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No meu peito a mesma dor que afoga,
faz lembrar tudo o que sou.

Sou mais.
Todo choro de rancor se apague. . .

Ouga essa voz:
sonho sob meus pés, que as minhas maos s6 toquem ouro;

oracao dos meus pais, e bem mais atras, nosso tesouro.

Que essa pele marrom suba o tom, se for preciso.
Musito além dessa dor, bem mais amor —

eu sei pelo que vivo.

— Jota.pé, “Ouro Marrom”

In my chest, the same pain that drowns
reminds me of all that I am.

I am more.
May every tear of bitterness fade away. . .

Listen to this voice:
a dream beneath my feet, may my hands touch only gold;

my parents’ prayer, and long before them, our treasure.

May this brown skin rise in tone, if needed.
Far beyond this pain, much more love —
I know what I live for.

— Jota.pé, “Ouro Marrom”






Zusammenfassung

Hybrid-Nanostrukturen, die verschiedene physikalische Eigenschaften in einer cinzigen
Plattform vereinen, bilden die Grundlage fiir dic Entwicklung zukiinftiger elektronischer
und quantenbasicerter Gerite. Besonders Heterostrukturen, die supraleitende und fer-
romagnetische Oxide kombinicren, sind von groSem Interesse, da ihre antagonistischen
Ordnungsparameter cine Vielzahl neuartiger Grenzflichenphéinomene hervorrufen kon-
nen. Wenn ein Supraleiter mit cinem Ferromagneten in Kontakt gebracht wird, treten ver-
schiedene gekoppelte Prozesse auf, die zusammen als Naheeffekte (proximity effects) beze-
ichnet werden. Beim dirckten Néaheeffekt dringen spin-polarisierte Cooper-Paare in die
ferromagnetische Schicht ein, wihrend beim umgekehrten Néheeffekt magnetische Korre-
lationen in den Supraleiter eindringen und dort den Ordnungsparameter schwiachen. Indi-
rckte Naheeffekte, vermittelt durch Austauschkopplung oder strukturelle Unvollkommen-
heiten, kénnen die Grenzflichenmagnetisierung zusétzlich becinflussen. Das Zusammen-
spicl dieser konkurrierenden Phinomene hingt stark von der atomarcen, chemischen und
magnetischen Struktur der Grenzfliche ab und eréffnet ncue Méglichkeiten fiir supralei-
tende Spintronik und Quanten-clcktronik. Aktuelle Neutronenstreu- und Magnetotrans-
portstudien haben gezeigt, dass Naheeffckte in konventionellen (niedrig-T,.) metallischen
Heterostrukturen durch magnetische Anisotropic auf der Nanometerskala steuerbar sind.
Ahnliche Beobachtungen wurden in unkonventionellen (hoch-T,) oxidischen Systemen
mit In-Planc-Anisotropic gemacht, wihrend der Einfluss der senkrechten magnetischen
Anisotropic bislang kaum untersucht wurde. Vor diesem Hintergrund untersucht die
vorliegende Arbeit epitaktische Diinnschichten und Heterostrukturen aus dem Hoch-Te-
Supralciter YBayCuzO7_, (YBCO) und dem Ferromagneten SrRuQO; (SRO). Dieses Sys-
tem cignet sich ideal, um Néaheeffekte in stark korrelierten Oxiden mit senkrechter mag-
netischer Anisotropie zu erforschen. Die Proben wurden mittels Hochsauerstoffdruck-
Sputtern hergestellt, was cine prizisc Kontrolle von Kristallstruktur und physikalis-
chen Eigenschaften ermoglicht. Durch Optimicrung der Wachstumsparameter entstanden
cinkristalline Schichten und Multilagen mit scharfen Grenzflichen, glatter Oberflache
und hervorragender Epitaxic auf SrTiOs-Substraten. Magnetotransportmessungen an
YBCO/SRO-Doppelschichten zeigten cine deutliche Anomalie in der Néihe der supralei-
tenden Ubergangstemperatur, was auf cine durch Niheeffckte induzierte Wechselwirkung
zwischen den supraleitenden und ferromagnetischen Schichten hinweist. Neutronenstreuex-
perimente lieferten mikroskopische Einblicke in die magnetischen Tiefenprofile von Ru-
defizienten SRO-Filmen und ihrer Grenzflichen zu YBCO. Die Ergebnisse zeigen, dass
selbst kleine Abweichungen von der Stéchiometric den Grenzflichenmagnetismus deut-
lich becinflussen, wéihrend kein cindeutiger Nachweis ciner induzierten Magnetisicrung
in der supraleitenden Schicht erbracht werden konnte. Diese Befunde bilden jedoch
cine solide experimentelle Grundlage fiir die Untersuchung magnetischer Néheeffekte in
Oxid-Heterostrukturen mit senkrechter magnetischer Anisotropic und unterstreichen die
entscheidende Rolle von Stéchiometrie, Anisotropie und Grenzflichenqualitit fiir das
Zusammenspicl zwischen Supraleitung und Ferromagnetismus.






Abstract

Hybrid nanostructures integrating distinct physical properties within a single platform
arc key to the development of next-generation clectronic and quantum devices. Among
them, superconducting (S) and ferromagnetic (F) oxide heterostructures have attracted
particular attention duc to the antagonistic nature of their order parameters and the
rich spectrum of interfacial phenomena that can emerge from their coexistence. When a
superconductor is interfaced with a ferromagnet, their order parameters interact through
correlated phenomena collectively known as proximity effects. These include the penctra-
tion of spin-polarized Cooper pairs into the F layer (direct effect), the diffusion of mag-
netic correlations into the S layer (reverse effect), and indirect couplings mediated across
nonmagnctic spacers or structural imperfections. The balance among these competing
mechanisms gives rise to unconventional superconducting states and emergent magnetic
textures at the interface. This work focuses on epitaxial thin films and heterostructures
composed of the high-T,. superconductor YBayCuz Oz, (YBCO) and the itinerant ferro-
magnet StRuO; (SRO), a model oxide system combining strong clectronic correlations
and perpendicular magnetic anisotropy (PMA). The samples were grown by high-oxygen-
pressure sputtering, which enables precise control of stoichiometry and crystallinity under
strongly oxidizing conditions. Optimized deposition parameters yiclded single-layer films
and multilayers with sharp interfaces, smooth morphology, and excellent epitaxial align-
ment on SrTiO3 substrates. Magnetotransport measurements on bilayer YBCO/SRO
heterostructures revealed an anomalous feature near the superconducting transition, at-
tributed to a proximity-induced interaction between the S and F layers governed by the
competition between their anisotropies. Neutron scattering experiments provided micro-
scopic insight into the depth-dependent magnetic structure of Ru-deficient SRO and its
interfaces with YBCO. The results show that small deviations in stoichiometry strongly
influence the interfacial magnetism, while no unambiguous evidence of induced magneti-
zation within the superconducting layer was detected. These findings establish a robust
experimental framework for probing magnetic proximity effects in oxide heterostructures
with PMA and highlight the key role of stoichiometry, anisotropy, and interfacial quality
in governing the interplay between superconductivity and ferromagnetism.
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Chapter 1 =————

Introduction

In recent decades, complex oxide thin films have emerged as a fertile ground for discov-
cring and manipulating novel clectronic, magnetic, and superconducting phenomena [1].
Their remarkable range of functionalities, including high-temperature superconductivity,
ferroclectricity, colossal magnetoresistance, and multiferroicity, emerge from the strong
interplay among charge, spin, orbital, and lattice degrees of freedom [2-4]. When synthe-
sized as epitaxial thin films, these materials do not merely retain their bulk properties;
rather, they often exhibit enhanced or entirely new behavior as a consequence of reduced
dimensionality, epitaxial strain, interface-induced symmetry breaking, and confinement
cffects [5, 6]. This makes oxide heterostructures a compelling platform for the design
of quantum materials with emergent properties that are otherwise inaccessible in bulk
compounds [7].

Superconductivity was discovered by Heike K. Onnes in 1911 [8]. Onnes observed
that metals such as Hg, Pt, Pb and Bi undergo a transition from a normal metal state
(with finite resistance) to a state with zero resistance (the superconducting state) below
a certain critical temperature (7,.). In 1933, Meissner and Ochsenfeld discovered that
a superconductor is a perfect diamagnetic material and therefore totally expels applied
magnetic fields [9]. Furthermore, when the superconductor 7., is measured in the presence
of an applied magnetic ficld, the value of T, decrecases as the magnetic ficld increases, to
the point where the superconducting state is destroyed for a given value of magnetic
ficld, called the critical magnetic field (B.). This ficld is related to the difference in
free energy between the normal and superconducting states at zero field. A microscopic
theory explaining this phenomenon was only developed after more than 30 years by John
Bardeen, Leon Cooper, and John Robert Schrieffer in 1957. This theory is known as BCS
theory [10].

The central concept of BCS theory is that two clectrons near the Fermi surface can
form a bound statec — called a Cooper pair — through an effective attractive interaction
mediated by phonons, the quanta of lattice vibrations. As one clectron moves through the
crystal lattice, it distorts the surrounding positive ions, generating a region of enhanced
positive charge. This distortion can attract a sccond clectron with opposite spin and
momentum, leading to Cooper pair formation. As a result, Cooper pairs typically exhibit
zero orbital angular momentum and zero total spin (spin-singlet). Despite the natu-
ral Coulomb repulsion between electrons, the phonon-mediated attraction can dominate



1. Introduction

under certain conditions, particularly at low temperatures, facilitating this pairing mech-
anism. In the superconducting state, Cooper pairs condense into a collective quantum
ground state that is energetically more favorable than the normal metallic phase. The
transition into this state is marked by the opening of an energy gap at the Fermi level,
representing the energy required to break a Cooper pair. Within this gap, no clectronic
states arc available, preventing scattering processes and thereby climinating clectrical
resistance. This energy gap is also responsible for distinct anomalies in thermodynamic
propertics, such as sharp changes in specific heat at the critical temperature T, [10-12].

The year 1986 marked the beginning of a new cra for superconductivity with the dis-
covery of an oxide based on La, Ba and Cu in a ceramic mixed phase. Bednorz and Muller
observed that La, ,Ba,CuQ, for z ~ 0.2 became superconducting at a temperature of 30
K [13]. They were awarded the Nobel Prize in physics in 1987, the fastest ever offered by
the Academy since its inception. Also in 1987, Paul Ching Wu Chu’s group announced
the discovery of a new superconducting material with a critical temperature close to 92
K. It was a mixed-phase compound containing Yttrium, Barium, Copper and Oxygen:
YBayCuz07_, (YBCO). This discovery was confirmed in several rescarch laboratories
around the world, definitively establishing the highest critical temperature of supercon-
ductivity up to that point as being T, = 92 K [14]. The BCS theory cffectively explains
the properties of most traditional superconducting materials. However, the discovery
in 1986 of a new class of materials exhibiting superconductivity at high temperatures
continues to pose a challenge for theorists, and a clear theoretical explanation for this
phenomenon remains clusive.

While superconductors exhibit perfect diamagnetism, ferromagnetic materials exhibit
spontancous magnetization even in the absence of an applied magnetic field. This means
that all magnetic moments of atoms or clectrons align their spins along the same direction
(or in the direction of an external applied magnetic ficld). The microscopic origin of
ferromagnetism lies in the exchange interactions, where the Heisenberg exchange constant
J is positive [15]. Ferromagnetic exchange interactions favor the parallel alignment of
clectron spins, causing a shift in the majority spin band relative to the minority spin
band. This results in different occupation probabilities for cach band, creating a distinct
spin imbalance that produces a net magnetization [16]. A ferromagnetic ordering appears
just below a critical temperature called Curie temperature (T cyrie)-

In metallic systems, two sources of magnetism can be found: (i) localized magnetic
moments and (ii) the “sca” of conduction electrons [17]. Local magnetism in metals,
particularly in rarc-carth metals such as Gd, Tb, Dy, and Ho, refers to the magnetic
moments that arise from unpaired clectrons localized on specific atoms rather than being
spread across the metal. In rarc-carth metals, the 4f clectrons are relatively shielded
by outer electron shells (5s and 5p), so they do not strongly interact with neighboring
atoms. This shiclding keeps the magnetic moments of the 4f clectrons localized on cach
atom, resulting in local magnetic moments. This is why, despite the local nature of
these magnetic moments, rare-carth metals can exhibit overall magnetic propertics like
ferromagnetism or antiferromagnetism depending on the type of exchange interaction
between neighboring moments. The second type of magnetism, known as band magnetism
(as seen in materials like Fe, Ni, Co, and Ruthenates), originates from the magnetic
moments of the conduction clectrons. These clectrons are itinerant, meaning they can
move freely between atomic sites, and they tend to align their magnetic moments with
the direction of an applied magnetic field [15, 18].

Among the broad family of oxide materials, high-temperature (high-7,.) superconduc-



tors and ferromagnetic oxides stand out due to their fundamentally antagonistic ground
states. Despite this apparent incompatibility, the strong clectronic correlations inherent
in both phases allow for the emergence of intriguing physical effects when these materials
arc brought into contact. The integration of superconducting and ferromagnetic oxides
into thin film heterostructures creates a fertile environment for exploring the physics of
competing order parameters and interfacial coupling. At the interfaces between these
materials, proximity effects — characterized by the penetration of Cooper pairs from the
superconductor into the ferromagnet, for example — can give rise to novel phenomena
such as spin-polarized supercurrents [19], generation of spin-triplet Cooper pairs [20, 21],
domain superconductivity (22|, and interface-driven suppression or enhancement of mag-
netism or superconductivity [23, 24]. The extent of Cooper pair penctration depends on
parameters such as temperature, disorder, and the magnetic properties of the ferromagnet

19, 25).

Proximity cffects in superconductor /ferromagnet systems can be broadly categorized
into direct and indirect types. The direct proximity effect occurs when the superconduc-
tor is in direct contact with the ferromagnet, allowing Cooper pairs to diffuse into the
ferromagnetic region and, reciprocally, enabling magnetic exchange fields to influence the
superconducting layer. This mutual interaction can modify both magnetic and supercon-
ducting properties near the interface, giving rise to phenomena such as oscillations in the
T. and the emergence of spin-triplet pairing states [26]. In contrast, the indirect proximity
effect arises in structures where the superconductor and ferromagnet are separated by an
intermediate non-magnetic layer. In such cases, coupling between the layers is mediated
by long-range spin, orbital, or charge interactions, enabling proximity-induced modifica-
tions without direct clectronic overlap [27]. In addition to the conventional proximity
effect, superconductor /ferromagnetic hybrid systems can also exhibit a reverse proximity
effect, in which magnetic order from the ferromagnet extends into the superconducting
region. This leads to local spin polarization, partial suppression of the superconducting
gap ncar the interface with a consequent reduction of 7, and a possible magnetization
induction in the superconductor [23, 28, 29].

Proximity effects are highly sensitive to the structural, chemical, and magnetic nature
of the interface, and the ability to engineer such interfaces with atomic precision opens
pathways toward novel functionalities with relevance to superconducting spintronics, flux-
onic devices, and future quantum clectronic systems [30, 31]. In this context, oxide-based
superconductor/ferromagnet heterostructures represent both a challenge and an oppor-
tunity: they pose fundamental questions about the coexistence and/or competition of
superconductivity and ferromagnetism at the atomic scale [32], and offer a platform
to investigate unconventional pairing mechanisms, symmetry-breaking cffects [33], and
long-range quantum coherence in corrclated systems. This thesis is dedicated to the
investigation of proximity cffects in thin film oxide heterostructures composed of high-
T, superconductors and ferromagnets with perpendicular magnetic anisotropy, such as
YBCO and SrRuO; (SRO), respectively. These materials exhibit strong anisotropy due
to their layered crystal structures, which give rise to direction-dependent transport and
magnctic propertics. The rich interplay between electron correlations, crystal structure,
and magnctic anisotropy in such systems provides a fertile ground for the emergence of
novel proximity-induced phenomena.
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1.1. Motivation and aim of the research problem

Recent magnetotransport and neutron scattering experiments on Nb/FePd heterostruc-
tures have shown proximity effects linked to the strength of the perpendicular magnetic
anisotropy (PMA) in the ferromagnetic layer [22, 34, 35]. Heterostructures with FePd lay-
ers exhibiting high PMA and a maze-like magnetic domain structure display domain-wall
and reverse domain superconductivity, while those with low PMA and a stripe domain
structure exhibit long-range supercurrents through the FePd layer. These findings demon-
strate that the superconducting order parameter can be modulated at the nanoscale by
adjusting PMA. This effect appears due to the comparable energy and length scales
involved: specifically, the similar magnitudes of the ferromagnet stray fields and the su-
perconductor’s second critical field (Bez), as well as the generation of spin-triplet Cooper
pairs that penctrate deeply into the ferromagnet, matching the typical dimensions of the
ferromagnetic layer’s in-plane magnetic texture [19, 36-38|.

In ferromagnet /superconductor/ferromagnet and multilayer heterostructures based on
conventional superconductor and ferromagnetic metals and alloys, proximity effects typ-
ically appear as T, oscillations and infinite magnetoresistance, and arc associated with
the ferromagnetic layer thickness [39, 40]. Unique proximity cffects are also observed in
superconductor/ferromagnet heterostructures based on high-7,. superconductors with fer-
romagnetic spin valves, usually showing in-plane magnetic anisotropy, as in YBCO/La,
Ca,MnO; (LCMO) systems [28]. In these heterostructures, a magnetic proximity cffect
above T, results in the formation of a "dead” or depleted magnetic layer at the supercon-
ductor /ferromagnetic interface, suppressing the magnetic moment in the ferromagnetic
layer [29]. Below T, superconducting proximity cffects allow spin-triplet Cooper-pairs
to penetrate the ferromagnetic layer, causing a reduction in 7. In oxide multilayers and
tunnecl junctions with uniform magnetization, antiferromagnetic alignment of ferromag-
netic layers has been observed, leading to the induction of a small magnetic moment in
the superconductor via charge transfer driven by orbital ordering and resulting in giant
magnetoresistance [23, 24, 41, 42]. Furthermore, long-range spin-triplet correlations have
been detected in superconductor/ferromagnet mesastructures with noncollincar magneti-
zation, where one ferromagnetic oxide layer exhibits PMA and the other shows in-plane
magnctic anisotropy. Here, superconducting currents persist up to heterostructure thick-
nesses of 50 nm, linked to spin-polarized (spin-triplet) Cooper-pairs generated by the
noncollincar magnetization of the ferromagnetic layers [43-45].

Although substantial progress has been made in studying proximity effects in het-
crostructures based on high-T,. superconductors and ferromagnetic materials with in-
planc magnetic anisotropy, detailed investigations of proximity cffects involving high-T
superconductors coupled to ferromagnets showing PMA are still lacking. To address this
gap, we initially explored proximity cffects in thin film heterostructures of FePd/YBCO,
grown using a combination of Molecular Beam Epitaxy (MBE) and High Oxygen Pres-
surc Sputtering (HOPS). Specifically, we aimed to investigate whether phenomena such
as domain superconductivity and/or the generation of spin-triplet Cooper pairs could
also appear in this metal/oxide heterostructure. Given the similar lattice parameters
of FePd and YBCO, cpitaxial growth of FePd on YBCO was expected. However, the
usually rough YBCO surface, combined with its tendency to absorb moisture during
transfer between the HOPS and MBE systems, significantly compromised the interface
quality. This degradation, driven primarily by the difference in surface energics between
the two materials, led to droplet-like growth of FePd rather than a smooth, layer-by-layer
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deposition, characteristic of the FePd L1, phase [46]. As a result, the FePd films were
polycrystalline and exhibited in-plane magnetic anisotropy instead of the desired PMA.
Furthermore, a rapid deterioration of YBCO’s superconducting propertics was observed,
particularly a sharp reduction in T, attributed to oxygen imbalance at the metal-oxide
interface. This study was conducted in collaboration with Mengying Tang and is detailed
in her Master’s thesis [47]. Despite attempts to perform a comprehensive analysis of the
experimental results, the presence of the initially targeted proximity effects could not be
confirmed, largely due to the challenges in fabricating high-quality and stable samples.

Due to considerable interest in SRO as a promising material for the development of
quantum clectronics — a novel field based on quantum degrees of freedom — and its
structural compatibility with other technologically relevant oxides such as YBCO and
SrTiO; (STO), the focus of this work shifted towards oxide-based heterostructures. SRO
was for many years considered solely as an clectrode in ferroelectric capacitors and super-
conducting junctions [48, 49]. However, as the only known 4d transition metal oxide that
exhibits both itinerant ferromagnetism and metallic conductivity below T'aypie & 160 K,
SRO has recently attracted significant attention. When epitaxially grown on STO sub-
strates, it exhibits PMA, narrow magnctic domain walls, and strong spin-orbit coupling,
along with emergent phenomena such as the anomalous Hall effect and Berry curva-
ture cffects, making it a key material for emerging applications in both conventional and
quantum technologies [31, 50]. In addition to its favorable physical propertics, SRO’s per-
ovskite crystal structure ecnables good lattice matching with STO (0.64% mismatch) and
YBCO (YBCO/STO: 1.66%, YBCO/SRO: ~2%) [51], facilitating the epitaxial growth of
high-quality heterostructures. All-oxide YBCO/SRO and SRO/YBCO heterostructures
were successfully fabricated on STO substrates using HOPS, allowing for the systematic
investigation of proximity cffects. The insights gained into the sample preparation pro-
cess and the comprechensive characterization of the morphological, structural, transport,
and magnetization propertics of these heterostructures are presented in detail throughout
this thesis.

1.2. QOutline of the thesis

This thesis is organized into cight chapters, cach addressing a specific stage of the rescarch
conducted during this doctoral work.

Chapter 1 provides a general introduction to the motivation, objectives, and scientific
context of this study, emphasizing the relevance of oxide-based heterostructures combin-
ing ferromagnetic and superconducting materials.

Chapter 2 provides an overview of the fundamental concepts and material-specific
properties relevant to this work. It examines the structural, clectronic, and magnetic
characteristics of YBCO, SRO, and STO, which serve respectively as the ferromagnetic,
superconducting, and substrate components of the studied heterostructures.

Chapter 3 details the experimental methods and instrumentation used throughout
this work, including the HOPS system, thin film growth procedures, and the structural,
magnctic, and transport characterization techniques employed.

Chapter 4 presents the growth of YBCO thin films on MgO and STO substrates.
These reference samples were fabricated using the HOPS instrument at ER-C-1 by
Prof. Dr. Michael Faley, and their structural and physical propertics arce discussed in
detail.



1. Introduction

Chapter 5 describes the optimization and growth of SRO thin films by HOPS at JCNS-
2. As no prior expertise in SRO deposition was available at the institute, this work
involved an extensive optimization of growth parameters. The resulting high-quality epi-
taxial films provided a solid basis for subsequent studies on SRO/YBCO and YBCO/SRO
heterostructures. The chapter also discusses the effect of Ru deficiency, PMA, and trans-
port behavior under different growth conditions.

Chapter 6 focuses on the study of proximity effects in YBCO/SRO and SRO/YBCO
thick heterostructures grown on STO substrates. It presents a concise analysis of their
growth conditions, morphology, crystallinity, and eclectronic transport properties. Partic-
ular emphasis is placed on the observation of an anomalous magnetoresistance near the
superconducting transition, providing evidence of proximity-induced interactions between
the superconducting and ferromagnetic layers.

Chapter 7 presents the results of neutron scattering experiments performed on Ru-
deficient SRO thin films and thinner YBCO/SRO heterostructures. These measurements
provide detailed insight into the magnetic structure and depth-dependent magnetiza-
tion of the SRO layers, offering complementary information on the interfacial magnetic
propertics and enabling the evaluation of possible proximity effects at the nanoscale in
superconductor/ferromagnet systems.

Finally, Chapter 8 offers a summary of the main findings and provides an outlook on
future rescarch directions.
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Investigated materials

Thin films and heterostructures of the high-temperature (high-T,.) superconductor
YBasCu3O7_, and the itinerant ferromagnet StRuQOs were prepared on single-crystalline
SrTiO3 (001) substrates. This chapter presents the fundamental structural, clectronic,
and magnetic properties of these materials, emphasizing their relevance for the investi-
gation of proximity effects in oxide-based heterostructures.

2.1. YBayCu307_,

YBayCuz0+_,, is one of the most renowned and extensively studied high-T, superconduc-
tors. It serves as a model system for investigating the structural, chemical, electronic, and
magnetic properties of high-T, superconductors [52]. Morcover, its thin films are widely
used in both small- and large-scale high-T, superconducting devices, including Direct
Current Superconducting Quantum Interference Devices (DC SQUID) magnetometers,
superconducting magnets, coated conductor tapes, power transmission cables, transform-
ers, and generators, underscoring the technological significance of this material [53].

YBaCuzOr7_,, where z is the oxygen deficiency, belongs to the cuprate family, a group
of high-T, transition metal oxides characterized by CuOa planes in their crystal structure.
Cuprates are unconventional type-II superconductors that, in their undoped state, arce
Mott insulators exhibiting antiferromagnetic spin ordering of Cu?* ions within the CuO,
plancs. YBayCu3Og is the parent compound of YBa;CuzOy, with the former adopting
a tetragonal crystal structure (space group P4/mmm; a = b = 3.870 A, ¢ = 11.801 A)
and the latter an orthorhombic crystal structure (space group Pmmm; a = 3.8185 A b
= 3.8856 A, ¢ = 11.6804 A) [52, 54], as illustrated in Fig. 2.1.

The fully oxygenated ideal structure (z = 0) consists of a stack of layers in the sequence
BaO - CuO - BaO - CuO; - Y - CuO; - BaO - CuO - BaO. The CuO, layers, which are
separated by a single Y3+ atom and surrounded by pyramidal oxygen arrangements, arc
essential to the superconducting behavior. Notably, YBasCu3zO7-, is the only high-T¢
cuprate to feature CuO chains along the b-axis. These onc-dimensional CuQO chains,
along with the BaO layers, stabilize the structure and serve as charge reservoirs, doping
clectrons or holes into the CuQO, layers. The CuQO, layers become superconducting at
specific oxygen vacancy levels (z » 0.6). This hole doping (p) is achieved by varying the
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oxygen content, which can be reversibly adjusted between 6 and 7 through anncaling
processes that pump oxygen into or out of the CuO chains along the b-axis.
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Figure 2.1.: Crystallographic structures of (a) YBayCu3zOg and (b) YBayCuzO;. The
rectangle indicate the primitive unit cell of cach material. The Y, Ba, Cu and
O atoms are represented by gray, green, blue, and red spheres, respectively.

Adapted from Refs. [55, 56].

The relationship between the critical temperature, 7., and oxygen deficiency, z, in
YBayCuzO7_, is depicted in Fig. 2.2(a) [52, 57, 58]. For z > 0.65, the material loses
its superconducting propertics entirely. A platecau necar 60 K is observed in the range
0.3 <z < 0.4, attributed to the emergence of charge ordering (charge-density wave order)
rather than oxygen vacancy ordering. Fig. 2.2(b) provides a schematic of the sheet
resistivity of high-T, cuprates as a function of oxygen doping. The sharp rise in resistivity
in both underdoped and overdoped cuprates likely arises from charge ordering along the
charge reservoir plancs. In optimally doped cuprates, the resistivity, p(T'), exhibits a
clear drop to zero, consistent with superconducting behavior.

The clectronic phase diagram of cuprates is complex and reveals far more than a
simple T, versus oxygen deficiency plot. Fig. 2.3 illustrates the clectronic phase diagram
of YBayCuz07_, as a function of the hole doping p, which is representative of most
cuprate compounds. At low doping levels, YBayCuzO7_, behaves as an antiferromagnetic
insulator, similar to its parent compound. This behavior is attributed to a strong on-
site Coulomb repulsion, U, acting on the Cu 3d clectrons, resulting in a gap at the Fermi
cnergy [59]. The antiferromagnetic order is short-ranged and changes to a spin glass phase
at higher doping levels. Superconductivity emerges when the doping level exceeds p >
0.05/Cu atom, with optimal doping occurring at p ~ 0.16/Cu atom, yiclding the universal
T. dome-shaped curve. At doping levels beyond the superconducting dome and at low
temperatures, the material exhibits typical Fermi liquid behavior, characterized by the
expected T2 dependence of resistivity. However, in the region above the superconducting
dome, known as the strange metal phase, the metallic behavior diverges from Fermi liquid
theory, displaying an anomalous T-lincar resistivity [60)].
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Figure 2.2.: (a) Variation of the superconducting transition temperature 7T, of
YBayCu3O7_, with the oxygen stoichiometry z and (b) a schematic overview
of the resistance vs temperature p(T") of cuprates for different doping levels.
Adapted from Ref. [52, 57, 58|.

At temperatures near 50 K, the charge-density wave order, responsible for the 60 K
platcau in T, competes with the superconducting phase. Between the antiferromagnetic
and superconducting regions lies the pseudogap phase, a topic of considerable debate,
which appears below a temperature 7%. Although an energy gap is observed in the clec-
tronic excitation spectra and by several techniques, such as nuclear magnetic resonance
(NMR), angle-resolved photon emission spectroscopy (ARPES), scanning tunncling mi-
croscopy (STM), transport and specific heat measurements, the nature of the pseudogap
remains unclear [60, 61]. It may represent cither an order competing with supercon-
ductivity or preformed Cooper pairs without phase coherence [53, 62]. The pscudogap
disappcars abruptly at p » 0.17/Cu atom, signaling a transition where the Fermi surface
evolves from hole pockets in the underdoped regime to a large hole-like Fermi surface in
the overdoped region [52, 53, 63, 64].
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Figure 2.3.: Electronic phase diagram of YBayCu3zO7_,.. Adapted from Ref. [63, 64].

It is important to emphasize that the doping level, p, and the oxygen deficiency, x,
arc inversely related parameters.  Specifically, the highest oxygen deficiency (z = 1)
in the CuO chain plane corresponds to the lowest doping level (p = 0) in the CuO,
planc. Conversely, an oxygen deficiency of z = 0.125 corresponds to the optimal dop-
ing level of p = 0.16, where superconductivity rcaches its peak performance. Therefore,
for YBayCu3zO7_,, an empirical relationship between the doping level p and the oxygen
content 7 — x can be approximated as:

pel-xz-A (2.1)

where A accounts for additional factors such as structural and chemical variations in
specific materials.

High-T, superconductors are well known for their pronounced anisotropy, which orig-
inates in its layered crystallographic structure. As the superconductivity mainly occurs
in the CuO, planes, linked by a weak interlayer coupling, the crystal structure affects
superconducting propertics. In this sense, superconducting parameters such as the Lon-
don penetration depth A, coherence length &, critical current J,., lower and upper critical
ficlds can show a considerable difference with respect to the crystallographic directions
[65-67]. Table 2.1 presents fundamental superconducting parameters values obtained by
magnetization and Muon spin relaxation measurements [65-67].

Furthermore, the superconducting gap is anisotropic in unconventional superconduc-
tors. In cuprates, this anisotropy arises from the Cooper pair wavefunction, where the
spin component is a singlet state with S = 0, and the orbital component is characterized
by L = 2, corresponding to a d,2_,2 orbital symmetry. As a result, the Fermi surface
exhibits fourfold symmetry, with nodes where the superconducting gap vanishes. In con-

10



2.1. YBayCuzOr_,

trast, conventional superconductors feature an isotropic superconducting gap, as their
wavefunction consists of a spin singlet state with S = 0 and an orbital component with
L =0 [60, 68]. Figure 2.4 illustrates this anisotropic behavior of the superconducting gap
in unconventional superconductors.

Table 2.1.: Fundamental superconducting parameters values for YBay,CuzO7 (fully oxy-
genated, T, = 87 K): London penctration depth A, coherence length &, critical
current J., lower and upper critical field (B, and B.). Adapted from Refs.

[52, 65-67].
Parameter  Value Temperature
Aab 125 nm 25 K
Ae 450 nm projected to T =0 K
Eab 1.3nm projected to T =0 K
e 0.2 nm projected to T =0 K

B, (ab) 18 mT projected to T =0 K
B, (c) 53 mT projected to T = 0 K
B, (ab) 256 T  projected to T =0 K
B (c) 53 T  projected to T =0 K

s-wave d-wave

Figure 2.4.: Schematic illustrations of the superconducting gap symmetry for conven-
tional and unconventional superconductors. Left: isotropic s-wave gap,
characterized by a constant amplitude around the Fermi surface. Right:
anisotropic d,2_,2-wave gap, where the magnitude of the order paramecter
varics with momentum and changes sign between the lobes, as indicated by
the + and — regions. This sign change produces nodes along the Fermi surface
where the superconducting gap vanishes. Adapted from Ref. [60)].

High quality YBayCu3zO7_, thin films can be grown using several different techniques,
where cach one has its own advantages and disadvantages. The most frequently used
growth techniques are pulsed laser deposition [68, 69|, reactive co-evaporation [70] and
high oxygen pressure sputtering (used in this work, described in 3.1.1) [71, 72|. In general,
YBayCuszO7_, and all cuprates have a strong defective structure, which show anti-phase

11
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boundaries, oxygen and cation vacancics, twin boundaries, stacking faults, interstitials
and etc. Those defects act as pinning centers: regions that serves to pin or immobi-
lize magnetic flux vortices [52|. Considering the small coherence length and anisotropic
properties of high-T, superconductors, defect-based pinning centers are essential for im-
proving critical current J. values and performance under magnetic fields for applications
in magnets and power cables [53].

2.2. SrRuO;

SrRuO3 (SRO) is a complex oxide with a perovskite structure described by the general
formula, ABX3. In this structure, A and B arc cations, where the A-site cation typically
has a larger ionic radius than the B-site cation, and X is an anion, commonly oxygen [73,
74]. SRO can also be interpreted as the limiting composition of the Ruddlesden-Popper
(RP) phases AO(AO-RuOz),,, where n — oo and A = Sr. These RP structures are formed
by the repeated stacking of AO and RuQO, plancs. Fig. 2.5 illustrates the crystallographic
structure of SRO, which adopts an orthorhombic crystal structure (space group Pbnm)
at room temperature. Unstrained SRO shows two phase transitions with temperature,
exhibiting crystallographic structures of higher symmetry, such as tetragonal at 547 °C

and cubic at 677 °C [75].
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Figure 2.5.: Crystallographic structure of SrRuQO3. Orthorhombic unit cell is shown in
black and the pseudocubic is shown in blue. The Sr, Ru, apical O, and planar
O atoms are represented with gray, blue, red, and pink spheres, respectively.

Taken from Ref. [31].

A notable distortion of the RuOg octahedra is observed in Fig. 2.5, which is attributed
to the significant difference in bond lengths, with the Ru—O bond approximately twice as
short as the Sr—O bond. The lattice parameters of the orthorhombic unit cell are a, =
5.53 A, bor = 5.57 A and ¢,r = 7.85 A. Since SRO has an aristotype perovskite structure
[73], its orthorhombic unit cell comprises four units derived from the perfect cubic per-
ovskite structure, isostructural with GdFeOs. This arrangement leads to a pscudocubic

12
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lattice constant a,. = 3.93 A [75-77]. The pseudocubic unit cell is shown in blue in Fig.
2.5. Note that the pseudocubic (001) reflections correspond to the orthorhombic (hh0)
reflections. The relation between the lattice parameters of the orthorhombic unit cell and
the pseudocubic unit cell is given by the equation below [76]:

()G

SRO is the first oxide identified as a ferromagnet driven by itincrant clectrons, with
a Curie temperature (Teyh.) of about 160 K and a saturation moment of 1.6 pp per
Ru atom at T = 0 K. When epitaxially grown under compressive strain [on a SrTiO;
(001) substrate, for example], it often exhibits perpendicular magnetic anisotropy (PMA),
although this property depends on substrate-induced strain and orientation [78-80]. The
material displays excellent metallicity at low temperatures (7 < 10 K) due to Fermi
liquid behavior, but its metallicity decrcases with rising temperature as it approaches
room temperature.

The clectronic structure of SRO is shaped by the splitting of Ru 4d orbitals in its octa-
hedral crystal ficld, where the higher-cnergy 4d (e,) levels are above the 4d (ta,) levels.
Filling the 4d (t2,) orbitals with four clectrons according to Hund’s rules yiclds a low-spin
state of S =1 [79, 81], as shown in Fig. 2.6. First-principles band structure calculations
by Allen et al. (1996) and Singh (1996) confirmed SRO’s itinerant ferromagnetism and
predicted a ground-state magnetic moment of 1.5-1.6 pp, consistent with experimental
observations. These insights form the basis for exploring its band structure, electron itin-
crancy, and correlation effects [75, 82, 83]. Typical clectric transport and magnetization
mecasurcments of a stoichiometric SRO thin film grown on SrTiO5 substrates are depicted

in Fig. 2.7.

Atomic o,
e orbitals

F g
y A (dx" 3 djz-’ -r')

Ru 4d 10Dg
orbitals ?4:
t. orbitals
2g

(dxy ) d}':,dz_\')

Figure 2.6.: The clectron and spin configurations in the degencrate Ru 4d orbitals of
an isolated Ru atom, along with their splitting under the influence of the
octahedral crystal ficld (O) in SRO, are shown. The crystal-ficld splitting
paramecter is represented by 10Dq, while black arrows on the energy levels
indicate clectrons with their respective spins. Adapted from Ref. [84].
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Figure 2.7.: (a) Temperature dependence of the clectronic transport and magnetization
of a stoichiometric SRO (65 nm thick) thin film grown on SrTiO; substrate.
The magnetization curves were acquired with field cooling process with a
magnctic field of 100 Oc applied parallel to [001] (green, out-of-planc) and
[100] (purple, in-plane) crystallographic directions. (b) Magnetic hysteresis
curves at 10 K. Adapted from Ref. [85].

The above mentioned physical propertics of SRO arc usually investigated in its thin
film form. This is due to the difficulty in preparing high-quality bulk single crystals of
SRO, since Ru starts evaporating at temperatures near 300 °C [86]. High-quality SRO
bulk single crystals can still be prepared using the floating zone growth method with the
installation of a cold trap (to avoid RuO, condensation on the walls of quartz tube) and
with feed rods that present an enrichment of RuQOs, to compensate for Ru losses during
the growth [87]. Molecular beam ecpitaxy (MBE), reactive evaporation, pulsed laser
deposition (PLD) and 90° off-axis magnetron sputtering are growth techniques usually
cmployed on the growth of high quality SRO thin films, with films prepared on MBE
showing a residual resistivity ratio [RRR = p(Thign)/p(Tiow)| over 50 [85, 88-95]. The
RRR provides quantitative information on the number of crystallographic defects and
impuritics inside a material. Fig. 2.8 illustrates the RRR, the full width at half maximum
of the rocking curve of the (001),,. or (002),,. pcaks and the Ty of SRO thin films grown
on scveral substrates and techniques.

SRO has attracted considerable interest as a promising material in the emerging ficld
of quantum clectronics, a novel form of electronics based on the quantum degrees of free-
dom [30, 31]. This new application of SRO would move it beyond consideration as only
an clectrode in ferroelectric capacitors and superconducting junctions [48, 49|. Morcover,
it exhibits strong spin—orbit coupling, as well as an anomalous Hall effect that originates
from Berry curvature, making it a promising platform for Berrytronics and topologi-
cal superconductivity [31, 85, 88, 96-98]. The structural compatibility and subsequent
interplay of physical propertics between SRO and other technologically relevant oxides
arc being explored, paving the way for applications in various ficlds such as clectronics,
catalysis, energy storage, and more [50).

In addition to its metallic and ferromagnetic characteristics, SRO thin films display
a remarkably rich magnetotransport behavior that is highly sensitive to stoichiometry,
crystalline quality, and defect concentration. Stoichiometric and ultrahigh-quality epi-
taxial films, particularly those grown by MBE [85], exhibit unsaturated lincar positive
magnetoresistance at high magnetic ficlds, quantum oscillations of the Shubnikov-de
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Figure 2.8.: (a) Residual resistivity ratio, rocking curve full width at half maximum and
Curie temperature of SRO thin films grown on several substrates using dif-
ferent techniques. Adapted from the supplementary material of Ref. [89] and
the references therein.

Haas type with a Berry phase close to 7, and exceptionally high carrier mobilities [98].
These findings are interpreted as evidence of Weyl-fermion transport arising from the
strong spin-orbit coupling and topological fcatures of the Ru 4d (t3,) bands ncar the
Fermi level. In this regime, the linear positive magnetoresistance does not originate from
conventional orbital motion or weak anti-localization effects, which are negligible above
0.5 T [98]. Instead, it reflects a topological quantum contribution associated with Weyl
nodes and the chiral anomaly in the clectronic structure of SRO.

By contrast, Ru-deficient SRO thin films exhibit qualitatively different behavior. The
RRR is markedly reduced, the Tgue slightly decreases (» 140 K), and the high-field
magnetoresistance becomes negative or non-lincar [99]. These features are attributed
to cnhanced scattering from Ru vacancics, which shorten the quasiparticle lifetime and
suppress the quantum oscillations observed in stoichiometric films. Early studies have
also shown that the magnctoresistance contains both orbital and spin-dependent contri-
butions, depending on the measurement geometry (transverse or longitudinal) and on
the magnetic domain configuration (i.c. single- or multi-domain SRO film) [95, 100
102]. Therefore, distinguishing intrinsic topological transport from other mechanisms,
such as conventional orbital magnetoresistance, spin-disorder scattering, or effects re-
lated to structural defects and magnetic domain configurations, requires careful struc-
tural, compositional, and gecometrical control. The contrasting behaviors discussed above
arc summarized in Fig. 2.9, which compiles representative magnetoresistance data from
stoichiometric, Ru-deficient, and single-domain SRO films.

The SRO narrow domain wall width of 3 nn, together with a magnetic periodicity
ranging from 200 nm to 1 pm [91], can provide a favorable environment for the gener-
ation of spin-triplet corrclations when SRO is interfaced with high-T'. cuprates. This
has motivated a more detailed study of its interfacial proximity cffects and the role of
magnetization in hybrid SRO/YBCO heterostructures.
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Figure 2.9.: Pancls illustrating the crossover from classical orbital and spin-disorder dom-
inated magnetoresistance to quantum topological transport in high-quality
SRO thin films. (a) Lincar, non-saturating positive magnectoresistance char-
acteristic of stoichiometric, ultrahigh-quality films exhibiting Weyl-fermion
transport (adapted from Ref. [98]). (b) Evolution of the magnetoresistance
as a function of film thickness for Ru-deficient SRO, showing suppression
of the linecar behavior and appearance of negative MR in thinner or more
disordered films. (¢) Comparison of the MR amplitude versus thickness for
stoichiometric and Ru-deficient films at 2 K, illustrating the compositional
dependence of the transport regime (adapted from Ref. [99]). (d, ¢) Magne-
toresistance of cepitaxial single-domain SRO measured in transverse (TMR)
and longitudinal (LMR) geometrics, showing opposite signs corresponding to
orbital (positive) and spin-disorder (negative) contributions (adapted from

Refs. [100, 101]).

SrTiO3 (STO) is a perovskite material considered the standard substrate for the epitaxial
growth of complex oxides [103, 104], such as YBayCuz07_,. (YBCO) and SRO, because
above 105 K it has cubic perovskite crystal structure with a lattice parameter of 3.905 A
[105, 106]. The STO substrate consists of alternating layers of SrO and TiO,, as depicted
in Fig. 2.10.

Commercially available STO substrates present a mixture of SrO and TiO, layers and
this surface is usually flat. However, having singly terminated surfaces (TiOz-terminated
STO substrates arc more common) has been found to be important, as it minimizes crystal
imperfections during the thin film growth resulting in films with sharp interfaces. After
ctching with buffered hydrofluoric acid (BHF), the SrO reacts strongly with the BHF
solution and forms a product that dissolves casily in water [103]. The ctched substrates
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arc anncaled and the TiOg-terminated surface, characterized by the terraces with straight
step edges that usually have one unit cell height, become visible, as shown in Fig. 2.11.
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Figure 2.11.: (a) AFM topographic image (2 x 2 pm?) of an STO(001) substrate treated
with a BHF solution, and (b) cross-sectional profile revealing a step height of
0.39 nm between adjacent terraces, corresponding to the lattice parameter

of STO. Adapted from Ref. [107].

In this context, two definitions become important: the substrate miscut angle () and
the angle of miscut direction (¢). The substrate miscut angle « refers to the deviation of
the substrate’s surface from a perfectly flat or ideal erystallographic plane. Specifically, it
is the angle between the actual surface normal of the substrate and the normal to a chosen
crystallographic plane (e.g., the (001) planc). This angle is introduced intentionally or
may occur naturally due to imperfections during the preparation of the substrate.

Substrates with a miscut arc commonly referred to as vicinal substrates. When terraces
form on such surfaces, they are typically distributed uniformly across the substrate. In
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2. Investigated materials

addition, the terraces arc aligned along a specific direction. The inclination or orientation
of the terraces is characterized by the angle between the normal to the terrace edges and
the crystallographic [100] direction. This angle, denoted as ¢, is referred to as the miscut
direction angle [102, 103]. Figures 2.12 and 2.13 illustrate these two definitions.

W/ /A /Y
e I
syt R

Figure 2.12.: Tllustrations of various substrate types showing (a) intermediate miscut, (b)
large miscut or vicinal surface, (¢) low miscut or exact, (d) step bunching,

(e) straight steps (low ¢), and (f) kinked steps (high ¢). Taken from Ref.
[103].

[010

[100]

Figure 2.13.: Surface morphology of as-prepared STO substrates with varying miscut an-
gles (ranging from 0.06° to 0.16°, categorized as low miscut) and miscut di-
rection angles (¢). The miscut direction angle ¢ varies from 10° to 45°. The
figure has been adjusted to ensure consistent crystallographic orientation
across the AFM micrographs. Adapted from the supplementary material of
Ref. [102].

As mentioned in subsection 2.2, SRO exhibits PMA and metallic properties when grown
under compressive strain. In this case, STO substrates are particularly suitable, as it also
has a perovskite structure with lattice parameters very close to those of SRO (a,. = 3.93
A). SRO thin films can be epitaxially grown on STO substrates due to the small lattice
mismatch of 0.64%. The growth mechanism of SRO thin films on exact and vicinal STO
substrates has been extensively investigated by various research groups [78; 92, 94, 95].

It is well established that the step-flow growth of thin films on vicinal substrates pro-
motes the formation of preferential structural domains, as illustrated in Fig. 2.14(a-b).
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The terraced structure of the STO substrate, where cither (100) or (010) facets are
exposed, gives rise to distinct vertical interfaces between different orthorhombic SRO
domains and the STO substrate at the step edges, as indicated by the arrows in Fig.
2.14(a). This asymmetry in the interfacial structure breaks the growth symmetry, mak-
ing one particular domain energetically more favorable.

[o01]
3 s
[T10) [oo

Vicinal (001) S¢TiO3 ¥ ;/

* F: StRuO3 Films;  S: S¢TiO3 Substrates

** Large Arrows indicate the step flow direction

[110] -

b ° [001],

Figure 2.14.: (a) A schematic diagram of a vicinal SrTiO3 (001) substrate illustrating the
miscut angle () and miscut direction (@), along with the epitaxial arrange-
ment for two types of step-flow growth. (b) The six possible orthorhombic
domains and (c) their interface with the STO substrate. (d) Single and (¢)
multi-domain SRO thin film on a STO substrate. Adapted from Ref. [95,
102].

There are six possible orthorhombic domains, as schematically shown in Fig. 2.14(b-
¢). These domains originate from the slight distortion of the orthorhombic unit cell, in
which the angles between the crystallographic axes deviate slightly from 90°, leading to a
small tilt of the lattice. When SRO is epitaxially grown on STO (001), the c-axis can be
oriented either in-plane (along one of the two principal directions of STO) or out-of-plane.
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For the X-domain, the (100) planc tilts away from the STO substrate, whereas for the
X domain, it tilts toward the STO unit cell. In the case of the Y and Y domains, their
(100) plancs are parallel to the STO (100) plane, but their [001] axes are slightly tilted
rclative to the STO [001] axis.

A similar situation occurs for the Z, and Z, domains, where their principal axes are
misaligned with those of STO at the (001) interface. When step flow occurs predominantly
in a single direction without two-dimensional nucleation, the resulting thin films will form
a single domain, as illustrated in Fig. 2.14(d). The presence of single-domain or multi-
domain structure is usually investigated through ¢-scan and reciprocal space mapping
measurcments. It is known that single-domain SRO films exhibit better magnetic and
clectric transport properties in comparison to multi-domain SRO thin films. The STO
substrate miscut can also play a role in the morphological and physical properties of SRO
thin films [94, 95, 102, 108|.

STO substrates undergo structural phase transitions at low temperatures, as shown
in Table 2.2. Epitaxial growth on the STO surface can result in complex behavior due
to strain-induced interactions between the thin film and the near-surface region of STO.
In extreme cases, this strain may induce structural phase transitions in the epitaxial
layers. X-ray and ncutron data reveal strongly anisotropic, micrometer-sized facets [105).
As temperature decreases, structural domains form necar the STO surface, with phase
scparation into tetragonal and cubic crystallites. These domains extend into the thin
film but not into the deeper substrate layers. Hoppler et al. [105] show that strain effects
from the STO substrate can occur at temperatures distinct from the antiferrodistortive
phase transition of bulk STO, which is also observed in magnetization measurements as
a function of temperaturc. The formation of these facets, which affect thin film quality,
presents a significant challenge for low temperature scattering studies [105, 106, 109, 110).
While alternatives like Nb-doped STO substrates are commonly used to minimize or avoid
these structural phase transitions, their effectiveness remains scientifically unproven.

Table 2.2.: Structural phase transition in STO substrates. Adapted from Ref. [106].

Temperature range [K| Structure type
110 - 300 Cubic (possible pscudocubic)
65 - 110 Tetragonal
35 - 65 Orthorhombic
10 Possibly thombohedral

In this work, STO substrates with miscut angles of 0.05° < a < 0.1° were used to grow
SRO and YBCO thin films and YBCO/SRO and SRO/YBCO heterostructures. The
STO substrates were chemically etched during 30 seconds using a buffered hydrofluoric
acid (NH,F-HF) solution and anncaled at 950 “C for 2 h. This process was performed
at the clean room of Peter Griinberg Institute for electronic materials (PGI-7) following
the procedure developed by Rene Borowski and accordingly to the supervision of Sylvia
de Waal and Grigory Potemkin.
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Methods and instrumentation

All thin films and heterostructures discussed in this work were grown using High Oxy-
gen Pressure Sputtering (HOPS). This chapter describes the principles of the HOPS
technique, the experimental procedures employed during film growth, and the methods
used for structural, transport, and magnetic characterization.

3.1. Crystal growth modes in thin films

Thin epitaxial growth of crystalline films depends both on material properties, such as
the lattice mismatch between film and substrate, sticking cocfficient, surface diffusivity,
and on thermodynamic parameters, i.c. external conditions tuned during deposition
that control the system’s energy balance, such as substrate temperature, oxygen partial
pressure, and plasma power [111, 112|. The growth modes are generally classified into four
categories, determined by the mobility of adatoms on the substrate surface, as illustrated
in Fig. 3.1.

The concept of surface energy balance as the determinant of epitaxial growth was first
formalized by Ernst Bauer in 1958, who introduced a thermodynamic criterion based on
the surface energies of the film (o), the substrate (o), and the film-substrate interface
(0;) [113]. The key paramecter is the change in surface cnergy,

Ao =0+ 0; -0, (3.1)

which quantifies the degree of substrate wetting by the film material.

For incomplete wetting (Ao > 0), i.c. when the combined surface energies of the film
and interface exceed that of the substrate, the system minimizes its energy through the
nucleation of three-dimensional islands, known as Volmer-Weber (VW) growth. When
Ao <0 and the lattice mismatch is negligible, the equilibrium island height approaches
zero and two-dimensional islands form, giving rise to layer-by-layer or Frank—van der
Merwe (FM) growth. Finally, when Ao < 0 but the lattice mismatch is finite, growth
begins with the formation of a thin wetting layer, after which three-dimensional islands
nucleate on top, a mechanism known as Stranski-Krastanov (SK) growth. Thus, Ao <0
(or equivalently, o, > o + 0;) implics a complete wetting at least in the first epitaxial
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Figure 3.1.: Schematic representation of thin film growth modes. For low surface mobility
and low interfacial cnergy, growth proceeds via three-dimensional islands
(Volmer-Weber). For high interfacial energy, layer-by-layer (Frank-van der
Merwe) or layer-plus-island (Stranski-Krastanov) growth can occur. At high
surface mobility, step-flow growth is possible. Adapted from Ref. [111].

layers, while the lattice mismatch determines whether FM or SK occurs [114].

A fourth mechanism, step-flow growth, occurs under conditions of high adatom mobil-
ity, typically achicved at clevated substrate temperatures and moderate fluxes. In this
regime, atoms diffuse to the step edges of a vicinal substrate and incorporate into the
advancing terraces, leading to smooth, single-domain films with fewer defects [111].

3.1.1. High Oxygen Pressure Sputtering

High Oxygen Pressure Sputtering (HOPS) is a method to grow thin films at oxygen
pressures greater than (0.5 mbar, instecad of normal sputtering process with very low
pressures. The HOPS technique was developed in the early 80’s by Prof. Dr. Ulrich Poppe
and Prof. Dr. Michael Faley [Ernst Ruska-Centre for Microscopy and Spectroscopy with
Electrons (ER-C-1)] at Forschungszentrum Jillich GmbH, with the purpose of preparing
High-T, supecrconductors, such as YBayCu3O7_, and BiySryCaCuyOg,,. Over time, these
machines began to be used for the deposition of other types of materials, such as, complex
oxides and multiferroics systems [71, 115, 116].

The HOPS system described here is located in laboratory room 65 of Jiilich Centre
for Neutron Science for Quantum Materials and Collective Phenomena (JCNS-2). The
instrument sctup is shown in Fig. 3.2. This sctup is composed of a deposition chamber,
a (99.99% purity) oxygen bottle, mass flow controller MKS Type 250E pressure/flow
controller, oil-free backing pump and turbomolecular pump, and a Direct Current (DC)
and Radio Frequency (RF) power supply. The instrument can be controlled manually or
with the help of a computer. With this technique, thin films and multilayered structures
can be prepared using DC and RF sputtering and with high process gas pressures up to
3.5 mbar. Generally, DC sputtering is used for materials that have considerably good
clectrical conductivity while RF sputtering can be used for insulating as well as poorly
conductive materials. Thin films prepared by HOPS have layers with good homogeneity
over the surface of the substrate, where the thin film stoichiometry is pre-determined by
the target stoichiometry. The deposition temperature as well as the base pressure used
during the film growth can also play a role in the film stoichiometry.
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3.1. Crystal growth modes in thin films

Figure 3.2.: High Oxygen Pressure Sputtering system instrument.

Sputtering is a physical vapor deposition growth technique. In the sputtering process, a
target material, composed of the desired deposition substance, is bombarded with ionized
atoms of a process gas, such as oxygen, in our case. A negative electrical potential applied
to the target (magnetron cathode) accelerates free electrons, which ionize the process gas
through collisions. These ions strike the target with sufficient energy to eject/sputter
material atoms, forming a plasma or plume. The sputtered material is directed toward a
heated substrate, where it condenses to form a thin film. Magnets behind the target can
enhance the plasma’s directionality in a process called magnetron sputtering. The plasma
cmits a characteristic glow as ions recombine with clectrons, releasing excess cnergy
as light. The thin film growth continues at a controlled rate by regulating deposition
paramcters such as gas pressure, substrate temperature, and applied power until the
desired film thickness is achieved [117, 118].

During a deposition process with HOPS, the sclected substrate is positioned on the
block heater, ensuring precise alignment within the frames (which protects deposition
into the block heater). To achieve the highest possible level of cleanliness and reduce
contamination, the chamber is then scaled and pumped to achieve a base pressure of
approximately 1 x 1076 mbar. Once this vacuum level is reached, the process gas is
introduced into the chamber, and its pressure is controlled using the mass flow controller
to cstablish optimal conditions. Prior to initiating the actual deposition, the target
material undergoes a pre-sputtering process for a minimum duration of one day (71,
115, 116]. In other rescarch groups, such as at J. Santamaria’s group in Complutense
University of Madrid, this process is realized for at least one weck prior to deposition
or arc under constant pre-sputtering process. This step helps to clean the target surface
and stabilize a good sputtering process. After this pre-sputtering phase, the deposition
process can start. An illustration schematic of a general sputtering deposition at HOPS
is shown in Fig. 3.3.

The growth parameters must be adjusted in order to obtain an optimal plasma and
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Figure 3.3.: Schematic of a general sputtering deposition at HOPS.
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3.1. Crystal growth modes in thin films

subsequent homogencous films. These parameters include deposition temperature (Tye,),
target-substrate distance (Dyg), oxygen partial pressure (Pp,), forward power (FWDP),
and reflected power (REFP). For DC sputtering processes, the current and voltage are
also precisely controlled. Finally, the thickness of the films are controlled by deposition
time. The growth parameters used for DC and RF sputtering at HOPS are summarized
on the tables 3.1 and 3.2. Precise pyrometer measurements of the substrate temperature
show that is is about 80 — 110 °C lower than block heater temperature, therefore, here we
define the temperature of the heater block as Tyep. This is in agreement with Ref. [119).

Table 3.1.: DC sputtering adjustable parameters.

DC Sputtering paramcter Value
Current 0.001 -3 A
Voltage 1-600V
Oxygen partial pressure (Pp,) 0.1 — 2.5 mbar
Target-substrate distance (Drg) 0.5—-25cm

Block heater temperature (Tye,) 20 °C — 1100 °C

Table 3.2.: RF sputtering adjustable parameters.

RF Sputtering parameter Value
Forward Power (FWDP) 0100 W
Reflected Power (REFP) must be kept at 0 W
Variable capacitor (Tune, Ct) 0-999 a. u
Variable capacitor (Load, Cl) 0-999 a. u
Oxygen partial pressure (Pp,) 0.1 — 2.5 mbar
Target-substrate distance (Drg) 0.5-2.5 cm
Block heater temperature (Tye,) 20 — 1100 °C

Each parameter in the thin-film deposition process plays a vital role in determining
plasma quality and film uniformity. To ensure high-quality samples and gain better in-
sights into their physical propertics, a growth optimization process is typically performed.
This involves fine-tuning growth parameters to identify optimal conditions. Figure 3.4(a)
illustrates an optimal plasma state for an SRO target achicved after such optimization. It
shows a homogencous plasma achicved after optimizing growth parameters, which ensures
a stable and cfficient deposition process. In contrast, Fig. 3.4(b) depicts an unstable,
non-homogencous plasma with visible sparks resulting from target damage, highlighting
the critical importance of proper parameter tuning to prevent equipment damage and
ensure high-quality film growth.

At the start of my Ph.D. project, the HOPS machine lacked an established protocol or
user manual, leading to inconsistent usage. Through collaboration with Prof. Dr. Mikhail
I. Faley (ER-C-1), we developed a standardized protocol for growing complex oxides, such
as SRO, along with a comprchensive user manual. These resources are now available to
ensure consistent and reliable operation, reflecting the commitment to improving rescarch
practices and facilitating the effective use of this advanced equipment. The protocol and
user manual can be find at the Appendix A. An online logbook was also developed in
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collaboration with Florian Rhiem from the Technical and administrative infrastructure
(JCNS-TA), allowing the integration of the HOPS machine with the JCNS instruments.

The SRO thin films discussed in this work were prepared using RF sputtering in the
HOPS system of JCNS-2 accordingly to this protocol and following the steps presented
in the prepared manual. The YBCO samples were prepared in collaboration with Prof.
Dr. Mikhail I. Faley, given his many years of experience with high- T, superconductors.
The YBCO thin films were deposited using DC sputtering in a dedicated HOPS system
for YBCO growth. Heterostructures of YBCO/SRO and SRO/YBCO were prepared by
a two-step process that combines the deposition of SRO and YBCO separately.

Figure 3.4.: (a) Homogencous plasma obtained after the growth optimization process and
(b) not homogencous plasma with a spark caused by target damage.

3.2. Characterization techniques

3.2.1. Atomic force microscopy

Atomic force microscopy (AFM) is a powerful technique for studying material surfaces,
providing a detailed topographical visualization. Developed in the mid-1980s to address
the limitations of scanning tunncling microscopy (STM) in examining insulating mate-
rials, AFM has become an indispensable tool in surface science. It cnables rescarchers
to assess the quality of substrate surfaces termination, such as for the TiOs-terminated
STO substrates as well as to investigate the presence of surface contamination /impurities
and defects prior to the thin film deposition. Furthemore, it allows one to analyze the
surface quality of the deposited thin films and heterostructures, and to measure local
surface roughness profiles with remarkable precision [120-122].

An AFM instrument is usually composed of a tip or probe with a radius of a few
nanometers located at the end of a flexible cantilever, a piczoclectric scanner, a laser, and
a four-quadrant photodetector. The system is controlled by the microscope’s controller,
typically consisting of a lock-in amplifier, micro-controllers, and other necessary electronic
components. Finally, a computer is used to process the data and visualize the information.
A schematic diagram of an AFM is shown in Fig. 3.5 [121].

During an AFM experiment, the cantilever is brought close to the sample so that the
tip is in contact with or very near the surface to be studied. Depending on the microscope,
the piczoclectric component can cither move the sample laterally while keeping the tip
stationary, or vice versa. This allows a specific arca to be scanned. The separation
between the tip and the sample is typically on the order of few nanometers. At this scale,
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Figure 3.5.: A schematic diagram of an atomic force microscope. The tip on the cantilever
is shown in the figure top right. Taken from Ref. [121].

localized interactions occur between the tip and the surface, which are sensitive to the
morphological profile of the sample.

The cantilever is monitored using an optical lever, where a laser is focused on the back
of the cantilever, and the reflected light is directed onto a photodetector. A differential
amplifier records the variations in position and laser intensity caused by the deflections of
the cantilever as it interacts with the surface. Additionally, a closed-loop control system
is employed to maintain a constant interaction between the tip and the sample during the
scanning process. The system detects the cantilever’s motion during scanning by moni-
toring the vertical deflection (in contact mode) or oscillation amplitude (in intermittent
contact mode). The difference between the setpoint value and the measured value at the
photodetector is determined and taken as the error. To correct this error and maintain
the setpoint value, a piezoclectric actuator moves the tip/cantilever in the z-direction.
The Z-piezo movement, which has a reliable calibration (the relationship between nm and
V), allows the conversion of clectrical signals into topographical images [16, 122].

There are three main measurement modes in AFM: contact mode, non-contact mode
and intermittent contact mode (or tapping mode). Contact mode in AFM operates
with a tip-surface separation of less than 0.5 nm, making it ideal for rapid scans and
analyzing friction on rough samples. In this mode, the interaction between the tip and
sample transitions from attractive to repulsive as their distance decreases. Initially, Van
der Waals forces dominate, pulling the tip toward the sample. As the distance reduces
further, the clectron clouds of the atoms overlap, causing a strong Pauli repulsion that
compensates the attraction and the total force becomes positive.

This interaction is well described by the Lennard-Jones potential curve, shown in Fig.
3.6(a), which illustrates the interplay of attractive and repulsive forces. The potential
decreases (U o< r78) in the attractive regime and steeply rises (U o< r~12) in the repulsive
regime. In this context, the cantilever’s behavior is given by the Hooke’s law for small
deflections, allowing precise measurements of forces at the atomic scale during surface
interactions. The magnitude of the force depends on the cantilever’s spring constant and
the setpoint, which are defined in a way to maintain a precise feedback. However, the
force exerted by the cantilever in contact mode can damage or deform the surface of soft
samples [123, 124].
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Figure 3.6.: (a) Intcratomic interaction potential U as a function of distance r. The
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bluc curve depicts a purely repulsive force, while the red curve represents a
purcly attractive interaction. The black curve illustrates the Lennard-Jones
potential, combining short-range repulsion and long-range attraction. At
larger distances, the net force is attractive (—F). At smaller distances, the
net force is repulsive (+F). The pink region illustrates the operation regime
of the tapping mode (or intermittent contact). (b) Oscillation frequency far
apart of any tip-sample interaction. Shift in the oscillation frequency for (c)
non-contact and (d) intermittent contact modes. Adapted from: [123, 124].
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In non-contact mode, the cantilever oscillates with a small amplitude, typically just a
few nanometers above the sample surface in the attractive regime of the Lennard-Jones
potential curve [Fig. 3.6(a)]. As the tip moves closer to the sample surface, Van der
Waals forces between the tip and surface influence the cantilever’s amplitude and phase.
These changes are tracked by a Z-servo feedback system, which keeps the tip at a stable
distance from the surface. This precise control ensures that both the tip and the sample
remain undamaged [123; 124]. Intermittent contact mode (or tapping mode) involves a
cantilever that oscillates up and down at a frequency between 5 and 400 kHz, with the tip
gently touching the surface of the sample. Tapping mode operates in the transitional force
regime between attractive and repulsive forces [the region indicated by the pink arrow
in the Lennard-Jones potential curve in Fig. 3.6(a)]. Similarly to non-contact mode, the
tapping mode uses the amplitude of the cantilever oscillation to detect changes in the
tip-sample interaction forces, which correspond to the sample topography [123].

In non-contact and tapping modes, a shift in the oscillation frequency exists and de-
pends upon the operating regime. The oscillation frequency fp is usually measured prior
to the experiment and at a larger tip-sample distance, as shown in Fig. 3.6(b). For the
non-contact mode, a shift to lower frequencies is observed in the oscillation frequency f,
as pointed out by the blue curve in Fig. 3.6(c). As the tapping mode works on tran-
sitional force regime between attractive and repulsive forces, a shift to lower or higher
oscillation frequencies f, is observed, as shown in Fig. 3.6(d). The detected change in
the oscillation amplitude is indicated as AA [123].

In the tapping mode, the phase difference between drive and detected signal contains
information about material-specific mechanical properties. The drive signal refers to the
oscillation of the cantilever at a fixed amplitude necar the resonant frequency. This am-
plitude is controlled through the feedback system, which adjusts the drive to maintain
the oscillation at the desired level. As the amplitude and phase of the cantilever’s os-
cillation arc influenced by the interactions between the tip and the sample surface, the
phase signal carries information that are sensitive to material-specific interactions such
as clasticity, adhesion and stiffness. Therefore, the phase signal can reveal variations
in mechanical properties and material composition within a sample. However, due to
the influence of multiple factors on the phase signal, phase imaging primarily provides
qualitative insights into the mechanical and material distribution, rather than precise
quantitative measurements [123].

In this work, a surface characterization of STO substrates was carried out using AFM
to verify the formation of a TiO»-terraces surface termination. Additionally, the thin films
and heterostructures deposited on these substrates were analyzed to assess its topography
quality and local roughness profile. Phase imaging was employed on the investigation of
multiple a-axis and c-axis growth of the YBCO/SRO and SRO/YBCO heterostructures.
Given the characteristic roughness of YBCO films, the surface morphology is better
visualized though phase imaging rather than topography, even though in a qualitative
way. The measurements were carried out using an Agilent 5400 AFM/SPM microscope
in intermittent contact mode with Mikromash type HQ:NSC15 cantilevers located at the
Jiilich Centre for Neutron Science (JCNS-2).

3.2.2. Scattering

Scattering is the process where a particle or wave changes direction from its initial path as
a result of interacting with matter or a potential ficld. Diffraction (or clastic scattering)
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is the name given for scattering process where the energy or wavelength of the scattered
particles or waves, respectively, is the same as before the scattering process. Considering
that atoms in crystals are organized in an ordered manner, with interatomic spacing on
the order of a few angstroms, X-ray (photons), thermal neutrons (with energy around
25 mcéV) and clectrons are particularly suitable radiation probes employed for scattering
experiments, as their wavelengths are comparable to the characteristic distances of atomic
ordering in crystals. Electrons are charged particles and, therefore, is a less common probe
since it can suffer from reduced penctration and multiple scattering events [125]. Figure
3.7 shows the dispersion relation of wavelength and encrgy for these probes.
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Figure 3.7.: A double logarithmic energy-wavelength diagram compares the probes neu-
trons, clectrons, and photons by plotting their energy against their corre-
sponding wavelengths. Taken from Ref. [125].

Although X-rays have a larger scattering cross section for structural (Thomson) scat-
tering than necutrons, both probes are strongly used in the investigation of magnetism
at the atomic scale. While neutrons scatter based on the magnetic induction within a
sample, X-rays interact differently by scattering from both spin and orbital momentum.
This distinction allows X-rays to scparately measure form factors associated with cach
type of interaction [125, 126]. In this work, several scattering methods were employed
to characterize the sample’s crystal structure, layer thickness and interfacial roughness,
cpitaxial growth, clastic deformation of lattice parameters (strain), and to investigate the
proximity cffects. Given the Jilich Centre for Neutron Science (JCNS-2) institute’s focus
on scattering techniques, the description of scattering experiments will be presented in
greater detail to align with its specialized research priorities and expertise.
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3.2.2.1. Scattering in a periodic lattice

A crystal is a three-dimensional structure where atoms are arranged in a periodic fashion.
This can be simplified by describing the crystal using a fundamental repeating unit, called
the (primitive) unit cell. The unit cell is characterized by three vectors (primitive vectors),
a, b, and ¢, which have lengths a, b, and ¢, along with the angles a, 3, and v between
them. These values, known as lattice paramecters, provide a complete description of the
crystal’s structure. This concept is illustrated in Fig. 3.8. Every atom in a material
can have its relative position, or coordinate, within the unit cell described by a position
vector 7 given by:

r=za+yb+ zc, (3.2)

where z, y, and z are fractions of the lattice parameters.

<>

Figure 3.8.: A unit cell of a crystal can be defined by the paramcters a, b, ¢, a, 3, and
. Taken from Ref. [127].

In a unit cell, crystallographic plancs can be formed. A crystallographic plane is defined
by any three non-collincar points in the unit cell volume. The orientation of a crystal
plane, determined by three lattice points, is described using Miller indices (hkl). These
indices arc derived by finding the plane’s intercepts with the crystal axes (a, b, and ¢),
taking the reciprocals of these intercepts, and reducing them to the smallest integers that
maintain the same ratio. An illustration of several crystallographic planes in a cubic unit
cell and their respective Miller indices is given in Fig. 3.9.

The intensity of a diffraction pattern arises from the square of the Fourier transform
of the scattering potential, which describes how incoming waves interact with a mate-
rial’s structure. For a crystalline material, its periodic atomic arrangement causcs X-
rays/necutrons/clectrons to scatter in specific directions, creating sharp diffraction peaks
corresponding to constructive interference. These peak positions are described by the

Bragg’s Law:
nA = thk,; l'-iill(lf;‘).J (33)
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(111)

Figure 3.9.: Plancs with different Miller indices in cubic crystals.

where n is the diffraction order, A is the wavelength of the probe used in the scattering
experiment, dyy; is the distance between the crystal plancs of the same family of planes
hkl and 0 is the incidence angle, as depicted in Fig. 3.10. This law explains that
constructive interference occurs when the optical path difference between waves scattered
from adjacent planecs equals an integer multiple of the wavelength.

As the wavelength A, which characterizes the radiation, is a scalar quantity, the vector
quantity associated with the propagation direction of the wave is the wave vector k,
whose magnitude is inversely proportional to the wavelength (|k| ~ %) Therefore, it is
convenient to describe the crystal structure in a space proportional to the wave vector
dimensions. This space is known as reciprocal space. The set of vectors that defines a
three-dimensional lattice are defined according to [11]:

bxe " cxa o @ axb
T— b =2r—; c"=2r—-,
a-(bxe) a-(bxe) a-(bxec)
where a, b and ¢ are the primitive vectors of the crystal lattice in the real space. There-
fore, one can say that the periodicity and lattice symmetry are conserved in the reciprocal
lattice, with the crystal planes being represented now as points in the lattice. An illus-

tration of real and reciprocal space can be observed in Fig. 3.11 [128, 129).

a* =2

(34)

In a scattering experiment, the intensity distribution is measured as a function of
the scattering vector, Q, or scattering angle, 20. Using the far-field or Fraunhofer-
approximation, the incident and scattered waves are described in terms of plane waves
with wavelengths of A and A’ and propagation direction k& and &', respectively. Therefore,
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Figure 3.10.: Adjacent waves interfere constructively when the phase difference (shown
in red) between them is an integer multiple (n) of their wavelength (A),
accordingly to the Bragg’s Law. Taken from Ref. [127].
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Figure 3.11.: Cubic unit cell and the lattice parameter in real space (top left) and recip-
rocal space (top right). {011} family of plancs in the real space (bottom
left) and in the reciprocal space (bottom right). Adapted from Ref. [128].
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the scattering vector Q is defined as:
kE'-k=Ak=0Q, (3.5)

where k and k' arc the wave vectors of the incident and scattered waves, respectively,
and Ak is the reciprocal lattice vector.

For clastic scattering (diffraction) |k’| = |k|, there is no change in energy (A remains
the same), only the momentum changes, and consequently the scattering vector is equal
to the reciprocal lattice vector [126]. This is the Laue condition for diffraction. The
relationship between @ and the crystal structure is crucial, as it defines the conditions
for constructive interference based on the reciprocal lattice geometry. The reciprocal
lattice vector @ is always perpendicular to the crystal plane represented by the Miller
indices (hkl) and the magnitude of this vector is equivalent to the reciprocal of the
distance between consecutive planes in the crystal.

The Ewald’s sphere is a geometric method in reciprocal space to visualize diffraction
conditions. This concept is illustrated in Fig. 3.12. In the Ewald’s construction, the
incident wave vector, k, originates at the (000) point, and the diffracted wave vector,
k’, terminates at a reciprocal lattice point (hkl). Both vectors lic on an Ewald’s sphere,
whose radius equals the wave vector’s magnitude, |k| = 2r/A. Diffraction occurs when
reciprocal lattice points intersect the sphere. Rotating the crystal in real space rotates
the diffraction maxima cquivalently in reciprocal space, defining angles # and 26 by the
magnitude of @ [127]. Q is mathematically expressed by:

A sin f

Q = 2|k|sin(0) = (3.6)

A

(hKl)

(000)

Figure 3.12.: The Ewald construction illustrates the diffraction condition using the inci-
dent wave vector ki, (k) at the origin (000) and the diffracted wave vector
k.. (k') ending at the reciprocal lattice point (hkl), both lying on the Ewald
sphere. Taken from Ref. [127].
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3.2.2.2. Scattering cross section and basics of diffraction

The term cross section refers to the probability of a scattering interaction between incident
particles (such as neutrons, photons, or clectrons) and a target material. The cross section
has units of arca, and represents an cffective region within which a scattering process
occurs. Larger cross sections correspond to higher interaction probabilities. Cross sections
can encompass clastic, inelastic, or total scattering events, providing crucial insights into
the structural, clectronic, or magnetic characteristics of materials [125, 126].

The scattered intensity (or scattering strength) depends on the cross section (o) of the
scatterer as well as on the experimental setup. Considering an experimental gcometry as
shown in Fig. 3.13, let us assume that n' particles are scattered per second into the solid
angle dS2 observed by the detector at a scattering angle 26, and within the energy range
between E’ and E' + dE'. In this case, the so-called double differential cross section can

be defined as:

d?o n'
dQdE'  jdQdE" (&)

where j denotes the incident particle flux, i.c. the number of particles crossing a unit
arca per unit time [126].

A Area r*df)

/>dclc(mr

4

N atoms in scatterer

Figure 3.13.: Geometry used for the definition of the scattering cross section and scatter-
ing vector Q. Taken from Ref. [126].
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In the case of clastic scattering, where there is no energy change in the radiation during
the scattering process, or when using a detector incapable of resolving energy changes,
the angular dependence is described by the differential cross section:

do [( d%
— = dE'. .
d$2 J (deE’) (38)

By integrating the differential cross section over the entire 47 solid angle, we obtain
the total scattering cross section o, which represents the overall probability of scattering
cvents, regardless of energy or angle variations:

o= f(j—g)dﬂ. (3.9)

Scattering from more than one scatterer causes interference effects. Waves scattered
from different points within the sample travel along different paths, resulting in phase
difference at the point of observation, as shown in Fig. 3.14.

no refraction

no attenuation

single scattering event

Figure 3.14.: A diagram illustrating the phase difference between a beam scattered at
the origin (A) and a beam scattered at position 7 (D). The yellow shape
represents the sample from which incoming waves undergo scattering. Taken

from Ref. [126].

The phase difference is given by Eq. 3.10. These phase differences are crucial in
determining the interference patterns observed during the scattering process. As a result,
the overall scattering amplitude is influenced by the relative phases of the scattered waves,
which depend on the distance between the scatterers and the detector. This phase shift
contributes to the interference effects observed in coherent scattering experiments [130)].
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A@zQW-Ai;\Q:k'-r—k-r:Q-r. (3.10)

The probability of a scattering event occurring at position 7 is proportional to the local
interaction potential V() between the radiation and the sample. In the case of coherent
scattering, where scattered waves interfere, the total scattering amplitude results from
the lincar sum of the waves scattered from all points within the sample volume Vi, and
this is mathematically represented by the integral:

A(Q) f V(r)e@rdr. (3.11)

The equation above demonstrates that the scattering amplitude is directly related to
the interaction potential by means of Fourier transform. Morcover, one can say that
scattering is a probe in reciprocal space, given the @Q dependence. Usually, only the
scattered intensity I(Q)) is measured in a diffraction experiment and the phase is lost,
due to the so-called phase problem. This problem refers to the challenge of determining
the phase information of all diffracted waves, which is essential for reconstructing the
object being studied. This missing phase data makes it difficult to accurately determine
the atomic or molecular structure of the sample. Several techniques can be used to
overcome this issue [126, 130]. The scattered intensity is therefore given by:

2

1Q) = |AQ)P = | [ V(r)e@rdr| . (3.12)

For a crystal, a periodic arrangement of atoms, the total scattering amplitude is pro-
portional to the atomic scattering factor fiea (@), the unit-cell structure factor F, . (Q)
and the sum over unit cells within the crystal [130]. Thus the total scattered amplitude
from a crystal can be written as:

2 2

Z f;t:ati. (Q)eiQ'i": E einT ’ (3 13)
T

riinu.c.

1(Q) o< |A(Q)I o<

o<

Fue. (Q) ; einT

where structure factor F, . (Q) is given by:

Fu.c,(Q): E fécutt(@)eiqn: (3-14)

T 170 U.C.

where T is the set of lattice vectors pointing to the illuminated unit cells within the
sample.

3.2.2.3. Atomic scattering factors for X-ray and neutron scattering

The atomic scattering factor, denoted as fiea, quantifies the magnitude of the scattering
amplitude for an isolated atom. The atomic scattering factors (also called atomic form
factor) differ from the probe used in the scattering experiment, given their fundamental
differences in the scattering process and it is unique to cach clement. For X-ray, ncutron
nuclear and magnetic scattering, fieay, corresponds to the atomic form factor (fy), neutron
scattering length density (b), and magnetic form factor (f,,), respectively. These values
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depend on the scattering vector, @, or scattering angle, 26, as depicted in Fig. 3.15 [131].

1.0
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Figure 3.15.: Diagram illustrating the normalized form factors for X-rays, nuclear ncutron
scattering, and magnetic/spin neutron scattering, plotted as a function of

sinf@/\. Taken from Ref. [132].

X-rays

For X-rays, clectrons play a fundamental role as the scattering particles in a sample. A
ncutral atom, with Z eclectrons, scatters X-rays across the volume occupied by its electron
cloud rather than acting as a point source. Evaluating the scattering amplitude equation
for a single atom yields the atomic form factor fo(Q), representing the atom’s scattering
strength as a function of scattering vector (or scattering angle). At @ — 0, all volume
clements scatter in phase, and fscarr cquals the atomic form factor (or form factor) fo(Q),
the total clectron count of the atom [127, 131].

It is generally assumed that an atom’s electron density is spherically symmetric, so
the atomic form factor fo(Q) depends only on the magnitude of @, not its orientation
rclative to the atom. However, this approximation may break down for materials with
covalent bonding and orbital hybridization, where electron density deviates from perfect
spherical symmetry [127]. Values for f3(Q) arc available in the International Tables for
Crystallography or can be calculated using the following expression:

(@) = [ pulr)e@ar, (3.15)

in which p.(r) is the atom clectronic density.

As illustrated in Fig. 3.15, the atomic form factor fy decrcases with increasing scat-
tering angle (an expression for f as a function of the scattering angle can be found in
Ref. [127]). Additionally, f, increases with the atomic number Z, as it is proportional
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to the number of clectrons in an atom. This creates challenges in X-ray scattering ex-
periments involving light clements with similar Z or samples containing both heavy and
light clements. In such cases, light clements are more difficult to detect due to their lower
scattering contribution relative to heavy clements. The magnetic form factor for X-rays
is significantly smaller compared to the electron charge form factor, making it challenging
to extract magnetic information from standard X-ray diffraction experiments. However,
advances in synchrotron radiation sources, particularly high-flux and high-brilliance of
3rd and 4" generation synchrotrons, have ecnabled the successful application of X-ray
(resonant) magnetic scattering techniques. These advancements allow rescarchers to de-
termine also the magnetic structure of materials with greater precision, opening new
possibilities for studying magnetic materials with X-rays.

Neutrons

Neutrons are a versatile probe for studying the fundamental properties of matter due to
their unique characteristics. Their neutral charge allows deep penetration into materials,
making them ideal for bulk property analysis, unlike other particles or even X-rays,
which are limited to electronic density distributions. Neutrons interact via strong nuclear
forces, enabling sensitivity to both heavy and light atoms, such as hydrogen. Morcover,
their intrinsic spin and magnetic moment make them exceptionally suitable for probing
magnetism, revealing details about spin arrangements, magnetic moments, and coupling
in various materials. In neutron scattering, two primary interactions are observed: nuclear
scattering, resulting from the strong interaction between neutrons and atomic nuclei,
and magnetic scattering, arising from the magnetic dipole-dipole interaction between the
ncutron’s magnetic moment and the spin or orbital moments of unpaired clectrons in the
material. Nuclear and magnetic scattering have different scattering factors [133].

The nuclear scattering can be approximated considering the interaction between a neu-
tron and a nucleus using a delta function potential, which assumes the scattering occurs
over an extremely small range (the so-called Fermi-pscudo-potential approximation). In
this picture, the interaction potential presented in Eq. 3.11 now takes the following form:

2mwh?
V(r,r;) = ——[b;o(r - r;)], (3.16)

where 7 is the neutron coordinate, r; is the coordinate of the nucleus, m,, is the mass
of the ncutron and b; is the ncutron scattering length (density), a phenomenological
parameter as measure of the strength of the interaction potential.

Considering that the nucleus can be described as a point-like object given the wave-
length of thermal neutrons (see Fig. 3.7), the nuclear neutron scattering is isotropic and
independent of the scattering vector or scattering angle. This explains the straight line
of nuclear scattering shown in Fig. 3.15. In this sense, the differential cross section and
cross section for the nuclear scattering arc given by:

do

0 |0?| = o =4nb’. (3.17)

The value of b depends not only on the atomic number but also on the isotope and
the relative orientation of the nuclear spin to the neutron spin [133]. Isotopes may vary
significantly in natural abundance, and the nuclear spin tends to align randomly unless
influenced by an external magnetic ficld. Since b differs for cach isotope, it leads to both
coherent and incoherent scattering [131]. In neutron scattering experiments involving
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isotopes, the coherent and incoherent contributions to the cross-section must be averaged,
as outlined below [134]:

2

L + N ((b-(0)?). (3.18)

70 = (b)?

Z ciQ-r

nuclear

The first term in the equation 3.18 represents the coherent scattering contribution,
incorporating phase information as indicated by |F (Q)|2 The second term corresponds
to incoherent scattering, which includes the mean square scattering length for all N atoms
but lacks phase information. This leads to an additive effect on the scattered neutrons,
resulting in an isotropic background that is proportional to the number of atoms (IV),
appearing uniformly across the measured scattering vector/angle range [133, 134]. For
this reason, the incoherent scattering contribution is not often considered during neutron
scattering experiments and the nuclear cross section can be approximated using only the
coherent scattering part.

Neutrons can be scattered by the magnetic moments of unpaired clectrons, a process
known as magnetic ncutron scattering. This interaction arises from the magnetic dipole-
dipole potential between the neutron’s magnetic dipole moment (V,,,) and the magnetic
ficld of the unpaired electrons (B). The magnetic ficld B is composed of contributions
from spin (Bgpi,) and orbital (Bpita) components. The interaction potential, V,,, can
be mathematically described as [134]:

Vm =—Hy - B: Hy = _(rYﬂ;’i'-NU)'J (31())

where p,, is the magnetic moment of the neutron, 7, is the gyromagnetic ratio of neutron,
o is the spin operator and py is the nuclear magneton [134).

The magnetic scattering cross-section for a process in which a ncutron changes its
wave vector from k to k' and its spin projection along a quantization axis z from o, to
o! can be described using the first Born approximation. This formalism considers the
interaction potential between the neutron’s magnetic moment and the magnetic field of
the sample, and the resulting cross-section is derived by evaluating the overlap of the
initial and final neutron states while accounting for the scattering potential [134]. Thus
magnetic scattering cross-scction assumes the form below:

do
dS

My 2 L 2
:(sz) (K0 |V sl ). (3.20)

mag.

This expression can be further simplified by focusing exclusively on the case of clas-
tic scattering. Substituting the interaction potential from Eq. 3.19 into the magnetic
scattering cross-section described by Eq. 3.20, the resulting expression becomes:

2

~ (oo - M.(Q))| | (3.21)

do =
2p

dQ

= (7mr0)?

mag.

where the factor v,rg is a constant and M ,(Q) denotes the Fourier transform of the
sample magnetization M (Q), which is perpendicular to the scattering vector @ as shown
in the Fig. 3.16.
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v
|2

M,

Figure 3.16.: ustration of magnectic scattering, where only the magnetization compo-
nent perpendicular to the scattering vector, @, contributes. The relevant
magnetization, M |, lies within the plane defined by the vectors Q and M.
Taken from Ref. [131].

Mathematically, M, (Q) can be explicitly written by:

M 1 (Q)=¢égxM(Q) xég, (3.22)

where ég = I%I and M (Q) is given by:

M(Q) = f M (r)e@7dr, (3.23)

with M (r) being the magnetization of the sample [134].

For clements with d orbitals, the orbital angular momentum (L = 0) is often quenched,
leaving the clectron spin as the primary contributor to magnetic scattering. Unlike nuclear
scattering, magnetic scattering arises from the interaction of neutrons with the clectron
cloud. Consequently, the magnetic form factor, similarly to the atomic form factor in X-
ray scattering, is critical in determining the scattering intensity. The magnetic structure
factor, incorporating the spatial distribution of magnetization, is expressed as:

M(Q) = _QILBfm(Q) E sl S;,-’; (324)

with R; represents the position of the nucleus of the 7t atom, S; is the magnetic spin of
the it atom and f,,(Q) is the magnetic form factor, which can be defined, in this case,
relatively to the spin density pspin(7) as:

(@)= [ pn(r)e@rar. (3.25)

Atomn

Consequently, the magnetic differential cross section can be simplified by taking into
account, only the expectation value of the spin component perpendicular to the scattering
vector, S|, yielding:
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2

2 Fn(@) X(Si)e | (3.26)

flatd _ 2
a0 (9m70)

mag.

Magnetic scattering arises from unpaired clectrons in the outer shells, unlike X-ray
scattering, where all electrons contribute. Consequently, the magnetic form factor dimin-
ishes much more rapidly with increasing scattering angle (26) compared to the X-ray form
factor, as illustrated in Fig. 3.15 [134]. In neutron diffraction, both magnetic and nuclear
scattering occur simultancously. The total scattered neutron intensity results from the
combination of the nuclear scattering factor N(Q) and the magnetic scattering factor
o-M ,(Q). Conscquently, the differential cross-section for clastic neutron scattering is
expressed as a single equation that accounts for the contributions of both nuclear and
magnetic scattering factors as [131]:

do
df)

neutron

= IN(@Q)+o-M(Q). (3.27)

3.2.2.4. X-ray scattering techniques

In the context of thin films, high-resolution X-ray diffraction and X-ray reflectivity are of
great importance. While the former encompasses measurements in which the movement
of the scattering vector @ is accurately measured and provides information about the
thin film growth (epitaxial or polycrystalline growth) and its crystal structure, including
the size of the lattice parameters, their alignment with the substrate and possible clastic
deformations (strain), the sccond is based on the variation of the scattering length density
(clectronic density) of the thin film layers as a function of depth and is sensitive to the
thickness and interlayer roughness of the film.

High-resolution X-ray diffraction and X-ray reflectivity measurements were carried out
at the Peter Grinberg Institute for Semiconductor Electronics (PGI-9) using a Rigaku
SmartLab X-ray diffractometer. The measurements were carried out by Dr. Omar Con-
cepeion using a measurement flow /sequence prepared by Dr. Christoph Ringkamp.

High resolution X-ray diffraction

For a given film/substrate system where the film grows epitaxially, the film’s single-
crystal structure is generally expected to match that of the substrate. In this case,
the diffraction pattern will exhibit contributions from both the substrate and the film.
Depending on their lattice parameters and interplanar distances, the resulting Bragg
pcaks may be very close. The precision required to study epitaxial layers is achieved
using the differential form of Bragg’s law:

Adp _ AN " Ad

3.28
dhki A 0’ (8:28)

emphasizing the need for monochromatic and low-divergence X-ray beams [135)].

Such precision is present in the high-resolution X-ray scattering, considering its triple-
axis gecometry. In this gecometry, the X-ray beam is scattered three times: once in the
monochromator, once in the sample, and finally in the analyzer crystal after the sample.
The triple-axis geometry is illustrated in the Fig. 3.17. Thercfore, high-resolution X-ray
diffraction serves as a natural alternative to techniques using double-crystal geometry
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(monochromator and sample), which often lack the resolution required to detect subtle
structural changes in single crystals under analysis [136].

X-ray source A

Analyzer

Detector

Monochromator

N
Sample

Figure 3.17.: Schematic illustration of the triple-axis X-ray diffraction gcometry. Taken

from Ref. [137].

X-ray diffraction serves as a tool to translatc movements in real space (laboratory
frame) into measurements in reciprocal space, cnabling indirect detection of structural
changes through modifications in the reciprocal lattice. The relationship between real
and reciprocal space is expressed by Eq. 3.4. The scattering vector @ can be determined
solely by the angular positions w and 26. By defining the perpendicular and parallel
dircctions of the thin film as @), and @, ,, respectively, the following expressions can be
derived:

(4 % (cosw —cos(20 —w)) and (3.29)
1
Qi 6y (sinw —sin(20 —w)), (3.30)

where |Q| = \/Q? + Q2 and therefore the degrees of freedom in the diffraction plane are
represented by the angles w and 26 [129, 136].

The movement of @ in reciprocal space associated with these angles can be described
as follows [136]:

» Rocking curve (w): consists of aligning the detector to a specific family of planes
(hEl) so that Bragg’s Law is satisfied. Once aligned, the detector remains fixed
while w is varied. In reciprocal space, the motion of a rocking curve corresponds to
a circular trajectory around the origin within the diffraction plane. Since it does
not involve the detector position (i.c., 26), the magnitude of the scattering vector
remains constant throughout the motion.

e 26 scan (detector scan): Describes a circular motion with a radius of 1/ around
the origin of the k vector. It changes the magnitude of the scattering vector ac-
cording to the equation Eq. 3.6.

However, these types of scans do not provide information about the parallel or per-
pendicular directions of the thin film (i.c. in-plane and out-of-planc lattice parameters).
Therefore, other types of reciprocal space scans, which are lincarly dependent on w and
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26, arc often used to better describe the characteristics of both the thin film and the
substrate. These include:

e w/26 scan: in this type of measurement, an X-ray beam is incident at an angle
w relative to the surface of the sample, and the detector is positioned at an angle
26 reclative to the incident beam. The scan is performed by incrementing 26 at
twice the rate of the increment in w, which corresponds to simultancously moving
the detector and the source (or sample in synchrotrons) while maintaining the
angular velocity of the detector at twice the angular velocity of the source (or
sample in synchrotrons). When w = 6, the scan is referred to as symmetric, and
only crystal plancs parallel to the sample surface, with reciprocal lattice points
along the normal, will be investigated. This scan occurs along the @), direction and
provides information about the lattice parameter perpendicular to the sample plane,
as well as information about the cpitaxial layer—substrate relationship. When w # 6,
the scan is called asymmetric, and the scattering vector is tilted with respect to
the normal of the sample surface. In this case, there is an offset between w and the
Bragg angle. This type of scan provides information about the lattice parameter
both in-plane and perpendicular to the sample planc.

e Q-scan: a type of measurement where the angle ratio between w and 26 is not
1:2, meaning the increments in w and 26 are not the same. This allows scanning
in an arbitrary direction within reciprocal space, leading to a variation in the scat-
tering vector’s magnitude. It provides more detailed information about the crystal
structure, particularly useful for studying films and layers with complex epitaxial
relationships.

» Reciprocal space mapping (RSM): a type of measurement that involves mul-
tiple w — 26 scans, where only the magnitude of @ changes, for different w values,
modifying the direction and orientation of the scattering vector. This process maps
a region around a reciprocal lattice point (hkl) by converting angular coordinates
(w—26) into reciprocal space coordinates (Q..,, @.) using equations 3.30 and 3.29.
RSM provides insights into finite-size effects and defects in the erystalline structure,
particularly in epitaxial layers.

« Phi-scan: in this type of measurement, the sample is rotated around its sur-
face normal (¢) while keeping the X-ray beam and detector aligned to a fixed
reciprocal lattice point. This scan probes the in-plane rotational symmetry of the
crystal lattice, providing information about grain orientation, epitaxial alignment,
and crystal twinning. Phi-scans are particularly uscful for characterizing azimuthal
rclationships between the epitaxial film and the substrate.

An illustration of all the above described scans in the reciprocal space is shown in Fig.
318

In this work, w/26 scans and reciprocal space maps were performed to obtain the infor-
mation about the sample’s crystal structure quality, their crystalline thickness (obtained
from the fit of the Lauc oscillations) and epitaxial growth. The Cu-Ka radiation (A =
1.5406 A) and a HyPix-3000 high-cnergy-resolution 2D multidimensional semiconductor
detector were used. All the samples prepared were aligned using the STO (002) Bragg
peak for the measurements of w/26 scans. The epitaxial growth and in-plane alignment of
crystalline grains or domains of the SRO thin film were verified through a ¢-scan. In this
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experiment, the detector was fixed at the asymmetric (103) reflection of the SRO/STO
while the polar angle of 18.4” (the angle between the [001] and [103] directions in a cubic
crystal lattice) was added to the incident beam (source arm). This way the sample can
remain flat in the quartz plate mounted in the goniometer. After that, the sample was
rotated around the azimuthal angle ¢. The in-plane clastic strain was studied through
reciprocal space mapping around the (103) reflection of the SRO/STO. YBCO/SRO and
SRO/YBCO were characterized only by means of w/26 scans.

(000) Q.

Figure 3.18.: Direction of different measurement types in reciprocal space. S, and S are
the incident and scattered wave vectors (similar to k and k'). The reflections
inaccessible by the reflection technique are located in the darker regions of
reciprocal space. Adapted from Ref. [136].

X-ray reflectivity

X-ray reflectivity (XRR) is a non-destructive technique used to analyze the surface and
near-surface structures of materials, particularly thin films and multilayers. In an XRR
measurement, the X-ray beam strikes a thin film or multilayer sample at low angles (0-5")
and the intensity of the scattered X-rays is measured as a function of scattering vector
(or angle). The scattering vector (angle) remains in the specular condition, meaning that
this technique is sensitive only to the depth of the material, and no lateral (in-planc)
information can be obtained. In thin films and multilayers, the X-ray is reflected at
interfaces, with total or partial reflection occurring at boundaries between materials with
different refraction indices. Constructive interference of the scattered X-rays leads to an
oscillatory pattern in the reflected intensity. This pattern, resulting from the modulation
of clectron density in thin-layer structures, provides information on layer thickness and
surface roughness.

Heinz Kiessig was one of the first to observe the interference patterns, known as Kiessig
fringes, in X-ray reflectivity measurements of thin nickel films on glass substrates [138,
139], from where he could obtain the film thickness. The theoretical understanding of the
technique was later on advanced by Lyman G. Parratt, which developed a formalism for
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applying and calculating the reflectivity of multilayer structures, allowing one to obtain
the clectronic density profile of the superficial layers. His contributions established a sys-
tematic method for interpreting XRR data, enabling the analysis of more complex layered
systems [140]. The technique was not strongly used until the 1990s; when methods were
developed to account for surface roughness, interfacial roughness, and interdiffusion in
analytical procedures. From that point onward, XRR gained significantly more attention
as a powerful tool for morphological characterization of surfaces and thin films. However,
its application is limited to relatively smooth and flat surfaces, as roughness on the order
of tens of nanometers attenuates the X-ray beam and no information can be obtained
[141]. An example of a XRR pattern and the information provided by an XRR profile is
shown in Fig. 3.19.
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Surfaceroughness, ol
' Density, 2 | Film thickness, dl
' ' Interfaee roughness, o2
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Interface roughness, a3
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Figure 3.19.: Information provided by an XRR profile. Adapted from Ref. [142].

The periodicity of the modulation in the reflected intensity as a function of the scatter-
ing angle is directly related to the thickness of the film layer. The position of the critical
angle (up to which total external reflection of the incident radiation occurs) corresponds
to the surface density. Additionally, the amplitude of the modulation and the decay of
reflected intensity are associated with the roughness and quality of the film’s interfaces
and layers. The reflectivity of a perfect interface is proportional to the difference in clec-
tron densitics between the layer constituents, but it decreases due to disorder caused by
interdiffusion or roughness at the interfaces [141, 142].

The thickness of a given layer can be determined from the reflectivity pattern using
the following expression:

Q= (%ﬂ-)n, (3.31)

46



3.2. Characterization techniques

which is derived by applying Eq. 3.3 to Eq. 3.6, with n being the indice of cach Kiessig
fringe in XRR pattern. However, this approach is only carried out to get a slight idea of
the thickness of the sample.

A more comprehensive analysis of reflectivity curves can be achieved through simulation
and fitting procedures based on structural models. These simulations typically adopt a
block-like model, which represents the sample as a series of layers on a substrate. Each
layer is characterized by its scattering length density (SLD) (or electronic density, p, in
the case of X-rays), thickness (t), and the roughness or interdiffusion at the interfaces.
The SLD defines the scattering contrast between adjacent layers and is proportional to
the clectronic density of the material.

The disorder at an interface is modeled by connecting adjacent layers through a con-
tinuous density profile described by an error function (erf), which smooths the transition
between two SLD values. This profile can be expressed as:

PLYpP2 P21 2 %0
Z = Jt 0..0.2
p(2) 5 + > er (\/icr )? (3.32)

where p; and py arc the SLDs of the adjacent layers, zp is the mean position of the
interface, and o represents the root-mean-square roughness, corresponding to the width
of the Gaussian derivative of the error function.

The paramecters p, t, and o for cach layer can be quantitatively determined by fitting
the experimental reflectivity curve using software such as General X-ray fitting program
(GenX), which follows the Marquardt-Levenberg formalism for nonlincar least-squares
minimization. In this approach, the best agreement between simulated and experimental
data is achicved by minimizing the sum of squared deviations, cnsuring a physically
consistent description of the layer structure [141, 143].

In this work, XRR mecasurcments were carried out using the Cu-Ka radiation (A =
1.5406 A) and the thin film film thickness were initially estimated accordingly to the
Eq. 3.31. After that, the GenX softwarc was used to fit the XRR data using a block-
like model. The estimated thickness, local roughness obtained by AFM and theoretical
nuclear SLD were used as an initial guess. The calculated X-ray SLD values for the
materials considered in this work are presented in the Appendix B.

3.2.2.5. Neutron scattering techniques

Given the fact that neutron scattering is sensitive to both the structural and magnetic
propertics of a sample, polarized ncutron reflectivity (PNR) measurements were con-
ducted at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. The
experiments aimed to investigate the interfacial and depth-dependent magnetism of SRO
thin films and a potential proximity effect, such as the induction of magnetic moments
in the superconductor or the presence of a magnetically dead layer at the interfaces of
SRO/YBCO heterostructures.

Polarized Neutron reflectivity

Neutron reflectivity is a scattering technique where a neutron beam is reflected in a
sample and the intensity of scattered (reflected) neutrons is recorded as a function of the
scattering vector (Q). It is similar to X-ray reflectivity, discussed in the section above,
and allows one to get similar information, such as structural and interfacial properties of
thin films, multilayers and heterostructures.
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However, in the subsection 3.2.2.3, we described that ncutrons carries magnetic mo-
ment, making them sensitive to magnetic ficlds and magnetic moments in a material.
Therefore, the neutron beam can be polarized by passing the incident neutrons through
a polarizer, a device that selectively filters neutrons based on their spin orientation, such
as supermirrors or ferromagnetic materials, that can preferentially align the spins of neu-
trons [133]. The neutron beam can be oriented in different ways, typically described by
two states: spin-up (+) and spin-down (), relative to a chosen quantization axis, usually
aligned with an applied external magnetic ficld. These two polarization states cnable a
higher level of sensitivity to the magnetic properties of materials. This method is called
Polarized Neutron Reflectometry (PNR).

In a typical PNR experiment, a polarized neutron beam is directed to a sample at
grazing incidence angles. These neutrons interact with a magnetic or magnetized sample,
typically under an external magnetic field, and the reflected neutrons are detected by a
dedicated detector. These detectors often include polarizing filters or spin analyzers to
selectively measure the polarization of the reflected neutrons, such as in-situ *He analyz-
ers [133, 144]. The neutron reflectivity is measured separately for each polarization state,
producing distinct neutron reflectivity curves. The neutron reflectivity curves are com-
monly categorized based on the state of the incident and reflected neutrons, as described
below:

e R*": Spin-up ncutrons arc reflected with spin-up.
e R : Spin-down ncutrons arc reflected with spin-down.
e R*~: Spin-up ncutrons arc reflected with spin-down.

« R *: Spin-down ncutrons arc reflected with spin-up.

This separation allows for the isolation of both nuclear and magnetic contributions to
the scattering. The magnetic scattering contribution is sensitive to the spin alignment
of the incident ncutrons. Thus, PNR is capable of simultancously probing both nuclear
and magnetic structures with nanometer resolution, offering valuable insights into various
phenomena such as interfacial magnetism and proximity cffects [133, 146]. A typical PNR
pattern is shown in Fig. 3.20.

In PNR, the total SLD is defined as the sum of the nuclear contribution (nuclear
SLD or nSLD) and the magnetic contribution arising from the sample’s magnetization
component along the neutron spin quantization axis (magnetic SLD or mSLD), according
to:

p+(2) = pn(2)  pm(2), (3.33)

where pp(z) is the nuclear SLD and p,,(z) is the magnetic SLD. The signs + and —
correspond to the neutron spin being parallel or antiparallel to the sample magnetization,
respectively.
The magnetic SLD is proportional to the local magnetization M (z) through a constant
of proportionality C"
pm(z) = C M(2), (3.34)

where C' = 2.853 x 1094 (emu/cm?)! (or equivalently C' = 2.91 x 10712 A~ (A/m)™1).
C depends exclusively on the Bohr magneton, the neutron gyromagnetic ratio, and the
classical radius of the clectron.
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Figure 3.20.: A simplified illustration of how a ncutron reflectivity profile is influenced
by layer thickness, chemical composition, and magnetization. The example
features a 40 nm-thick nickel film on a silicon substrate, with a magnetic
moment of 0.6 uB per Ni atom, oriented at 45° relative to the in-plane
applied ficld. The bottom curve shows R*~ and R~*, which arc identical for
all but very few cases of magnetization profiles, is related to the component
of the magnetization perpendicular to the applied field. Taken from Ref.
[145].
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Thus, the total SLD profiles for spin-up and spin-down ncutrons are given by p,(2) =
Pn(2) + pm(2) and p_(2) = pn(2) — pm(2), which define the reflectivity contrast measured
in PNR experiments.

To illustrate these concepts, consider a few typical cases. For a fully magnetized sample,
where the magnetization vector is aligned with the external magnetic ficld, the non-spin-
flip (NSF) reflectivity channels (R** and R™) cxhibit different total SLDs, leading to a
shift in the critical edge (see Fig. 3.20). In this case, the SLD corresponding to R** is
enhanced relative to R~~. When the magnetization is not fully aligned with the external
field, only the projection of the magnetization along the ficld direction contributes to the
magnetic SLD [133, 145].

The spin-flip (SF) reflectivity channels (R*~ and R™*) provide direct information about
non-collincar or non-uniform magnetization. These channels arise when the neutron spin
is flipped upon interaction with a component of the sample’s magnetic ficld perpen-
dicular to the ncutron polarization. Consequently, SF scattering reveals magnetization
components transverse to the applied ficld, allowing the identification of magnetic inho-
mogencitics, canted spins, or domain structures. In contrast, magnetically homogencous
regions, with magnetization fully collinear with the applied field, yield negligible SF in-
tensity [133, 145].

In this work, PNR mecasurements were carried out in two thin films samples: SRO thin
film deposited on a TiOo-terminated Nb:STO substrate and in a YBCO/SRO thin film
heterostructure deposited on a TiOs-terminated STO substrate. Both samples were field
cooled in a 1 T magnetic ficld applied parallel to sample surface (in-planc). The PNR
measurements were performed at temperatures above and below the critical temperature
T. of the YBCO/STO thin film heterostructure. The PNR data were analyzed using a
block-like model (similar to the one used for XRR) in the GenX software. This time,
the magnetization and the magnetic SLD of the sample were considered for the fit. The
calculated neutrons nuclear SLD values for the materials considered in this work are also
presented in the Appendix B.

3.2.3. Scanning and transmission electron microscopy

Electron Microscopy (EM) is a powerful characterization technique used to investigate the
fine structure of materials across a wide range of magnifications. In addition to providing
high-resolution imaging, EM enables crystallographic and spectroscopic analyses, making
it an essential tool for material characterization. Techniques such as Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM) are among the most
widely used methods in this field [125, 147, 148].

The principles of electron microscopy are based on the interactions between an clectron
beam and a sample. Similar to photons (X-rays) and ncutrons, clectrons can undergo both
clastic and inclastic scattering processes when interacting with matter. These interactions
occur within a defined interaction volume in the sample, as illustrated in Fig. 3.21. The
size and shape of the interaction volume depend on the material properties (i.c. atomic
number Z) and the energy of the incident clectrons. Along with the escape depth of the
scattered clectrons, the interaction volume determines the spatial resolution and the type
of information that can be extracted from cach signal. These scattering cvents serve as
the foundation for the imaging and analytical capabilitics of electron microscopy. A more

detailed explanation of clectron-sample interactions in clectron microscopy is provided
below [16, 125, 147].

50



3.2. Characterization techniques

primary

electron "

beam uger
Secondary Electrons
Electrons

Characteristic
X-rays

Backscattered
Electrons

Cathodo-

Continuum luminescence

X-rays

Fluorescent
X-rays

Scattered
Electrons

Diffracted
Electrons

Transmitted
Electrons

Figure 3.21.: Schematic representation of the interaction volume between the incident
clectron beam and the sample. The interaction volume depends on the
material properties and the energy of the incident clectrons. Taken from

Ref. [149].
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2

Backscattered Electrons (BSE): BSEs are produced when primary beam elec-
trons arc clastically scattered by the sample at angles of up to 180°. These clectrons
rctain an cnergy level similar to that of the primary clectron beam. More specif-
ically, BSEs interact with the positive clectric field of the atomic nucleus in the
sample (Rutherford scattering).

Transmitted Electrons: These are clectrons that pass through the sample with-
out undergoing any interaction. Their transmission depends on the sample’s thick-
ness, the mean free path of electrons in the material, and the energy of the primary
clectron beam.

Diffracted Electrons: These are clectrons that interact with the crystalline lattice
of the sample, undergoing clastic scattering. Due to the wave-particle duality of
clectrons, they also exhibit wave-like behavior. Since their momentum and energy
arc conscrved during clastic scattering, diffraction patterns of the sample can be
constructed using clectron microscopy.

Secondary Electrons (SE): These clectrons are characteristic of inclastic inter-
actions, where energy and momentum (phase) are exchanged between the electron
beam and the sample. SEs are low-cnergy clectrons ejected from the outermost
atomic shells (low binding cnergy). Because of their low energy, only those elec-
trons necar the surface and with sufficient energy to overcome the surface barrier
or work function can cscape the material. Examples of seccondary electron signals
include characteristic X-rays and Auger clectrons. Auger clectrons arc typically
cmitted by clements with low atomic numbers, whercas characteristic X-rays arc
dominant in elements with higher atomic numbers.

Characteristic X-rays: During inclastic scattering, clectrons from the primary
beam may interact with inner-shell electrons of the sample atoms, causing these
clectrons to transition to an outer shell, leaving a vacancy (hole) in the inner shell.
To release the energy from this excited atom, an electron from an outer shell fills the
vacancy, cmitting a photon in the process. The emitted photon has a characteristic
energy determined by the difference in energy levels between the outer and inner
shells. These photons, known as characteristic X-rays, arc unique to cach clement in
the material. By analyzing the energy of characteristic X-rays, individual clements
in the material can be identified through clectron microscopy.

Auger Electrons: In addition to characteristic X-ray photon emission, inclastic
interactions can also result in the emission of Auger clectrons. These are clectrons
cjected from the inner shells of an atom during clectronic recombination. Specifi-
cally, when an atom is excited, an clectron from an inner shell can decay to fill the
vacancy left behind, transferring its energy to another clectron in a nearby shell.
This second clectron is then cjected from the atom and is referred to as an Auger
clectron. Auger clectron emission helps conserve the atom’s energy during recom-
bination from the excited to the ground state. The kinctic cnergy of the Auger
clectron is equal to the difference between the initial clectronic transition energy
and the ionization energy of the shell from which the Auger clectron was cjected.
The probability of Auger clectron emission increases as the energy difference be-
tween the initial and final states decreases, making this process dominant in lighter
clements.
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« Scattered Electrons: These clectrons also arise from inclastic scattering, which
can be cither coherent or incoherent. In coherent inelastic scattering, energy transfer
occurs, but the phase may or may not be conserved. This type of scattering is
associated with collective excitations, such as phonons or magnons, due to their
comparable energy transfers. In incoherent inclastic scattering, however, the phase
is completely lost. Incoherent scattering results from localized or random processes
within the sample.

In scanning clectron microscopy (SEM), an clectron beam interacts with a sample,
and images are typically obtained by detecting backscattered clectrons (BSE), secondary
clectrons (SE), and characteristic X-rays using dedicated detectors. As briefly described
carlicr, BSEs arc more cnergetic and have a deeper sampling depth, providing informa-
tion from the subsurface regions of the sample. The BSE signal is proportional to the
atomic number (Z), making it stronger for elements with higher Z values. Consequently,
variations in material composition appear as a contrast in the image, where regions with
higher Z appear brighter relative to darker regions with lower Z.

Sccondary clectrons, on the other hand, are more surface-sensitive, with an escape
depth of approximately 10 nm. This is due to the cascade effect during clectron-sample
interactions, where only electrons near the surface (low energy clectrons) can escape and
can be detected. As a result, SE images provide detailed surface information, offering
greater sensitivity to surface features and enhanced resolution for capturing topological
contrast and finc details. Additionally, spectral analysis of characteristic X-rays cnables
clemental identification of the sample’s components. This capability is integrated into
SEM systems equipped with Energy Dispersive X-ray Spectroscopy (SEM-EDS), allowing
simultancous imaging and compositional analysis, making SEM a powerful tool for both
morphological and chemical characterization [125, 148].

In transmission clectron microscopy (TEM), a high-energy clectron beam is transmit-
ted through an ultrathin sample (also called a lamella), allowing the investigation of the
sample’s structure, composition, and clectronic propertics with atomic or near-atomic
resolution. TEM images are formed when clectrons interact with the sample, primarily
through transmission, clastic scattering, and inclastic scattering processes. These in-
teractions are captured using a CCD camera or a fluorescent screen. TEM operates in
two primary modes: the imaging mode and the diffraction mode. In imaging mode, the
transmitted clectron beam is detected and magnified by the objective lenses, providing
detailed information about the structure, interfaces, defects, and epitaxial relationships
of the sample (in the case of thin films). In diffraction mode, the diffracted beams are
detected, and the objective lenses produce a diffraction pattern, revealing information
about the crystalline structure, lattice spacing, and orientation. These imaging condi-
tions are also referred to as bright-ficld (BF) and dark-field (DF) modes, depending on
whether the transmitted or diffracted clectrons are used for image formation [147, 150).

High-Resolution Transmission Electron Microscopy (HR-TEM) images take advantage
of phase contrast created by the interference of electron waves as they traverse the sample
and interact with its atomic structure. In crystalline materials, HR-TEM image formation
relies on the diffraction of atomic planes under specific imaging conditions. Electrons,
which exhibit wave-like behavior, are clastically scattered by the atomic potentials, and
the resulting phase difference between the scattered and unscattered clectron waves pro-
duces interference patterns that generate contrast in the image. HR-TEM cnables the
investigation of interfaces, atomic-scale defects, and structural characteristics in thin films
and multilayered materials with sub-angstrom resolution, typically around 1 A [150].



3. Methods and instrumentation

Alternatively, High-Angle Annular Dark-Ficld Scanning Transmission Electron Mi-
croscopy (HAADF-STEM) is based on a scanning mode in which a highly focused elec-
tron probe is scanned across the sample, and the scattered clectrons are collected by
an annular detector at high angles. The resulting image intensity is approximately pro-
portional to the atomic number (Z1-7-2), providing Z-contrast that is largely insensitive
to phase cffects. HAADF-STEM thus offers direct, composition-sensitive imaging with
atomic resolution, complementing the structural information obtained from HR-TEM
phasc-contrast imaging [150].

Furthermore, compositional analysis can be performed simultancously through EDS
with STEM imaging. In EDS mapping, the characteristic X-rays emitted from the sam-
ple are collected at cach scanning position of the focused clectron probe, so that a full
spectrum is acquired pixel by pixel across the image. From these spectra, the spatial
distribution of clements is reconstructed, providing quantitative composition maps that
can be directly correlated with the structural features observed in the STEM image.
When combined with HAADF-STEM, which provides Z contrast, EDS mapping cnables
correlated structural and compositional analysis at the nanoscale, allowing the identifi-
cation of interfaces, diffusion profiles, and compositional gradients across thin films and
multilayers [150].

SEM-EDS was applied to investigate the stoichiometry of the SRO target bought at
Toshima Manufacturing. The SEM images and EDS-spectra were collected using a Zeiss
Merlin Field-Emission Scanning Electron Microscope (FE-SEM) operated by Dr. Egbert
Wessel and Dr. Danicl Griiner in the Institute of Energy Materials and Devices (IMD)
for Structure and Function of Materials (IMD-1). To investigate compositional variation
as a function of depth, HAADF-STEM images and clemental maps SRO thin films were
collected using a FEI Titan G2 80-200 ChemiSTEM operated by Prof. Dr. Michacl Faley
in the Ernst Ruska-Centre for Microscopy and Spectroscopy with Electrons for Physics
of Nanoscale Systems (ER-C-1). The YBCO/SRO and SRO/YBCO heterostructures
prepared by HOPS are too thick and considerable rough to be characterized by X-ray
reflectivity. Therefore, to characterize its crystal structure, epitaxial quality and layer
thickness HR-TEM was employed. HR-TEM images were collected on a FEI Tecnai G2
F20 also operated by Prof. Dr. Michacl Faley (ER-C-1). Lamellas along the [001] and
[110] crystallographic directions were prepared by L. Kibkalo (ER-C-1).

3.2.4. Rutherford backscattering Spectroscopy

Rutherford Backscattering Spectroscopy (RBS) is an analytical technique that allows
one to obtain the stoichiometry of a given material. RBS can also be used for determin-
ing the sample thickness; however, discrepancics are often observed between the thick-
ness values obtained via RBS and those derived from techniques such as X-ray reflec-
tivity (XRR), high-resolution X-ray diffraction (HR-XRD), and Transmission Electron
Microscopy (TEM). The technique is based on the elastic collision of high-energy pro-
jectile particles with stationary target atoms in the film, governed by strong Coulomb
repulsion (Rutherford scattering) [63, 111, 151, 152].

In a RBS experiment, as depicted in Fig. 3.22, a high-cnergy, collimated beam of alpha
particles (He?*) with energy FEy and mass M, is projected onto a thin film. This leads to
an clastic collision between the a-particles and the stationary atoms in the film, which is
governed by the strong Coulomb repulsion between the participating nuclei (Rutherford
scattering). As a result of this scattering, the scattered projectile acquires the energy
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E, and a scattering angle 6. The stationary target particle (mass M,) gains the kinetic
energy Es and gets deflected at an angle ®.
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Figure 3.22.: Schematic representation of elastic scattering in a RBS experiment. Taken

from Ref. [63].

From the conservation of momentum and cnergy, one can calculate the so-called kine-
matic factor, & which is given by [63, 151, 152]:

k= (3.35)

E, M, cosﬂﬂ:\/MQZ—MfsiDZB
E[) - M 1+ M2 )

This equation indicates that the projectile’s energy at a given scattering angle depends
on the mass of the stationary target clement in the film, highlighting the clement sensi-
tivity of the RBS experiment. The highest energy resolution is achieved when 6 is sct to
180°.

RBS is more sensitive to heavier atoms with higher atomic numbers (Z) because the
scattering cross-section is proportional to the square of the stationary target particle’s
atomic number (Z2). The scattering cross section for RBS is given by [111, 151, 152]:

do T2y 1
o fdw w ( 1E, ) T e (3.36)

where Z; and Z, are the atomic numbers of the incident a-particle and the target clement,
e is the clectronic charge, and 6 and w are the scattering angle and the solid angle of the
detector.

In a typical RBS spectrum, the horizontal axis is divided into channels, which cor-
respond to discrete energy intervals recorded by the multichannel analyzer (MCA) con-

nected to the detector. Each channel represents a specific energy range of the backscat-
tered ions, so that higher channel numbers correspond to ions with higher detected en-
crgics. The relationship between channel number and energy is determined through
calibration using reference materials with well-known peaks. Consequently, the RBS
spectrum displays the detected yield as a function of channel (or energy), allowing the
identification of elements and depth distributions within the sample [151].

o
n
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Figure 3.23 shows a simulated RBS spectra for a thin film sample. For thin samples,
the signal for cach element is peak like. For thicker samples, such as substrates, the ions
lose energy inside the sample, leading to an clongation of the signal towards zero energy,
resulting in a step-like shape [111]. RBS data can be simulated using the RUMP software,
which was developed by M. Thompson, Cornell University in 1983 [153].

Energy [MeV]
0.8
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2500 . O (film) Sr (sqbtrate)
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Figure 3.23.: Simulation of a SrCoO3_s film on a SrTiO; substrate. The black line repre-
sents the simulated total intensity, while the film contribution is shown in
green and the substrate contribution in blue. Taken from Ref. [111].

SrRuQOj3 thin films were characterized by RBS to obtain its stoichiometry. The mea-
surements were performed at Peter Griinberg Institute for Semiconductor Electronics
(PGI-9) by Dr. Omar Concepcién. The data analysis was performed using the RUMP
software.

3.2.5. Magnetization measurements

The samples magnetic properties characterization was carried out on a Quantum De-
sign Magnetic Propertics Measurement System (MPMS-XL) [154]. This instrument is
composed mainly by a Superconducting Quantum Interference device (SQUID) and a
superconducting magnet inside a liquid He Dewar vessel, which allows one to measure in
a temperature range of 2 K up to 400 K with external magnetic field of + 7 T.

Initially, the thin film samples (originally 10 mm x 10 mm) arc cut to a small size of
approximately 4 mm x 4 mm, mounted inside a plastic straw and then inserted into the
MPMS. The superconducting magnet generates a ficld along the z-direction, which can
be parallel or perpendicular to the sample surface, depending on the way it is mounted
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Figure 3.24.: Schematic of MPMS sctup with sample mounted inside a straw for measure-
ments with external magnetic field applied (a) parallel to the sample sur-
face (in-planc) and (b) perpendicular to the sample surface (out-of-planc).
Adapted from Refs. [111, 154].



3. Methods and instrumentation

into the straw. The sample mounting is illustrated in Fig. 3.24. To measure the sample,
the straw is moved through a series of pickup coils made from a superconducting wire.
These coils are configured as a second-order gradiometer, with the outer coils wound in
the opposite direction to the inner coils. [155].

The magnetic moment of the sample generates a current in the detection coils, which is
inductively coupled to the RF-SQUID circuit. Due to the coil design, uniform magnetic
ficlds are not detected. The SQUID circuit itself consists of a superconducting loop
containing a serics of Josephson junctions [156]. In a superconductor, Cooper pairs are
described by a single-particle wavefunction, causing the phase difference around the loop
to be quantized in integer multiples of 27. Consequently, the magnetic flux through the
loop is quantized in integer multiples of the magnetic flux quantum, ®, = 2.07 x 1015 Vs.
Any external flux, such as that induced by the sample’s magnetization, results in a phase
shift that must be balanced by a compensating Josephson current [12]. This current is
measured to determine the external magnetic flux. This mechanism makes the SQUID
highly sensitive to small magnetic moments, achieving a sensitivity of approximately 5 x
10712 Am?2.

Zero-field cooling (ZFC) and field cooling (FC) measurements were performed to in-
vestigate the temperature dependence of the samples magnetization. From these mea-
surcments, the Curie temperature (Teure) of SRO thin films and the superconducting
critical temperature (7¢.) of YBCO thin films, SRO/YBCO and YBCO/SRO thin films
heterostructures were obtained. Furthermore, magnetic hysteresis loops were acquired
at different temperatures to investigate the magnetic saturation moment of the SRO
thin films and the changes between the superconducting and ferromagnetic states of the
SC/FM and FM/SC heterostructures. The measurements were performed at the MPMS
of Jiilich Centre for Neutron Science (JONS-2).

3.2.6. Electron transport measurements

Electron transport measurements were conducted using the four-point probe method to
investigate the temperature and ficld dependence of clectrical transport. These measure-
ments were carried out using the resistivity and clectrical transport options available in
a Quantum Design Physical Propertics Measurement System (PPMS) and in a Quantum
Design Physical Property Measurements in a cryogen-free system (PPMS DynaCool).
Both systems have an integrated cryostat, which enables resistivity measurements of
thin films across a wide temperature range, from 2 K to 400 K, and a superconducting
magnet, which allows the application of magnetic ficlds up to + 9 T, facilitating magne-
toresistance studies under controlled conditions. While the PPMS operates in a liquid He
Dewar vessel plus liquid Nitrogen shield cooling system, the PPMS-DynaCool operates
with a cryogen-free cooling system based on a closed-cycle helium compressor (dry cryo-
stat). Resistivity mecasurements with both direct-current (DC) and alternating current
(AC) can be performed on PPMS, while only AC current measurements arc possible on
PPMS-Dynacool.

Electrical contacts were made using a TPT HB10 Wire Bonder with automatic Z-
axis bonding machine available at the Peter Griinberg Institute for Electronic Materials
(PGI-7). The sample preparation for transport measurements is straightforward: thin
film samples, typically square or rectangular in shape (to avoid extrinsce cffects), are
attached to the PPMS puck using double-sided tape. Aluminum-based wire contacts
arc then bonded between the puck pads and the sample. The sample can be installed
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Figure 3.25.: Thin films samples bonded in the (a) PPMS puck, which allows mecasure-
ments with magnetic ficld applied out-of-planc and in the (b) horizontal
rotator, which allows measurements with magnetic ficld applied in angles in
in a range of -10” to 360°.
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in different orientations relative to the external magnetic field. For that, the bonded
sample is mounted in the horizontal rotator. Figure 3.25 shows samples bonded in the
puck (allowing only magnctoresistance with ficld out-of-planc) and the horizontal rotator
(allowing measurements with ficld applied in a range of -10° to 360°).

The resistivity of a sample with probes centered on a very wide (lateral dimension d
greater than probe spacing s) and a non-negligible thickness ¢ can be calculated using:

P:H%t(%)flfzy (3.37)

with f; and f, being the finite thickness correction, which depends on the substrate clec-
trical properties (insulating or metallic) and finite width correction factors, which depends
on the shape of the sample. For an insulating substrate and with a square/rectangular
sample shape with d/s > 1, as in our case, f; = 1 and fo ~ 1 [157].

Electrical measurements were performed using both the PPMS and PPMS-DynaCool
systems to study the transport properties of the SRO thin films and to determine the
critical temperature of the SC/FM heterostructures. To perform the measurements; low-
amplitude clectric currents, ranging from 1 pA to 50 pA, were applied to the I* terminals
of the sample. These currents were used in cither AC mode, with a frequency between 6
Hz and 20 Hz (for the PPMS-DynaCool), or in DC mode (for PPMS). This sctup ensured
precise control of the clectrical input and minimized potential heating effects that could
interfere with the measurements. Magnetoresistance measurements were also conducted
with the magnetic ficld applied both out-of-plane and in-plane. These measurements
provided valuable insights into the proximity effects present in the SC/FM and FM/SC
thin film heterostructures, shedding light on the interplay between superconducting and
ferromagnetic propertics at the interface. All electron transport measurements were per-
formed at the PPMS or PPMS-DynaCool of Jiilich Centre for Neutron Science (JCNS-2).
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Chapter 4 =——

Growth of YBa;Cu30;_, thin films

YBayCu3O7_, (YBCO) was chosen as the high-temperature (high-7;.) superconductor
(SC) for investigating proximity cffects in high-T, SC/ferromagnetic (FM) thin-film het-
crostructures. This sclection was motivated by YBCO’s extensive applicability in both
small- and large-scale superconducting devices, as well as its well-established growth
conditions by High Oxygen Pressure Sputtering. The YBCO thin films and the super-
conducting layers in the SC/FM heterostructures examined in this work were grown in
collaboration with Prof. Dr. Michacl Faley. This chapter provides a detailed overview

of the growth conditions and a summary of the characterization results obtained for the
reference YBCO films.

4.1. High Oxygen pressure sputtering growth

High Oxygen Pressure Sputtering (HOPS) is a deposition technique specifically devel-
oped for the growth of high-T, SC, the vast majority of which are oxide materials. The
high oxygen pressure (Pg,) used during film growth plays a crucial role in mitigating the
re-sputtering process, where a small fraction of high-cnergy sputtered ions traveling from
the target to the substrate can cause the removal of alrecady-deposited material. The
high Po, value acts then as a moderator by facilitating collisions between these energetic
particles with the process gas (oxygen), leading to energy dissipation before they reach
the substrate or arc lost to the chamber walls. While the Pg, is a key paramecter in deter-
mining film quality, other deposition conditions also play essential roles. Parameters such
as the target-substrate distance (Drg), deposition temperature (Ty.,) and the parame-
ters involved in plasma generation (which depends on the source type, Direct current
or Radio frequency power supply) must be carefully optimized to achicve high-quality
supcrconducting thin films.

To obtain films with clevated crystalline quality, epitaxial films, the lattice mismatch of
the thin film material and the substrate becomes relevant. In some cases, it is necessary
to reduce the lattice mismatch between film and substrate and, for this reason, sced-
and buffer-layers are deposited on the substrate prior to the film deposition. In the
casc of YBCO epitaxial films, substrates such as buffered-MgQO, SrTiO; (STO), LaAlOs,
LaSrAlO,, YSZ (Yttria-Stabilized Zirconia), sapphire (with Ag, CeO,, and MgO buffer
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layers) are commonly used in order to obtain epitaxial films [158]. YBCO usually grows
in three possible ways, known as c-axis growth (or spiral growth, where the e-plancs are
oriented parallel to the substrate surface), a-axis growth (where the ab-plancs are oriented
perpendicularly to the substrate surface) or in a mixture of these two [159, 160]. The
YBCO growth modes are strongly dependent on Ty, where high Ty, leads to spiral-
like growth with predominant c-axis orientation, while a-axis orientation can be obtained
at lower Ty.,. The substrate-induced strain and film thickness also play a role in the
growth spiral density and it is substrate dependent [161, 162]. After growth, YBCO films
undergo a thermal treatment (post-growth anncaling process) in a controlled atmosphere
to assure its high-T, propertics. The carcful optimization of growth paramecters, along
with a well-established understanding of the film-substrate relationship, greatly enhances
the crystalline quality of the deposited films and ensures optimal oxygen doping, both
of which are crucial for achieving the desired superconducting propertics. The YBCO
growth conditions were optimized by Prof. Dr. Michael Faley and Prof. Dr. Ulrich
Poppe and can be found clsewhere [72; 116, 163, 164].

In this work, YBCO rcference thin films were deposited on buffered-MgO and STO
substrates using a DC plasma source, with nominal thicknesses of 180 nm and 85 nm,
respectively. An illustration of the deposition of a YBCO thin film on a STO substrate
and the schematic of the two SC reference samples are shown in Fig. 4.1.

Figure 4.1.: Top: deposition of a a YBCO thin film on a STO substrate. Bottom left:
schematic of a buffered-MgO substrate. Bottom right: schematic of a STO
substrate.

The MgO substrate was buffered with a 3 nm seed-layer of YBCO followed by a 2 nm
buffer-layer of STO. This process was performed as follows: the MgO substrate was first
ctched using an ion beam machine in order to induce a surface texture along the [100] and
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[010] directions of the substrate. A 3 nm seed-layer of YBCO was deposited on the MgO
substrate to adapt the structure from rock-salt of the MgO to perovskite of the YBCO.
To avoid contamination of the YBCO film by the grain boundarics of Mg from the MgO
substrate, an epitaxial 2 nm buffer-layer (or blocking layer) of STO was deposited above
the YBCO sced-layer. The STO blocking layer allows the growth of only c-axis YBCO
thin film, characterized by a spiral-like growth profile. The STO substrate did not pass
by any chemical trcatment, such as chemical ctching, since the surface termination of
STO substrate (SrO or TiO2) does not play an important role on the YBCO film quality
[165]. Therefore, it was only cleaned with acetone and isopropanol in a ultrasonic bath.

Once the substrates are prepared, they are placed directly onto a heater block inside the
deposition chamber, which is evacuated to pressures around 10-6 mbar to ensure a clean
environment. Prior to YBCO growth, the target undergoes pre-sputtering at low oxygen
pressure with low current and voltage values for several days to climinate contaminants
and stabilize the deposition conditions. The values of current and voltage are usually
increased along the pre-sputtering time until they reach the deposition values. The YBCO
thin film is deposited at an oxygen pressure of 2.5 mbar using a DC plasma generated
by a current of 500 mA and a voltage of 240 V. The optimal Dpg was found to be 1 cm,
where the plasma gently touches the substrate surface. Deviations from this distance
lead to films with poor crystallinity and stoichiometry. The deposition temperature is sct
to 930 “C, as mecasured at the heater block. However, precise pyrometer measurements
indicate that the actual substrate temperature is approximately 110 °C lower [119]. Film
thickness is controlled by the deposition time, with a typical growth rate of approximately
100 nm/h under these conditions. After deposition, the shutter is closed, and the sample
is cooled down to 500 °C at 2.5 mbar. The plasma is then switched off, and the pressure
is immediately increased to 10 mbar, where it remains overnight to ensure proper oxygen
incorporation. A summary of the pre-sputtering, growth and post-growth anncaling
paramcters is provided in Table 4.1, while additional details about the growth procedure
can be found in Appendix A.

Table 4.1.: Summary of the pre-sputtering, growth and post-growth anncaling parameters
used on the YBCO growth, such as oxygen partial pressure (Pg,), target-
substrate distance (Drg), deposition temperature (Tye,). N/A means not

applicable.
Paramecter Pre-sputtering  Growth — Post-growth anncaling
Current 0.1 mA 500 mA N/A
Voltage 280V 240 V N/A
Po, 0.3 mbar 2.5 mbar 10 mbar
Drg N/A 1 cm N/A
Td(:p N/A 930 UC 500 0(:

4.2. Topography
The surface morphology of YBCO films prepared on buffered-MgO and STO substrates

was investigated by scanning clectron microscopy (SEM) in secondary electron mode.
Representative SEM micrographs of the films are shown in Fig. 4.2. Atomic force mi-
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4. Growth of YBasCuzOy_,, thin films

croscopy (AFM) in both topography and phase modes was also employed to probe the
film surface. However, due to the limited response of the AFM cantilever to sharp height
variations between rough and smoother regions, the acquired images appeared blurred
and arc therefore not presented here. Instead, the AFM topography data were used
exclusively to quantify the local surface roughness of the YBCO films.

[ ]
OkV 10.1mm k SE(UL) 1.00um

Figure 4.2.: Scanning clectron microscopy micrographs of the YBCO film deposited (a)
over a 45° step edge on buffered-MgO substrate (Ref. [163]) and (b) on a
STO substrate.

The YBCO film deposited on the buffered-MgO substrate shows a predominant c-axis
orientation, as evidenced by the surface spirals, as shown in Fig. 4.2(a). The arrows show
the orientations of the individual grains in the YBCO film, according to the orientations
of the growth spirals [163]. The film exhibits a low surface roughness of only a few
nanometers, with the growth spirals showing a step-height of 1 nm. In contrast, the
YBCO film deposited on the STO substrate shows a topography characteristic of a-axis
orientation. This is related to both Ty, and the film thickness [161], for which the density
of growth spiral is alrcady strongly suppressed in STO substrates. The root mean square
roughness is 3.3 nm + 1.7 nm, which was calculated across the 2 pm x 2 pm sample arca.
This value is consistent with previously reported roughness values for YBCO thin films
deposited on exact and non-buffered STO substrates [166, 167].

4.3. Crystal structure

The crystalline structure of the YBCO thin films was investigated by high-resolution
X-ray diffraction (HR-XRD). Figure 4.3 shows the w26 diffraction scans of the films
deposited on buffered-MgO and STO substrates.

Both films exhibit excellent crystalline quality, as evidenced by the intense and well-
defined diffraction peaks, which appear at consistent positions for both samples [Fig.
4.3(a)]. The observed reflections correspond to the (007) family of planes in YBCO,
indicating that the films predominantly grow with their c-axis oriented perpendicular to
the substrate surface. A closer examination around the (001), (002), and (003) reflections
of the STO substrate, however, reveals the presence of a small fraction of a-axis oriented
grains. These grains are manifested by the additional (h00) peaks observed to the right of
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the YBCO (001) reflections in the HR-XRD patterns [Fig. 4.3(b-d)|. The concentration of
a-axis-oriented grains is higher for the film deposited on the STO substrate, in agreement
with the surface morphology shown in Fig. 4.2(b).

Furthermore, ¢-scan measurements and transmission clectron microscopy (not shown)
confirm the epitaxial naturce of both samples, with the YBCO lattice parameters aligned
to those of the substrates. To investigate the film thickness and interfacial roughness, the
samples were further characterized by X-ray reflectivity (XRR).
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Figure 4.3.: (a) High-resolution X-ray diffraction pattern obtained for the YBCO films
deposited on the buffered-MgO and STO substrates. (b-d) Detailed view
around the (001), (002), and (003) crystallographic reflections of the STO

substrate (indicated by the asterisks) presenting the presence of small a-axis

grains in the c-axis oriented film structure.

The XRR pattern and the corresponding fit of the Kiessig fringes for the YBCO/STO
sample are shown in Fig. 4.4. The fit reproduces the XRR data very well, as scen in the
left insct of Fig. 4.4. From the fit, a total film thickness of 85 + 3 nm and an interfacial
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roughness of approximately 3 + 2 nm were obtained. The right inset of Fig. 4.4 shows
the scattering length density (SLD) profile of the YBCO film on the STO substrate.
Although the thin surface layer is not clearly resolved at this scale, incorporating a very
thin YBCO surface layer with an interfacial roughness of 2 nm + 1 nm and a significantly
reduced SLD improves the overall fit quality. This layer is included to better represent
the surface structure of the YBCO film, likely reflecting the presence of a-axis grains and
surface defects observed in Fig. 4.2.

Duc to the larger thickness of the YBCO film (approximately 180 nm, as verified by
cross-sectional SEM) deposited on the buffered-MgO substrate, XRR measurements for
this film could not be performed.
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Figure 4.4.: X-ray reflectivity pattern, fit and the obtained scattering length density pro-
file (insct) of a YBCO thin film.

4.4. Transport and magnetic properties

The superconducting properties of the samples were investigated through clectrical trans-
port and magnetization measurements as a function of temperature and applied magnetic
field.

Electron transport measurements [p(7, H = 0)|, carried out using the four-point probe
mcthod, are shown in Fig. 4.5 for the YBCO /buffered-MgO and YBCO/STO samples.
The critical temperature (7;) of the films was determined from the first derivative of
p(T), with the full width at half maximum (FWHM) taken as the T, deviation. From
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this analysis, T, values of 91.4 K + 0.4 K and 87.5 K + 0.3 K were obtained for the
YBCO /buffered-MgO and YBCO/STO films, respectively.

Since the transport propertics of superconducting cuprates are closely tied to the hole-
doping concentration, both films can be considered nearly optimally doped, as indicated
by the lincar temperature dependence of the resistivity above T, [53, 71]. At 300 K,
however, the YBCO /buffered-MgO sample shows a significantly lower resistivity (164
pf2-cm) compared to the YBCO/STO film (435 puQ-cm). This effect is consistent with
enhanced clectron scattering due to the higher surface roughness of the YBCO/STO film,
although variations in oxygen stoichiometry may also play a role

The reduced T, and higher resistivity of the YBCO/STO film are most likely due to a
combination of factors: the insufficient pre-sputtering of the replacement YBCO target,
which affected oxygen doping and structural quality, and the higher roughness of the film.
During preparation, the original target broke and was replaced with a new one that had
not undergone a sufficiently long pre-sputtering process, leading to degraded film quality.
Subsequent films grown with the same target after extended pre-sputtering displayed T,
values around 90 K, consistent with high-quality YBCO growth.
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Figure 4.5.: p(T, H=0) dependence of YBCO thin films deposited on buffered-MgO (red)
and STO (black) substrates. The T, values were determined by taking the
first derivative of p(T), shown in the insct figure.

Although the temperature dependence of p(7') is widely used to determine the critical
temperature of superconducting films and heterostructures, this approach is not the most
precise. Magnetic susceptibility measurements, particularly under the zero-field-cooled
(ZFC) protocol, provide a more direct probe of the superconducting state through the
Meissner effect. In this regime, the superconductor behaves as a perfect diamagnetic
material, expelling the magnetic field from its interior, which is reflected in a negative
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susceptibility. In a typical ZFC mecasurement, the sample is cooled down to low tem-
perature in the absence of an applied ficld. Once the desired temperature is stabilized,
an external magnetic field is applied and the magnetic response is recorded as a func-
tion of temperature. The raw magnetic moment from the SQUID can be converted into
volumetric susceptibility y = M/H, where M is the magnetization and H the applied
field.

The ZFC susceptibility curves of the YBCO/STO film were measured under applied
magnetic ficlds of 1 mT, 10 mT, and 1 T, with the ficld oriented both parallel (in-planc)
and perpendicular (out-of-plane) to the film surface, as shown in Fig. 4.6. The onsct
of superconductivity is marked by a sharp drop of the susceptibility to negative values,
which was taken as the definition of the critical temperature, T,. A comparison of T,
values obtained from transport and susceptibility measurements is presented in Table 4.2.
Duc to the time-consuming nature of this protocol, the YBCO /buffered-MgO film was
not measured.
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Figure 4.6.: Zero-field-cooled (ZFC) volumetric magnetic susceptibility, x(7"), of the
YBCO/STO film measured under external magnetic fields of (a) 1 mT, (b) 10
mT, and (¢) 1 T. Mecasurcments were performed with the field applied both
in-planc (IP, parallel to the film surface, along the [100] crystallographic di-
rection) and out-of-plane (OP, perpendicular to the film surface). The OP
data were corrected for demagnetization effects using N ~ 1 and the relation
Xreal ® X/ (1= x). Magnetic susceptibility is shown in ST units (dimensionless
volume susceptibility).

Table 4.2.: T, values obtained for the YBCO/Buffered-MgO and YBCO/STO samples
via transport and magnetization measurements.

Method ~ YBCO/Buffered-MgO  YBCO/STO
Transport 914 K+ 04K 875 K+ 03K
ZFC 1 mT N/A 89.7K+ 10K
ZFC 10 mT N/A 883K +14K

ZFC1T N/A 814 K+ 05K

The T, determined from the ZFC magnetic susceptibility, closcly matches that ob-
tained from p(T,H = 0). A gradual reduction in T is observed with increasing applied
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magnetic ficld, regardless of its orientation. This behavior is expected, as external mag-
netic fields progressively suppress the superconducting state, causing a shift in 7, to lower
temperatures.

For an ideal superconductor in the Meissner state, ¥ = —1 is expected in SI units.
However, for an applied field of 1 mT, the susceptibility y of the YBCO film deposited
on the STO substrate reaches values close to —0.8 for both orientations (IP and OP). A
X > —1 can arise due to geometrical cffects (demagnetization in thin films) or the carly
penetration of vortices associated with structural defects. Considering that the lower
critical fields of YBCO arc B% ~ 18 mT and B¢ » 53 mT (sce Table 2.1), the applied
fiecld of 1 mT is nominally below both. Therefore, the proximity to the mixed state
should be attributed not to the absolute value of the applied ficld, but rather to local
imperfections and the underestimation of the film volume in the calculation, which can
affect the calculated y response.

At higher ficlds (10 mT and 1 T), the shape of x(7T') below T, progressively changes.
The diamagnetic response is increasingly suppressed as the field rises, with this effect
being more pronounced for ficlds applied parallel to the film (IP). This behavior is con-
sistent with the intrinsic anisotropy of YBCO: since B% < B¢, vortices penctrate more
casily when the field is parallel to the CuOq plancs, leading to a faster reduction in
susceptibility. For ficlds applied perpendicular to the film (OP), the suppression is less
intense, reflecting the higher value of Bel in this direction. The presence of quantized
vortices (Abrikosov vortices) in the mixed state is stabilized by pinning centers, such as
point defects, voids, misfit dislocations, precipitates, grain boundaries, anti-phase bound-
arics, twin boundaries, and other planar defects [12, 52, 158|, which hinder free vortex
motion and maintain supercurrents. This mechanism contributes to the persistence of
the diamagnetic response even under relatively high fields.

Finally, considering that the investigation of proximity cffects in SC/FM heterostruc-
tures will be carried out through a combination of experimental techniques, among which
magnetoresistance (MR) measurements play a central role [22, 35], we first performed MR,
characterization of the YBCO thin films deposited on buffered-MgO and STO substrates.
The measurements were conducted in the temperature range spanning the superconduct-
ing transition (100-80 K), as well as at low tempcratures, with the external magnetic
ficld applicd both in-planc (IP, parallel to the film surface) and out-of-plane (OP, per-
pendicular to the film surface). The results are presented in Fig. 4.7

The data were obtained by sweeping the applied field pigHex from positive magnetic
ficld to a negative magnetic field (black curves) and back from negative magnetic field
to a positive magnetic ficld (colored curves). The color code corresponds to the squares
marked in the resistivity curves of Fig. 4.7(a,d). Pancls (b) and (¢) show the MR
with poHe applied in-plane (IP, parallel to the film surface), while pancls (¢) and (f)
correspond to the out-of-plane (OP, perpendicular to the film surface) configuration. For
temperatures above T,., the MR is finite and positive. As the system approaches Ty, the
resistance decreasces as the film progressively enters the superconducting state, producing
a dip towards zcro resistance at pgHg ~ 0. At higher ficlds, however, the MR continues
to increase, and due to the large value of the upper critical ficld B, saturation is not
observed within the experimental field range. For T' < T, the films exhibit zero resistance
as long as the applied ficld remains below the lower critical field, poHexy < Bei. Once
ptoHext > Bet, the films enter the vortex (mixed) state, where magnetic flux penctrates the
superconductor and finite resistivity appears due to vortex motion. This field-induced
suppression of the superconducting state explains the increase of resistance at higher
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ficlds. The same qualitative behavior is observed for both samples and for both field
orientations (IP and OP).

Anisotropy of the superconducting propertics in YBCO is evident when comparing
the IP and OP configurations. Zcro resistance persists up to larger ficlds in the IP
configuration, consistent with the anisotropic coherence length of YBCO: the in-planc
coherence length &, is approximately onc order of magnitude larger than the out-of-
planc coherence length &.. This intrinsic anisotropy directly governs the ficld dependence
of the MR response in the different geometries.
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Figure 4.7.: Resistivity [p(T, H = 0)] of YBCO thin film deposited on the (a) buffered-
MgO substrate and (d) STO substrate. The colored squares represent the
temperature at witch the magnetoresistance [p(7, H)| measurement was per-
formed. Magnetoresistance results with the magnetic field applied in-planc
(TP, parallel to the [100] crystallographic direction) of YBCO thin film de-
posited on the (b) buffered-MgO substrate and (¢) STO substrate. Magne-
toresistance results performed with magnetic field applied out-of-plane (OP,
perpendicular to the [100] crystallographic direction) of YBCO thin film de-
posited on the (¢) buffered-MgO substrate and (f) STO substrate. The colors

of the magnetoresistance data corresponds to the colors of the squares in the
p(T, H = 0) curves.

4.5. Conclusions

In summary, epitaxial YBCO thin films with predominantly c-axis orientation were suc-
cessfully deposited on buffered-MgO and STO substrates by HOPS. Both samples exhib-
ited low local roughness; however, the surface topography of the film grown on buffered-
MgO was superior to that of the film deposited on STO. A minor fraction of a-axis
oriented grains was identified in both samples, with a more pronounced presence at the
surface of the film grown on STO. Electrical transport and magnetization measurements
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confirmed high T, values with sharp superconducting transitions for both films. Notably,
the YBCO film grown on buffered-MgO displayed a higher T, compared to the film on
STO. The reduced T, observed in the latter may be attributed to the use of a new target,
which underwent only a limited pre-sputtering process. Finally, magnetotransport mea-
surements revealed a consistent magnetoresistance behavior in both samples, irrespective
of whether the external magnetic field was applied in-plane or out-of-planc.
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Growth of SrRuQOj; thin films

SrRuO; (SRO) was chosen as the ferromagnetic layer for investigating proximity cf-
fects in high-temperature (high-7,) superconductor/ferromagnet thin-film heterostruc-
tures. This material was selected because it exhibits perpendicular magnetic anisotropy
(PMA) and has a good lattice match with YBasCu3O7_,. Since SRO films had never
been grown by high oxygen pressure sputtering (HOPS) at the Jiilich Centre for Neutron
Science (JCNS-2), a systematic optimization of the growth parameters was performed to
obtain samples with high structural quality and physical properties, such as Curic temper-
aturc and PMA, consistent with the objectives of this project. To evaluate the influence
of the target composition on the film stoichiometry and magnetic behavior, two different
sputtering targets were employed: one with stoichiometric composition (SrRuQ3) and
another intentionally enriched in Ru (SrRuy 4O3). This chapter summarizes the charac-
terization results obtained for the reference SRO films grown from both targets.

5.1. SrRuQj thin films prepared from a stoichiometric
target

5.1.1. Target and plasma stoichiometry characterization

To prepare the samples, a stoichiometric SRO target was purchased from Koshima Man-
ufacturing Co. Ltd. with a nominal purity of 99.9% (3N). Scanning clectron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS) were performed to examine the
microstructure and to check stoichiometry of the SRO target. These measurements were
carried out by Dr. Egbert Wessel and Dr. Daniel Griiner at the Institute of Energy Ma-
terials and Devices for Structure and Function of Materials (IMD-1). SEM micrographs
were acquired at 10 kV using backscattered clectron detection.

The SEM images revealed that the SRO target is highly porous [Fig. 5.1(a)]. EDS
mcasurements were performed on large, flat grains [Fig. 5.1(b)]. The representative EDS
spectrum shown in Fig. 5.1(c) displays prominent Sr and Ru peaks, while the O signal
appears significantly weaker. This is expected due to the low atomic number of oxygen,
which limits the X-ray detection efficiency. Overall, the clemental ratios confirm that the
target composition is stoichiometrically consistent with SRO.

73



5. Growth of SrRuQs; thin films

C
% Lal
30 - sm\lﬂli
% 0= i ; ” y
> . [ Results in Atom % O | Sr  Ru Total
o | | | |
(&)
o . | Spectrum 1 60.219.4 20.4 100.0
Jr 12 \_1} Ruly23
LARAN B T MRS RARAS LALEN LALES | T T T e T T T T T T T T T
as 1 15 2 5 3 15 4 a5 5 55 L] 65 5 ] s ) a5 10
KeV
Energy [MeV] e =
d 04 06 08 10 12 Q. [A71]
T T T T 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
SROY/Si substrate J v T T ¥ L T T
4000 = 1 —w— SRO/Si substrate 25
Poz = 1.5 mbar — Rt — ReSLD
Drs=2.5cm i - 20r SrRu0; interlayer
3000 —— Simulation 3 1 J% 151
- Composition: -E- B é‘ 1.0
5 2000 Sr 19%, Ru 20%, O 60% | 2 3 SrRuO;
0
z 2|
= a A i i
s | € | Best model 100 200 300 400 |
g’ SRO interlayer
of =t SRO film
200 200 600 800 1 2 3 ) 5 6
Channel 20[°]

Figure 5.1.:
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(a) Scanning clectron microscopy micrograph showing the high porosity of
the SRO target. (b) Example of a large grain and Energy-dispersive X-ray
spectroscopy (EDS) measurement spots. (¢) EDS spectrum for one of the
analyzed spots. (d) Rutherford Backscattering spectroscopy spectrum of a
SRO film grown on a Si substrate at room temperature and its simulated fit.
(¢) Experimental X-ray reflectivity curve and corresponding fit; inset shows
the derived scattering length density (SLD) profile.



5.1. SrRuQOs thin films prepared from a stoichiometric target

During sputtering, the relative sputter yiclds of Sr and Ru depend on the ion cnergy
and scattering cross scctions, and the high oxygen partial pressure may further alter
the stoichiometry by forming volatile RuO, species in the plasma. Therefore, assessing
whether the stoichiometry of the target is preserved in the plasma is critical for repro-
ducible growth of SRO.

To verify whether this stoichiometry is preserved in the plasma phase during sputtering,
a SRO film was deposited on a Si substrate at room temperature. This choice avoided
possible stoichiometric deviations caused by the high deposition temperatures (Tye,),
typically required to grow complex oxides, and by a standard SrTiO; (STO) substrate,
which presents Sr in the composition and may affect the proper determination of plasma
composition. The deposition was performed using an Radio Frequency (RF) plasma
source, with the target—substrate distance adjusted so that the plasma plume slightly
touched the substrate surface.

The resulting film was first characterized by Rutherford Backscattering Spectroscopy
(RBS). The RBS spectrum [Fig. 5.1(d)] clearly shows the characteristic peaks of Sr, Ru,
O, and Si. Simulation of the spectrum, assuming an SRO film layer on Si, yiclded a
film thickness of approximately 32 nm and an atomic composition consistent with the
stoichiometric SRO, corroborating the EDS results.

Although the film is expected to be amorphous due to the low growth temperature (7},
= RT), its clectronic density profile was further analyzed by X-ray reflectivity (XRR), a
technique sensitive to the electronic density profile across thin layers. The experimental
XRR pattern and corresponding fit [Fig. 5.1(c)] indicate a thickness of about 37 nm. The
best-fitting model corresponds to a stoichiometric SRO layer with a scattering length
density (SLD) close to the theoretical value of 1.746 7,A= (sce Appendix B), and a thin
interfacial layer at the film surface exhibiting a slightly reduced SLD, related to the high-
oxygen pressure deposition conditions [75]. The extracted SLD profile is shown as the
inset in Fig. 5.1(c).

The combined EDS, RBS, and XRR analyscs demonstrate that, under room-temperatu-
-re deposition, the plasma does not significantly alter the Sr:Ru ratio, indicating sto-
ichiometric transfer from the target to the substrate. This suggests that preferential
re-sputtering or volatile loss of Ru is negligible under these conditions, which establishes
a rcliable baseline for optimizing high-temperature growth parameters where Ru volatility
becomes significant.

5.1.2. Optimization of the growth parameters

In HOPS, the main growth parameters arc strongly interdependent and directly influence
the plasma shape and density, the growth rate, and the resulting film quality. Thercfore,
optimizing the target—substrate distance, deposition temperature, oxygen partial pres-
sure, and both forward and reflected RF power is crucial for achieving epitaxial SRO
films with smooth morphology, good structural order and physical propertics.

Figure 5.2 schematically illustrates the influence of these parameters on the plasma and
deposition geometry. The target-substrate distance (Dpg) strongly affects the growth
rate, crystalline structure, and surface roughness. Conscquently, it was optimized to
cnsure that the plasma plume properly covers the substrate arca without excessive ion
bombardment or shadowing cffects. The deposition temperature (Tyep) was also systemat-
ically optimized, as this paramecter critically influences the volatility of Ru and the kinetic
limitation of adatom incorporation into the perovskite lattice, thereby determining the
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stoichiometry and crystallinity of the resulting films.

In particular, Ru is highly volatile under oxygen-rich conditions due to the possible
formation of gascous RuO, specics |74, 75, 77, 99]. Consequently, optimizing Ty, and
oxygen partial pressure (Pgo,) is essential to suppress Ru loss and maintain stoichiomet-
ric film growth [85]. The forward power (FWDP) and Py, are highly correlated and
jointly define the plasma’s strength and shape, ranging from clongated and diffuse at low
(FWDP, Py,), to compact and bright at high (FWDP, P,) conditions. These param-
cters also influence the overall deposition rate and the oxidation state of the sputtered
specics. A schematic representation of the plasma morphology for low, high, and opti-
mized combinations of FWDP and Po, is shown in Fig. 5.2. The following subsections
discuss in detail the optimization of cach of these parameters. The samples prepared
during these optimization steps, its thicknesses and interfacial roughness are summarized
in Appendix C.

D FWDP and P,

Smaller C Larger d Optimal
Po,and FWDP Po,and FWDP Po,and FWDP

Target

0

W
Block
heater

Block
heater

Block
heater heater

Figure 5.2.: Schematic representation of the plasma behavior during high oxygen pressure
sputtering. The plasma shape and stability depend strongly on the forward
power (FWDP) and oxygen partial pressure (Pg,): (b) unstable, clongated
plasma at low FWDP; (c) overly dense plasma at high FWDP; and (d) sta-
ble and homogencous plasma under optimized conditions. The block heater
maintains the substrate at the desired deposition temperature (Tye,), while
(a) the target-substrate distance (Dyps) defines the geometry and coverage of
the plasma plume.

5.1.2.1. Target—substrate distance

To optimize the target-substrate distance (Drg), three SRO films were grown varying
Dyg between 1.5 em, 2.0 em, and 2.5 cm, while keeping the other growth parameters
constant (Tye, = 785 °C, FWDP = 100 W, and Pp, = 1.5 mbar). The Drg values were
chosen considering the limits of the HOPS machine. The SRO films were deposited on
low miscut TiOs-terminated STO (001) substrates exhibiting atomically flat terraces with
onc unit-cell step height, as shown in the atomic force microscopy (AFM) micrographs
in Fig. 5.3(a—c).
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5.1. SrRuQs thin films prepared from a stoichiometric target

The surface topography of the deposited SRO films was also characterized by AFM,
as presented in Fig. 5.3(d-f). The film grown with Dpg = 1.5 ¢m exhibits an island
growth, evidenced by the formation of isolated islands across the surface. This morphol-
ogy results in a considerably high local roughness (root-mean-square roughness, orys)-
In contrast, the films grown with Dpg between 2.0 and 2.5 em display a smoother and
more homogencous surface (ogpyms # 1 nm), with a terrace profile that closely replicates
the substrate surface. This effect is most pronounced for the sample prepared with Dpg =
2.5 em. The terraces observed on the surface of the sample grown with Dpg = 2.0 cm are
shallower and likely correspond to mixed RuOs- and SrO-terminated regions. Although
terraces are clearly visible, these samples likely did not grow in a pure step-flow mode
but rather in a mild step-bunching regime, as indicated by the irregular step edges and
slight accumulation of material along the terrace boundaries.

2.08 nm b 283nm C 2.37 nm
250 200
1.
1
1.00 -
1.00
1.00
050 55 050
0.00 0.00 0.00
124nm @ | 210nm 218nm
1.0 e
160 1.50
10.0 1.40
90 1.20 1.00
8.0 1.00
0.80 050
6.0 048 0.00

Figure 5.3.: Atomic force microscopy of (a—c¢) TiOa-terminated STO substrates prior to
the deposition of SRO thin films, and (d-f) corresponding SRO films grown
with target—substrate distances of 1.5 cm, 2.0 ecm, and 2.5 e¢m, respectively.

The crystalline structure of the three SRO films deposited at different Dpg values
was analyzed by high-resolution X-ray diffraction (HR-XRD), as shown in Fig. 5.4(a).
The Bragg peaks corresponding to the pseudocubic SRO,. (002) reflection (indicated by
triangles) gradually shift toward lower 26 values as Dyg decreases, indicating that the films
become thicker for shorter Dpg. This observation demonstrates that the deposition rate
increases as Dy is reduced. For reference, the diffraction pattern of the STO substrate
around the (002) crystallographic direction is also included.

The structural quality of the films is highest for the sample deposited with Dpg =
2.5 cm, as cvidenced by the long-range Laue oscillations observed in the HR-XRD pattern.
The film deposited with Dpg = 2.0 em also exhibits Laue oscillations, although a small
sccondary peak appears on the right-hand side of the main Bragg reflection, suggesting
the splitting of the SRO,. (002) reflection. This effect becomes more pronounced for the
film grown at Drg = 1.5 em, which does not show any Lauc oscillations.

Despite these differences in out-of-plane coherence, the in-plane lattice parameters of
all SRO films remain compressively strained and match those of the STO substrate, as
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Figure 5.4.: (a) High-resolution X-ray diffraction patterns of SRO films deposited at dif-
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ferent Dpg values and of the STO substrate. Triangles mark the Bragg peaks
of the SRO,,. (002) reflection, and the asterisk indicates the STO (002) sub-
strate peak. (b—d) Reciprocal space maps around the (103) reflection as a
function of Drg. The dashed white line serves as a guide to the eye. (ej) Ex-
perimental X-ray reflectivity patterns, best-fit simulations, and correspond-
ing scattering length density (SLD) profiles for Dpg values of 1.5 em, 2.0 cm,
and 2.5 cm, respectively.



5.1. SrRuQOs thin films prepared from a stoichiometric target

confirmed by reciprocal space maps (RSMs) around the (103) reflections [Fig. 5.4(b-d)]
of both SRO film and STO substrate. Together with ¢-scan measurements (not shown),
which exhibit fourfold symmetry with film and substrate peaks separated by 90°, these
results confirm that all films are epitaxial and follow a cube-on-cube orientation relation-
ship with the substrate.

The film thicknesses were determined by fitting the Kiessig fringes observed in the XRR
patterns. Several layered models, based on stacked block-like layers on a substrate, were
tested to best reproduce the reflectivity curves. Figure 5.4(c—j) shows the experimental
XRR data, the fit accordingly to the best model (shown as inscts), and the derived SLD
profiles. The Kiessig fringes exhibit a significantly smaller periodicity for the film grown
at Dpg = 1.5 ¢cm compared with those at larger distances, confirming that this film is
substantially thicker. This behavior further supports the dependence of deposition rate
(and resulting film thickness) on the target-substrate distance.

a Energy [MeV] b Energy [MeV]
0.4 0.6 0.8 1.0 1.2 0.4 0.6 0.8 1.0 1.2
4000 4 + Drs=15cm 4000 Drs =2.0cm
——— Simulation —— Simulation
Composition: Composition:
— 3000 7 Sr 21%, Ru 15%, O 60%| — 3000 1 Sr 20%, Ru 15%, O 60%
= =
© ©
— 2000 - — 2000 -
o o
g |- g
1000 - s 1000 A
Sr Sr
0 A Ru 01 i
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Channel Channel
C Energy [MeV]
0.4 0.6 0.8 1.0 12
4000 4 . Dys = 2.5 cm
Simulation
Composition:

— 3000 Sr 20%, Ru 15%, O 60%

3

©

— 2000 A

i)

s

1000
o Ru

300 400 500 600 700 800 900
Channel

Figure 5.5.: Rutherford Backscattering spectrum and simulation of SRO thin films de-
g g sp
posited with target-substrate distance equivalent to (a) 1.5 em, (b) 2.0 cm
and (c¢) 2.5 cm.
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Interestingly, the obtained SLD model reveals reduced-density interfaces at both the top
(surface) and bottom (SRO/STO) boundaries of all films. Similar effects were reported
by Mtynarczyk et al. [74, 77|, who observed Ru deficiency localized at the top and
bottom interfaces of SRO films deposited by direct-current HOPS, while the central
region retained stoichiometric composition. Such compositional modulation produces
Sr enrichment at the interfaces, leading to a reduction of the local SLD relative to the
bulk value. In contrast, for the present films, the reduced SLD extends throughout the
entire thickness, with the central region exhibiting a value of 1.633 r.A=3, lower than
the theoretical 1.746 r.A-3. This finding suggests a more extensive Ru deficiency rather
than a confined interfacial effect, although a stronger reduction in Ru concentration is also
observed at the interfaces. This interpretation is further supported by RBS measurements
[Fig. 5.5(a—c)], which reveal Ru deficiencies of up to 25% [168].

It is believed that the discrepancy between the simulated and experimental RBS spectra
below 1 MeV for the sample grown with Dpg = 2.5 cm arises from the stepped (terraced)
surface morphology of the film. Since RBS detects the sample relative to its average
surface plane, the terrace structure produces local variations in the effective scattering
depth, leading to the observed modulation in the signal. Nevertheless, this effect does
not significantly affect the quality of the fit for the Ru and Sr peaks.

Finally, the magnetic and clectronic transport propertics of the films were also in-
vestigated. The Curie temperature (Tcourie) was determined from magnetization versus
temperature measurements [M(T')] [Fig. 5.6(a—c)|. Remarkably, Tcurie # 150 K was ob-
tained for all samples by calculating the first derivative of M(T) [Fig. 5.6(d-f)|, even
though a considerable Ru deficiency is present. However, an additional phase transition
between 50 K and 100 K was observed in the samples deposited with Dpg = 1.5 cm
and 2.0 cm. This feature is attributed to the antiferrodistortive (AFD) structural phase
transition of STO substrates [105, 106, and can influence the magnetic response of the
SRO layer through interfacial strain coupling.

Magnetization as a function of the applied magnetic ficld was also measured to ob-
tain hysteresis [M(H)| curves [Fig. 5.6(g-i)]. The results indicate that the films exhibit
PMA, as evidenced by the slightly faster saturation and higher magnetic moment along
the out-of-plane direction [ficld applied parallel to the crystallographic SRO,,. (001) axis|
compared with the in-plane direction [ficld applied perpendicular to SRO,. (001)]. Nev-
ertheless, the saturation magnetic moment is significantly below the theoretical value of
1.63 pp/Ru expected for stoichiometric SRO thin films, which is a direct consequence of
the Ru deficiency present in all samples.

The clectronic transport properties were also strongly affected by Ru deficiency. None
of the films exhibit the characteristic kink in the p(T") curve associated with the ferro-
magnetic metallic transition of stoichiometric SRO near Tgye [Fig. 5.6(j-1)]. Instead,
p(T) displays a semiconducting- or even insulating-like behavior, depending on Drs.
For the sample grown at Dyg = 1.5 cm, p(T') increases monotonically with decreasing
temperature, resembling a semiconducting response [Fig. 5.6(j)], whereas the samples
grown at larger Dpg exhibit stronger localization effects and a more insulating charac-
ter [Fig. 5.6(k-1)|. In addition, low residual resistivity ratios (RRR = psook/psk) were
found. These results confirm that Ru deficiency and the associated disorder substantially
suppress the metallicity and magnetic ordering of SRO films.

The magnetoresistance (MR) of the SRO films was also measured as a function of mag-
nctic ficld and temperature [Fig. 5.6(m-o0)|. All samples exhibit a predominantly negative
MR at low temperatures, with a magnitude that increases as temperature decreases. This
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Figure 5.6.: Magnctic, transport, and magnectotransport propertics of SRO thin films
grown at different Drg. (a—¢) M(T) curves. (d-f) Derivative of M(T) show-
ing Tcurie 150 K for all samples and a sccondary transition (50-100 K) re-
lated to the STO substrate. (g-i) M (H) loops reveal perpendicular magnetic
anisotropy with low saturation moments duc to Ru deficiency. (j-1) p(7)
curves show no metallic transition near 7Ty, indicating semiconducting to
insulating behavior. (m-o0) Magnetoresistance is predominantly negative,
dominated by spin-disorder scattering and localization from Ru vacancies.
Black curves in the MR pancls correspond to magnetic field sweeps from H+
to H—, and colored curves to the reverse direction (H- to H+).
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behavior contrasts with the lincar positive MR typically observed in stoichiometric and
ultrahigh-quality SRO films (85, 98], and is instead characteristic of Ru-deficient SRO
[99, 101]. The disappearance of the positive lincar magnetoresistance and the appear-
ance of a negative component indicate that spin-disorder scattering becomes dominant.
This behavior arises from magnetic disorder and carrier localization associated with Ru
vacancics, which suppress the coherent transport characteristic of stoichiometric SRO [95,
98-100].

In summary, Drg primarily controls the film morphology, crystalline quality, and depo-
sition rate in HOPS. Among the tested conditions, Dypg = 2.5 em produced the smoothest
surface topography, the longest Laue oscillations, and the highest degree of epitaxial or-
der, indicating superior structural quality. Although the magnetic and transport measure-
ments suggest the presence of Ru deficiency, this effect originates from the high deposition
temperature used in all growths rather than from Dqg itself. Therefore, Dpg = 2.5 cm
was sclected as the optimal geometry for subsequent optimization studies focused on the
deposition temperature and oxygen pressure.

5.1.2.2. Deposition temperature

To optimize the deposition temperature (Tyep), four SRO films were grown at Ty, = 897
°C, 785 °C, 673 °C, and 560 °C, while keeping the other growth parameters constant
(Dtg = 2.5 cm, FWDP = 100 W, and Py, = 1.5 mbar). The film grown at 785 °C was
alrcady discussed in the previous subsection. Since the substrates are placed directly on
the heater block, Ty, is defined as the block temperature; however, the actual substrate
surface temperature is approximately 80 °C lower than the indicated value, as indicated by
pyrometer measurements. The SRO films were deposited on low miscut TiO-terminated
STO (001) substrates, as shown in the AFM micrographs in Fig. 5.7(a—c).

The surface morphology of the SRO films grown at different Ty, values was analyzed
by AFM, as shown in Fig. 5.7(d-f). Interestingly, the film deposited at 560 °C exhibits
a terrace-like morphology similar to that of the STO substratec. However, the terraces
arc narrower and shallower than those of the substrate, likely corresponding to mixed
RuOs- and SrO-terminated regions. Although the AFM micrograph of the sample grown
at 673 °C [Fig. 5.7(¢)| has limited resolution, the morphology suggests a tendency toward
the Stranski-Krastanov growth mode, characterized by the coexistence of continuous
layers and three-dimensional islands. This is evidenced by the formation of multi-terraced
islands and larger protrusions [observed as yellow spots in Fig. 5.7(¢)|. As discussed in the
previous subsection, the film grown at 785 °C [Fig. 5.3(¢)| displays wide terraces separated
by irregular step edges, consistent with a mild step-bunching growth regime. The slight
accumulation of material along the terrace boundaries indicates kinetic instabilities in the
step-advance process rather than nucleation of three-dimensional islands. Finally, growth
at the highest temperature (Ty,, = 897 °C) was characterized by a pronounced island
morphology (Volmer-Weber growth), with a high density of three-dimensional islands
covering the surface. From these optimization results, it is clear that Ty, strongly affects
the surface morphology of SRO films. Therefore, from a morphological point of view, Ty,
= 785 °C represents the optimal growth temperature for obtaining smooth and continuous
SRO films under such sputtering conditions.

Figure 5.8(a) shows the HR-XRD patterns of the SRO films deposited at Tye, = 897
°C, 673 °C, and 560 °C. All films exhibit long-range Lauc oscillations around the SRO,,.
(002) reflection, with no evidence of peak splitting as observed for samples grown with
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Dyg < 2.5 em. The different periodicities of the Laue oscillations arise from variations
in deposition time due to experimental constraints, rather than from the deposition tem-
perature itself. RSMs [Fig. 5.8(b—d)] and ¢-scan measurements (not shown) confirm that
all films arc epitaxial, displaying cube-on-cube alignment with the STO substrate.
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Figure 5.7.: Atomic force microscopy of (a—c) TiOa-terminated STO substrates prior to
the deposition of SRO thin films, and (d-f) corresponding SRO films grown
with Ty, of 897 °C, 673 °C and 560 °C.

The XRR patterns and corresponding fits for all films investigated in this optimization
step are presented in Fig. 5.8(¢). The fitting procedure was carried out following the
same methodology described previously, using block-like structural models with reduced
SLD throughout the film thickness. This reduction in SLD is consistent with the pres-
ence of Ru deficiency, which is known to increase with deposition temperature due to
the enhanced volatility of Ru. To accurately reproduce the experimental curves, it was
necessary to include interlayers at the film surface and /or at the film-substrate interface.
These interlayers exhibit a strongly reduced SLD, suggesting a high concentration of Ru
vacancics in these regions. Although the SLD values extracted from the fits show an
overall reduction compared to the theoretical value for stoichiometric SRO, the relatively
high SLD obtained for the interfaces in the film grown at 560 °C [Fig. 5.8(h)| does not
fully agrec with the expected strong Ru depletion. Furthermore, the quality of the fit
(represented by the figure of merit in GenX) for this sample was not optimal, leaving the
interpretation of these SLD variations uncertain and indicating that more accurate struc-
tural or compositional data would be required to clarify this behavior. The schematic
block-like layered structures stacked on the STO substrate are also shown in Fig. 5.8(f-h).
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Figure 5.8.: (a) High-resolution X-ray diffraction patterns of SRO films deposited at dif-
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ferent Ty, values and of the STO substrate. The asterisk indicates the STO
(002) substrate peak. (b—d) Reciprocal space maps around the (103) reflec-
tion as a function of Ty.,. The dashed white line serves as a guide to the
cye. (¢j). Experimental X-ray reflectivity patterns, fit accordingly to the
best block-like model (schemes), and corresponding scattering length density
(SLD) profiles for Ty, of 897 °C, 673 °C and 560 °C.



5.1. SrRuQOs thin films prepared from a stoichiometric target

Considering the high volatility of Ru, the Ty, is expected to strongly influence the
structural quality of the films by promoting the formation of defects such as Ru and
oxygen vacancies [75, 86|. Although the SLD profiles obtained from XRR exhibit reduced
values compared with the theoretical values of a stoichiometric SRO film, the overall
SLD reduction is similar for all samples grown at different Ty.,. To further investigate
this behavior, the RBS data were simulated, and the best-fitting results arc shown in
Fig. 5.9(a—c). Interestingly, the Ru deficiency is more pronounced in the films grown at
both the highest (Tyep, = 897 °C) and lowest (Tyep = 560 °C) temperatures.

At high temperature, this behavior is expected due to the thermal volatility of Ru:
under oxygen-rich conditions, Ru readily forms volatile oxides such as RuOQ, and RuOs,
which desorb from the surface and lead to Ru depletion [74, 75, 77]. In contrast, the
increcased Ru dcficiency at low temperature can be attributed to a kinetically limited
incorporation regime, in which adatom mobility is reduced and RuO, species, weakly
bonded and over-oxidized, cither desorb or are chemically resputtered before incorporat-
ing into the perovskite lattice. At intermediate deposition temperatures (673-785°C),
the surface mobility is sufficient to promote efficient incorporation of Ru into the lattice
while minimizing thermal desorption, resulting in a more stable Ru stoichiometry, even
though with approximately 25% Ru deficiency [99, 168|.

Despite the presence of Ru deficiency, the crystallinity of the films remains high, as ev-
idenced by the well-defined finite-thickness (Laue) oscillations observed in the HR-XRD
measurcments. The only notable structural difference between stoichiometric and Ru-
deficient SRO films is a slight out-of-planc lattice expansion, as previously reported by
Sicmons ct. al [169]. These observations highlight the complex nature of disorder in SRO
thin films: even in the absence of significant structural degradation, subtle deviations in
stoichiometry can profoundly affect the electronic and magnetic properties. This finding
is consistent with the broader understanding of SRO cpitaxy, where the material’s crys-
tallinity can remain robust despite considerable Ru deficiency, while its transport and
magnetic characteristics are highly sensitive to such non-stoichiometry [75].

Regarding the magnetic properties, the samples grown at 673 °C and 785 °C exhibit
the same Teurie, approximately 153 K, as determined from the first derivative of M(T)
curves [Fig. 5.10(d-f)]. The corresponding M (T') curves arc shown in Fig. 5.10(a—c),
with additional data for the Ty, = 785 °C sample presented in Figs. 5.6(c, f). Because
the magnetization curves obtained under an in-plane (IP) magnetic ficld do not display
a well-defined magnetic transition, Fig. 5.10(d, f) presents only the out-of-plane (OP)
data, which reveal a broad but still discernible magnetic transition. From the M(T') and
hysteresis M (H) measurements [Figs. 5.10(g-i) and 5.6(i)], it can be concluded that all
samples exhibit PMA, which is more clearly distinguished for intermediate Ty, values. In
this optimization step, only the SRO film grown at 673°C exhibited the AFD structural
phase transition, suggesting that this transition might be substrate-dependent.

Electronic transport measurements yield similar results, characteristic of semiconduct-
ing or weakly insulating thin films, as evidenced by the temperature dependence of the
resistivity p(7T') [Fig. 5.10(j-1)]. Although subtle, the resistivity is higher at low temper-
aturcs for the films grown at 897°C and 560°C. In all cases, the RRR is extremely low,
consistent with the presence of structural defects that enhance electron scattering. All
samples exhibit a predominantly negative MR at low temperatures [Fig. 5.10(m-o0)], with
a magnitude that increases as temperature decrecases, similar to the results obtained in
the Dpg optimization. The disappearance of the positive lincar MR and the emergence
of a negative component indicate that spin-disorder scattering becomes dominant. As
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mentioned before, this behavior arises from magnetic disorder and carrier localization
associated with Ru vacancies, which suppress the coherent transport characteristic of
stoichiometric SRO [95, 98-100].
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Figure 5.9.: Rutherford Backscattering spectra and simulation of SRO thin films de-
posited at Ty, equivalent to (a) 897 °C, (b) 673 °C and (c) 560 °C.

Overall, T}, plays a decisive role in determining the growth mode, surface morphol-
ogy, stoichiometry, and physical properties of SRO thin films. Both excessively high and
excessively low Ty, values lead to Ru deficiency through distinct mechanisms: at high
temperature, Ru volatility and the formation of volatile RuO,, species (RuQOs, RuQ,) dom-
inate, whereas at low temperature, limited adatom mobility and chemical re-sputtering
hinder full Ru incorporation into the perovskite lattice. Between 673 °C and 785 °C lics a
kinetic-thermodynamic “window of compromise”, where surface diffusion is sufficient for
Ru to occupy its proper lattice site before over-oxidizing or desorbing. Films grown within
this tempcerature range exhibit the smoothest morphology, the highest structural coher-
ence, and the most stable ferromagnetic behavior, defining the optimal growth conditions
for the growth of subsequent SRO films.
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Figure 5.10.: Magnetic, transport, and magnctotransport properties of SRO thin films
grown at different T}, values. (a—c) M(T) curves. (d-f) First derivative of
M(T) showing Tcurie # 153 K for films grown at several values of Tye,. (g-)
M (H) loops reveal perpendicular magnetic anisotropy, most pronounced for
intermediate Tyep. (j-1) p(T') curves indicate semiconducting to insulating
behavior. (m—o0) Magnetoresistance is predominantly negative and increases
in magnitude at low temperatures, dominated by spin-disorder scattering
and carricr localization due to Ru vacancices.
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5.1.2.3. Pressure and forward power

Once the parameters Dpg and Tyep were optimized, the remaining variables to be ad-
justed were the oxygen partial pressure (P, ) and the forward RF power (FWDP), which
defines the amount of energy delivered to sustain the plasma. Because Pg, and FWDP
arc strongly corrclated, and both directly influence the plasma shape, density, and sta-
bility, they were optimized simultancously. The reflected power (REFP), which indicates
impedance mismatch between the generated plasma and the matching network circuit
caused, for instance, by variations in oxygen pressure, ion density, or chamber geometry,
was continuously monitored and maintained at zero during all experiments. Therefore,
REFP valucs are not explicitly reported in this thesis.

At high oxygen pressure, Ru vacancies arc unavoidable, regardless of the Sr:Ru ra-
tio in the sputtered vapor phase [75]. Thus, this optimization step was not expected
to yicld stoichiometric SRO films but was performed for completeness and systematic
evaluation of the growth parameters. Thin films of SRO were deposited on low-miscut
TiOs-terminated STO (001) substrates while keeping Drg = 2.5 cm and Ty, = 785 °C
fixed. Two growth conditions were investigated: (FWDP, Pp,) = (150 W, 2.5 mbar)
and (125 W, 2.0 mbar). Although higher FWDP values are technically achievable with
the RF gencrator, the corresponding higher Pp, values required to maintain a stable
plasma could not be reached. At pressures above 2.5 mbar, the turbo pump backing the
screw pump begins to stall, even when the bypass valve is almost fully closed. There-
fore, higher combinations of FWDP and P, were not explored, as they could potentially
damage cither the HOPS system or the SRO target.

Unfortunately, due to the temporary malfunction of the AFM, topographical charac-
terization of the substrates and the corresponding films could not be performed. From a
structural point of view, both samples exhibit long-range Lauc oscillations [Fig. 5.11(a)|
and arc cpitaxial, with in-planc lattice paramecters compressively strained by the STO
substrate, as shown by the RSMs [Fig. 5.11(b—¢)|. The films grow in a cube-on-cube ori-
entation, and, similar to the temperature optimization scries; no splitting of the SRO,,.
(002) reflection was observed, confirming the cffective optimization of Dyg and Tjep,.

Interestingly, the deposition rate increased even though the Dpg distance remained
fixed. This effect is attributed to the higher FWDP, which enhances the ion cnergy
and conscquently the sputtering yield of the target. Analysis of the XRR patterns
[Fig. 5.11(d)] shows that both films arc Ru-deficient throughout their thickness, as in-
dicated by the reduced SLD values, with a stronger deficiency near the film surface.
In the best-fitting models for both samples, a single interlayer at the film surface was
sufficient to reproduce the experimental curves, suggesting that higher FWDP and P,
values may enhance the structural uniformity near the film—substrate interface and im-
prove the overall layer definition. However, this hypothesis should be further verified
by high-resolution transmission clectron microscopy (HR-TEM) combined with chemical
composition analysis.

The Ru deficiency was confirmed by RBS measurements [Fig. 5.12|. Interestingly, the
film deposited under (FWDP, P, ) = (125 W, 2.0 mbar) exhibited a significant improve-
ment in Ru stoichiometry, with a deficiency of approximately 17%, compared to 13% for
the film deposited at (150 W, 2.5 mbar). This represents a notable enhancement when
compared with the ~25% Ru deficiency observed in the Drg and Tyep optimization series,
where the films were grown with (FWDP, Pg,) = (100 W, 1.5 mbar) under otherwise simi-
lar conditions. However, the origin of this improvement is not yet clear and may arise from
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Figure 5.11.: (a) High-resolution X-ray diffraction patterns of SRO films deposited with
(FWDP, Po,) = (150 W, 2.5 mbar), (125 W, 2.0 mbar), and of the STO
substrate. The asterisk indicates the STO (002) substrate peak. (b—c)
Reciprocal space maps around the (103) reflection. (d) Experimental and
fitted X-ray reflectivity patterns, and (e, f) the corresponding SLD profiles.
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Figure 5.12.: Rutherford Backscattering spectra and simulation of SRO thin films de-
posited with (FWDP, Pg,) of (a) (150 W, 2.5 mbar) and (b) (125 W,
2.0 mbar).

a complex interplay between plasma density, ion energy, and oxygen activity. A possible
explanation is that this intermediate combination of (FWDP, Pg,) modifics the plasma
chemistry, reducing the formation and re-sputtering of volatile RuQ. species (particularly
RuQ,) from the growing surface, thereby enhancing Ru incorporation. Although the RBS
results indicate an overall improvement in stoichiometry, the XRR analysis [Fig. 5.11(d)]
reveals a more pronounced Ru deficiency near the film surface. This apparent discrep-
ancy suggests that, while this combination of (FWDP, Pg,) reduces global re-sputtering
and improves bulk Ru incorporation, local chemical instabilitics at the surface, possibly
related to RuO,, desorption during post-growth oxidation (cooling), still lead to the forma-
tion of a Ru-depleted surface layer. Further high-resolution structural and compositional
analyses are required to confirm this hypothesis.

Magnetic, transport, and magnetotransport properties of SRO films prepared at higher
(FWDP, Po,) values were investigated [Fig. 5.13]. Similar to the optimization scries dis-
cussed previously, both samples are ferromagnetic and exhibit PMA. The film deposited
under (FWDP, Pg,) = (150 W, 2.5 mbar) shows the highest Tgy.i. among all optimized
samples, reaching 159 K [Fig. 5.13(a, ¢)|. In contrast, the sample grown at (125 W,
2.0 mbar) displays a well-defined magnetic transition near 150 K [Fig. 5.13(b, d)|, al-
though the feature is less evident in the first derivative of M(T') (the dashed red arrow
serves as a guide to the eye). PMA is further confirmed by the magnetic hysteresis
M(H) loops [Fig. 5.13(cf)]. Similar as before, only the SRO film grown at (FWDP,
Po,) = (150 W, 2.5 mbar) exhibited the AFD structural phase transition, corroborating
the substrate-dependent cffect.

As in the previous cases, the temperature dependence of resistivity p(7') is character-
istic of semiconducting or weakly insulating behavior, and very low RRR were obtained.
The magnetotransport response is also similar to the carlier optimization secries, with
predominantly negative MR that increases in magnitude as the temperature decreases.
Notably, the butterfly-shaped MR curves exhibit maxima at ficlds larger than the coercive
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Figure 5.13.: Magnetic, transport, and magnctotransport properties of SRO thin films

grown at different (FWDP, Po,). (a-d) M(T) and corresponding deriva-
tives showing Ty for both films. (ef) M (H) confirm perpendicular mag-
netic anisotropy. (g-h) Resistivity p(T") curves display semiconducting or
weakly insulating behavior with low residual resistivity ratios. (i-j) Magne-
toresistance curves are predominantly negative and increase in magnitude
at low tempceraturcs.
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ficlds extracted from the corresponding M (H) loops, indicating that the MR response
is not solely governed by magnetization reversal processes but also involves contribu-
tions from carrier localization, anisotropic magnetoresistance (AMR), and spin-disorder
scattering associated with Ru vacancies [98, 99, 170, 171].

In summary, although the intermediate condition (FWDP, Pg,) = (125 W, 2.0 mbar)
resulted in a slightly improved Ru stoichiometry compared to the higher-power regime,
the physical origin of this behavior remains unclear. It likely results from complex inter-
actions among plasma chemistry, oxygen activity, and Ru volatility that are not yet fully
understood. A comprehensive investigation of these effects would require detailed plasma
diagnostics and systematic control of the sputtering parameters over a broad experimen-
tal range, including the deposition and characterization of a large number of samples.
Such a study, while essential and scientifically valuable, is also extremely time-consuming
and extends beyond the scope of this Ph.D. project, being more appropriately addressed
through a dedicated instrumentation-focused investigation. For this rcason, and to cn-
sure stable and reproducible plasma conditions during subsequent growth experiments,
the standard paramecters (FWDP, Po,) = (100 W, 1.5 mbar) were adopted for all further
depositions.

5.2. SrRuQj; thin films prepared from a Ru—enriched
target

The use of a Ru-enriched SrRuQj3 target was motivated by the aim of determining whether
an excess of Ru could compensate for the losses associated with its high volatility at
clevated deposition temperatures, potentially yielding films closer to stoichiometric com-
position.

This investigation was initiated after the growth and characterization of the supercon-
ductor/ferromagnet heterostructures for the proximity effect studies had already been
completed and the corresponding results were under discussion. Consequently, the SRO
ferromagnetic layers used in those heterostructures were deposited from the stoichiomet-
ric target discussed in Section 5.1 and are therefore Ru-deficient, with all the implications
associated with this deficiency.

Although this study is not part of the main scope of the present work, it became a
necessary cffort driven by the difficultics encountered in obtaining stoichiometric SRO
films with optimal physical propertics. The optimization of deposition parameters and
the subsequent characterization of films grown from both stoichiometric and Ru-enriched
target are highly time-consuming tasks, which could not be fully completed within the
timeframe of this Ph.D. project. Nevertheless, the results presented here provide an
important complementary assessment, demonstrating the extent of the efforts undertaken
to improve the structural and physical quality of SRO films grown by HOPS.

5.2.1. Plasma stoichiometry characterization

A SrRuy.403 (hereafter referred to as SRO-143) target was purchased from Koshima Man-
ufacturing Co. Ltd., with a nominal purity of 99.9% (3N). According to the manufacturer,
the target composition may contain a slight excess of RuO2, which could influence the
plasma chemistry and deposition kinetics. Unfortunately, due to limited instrument ac-
cess at the collaborating institutes, the microstructure and stoichiometry of the target
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5.2. SrRuQs thin films prepared from a Ru-enriched target

could not be directly examined by SEM/EDS, which limits the accuracy of the subsequent
stoichiometric assessment.

As mentioned before, the relative sputter yields of Sr and Ru depend on the ion energy
and scattering cross sections, while the high oxygen partial pressure can further modify
the cation flux by oxidizing the target surface and forming volatile RuO,, species. As a
result, the plasma composition and the resulting flux toward the substrate are expected
to reflect the target stoichiometry only partially. To assess this relationship, a thin
SRO-143 film was deposited on a Si substrate at room temperature under the optimized
conditions determined in the previous section: Drg = 2.5 cm and (FWDP, P, ) = (100 W,
1.5 mbar), using an RF plasma gencrator. Since the target composition could not be
measured directly by SEM-EDS, the cffective plasma stoichiometry was inferred from
the composition of the film deposited at room temperature, where thermal diffusion and
re-cvaporation are minimized. This approach provides an indirect estimation of whether
the cation flux from the plasma, and consequently the film composition, approaches the
nominal stoichiometry reported by the manufacturer, corresponding to approximately
40% excess Ru.

The deposition rate using the SRO-143 target was lower than that obtained with the
stoichiometric target under identical HOPS conditions, even though the overall appear-
ance of the plasma was very similar in both cases [sce Fig. 3.4(a)|. The lower deposition
ratc may reflect differences in target microstructure and/or clectrical conductivity that
influence the sputtering yield. The RBS spectrum and corresponding fit for a film grown
on Si at room temperature arc shown in Fig. 5.14(a). From the extracted composition
(20% Sr, 26% Ru, and 60% O), the Sr:Ru ratio indicates an effective Ru enrichment of
approximately 30%, somewhat below the nominal 40% specified for the target.
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Figure 5.14.: (a) Rutherford Backscattering spectroscopy spectrum of a SRO film grown
from a Ru-enriched target on a Si substrate at room temperature and its
simulated fit. (b) Experimental X-ray reflectivity curve and corresponding
fit; inset shows the derived scattering length density (SLD) profile.

To obtain depth-dependent information, XRR was performed on the same film, as
shown in Fig. 5.14(b). The best-fitting block-like model required two interlayers, one
at the free surface and one at the film-—substrate interface. The resulting SLD profile
indicates a film with SLD closer to the theoretical SLD of stoichiometric SRO (a modest
improvement relative to the stoichiometric target series), while both interfaces exhibit a
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5. Growth of SrRuQs; thin films

pronounced reduction in SLD. This behavior suggests a lower Ru concentration near the
interfaces, consistent with a compositional gradient along the film thickness. Given that
the film was deposited at room temperature, such variation cannot be attributed to ther-
mal diffusion or kinctic effects during growth, but rather to plasma-related instabilities
that lead to temporal fluctuations in the Sr:Ru ratio during sputtering.

Taken together, RBS (depth-averaged) and XRR (depth-resolved) analyses indicate
that the Ru content achieved with the Ru-enriched target approaches, but docs not fully
rcach, the nominal 40% cxcess. Therefore, the actual cation flux may differ from the
nominal target composition, which must, in the future, be determined. Additional com-
positional probes, such as EDS in Scanning Transmission Electron Microscopy (STEM),
X-ray Photo-ecmission spectroscopy (XPS) or Time-of-Flight Secondary Ion Mass Spec-
trometry (ToF-SIMS) depth profiling, and High-Resolution Transmission Electron Mi-
croscopy and Electron Energy Loss Spectroscopy (HR-TEM/EELS) at the interfaces,
would be valuable to confirm the inferred compositional gradients and local oxygen con-
tent.

5.2.2. Optimization of the growth temperature

To better understand which T, defines the kinetic-thermodynamic window that best
balances Ru volatility at high temperature and adatom mobility at low tempcerature, a
quick optimization step was carried out in which T, was varied over the range 560, 673,
785, 897, and 975 °C.

Jonsidering the similaritics between the plasmas generated from the stoichiometric and
Ru-enriched SRO targets, although their chemical compositions differ, the target—substrate
distance, forward power, and oxygen partial pressure were kept fixed at Dpg = 2.5 ¢cm
and (FWDP, Pg,) = (100 W, 1.5 mbar), as defined in Section 5.1. These samples were
deposited on STO substrates with TiO,-terminated surfaces exhibiting well-defined ter-
races [Fig.5.15]. The substrate shown in Fig.5.15(c¢) exhibits some deviation from ideal
surface termination; however, the film grown on it still displayed a smooth and homoge-
ncous morphology. During this optimization process, some experimental limitations were
encountered: RBS and SQUID magnetometry were not available at that time. Therefore,
the samples were characterized only by AFM, HR-XRD, and clectrical and magnetotrans-
port measurements.

The surface morphology of the SRO films grown at different Ty, values was analyzed by
AFM, as shown to the right of the corresponding STO substrates in Fig. 5.15. The surface
topography is clearly dependent on the deposition temperature. At 560 °C [Fig. 5.15(b)],
the film appears nearly uniform over the substrate, with no evident step edges or islands,
making it difficult to identify a distinct growth mode. At 673 °C [Fig. 5.15(d)], the mor-
phology begins to show the formation of steps and terraces, although not yet continuous
or aligned in a well-defined direction. The surface at 785 °C [Fig. 5.15(f)], in contrast,
exhibits a much clearer terraced structure, following the miscut direction of the substrate.
The terrace edges are slightly irregular, and a small accumulation of material is observed
ncar the step boundaries, indicating a mild step-bunching growth regime. For these
three temperatures, the local roughness remains low, suggesting smooth film surfaces. At
897 °C, the local roughness increases significantly due to the presence of multi-terraced
islands and larger protrusions |[highlighted as yellow regions in Fig. 5.15(h)|, characteris-
tic of a transition to a Stranski-Krastanov growth mode. Finally, the film grown at the
highest temperature (Tye, = 975 °C) shows a fully developed three-dimensional island
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5.2. SrRuQs thin films prepared from a Ru-enriched target

morphology, typical of Volmer—-Weber growth, with a high density of isolated crystallites
covering the surface. Therefore, from a morphological point of view, Ty, = 785 °C still
represents the optimal growth temperature for obtaining smooth and continuous SRO
films under such sputtering conditions.
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Figure 5.15.: Atomic force microscopy images of TiOs-terminated STO substrates (a, c,
¢, g, i) and corresponding SRO thin films (b, d, f, h, j) grown from the
SRO-143 target at different deposition temperatures (Tye, = 560, 673, 785,
897, and 975 °C). The surface morphology strongly depends on Ty,
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The crystalline structure of the SRO films grown at different Ty, values was charac-
terized by HR-XRD, as shown in Fig. 5.16(a). All samples display clear Lauc oscillations
around the SRO,. (002) reflection, confirming their high structural quality and smooth
interfaces. A systematic shift of the Bragg peak position with Ty, is observed, indicat-
ing a dependence of the out-of-planc lattice parameter on the deposition temperature.
The film grown at 785 °C cxhibits a slight shift toward higher 26 valucs, corresponding
to a smaller lattice spacing, whereas the films deposited at other temperatures show a
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shift toward lower angles. These variations in lattice parameter may be related to Ru
deficiency in the films [169].

Siemons ct al. reported that, although the crystallinity of the films remains high, as
cvidenced by the Lauc oscillations in the HR-XRD patterns, the only notable structural
difference between stoichiometric and Ru-deficient SRO films is a slight out-of-planc lat-
tice expansion [169]. The films arc epitaxial, as confirmed by RSMs analysis [Fig. 5.16(d)
for the sample deposited at 785 °C| and ¢-scan measurements (not shown). Here is im-
portant to declare that due to the thin film thickness and to the limited dynamical range
of the difractometer detector, two RSM maps (one at the STO reflection and another at
the SRO film reflection) were necessary to measure the samples. This explains the two
intensity color bars in Fig. 5.16(d).

In addition, a weak and broadened contribution from RuQ, is detected only for the film
grown at 785 °C [Fig. 5.16(a)], suggesting the presence of a small amount of amorphous
RuO, phase formed under this specific growth condition. This feature may be associated
with the nominal RuO, excess in the Ru-enriched SRO target, as indicated by the man-
ufacturer, which could favor the segregation or partial oxidation of Ru at intermediate
deposition temperatures. However, no structural variation was identified in the block-like
model used to fit the XRR data [Fig. 5.16(c)]| as a result of this RuO, contribution.

The XRR data were analyzed using a block-like model consisting of a film with reduced
SLD on a substrate and a surface layer with a strongly reduced SLD value. In general, all
films exhibit SLD values lower than the theoretical one for stoichiometric SRO, indicating
a Ru deficiency in the samples. This interpretation is consistent with the HR-XRD
results [Fig. 5.16(a)], where the SRO,,. (002) Bragg peaks are slightly shifted toward lower
26 angles, confirming an out-of-planc lattice expansion associated with Ru deficiency.
Interestingly, in the present optimization step, the best-fitting model for all samples,
except the one deposited at the highest temperature, required only a single interlayer,
located at the film surface, rather than two, as used in previous section. This observation
suggests that both the Ru enrichment in the target and the deposition temperature
influence the film growth mechanism and interfacial structure, possibly by modifying the
way Ru incorporates during nucleation and the subsequent evolution of surface roughness
and density across the film. However, such a conclusion cannot be firmly drawn based
solely on this optimization step, and further investigations are required to confirm this
behavior.

Since RBS measurements were not available and the reduction in SLD showed a similar
dependence for all deposited samples, it was difficult to directly infer their stoichiometry.
To address this limitation and indirectly evaluate the degree of Ru deficiency, an analy-
sis similar to that performed by Siemons ct al. [169] was carried out. Accordingly, the
out-of-plane lattice parameter ¢y, was obtained from the fitting of the Laue oscillations
[Fig. 5.16(b)] in the HR-XRD patterns using the methodology described in Refs. [172,
173], and its dependence on the deposition temperature is plotted in Fig. 5.16(¢). To fur-
ther increasc the reliability of this analysis, the intensity profiles of both the asymmetric
reflections of the SRO film and the STO substrate were fitted in the RSMs around the
(103) reflection as a function of @), and Q.. From these fits, the lattice parameters crsm
and agrgm for both the film and the substrate were determined. The temperature depen-
dence of the film lattice parameters obtained from the RSM is also shown in Fig. 5.16(c).

The extracted lattice parameters reveal a clear dependence on the deposition tempera-
ture, with the film out-of-plane lattice parameter (cg,) expanding at both low and high
Taep, and reaching a minimum in the intermediate range of temperature (785 °C). This
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Figure 5.16.: (a) High-resolution X-ray diffraction patterns of Ru-cnriched SRO films
grown at different deposition temperatures (Tyep). (b) Fit of the Laue Os-

cillations performed according to the Ref.

[172, 173]. (c) Experimental

and fitted X-ray reflectivity curves and the corresponding block-like mod-
cls used. (d) Reciprocal space map around the (103) reflection of the film
prepared at 785 °C. (e¢) Temperature dependence of the lattice parameters
agsm and cggy (from RSM) and ¢y, (from Laue oscillations).
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5.3. Conclusions

trend mirrors the behavior reported by Siemons et al.  [169] and Wakabayashi et al. [99],
where Ru deficiency was shown to correlate with a tetragonal distortion characterized by
out-of-plane lattice expansion and in-planc lattice compression, while stoichiometric films
retain a nearly cubic symmetry with ¢ ~ 3.949 A. Therefore, the correlation between the
structural evolution observed here and the optimized temperature window strongly sup-
ports the interpretation that the SRO films grown at intermediate Ty, values exhibit the
lowest Ru deficiency, whereas those deposited at the temperature extremes suffer from
cation non-stoichiometry and enhanced structural distortion. Nevertheless, even the film
grown at 785 °C, corresponding to the optimal growth condition within this study, still
displays a slightly larger out-of-planc lattice parameter than the stoichiometric value,
indicating that it remains Ru-deficient despite its improved structural and morphological
quality.

As SQUID magnetometry measurements were not available, information about Tyrie
and magnctization cannot be drawn. However, the clectrical transport and magnetore-
sistance data provide clear evidence of the Ru-deficient character of the films [Fig. 5.17].
The temperature dependence of the resistivity, p(T"), exhibits a semiconducting to insulat-
ing behavior for all samples, consistent with enhanced scattering and carrier localization
induced by Ru vacancies. At low temperatures, the magnetoresistance (MR) is predom-
inantly negative and displays a butterfly-like shape with a small hysteretic component
between the H* — H- and H-— H* sweeps. This feature is characteristic of anisotropic
magnetoresistance (AMR) arising from the rotation of the magnetization vector during
ficld reversal and is indicative of ferromagnetic ordering dominated by spin-disorder scat-
tering rather than the positive, lincar MR typical of stoichiometric SRO. Overall, these
results confirm that, despite preserving ferromagnetism, the SRO films deposited from
the SRO-143 target remain Ru-deficient and exhibit a more localized electronic character.

5.3. Conclusions

In this chapter, a comprehensive optimization of the SRO thin film growth parameters by
HOPS was performed at JCNS-2, where no prior experience with the deposition of SRO
by this technique was available. The optimization aimed to establish reliable deposition
conditions for producing cpitaxial SRO films with high structural quality and physical
propertics suitable for subsequent studies on superconductor /ferromagnet (SC/FM) het-
crostructures.

Using a stoichiometric SRO target, the main growth parameters, target—substrate dis-
tance (Dps = 2.5 cm), deposition temperature (Ty,, = 785 °C), and oxygen partial
pressure and forward power [(Po,, FWDP) = (1.5 mbar, 100 W)|, were systematically
optimized. These conditions yiclded SRO films with excellent epitaxial coherence, smooth
morphology, and clear PMA. However, all films exhibited a significant Ru deficiency of
up to 25%, as confirmed by RBS and XRR analyses. Despite this, the Toyie ~ 150 K
remained comparable to values reported for stoichiometric SRO, in contrast to literature
reports of strong Ty sSuppression in Ru-deficient samples prepared by molecular beam
cpitaxy (MBE) or pulsed laser deposition (PLD) [75, 99]. Nevertheless, a pronounced
reduction of the saturation magnetization was observed, indicating the impact of cation
vacancics on magnetic moment alignment.

The electronic transport properties further revealed that all HOPS-grown films behave
as secmiconductors or weak insulators, lacking the characteristic metallic transition near
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Tcurie and exhibiting negative and anisotropic MR dominated by spin-disorder scattering
and localization cffects [98-101]. These features confirm that, although structurally well
ordered and ferromagnetic, the HOPS-grown SRO films remain clectronically localized
and far from the Weyl-metallic regime reported for stoichiometric films.

In a complementary effort, a Ru-enriched SrRu; 403 (SRO-143) target was employed
to test whether target enrichment could compensate for Ru volatility and kinetic losses
during HOPS growth. While this study was conducted after the fabrication of SC/FM
heterostructures and remains partially completed, valuable insights were obtained. Char-
acterization of the plasma and deposited films at room temperature revealed that, despite
the nominal 40% Ru excess in the target, the effective plasma composition and result-
ing films remained Ru-deficient, with an enrichment closer to 30%. Morcover, room-
temperature and temperature-dependent growth experiments showed that the plasma
exhibited instability, and the deposited films still displayed expanded c-axis lattice pa-
rameters, semiconducting p(7') behavior, and negative MR — all consistent with persistent
Ru deficiency. Thus, while Ru enrichment modestly improved the film stoichiometry, it
did not climinate Ru loss and subsequent overall Ru deficiency under these HOPS con-
ditions.
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Anomalous magnetotransport in
YBayCu307_,/SrRuO; heterostructures

This chapter investigates the superconducting—ferromagnetic proximity effects in YBasy
Cuz07_,/SrRuO; (YBCO/SRO) heterostructures through magnetotransport measure-
ments. Building upon the optimized growth conditions for individual YBCO and SRO lay-
ers established in Chapters 4 and 5, the results presented here focus on thick YBCO/SRO
and SRO/YBCO bilayers. Particular attention is given to how the superconducting—ferro-
magnetic coupling, anisotropic magnetoresistance, and layer stacking sequence influence
the observed transport propertics.

6.1. Scientific context

Heterostructures combining superconductors (SC) and ferromagnets (FM) offer a unique
platform for investigating the competition and coexistence between two antagonistic order
parameters, such as, superconductivity, characterized by the formation of spin-singlet
Cooper pairs, and ferromagnetism, which aligns clectronic spins in parallel. At their
interfaces, proximity cffects emerge due to the mutual penetration of the superconducting
and magnetic order parameters, giving rise to a rich variety of emergent phenomena that
depend sensitively on the interface quality, the strength of the magnetic anisotropy, and
the characteristic energy and length scales of cach material [2; 29, 30, 36].

Particularly intriguing are proximity effects involving SC coupled to FM exhibiting
perpendicular magnetic anisotropy (PMA), where the magnetic casy axis is oriented
normal to the film planc [22, 35]. Studies on Nb/FePd heterostructures have shown
that PMA can strongly influence the spatial modulation of the superconducting order
paramcter, giving rise to domain-wall and reverse-domain superconductivity when the
ferromagnetic stray field becomes comparable to the upper critical field (B,) of the SC
[35]. These results demonstrated that the superconducting order parameter can be tuned
at the nanoscale by adjusting the PMA, revealing a close relationship between magnetic
anisotropy and superconducting coherence [19, 25].

Building on these findings, the present work investigates how such proximity phenom-
cna, commonly observed in metallic systems via magnetotransport measurements [20, 21,
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37, 39, 40|, manifest when the high-temperature (high-T,) cuprate SC, YBCO, is inter-
faced with SRO, a 4d itincrant FM exhibiting PMA. Both materials arc complex oxides
characterized by intrinsic anisotropics: YBCO displays a pronounced anisotropy in its
superconducting coherence length (€, > &), London penetration depth (), critical cur-
rent J,, lower and upper critical field (B, and B,,), while SRO presents narrow magnetic
domain walls of approximately 3 nm and a periodic magnetic texture with characteristic
lengths ranging from 200 nm to 1 pm [91]. These magnetic periodicitics, ranging from
200 nm to 1 pm, are comparable to the magnetic penetration depth (g ~ 150-200 nm)
of YBCO, providing a favorable regime for magnetic coupling across the interface. How-
ever, the superconducting coherence length (€, » 1.5-2 nm) remains much shorter, which
confines the superconducting proximity effect to a nanometric scale.

In this context, bilayer heterostructures combining the high-T,, SC YBCO and the FM
SRO were investigated to explore the interplay between superconductivity and magnetism
at oxide interfaces. These systems provide an ideal oxide platform to study the effects
of PMA on proximity-induced phenomena, where the competition between the super-
conducting coherence length of YBCO and the uniaxial magnetic anisotropy of SRO is
expected to produce unconventional transport behavior. Particular emphasis is given to
the anomalous magnetoresistance observed near the superconducting 7., where distinct
features, that arc absent in the individual YBCO and SRO layers, appear. These anoma-
lies are attributed to a short-range proximity effect governed by the competition between
the anisotropic superconducting order in YBCO and the magnetic anisotropy of SRO

[168).

6.2. Experimental details

The YBCO/SRO and SRO/YBCO bilayer heterostructures investigated in this work were
grown on single-crystal SrTiO5 (001) (STO) substrates with a low miscut angle between
0.05° and 0.1°. Prior to deposition, the STO substrates were chemically etched in a
buffered hydrofluoric acid NH,F-HF solution for 30 seconds and subsequently anncaled
at 950 °C for two hours in air to obtain atomically flat terraces with TiO, termination,
providing ideal conditions for epitaxial growth.

The heterostructures were fabricated by High Oxygen Pressure Sputtering (HOPS),
following the optimized growth paramcters for YBCO and SRO detailed in Chapters 4
and 5. Stoichiometric ceramic targets of both materials were used. The base pressure
before deposition was approximately 1076 mbar, and high-purity oxygen (99.99%) served
as the sputtering gas, with the working pressure (Po,) ranging between 1 and 3 mbar.

Each heterostructure was grown sequentially in two dedicated sputtering chambers
to prevent cross-contamination. The YBCO/SRO (HS-YS) configuration was prepared
by first depositing the SRO layer on the STO substrate, followed by the YBCO layer
under high oxygen pressure. On the other hand, the SRO/YBCO (HS-SY) configuration
was obtained by reversing the order of deposition. A schematic representation of cach
sample configuration is shown in Fig. 6.1(a-b). After the growth of the YBCO layer, both
samples underwent a post-growth anncaling treatment, in flowing oxygen at 500 °C and 10
mbar for 24 hours, to optimize oxygen stoichiometry and maximize the superconducting
transition temperature. For HS-SY, an additional short anncaling step (30 minutes) was
applied after the top SRO deposition to recover the oxygen content in the buried YBCO
layer, as oxygen diffusion through SRO is limited during high oxygen pressure deposition.
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6.3. Morphological and structural characterization

The structural and morphological characterization of the heterostructures was per-
formed using high-resolution X-ray diffraction (HR-XRD) and X-ray reflectivity (XRR),
and atomic force microscopy (AFM). The interfacial microstructure was further exam-
ined by cross-sectional high-resolution transmission clectron microscopy (HR-TEM) using
FEI Tecnai G2 F20. The magnetic and superconducting propertics were investigated by
temperature- and ficld-dependent magnetization measurements in a SQUID magnetome-
ter (MPMS-XL) and a vibrating sample magnetometer (VSM) integrated into a PPMS
DynaCool system, with magnetic ficlds applied parallel or perpendicular to the film sur-
face. Electrical and magnetotransport measurements were carried out in a standard
four-probe geometry using the PPMS system.

6.3. Morphological and structural characterization

The morphology and crystalline structure of the HS-YS and HS-SY heterostructures were
analyzed to evaluate the quality of the interfaces and the epitaxial relationship between
the layers. Representative topographic and phase AFM micrographs are shown in Fig.
o.l.
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Figure 6.1.: Schematic representation of the (a) YBCO/SRO (HS-YS) and (b)
SRO/YBCO (HS-SY) heterostructures deposited on low-miscut STO sub-

strates. Atomic force microscopy topography and phase micrographs of the
(¢, ¢) HS-YS and (d, f) HS-SY heterostructures.
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The surface of the HS-YS bilayer heterostructure [Fig. 6.1(c, ¢)] exhibits a characteris-
tic morphology of a YBCO film, with rectangular grains and characteristic spiral features.
The rectangular grains are related to the local growth of YBCO ab-plancs oriented per-
pendicularly to the SRO surface (e-axis epitaxial growth), and the spirals are related
to the growth of YBCO ab-planes oriented parallel to the SRO surface (c-axis epitaxial
growth) [160, 163, 164, 174|. The average local root-mecan-square (RMS) roughness of
the HS-YS surface is approximately 2.9 nm + 0.4 nm, indicating smooth growth and a
well-defined interface between YBCO and the underlying SRO layer.

In contrast, the HS-SY heterostructure exhibits a significantly rougher surface, with
RMS roughness values around 6.8 nm + 0.4 nm [Fig. 6.1(d, f)]. The AFM images re-
veal that the top SRO layer grows in an island-like mode, consistent with the presence
of twinning along the [110] direction. This behavior originates from the morphological
complexity of the underlying YBCO layer, which contains mixed a- and c-axis oriented
grains, growth spirals, and nanoscale CuO or BaCuQ, precipitates [white dots observed
on the YBCO surface in Fig. 6.1(¢)| formed during the high-temperature deposition and
post-growth anncaling processes. These precipitates, visible as small protrusions on the
YBCO surface, partially dissolve into the SRO overlayer, contributing to its increased
roughness and locally disordered growth mechanism. Consequently, the structural co-
herence of the SRO film in the HS-SY configuration is reduced compared to the HS-Y'S
heterostructure, where the initial SRO layer grows on a smooth TiOs-terminated STO
substrate.

Figure 6.2 shows HR-XRD mecasurements, confirming the high crystalline quality of
both heterostructures. HR-XRD patterns of a 60 nm SRO thin film and of STO sub-
strate are shown for comparison. In HS—YS, intense and sharp YBCO reflections indicate
predominant c-axis orientation, although a-axis domains are still present. Weak reflec-
tions from sccondary Ba—Cu—O phases, such as CuO and BaCuOs,, were also identified
(indicated by triangles) and are consistent with the small nanoparticles features observed
by AFM. For HS-SY, the YBCO pecaks appcar slightly shifted toward smaller diffraction
angles; suggesting the presence of strain in the YBCO layer. The SRO reflections (open
circles) in this configuration are broader and of lower intensity compared to HS-YS, in-
dicating an SRO layer with inferior crystalline quality, possible lattice distortions, and
multiple c-axis orientations due to the rough YBCO interface.

The total thickness of the heterostructures was controlled through the calibrated de-
position rates of cach layer, determined under optimized HOPS growth conditions. SRO
and YBCO exhibited typical growth rates of 12.5 nm/h and 100 nm/h, respectively.
To minimize possible thickness-confinement effects while maintaining the high structural
and supcrconducting quality of YBCO, relatively thick heterostructures were grown. The
SRO layer was designed to be approximately half the thickness of the YBCO layer, re-
sulting in a nominal 2:1 thickness ratio for the bilayers. Due to the large overall thick-
ness of the heterostructures and their relatively high surface roughness (o > 2.5 nm for
HS-YS and o > 6.5 nm for HS-SY), Laue oscillations and Kiessig fringes could not be
resolved. Therefore, quantitative determination of the layer thicknesses was performed
using cross-scctional HR-TEM, as shown in Fig. 6.3 for the HS-YS heterostructure. The
thicknesses measured for the SRO and YBCO layers were 40.6 + 0.7 nm and 82.8 + 1.9
nm, respectively, confirming the designed 2:1 ratio. These values are consistent across
different regions of the micrograph, demonstrating uniform growth and good crystalline
quality throughout the heterostructure. Similar structural parameters are expected for
the HS-SY sample.
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Figure 6.2.: X-ray diffraction patterns of the YBCO/SRO (HS-YS) and SRO/YBCO
(HS-SY) heterostructures. Curves are vertically shifted for clarity. Asterisks
mark STO peaks, triangles indicate Ba—Cu—O sccondary phases in HS-YS,
and open circles denote SRO reflections with multiple out-of-plane lattice
parameters in HS-SY. STO substrate and SRO thin films patterns are shown
as a reference.

Figure 6.3.: Cross-sectional HR-TEM image of the YBCO/SRO (HS-YS) heterostruc-
ture grown on an STO substrate. The YBCO and SRO layer thicknesses
of approximately 82 nm and 41 nm, respectively, confirm the designed 2:1
thickness ratio.
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To further assess the crystalline structure and, in particular, the interface quality of
the heterostructures, a SRO(35 nm)/YBCO(20 nm)/SRO(35 nm) trilayer was grown on
a STO substrate. Cross-sectional lamellas were prepared along the [001] and [110] crys-
tallographic directions for HR-TEM analysis. Figure 6.4 presents cross-sectional images
acquired along the [110] direction.
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Figure 6.4.: Cross-sectional High-resolution Transmission clectron microscopy images of
the SRO(35 nm)/YBCO(20 nm)/SRO(35 nm) trilayer grown on a STO sub-
strate along the [110] crystallographic direction. (a) Overview of the full
heterostructure highlighting the SRO/YBCO, YBCO/SRO, and SRO/STO
interfaces.  (b-d) High-resolution images confirming cube-on-cube epitaxy
and sharp interfaces between the layers.

The wide-field image [Fig. 6.4(a)| displays the full trilayer stack, highlighting the
SRO/YBCO (top), YBCO/SRO (middle), and SRO/STO (bottom) interfaces. A clear
difference in structural quality is observed between the two SRO layers: the bottom
SRO layer grown directly on STO exhibits superior crystallinity and smoother interfaces
compared to the top SRO layer deposited on YBCO. This difference is attributed to the
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higher roughness and mixed orientation of the underlying YBCO surface, which affects
the subsequent SRO growth. High-resolution images shown in Fig. 6.4(b-d) confirm the
cube-on-cube epitaxial relationship across all interfaces, with well-aligned atomic planes
and relatively sharp transitions between layers.

The structural and morphological characterization demonstrates that both YBCO/SRO
and SRO/YBCO heterostructures exhibit epitaxial growth with well-defined layering and
sharp interfaces. However, the order of deposition plays a critical role in determining the
crystalline quality of the top layer: SRO deposited on YBCO (HS-SY) shows degraded
crystallinity and higher roughness compared to SRO deposited directly on STO (HS-YS).
This asymmetry directly impacts the magnetic and transport properties discussed in the
following sections, as interface roughness and compositional inhomogencities can locally
alter the superconducting and ferromagnetic coupling across the interface.

6.4. Magnetic and electrical transport characterization

The magnetic behavior of the HS-YS and HS-SY heterostructures was investigated to
evaluate the coexistence and mutual influence of superconductivity and ferromagnetism
across the interface. Zero-field-cooled (ZFC) and ficld-cooled (FC) magnetization mea-
surcments were performed with the magnetic ficld applied along the out-of-plane [001]
direction, corresponding to the casy axis of magnetization of the SRO layer. Before cach
ZFC measurcment, the magnetometer coils were demagnetized to climinate trapped flux
and cnsure true zero-ficld cooling,.

The ZFC magnetization curves for both heterostructures arc shown in Fig. 6.5(a). At
low temperatures, a pronounced negative magnetic moment is observed, corresponding
to the diamagnetic response of YBCO in the superconducting state. As the temperature
increases, the magnetization gradually approaches positive values, defining the supercon-
ducting transition temperatures (T¢) of 87 K + 0.5 K for HS-YS and 57 K + 0.5 K for
HS-SY. The insct of Fig. 6.5(a) reveals a broad magnetic feature around 100 K in the
HS-SY curve, absent in HS-YS. This anomaly is attributed to the presence of resid-
ual CuO and Ba—Cu—O nanoparticles formed during the YBCO deposition and partially
incorporated into the top SRO layer during subsequent growth. Similar behavior has
been reported for CuO- and Y,03-containing YBCO composites, where weak ferromag-
netic signals appear due to nanoscale inclusions that contribute to a distributed magnetic
response [175].

Ficld-cooled magnetization curves [Fig. 6.5(b)| confirm the ferromagnetic nature of
the SRO layers and allow for accurate determination of the Curie temperature (Tcuric)-
Both heterostructures exhibit Ty = 151 K + 0.5 K, as determined from the derivative
of the FC curves [inset of Fig. 6.5(b)]. Both heterostructures maintain ferromagnetic or-
dering below Toyrie, confirming the coexistence of superconductivity and ferromagnetism
and indicating the possibility of a short-range magnetic proximity coupling across the
YBCO/SRO and SRO/YBCO interfaces [51, 176, 177].

Interestingly, a magnetic ficld as low as 10 Oc was sufficient to overcome the super-
conducting diamagnctism in the FC measurements. This behavior can be explained by
several factors. First, SRO exhibits uniaxial magnetic anisotropy along the out-of-planc
[001] direction, so even a small external field helps preserve a net magnetization in this
oricntation below the superconducting 7T,.. Second, YBCO is a type-IT SC, in which mag-
netic flux penetrates in the form of Abrikosov vortices once the first critical field B, is
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exceeded [12]. For thin YBCO films, B, can be as low as 10 Oe due to ficld concentration
at the sample edges. Morcover, in the HS-YS heterostructure, the mixed a- and c-axis
texture observed by AFM disrupts the homogencity of the superconducting screening
currents, further reducing the effective B,; and cnabling flux penctration even under very
small applied ficlds. As a result, weakly screened superconducting regions coexist with
ferromagnetic domains of SRO, allowing the persistence of a positive magnetization signal
in the FC curves even below T...

a b

0.0 g 12F
[ i = Hs-SY,ZFC10 Oe (B // [001]) - HSYS, FC 10 Oe (B // [001])
g /1 1 = HSYS ZFC10Oe (B // [001]) 10¢ -~ HS-SY, FC 10 Oe (B // [001])
T il A ) g ¥ .
E 5.0 & 2.0 T Y T T E 0.8 'E 0.000 - h,mn = 4
T -5 § 157 % Jlum=asiK P g 0025 "\"\.‘
- o (=] e ¥
2 L 10l {4 . o 06 S -o0.050} i 1
= _100} ] k 3 - - HS-SY HS¥YS
S = osf w A S B -0075F T [T Tone
E g : F £ 04 £ P 1
g ~12sr :T = 57 K E 0.0f )*#"’ g ~0.106;5 100 150
-0t f 05166 150 200 250 300 1 0.2 gl 1
I 7 L . TCu\ne =151K
37 K Temperature [K] —-—:—..._a
-17.5 -/ 1 P C——— —
0 50 100 150 200 250 300 0 50 100 150 200 250 300
c Temperature [K] d Temperature [K]
§ .|t —— OP I ¥ F 4l —— 0P | I §
l // ) g v J g
A P ey -~ z % g
o D 1 0 = = 0 =
= & "-—l-—w——"'- ¥ ~ cl - cl
5 - \ L 5 1
-5} [ o
§ 5K [ 70K/, 3 §-st 3
= - i =
S 1 5 . z 35 1l . i 1 =
g 1 § 21 op | z
@ 3 g P 3
" g - | [ 2
g2 o 0o g 2 0 i 0=
g 1 % 1] 60k| 1
5 213 § ! 3
z -1 . | E E Y i 1-1 E
-50 -25 00 25 50 -25 00 25 50 -50 -25 00 25 50 -25 00 25 50
Field [T) Field [T) Field [T) Field [T}

Figure 6.5.: (a) Zero-ficld-cooled and (b) ficld-cooled magnetization of YBCO/SRO
(HS-YS) and SRO/YBCO (HS-SY) heterostructures measured with 10 Oe
magnetic ficld applied along the out-of-planc [001] direction. Insets: deriva-
tive of the FC data showing T = 151 K. Magnetic hysteresis loops for
(c¢) HS-YS and (d) HS-SY at selected temperatures illustrating the transition
from superconducting to ferromagnetic behavior near 7.

Magnetic hysteresis loops measured at different temperatures [Fig. 6.5(c—d)| provide
additional insight into the magnetic response near the superconducting transition. At
low temperatures, both heterostructures display the characteristic hysteresis of type-I1
SC, dominated by a strong diamagnetic signal arising from flux pinning [12, 51]. As
the temperature increases toward T, the loops progressively evolve from a Meissner-like
superconducting behavior to a ferromagnetic shape, reflecting the direct competition be-
tween the superconducting and ferromagnetic order parameters. The pinning of magnetic
flux lines is evidenced by the difference of nearly three orders of magnitude in magne-
tization between the superconducting and ferromagnetic states. This crossover is most
evident at 87 K for the HS-YS and at 55 K for the HS-SY heterostructure, consistent
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with the critical temperatures obtained from the ZFC measurements.

The temperature dependence of the clectrical resistivity for the HS-YS and HS-SY
heterostructures is shown in Fig. 6.6. Both samples exhibit a metallic behavior above the
superconducting transition and a sharp drop in resistivity at low temperature, consistent
with the onset of superconductivity. The critical temperatures, determined from the
derivative of p(T') (shown as insct) are T, = 87.2 K + 0.6 K for HS-YS and T, = 57.8
K + 0.9 K for HS-SY. The resistivity of HS-YS shows a linear temperature dependence
above T, characteristic of optimally doped YBCO, whereas HS-SY displays a non-lincar
p(T) relation typical of underdoped cuprates. This behavior reflects the limited oxygen
diffusion through the SRO overlayer during growth and post-anncaling, which leads to a
reduced hole concentration in the buried YBCO layer.
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Figure 6.6.: Temperature-dependent — resistivity  of  YBCO/SRO  (HS-YS) and
SRO/YBCO (HS-SY) heterostructures.  The lower 7. and broader
transition of HS-SY indicate underdoping and reduced superconducting
coherence due to oxygen deficiency and interface disorder.

The significant difference in T, between the two stacking configurations illustrates the
sensitivity of the superconducting propertics to the growth order and interface structure.
In HS-YS, YBCO grows on a smooth, well-terminated SRO surface, preserving high struc-
tural and superconducting quality. In contrast, in HS-SY, the top SRO layer prevents
a complete re-oxygenation of YBCO during post-anncaling, resulting in an underdoped
state and broader superconducting transition. Additionally, the strain and local disorder
introduced at the rough SRO/YBCO interface may further degrade the superconducting
coherence.

A moderate reduction of T, in HS-YS compared to single YBCO films (approximately
4 K) can be attributed to the SC-FM proximity cffect, in which the exchange field of the
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6. Anomalous magnetotransport in Y Bas CuzO7_, / SrRuQs heterostructures

ferromagnetic layer suppresses the superconducting order parameter near the interface
[178, 179]. However, the much stronger suppression observed in HS-SY (approximately
35 K) cannot be explained solely by proximity coupling; it primarily results from the
reduced oxygen content and altered electronic doping level of YBCO beneath the SRO
layer.

It is worth noting that the characteristic kink typically observed in the resistivity of
SRO thin films around T, [85, 180], associated with the ferromagnetic and metal-insu-
lator transition, is not visible in the p(T) curves of the present heterostructures. This
absence indicates that the SRO layers in both stacking configurations exhibit strongly
suppressed metallicity and reduced magnetic ordering compared to stoichiometric SRO.
As discussed in Chapter 5, this behavior originates from ruthenium deficiency inherent
to the high pressure sputtering process, where Ru volatility leads to the formation of
Ru vacancies even under optimized growth conditions. Consequently, the SRO layers
behave as semiconducting FM rather than metallic ones, preventing the observation of the
distinct resistivity transition at Toure. This limitation reflects a fundamental constraint
of the deposition technique rather than the specific growth parameters employed.

These results demonstrate that the physical behavior of the heterostructures is strongly
governed by the stacking order and the resulting interfacial quality. In the HS-YS con-
figuration, where YBCO is deposited on a smooth and well-terminated SRO surface,
the superconducting transition temperature remains high and the magnetic response is
sharp, reflecting coherent coupling between the layers. In contrast, the HS-SY het-
crostructure, in which SRO is grown on a rougher YBCO surface, exhibits degraded
superconductivity and a more complex magnetic signal, influenced by interfacial strain,
oxygen non-stoichiometry, and increased roughness. Nevertheless, both heterostructures
retain ferromagnetic ordering below Toyie as well as PMA, confirming the coexistence of
superconductivity and ferromagnetism and suggesting a short-range magnetic proximity
coupling across the YBCO/SRO interface. The combined magnetic and clectrical trans-
port results thus highlight that structural asymmetry, oxygen diffusion, and stoichiomet-
ric balance arc key parameters governing the superconducting and magnetic performance
of oxide-based SC/FM hybrids.

6.5. Magnetotransport characterization

The magnetotransport behavior of the HS-YS heterostructure was investigated near the
superconducting transition temperature to probe possible proximity-induced effects at
the SC/FM interface. The resistivity was measured as a function of the applied mag-
netic field at sclected temperatures close to the onset of superconductivity (84-94 K).
The colors in Fig. 6.7(b-i) correspond to the colored markers in Fig. 6.7(a), indicat-
ing the temperature at which cach magnetic ficld sweep was acquired. The external
ficld (Hex) was applied parallel (in-planc, H) and perpendicular (out-of-plane, H,) to
the heterostructure surface, with the current density oriented as J||Hox, and J1LH .y, Te-
spectively. Magnetoresistance (MR) data for the SRO/YBCO (HS-SY) sample are not
presented due to technical limitations during measurement.

For tempceratures above 93 K, the MR curves resemble those of a single YBCO film,
exhibiting a nearly lincar dependence on field and no significant low-field features. How-
ever, as the temperature approaches T, distinct anomalics emerge around zero field. For
H, [Fig. 6.7(b)], a crossover from a dip to a peak in the MR signal occurs upon cooling

110



6.5. Magnetotransport characterization

from 91 K to 89 K, while for H, [Fig. 6.7(c)], the opposite trend, from a peak to a dip,
is observed. These features are reversible with field-sweep direction and occur symmet-
rically around zero ficld, ruling out experimental artifacts. The corresponding switching
ficlds, defined as the field values where the MR begins to change sign, are approximately
+1 T for Hy and +0.4 T for H,. Importantly, these values do not coincide with the
cocrcive field of the SRO layer, indicating that the observed anomalics arc not directly
linked to magnetization reversal in the ferromagnetic film.
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Figure 6.7.: (a) Zero-ficld p(T') curve of the YBCO/SRO (HS-YS) heterostructure, with
colored markers indicating the temperatures at which the magnetoresistance
mcasurements were performed. (b—¢) Full p(H,T) magnctoresistance curves
obtained under in-plane (H)) and out-of-planc (H,) magnetic ficlds, respec-
tively. (d-i) Corresponding normalized MR curves near zero field (-2 T < H
< 2 T), where the anomalous features are observed. The black curves rep-
resent field sweeps from positive to negative fields, while the colored curves
correspond to the reverse direction.

A closer examination of the MR, behavior near zero ficld reveals that the amplitude
and shape of these anomalies depend strongly on the field orientation. The near zero field
curves, shown in Fig. 6.7(d-i), correspond to measurements performed in the range of -2
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6. Anomalous magnetotransport in Y Bas CuzO7_, / SrRuQs heterostructures

T < H <2 T. The black curves represent ficld sweeps acquired from positive to negative
fields, while the colored curves correspond to the reverse direction, from negative to
positive fields. All MR curves were normalized according to the relation MR = %,
allowing dircct comparison between different temperatures and field orientations.

When Hj is applied [Fig.6.7(d-f)], the MR features are broader and less pronounced,
whereas for H, the features become sharper and more intense [Fig.6.7(g-i)]. This anisotropy
reflects the interplay between the uniaxial PMA of SRO and the anisotropic supercon-
ducting coherence length of YBCO (€, > &.). For out-of-planc ficlds, the magnetization
of SRO aligns along its casy axis ([001] direction), producing stronger local magnetic fields
at the interface and thus enhancing the coupling with the superconducting order param-
cter. In contrast, when the field is applied parallel to the surface, SRO magnetization lics
along its hard axis, resulting in weaker coupling and broader MR transitions. Thercfore,
the contrasting responses for H) and H,; demonstrate that the observed anomalies arise
from an anisotropic proximity cffect governed by the relative orientation between the
supcrconducting currents in YBCO and the magnetization in SRO.

The resistivity values of the heterostructure are significantly lower than those of stan-
dalone SRO films, confirming that the transport is dominated by the superconducting
layer. This also indicates that the MR features originate from modifications of the super-
conducting state induced by interfacial magnetic interactions, rather than from intrinsic
SRO conduction. The coexistence of positive and negative MR regions near 7T, further
supports this interpretation, as such mixed responses are consistent with local variations
in flux pinning and vortex dynamics caused by stray magnetic ficlds at the interface. It
is important to note that the MR of pure YBCO is always positive, as shown in Fig. 4.7,
while that of SRO is consistently negative (sce chapter 5), a characteristic feature of
Ru-deficient ferromagnetic SRO films. Therefore, the simultancous presence of positive
and negative MR components in the YBCO/SRO heterostructure cannot originate from
cither layer alone but instead reflects an interfacial effect arising from the competition
between superconducting and ferromagnetic order parameters.

The absence of sharp maxima or distinct double minima in the MR curves, typically
associated with domain-wall superconductivity or long-range spin-triplet transport in
SC/FM systems [22; 35, 37, 39-41], suggests that the proximity cffect in YBCO/SRO
heterostructures is short-ranged and localized at the interface. This behavior can be
explained by the mismatch between the characteristic length scales of the two materials:
the superconducting coherence length in YBCO (&, ~ 1.5-2 nm) is smaller than the SRO
magnetic domain-wall width (3 nm) and much smaller than domain periodicity (200 nm-1
nm). Morcover, the stray fields generated by the SRO domains are weaker than YBCO’s
B,,, preventing the formation of extended superconducting domains or long-range triplet
components [20, 21, 43]. As a result, the observed MR anomalics originate from the local
competition between superconducting and ferromagnetic anisotropies rather than from
long-range magnetic modulation of the superconducting order parameter.

Interestingly, there is an intriguing resemblance between the shape of the p(H, T') curves
near the superconducting onset and the characteristic ficld dependence of quantum cor-
rections to conductivity, specifically weak localization (WL) and weak anti-localization
(WAL) effects, commonly observed in semiconductor and disordered insulating systems
[181]. In both cases, resistance dips or peaks around zero field arise from interference ef-
fects that modify the electronic diffusion. However, quantum corrections to conductivity
arc genuine low-temperature phenomena that occur when phase-coherent scattering dom-
inates [182, 183, typically at temperatures far below those investigated here. Therefore,
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while the MR curves qualitatively resemble WL and WAL behavior, these mechanisms
cannot account for the features observed in our oxide heterostructures.

The magnetotransport data reveal an anisotropic and proximity-induced modification
of the superconducting state ncar the YBCO/SRO interface. The crossover between
dips and pcaks in the MR signal reflects the delicate balance between superconducting
coherence and magnetic anisotropy, mediated by the orientation of the applied magnetic
ficld. These findings indicate that in oxide-based SC/FM heterostructures with PMA |
such as YBCO/SRO, proximity coupling is primarily short-ranged and highly sensitive
to interface morphology, strain, and the anisotropic nature of both order parameters.

6.6. Conclusions

This chapter presented a comprehensive study of the structural, magnetic, and transport
properties of YBCO/SRO (HS-YS) and SRO/YBCO (HS-SY) heterostructures grown by
HOPS on single-crystal STO substrates. The goal was to investigate proximity-induced
interactions between superconductivity and ferromagnetism in oxide heterostructures
with PMA using magnetotransport measurements as a probe.

Structural and morphological analyses confirmed that both stacking configurations ex-
hibit epitaxial growth with sharp interfaces and coherent lattice matching. However, the
growth order plays a crucial role in determining the overall crystalline quality and sur-
face morphology. The HS-YS heterostructure (YBCO on SRO) shows smooth terraces
and well-defined layering, whereas the HS-SY sample (SRO on YBCO) exhibits higher
roughness and structural disorder due to the morphological complexity of the YBCO sur-
face and partial incorporation of sccondary Cu—O phases. These differences in structural
quality directly impact the magnetic and superconducting propertics.

Magnetization measurements revealed clear signatures of the coexistence of supercon-
ductivity and ferromagnetism. Both heterostructures exhibit a Tg,4. of approximately
151 K, associated with the ferromagnetic ordering of SRO, while the superconducting
transition temperatures were T, = 87 K for HS-YS and 7. = 57 K for HS-SY. The
lower T, and broader transition observed in HS-SY arise from limited oxygen diffusion
through the SRO overlayer and enhanced strain and roughness at the interface. Magnetic
hysteresis loops demonstrated the competition between the superconducting and ferro-
magnetic states, with a gradual evolution from diamagnetic to ferromagnetic behavior as
temperature increases. Even under small magnetic fields (10 Oce), a positive magnetiza-
tion persists in the ficld-cooled state, attributed to flux penctration through Abrikosov
vortices and the uniaxial anisotropy of SRO, which together reduce the effective super-
conducting screening in mixed a- and c-axis YBCO grains.

Electrical transport measurements corroborated the magnetic findings. Both het-
crostructures show metallic behavior above T, and a sharp superconducting transition
at low temperature. The modest reduction of T, in HS-YS relative to single YBCO films
indicates a short-range superconducting proximity effect at the YBCO/SRO interface,
whereas the stronger suppression in HS-SY is mainly associated with oxygen deficiency
and interfacial disorder. The characteristic kink in resistivity commonly observed in SRO
films near their magnetic transition is absent here, reflecting the Ru deficiency intrinsic to
the HOPS technique, which limits the metallicity of the SRO layers even under optimized
growth conditions.

Magnctotransport experiments on the HS-YS heterostructure revealed anomalous fea-
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tures near the superconducting transition, manifesting as crossovers between dips and
peaks around zcro field in the p(H,T) curves. These anomalies depend strongly on
the ficld orientation, being sharper for out-of-plane ficlds and broader for in-planc ones,
consistent with the interplay between the uniaxial magnetic anisotropy of SRO and the
anisotropic superconducting coherence of YBCO. The coexistence of positive and nega-
tive magnectoresistance regions, together with the absence of domain-wall or long-range
triplet superconductivity signatures, demonstrates that the proximity coupling in these
oxide heterostructures is short-ranged and localized at the interface. The observed be-
havior results from the local competition between superconducting and ferromagnetic
anisotropics rather than from domain-mediated cffects.

In summary, the results presented in this chapter provide clear evidence of an anisotropic,
short-range superconducting proximity effect in YBCO/SRO heterostructures. The in-
terfacial coupling between superconductivity and ferromagnetism is strongly influenced
by the stacking order, interface roughness, and stoichiometric balance, highlighting the
importance of structural control in engincering oxide-based SC/FM systems. These find-
ings establish YBCO/SRO as a model system for exploring the interplay between spin,
charge, and anisotropy in complex oxide heterostructures and lay the groundwork for fu-
ture studies aimed at tuning proximity cffects through interface design and layer thickness
modulation.
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Chapter 7 =

Neutron scattering studies of SrRuQOj3; thin
films and YBa;Cu30O7;_,/SrRuOs

heterostructures

This chapter focuses on neutron reflectometry experiments performed to investigate
the depth-dependent magnetization profile of STRuQOj3 thin films and YBaxCuszO7-./SrRu
03 heterostructures. Building upon the structural, magnetic and transport characteriza-
tion presented in the previous chapters, polarized neutron reflectivity was employed to
probe the magnetic depth profile with nanometer resolution. This approach enabled the
study of interfacial magnetic cffects such as magnetization suppression near the inter-
faces and the possible emergence of a reverse proximity effect, where a magnetic moment
may be induced within the YBayCu3Oy_, layer due to its interaction with the adjacent
ferromagnetic SrRuQOs.

7.1. Interfacial and depth-resolved magnetism in
Ru-deficient SrRuQO; thin films

7.1.1. Scientific context

SrRuO3 (SRO) is an itincrant ferromagnetic oxide that combines metallic conductiv-
ity with strong spin—orbit coupling and pronounced perpendicular magnctocrystalline
anisotropy (PMA) [31, 50, 75, 78-80]. Its Curic temperature (Tcure) of about 160 K
and structural compatibility with a wide range of functional oxides have made it a model
system for exploring spin-polarized transport, ferroelectric coupling, and interface-driven
phenomena in oxide heterostructures (31, 79, 82, 168].

As discussed in previous chapters, SRO thin films grown by high oxygen pressure sput-
tering (HOPS) exhibit excellent epitaxial quality and well-defined PMA, even when a
considerable Ru deficiency (approximately 20-25%) is present due to the high volatil-
ity of Ru under oxidizing conditions [71, 74, 77, 99, 168, 169]. This non-stoichiometry
has a relatively minor effect on Ty, in contrast with samples prepared by pulsed laser
deposition or molecular beam epitaxy [99, 184], but strongly reduces the saturation mag-
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netization and alters the clectronic transport, driving the system away from the metallic
regime characteristic of stoichiometric films [98, 99]. These findings indicate that lo-
cal disorder and cation vacancies play a decisive role in determining the magnetic and
clectronic ground state of SRO [75, 99, 169, 185].

Despite this, the microscopic mechanisms by which Ru deficiency modifies the local
magnctic environment remain poorly understood. In particular, it is still debated whether
the reduction in magnetization originates from a homogencous dilution of Ru magnetic
moments throughout the film or from spatially confined, magnetically suppressed inter-
facial regions, often referred to as "dead" layers [186-189]. This issue is central to under-
standing the true magnetic depth profile of SRO and how stoichiometric imperfections
and interfacial strain collectively determine the emergent magnetic anisotropy in strongly
correlated oxides. A detailed microscopic picture is also essential for disentangling in-
trinsic interfacial phenomena, such as orbital reconstruction or exchange coupling, from
extrinsic cffects introduced by disorder or cation non-stoichiometry. Morcover, the inter-
play between stoichiometry, interfacial magnetism, and PMA is of increasing importance
for the design of oxide-based spintronic and quantum devices, where even nanometric
deviations in composition or interfacial structure can drastically influence spin transport
and proximity cffects [19, 31, 51, 88, 91, 95-97].

In this context, the present section employs polarized neutron reflectometry (PNR)
and off-specular scattering (OSS), complementary to X-ray reflectivity (XRR) and scan-
ning transmission clectron microscopy (STEM-EDS), to obtain a comprchensive, depth-
resolved picture of the structural and magnetic profile of Ru-deficient SRO thin films
grown on Nb-doped SrTiOj3 substrates [190-195|. These techniques provide nanometric
sensitivity to both nuclear and magnetic scattering length densities, enabling direct corre-
lation between stoichiometric disorder, interfacial roughness, and the spatial distribution
of magnetization. The results presented here clucidate how Ru deficiency governs interfa-
cial magnetism and PMA in this correlated oxide material, offering a solid foundation for
interpreting the interfacial magnetic coupling and possible proximity-induced phenomena
later investigated in YBCO/SRO heterostructures.

7.1.2. Experimental details

Epitaxial Ru-deficient SRO thin films were grown on Nb-doped SrTiO3 (Nb:STO, 0.05 wt%
Nb ~ 0.1 at%) single-crystalline (001)-oriented substrates with miscut angles between
0.05° and 0.1°. To minimize artifacts associated with the antiferrodistortive (AFD) tran-
sition of STO during neutron experiments [23], Nb:STO was sclected as the substrate [196,
197]. Prior to deposition, the substrates were chemically etched in a buffered NH,F-HF
solution for 30 s and subsequently anncaled at 950 °C for 2 h to obtain atomically flat,
TiOs-terminated surfaces, as verified by atomic force microscopy (AFM).

The SRO thin films were deposited from a stoichiometric SRO target using the HOPS
system operating in radio-frequency (RF) mode. Before deposition, the chamber was
evacuated to high vacuum and the target was pre-sputtered for 24 h to stabilize the
plasma. The optimized growth parameters were a deposition temperature Ty, = 785 °C,
target—substrate distance Dpg = 2.5 em, oxygen partial pressure Po, = 1.5 mbar, and
forward power FWDP = 100 W. Under these conditions, the plasma remained stable
and homogencous throughout the deposition process. The typical growth rate at such
deposition parameters is approximately 125 A h-1.

Surface morphology and roughness were analyzed by AFM. The crystalline structure,
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epitaxial quality, and strain relation were investigated using high-resolution X-ray diffrac-
tion (HR-XRD). Film thickness and interfacial roughness were extracted from XRR
fits. Cross-scctional Scanning Transmission Electron Microscopy coupled with Encrgy-
Dispersive X-ray Spectroscopy (STEM-EDS) was performed on lamella prepared along
the film/substrate [110] crystallographic direction using a FEI Tecnai G2 F20 and FEI
Titan G2 80-200 ChemiSTEM microscope to verify interface sharpness and compositional
homogeneity. Ficld-cooled (FC) magnetization curves were recorded under a 50 Oe field
applied parallel (in-planc) and perpendicular (out-of-plane) to the [100] crystallographic
direction to extract the Teoune. Magnetization hysteresis loops were measured at 5, 80,
and 100 K after field cooling the samples in 5 T to evaluate the magnetic anisotropy.

Neutron scattering measurements (PNR and OSS) were performed at the Magnetism
Reflectometer (BL-4A) of the Spallation Neutron Source (SNS), Oak Ridge National Lab-
oratory (ORNL). Since the SRO films have reduced magnetization, samples with an arca
of 10 x 10 mm? were measured under an in-plane magnetic ficld of 4.8 T applied along
the [100] direction. The measurements were performed after ficld-cooling the samples in
4.8 T magnectic field applied in-plane to 100, 80, and 5 K. The neutron spin polarization
was sct cither parallel (R+) or antiparallel (R-) to the field direction, which remained
applied throughout the measurements. The spin-up (R+) and spin-down (R-) reflectivi-
ties were recorded up to @, = 0.12 A-1. Complementary off-specular maps were acquired
to investigate lateral magnetic correlations and domain structures.

7.1.3. Morphological and structural characterization

The surface morphology of the Nb:STO substrate and the deposited SRO thin film is
shown in Fig.7.1(a—c). The substrate exhibits the typical terraced—step morphology char-
acteristic of TiOy termination, with an average step height of approximately one unit cell.
After deposition, however, the SRO film displays a multiterraced island morphology, in
contrast to the smooth, step-flow surfaces observed for SRO films grown on undoped STO
substrates in chapter 5.

This difference likely arises from the modified surface energy and adatom mobility as-
sociated with Nb doping [196, 197], which increases the substrate’s clectrical conductivity
and changes its interaction with the plasma during HOPS deposition [198]. The presence
of Nb may also locally alter the oxygen chemical potential near the surface, reducing sur-
face diffusion lengths and thercby promoting the nucleation of three-dimensional islands
instead of continuous terrace propagation. Consequently, the film grows through a Stran-
ski-Krastanov mode, in which layer-by-layer growth transitions into island formation as
strain and surface roughness accumulate. The appearance of multiple circular terraces
around individual island nuclei indicates the occurrence of secondary nucleation on top
of pre-existing islands [94, 95]. The root-mean-square (RMS) roughness determined from
2.5 x 2.5 pm? AFM scans is 37 A + 14 A, consistent with moderately rough surfaces
expected for films grown on low-miscut Nb:STO substrates.

The high crystalline quality of the film is confirmed by HR-XRD [Fig.7.1(d)|, which
exhibits intense film reflections accompanied by well-defined Laue oscillations, indicating
coherent growth and smooth interfaces over the entire thickness. Reciprocal space map-
ping (RSM) and ¢-scans recorded around the (103) crystallographic reflection of SRO and
Nb:STO [Fig.7.1(cf)] demonstrate that the film is epitaxially aligned with the substrate
and laterally strained to match its in-planc lattice parameter. The out-of-plance lattice
constant obtained from RSM, 3.98 4 0.02 A, is slightly larger than that of stoichiometric
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Figure 7.1.: Atomic force microscopy micrographs of (a) Nb:STO substrate and (b) SRO
thin film. (¢) Magnified view of the highlighted square in (b). X-ray diffrac-
tion pattern (d) around the STO (002). Reciprocal space map (¢) and ¢-scans
(f) performed around the (103) crystallographic reflection of the SRO thin
film and Nb:STO substrate.

SRO (3.949 A) and represents the structural signature of Ru deficiency in the film [75,
99, 169]. The ¢-scan peak-intensity distribution further indicates a multidomain in-plane
structure, a common feature in SRO films grown on low-miscut or nominally exact STO
substrates, where the terrace orientation forms large angles with the [010] crystallographic
direction [95, 199].

To quantitatively evaluate the total film thickness (¢) and interfacial roughness (o),
XRR data were fitted using the GenX software package [143]. The simulations were based
on stacked block-like layers representing the film structure on the substrate. The models
considered the presence or absence of low scattering-length-density (SLD) interlayers at
the surface and/or at the film-substrate interface, similar to the analysis briefly shown
in Chapter 5, as schematically illustrated in Fig. 7.2(a).

Models 1 and 2 [Figs. 7.2(b,c¢)] successfully reproduced the overall periodicity of the
reflectivity oscillations, mainly sensitive to the total thickness, but failed to capture the
finer oscillatory features related to interfacial roughness in the @, range of 0.07-0.15A-1.
In contrast, Modecls 3 and 4 [Figs. 7.2(d,e)] provided an excellent agreement with the
experimental data, accurately reproducing both the intensity decay and the amplitude
modulation near the critical angle. Considering the AFM results, which revealed a surface
composcd of denscly packed multiterraced islands, Model 3 appears physically represen-
tative of the actual morphology in comparison with Models 1 and 2.

Model 4, however, yiclded a similarly good fit quality in comparison to Model 3, and
is consistent with previous reports of Sr enrichment and Ru deficiency at both the film
surface and the SRO/STO interface, attributed to Ru volatility under oxidizing growth

conditions [74, 77]. The figure of merit (FOM), defined in GenX as the average absolute
difference between the base-10 logarithms of the measured and simulated reflectivities,
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Figure 7.2.: X-ray rcflectivity (XRR) data (black symbols) and GenX simulations (red
lines) for all models tested in this work. The insets show the real part of
the SLD profiles used in cach model. Residuals (blue lines) quantify the
difference between experimental data and simulations.
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for Models 3 and 4 was ncarly identical (on the order of 102), leading to some ambiguity
as to which configuration best represents the real structure of the sample.

To verify the reliability of the XRR-derived model and to assess whether it captures the
rcal chemical profile, cross-sectional STEM-EDS was performed. The high-angle annular
dark-ficld (HAADF) image [Fig. 7.3(a)] shows that the SRO film grows epitaxially on the
Nb:STO substrate, forming an atomically sharp and coherent interface with no detectable
secondary phases. The atomic-resolution image [Fig. 7.3(b)] clearly resolves alternating
RuQO,, SrO, and TiO, plancs across the interface, confirming the ordered perovskite
stacking.

HAADF .
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Counts [a. u. ]

=
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Figure 7.3.: (a) Cross-sectional HAADF-STEM image of the cpitaxial SRO film on
Nb:STO substrate. (b) Atomic-resolution image showing sharp interface and
alternating RuO,/SrO/TiO; plancs. (¢-f) EDS clemental maps for O, Sr, Ti,
and Ru, cvidencing Ru deficiency more pronounced at the film interfaces.
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Elemental maps for O, Sr, Ti, and Ru [Figs. 7.3(c-f)] corroborate the epitaxial rela-
tionship and clearly evidence a reduction in Ru concentration near both the film surface
and the buried interface. This depth-dependent compositional variation agrees with the
reduced-SLD layers introduced in Model 4, confirming that this is the most physically
consistent sample description. Values of thickness and average cffective interfacial rough-
ness (o.g) obtained in Model 4 are shown in Table 7.1. The RMS roughness o4 was
calculated by combining the individual roughness values of the substrate/film, film, and
surface interfaces, and provides a single representative parameter that captures the overall
morphological contribution of multiple interfaces, facilitating direct comparison between
XRR and PNR results.

The EDS maps indicate a moderate Ru deficiency cven in the film bulk, suggesting
that the non-stoichiometry extends throughout the entire thickness, though more pro-
nounced at the interfaces. Such a reduction in Ru content within the film bulk is also
reflected in the SLD profile obtained from the XRR fits, which yiclds an average nuclear
SLD of 1.633 r.A3 + 0.024 r.A3, compared with the theoretical value of 1.746 r. A3
for stoichiometric SRO. This significant decrease corroborates that Ru deficiency is not
restricted to the interfaces but extends throughout the film thickness, indicating a gen-
cralized non-stoichiometry across the entire layer.

This observation aligns with the two types of disorder previously reported by Wak-
abayashi et al. [99]: (i) structural disorder, arising from Ru vacancies distributed within
the crystalline lattice, which reduces the coherent thickness and perturbs long-range
order, and (ii) interface-driven disorder, originating from compositional and structural
inhomogencities localized near the film—substrate interface. The former leads to a uni-
form reduction in the SLD, while the latter accounts for the further suppression near the
interfaces observed here. In contrast to carlier reports on films grown by direct-current
HOPS, where Ru deficiency was confined to interfacial regions [74, 77], the uniform SLD
reduction found in the present RF-HOPS films indicates that the high oxygen pressure
and plasma conditions promote Ru volatility throughout the entirc growth process. As
a result, the SRO layer remains structurally coherent [169], but exhibits a compositional
gradient extending from surface to interface.

A slight deviation between experimental and simulated reflectivity curves was observed
close to the critical angle for all models, likely originating from the use of Nb-doped STO
substrates, whose slightly altered lattice parameters, SLD, and surface cnergies differ
from those of undoped STO and arc not perfectly reproduced by the standard set of
model parameters.

7.1.4. Magnetic characterization

The FC magnetization curves measured with a 50 Oc magnetic ficld applied along the
in-plane (IP) and out-of-planc (OP) directions arc shown in Fig. 7.4(a). Both curves
confirm the ferromagnetic nature of the Ru-deficient SRO film, with a Touhe = 158.6
K + 0.5 K, determined from the first derivative of the FC magnetization [inset of Fig.
7.4(a)]. A sccond anomaly appears ncar 90 K, corresponding to the AFD structural
phase transition of the Nb:STO substrate, which slightly perturbs the magnetic response
through strain-mediated coupling across the interface.

Magnctic hysteresis loops recorded at 100 K, 80 K, and 5 K arc presented in Fig,.
7.4(b—d). The loops reveal clear PMA| as the film saturates more casily under out-of-
planc ficlds, whereas the in-plane configuration remains unsaturated even at 5 K. Small
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step-like (bumps) features, particularly visible in the low-temperature loops, indicate a
multidomain magnetic structure, commonly observed in strained SRO thin films [91, 95].
Such behavior is consistent with the coexistence of several energetically equivalent domain
orientations stabilized by epitaxial strain and local structural distortions [88, 102, 108|.
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Figure 7.4.: (a) Ficld cooled magnetization measurement performed with 50 Oe applied
perpendicular (out-of-plane — OP) and parallel (in-plane — IP) to the [001]
crystallographic direction. The inset shows the first derivative of the mag-
netization, from where the Toyhe and Tapp values were obtained. Magnetic
hysteresis performed at (b) 100 K, (¢) 80 K, and (d) 5 K.

In stoichiometric SRO, the saturation magnetization typically reaches about 1.6 pz/Ru
at low temperature [75]. In contrast, the present Ru-deficient film exhibits a lower value
of approximately 0.4 pp/atom at 5 K, consistent with the substantial reduction of the
Ru-O-Ru exchange interaction. This suppression arises from Ru vacancies that locally
disrupt the double-exchange mechanism mediating ferromagnetism in SRO, thereby weak-
cning the long-range order [99, 169]. Nonectheless, the persistence of a finite magnetic
moment demonstrates that the concentration of vacancies remains below the percolation
threshold required to suppress ferromagnetism and PMA completely.

The anisotropy ficld in SRO can exceed 12-14 T [75], far above the maximum field
applied during the SQUID (and PNR) mecasurements, which explains why full satura-
tion is not achicved along the magnetic hard axes. In addition, as discussed by Ziese
ct al. [200], the usual subtraction of the diamagnetic background from the substrate
may neglect paramagnetic contributions from the film, occasionally leading to an ap-
parent reduction of the in-plane saturation magnetization. Structural imperfections and
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local strain variations can further hinder complete alignment by promoting domain-wall
pinning and small canting of the magnetization vector [102, 108, 201].

7.1.5. Neutron scattering characterization

The depth-dependent magnetic properties of the Ru-deficient SRO thin film were inves-
tigated by PNR at 100, 80, and 5 K following ficld cooling in a 4.8 T magnctic ficld
applied parallel to the sample surface along the in-plane [100] direction (the magnetic
hard axis of SRO). The applied ficld, although the maximum available at the instrument,
remains below the anisotropy field of approximately 12-14 T [75], implying that complete
magnectic saturation could not be reached under these conditions.

Figure 7.5(a—c) shows the experimental spin-asymmetry (SA) curves

op (RD)-(F-)

(R + (R (7-1)

obtained at the three temperatures, together with the corresponding fits. The use of
spin asymmetry isolates the magnetic contribution to the reflectivity by removing the
purely structural background [190, 192, 194, 202|. The oscillatory behavior observed in
all datascts indicates a finite magnetic contrast within the film, which increases slightly
upon cooling from 100 K to 5 K. Although the amplitude of the spin asymmetry is
small, consistent with the low magnetic moment determined by SQUID magnetometry,
the data provide sufficient sensitivity to extract reliable depth-resolved magnetic profiles.
A slight mismatch around the first minimum of the spin asymmetry is attributed to the
instrumental resolution and data merging procedure during PNR data reduction, rather
than to deficiencies of the structural/magnetic model.

The corresponding nuclear (nSLD) and magnetic (mSLD) density profiles derived from
the fits are shown in Fig. 7.5(d). The structural parameters obtained from PNR (film
thickness and interfacial roughness) agree well with those determined from XRR and
AFM, confirming the internal consistency of the model (see Table 7.1). Similar to the
XRR findings, the nSLD values arc uniformly reduced compared with stoichiometric SRO,
consistent with a gencralized Ru deficiency extending throughout the film thickness.

From the magnetic point of view, the mSLD profiles reveal a finite magnetization
across the entire SRO layer at all temperatures, with slightly enhanced values upon
cooling. The interface regions (surface and film /substrate) exhibit a significantly reduced
magnetic moment, ranging between 0.01 and 0.10 pp/atom, while the central region
of the film retains higher values consistent with long-range ferromagnetic order. The
average magnetization values extracted from the fits (0.13, 0.18, and 0.21 pp/atom at
100, 80, and 5 K, respectively), were calculated as the thickness-weighted mean of the
layer magnetizations,

2 Miti
(n) = S
in order to be comparable with the SQUID values, and arc in excellent agreement with
the macroscopic SQUID results. This consistency confirms that the reduced overall mag-

netization measured by SQUID arises from the depth-dependent distribution resolved by
PNR rather than from incomplete magnetic ordering.

(7.2)

The temperature dependence of the average magnetization obtained from PNR follows
the same trend as the SQUID results, but with subtle differences in magnitude that reveal
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Spin asymmetry [(R*)—(R™)]/[(R*)+(R~)] measured at (a) 100 K, (b) 80 K,
and (c¢) 5 K after ficld cooling the sample in a 4.8 T in-planc magnetic field.
Open symbols represent experimental data and solid lines the best-fit curves
obtained from the refined model. (d) Corresponding nuclear (nSLD, left axis)
and magnetic (mSLD, right axis) scattering length density profiles extracted
from the fits. The dotted vertical lines indicate the approximate positions of
the film interfaces and layer boundaries. The reduced nSLD relative to the
theoretical value for stoichiometric SRO indicates Ru deficiency extending
throughout the film thickness, while the mSLD profiles reveal finite magne-
tization across all temperatures, slightly suppressed near the interfaces.

Table 7.1.: Structural and magnetic parameters obtained from XRR, PNR, and SQUID
magnetometry. ¢ denotes the total film thickness, o.¢ the RMS interfacial
roughness, and (p) the average magnetization from PNR fits in pg/atom.
MOP and M correspond to the saturation magnetization obtained by SQUID
with the field applied out-of-plane and in-plane, respectively.

T (K) t(A)  owr (A) (p) (us/at.) MOP (up/at.) M™ (up/at.)
XRR (300) 382 (3) 13.7 (2) = B B
PNR (100) 406 (20) 15.6 (5) 0.13 (0.02) 0.174 0.045
PNR (80) 406 (20) 28.6 (5) 0.18 (0.02) 0.191 0.073
PNR (5) 407 (20) 28.6 (5) 0.21 (0.06) 0.412 0.154
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an evolution of the magnetization orientation. At 100 and 80 K, the (u) values derived
from PNR (0.13 and 0.18 pg/atom, respectively) closely match the out-of-plane (MOF)
magnctization obtained from SQUID, indicating that the magnetization vector remains
predominantly perpendicular to the film plane in this temperature range. However, at
5 K, the PNR~derived value (0.21 pug/atom) approaches the in-plane (M'F) component
measured by SQUID, suggesting a partial rcorientation of the magnetization vector to-
ward the film planc upon cooling. This temperature-driven canting behavior reflects the
competition between the strong PMA inherent to the strained SRO film and the Zeeman
energy associated with the large in-plane magnetic field applied during the PNR exper-
iment. Such reorientation of the magnetization is further supported by the off-specular
scattering data discussed below.

Complementary OSS maps (Fig. 7.6) reveal a central specular line at K; — Ky =0 and
diffuse scattering along the diagonals, characteristic of lateral roughness and interfacial
inhomogencity. The diffuse intensity remains nearly constant with temperature, but a
slight broadening at 5 K indicates subtle modifications in the lateral magnetic correla-
tions. This evolution can be attributed to a gradual canting of the magnetization vector
toward the film plane as temperature decrecases. In this scenario, the strong PMA con-
strains a finite out-of-planc component, while the in-plane field promotes the formation
of canted magnetic domains with locally varying orientations. The coexistence of these
domains, cach contributing differently to the in-plane projection of magnetization, ex-
plains the broadening of the diffuse scattering without a corresponding increase in total
intensity.

Given the substantial reduction in interfacial magnetization revealed by the PNR fits,
it is rcasonable to consider whether the top and bottom regions of the film behave as
magnctically inactive, or "dead" layers. Similar interfacial magnetic suppression has been
widely reported in correlated oxide thin films such as Lag7Sro3MnOs; (LSMO), where
non-magnetic layers of 0.8-1.5 nm were observed depending on substrate type and film
thickness [186]. In SRO, Horiuchi et al. [187] also identified a ~3 nm region near the
SRO/STO interface exhibiting reduced magnetization and conductivity. Other studies
have also reported that near-interface regions in SRO exhibit diminished ferromagnetism
or even non-magnetic behavior associated with disorder, stoichiometric deviations, or
strain cffects [188, 189]. Such effects are typically attributed to a combination of struc-
tural disorder, stoichiometric deviations, orbital reconstruction, or strain-driven distor-
tions at the interfaces [5, 203].

To evaluate whether the interfaces could be considered magnetically "dead”, an alter-
native model was tested in which the interfacial magnetization was constrained to zero.
However, this configuration did not yield reliable results compared to the model presented
here, where both interfaces retain a small but finite magnetic moment ranging from 0.01
to 0.10 ug/Ru. Although both models reproduce the general trend of the spin-asymmetry
curves, the "dead” layer model fails to capture the oscillation minima with the same ac-
curacy and shifts the position of the maxima, as scen by comparing the two cases in the
Appendix D. Furthermore, this model requires interfacial layers significantly thicker than
those determined by XRR, STEM-EDS, and the ones reported by Miynarczyk ct al. [74,
77|, reinforcing that such a description is not physically consistent. Therefore, the model
including minimally magnetic interfaces provides a more realistic representation of the
experimental data.

The strongly reduced interfacial magnetization inferred from this model could also arise
from an enhanced PMA near the interfaces, which would tilt the magnetic moments fur-
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Figure 7.6.: Off-specular neutron scattering maps acquired at (a) 100 K, (b) 80 K, and
(¢) 5 K for both spin channels (R* and R™). The maps display the central
specular line at K; — K; = 0 and diffuse diagonal bands associated with
lateral roughness and interfacial inhomogencity. The diffuse features broaden

slightly at low temperature, indicating modifications of the lateral magnetic
correlations within the film.
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ther out of the film plane. Since PNR is primarily sensitive to the in-planc magnetization
component, this effect would manifest as a reduced interfacial magnetic signal even if the
total magnetic moment were not substantially diminished. For these reasons, the fully
"dead" layer scenario cannot be sustained. Nevertheless, the intrinsically weak magneti-
zation of Ru-deficient SRO and the strong PMA of the material impose clear limitations
on the sensitivity of PNR, mcaning that the differences between the two models should
be interpreted within the experimental uncertainty of the technique.

7.1.6. Conclusions

The combined XRR, STEM-EDS, SQUID magnctometry, and PNR results provide a
consistent microscopic picture of the structural and magnetic propertics of Ru-deficient
SRO thin films grown by high-oxygen-pressure sputtering on Nb-doped STO substrates.
Despite the 20-25% Ru deficiency, the films maintain high crystalline quality, coherent
epitaxy, and well-defined PMA. The reduced nuclear SLD extracted from XRR and PNR,
together with the STEM-EDS mapping, reveals that the Ru deficiency is not confined
to the interfaces but extends through the entire film thickness, giving rise to a depth-
dependent compositional gradient.

Magnectization measurements confirm robust ferromagnetic order with a Toyrie near
159 K, but a strongly reduced saturation moment (0.4 pp/atom at 5 K) was observed,
consistent with disrupted Ru—O-Ru exchange interactions. PNR provides depth-resolved
evidence that the magnetization is not uniform, with interfacial regions exhibiting a
significantly smaller magnetic moment (0.01-0.10 pp/atom) than the film interior. The
analysis shows that a model with minimally magnetic interfaces reproduces the data most
accurately, while models with fully non-magnetic interfaces lead to unrealistic interfacial
thicknesses and degraded fits. This suggests that the interfacial magnetization, although
severely reduced, does not vanish entirely.

The temperature-dependent PNR and OSS data reveal a progressive canting of the
magnetization vector toward the film plane upon cooling, driven by the competition be-
tween strong PMA and the in-plane magnetic ficld applied during the experiment. Such
canting, combined with the compositional gradient and local strain, likely enhances the
magnetic anisotropy near the interfaces, further reducing the in-plane magnetization com-
ponent detected by PNR. These results indicate that the interfaces are not magnetically
"dead" but rather exhibit an enhanced PMA, which cannot be directly probed by PNR
since this technique is sensitive only to the in-plane component of the sample magneti-
zation.

In summary, these findings demonstrate that Ru deficiency in SRO not only diminishes
the total magnetic moment but also induces a pronounced magnetic depth modulation
governed by interfacial disorder and anisotropy effects. The results clarify the microscopic
origin of the reduced magnetization in non-stoichiometric SRO and establish a reliable
framework for interpreting interfacial magnetic coupling in YBayCuzO7_,./SrRuO;3 het-
crostructures discussed in the following section.
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7.2. Investigation of magnetic proximity effects in
YBa;Cu307_,/SrRuQ; heterostructure

7.2.1. Scientific context

Epitaxial heterostructures combining complex oxide superconductors and ferromagnets
provide a versatile platform for investigating the interplay between competing order pa-
rameters at the atomic scale. When superconductivity and ferromagnetism coexist within
nanometer-scale proximity, various proximity effects can arise, giving rise to unconven-
tional interfacial states [19, 23, 26]. The manifestation of these effects depends sensitively
on the magnetic anisotropy, clectronic correlations, and atomic structure at the interface,
offering opportunitics to engineer spin-polarized transport and superconducting spin-
tronic functionalities [4, 30].

In oxide-based superconductor/ferromagnet systems, such as YBayCuzOy . /StRuQO3
(YBCO/SRO), the strong spin-—orbit coupling and perpendicular magnetic anisotropy
(PMA) of SRO contrast with the d-wave superconductivity and anisotropic coherence
length of YBCO (&4 > £.). This combination allows the exploration of both the conven-
tional direct proximity effect, in which superconducting correlations penctrate into the
ferromagnetic layer, and the reverse or indirect proximity cffects, in which magnetic corre-
lations and spin fluctuations at the interface can modify the superconducting condensate
(24, 28, 29, 31, 204]. Understanding how these correlations influence the superconduct-
ing order paramcter is essential for clucidating the interfacial coupling mechanisms in
complex oxides.

In this work, we investigate proximity effects in a YBCO(22 nm)/SRO(22 nm) bilayer
cpitaxially grown on SrTiOjz (001) substrates. Building upon the results presented in
Section 7.1, which established the depth-resolved magnetic structure of Ru-deficient SRO
thin films, we focus here on whether the interfacial coupling between the superconducting
and ferromagnetic layers can give rise to detectable modifications in the magnetic depth
profile near the interface. To probe these phenomena with nanometer-scale resolution, we
cmploy polarized neutron reflectometry (PNR), which provides quantitative information
on both nuclear and magnetic scattering length densities (SLD) profiles. This technique
allows us to scarch for superconductivity-induced changes in the magnetic scattering
potential and to identify possible signatures of interfacial magnetic correlations within
the YBCO/SRO heterostructure.

7.2.2. Experimental details

The YBCO/SRO heterostructures investigated in this work were fabricated following the
same HOPS procedure described in Chapter 6. The main difference lies in the reduced
total thickness of the layers, with both YBCO and SRO films deposited to a nominal
thickness of approximately 22 nm. The heterostructures were grown on single-crystalline
SrTiO3 (STO) (001) substrates that had been chemically etched and thermally anncaled
to obtain atomically flat TiOz-terminated surfaces.

The SRO bottom layer was first deposited from a stoichiometric ceramic target under
optimized growth conditions similar to those discussed in Section 7.1.2, ensuring epitaxial
growth with pronounced PMA. Subsequently, the YBCO top layer was deposited under
conditions optimized to preserve oxygen stoichiometry and high crystallinity. The bilayers
were cooled down to room temperature in an oxygen-rich atmosphere to promote full
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oxygenation of the YBCO layer.

The structural and morphological characterizations were performed using high-resolu-
tion X-ray diffraction (HR-XRD), X-ray reflectivity (XRR), and atomic force microscopy
(AFM), following the same methodologies detailed in Chapter 6. Cross-scctional Trans-
mission Electron Microscopy (TEM) was performed on lamella prepared along the film/
substrate [110] crystallographic direction using a FEI Tecnai G2 F20 microscope to ver-
ify interface sharpness. Magnetic and transport measurements were carried out using
a superconducting quantum interference device (SQUID) magnetometer and a standard
four-probe geometry, respectively, to confirm the presence of superconductivity and to
assess the magnetic response of the bilayers.

PNR measurements were performed under the same experimental conditions deseribed
in subsection 7.1.2. The experiments were conducted at the Magnetism Reflectometer of
SNS-ORNL, using an in-planc magnetic ficld of 4.8 T applied along the [100] crystallo-
graphic direction. The samples were ficld-cooled in this field to the desired measurement
temperatures. The reflectivities for the spin-up (R+) and spin-down (R-) ncutron po-
larizations were recorded at various temperatures above and below the superconducting
transition temperature of YBCO.

7.2.3. Morphological and structural characterization

Figure 7.7(a) shows a topographical AFM micrograph of the STO substrate demonstrat-
ing the adequate TiOs2 surface termination. Local roughness values for the substrates
arc in the sub-nanometer range. AFM topography [Fig. 7.7(b)| and phase [Fig. 7.7(c)]
micrographs of the YBCO/SRO heterostructure deposited on the STO substrate suggest
the c-axis-oriented epitaxial growth of the YBCO layer, as indicated by the presence of
spiral features on the surface, more clearly visible in phase micrograph [71, 72, 160, 163,
164, 174]. CuO and BaCuO precipitates/nanoparticles formed during the YBCO post-
growth anncaling can be observed on the YBCO film surface as bright round features in
the AFM phase micrograph [168, 175, 205]. Local roughness value of 1.9 nm + 0.7 nm
were obtained by AFM in 2.5 x 2.5 pum?.

The YBCO c-axis orientation is further confirmed in the XRD pattern, shown in Fig.
7.7(d), where only YBCO (001) crystallographic reflections were observed, with no de-
tectable contributions from YBCO (h00) orientations. Additionally, Laue oscillations
around the STO (002) peak arc observed in Fig. 7.7(c), the highlighted region in Fig.
7.7(d), suggesting the high structural quality with a large coherent volume for this het-
crostructurc. A sharp interface between the YBCO and SRO films can be observed in
cross-sectional TEM micrograph [Fig. 7.7(f)], confirming the c-axis oriented growth and
epitaxial quality of cach layer.

Interestingly, when comparing the YBCO/SRO heterostructures presented in this the-
sis, the thicker one discussed in Chapter 6 and the thinner one analyzed in this scction,
a subtle variation in the density of spiral-growth features, associated with c-axis oriented
YBCO, is observed as a function of the YBCO thickness. This behavior differs from that
typically found in YBCO films directly grown on STO or MgO substrates, where the
development of spiral morphology and misfit-relief mechanisms strongly depend on film
thickness and oxygenation conditions [71, 161, 162]. In the present case, the underlying
SRO layer deposited on STO appears to act as a structural buffer layer, partially accom-
modating the lattice mismatch and thereby influencing the nucleation and growth mode
of the overlying YBCO. For thinner YBCO layers, a higher density of c-axis-oriented
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growth spirals is observed, while thicker layers tend to exhibit a mixed a— and c-axis
orientation. The AFM micrographs, particularly the phase images, clearly show that the
surface morphology of these films differs markedly, supporting this interpretation. Unfor-
tunately, the limited number of samples with systematically varied thicknesses prevents a
quantitative correclation between the spiral-growth density and YBCO thickness for films

grown on SRO/STO.
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Figure 7.7.: (a) Atomic force microscopy (AFM) micrograph of STO substrate prior the
YBCO/SRO heterostructure growth. Topography (b) and phase (¢) AFM
micrographs of the YBCO surface. (d) X-ray diffraction pattern around
STO {00!} family of plancs. The highlighted region in (d) is presented in
(¢), showing the heterostructure Laue oscillations around the STO (002). (f)
Transmission clectron micrograph of the YBCO/SRO interface.

Given the small total thickness of the heterostructure and the low local roughness ob-
tained from AFM measurements; it was possible to characterize the YBCO/SRO bilayer
by XRR. The experimental XRR pattern is shown in Fig. 7.8.

For the fitting procedure performed in GenX, we initially adopted the optimized block-
like model for the SRO layer obtained in Section 7.1, which includes a reduced clectronic
SLD throughout the film thickness and, more prominently, at the surface and substrate
interfaces. The color scheme representing cach layer follows that used in the previous
subsection 7.1.3. On top of this structure, a YBCO layer was added, resulting in the
configuration referred to as Model 1 [Fig. 7.8(a)|]. However, this model did not satisfac-
torily reproduce the Kiessig fringes and interfacial roughness, yiclding a relatively high
figurc of merit (FOM) of the order of 107! and noticeable residuals [Fig. 7.8(b)]. From the
simulation using model 1, a total thickness of 398 A + 12 A and an cffective interfacial
roughness of 11 A + 7 A were obtained.
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Figure 7.8.: (a) Structural model (Model 1) used to fit the X-ray reflectivity (XRR)
data of the YBCO/SRO bilayer on STO substrate. (b) Experimental XRR
data (black symbols) and corresponding simulation (red line) obtained using
Model 1, with the residuals shown below. The inset shows the corresponding
real part of the scattering length density (SLD) profile. (¢) Modified struc-
tural model (Model 2) including an additional low-density surface layer to
account for CuO and BaCuO surface grains observed in AFM. (d) Experi-
mental XRR data (black symbols) and simulation (red line) obtained using
Model 2, together with the residuals. The inset shows the SLD profile asso-
ciated with this model.
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To improve the fit, Model 1 was modified by introducing an additional low-density
surface layer of YBCO (light purple) with a thickness of approximately 40 A, forming
Model 2 [Fig. 7.8(c)]. This layer was included to account for the presence of fine partic-
ulates and surface grains observed in the AFM micrographs [Fig.7.7(c)|. These features
arc attributed to seccondary YBCO phases, such as CuO- or BaCuO-rich clusters not
incorporated into the epitaxial lattice, which are expected to have a SLD value close to,
but slightly lower than, that of bulk YBCO. Model 2 provides a significantly improved fit
quality compared with Model 1, accurately reproducing both the Kiessig fringes and the
overall interfacial roughness, as reflected by the lower FOM values (= 0.1) and smaller
residuals [Fig. 7.8(d)].

From the simulation using Model 2, a total thickness of 415 A + 9 A and an effective
interfacial roughness of 12 A + 4 A were obtained. The extracted thickness agrees well
with the nominal value estimated from the deposition rate, while the roughness is within
the same order of magnitude as the surface variations observed by AFM, though the two
quantitics are not directly comparable since XRR provides an average effective roughness
over the entire interface, whercas AFM measures local topographic fluctuations on the
film surface.

7.2.4. Magnetic and electrical transport characterization

Figure 7.9(a-b) displays the temperature-dependent magnetization curves measured un-
der zero-field cooled (ZFC) and FC protocols for the YBCO/SRO heterostructure. The
mecasurcments were performed under an external magnetic field of 10 Oc applied cither
parallel (in-planc) or perpendicular (out-of-plane) to the film surface.

In the ZFC measurement [Fig. 7.9(a)|, the sample was cooled to 5 K in the absence of
an cxternal field, after which the ficld was applied and the magnetization was recorded
during warming. A clear diamagnetic response appears below T, ~ 87 K, consistent with
the SC transition of the YBCO layer. The diamagnetic response is strongly anisotropic,
being significantly weaker for the in-plane configuration compared with the out-of-plane
direction, as shown in the insct of Fig. 7.9(a). This behavior is consistent with the
expected anisotropic screening currents in thin superconducting films, where the shiclding
is more cfficient for fields applied perpendicular to the film surface. This behavior reflects
the geometric confinement of the Meissner currents: the in-planc field configuration leads
to weaker diamagnetic screening due to the geometry of the thin film. Importantly, no
significant contribution from the ferromagnetic SRO layer is observed in the ZFC curves
below its Toure # 160 K, in cither field orientation. This absence of a magnetic signal is
attributed to the lack of net domain alignment in the SRO film during the ZFC procedure.
In this regime, the weak applied field (10 Oe) is insufficient to align the ferromagnetic
domains, particularly in a thin SRO films with a substantially reduced magnetic moment.

In contrast, the FC curves [Fig. 7.9(b)| acquired after cooling the sample under the
applied ficld reveal a clear magnetic contribution from the SRO layer. The out-of-planc
component shows a significantly larger magnetization, indicating a preferential orien-
tation of the magnetic moment perpendicular to the film planc. This observation is
consistent with the known PMA of SRO films grown on STO (001) substrates, where
the compressive strain and tetragonal distortion stabilize an out-of-planc magnetic casy
axis. The ferromagnetic contribution becomes discernible below Teyrie, as highlighted in
the inset of Fig. 7.9(b), where both in-plane and out-of-planc signals rise with decreasing
temperature.
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Figure 7.9.: (a) Zero-ficld-cooled and (b) ficld-cooled magnetization curves measured un-
der an applied magnetic ficld of 10 Oc parallel (in-plane, IP) and perpendicu-
lar (out-of-planc, OP) to the sample surface. The superconducting transition
temperature of YBCO (7. = 87 K + 0.5 K) and the Curic temperature of
SRO (Tcuiec = 158.6 K + 0.5 K) arc indicated. Inscts show magnified views
of the corresponding transitions. (c—f) Magnetic hysteresis loops acquired at
5K, 50 K, 80 K, and 100 K for both ficld orientations. The diamagnectic con-
tribution from the STO substrate was subtracted from the curves measured

at 80 K and 100 K.

Complementary insight into the magnetic anisotropy and superconducting—ferromagnetic
coupling behavior in the YBCO/SRO heterostructure is provided by the magnetic hystere-
sis loops shown in Figs. 7.9(c-f), measured at 5, 50, 80, and 100 K. At low temperatures
(5 K and 50 K), a pronounced PMA is clearly observed: the out-of-plane hysteresis loops
exhibit larger coercive fields and remanent magnetization compared with their in-plane
counterparts. In this temperature range, the diamagnetic background from the substrate
and the superconductor could not be reliably separated, as their contributions overlap
and remain nearly field-symmetric; therefore, the curves are presented in raw magnetic
moment (emu) units. A strong diamagnetic curvature superimposed on the OP loops
evidences the dominance of superconducting screening currents in this geometry at low
temperature.

At 80 K and 100 K, above or near T, the diamagnetic background originating from the
STO substrate was subtracted by fitting the high-ficld region of the magnetization curves,
where the superconducting contribution vanishes. After this correction, the loops reveal
that the magnetic response is dominated by the SRO layer, albeit reduced in magnitude
near T,. At 100 K, above the superconducting transition but still below Tyrie, only a
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weak ferromagnetic component remains, more pronounced in the OP configuration. The
reduced net moment at this temperature is consistent with the suppressed magnetization
expected for Ru-deficient SRO thin films, and the Mgp and Mjp values in p;/atom agree
well with those obtained for the SRO film discussed in Section 7.1.

A similar T, was obtained from zero-ficld cooled electrical transport measurements of
the YBCO/SRO heterostructure, in agreement with the value extracted from magnetiza-
tion data, as shown in Fig. 7.10(a). Ficld-dependent resistivity measurements with the
magnetic ficld applied parallel [Fig. 7.10(b)] and perpendicular [Fig. 7.10(c)] to the sur-
face of the YBCO/SRO heterostructure demonstrate the suppression of T, under applied
field, a characteristic behavior of superconductors.

The ficld-dependent response demonstrates the intrinsic anisotropy of YBCO, which
originates from its anisotropic superconducting coherence length £, significantly larger in
the ab crystallographic plane than along the c-axis. This anisotropy directly affects the
upper critical field (H.2), leading to a higher H% compared to HS, as clearly evidenced
by the more robust superconducting state when the magnetic field is applied parallel to
the planes.

In summary, the magnetization and clectronic transport results demonstrate that the
thinner YBCO/SRO heterostructure exhibits the coexistence of superconductivity and
ferromagnetism within the same temperature range. This coexistence, together with
the pronounced PMA of the SRO layer, provides favorable conditions for the emergence
of proximity effects at the nanometer scale. These findings motivated the PNR mea-
surcments presented in the following section, aimed at probing possible depth-resolved
magnetic correlations at the YBCO/SRO interface.

a T b TH C T,H
M 250 P(T,Hpp) 250 P(T,Hop)
1000 - YBCO/SRO € £ 60
T.=883K 200_?'.: 200_9-.;40 Y
800+ & 5 20
g / g Fi
- — 1507 il — 150 !
rst deriva 0 ] 1]
E soof e 1 B 83 86 89 ’J,‘I B 70 f llfl
[+] 2 00+ Q Temperature [K]4/J] Q i 4
= E = L ]l = 4
= wik g = 100 = T = 100 f_'_ 1T
2 100 3T J !r — 37T
fs
i % 5T 4 50 / i ‘. 5T 4
= 0 L 7 - 77T Vd ('/ / / " 7T
a5 90 a5 5 a
0 Temperature [K] 9T | 0 RO o A —. 9T
0 50 100 150 200 250 300 80.0 825 850 875 90.0 925 950 70 75 0] 85 90 95
Temperature [K] Temperature [K] Temperature [K]

Figure 7.10.: (a) Temperature-dependent resistivity of the YBCO/SRO heterostructure
measured in zero magnetic field. The superconducting transition temper-
ature (7. = 88.3 K £ 1.8 K) was determined from the maximum in the
first derivative of p(7T"), shown in the insct. (b) Resistivity curves mea-
sured under magnetic fields up to 9 T applied parallel (in-planc) and (c)
perpendicular (out-of-planc) to the sample surface. The insets display the
corresponding dp/dT curves, highlighting the shift and broadening of the
superconducting transition with increasing ficld intensity and different field
orientations.
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7.2.5. Neutron scattering characterization

To investigate the depth-dependent magnetic structure of the YBCO/SRO heterostruc-
ture and to scarch for possible signatures of an induced magnetic moment within the
YBCO layer, PNR mecasurements were carried out after ficld-cooling the sample in a
4.8 T in-planc magnetic ficld. The applied ficld was maintained during the entire mea-
surement, following the same procedure described in Section 7.1. The spin-dependent
reflectivities, R+ and R—, were recorded at 100 K, 80 K, and 5 K, temperatures sclected
to probe the system above and below both the superconducting 7, of YBCO and below
the Toure of SRO.

Given the low magnetization of the YBCO/SRO heterostructure, the splitting between
the spin-up and spin-down reflectivities is very small. Therefore, it is more convenient to
represent the data in terms of the spin asymmetry (SA), defined in Eq. 7.1. The resulting
SA curves and corresponding fits are shown in Fig. 7.11(a—c), together with the nuclear
(nSLD) and magnetization profiles in Fig. 7.11(d).
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Figure 7.11.: Spin asymmetry [(R*) — (R7)]/[(R*) + (R")] mecasured at (a) 100 K, (b)
80 K, and (c) 5 K after ficld-cooling the YBCO/SRO heterostructure in a
4.8 T in-plane magnetic ficld. Open symbols represent the experimental
data, and solid lines correspond to the best-fit curves obtained using Model
2. (d) Corresponding nuclear (nSLD, left axis) and magnetic (mSLD, right
axis) scattering length density profiles extracted from the fits. The dotted
vertical lines indicate the approximate positions of the film interfaces and
layer boundaries. The fitting model does not include any induced magnetic
moment within the YBCO layer, but provides the best agreement with the
experimental data, capturing the magnetic response of the SRO layer and
the interfacial structural parameters.
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The simulations were performed using Model 2, previously validated by the XRR anal-
ysis (subsection 7.2.3), in which the SRO layer is described by a reduced nuclear SLD and
smooth interfacial transitions to both the substrate and the YBCO layer. No induced
magnetic moment was included within the superconducting layer in this model. The
SA signal exhibits small amplitude and oscillates around zero, due to the low magnetic
contrast as expected for a weakly magnetized system. The fits accurately reproduce the
position and relative amplitude of the local minima and maxima in the SA curves, in-
dicating that the model reliably captures the subtle magnetic contribution of the SRO
layer. The negative SA values observed in certain (), regions simply reflect that R~ > R+,
which results from the chosen spin convention and from interference between the nuclear
and magnetic scattering terms.

The vertical dotted lines in Fig. 7.11(d) mark the approximate positions of the film
interfaces, while the apparent attenuation of the mSLD necar these boundaries reflects
interfacial magnetic roughness rather than any induced magnetization within YBCO.
The average magnetic moment extracted from the fits agrees, within the experimental
uncertainty, with the values obtained from SQUID magnetometry above T, consistent
with the low-moment behavior characteristic of Ru-deficient SRO.

To evaluate whether a magnetic moment could be induced within the superconducting
layer by proximity coupling, the model was refined to account for a possible magnetized
region at the lower interface of the YBCO layer, in direct contact with SRO, as indicated
by the shaded region in Fig. 7.12(c, f). This region represents a hypothetical zone affected
by the magnetic proximity cffect. Its thickness was set between 10 and 30 A, consistent
with the anisotropic superconducting coherence length of YBCO, which is particularly
short along the c-axis.

Two configurations were tested: in the first [Fig. 7.12(a—c)], the interfacial region was
allowed to carry a small finitc magnetic moment, whereas in the second [Fig. 7.12(d-f)]
it was constrained to remain non-magnctic. This comparative approach was used to
cvaluate the sensitivity of the PNR fits to a potential proximity-induced magnetization
at the YBCO/SRO interface and to verify whether the experimental data can distinguish
between these two physical scenarios within the uncertainty limits of the measurement.

In general, the calculated SA curves obtained from both models arc nearly identical
and reproduce the shape of the experimental data at 80 K and 5 K with good accuracy
[Fig. 7.12(a-b, d-¢)|. The positions and relative amplitudes of the minima and maxima
arc well captured, confirming the weak magnetic contrast of the heterostructure. The cor-
responding nSLD and magnetization profiles are shown in Fig. 7.12(c) and Fig. 7.12(f)
for the magnetic and non-magnetic interfacial configurations, respectively. In both cases,
the nSLD profile reproduces the expected YBCO/SRO/STO stacking sequence, confirm-
ing the structural integrity of the heterostructure. The mSLD profiles reveal that the
magnctization is confined to the SRO layer, with a gradual decay toward the interface
due to magnetic roughness. The inclusion of a magnetized interfacial region in the model
produces only a slight variation of the mSLD necar the YBCO/SRO boundary, remaining
within the uncertainty of the fit.

A subtle difference can be observed between the mSLD profiles obtained at 80 K and
5 K. At 80 K, just below T, the magnetic contrast at the YBCO/SRO interface ap-
pears slightly enhanced compared with that at 5 K, as indicated by the small variation
between the blue and green curves in Fig. 7.12(c). This effect could suggest that, in
the temperature range where superconductivity is not yet fully established, the ferro-
magnctic order in SRO is comparatively stronger and may more cffectively influence the
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Figure 7.12.: Comparison between refined polarized neutron reflectometry (PNR) mod-
cls including (a—c) or excluding (d-f) a possible magnetic moment induced
within the YBCO layer. The gray-shaded region in (c, f) marks the 10-30 A
interfacial zone between SRO and YBCO where the induced magnetization
was allowed in the fit. Open symbols represent experimental data and solid

lines the best-fit curves. Both models yield nearly identical fits and mag-
nctic SLD (mSLD) profiles, indicating that, within the sensitivity of PNR, it
is not possible to unambiguously determine whether a magnetic moment is
induced in the YBCO layer. The apparent mSLD attenuation inside YBCO
results from interfacial magnetic roughness rather than from an intrinsic

induced moment.
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interfacial region. At 5 K, where superconductivity dominates, the mSLD profile becomes
smoother and the apparent interfacial contribution is further suppressed, consistent with
the screening of magnetic ficlds by superconducting currents in YBCO. Although this
behavior qualitatively aligns with the expected competition between superconductivity
and ferromagnetism at the interface, the differences remain within the uncertainty of the
fit and cannot be taken as direct evidence of an induced magnetic moment.

Within the experimental sensitivity of PNR, no unambiguous evidence of a proximity-
induced magnetic moment in the YBCO layer was observed. This result is consistent
with the intrinsically weak magnetization of the Ru-deficient SRO layer and the strongly
anisotropic superconducting propertics of YBCO (&, > £.), which likely confine any
possible magnetic correlations to a region below the spatial resolution of the technique.
Despite this limitation, the present study provides a valuable experimental benchmark
for investigating magnetic proximity effects in complex oxide heterostructures with PMA,
highlighting the challenges associated with detecting such subtle interfacial phenomena
and offering a reference for future studies employing stoichiometric SRO layers with higher
magnetization and improved interfacial sharpness.

7.2.6. Conclusions

The combined structural, magnetic, transport, and ncutron reflectometry results provide
a comprchensive microscopic picture of the YBCO/SRO heterostructure and its interfacial
behavior. AFM and HR-XRD confirmed the epitaxial c-axis-oriented growth of YBCO on
SRO/STO with sharp interfaces and low roughness, while the XRR analysis demonstrated
that a two-layer YBCO model including a thin low-density surface region best represents
the experimental data.

Magnectization and resistivity measurements revealed the coexistence of superconduc-
tivity and ferromagnetism within the same temperature range. The SRO layer retains its
PMA despite the reduced Ru content and exhibits Toye # 159 K, while the YBCO layer
shows a sharp superconducting transition at T, » 87 K. The coexistence of both order
parameters establishes favorable conditions for investigating magnetic proximity cffects
at nanometer scales.

PNR provided depth-resolved insight into the magnetic configuration of the heterostruc-
turc. The analysis confirmed that the magnetic response arises primarily from the SRO
layer, with the magnetization gradually decreasing toward the interfaces due to magnetic
roughness. No unambiguous evidence of an induced magnetic moment in the YBCO layer
was found within the sensitivity of the technique. The apparent temperature-dependent
attenuation of the interfacial magnetic signal, from slightly stronger contrast at 80 K to
smoother profiles at 5 K, suggests the expected competition between ferromagnetism and
superconductivity but remains within the fitting uncertainty.

Taken together, these findings demonstrate that the magnetic and superconducting
states coexist without a detectable interfacial magnetic induction in this Ru-dcficient
system. The results emphasize the influence of SRO stoichiometry and the anisotropic
superconducting parameters of YBCO (&, > &) in limiting the extent of the proximity
effect. The present study establishes an experimental baseline for future investigations of
magnetic proximity coupling in YBCO/SRO heterostructures employing stoichiometric
SRO layers with higher magnetization and improved interfacial sharpness.

138



Chapter K —

Summary and Outlook

This thesis presents a comprehensive study on the growth, structural and magnetic op-
timization, and interfacial phenomena of complex oxide thin films and heterostructures
based on YBayCuzO7_, (YBCO) and SrRuO; (SRO). The work combines high-oxygen-
pressure sputtering (HOPS) deposition with advanced structural, magnetic, and neutron
scattering characterization techniques to investigate the coexistence and interplay be-
tween superconductivity and ferromagnetism at the nanometer scale.

The study begins with the growth and characterization of YBCO thin films deposited
by HOPS. A detailed investigation was conducted to understand the growth mechanisms
and cpitaxial relationships, including the coexistence of a- and c-axis oriented grains
as a function of deposition conditions and substrates used. Electrical resistivity and
magnctoresistance measurements demonstrated high-quality superconducting behavior,
while magnetic characterization provided insight into vortex dynamics and flux pinning.
These results not only clarified the growth mechanisms of YBCO under high-oxygen-
pressure sputtering but also established a reliable bascline for integrating YBCO with
ferromagnetic layers.

The second part addressed the optimization of SRO thin films. The cffects of depo-
sition temperature, oxygen partial pressure, and target—substrate distance were system-
atically evaluated. Despite exhibiting partial Ru deficiency under oxidizing conditions,
the SRO films maintained excellent epitaxy and displayed pronounced perpendicular
magnetic anisotropy (PMA). Combined X-ray reflectivity, scanning transmission clec-
tron microscopy with energy-dispersive X-ray spectroscopy (STEM-EDS), Rutherford
backscattering spectrometry (RBS), and polarized neutron reflectometry (PNR) revealed
a non-uniform magnetic depth profile, with reduced magnetization at both the film sur-
face and the substrate interface. These results indicate that Ru deficiency modifies the
local magnetic environment while preserving long-range ferromagnetic order. The trans-
port propertics showed insulating or bad-metal-like behavior, consistent with a strongly
correlated regime in which clectron localization coexists with weak ferromagnetism. The
persistence of PMA, possibly enhanced at the interfaces rather than suppressed, suggests
that the system can be characterized as a ferromagnetic insulator stabilized by interfacial
anisotropy effects.

The investigation of magnetic proximity effects was carried out using two types of
YBCO/SRO heterostructures with different layer thicknesses. In the thicker bilayers,
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magnetotransport measurements revealed an anomalous magnetoresistance feature near
the superconducting transition temperature, attributed to the interplay between the su-
perconducting and ferromagnetic order paramecters. The phenomenon arises from the
competition between the PMA of the SRO layer and the anisotropic superconducting
coherence of YBCO, demonstrating that interfacial coupling can modulate the electronic
transport, properties even in the absence of direct magnetic exchange.

In the thinner heterostructures, PNR was employed to probe the depth-dependent
magnctic structure with nanometer resolution. These measurements aimed to detect a
possible magnetic moment induced within the YBCO layer due to proximity coupling.
However, no unambiguous evidence of such induced magnetization was observed, con-
sistent with the weak magnetization of the Ru-deficient SRO layer and the short su-
perconducting coherence length along the c-axis. Together, these results demonstrate
that although magnetic proximity effects influence transport in thicker bilayers, their di-
rect magnetic signature in thinner systems remains below the sensitivity limit of current
ncutron reflectometry measurements.

Taken together, the results demonstrate that the coexistence of superconductivity and
ferromagnetism in these oxide systems can be achieved while maintaining high crystalline
quality and well-defined anisotropies. The findings provide a microscopic understanding
of how stoichiometry, growth conditions, and interfacial structure influence the balance
between magnetic and superconducting order, establishing a solid experimental founda-
tion for future studies of superconducting spintronic oxide heterostructures.

Future work will focus on completing and refining the ongoing optimization of SRO thin
films prepared by HOPS using Ru-enriched targets. The systematic investigation aimed
at minimizing Ru volatility and achieving stoichiometric films with enhanced transport
and magnctic propertics will be concluded. This study examines the influence of target
composition, deposition temperature, pressure, and power source configuration (RF or
DC), with the goal of establishing a reproducible route to high-magnetization SRO films.
In parallel, the growth of SRO by oxide molecular beam epitaxy (MBE), as previously
demonstrated at the institute by Dr. Markus Schmitz, or by pulsed laser deposition
(PLD) in collaboration with partner laboratories, could provide complementary insights
and enable direct comparison between different deposition techniques.

Once stoichiometric SRO films with robust ferromagnetism are available, the next step
will be a systematic investigation of magnetic proximity effects in YBCO/SRO bilayers
and multilayers with variable thicknesses. Such studies should combine the approaches
developed in this thesis with element-specific techniques such as X-ray magnetic circular
dichroism (XMCD) and X-ray lincar dichroism (XLD), which offer greater sensitivity
to ultrathin interfacial regions. These experiments would clarify the spatial extent and
microscopic nature of the proximity coupling, offering a deeper understanding of how
superconductivity and ferromagnetism interact across oxide interfaces.

By advancing the control of stoichiometry, film quality, and interfacial structure, these
future efforts will enable the design of well-defined oxide heterostructures in which the
balance between competing order parameters can be tuned with atomic precision. This
represents an essential step toward realizing functional superconducting spintronic and
quantum hybrid devices.
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Appendix A

High Oxygen Pressure Sputtering system —
User guide and growth protocol

This protocol and user guide were developed collaboratively by Vitor Alexandre de
Oliveira Lima and Prof. Dr. Mikhail 1. Faley (ER-C-1), ensuring a comprchensive ap-
proach. Dr. Nileena Nandakumaran and Dr. Ankita Singh assisted with the images and
provided valuable feedback on the guide. As of the writing of this thesis, the protocol
and guide are in version 3.0.

Introduction

High Oxygen Pressure Sputtering (HOPS) is a technique for growing thin films at oxygen
pressures higher than 0.5 mbar. This contrasts with conventional sputtering processces,
which usually operate at much lower pressures. Thin films prepared by HOPS exhibit
good homogeneity across the substrate surface, and their stoichiometry is predetermined
by the composition of the target.

In a sputtering process, atoms are cjected from a target made of the material to be
deposited. These atoms are released when the target is bombarded by ionized atoms of a
process gas. The sputtered material forms a plasma or plume, which is directed toward a
heated substrate to initiate film growth. Magnets mounted behind the target can further
direct the plasma toward the substrate, a process known as magnetron sputtering [116,
118].

The HOPS systems at Forschungszentrum Jiilich (FZJ) were developed in the carly
1980s by Prof. Dr. Ulrich Poppe and Prof. Dr. Mikhail Faley for the preparation of
high-temperature superconductors such as YBayCuzO7_, [71, 115, 116]. Over time, these
machines have also been used for the deposition of other materials, including complex
oxides and multiferroic systems [111, 118]. These instruments are patented, and therefore
any technical drawings or related material must not be distributed to third partics outside
FZJ.

The HOPS system described in this manual is located in laboratory room 65 of the
Julich Centre for Neutron Science (JCNS-2), part of FZJ. The laboratory supervisors are
Oleg Petracic (JCNS-2) and technician Frank Gossen (JCNS-2), who is responsible for
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A. High Oxygen Pressure Sputtering system — User guide and growth protocol

the HOPS machines.

The system consists of several interconnected instruments that operate together during
thin-film deposition. The deposition chamber (Fig. A.1) is maintained at a base pressure
between the low 1075 and ~ 1076 mbar range with the help of a Pfeiffer HiPace 80 turbo
pump and a screw-type backing pump. Thin films can be grown in pure oxygen (99.99%
purity) at pressures ranging from 0.5 mbar to 2.5 mbar.

Oxygen pressure is regulated using an MKS Type 250E pressure/flow controller, a sclf-
contained PID module that provides optimized closed-loop control of total gas pressure
or flow. The substrate heater is managed by a Eurotherm model 2404, which allows de-
position at temperatures up to 1100 °C. The heater is connected to a computer via iTools
software, which enables complex temperature processes such as ramps and post-anncaling
trecatments. The Eurotherm heater is shown in Fig. A.2, together with the vacuum mea-
surcment system (turbo pump, backing pump, bypass, and leak test) controller and the
MKS pressure/flow controller.

This HOPS machine can generate plasma using cither radio-frequency (RF) or direct-
current (DC) sputtering. In practice, RF sputtering is most commonly used, since the
available target configuration is optimized for this method. In RF mode, a frequency
of 13.56 MHz is applied to enhance clectron—ion collisions and increase the sputtering
ratc. The RF power supply is a Hiittinger PGF 300 RF gencrator, which enables plasma
powers up to 150 W. The RF gencrator is shown in Fig. A.3.

Figure A.1.: The JCNS-2 HOPS system.

The following sections provide detailed step-by-step instructions for safely operating,
maintaining, and documenting experiments with the HOPS system.

Safety: Always wear gloves, goggles, and use oxygen carcfully to avoid rapid venting
accidents.
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Opening the deposition chamber

The deposition chamber (Fig. A.4) is kept under high vacuum (107¢ mbar) and high
oxygen pressure during deposition. Follow the steps below to open it safely:

Figure A.4.: Deposition chamber.

1. Close the gate valve (Fig. A.5). Pull the pin, turn the valve to the left, and lock it
with the pin.

2. Close the three knobs for the turbo pump, pre-pump (vorpump), and bypass (Fig. A.6).

3. Hold the chamber lid with your left hand (Fig. A.7).

4. With your right hand, slowly open the venting valve (Fig. A.7, bottom) to admit
purc oxygen.

o

Vent gradually with periodic movements (3-5 s). Stop when the chamber reaches
1 bar.

6. Caution: If vented too quickly, the lid may fly open and cause injury. Always hold
the lid securely.

7. Use a screwdriver in the lid gap if needed to help release pressure.
8. Remove the external ring and the lid (Fig. A.8).
9. Wait about 3 minutes for the oxygen to disperse.

10. The chamber is now open.
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Figure A.5.: Closing the gate valve: pull the pin and turn the valve to the left. Lock it
with the pin.

Figure A.6.: Turbo-pump (turbopumpe), pre-pump (vorpumpe, screw-pump) and Bypass
valves/knobs pancl.
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Figure A.7.: Usc the left hand to hold the lid of the chamber and the right hand to vent
the chamber with pure oxygen.

Figure A.8.: Chamber lid without the external ring and open.
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Closing the deposition chamber

Close the chamber as follows:

1. Place the chamber lid back in position (Fig. A.9).

2. Open the screw pump (red box in Fig. A.10) until the vacuum gauge (green LED)
rcads 1072 mbar.

3. Close the screw pump knob. Then open the bypass and turbo pump knobs/valves
(blue boxes in Fig. A.10).

4. Open the gate valve: pull the pin, turn to the right, and lock it with the pin
(Fig. A.11).

Figure A.9.: Closing the deposition chamber.
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r—— Vakuum Messung
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Figure A.10.: Vacuum mecasurement is the green LED. Turbo and screw pump
nobs/valves and by pass knob/valve.
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Figure A.11.: Opening the gate valve: pull the pin and turn the valve to the right. Lock
it with the pin.
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Loading the substrate/sample in the deposition chamber

Load the substrate as follows:

1. Wearing gloves, place the frame on top of the heater block.
2. Hold the substrate with tweezers and insert it into the frames (Fig. A.12).

3. Note: Sclect the correct frame size for your substrate (5 mm x 5 mm or 10 mm X
10 mm).

4. Adjust the frame to avoid deposition on the heater block (Fig. A.13).

Removing the substrate/sample from the deposition
chamber

Remove the substrate as follows:
1. Open the deposition chamber (see Section A.2).
2. Move the frame aside on the heater block (left in Fig. A.13).

3. Wearing gloves, take the substrate from the heater using tweezers.

4. Place the substrate securely in the frame (Fig. A.12).

[

. Close the chamber (see Section A.3).
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Figure A.13.: Substrate adjusted on the frames on the heater block.
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Target positioning

The HOPS system has slots for five targets, spaced by » 67.5 mm (Fig. A.14). Each
target is identified by its position (c.g., Target 1 = Position 1). The list of mounted
targets, including material, formula, and position, is available on the board at the back
of the HOPS lab door.

At Position 0, no target is placed above the substrate/heater block (Fig. A.15). Move
the desired target into position manually or using computer control.

AR T T
L33 9934 Ll '

T T T e

' '-;-3,‘:-:.;.-.-..‘,'..;&&":'.'&-'.-_;-@_m!!'."-- RALLLLRLSERI 11117
1 N 2}

Figure A.14.: Distance between targets slots.
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Manual positioning:

3
2.

3.

Ensure the motor is switched off.
Rotate the wheel clockwise (Fig. A.16) until the desired position is reached.

To return to Position 0, rotate counterclockwise.

Computer positioning:

I
2.
3.

Open the MiniMove software (Fig. A.17, left).
Press Homing (red, 1).
Immediately press Stop (blue, 2).

Enter the position value (in tenths of a millimeter) corresponding to the target.
Example: for Target 1, use 675.

. Click Move to Pos (Fig. A.17, right).

To return to Position 0, set the position value to 0.

Figure A.15.: Position 0. No target positioned above the substrate/sample in the heater

block.
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Figure A.16.: Rotate clockwise to move forward a desired target to the deposition posi-
tion. Rotate counter-clockwise to return the target back.

Miri MiniMove
Exit Preferences
0pen 1 Kein Programm geladen!
Save
Save as
Start
Stop
< > |

] Length [1/10mm] [ !

[[endless 3 | Length [shane] [g il

Please do a reference run!

- a *
Reset i
Pasition Zero Position
Position Values 1/10mm Zero Position Values 1{10mm
675 0
Move to Pos. Teach +
Move to Zero Teach -
1/10mm
2  Stop 1 >
1 Homing Set Zero Pos.
current Position: --- [1/10mm] COM5

Figure A.17.: MiniMove software interface for automated target positioning.
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Adjusting the target—sample distance

Adjust the target-—substrate distance (Drs) before growth. This parameter directly influ-
ences the growth rate and film quality.

1. Use a screwdriver and a ruler to adjust the distance (Fig. A.18).
2. Refer to Table A.1 for correspondence between Drg and ruler values.

3. Examples of different Dyg are shown in Fig. A.19.

Figure A.19.: Example of Dyg = 0 cm (left) and Dpg = 1 em (right).

Table A.1.: Relation between the Dpg and the ruler values in cm.
Dypg (em) 00 1.0 15 20 25 3.0
Ruler (cm) 10.0 11.0 115 12.0 125 13.0
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Adjusting the oxygen pressure

Set the oxygen pressure only when the chamber is under vacuum with the following state:
» Gate valve: open
e Turbo pump and bypass knobs: open
e Pre-pump knob: closed
To set the pressure (Fig. A.20):

1. Close the gate valve. Keep turbo pump and bypass knobs open. Keep pre-pump
knob closed.

[}

. Open the controlled flow valve (blue box). A half turn is sufficient.
3. Sct the desired pressure using the valve in the green box.

4. Switch from Close to Auto (red box) to start oxygen flow at the set pressure.

M|

5. Record the oxygen pressure values (setpoint, MKS reading, and VM) in the loghook.

6. Note: For pressures above 2.25 mbar, slightly close the bypass valve (Fig. A.21).
After the experiment:

1. Switch from Auto back to Close (red box).

2. Close the controlled flow valve (blue box).

3. Open the chamber following Section A.2.
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Figure A.20.: Vacuum mecasurement and MKS panecl. Follow the instructions to insert
oxygen into the chamber under a controlled value of pressure.
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—
—
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—
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—
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—
—

Figure A.21.: Remember to close the bypass valve for sputtering experiment with pres-
sures bigger than 2.25 mbar.
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Adjusting the radio-frequency (RF) generator
Oxygen is used as the process gas, and the RF gencrator supplies the plasma power. A
stable plasma requires both pressure and RF power. Caution: Never switch on the

RF generator while the chamber is under vacuum.
To turn on the RF generator (Fig. A.22):

1. Press the green button on the RF generator pancl.

2. Increase forward power (FWDP) by turning the wheel or using the +/— buttons.
3. Keep reflected power (REFP) at 0.

4. If REFP # 0, adjust the variable capacitor C, and C; valucs.

To tune C; and C;i:

1. Press F3 on the RF pancl.

2. Press F2 to select either C; or C,.

[N

. Adjust values with the wheel or +/- buttons until REFP = 0.

4. Press F3 or F4 to exit.

o

. Record FWDP, REFP, DC-BIAS, C;, and C, values in the logbook.
To turn off the RF generator:
1. Reduce FWDP to 0 using the wheel or +/— buttons.

2. Press the red button on the RF panecl.

_ f&FdGE - m
Iy 8

458349

HUTTINGER Elektronik

Figure A.22.: RF gencrator pancl.
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Controlling the heater temperature

The growth temperature can be controlled cither by computer or manually (in case of
computer malfunction). The HOPS computer remains on at all times. Restart the
computer or the iTools program before starting any process.

To start a temperature program:

L,

10.

11.

12.

13.
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Open the iTools interface.

On the welcome page, sclect the second option in German: FEzistierend Clone Datei
bearbeiten (offline Konfiguration).

Open the file alte Config.uic (Fig. A.23).
In the iTools interface, click Abfrage to connect to the Eurotherm controller. Syn-

chronization takes 2-3 minutes.

a) After synchronization, a Eurotherm icon will appear at the bottom of the
interface, showing temperature and setpoint (Fig. A.24).

b) Press Abfrage again if needed.

. Click Programmgeber to open the temperature program cditor.

Review the loaded temperature program (Fig. A.24).
a) RMP.T = temperature ramp (target setpoint and time to reach it).

b) DWEL = dwell step (constant temperature for a set time).

Configure a temperature recipe suited to your growth. Respect the heater limits.
a) Typical heating ramp: 11.7°C/min.
b) Typical cooling ramp: 23.3°C/min.

Note: The heater has no active cooling system. To accelerate cooling after growth,
close all valves and fill the chamber with 800 mbar of oxygen. This improves heat
transfer and allows sample removal on the same day.

Upload the recipe to the Eurotherm controller by clicking the third icon above
Program parameter.

On the Eurotherm controller, press Run.

Monitor the program by sclecting Operator — Run. The programmer tab will
display the steps (Fig. A.25).

Do not change the program once it is running. To modify parameters, first stop
the program.

To stop, press and hold Run on the Eurotherm controller. Then reconfigure as
needed.



Tuning the temperature feedback

Perform this step only if the heater is unstable (temperature oscillates around the set-
point).

1.
2.

Run a program with a sctpoint above 700°C and a DWEL step of 3 hours.

Once the setpoint is reached, activate the ATUN function by cnabling the tunE
paramecter.

The heater will oscillate around the setpoint in a controlled way to adjust the PID
constants.

After tuning, the heater will stabilize at the setpoint (Fig. A.26).

I Tooks Wizard = X

A Willkommen bei iTools Wizards

a Neue Clone Datei erstellen

._i Existierende Clone Datei iten (offline

% Konliguriert ein an den PC angeschlossenes Gerat

L Willkommen bei iTools Wizards

‘.'n,Opm

4 E » ThisPC » Documents »
Organize = MNew folder
Mame
o Quack access
Backup ait

- o ckup altes System
Bahe(oﬂﬁg.ux
4 Downloads

% Documents
= Pictures
B Music
B Videos

@ OneDrive - Personal

>

+| | ecls Clone Dateien (i)

i e

Figure A.23.: Opening the iTools program.
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Figure A.24.: iTools interface.
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Figure A.26.: Tuning the temperature feedback.
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Suggested protocol for sample growth

1.

Insert the substrate into the deposition chamber and set the target—substrate dis-
tance (Drg).

Pump down the system overnight.

Pre-sputter the target for at least 24 hours before growth. This cleans the target
and ensures stable conditions (substrate temperature, RF power, oxygen pressure).

Pump down the system overnight again.

Start the growth:
a) Sct the oxygen pressure.
b) Switch on the RF gencrator.

¢) Raise the heater to the growth temperature (this acts as a short pre-sputtering).
Allow the sample to cool to room temperature before removal.

Record all parameters used during cach stage in both the HOPS logbook and the
IFF samples databasc (https://iffsamples.fz-juelich.de).

Organization of the HOPS logbook

Always document experiments clearly, legibly, and with as much detail as possible in both
the HOPS logbook and the IFF samples database (https://iffsamples.fz-juelich.
de). Include:

. Date and description of the experiment (c.g., anncaling a substrate, growth of

YBCO on MgO (100)).
Base pressure at the beginning of the experiment.
Process gas information (setpoint, MKS rcading, VM valucs).

RF generator parameters: target material and position, Forward Power (FWDP),
Reflected Power (REFP), DC-BIAS, and capacitor constants C; and Ci.

Temperature recipe (include a quick sketch/graph if possible).
Start and end times of the process.
Date and time when the chamber was closed and pumping resumed after the ex-

periment.
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Maintenance

Specifying the targets

The targets used in the HOPS machine consist of 2”7 diameter x 0.125” thick material,
bonded with Indium to a 2” diameter x 5 mm thick Copper backing plate. The backing
plate is used to avoid any target damage during the shipment and should be removed. The
target is then bonded on the target holder, with are magnets inside, by the responsible
technician. The target holder and the magnets arrangement are shown in Fig. A.27.

" Dum my télrget

Targ_e__t holder

——i

Figure A.27.: (a) Dummy target mounted in the target holder. (b) Target holder parts,
illustrating the magnets inside it.

Mounting the target

Once the target is bonded to the target holder, it can be mounted on the HOPS machine.
Make sure the machine is switched off and that the RF generator is also switched off.
Then, disconnect the RF generator cable from the target arm, as shown in Fig. A.28.

After that, vent and open the HOPS machine as described in Section A. Once the
deposition chamber is open [Fig. A.29(a)|, remove the screws [Fig. A.29(b-d)] and pull
out the part where the targets are mounted inside [Fig. A.29(c-f)| far enough to provide
sufficient working space. If necessary, manually move the target arm to position 3 or 4
to create more space.

The target can now be connected to the target arm using rubber and Al,O3 insulating
rings. The arrangement of these insulating parts depends on the plasma type (RF or
DC), as illustrated in Fig. A.30.

Mounting procedure:

1. Connect the pin and insert the screws of the target arm on the backside of the
target [Fig. A.31(a-b)].
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2. Ensure that the rubber and Al,O5 rings arc properly cut and aligned with the
screws and screw holes so that the target fits correctly [Fig. A.31(c)].

3. Tighten the screws on the top of the target arm [highlighted in red in Fig. A.31(d)],
sccuring the target in place.

4. Tighten the screw inside the target [highlighted in blue in Fig. A.31(d)] to fix the
connection between the target arm and the target.

5. After these steps, the target should be properly mounted, as shown in Fig. A.31(e).

Final assembly of the target holder:

To finalize the mounting, attach the final structure of the target holder [Fig. A.32(a)]
to the target arm. This structure consists of two independent parts [Fig. A.32(b)], which
must be properly connected with several Al,O5 rings placed internally. These rings have
specific diameters and thicknesses [Fig. A.32(c)|] and must be arranged alternately at the
bottom of the structure [Fig. A.32(d)|. Finally, add a hollow Al,O5 cylinder [Fig. A.32(c)]
and connect the structure to the target arm by tightening the screws [Fig. A.33(a-c)|. If
necessary, tighten up the bottom part of the external structure of the target to have it
more adjusted [Fig. A.33(d)].

Disassembling the target
To disassemble the target, simply follow the steps described above in reverse order.
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=

Figure A.28.: (a) Switch off the power supply of the HOPS machine. (b) Make sure that

the RF gencrator is switched off. (¢) Disconnect the RF generator cable
from the target arm.
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Figure A.29.: (a) Vent the deposition chamber and remove the lid. (b-d) Completely
remove these screws. (¢) Pull the assembly to the right to access the target
arm. (f) Free target slots.
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Target holder

Target

Rubber ring

Target holder

Target

Figure A.30.: Arrangement of rubber rings and Al,O3 rings for RF plasma (top) and DC
plasma (bottom).
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Figure A.31.: (a—c) Insert the target into the target arm with the appropriate rubber and
Al O3 rings. (d) First tighten the screws of the target arm, then secure the
connecting pin. (¢) Final view of the mounted target.
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Figure A.32.: (a-b) External structure of the target holder. (c-d) Diameter and thickness
of Al,O5 rings that should be mounted on the bottom part of the external
structure. (¢) Hollow Al,O3 cylinder.
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Figure A.33.: (a-c) Connect the structure to the target arm by tightening the screws. (d)
If necessary, tighten up the bottom part of the external structure of the
target to have it more adjusted.






Appendix B

X-ray and Neutron calculated /theoretical

Scattering Length Densities

The scattering length density (SLD) describes how the material interacts with inci-
dent X-rays or ncutrons, providing information about clectron density (X-rays) or nu-
clear/magnetic contrast (neutrons). It is a fundamental factor used for modeling reflec-
tivity profiles or interfaces. The SLD is a measure of the material’s scattering power per

unit of volume.

For X-rays, the SLD is proportional to the number of clectrons in the atom (approx-
imated by the atomic form factor) while for neutrons it is the average of the scattering
length of atoms in the material (usually approximated by the coherent scattering length).
Table B.1 provides the X-ray form factor (fy) and the neutron coherent scattering length

(b) for the clements present in the SrTiO3, StTRuO3 and YBasCuzO7_,.

Table B.1.: X-ray form factor (fy) and the ncutron coherent scattering length (b) present
in the SrTiO3, SrRuO3 and YBayCuz07_,.

Element

X-ray form factor [dimensionless|

Neutron [fm]

Sr
Ti
O
Ru
Y
Ba
Sr

38
22
8
44
39
56
29

7.02
-3.4
5.8
7.03
7.75
9.07
7.72

Therefore, we can calculate the Scattering Length Densities (SLD) for X-rays and
Neutrons accordingly to the equations below.

SLDX—mys =

i :
“ iﬂ Tt:fﬂ,i

i

Vol. Unit Cell

and

(B.1)
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B. X-ray and Neutron calculated/theoretical Scattering Length Densities

aloms b:
i

SsLD e s = '
S Neutrons Z Vol. Unit Cell

The calculated SLD values for SrTiO3, SrRuO3 and YBayCuszO;_, are shown in Tab.
B.2.

(B2)

Table B.2.: X-ray and Necutron calculated SLD values for the materials in study.
Material ~ SLDx Rays [re A  SLDNeutrons [1076 A~2]

SrTiO4 1.410 3.53
SrRuQ;, 1.746 5.181
YBayCuz07_, 1.6939 4.704
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Appendix C

Samples prepared in the optimization
process

This appendix summarizes the structural and morphological parameters obtained from
atomic force microscopy (AFM), High-resolution X-ray diffraction (HR-XRD), and X-ray
reflectivity (XRR) for the Ru-deficient SrRuO3 (SRO) thin films prepared during the
optimization of the growth conditions.

The first sct of tables compiles the results for films grown at room temperature, which
were used to evaluate the plasma stoichiometry and verify the composition of differ-
ent sputtering targets. The extracted parameters include the film thickness, interfacial
roughness, and scattering length density (SLD) obtained from the XRR fits.

In GenX, the figure of merit (FOM) quantifies the deviation between the experimental
and simulated reflectivity curves, with values on the order of 1072 typically indicating good
agreement (sce Ref. [143] and the GenX user guide for additional details). It is important
to note that GenX does not provide the statistical uncertainty (standard deviation) of
the fitted paramecters, such as thickness, roughness, and SLD. Therefore, to estimate
the uncertainty of a given paramecter, it must be manually varied around its best-fit
valuc while monitoring the degradation of the FOM. For the SLD values, the resulting
deviations are extremely small and arc therefore not included in the tables presented in
this appendix.

Subsequent tables present the optimization of the target—substrate distance (Drg) and
its effect on the film thickness and surface morphology, as determined by AFM and
XRR, followed by the study of the deposition temperature (Tye,) and the influence of
the forward sputtering power (FWDP) and oxygen partial pressure (Pg,) on the layer
density and interfacial roughness. In all these series, the other growth parameters were
kept constant, and the films were deposited using a stoichiometric SRO target.

Finally, the last table summarizes the temperature-optimization results for films grown
from the Ru-deficient SRO-143 target. In this case, AFM, XRD, and XRR data, including
the fit of the Lauc oscillations observed in the HR-XRD patterns, arc presented together,
showing the evolution of the film thickness, crystallinity, and roughness as a function of
] [ .

For reference, the optimized parameters (Opt. Params.) in cach optimization pro-
cess are indicated in the corresponding tables. The term Sample structure (or simply
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C. Samples prepared in the optimization process

Structure) represents the block-like stack of layers on the substrate used to model the
XRR data. The local roughness (oapy ), corresponding to the RMS roughness, was cal-
culated over 2x2 pm? scan arcas across the sample surface. The film thickness (fxgrr),
interfacial roughness (oxgg), SLD, and FOM are reported in all tables, illustrating the
gradual reduction of SLD across the film and particularly at the interfaces (surface and
film-substrate interface).

The thickness values extracted from the fit of the Laue oscillations in the HR-XRD pat-
terns of the films grown from the SRO-143 target further demonstrate the high structural
coherence of these samples, despite the considerable Ru deficiency.

Table C.1.: XRR paramecters for SRO thin films deposited from stoichiometric SRO target
on Si substrates at room temperature. Dpg, Po, and FWDP were kept at 2.5
cm, 1.5 mbar and 100 W, respectively.

Sample structure t [A] oxpr [A] SLD [r,A3] FOM

Surface 1+05 7.7+02 0.868
SRO film 366 +4 163 +4.3 1277 5.96x102
Si substrate — 83 +21 0.855

Table C.2.: XRR paramecters for the SRO thin film deposited from the SRO-143 target
on Si substrate. Drg, P, and FWDP were kept at 2.5 cm, 1.5 mbar and 100
W, respectively.

Sample structure  t [A]  oxgr [A] SLD [r,A3] FOM

Surface 56 +44 178 +1.2 1.087

SRO film 667 +3 46+04 1.509 5
Interface 15+3 148102 1.214 13310
Si substrate — 5+ 3 1.250
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Samples prepared in the optimization process

C.

Table C.4.: AFM and XRR parameters of SRO thin films grown at different deposition temperatures (T4ep) with Drg = 2.5 ¢cm and (Po,,
FWDP) = (1.5 mbar, 100 W).

Opt. Params. Structure  oarm [nm] t [A] oxrr [A] SLD [r.A-3] FOM
Surface 123 +25 7.0+5.0 0.885
Taep = 560 °C SRO film 0.24 + 0.01 142 +6 7.0 £ 5.0 1.699 1.10x10-!
Interface 70+£50 10=+0.5 2.048
STO substrate —_ — 5+ 1 1.480
Surface 25 + 3 9.0+ 1.0 1.415
Taep =673 °C SRO film 3.2+1.1 432 £ 7 3o+ 225 1.623 8.92x10-2
Interface 75+£65 6.0+x4.0 1.552
STO substrate — — 12+5 1.510
_ . Surface 80+50 182+21 1.183 5 1012
Taep =897 °C SRO film 3.3 £0.8 184 £ 200 7.0+ 1.0 1.647 715x10
STO substrate — — 7+1 1.50
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Samples prepared in the optimization process

C.

Table C.6.: AFM, XRD, and XRR parameters of SRO thin films grown from the SRO-143 target at different deposition temperatures
(Tgep) with Drg = 2.5 cm and (Po,, FWDP) = (1.5 mbar, 100 W).

Opt. Params. Structure oarm [nm|  txrp E txRR TE OXRR Ew SLD [r. A-3] FOM
Surface 31 6+£3 0.512
Tyep = 975 °C SRO film 29+£04 180 £ 3 183 £ 3 27 + 3 1.730 8.92x1072
Interface 12+ 5 7+3 1.640
STO substrate — — — 4 +2 1.540
T Surface . 1+£05 17.5+0.5 0.134 "
Tyep = 897 °C SRO film 2205 1553 171 < 3 1 %05 1681 9.07x10
STO substrate — — — 10+ 3 1.480
o PER & Surface 1+£0.5 12 + 2 0.072 ar
Taep = 785 °C SRO film 028 +0.04 1833 195 5 1405 1.680 1.21x10
STO substrate — — — 8+3 1.490
o Surface 1+0.5 5+4 0.131 o
Tgep = 673 °C SRO film 0.34 £+ 0.01 163+ 3 178 + 3 15 « 3 1670 1.41x10
STO substrate — — — 2+1 1.430
o o Surface 3x1 21 0.071 &
Taep = 560 °C SRO flm 0.70 £ 0.10 166 + 3 170.5 + 6 15 + 2 1.620 9.45%10
STO substrate —_ — — 12+1 1.010
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Appendix D

Comparison between models used in PNR
data analysis

To cvaluate the sensitivity of the polarized neutron reflectometry (PNR) analysis to
the interfacial magnetic configuration, an alternative fitting approach (Model 4B) was
implemented, in which the magnetization at both interfaces was constrained to zero. This
contrasts with the model discussed in the main text (Model 4A), where the interfaces
rctain a small but finite magnetic moment. The purpose of this test was to examine
whether a magnetically dead layer scenario could also reproduce the reflectivity data,
with comparable quality.

Figures D.1 and D.2 display the reflectivity fits obtained using both configurations
at 100, 80, and 5 K. Although the dead-layer model reproduces the global amplitude
of the curves, it fails to capture the fine oscillation structure with the same accuracy,
particularly in the @, range of 0.04-0.06 A-1, where the maxima are shifted while the
minima remain nearly fixed (sce the insets). This discrepancy becomes more pronounced
at low temperature. Morcover, the best-fit structural parameters for Model 4B required
significantly thicker and more diffuse interfacial regions than those obtained from XRR
and STEM-EDS analyses, or those reported in similar sputtered SRO films [74, 77).
These inconsistencies indicate that the assumption of completely non-magnetic interfaces
does not provide a physically sound description of the experimental data.

The corresponding nuclear SLD and magnetization profiles obtained from Model 4B
arc shown in Fig. D.3. In this configuration, the complete suppression of the interfacial
magnetization produces broader and more diffuse transition regions in both the nuclear
and magnetic SLDs, indicating that the model compensates for the absence of interfa-
cial moments by artificially incrcasing the interface thickness. In contrast, the model
with partially magnetic interfaces (Model 4A) reproduces the reflectivity periodicity and
amplitude more accurately while yiclding structural parameters consistent with comple-
mentary measurements.

It is worth noting, however, that the intrinsically low magnetic moment of the Ru-
deficient SRO film and its pronounced perpendicular magnetic anisotropy (PMA) limit
the sensitivity of the PNR measurements. Under these conditions, distinguishing between
truly non-magnetic interfaces and regions where the magnetization is strongly canted
or locally enhanced in the out-of-plane direction becomes challenging. Therefore, the
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D. Comparison between models used in PNR data analysis
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Figure D.1.: Polarized ncutron reflectivity curves (R+ and R-) and corresponding fits
using Model 4A, in which the interfacial regions retain a small finite mag-
netization. Insects highlight the oscillation minima region in @),.
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Figure D.2.: Same data as in Fig. D.1 fitted using Modcl 4B, where the interfacial mag-
nctization is constrained to zero. Note the shift in the oscillation maxima

and the poorer agreement near the first minimum.
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D. Comparison between models used in PNR data analysis

subtle differences observed between Models 4A and 4B should be interpreted within the
experimental resolution of the technique.

The analysis presented in this appendix demonstrates that enforcing magnetically
dead interfaces leads to a slightly inferior description of the reflectivity data and to
structural parameters inconsistent with independent measurements. The adopted model
(Model 4A), which incorporates finite interfacial magnetization, provides a more robust
and physically meaningful representation of the depth-dependent magnetic structure of
Ru-deficient StTRuQOg thin films. These results highlight the importance of considering in-
terfacial magnetic contributions even in systems with low overall magnetization, as they
can play a decisive role in shaping the measured PNR response.

T T T T T 0‘40
e d NSLD 100 K
OE" 6 —— Magnetization 100 K
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Figure D.3.: (a—¢) Spin-asymmetry curves measured at (a) 100 K, (b) 80 K, and (c¢) 5 K,
together with the best-fit simulations obtained using Model 4B, in which
the magnetization at both interfaces was constrained to zero. Open symbols
represent experimental data and solid lines the corresponding fits. Although
the overall oscillation amplitude is reproduced, the model with magnetically
dead interfaces fails to capture the periodicity and intensity of the first min-
ima and maxima with the same accuracy as the model presented in the main
text (Model 4A). (d) Nuclear (nSLD, left axis) and magnetic (magnetiza-
tion, right axis) scattering-length-density profiles obtained from the fits at
100, 80, and 5 K.
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