuable information about the electronic and magnetic properties
of the material, such as the energy and dispersion of excitations, the spin and orbital states, and
the coupling between different degrees of freedom. Comparing the calculated intensity with the
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6.1 Resonant inelastic X-ray scattering

experimental data helps in understanding the underlying physical processes and properties of the
material. The RIXS intensity can in general be written in terms of a scattering amplitude as

I (wk K, e€)=>"|Fry (kK e )| 8 (B +how — By — hu)
1

(6.1)

where the sum goes over-excited states f. F, and E are ground state and final state energies,
respectively. The delta function preserves energy conservation and the amplitude F 4 (k, k', €, €', wy)
decides which excitations (plasmons, phonons, charge-transfer, crystal-field, orbital, or magnetic
excitations) are probed and how the spectral weights of final state excitations depend on the po-
larization vectors € and €’ of the incoming and outgoing X-rays respectively. RIXS spectroscopy
takes advantage of photon polarization to unravel the properties of excitations generated in a ma-
terial. By analyzing the polarization of the incident and scattered photons, one can characterize
the symmetry and nature of these excitations using selection rules. That is why polarization vec-
tors should not be abandoned. Moreover, the polarization effects such as dipole and quadrupole
transitions are crucial in the interpretation of the RIXS at the L- and M-edges in transition-metal
compounds, where our interest in investigating Ir atoms lies.

To derive the specific scattering amplitude, particularly for strontium iridates, one would need
to consider the relevant theoretical models, the crystal structure and properties of strontium
iridates, and the experimental setup. This derivation typically involves applying quantum me-
chanical and computational techniques to describe the scattering process and incorporate the
specific properties of the material under investigation. It is worth noting that the derivation of
the scattering amplitude for a particular material involves sophisticated calculations and often
requires advanced theoretical and experimental techniques.

The fundamental scattering amplitudes can be obtained numerically, and several approxi-
mation schemes have been developed to provide more insight into the scattering amplitude.
These approximation schemes involve the propagation of the system in the time between absorp-
tion and emission processes. Generally, these schemes allow the separation of the fundamental
scattering amplitudes into a resonance function P (wy,wy/) and an effective transition between
ground and final states (f |IW?| g). The resonance function gives the strength of the fundamental
scattering amplitude, which is a combination of radial matrix elements of transition operators
and energy denominators that describe the resonant effect as a function of wy. The effective
transition operators create excitations in the valence shell similar to an optical excitation and can
be related to correlation functions such as the dynamic structure factor.

The indirect RIXS process is more complex than simple absorption or emission because it
involves both the creation and annihilation of a photon and an intermediate state, which makes
it a higher-order process that cannot be simply described by Fermi’s golden rule, just like in Eq.
(6.1). Instead, the Kramers-Heisenberg formula is used to describe RIXS. In this formula, the
RIXS intensity is proportional to the square of the scattering amplitude, which is a function of
the energy and momentum transfer between the incident and outgoing photons, as well as the
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polarization of the photons and the sample. X-rays are described by an electromagnetic field
with vector potential A(r,t) and their interaction with electrons is governed by the theory of
quantum electrodynamics. The electrons are assumed to move slowly compared to the speed
of light (v ~ hZ/mag ~ 0.21c, where Z the atomic number of the probed element and ag the
Bohr radius), and the potentials related to both electrons and photons are assumed to be small
compared to twice the mass of the electron e¢/2m.c?, e|A|/2m.c < 1. These assumptions
are valid for existing X-ray sources but may not hold for future X-ray free-electron lasers. For
simplification, relativistic effects are neglected, and formalism is developed for non-relativistic
electrons in small potentials. In these limits, one obtains for a system with N electrons the total
Hamiltonian:

N LeA(r))? e .
H = Z(W + %Ui -B(r;) + 2(277736)20-i AE(r;) % [pi + eA(r;)]

=1 6.2)

eRp(r:) Ca
— [pi + eA(r;)] x E(H’)}) +m + Hcoulomb + ; hwy | ay axe + 5

where p;,r;, and o; are, respectively, the momentum and position operators and the Pauli
matrices acting on electron 7. A(r) is the vector potential, E(r) = —V¢ — 0A /0t the electric
field, and B(r) = V x A the magnetic field. a;r( . annihilates (creates) a photon in the mode with
wave vector k and polarization vector €. The second term yields the Zeeman splitting, and the
third includes spin-orbit coupling. The interaction of electrons with an external electric potential
and with other electrons and nuclei in the sample (including the Darwin term) are all described
by Hcoulomb - The vector potential can be expanded in plane waves as

A . .
A _ ik-r * 1t _—ikr )
(r) kEE Weon (sakse +etay e ) (6.3)

where V is the volume of the system.

The process of deriving the photon scattering cross section involves splitting the Hamiltonian
H into two parts: the electron-photon interaction part H’, in which all terms are dependent on
A, and the remaining terms H(, which describe the electron and photon dynamics in the absence
of electron-photon interactions. The perturbation theory is then used to calculate the RIXS cross
section by assuming the presence of a single photon in the initial state with momentum 7k, en-
ergy hwy, and polarization € that is scattered to (hk’, iwy, €') in the final state.

To derive H', the terms of Eq. (6.2) are classified by their powers of A. The terms of H that
are quadratic in A are the only ones to contribute to the first-order amplitude, as they contain
terms proportional to aL, o/0x’e and akEaL, - The quadratic contribution from the first term of
H gives rise to non-resonant scattering, while the third term of H yields magnetic non-resonant
scattering. Although both these terms appear in the first-order scattering amplitude, they in prin-
ciple also contribute to the second order, but they are neglected because they are of order o®/2.
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Therefore, the relevant electron-photon interaction part H’ is

N 2
h
H = E [;A(ri) “Pi + 267mA2 (r;) + Qefmo'z’ -V xA(r) -
i=1

eh - OA(ry)
(2mc)? T

x A (I‘l)

(6.4)

The interaction of photons with the material leads to a change in the system from the ground

state |g) to the final state | f) with energies F, and E, respectively. During this process, the

photon loses momentum /iq = hk — hk’ and energy hw = hwy — hwy to the sample. To
calculate the transition rate for this process, Fermi’s golden rule to second order is used:

_271'

Y=

f

The transition rate for the process is given by the sum of two terms: the first-order amplitude,
which yields non-resonant scattering, and the second-order amplitude causing resonant scatter-
ing. Although the first-order amplitude usually dominates the second-order, when the incoming
X-rays are in resonance with a specific transition in the material (£, ~ E,,), the second-order
terms become large.

Skipping rigorous calculations for the sake of simplification one arrives at the final form of

the scattering intensity, where the double-differential cross section is now obtained referring to
Kramers-Heisenberg equations:

I (w,k, K. e, e') = rngwii/wk Z }]—}g (k, K. e, s’,wk,wk/) !2 0(Ey — Ef + hw) (6.6)
f

where 7. = (1/4meg)e? /mc? is the classical electron radius and the scattering amplitude at
zero temperature is given by

it
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where transition operator for the RIXS cross-section D and D’ refer to transitions related to
the incoming and outgoing X-rays, respectively:

N

1 )
D= } ekrie.p; 6.8
TMWK P © € P 6.8)

Equations (6.6) and (6.7) represent the Kramers-Heisenberg expression for RIXS. To yield
better understandable transition operators, separation into a part containing the geometry of the
experiment as well as to fundamental scattering amplitudes, relating the physical properties of
the probed system (see Ref. [32] for more details).
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6.2 Experimental set-up

The RIXS experiment presented in the framework of this thesis has been carried out at the ID20
beamline at the European Synchrotron Radiation Facility (ESRF), which is specialized in the in-
vestigation of electronic and magnetic excitations in matter using RIXS, non-resonant inelastic
X-ray scattering (NIXS) as well as emission spectroscopy in the hard X-ray regime. The main
scientific activities of ID20 are focused on the investigation of strongly correlated electron sys-
tems, functional materials, and the study of matter at extreme conditions such as using diamond
anvil cells for high-pressure experiments, or other complex sample environments, e.g. for in-situ
and operando studies of batteries, fuel cells, and chemical reactors [33].

Figure 6.2.1: Schematic view of the beamline ID20 (top panel) and the spectrometer used for RIXS.
The beamline ID20 is equipped with a collimating mirror (CM), a double-crystal Si (1 1 1) and
a channel-cut Si (8 4 4) monochromator. The monochromatic beam is focused using a toroidal
focusing mirror (FM) and a Kirkpatrick-Baez mirror (KB) on the sample at the center of the resonant
inelastic X-ray scattering (RIXS) spectrometer. Experimental energy resolution at the Ir atom Lg
edge (~ 12.8keV) determined from energy scans on polymer results to AE ~ 26 meV. Figure
taken from Ref. [10].
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The ID20 beamline employs Maxipix 2D detectors, a 5-element Avalanche Photodiode ar-
ray, and a Pilatus 300K-W detector (from the loan pool) to detect the X-rays scattered by the
samples. These detectors enable high-resolution measurements and high signal-to-noise ratios.
The beamline is equipped with two spectrometers: one for NIXS studies and the other is a
RIXS spectrometer equipped with five spherical crystal analyzers, operating in the horizontal
or vertical scattering plane. The overall energy resolution of this spectrometer depends on the
chosen monochromatization scheme and the crystal analyzer reflection and ranges from 25 meV
to 2meV [34].

Sample

Figure 6.2.2: Crystal analyzers and detector assembly. Where 6, and ; are analyzer rotations, fp is
detector rotation, x;, y;, and z; are analyzer translations, and xp, yp, and zp are detector transla-
tions. The sample position is shown as a red sphere. Figure taken from Ref. [35].

ID20 also offers a range of sample environments to researchers, such as a Dynaflow He ex-
change gas cryostat (3 — 300 K), Miniflow He cryostat (3 — 300 K), Cryostream (80 — 300 K),
Heat blower (300 — 800 K), and high-pressure cells (up 1 Mbar and beyond). These sample
environments enable researchers to study the properties of materials at a wide range of temper-
atures and pressures [34].
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In summary, the ID20 beamline provides a unique opportunity for researchers to study the
electronic and magnetic properties of materials, using a variety of techniques and sample envi-
ronments. The experimental observables that can be studied include magnons, d-d and charge
transfer excitations, plasmons, core- and valence emission lines, and mono-, dipolar- and multi-
polar transitions from core levels. The ID20 beamline is an important facility for advancing our
understanding of fundamental materials science, as well as for the development of new materials
for various applications, such as energy storage and conversion.
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Chapter 7
Experimental data

In this chapter, we will investigate the structural and magnetic properties of two first members of
the Ruddlesden-Popper series Sry,111r,,03,,41, namely SraIrO4 (SIO-214) and Sr3lraO7 (SIO-
327) thin films, along with their resonant inelastic X-ray scattering (RIXS) data. We will first
discuss the structural and magnetic properties of the thin films used for RIXS experiments and
then present the results of the RIXS measurements at different momentum and temperatures.

7.1 Resonant inelastic X-ray scattering on Sr.IrO, thin films

In the following section the structural and magnetic properties, as well as resonant inelastic X-
ray scattering (RIXS) data of a SraIrO4 (SIO-214) thin films are discussed. The SIO-214 thin
film is fabricated by pulsed laser deposition (PLD) on a (00 1)-oriented SrTiO3 (STO) substrate
using the former PLD500 system from the DCA Instruments (see Part I, Ch. 3). The deposition
is carried out at a substrate temperature of 650°C in an oxygen atmosphere with a pressure
of 25 ubar using a laser fluence at the polycrystalline target of 2.J/m? and a repetitive rate of
the excimer laser of 2 Hz. These deposition parameters are quite different from the optimal
parameters found for the fabrication of SIO-214 thin films using the new PLD500 system (see
Part I, Ch. 3).
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7.1 Resonant inelastic X-ray scattering on SralrOy4 thin films

7.1.1 Structural and magnetic properties of the Sr.IrO, thin films used for
the RIXS experiment

1.0
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Figure 7.1.1: SQUID magnetometry measurement of the SIO-214 thin film. The magnetization is
normalized to 100 K temperature. The magnetic ordering temperature Ty ~ 228 K is marked by a
vertical arrow.

Magnetic properties According to Cao e al. [36], the magnetic susceptibility x(7") =
M (T)/H of SraIrO4 shows evidence for weak ferromagnetism below Ty = 240 K above a crit-
ical magnetic field of poHd = 0.27T. The magnitude of the weak ferromagnetic moment was
estimated to be gy ~ 0.07 up/Ir [37], but this value cannot be attributed to Jeg = 1/2 mag-
netic moments that are perfectly aligned ferromagnetically. As was shown by Boseggia [10], the
expected magnetic moment for the Jeir = 1/2 state is 1 pp in the ionic limit. Crawford e al.
[3] proposed that a canted antiferromagnetic state could explain these observations. In this case,
the ferromagnetic moment would represent only a small fraction of the total magnetic moment
of the Ir** ions, which is consistent with what is observed in SIO-214. The magnetic ordering
temperature of the SIO-214 thin film on STO measured by us via superconducting quantum in-
terference device (SQUID) magnetometry of T ~ 228 K is similar to the bulk value of 250 K
[36] (see Fig. 7.1.1). The small discrepancy in transition temperature is most probably due to
epitaxial strain effects or finite-size effects.
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Figure 7.1.2: HRXRD measurements of the SIO-214 thin film on SrTiO3 (STO) substrate.

Structural properties The structural quality of the SIO-214 thin film has been measured
via high-resolution X-ray diffractometry (HRXRD) utilizing 26-w and w scans. The 26-w scan
shown in Fig. 7.1.2(a) reveals a prominent reflection of the thin film and the substrate indicating
a high crystallinity of our film and no presence of other Sry,11r,,O3,41 phases. The small sym-
metrical oscillations in intensity around the thin film reflection caused by a finite size of the thin
film (Laue oscillations) indicate a coherent growth over the whole thickness, which points to a
high crystalline quality. To further investigate the crystalline quality of the SIO-214 thin film
we have performed a rocking curve (w scan) around the SIO-214 (0 0 12) reflection. We have
fitted the obtained data with a two-Gaussian model (see blue curve in Fig. 7.1.2(b)). The thin
high peak with a full width at half maximum (FWHM) of 0.0155° demonstrates an excellent
crystalline quality of the thin film. The component with a larger FWHM of 0.1194° points to a
higher mosaicity due to structural imperfections most probably in the thin film layer close to the
STO substrate.

Strain effects Previous studies have shown that the physical properties of materials can be
significantly altered by strain effects induced by growing them on substrates with different lattice
parameters. In the case of SralrQy, its growth on a SrTiO3 (STO) substrate has been found to
cause strain effects that alter its lattice parameters and, in turn, its physical properties [38].
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Figure 7.1.3: Reciprocal space map of SIO-214 thin film and STO substrate. The black dashed line
indicates the centered growth of SIO-214 on STO substrate.

To investigate the epitaxial strain of the SIO-214 thin film on STO we have performed recip-
rocal space map around the SIO-214 (2 2 16) reflection (Fig. 7.1.3). The (2 2 16) reflection is
located centrally below the STO (1 0 3) substrate reflection with the same in-plane gnop value.
This indicates that the SIO-214 thin film is fully strained on the STO substrate. The different
Miller indices (h k) hereby indicate that the SIO-214 thin film is grown on the diagonal of the
(0 0 1)-oriented STO substrate. At the ID20 beamline of the European Synchrotron Radiation
Facility (ESRF), we precisely aligned the SIO-214 thin film with respect to the scattering plane
defining the orientation matrix (UB matrix) of the sample. From this alignment, the lattice con-
stants of the SIO-214 thin film are derived.

Substrate a=b((A) c(A) T{K) €z €2z

SIO-214
bulk [3] 5.497 25.798 295 0% 0%
STO 5.511 25.700 120 0.25% —0.38%

Table 7.1.1: Lattice constants and calculated strain values of the SIO-214 thin film on a STO sub-
strate. The lattice constants are derived from the alignment of the SIO-214 at the ID20 beamline
at the ESRF at 120 K before the RIXS measurement. These values are compared to bulk values of
SIO-214 at 295 K [3].

Table 7.1.1 summarizes the lattice constants of the SIO-214 thin film grown on a STO sub-

strate as compared to those of bulk SIO-214. The in-plane (¢, ) and out-of-plane strain (¢ ,) are
given relative to the bulk values. Table 7.1.1 shows that there is a small but significant strain in
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the sample grown on STO substrate. The lattice parameter a of Sr2IrO4 grown on STO substrate
is slightly larger than that of the bulk sample, indicating tensile strain along the a axis (in-plane
strain), while the lattice parameter c is slightly smaller, indicating compressive strain along the
c axis (out-of-plane strain). The magnitude of the strain is relatively small, with the strain along
the a axis being only 0.25% and the strain along the ¢ axis being —0.38%.

These strain effects have been found to have significant impacts on the physical properties of
SIO-214 grown on STO substrate. For example, it has been shown in Ch. 7 that the strain leads
to changes in the magnetic properties of Sro2IrO4 with the magnetic ordering temperature being
shifted to higher values.

7.1.2 RIXS data

In the following subsection, we will discuss the RIXS data of the SrolrOy4 thin film on SrTiOg
(STO) substrate. The measurements have been conducted at 7' = 20K and T' = 120 K. It is
important to note that the temperature difference does not influence the magnon dispersion much
as will be shown in Part II, Ch. 8.

Figure 7.1.4 shows the results of RIXS measurements at 20 K with different in-plane mo-
menta (@, i.e. different (h k) values along the (0, 7) direction at [ = 24. One can distinguish
solid black lines, which correspond to the experimental data, blue lines derived from the fitting
of the experimental data, dashed red lines indicate the energy of the magnon peak, and vertical
dashed black lines mark the position of the elastic line accordingly. The blue line inherits either
two-Gaussian or three-Gaussian models. The first peak is considered to be the elastic line, which
was shifted to zero energies. The second one is responsible for magnetic excitation [39]. A third
peak was observed at some (h k) values and seems to have a non-dispersive nature.

Following the red dashed line, a dispersive nature in both the left and upper graphs of the
magnon excitations can be observed. Despite the good visibility of peaks we have fitted them
with Gaussian models and achieved an error AF ~ 10 meV, which is less than the energy res-
olution of the ID20 beamline, which is around AE ~ 26 meV.
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Figure 7.1.4: RIXS data of the SIO-214 thin film measured at the ID20 beamline with different in-
plane momenta @, i.e. different (h k) values at a fixed I = 24 along the (0, 7) direction at 7" = 20 K.
Black lines represent the experimental data, blue lines are fitted to the data using Gaussian peak
functions, red dashed lines track the energy position of magnon excitations, and the vertical black
dashed line at zero energy is the elastic line.

The bottom single plot was only needed to better cover the local extremum of spin wave
dispersion relation which we discuss in Part II, Ch. 8. We can see some "shoulders" on the high
energy side of each magnon excitation possibly contributing to the multimagnon continuum.
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Figure 7.1.5: RIXS data of the SIO-214 thin films measured at the ID20 beamline with differemt
in-plane (h k) values, i.e. different in-plane momenta () along the (7/2, 7/2) direction at 7' = 20 K.
Black lines represent the experimental data, blue lines are fitted to the data using Gaussian peak
functions, red dashed lines track the energy position of the magnon excitation, and the vertical black
dashed line at zero energy is the elastic line.

Figure 7.1.5 shows the RIXS data along the in-plane (7/2, 7/2) direction measured at 7' =
20 K again at different momenta (h k) and @) values with [ = 24. The magnon peaks are homo-
geneous with equally broad peaks and lesser noise. The left and right panels are pretty identical
demonstrating the identical in-plane momentum using different (h k) values.

After extracting the energy of the magnon excitations from the RIXS data of SryIrOy4 thin
films grown on STO substrate, we would like to compare the thus obtained spin wave dispersion
relation to the dispersion reported by different papers before continuing with the simulation of
our data. In contrast to other reports on RIXS using SIO-214 single crystals, we have used an
epitaxially strained SIO-214 thin film, which could modify the magnon dispersion of SIO-214.
We would like to analyze if the spin wave dispersion of SIO-214 provided by other papers is
in agreement with our data. Figure 7.1.6 takes into account five different publications with the
same fitting model Eq. (8.4) from Part II, Ch. 8 but with different coupling strengthens as well
as anisotropies. Table 7.1.2 provides an overview of these values.

Coupling slifllglle Pincini Clancy (iso.) Clancy (aniso.) Vale
crystal [39] bulk [40] bulk [41] bulk [41] bulk [42]
J1 60 meV 57 meV 62 meV 65 meV 57 meV
Jo —20meV  —16.5meV —19meV —19meV —18 meV
J3 15 meV 12.4meV 13 meV 13meV 14 meV
« 0 0.05 0 0.02 0.08

Table 7.1.2: Values of each coupling strengthens and anisotropy factor provided by different papers
for SIO-214. The detailed overview can be found in Part II, Ch. 8.
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Firstly, it is worth mentioning that values provided by Kim ez al. [39], as one of the first pub-
lications on RIXS on single-crystalline SIO-214, are derived from a phenomenological theory
and empirical data. It has been stated that the exchange constants J; = 60 meV, J; = —J;/3 =
—20meV, J3 = J;/4 = 15meV fit the experimental data best. The black line which shows the
calculated spin dispersion using these values is slightly off from our data. The green line repre-
senting the spin wave dispersion published by Clancy et al. [41] provides also a mode, which
does not fully fit our data. They are both suitable for our two points near 0 meV at (0, 7) and in
proximity to (0, 0), but deviate from other @) points. This gives us a clue that a finite anisotropy
has to be taken into account. Spin dispersion relations provided by Vale et al. [42] or Pincini et.
al [40] which are taking into account an anisotropy in the easy-plane between first neighbors of
the Ir*T ions reveal in Fig. 7.1.6 that this model is in best agreement to our experimental data. A
finite anisotropy factor results in a gap at (0, 7) and (0, 0) decrease the slope of the dispersion
in the (7/2, 7/2) direction, which fits better to our data.

I .
250 Kim [39]
—— Pincini [40]
I Clancy isotropic [41]
S 200 = Clancy anisotropic [41]
GE) Vale [42]
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5 100
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Figure 7.1.6: Spin wave dispersion relations of SIO-214 provided by different authors depicted as
color solid lines. The extracted energy loss of magnon excitations of our RIXS data measured at
different temperatures is plotted as solid and open symbols with error bars.

Additional peaks with weak dispersion We have spotted some additional peaks in our
RIXS data at low energy loss close to the elastic line, which show only a weak dispersion as
it can be seen in Fig. 7.1.7. Interesstingly, these peaks do only appear for measurements with
(h k) values larger than (50) in the (0, 7) direction and larger than (4 0) in the (7, 7) direction,
but are not visible for measurements in the (0, 7) direction with h < 5 as well as for h < 4 in
the (7, ) direction. The main difference between these measurements at different (h k) values
but the same in-plane momentum () is the intensity of the elastic line (see Fig. 7.1.4 top left
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and top right panel). Therefore, these peaks might be correlated to the elastic line. Additional
measurements have to be carried out to clarify the origin of these additional peaks.
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Figure 7.1.7: RIXS data of SIO-214 measured at the ID20 beamline along (0, 7) and (7/2, 7/2)
direction at 7' = 20 K (black lines). Additional shoulders close to the elastic line are visible, which
are fitted by a single Gaussian peak function (purple lines).

7.2 Resonant inelastic X-ray scattering on Sr;lr,0O~ thin films

In the following section the structural and magnetic properties, as well as resonant inelastic X-
ray scattering (RIXS) data of the Sr3Ir,O7 (SIO-327) thin films used for RIXS experiments are
discussed. The SIO-327 thin films are fabricated by pulsed laser deposition (PLD) ona (00 1)-
oriented SrTiO3 (STO) and (0 0 1)-oriented (LaAlOs3)y 3(SraTaAlOg)g 7 (LSAT) substrate at
substrate temperature of 600 °C in the oxygen atmosphere with a pressure of 75 pubar using a

laser fluence at the polycrystalline target of 2.J/m? and a repetitive rate of the excimer laser of
2 Hz.
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7.2.1 Structural and magnetic properties of the Sr;sir,O; thin films used
for the RIXS experiment
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Figure 7.2.1: SQUID magnetometry measurements of the SIO-327 thin films grown on STO and
LSAT substrates. The magnetization is normalized to the magnetization at 100 K. Two transitions
can be observed: the onset of a weak ferromagnetic component at 7¢ =~ 260 K as well as a further
upturn of the magnetization at T" ~ 220 K which is attributed to a spin-reorientation transition.

Magnetic properties SIO-327 is a bilayer iridate compound that exhibits bulk properties
similar to those of the single layer compound SIO-214. Cao et al. first reported that Sr3lroO7
is barely an insulator and exhibits weak ferromagnetism in the basal plane below a transition
temperature T¢ of approximately 285 K with a second transition occurring at 7" =~ 260 K, at-
tributed to a spin-reorientation [7]. Our SQUID magnetometry measurement (Fig. 7.2.1) carried
out at o = 0T delivers values around 260 K and 220 K, accordingly. The deviation from
the bulk value might be explained by strain effects and/or finite oxygen vacancies within the
SIO-327 thin films. Interestingly, only one transition temperature is visible in the SIO-327 thin
film grown on a LSAT substrate.

The magnetic moment reported at 150 K in an applied field of 7T is less than 0.003 up /Ir,
much smaller than the corresponding magnetic moment in SrolrO4 (upm ~ 0.07ug/Ir) [37].
The effective moment deduced from a high-temperature Curie-Weiss fit the magnetic suscepti-
bility in a field of 7 T was reported to be 0.67 g /Ir, comparable to the value of 0.5 ug /Ir found
in SIO-214 [36]. These results indicate a similar microscopic magnetism in the Sr-based lay-
ered iridates but a different origin of the weak ferromagnetic components in the two compounds.

The peculiar temperature dependence of magnetization in SIO-327 and the differences among

various studies suggest that the weak ferromagnetism could originate from an extrinsic moment
produced by defects rather than a canting mechanism, as in the single-layer counterpart. The
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canting picture is, in fact, inconsistent with the observed magnetic and crystal structure [10].
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Figure 7.2.2: HRXRD measurements on SIO-327 thin films grown on (a) a STO substrate as well as
(b) a LSAT substrate.

Structural properties The structural quality of the SIO-327 thin films have been measured
via high-resolution X-ray diffractometry (HRXRD) utilizing 26-w scans as well as rocking
curve. The 26-w scans shown in Fig. 7.2.2 reveal reflections of the SIO-327 thin films and
the substrates indicating high crystallinity of our films and no presence of other Sr,,411r,035,41
phases. To investigate the crystalline quality of the SIO-327 thin films we have performed rock-
ing curves around the SIO-327 (0 0 10) reflection (see Fig. 7.2.2). We have fitted the rocking
curves of both SIO-327 thin films grown on STO and LSAT substrates with a two-Gaussian
model. The thin high peaks with FWHMSs of 0.0200° and 0.0137°, respectively, demonstrate the
excellent crystalline quality of both thin films. The broad component with FWHMSs of 0.0839°
and 0.2519°, respectively, point to possible imperfections, increasing the mosaicity of the SIO-

327 thin films.
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Figure 7.2.3: Rocking curves around the SIO-327 (0 0 12) reflection of the SIO-327 thin films on
(a) a STO substrate and (b) a LSAT substrate. The blue curves represent a fit to the data using a
two-Gaussian fit function revealing a full width at half maximum (FWHM) of the rocking curves of
0.0200° and 0.0137°, respectively.

Strain effects We have also investigated the strain state of the Sr3IroO7 thin films grown on
STO and LSAT substrates. Table 7.2.1 summarizes the lattice constants measured at the ID20
beamline at the ESRF. The results show that the in-plane lattice constants a, b of Sr3lraO7 grown
on LSAT are reduced, while the out-of-plane lattice constant c is increased leading to strained
components €, and ., values of —0.80% and 1.78%, respectively. On the other hand, the
Sr3IroO7 thin film grown on STO shows a smaller reduction of the in-plane lattice constants and
also a smaller increase of the out-of-plane lattice constant ¢, which results in €., and €., values
of —0.26% and 0.48%, respectively. These findings demonstrate that the different substrates
lead to different strain states, which significantly influence the lattice parameters of the SIO-327
thin films.

Substrate a=bA) c(A) T K) g €1s

S10-327

bulk [7] 3.896 20.879 300 0% 0%
LSAT 3.865 21.250 20 —0.80% 1.78%
STO 3.886 20.980 20 —0.26% 0.48%

Table 7.2.1: Lattice constants of the SIO-327 thin films grown on STO and LSAT substrates measured
at the ID20 beamline of the ESRF. Strain components are relative to bulk values.

The difference of the in-plane lattice constant a, b of the two SIO-327 thin films grown on
LSAT and STO substrates as shown in Table 7.2.1 has also been investigated using reciprocal
space maps using a HRXRD lab source (see Figs. 7.2.4 and 7.2.5). In these measurements, a
small deviation of the position of the (1 0 15) reflections with respect to the respective substrate
can be observed. However, the small intensity of the thin film reflection hinders a detailed
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evaluation of the in-plane strain state of the SIO-327 thin films.
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Figure 7.2.4: Reciprocal space map of the SIO-327 thin film on a STO substrate. The vertical black
dashed line indicates the center of the STO (1 0 3) substrate reflection.
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Figure 7.2.5: Reciprocal space map of the SIO-327 thin film on a LSAT substrate. The vertical black
dashed line indicates the center of the LSAT (1 0 3) substrate reflection.

7.2.2 RIXS data

In the following subsection, we will discuss the RIXS data of the Sr3lr2O~ thin films on SrTiOg
(STO) and (LaAlOs3)g.3(SroTaAlOg).7 (LSAT) substrates. The measurements have been con-
ducted at 7' = 20K and 1" = 120 K for the SIO-327 thin film on LSAT and only at 7" = 20K
for the film on STO at the ID20 beamline. One must confess that the temperature difference did
not significantly alter the magnon positions, as it will be shown in Part II, Ch. 8.

The Fig. 7.2.6 shows the RIXS data measured at (h k [) reflections for different in-plane mo-
menta along (7/2, 7/2) direction at [ = 24 for the SIO-327 thin film grown on both LSAT and
STO substrates. The solid black lines represent the experimental data, while the blue lines fit
the data using two Gaussian peak functions. The first peak is considered as the elastic line and
has been shifted to zero energy. The second peak is interpreted as magnon excitations. All plots
show the dispersive nature of magnon excitations indicated by the red dashed line. The magnon
peaks were easily identified and fitted with the Gaussian function.
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Figure 7.2.6: RIXS data measured with different in-plane momenta along (7/2, 7/2) direction with
l =24 (a),(b)atT = 20K and T" = 120K of the SIO-327 thin film grown on LSAT, and (c) at
T = 20 K grown on STO. Black lines represent the experimental data, blue lines are fitted to the data
using Gaussian peak functions, the red dashed line tracks the position of the magnon, and the black
vertical dashed line at zero energy is the elastic line.

In the SIO-327 thin film grown on STO (Fig. 7.2.6(c)) we can resolve magnon excitations at
the I"-point in contrast to the SIO-214 thin film. The difference in spin wave dispersion relation
between them will be discussed in Ch. 8. But it is worth noting that the peak at @) = (0, 0) is
barely visible, leading to a larger energy uncertainty of the magnon excitation. Other magnons
at higher (Q’s are better resolvable, but nonetheless, the energy error is AE =~ 20 meV.

We have also conducted measurements along the (5 0 2) reflection of SIO-327 to compare
our data with the data published by Moretti Sala et al. [43]. By the time of writing this the-
sis, the process of manufacturing Sr3lraO7 thin films is very demanding, which is why there
is not so much research related to SIO-327. As shown in Fig. 7.2.7, different peaks can be
resolved. According to the publication feature A is the elastic line, feature B is a transverse
excitation of superposition of degenerate acoustic and optical magnons, feature C is assigned to
the multimagnon continuum, and feature D is ascribed to longitudinal excitations.
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Figure 7.2.7: RIXS data measured at @ = (50 2) at T = 20 K of the SIO-327 thin film grown on
LSAT (black solid symbols) and STO (black open symbols) substrates along with data adapted from
Ref. [43] (solid blue line). According to Ref. [43] the peaks are labeled as A (elastic line), B (trans-
verse magnon excitations), C (multimagnon continuum), and D (longitudinal magnon excitations).

Despite worse energy resolution, one can see the shift of our data to smaller energies. Both
B and D features were shifted approximately 20 meV to the left, which brings us to the conclu-
sion that strained epitaxial or finite size effects play a significant role on the energy position of
magnon excitations.

69



Chapter 7 Experimental data

T
250 F=— Moretti Sala B [43] |
|| ——Moretti Sala D [43]
Moretti Sala C [43]

200 H ® LSAT 20K
% ® LSATI20K
= STO 20K
? 150 |
ke]
>
o
)

e
w 100 |

50 - .

(11/2,0) (T1/2,11/2) (0,0 (11/2,0)
Momentum

Figure 7.2.8: Spin wave dispersion relations of feature B, C, and D of SIO-327 provided by Moretti
Sala et al. [43]. The extracted energies of these features of our RIXS data measured at different
temperatures of SIO-327 thin films grown on LSAT and STO substrates are plotted as points with
error bars. Feature B and D are transverse and longitudinal modes, C is assigned as multimagnon
continuum, which is B shifted up by 85 meV.

It has been reported that SIO-327 have transverse and longitudinal magnon modes. Feature
B is a transverse mode and was interpreted as the superposition of almost degenerate acoustic
and optical magnons and has been constructed based on Eq. (8.6). Feature D is a longitudinal
mode and most likely has nontrivial dependence of its intensity on momentum transfer (strong
dependency on the out-of-plane component of Q). Feature C here is the lower boundary of the
two-magnon continuum and is feature B shifted up by a 85 meV gap. Looking at our data in Fig.
7.2.8 we only have a few data points for features C and D, therefore we will concentrate only on

feature B or the transverse mode Sy, (w, Q) + Syy(w, Q). We see some downward inclination
near I"-point.

Additional peaks with weak dispersion We also observe some odd peaks in the RIXS
data at low energy loss of the Sr3lroO~ thin film on LSAT with weak dispersion as shown in Fig.
7.2.9. The cause of these additional peaks close to the elastic line is unclear and needs to be
investigated in further measurements.
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Figure 7.2.9: RIXS data measured along the (7/2, 7/2) direction at 7' = 20K and T' = 120K of
the SIO-327 thin film grown on LSAT. Black lines represent the experimental data, purple lines are
fits of the additional peak close to the elastic line using a Gaussian peak function, red dashed lines
highlight the dispersion of these additional peaks, and the vertical dashed line indicates zero energy.

7.3 Summary

This chapter has discussed the findings of resonant resonant inelastic X-ray scattering (RIXS) on
SroIrOy4 (SI0-214) and Sr3lraO7 (SIO-327) thin films fabricated on STO and LSAT substrates.
To this end, we first discussed the structural and magnetic properties of the samples used for the
RIXS experiment.

For the SraIrOy thin film, high-resolution X-ray diffractometry (HRXRD) measurements were
used to assess the structural quality of the thin film. The results showed that the thin film had
excellent crystalline quality with low mosaicity and coherent growth along the out-of-plane di-
rection. Furthermore, the thin film is found to be fully strained. The lattice parameters of the
SIO-214 thin film grown on STO determined from reciprocal space mappings as well as during
the alignment of the SIO-214 samples at the beamline ID20 at the ESRF were slightly differ-
ent from the SIO-214 literature values, revealing the presence of epitaxial strain effects. It was
found that the SIO-214 sample has a tensile in-plane strain and compressive out-of-plane strain.

The RIXS measurements of the SIO-214 thin film grown on STO carried out at the beamline
ID20 at the ESRF at different in-plane momenta at 7' = 20 K and 7" = 120 K revealed magnetic
excitations in the thin film. The analysis showed a dispersive nature of these excitations. The
RIXS data were fitted with Gaussian functions to extract the energy loss of the magnon excita-
tions. The thus obtained spin wave dispersion relation has been compared to literature data on
single-crystalline bulk samples. Small but finite deviations have been observed, which will be
explained in the next chapter. However, some additional peaks have been observed, close to the
elastic line for some (h k)-values. The origin of these peaks needs to be investigated in future
experiments.

For the Sr3lraO7 thin films, similar investigations were conducted. The HRXRD measure-
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ments indicated excellent crystalline quality for the thin films grown on both STO and
(LaAlOs3)o.3(Sr2TaAlOg)g.7 (LSAT) substrates. Furthermore, a compressive in-plane and tensile
out-of-plane strain has been found for both samples.

RIXS measurements at different in-plane momenta of the SIO-327 thin films also revealed
magnetic excitations with clear dispersion. Furthermore, RIXS data at a specific momentum
transfer (with (h k1) = (50 2)) were conducted and compared to the work by Moretti Sala et
al. [43]. The complexity of the magnetic excitations in Sr3lroO7 was evident, and the influence
of possible epitaxial strain as well as possible finite size effects was found in the comparison to
Moretti Sala et al. [43]. These RIXS data are further analyzed using SpinW in the next chapter.
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Chapter 8

Simulation of spin wave dispersion
relations

Spin waves, also known as magnons, are collective excitations of the magnetic moments in a
crystal lattice. These excitations play a crucial role in understanding the magnetic properties of
materials, including their magnetic ordering and dynamics. Recently, resonant inelastic X-ray
scattering (RIXS) has emerged as a powerful experimental technique for studying spin waves in
complex materials, such as transition-metal oxides. To analyze and interpret RIXS data, theo-
retical simulations of spin waves are often needed.

The SpinW package is a widely used software tool for simulating spin waves in magnetic
systems. It is built on top of the MATLAB environment and provides a user-friendly inter-
face for generating magnetic models using mean field theory, calculating spin-wave spectra, and
spin-spin correlation function. SpinW has been used in a variety of studies, ranging from in-
vestigating the magnetic properties of single crystals to simulating spin waves in thin films and
heterostructures [44].

In this chapter, SpinW has been applied to study the spin wave dispersion relation of epitaxial
strained SralrO4 and Sr3lroOr thin films. The obtained spin-wave spectra of these materials
have been compared to experimental data obtained from RIXS measurements.

8.1 Linear spin wave theory

Linear spin wave theory (LSWT) is a widely used method for describing the dynamics of mag-
netic systems, including the spin wave dispersion relation. The basic idea of LSWT is to approx-
imate the Hamiltonian of the system as a quadratic form around a particular spin configuration.
The quadratic terms in the Hamiltonian then give rise to harmonic oscillations, which can be
identified as spin waves. The spin waves can be described by their dispersion relation, which
relates their frequency to their wavevector [44].

In the SpinW package, the LSWT is implemented using the Holstein-Primakoff transforma-

tion, which maps spin operators onto bosonic creation and annihilation operators. The Hamil-
tonian is then written in terms of these bosonic operators, which can be treated using standard
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8.1 Linear spin wave theory

techniques from quantum mechanics. The resulting equations can be solved numerically to ob-
tain the spin wave dispersion relation [44].

The LSWT Hamiltonian for a magnetic system with Heisenberg interactions can be written
as:

H= Z S?m ~Jmi - Snj + Z S?m “Ai - S + MBHT ZQiSmi 8.1
mi,nj mi mi

where indices m and n are indexing the crystallographic unit cell (running from 1 to L), while

1 and j label the magnetic atoms inside the unit cell (running from 1 to N), S are magnetic mo-

ments, A describes the magnetic anisotropy, H is the external magnetic field column vector, i3

is the Bohr magneton, and J are exchange interactions including anisotropic and antisymmetric

(Dzyaloshinskii-Moriya) exchange interactions [45]:

Je 0 0 0 D, -D,
Js=10 J, 0|,Ja=|-D. 0 D, (8.2)
0 0 J, D, -D, 0

where J; and D; are directional components of coupling strengthens between atoms and DMI
constants respectively.

By diagonalizing Eq. (8.1), we can obtain the spin wave frequencies and eigenvectors for a
given magnetic system. The eigenvalues of the diagonalized Hamiltonian describe the dispersion
relation and the spin-spin correlation function:

59 (k) = oo / dte ! (5% (q, 0)S°(—q, 1)) 8.3)

where (S%(q,t)) is the expectation value of the spin component operator and related to the
Fourier transform of the eigenvectors of the Hamiltonian at wavevector q [44].

Diagonalizing the Hamiltonian can be done using the SpinW package, which provides a con-

venient interface for constructing the Hamiltonian and calculating the spin wave dispersion re-
lation (Fig. 8.1.1).
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Lattice

Hamiltonian Magnetic structure

Spin-spin Correlation
function

Figure 8.1.1: Data transfer diagram in SpinW. The spin waves can be simulated by inputting firstly
bond lengthens, symmetries, as well as exchange constants .JJ between interested magnetic structures,
anisotropies A, and dependent g-factors. Then the magnetic structures can be generated by SpinW
using a mean field optimization. Finally, combining diagonalized Hamiltonian with manually defined
magnetic structures and applying LSWT one obtains spin wave dispersion relation and spin-spin
correlation function. Figure taken from Ref. [44].

Henceforth to simulate spin waves using SpinW, the following steps can be followed:

1. Define the system: Start by specifying the relevant parameters of the system, includ-
ing the bond lengths, symmetries, and exchange constants (represented by the symbol .J)
between the magnetic structures of interest. These exchange constants describe the inter-
actions between neighboring magnetic moments. Additionally, anisotropies (represented
by the symbol A) and dependent g-factors can be taken into account. These parameters
provide the necessary input to describe the magnetic properties of the system.

2. Generate magnetic structures: Using the specified parameters, SpinW employs a mean-
field optimization method to generate magnetic structures. Mean-field theory treats the
interactions between magnetic moments in an average or mean way, providing a starting
point for the calculation. The optimization process aims to find the lowest energy state
consistent with the input parameters and constraints.

3. Diagonalize the Hamiltonian: Once the magnetic structures are generated, SpinW pro-
ceeds to diagonalize the Hamiltonian. The Hamiltonian describes the energy of the system
and includes terms related to the exchange interactions, anisotropies, and external fields.
Diagonalization involves finding the eigenvalues and eigenvectors of the Hamiltonian ma-
trix, which correspond to the energy levels and associated wave functions of the system.

4. Calculate spin-spin correlation function: With the diagonalized Hamiltonian and the
generated magnetic structures, one can calculate the spin-spin correlation function. This
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8.2 Magnetic structures of SralrO4 and SrglroO7

correlation function provides information about the statistical relationship between the
spin components at different positions and times. By examining this correlation function,
one can gain insights into the spin dynamics and collective behavior of the system.

5. Apply LSWT: LSWT is a perturbative approach commonly used to study spin waves
in magnetic systems. By treating small deviations from the magnetic ground state as
excitations or spin waves, LSWT allows for the calculation of the spin wave dispersion
relation. This relation describes how the spin waves propagate through the system as a
function of their wavevector and frequency.

8.2 Magnetic structures of Sr,IrO, and Sr;lr,O,

The magnetic properties of Sr21rO,4 can be described by a two-dimensional anisotropic Heisen-
berg Hamiltonian. This Hamiltonian takes into account the nearest-neighbor (J1), second-
nearest-neighbor (J2), and third-nearest-neighbor (.J3) magnetic exchange interactions, as well
as an anisotropic in-plane (z-y plane term) represented by the parameter . The introduction of
this anisotropy in the system causes a distinction between the magnetic modes associated with
in-plane and out-of-plane spin fluctuations. The in-plane magnon mode remains without a gap
explained by Kim et al. [39], while the out-of-plane mode acquires a spin gap at the center of
the magnetic zone [40, 42, 46]. The Hamiltonian is given by [41]:

M=) 7SS +S!S) + (1-0) ;5]| + 3 B & Z S-S5 g4
(i) (i) M)

Here, the first term represents the interaction between nearest-neighbor spins, with the x, ¥,
and z components of the spins denoted by S. The second term accounts for the interaction
between second-nearest-neighbor spins, and the third term represents the interaction between
third-nearest-neighbor spins which are summed by 7 and j indices. The values of Jy, Jo, and
J3 determine the strength of these interactions. The anisotropic easy-plane term, controlled by
the parameter «, introduces an anisotropy in the z-component interaction of neighboring spins.
This term reflects the preference of the spins to align in the z-y plane rather than the z-direction.

The magnetic structure of SIO-214, as shown in Fig. 8.2.1(a), can be understood by consid-
ering the interplay between these exchange interactions and the anisotropic easy-plane term in
the Hamiltonian. The coupling between the nearest (Ji, red lines), second-nearest (.J2, green
lines), and third-nearest (.J3, blue lines) neighbor spins results in an antiferromagnetic in-plane
spin-ordering.
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Figure 8.2.1: Magnetic structures of SIO-214 and SIO-327. Scales are not considered. The a and b
directions of the unit cells are scaled by 1.25 for visualization. The unit cell itself is shown by the
black dashed line. Ir atoms are shown as red balls with red arrows displaying the direction of the
magnetic moments. J1, Js, J3, and J4 interactions are indicated with red, green, blue, and cyan lines
respectively. As well as the antisymmetric exchange Dzyaloshinskii-Moriya interaction (DMI) in
SIO-327 is depicted with red arrows between atoms.

On the other hand, in the study of the magnetic structures in Sr3lrsO7, a theoretical model
Hamiltonian based on a pseudospin-1/2 frustrated Heisenberg model is employed. This model
takes into account both intrinsic anisotropic and spin-orbit coupling effects, and its details can
be found in the review by Boseggia et al. [10] and Jackeli et al. [18]:

Hl'jIJSi-Sj—i—JZSiZS;—I—D'[Si X Sj}—{—’H/ (8.5)

In the context of theoretical models for bilayered systems with strong spin-orbit coupling,
the Hamiltonian describes the layered iridate materials. It includes terms such as isotropic
Heisenberg superexchange, pseudo-dipolar interaction (PDI), Dzyaloshinskii—-Moriya interac-
tion (DMI), and anisotropic contribution from Hund’s coupling. This Hamiltonian can explain
the observed basal-plane canted antiferromagnetic structure and predicts a spin-flop transition
as a function of the tetragonal crystal field 6. In SIO-327, the interlayer coupling prevents the
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8.2 Magnetic structures of SralrO4 and SrglroO7

complete elimination of the twist of the IrOg octahedra, resulting in intrinsic anisotropy. Intro-
ducing interlayer interactions enhances the PDI in the Hamiltonian, leading to the reorientation
of the magnetic moments along the c-axis. Solving this anisotropic Hamiltonian specifically for
Sr3IroO7 we yield a Hamiltonian with frustration and longer-range interactions, given by [43]:

H=J1 Y [cos(20)S; - Sy; + 2sin®(0)S};S]; —eie sin(26) (Sy; x Syj) - é-]
(4,5).1
+J4ZSM - Soi + Jo Z Sii - Sy + J3 Z S - Si;
i (i) (G

(8.6)

Here, the indices (i, j), ((i,7)), and ({(7,7))) refer to nearest, second-nearest, and third-
nearest neighbors within each layer just as in Eq. (8.4), labeled as [ = 1,2, 3. The parameter 6
represents the relative strength of the anisotropic interactions 6 of IrOg octahedra in each layer.
The terms in the Hamiltonian can be described as follows:

1. The first term captures the interaction between nearest neighbors. It consists of three
components:

a) The first component, J; > oy cos(260)S;; - Sy, represents the isotropic exchange
interaction between spins in the x-y plane.

b) The second component, J; Y (i) 2 sin2(0)5fiSfj, accounts for the pseudodipolar
interactions arising from Hund’s coupling and the staggered rotation of the IrOg
octahedra.

¢) The third component involves the DMI and is given by J; Z<i )1 Ei€l sin(20) (S x Syj)-
é. where €; and ¢; are parameters associated with the DMI interaction strength, and
¢, denotes the unit vector along the z-axis.

2. The second term, J4 Zl S1; - So;, represents the interaction between spins in out-of-plane
direction.

3. The third term accounts for the interaction between second-nearest neighbors and is given
by J2 2 (i.iyy. Sti - Sj-

4. The fourth term represents the interaction between third-nearest neighbors and is given by
32 (((i.gyy) 0 St * St

The complex magnetic structure of SIO-327 is shown in Fig. 8.2.1(b). The chosen coupling
strengths Jy, Jo, J3, and Jy represented by red, green, blue, and cyan lines, respectively, to-
gether with a finite DMI interaction visualized by small red arrows between atoms result in an
antiferromagnetic spin-ordering with spins aligned the out-of-plane z-direction.
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8.3 Simulation of spin wave dispersion relation of Sr,IrO,

After comparing our data to different spin wave dispersion relations provided by different publi-
cations on SIO-214 single crystals using variables shown in Table 8.3.1, it is time to find the best
fit to the spin wave dispersion relation of the SraIrO4 thin film obtained from our RIXS data.
To better understand the influence of each coupling constant and anisotropy of the Hamiltonian
Eq. (8.4) on the spin wave dispersion relation, we have calculated the spin wave dispersion re-
lation using different coupling strengths .J1, Jo, J3, and different anisotropy values «.. The thus
obtained spin wave dispersion relations are depicted in Figs. in B.1.1. While different J;-values
with [ = 1,2, 3 result in different shapes of the spin dispersion relation, a finite anisotropy «
leads to a finite gap at (0, 7) and (0, 0).

Coupling sﬁllglle Pincini Clancy (iso.) Clancy (aniso.) Vale This work
crystal [39] bulk [40] bulk [41] bulk [41] bulk [42] best fit
J1 60 meV 57 meV 62 meV 65 meV 57 meV 55 meV
Jo —20meV  —16.5meV —19meV —19meV —18meV  —19meV
J3 15 meV 12.4 meV 13 meV 13 meV 14 meV 13 meV
« 0 0.05 0 0.02 0.08 0.07

Table 8.3.1: Values of the coupling strength J; (I = 1,2,3) and anisotropy factor o of SryIrOy
provided by different publications on basis of Eq. (8.4). The values yield the best fit to our RIXS
data of the SIO-214 thin film grown on STO are also displayed.

After thorough consideration of each variable and understanding how each affects the spin
wave dispersion relation we have made our best fit to our RIXS data. Using the values displayed
in Table 8.3.1 Fig. 8.3.1 shows the intensity of the spin-spin correlation function calculated
by SpinW package, taking into account a finite energy resolution of 26 meV. Interestingly, the
second-nearest neighbor coupling .Jo and third-nearest neighbor coupling .J3 are comparable
to values from the publications summarized in Table 8.3.1. A more drastic difference of our
data compared to the data on SIO-214 single crystals shows the first-nearest neighbor coupling
J1 = 55meV, which is smaller than the values found for SIO-214 single crystals. Together
with a 7% easy-plane anisotropy (o« = 0.07), we can suggest that epitaxial strain effects can
play a significant role in influencing the magnetic structure of SraIrO,4. Table 7.1.1 reveals that
the SIO-214 thin film has a tensile in-plane strain, which increases the distance between Ir atoms
and, on the other hand, decreases the coupling strength, which agrees with our findings.
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B Magnons

Intensity (arb. u.)

Figure 8.3.1: Spin wave dispersion relation calculated using the SpinW software taking into account
the energy resolution AE = 26 meV. The energy of magnon excitations extracted from our RIXS
data on the SIO-214 thin film grown on a STO substrate is shown as green symbols. Intensity depicts
the spin-spin correlation function.

8.4 Simulation of spin wave dispersion relation of Sr;ir,O,

Since there is not so much research on Sr3lr,O7 up to date because of the complexity in fab-
rication, we only consider the publication by Moretti Sala and coworkers [43] for comparison.
To better understand the influence on the coupling constants as well as the anisotropy based on
the Hamiltonian Eq. (8.6) on the spin wave dispersion relation, we have performed simulations
with different J; and #-values. While a variation of .J; and J4 results in a shift of the spin wave
dispersion, the influence of Jo, J3, and € are more complex (see Figs. B.1.2).

This work This work

Coupling MSS;?E 4S32;la best fit best fit
STO LSAT
J1 26 meV 16 meV 16 meV
Jo —15meV —22meV  —28 meV
J3 6 meV 3meV 4meV
Ja 90 meV 90 meV 90 meV
0 37° 54° 69°

Table 8.4.1: Values of each coupling strengthens and twisting angle factors provided by the paper
and best fit of our RIXS data of SIO-327 grown on both LSAT and STO substrates.
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Except for the out-of-plane coupling strength .J4, a clear difference to the bulk values of SIO-
327 has been obtained (Table 8.4.1). The antiferromagnetic coupling strength J; and J3 are
smaller and the ferromagnetic diagonal second-nearest neighbor coupling has become bigger
in comparison to the bulk values. Moreover, a larger value of the anisotropic twisting angle 6
has been found. This suggests that Sr3IroO7 grown on both substrates is compressed in [1 1 0]
direction. However, this could not be verified by measuring the lattice constants of SIO-327.
HRXRD measurements summarized in Table 7.2.1 reveal a compressive in-plane strain but with
equal in-plane lattice constants a and b retaining a tetragonal crystal symmetry. To further inves-
tigate this discrepancy additional reciprocal space mappings along different in-plane directions
have to be carried out.

B Magnons at 20K

Intensity (arb. u.)

Figure 8.4.1: Spin wave dispersion relation calculated via SpinW using the exchange constants as
well as the anisotropy value, which results in the best agreement between simulation and experimen-
tal data (blue solid symbols) extracted from RIXS measurements of the SIO-327 thin film grown
on a STO substrate. The simulation takes into account the energy resolution AE = 26 meV. The
intensity depicts the spin-spin correlation function.

Figure 8.4.1 shows the simulation of the spin wave dispersion relation using parameters (see
best-fit values summarized in Table 8.4.1 which yield the best agreement between simulation
and experimental data extracted from RIXS measurements of the SIO-327 thin film grown on a
STO substrate. The data points as well as errors are in the boundaries of the resolution of the
ID20 beamline. Similarly the spin wave dispersion relation of the SIO-327 thin film grown on
LSAT substrate (see Fig. 8.4.2) has been simulated using SpinW and the "best-fit values" shown
in Table 8.4.1. The simulation and the experimental data shown as solid symbols agree with the
experimental uncertainty.
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B Magnons at 20K
B Magnons at 120K

Figure 8.4.2: Simulated spin wave dispersion relation taking into account the energy resolution
AFE = 26meV together with the experimental data extracted from RIXS measurements at 20 K
and 120 K of SIO-327 thin film grown on the LSAT substrate. The intensity depicts the spin-spin
correlation function.

8.5 Summary

In this chapter, the SpinW package has been utilized to study the magnetic properties of SraIrOy
and Sr3IroO7 thin films and to investigate the influence of epitaxial strain caused by substrates.
The spin wave spectra in these materials were simulated using SpinW, and the results were
compared to experimental data obtained from resonant inelastic X-ray scattering (RIXS) mea-
surements.

In the previous chapter, we have compared the spin wave dispersion relation obtained from
our RIXS data of the SraIrO,4 (SIO-214) thin films grown on a strontium titanate (STO) substrate
to spin wave dispersion relations on single crystalline SIO-214 bulk samples published by dif-
ferent groups. The comparison revealed that the fitting models and the used parameters can not
fully explain the behavior of our data despite the low energy resolution of 26 meV of the ID20
beamline.

Considering the low energy resolution (AE = 26 meV) of the RIXS data, it was challenging
to choose a specific simulation from other papers. By using the SpinW package, the influence of
each coupling constant and anisotropy value on the spin wave dispersion relation was analyzed
to understand their effects. The best agreement to the RIXS data was obtained by adjusting the
coupling variables and incorporating a 7 % easy-plane anisotropy, indicating the significant role
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of a possible epitaxial strain on the magnetic structure of SraIrQ4. In particular, we have found a
reduced in-plane coupling constant between first-nearest neighbor Ir** ions, which is in agree-
ment with a finite tensile strain of the SIO-214 thin film grown on STO.

In a similar way, the spin wave dispersion relation of the Sr3lroO7 thin films grown on STO
and LSAT substrates have been simulated using SpinW. The downward inclination at the I'-
point in the experimental data matched well with the simulated spin wave dispersion relation.
The simulations suggest a compressive in-plane strain along the [110]-direction, which could not
be revealed by X-ray diffraction measurements discussed in Part II, Ch. 7.1. This discrepancy
needs to be investigated in future measurements.
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Chapter 9
Conclusion and Outlook

Superconductivity, a captivating quantum phenomenon, has been a subject of intense scientific
inquiry for over a century. This master’s thesis embarked on a multifaceted exploration of un-
conventional superconducting materials, particularly focusing on strontium iridate (SroIrO,4 and
Sr3Iro07) and strontium-doped neodymium nickelate (Ndg gSrp 2NiO3) thin films, with an em-
phasis on understanding their crystalline growth and examining the effect of epitaxial strain on
their magnetic properties. To get deeper insights into these properties, we have utilized advanced
techniques such as resonant inelastic X-ray scattering (RIXS) and spin wave dispersion relation
simulations using the SpinW package.

In the pursuit of growth optimization of Ndg gSrg 2NiOg thin films using pulsed laser depo-
sition (PLD), an intriguing exploration was undertaken. High-resolution X-ray diffractometry
(HRXRD) measurements unveiled a complex growth of neodymium nickelates, indicated by
the presence of various phases of the Sr-doped Ruddlesden-Popper series Nd,,+1Ni,,O3,,41 at
the same time. Among these phases, the Ndg gSrg.oNiO3 phase with n — co was successfully
fabricated as a starting point for further growth optimizations. In particular, this work suggests
that the precise adjustment of the oxygen gas pressure is essential to eliminate other unwanted
neodymium nickelate phases.

In case of the growth optimization of Sr2IrO, thin films, meticulous efforts have been carried
out to find the best growth conditions, which was established using a substrate temperature of
850 °C, oxygen pressure of 25 ubar, 90 % transmittance of the UV laser beam, and a high ex-
cimer laser fluence at the target surface of at least 3.5.J/cm?. The resulting high-quality thin
films exhibit a good crystalline quality, as evidenced by HRXRD measurements. It was further
revealed that additional parameters such as the target condition as well as the substrate to target
distance play a crucial role in fabricating Sr3IrQ, thin films with high crystalline quality, which
could lead to future investigations into superconductivity in SraIrOy.

To increase the understanding of the dependence of the magnetic properties of strontium iri-
date thin films on epitaxial strain as well as on finite size effects, we carried out RIXS mea-
surements for SraIrO4 and Sr3lraO7 thin films providing critical insights into their magnetic
excitations. Comparisons with prior studies on single-crystalline bulk samples revealed that
epitaxial strain as well as finite size effects indeed affect the magnetic exchange in these thin
films. To address this, SpinW simulations were employed, yielding promising results, particu-
larly with the incorporation of anisotropy factors. The presence of weak-dispersive excitations
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at low energies remained a challenge, indicating potential measurement artifacts that warrant
further investigation.

In the outlook for this research, several promising avenues for further exploration emerge.
Firstly, a more in-depth analysis of the additional weak-dispersive excitations observed in the
RIXS data is warranted. It is essential to determine whether these features are related to measure-
ment artifacts or hold intrinsic significance for the materials’ properties. Since these excitations
appear at low energies close to the elastic line, measurement strategies yielding low intensity of
this elastic line are needed such as using left and right circularly polarized light for RIXS.

Additionally, future research should delve into the effects of epitaxial strain more comprehen-
sively, possibly incorporating novel techniques to control and manipulate strain. This could lead
to the discovery of new phenomena and the development of tunable material properties.

Exploring other complex oxide materials with strong spin-orbit coupling (SOC) beyond Sr2IrO4
and Sr3lroO7 is another promising path. Investigating how these findings apply to a broader
range of materials, which are similar to high-temperature cuprate superconductors, could yield
valuable insights into the understanding of high-temperature superconductivity also in the limit
of strong SOC.

In conclusion, this master thesis represents a contribution to the understanding of uncon-
ventional superconducting materials. It has laid the groundwork for future investigations into
epitaxial strain effects and the interplay between structure and magnetism in these materials.
The scientific journey continues, and the future promises exciting developments using uncon-
ventional superconducting materials.

87



Appendix A

Further measurements

A.1 Superconducting quantum interference device
magnetometry measurements on strontium iridate thin
films
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Figure A.1.1: Superconducting quantum interference device (SQUID) magnetometry data of a SIO
thin film with the highest crystallinity revealed by high-resolution X-ray diffractometry (HRXRD)
measurements shown in Fig. 4.2.2 fabricated at a substrate temperature of 850 °C, an oxygen pres-
sure 40 pbar, and a 90 % transmittance of UV laser pulses. We can spot a magnetic ordering temper-
ature at around 200 K.
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A.1 Superconducting quantum interference device magnetometry measurements on strontium
iridate thin films
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Figure A.1.2: Superconducting quantum interference device (SQUID) magnetometry data of SIO thin
films fabricated at a substrate temperature of 850 °C, an oxygen pressure 25 pbar, and a 90 % trans-
mittance of UV laser pulses on STO (left panel) and LSAT (right panel). LSAT substrate is slightly
paramagnetic [47] resulting in M ~ 1/T behaviour influencing our SIO data (grey line on right
panel). We have subtracted this paramagnetic contribution resulting in a more refined magnetization
curve of SIO thin film (black line on right panel). STO is diamagnetic [47] with no paramagnetic
impurities. Therefore, it is more favorable for further SQUID magnetometry measurements.
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A.2 Atomic force microscopy scans

A.2 Atomic force microscopy scans

A.2.1 Strontium iridate thin films
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Figure A.2.1: Atomic force microscopy (AFM) scans of strontium iridate thin films. Root mean
square value for surface roughness in the bottom right corner of each scan varies between 2.1 nm-
59.7 nm on scanned surfaces with the areas of 1 um?. The growth parameters (substrate temperature,
oxygen pressure, UV laser transmittance) of the SIO thin films are indicated on the top left of each

image.
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A.2.2 Neodymium nickelate thin films
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Figure A.2.2: Atomic force microscopy (AFM) scans of neodymium nickelate thin films. Root mean
square value for surface roughness in the bottom right corner of each scan varies between 0.4 nm-
3.7nm on scanned surfaces with the areas of 1 um?. The growth parameters (substrate temperature,
oxygen pressure, UV laser transmittance) of the NNO thin films are indicated on the top left of each

image.
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A.2 Atomic force microscopy scans

93



94



B.1 Comparison of coupling strengths and other variables

Appendix B
Further SpinW simulations and codes

B.1 Comparison of coupling strengths and other variables
B.1.1 Sr.IrO4
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Figure B.1.1: SpinW simulations of the spin wave dispersion relation of SIO-214 using the model
Hamiltonian Eq. (8.4) with different coupling strengths J as well as anisotropy values «. The model
by Kim ef al. [39] was set as a background model varying only one parameter at each plot. By
increasing the first nearest-neighbor coupling strength J; (Fig. B.l.1(a)) the maximum values of
the spin wave dispersion relation are increased. A similar but opposite dependence was found while
varying the second-nearest