
Structural, electronic and magnetic properties
of infinite-layer nickelate heterostructures and

polycrystals

Von der Fakultät Mathematik und Physik der Universität Stuttgart zur Erlangung der
Würde eines Doktors der Naturwissenschaften (Dr.rer. nat.) genehmigte Abhandlung

Vorgelegt von

Roberto Antonio Ortiz
aus Tegucigalpa, Honduras

Hauptberichter: Prof. Dr. Bernhard Keimer
Mitberichter: Prof. Dr. Harald Giessen
Prüfungsvorsitzende: Prof. Dr. Maria Daghofer

Tag der Einreichung: 27.06.2022
Tag der mündlichen Prüfung: 27.07.2022

Max-Planck-Institut für Festkörperforschung
Universität Stuttgart

Stuttgart, 2022





Contents

Abstract v

Zusammenfassung ix

Abbreviations xiii

Introduction: Transition Metal Oxides 1

1 The Rare-Earth Nickelates 7
1.1 Bulk properties of perovskite nickelates . . . . . . . . . . . . . . . . . . . . 7
1.2 Perovskite nickelate heterostructures . . . . . . . . . . . . . . . . . . . . . 15
1.3 Superconductivity in infinite-layer nickelates . . . . . . . . . . . . . . . . . 24

2 Synthesis: growth and chemical treatment 35
2.1 Pulsed Laser Deposition (PLD) . . . . . . . . . . . . . . . . . . . . . . . . 35
2.2 Topochemical reactions in oxides . . . . . . . . . . . . . . . . . . . . . . . 39

3 Characterization Techniques 43
3.1 Elastic x-ray scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.2 X-ray sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.3 Transport Measurements: Resistivity . . . . . . . . . . . . . . . . . . . . . 64

4 Infinite-layer nickelate heterostructures 67
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.2 Nickelate/scandate superlattices . . . . . . . . . . . . . . . . . . . . . . . . 71
4.3 LaNiO2−δ/LaBO3 (B = Ga, Al) superlattices . . . . . . . . . . . . . . . . . 80
4.4 Nickelate/SrTiO3 superlattices . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.5 Orbital reflectometry of infinite-layer nickelate superlattices . . . . . . . . . 94
4.6 Comparative study of infinite-layer nickelate superlattices . . . . . . . . . . 103

5 Polycrystalline infinite-layer nickelates 109
5.1 LaNiO2+δ and NdNiO2+δ samples . . . . . . . . . . . . . . . . . . . . . . . 110
5.2 Magnetic correlations in bulk infinite-layer nickelates . . . . . . . . . . . . 112

6 Summary and outlook 119

Appendices 125

A Crystal structure factors 125

B XAS of pristine nickelate superlattices 127



C XAS at the Gd, Dy, Sc and Ti absorption edges 129

D LaNiO2+δ/SrTiO3 superlattices 131

E Structural model and fittings from reflectivity 133

F Reflectivity preliminary data 135

G Reflectivity homogeneous charge fits 137

H Reflectivity uniqueness test results 139

Bibliography 141

Acknowledgements 167

List of Publications 169



Abstract

Materials composed of transition metal oxides possess various properties that arise from
the correlated interplay between their elements. The interaction between the compo-
nents of these materials results from the synergy involving the spin, charge, orbital, and
structural degrees of freedom. Therefore, tuning and controlling these degrees of freedom
by fabrication processes or external stimuli like temperature, pressure, or chemical dop-
ing becomes a central topic in current condensed matter research. Nowadays, modern
technological developments and synthesis routes enable the combination of compounds
to achieve modifications of one or more of their individual properties in the resultant
composite. This procedure can also trigger different electronic, magnetic, and lattice cor-
relations that allow the emergence of complex phases like multiferroicity, ferroelectricity,
and spin glassiness and the observation of exciting quantum phenomena such as super-
fluidity and unconventional superconductivity. In particular, an oxide heterostructure is
a material created by depositing several layers of one or more compounds on top of a
single crystal substrate, which is usually orders of magnitude larger in size. One par-
ticular region of interest is the interface between these oxides, where additional effects
like spatial confinement, charge transfer, structural distortions, and exchange interactions
play an essential role. However, the correct mixture of parameters used to achieve new
fascinating phenomena requires a deep understanding of the complex physics that governs
these systems individually. In addition to heterostructuting, another way to obtain new
properties in as-grown materials is by altering their stoichiometry. This modification can
be achieved by producing a chemical reaction ignited by a reactant compound. In the case
of oxide materials, removing oxygen atoms leads to significant changes in the electronic
and structural properties and the occurrence of phase transitions.

In this doctoral thesis, we focus on the study of a prominent group of transition metal
oxides, the infinite-layer rare earth nickelates with composition RENiO2. At present,
these materials can only be obtained by the synthesis of the perovskite RENiO3 and their
subsequent topotactic transformation. Much research on these materials has been devoted
to bulk crystalline samples; however, the investigations have also been focused on the thin
film form in the last decades. The perovskite rare-earth nickelates, which are the precursor
of the infinite-layer phase, are materials that present a robust metal-to-insulator transition
and an exotic antiferromagnetic order. These properties and their correlation have been
studied for many years, and the results from the analysis have been portrayed in a rich
phase diagram. On the other hand, the infinite-layer nickelates, relatively unexplored
in comparison to their parent compounds, have been regarded as paramagnetic metals
with no long-range magnetic order in their thin-film form. Recent scientific studies on
chemically doped infinite-layer nickelates films found unconventional superconductivity,
an exotic state of matter with potential applications to new technologies. Contrastingly,
the polycrystalline counterparts of the infinite-layer films show a paramagnetic and semi-
conducting trend with no signs of magnetic ordering. This difference is also translated
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to the chemically doped nickelates, where up to date, no signs of superconductivity have
been found in bulk. The discrepancy between heterostructures and bulk indicates that
much work needs to be done to understand the intrinsic properties of the infinite-layer
materials.

Here we propose new routes, which pursue the stabilization of superconductivity in su-
perlattices composed of nickelates and band gap insulators, and the analysis of the infinite-
layer nickelate bulk compound by multiple methods. Our results allowed us to identify a
robust spin glass behavior in the polycrystalline samples, which was not previously studied
in detail. Furthermore, we synthesized a new type of superlattice with a large orbital po-
larization, a property that is relevant in many correlated oxides. In addition, we present a
collection of solid state techniques designed to monitor changes in the physical properties
of the specimens throughout the transformation process. These techniques include ex-
periments designed to characterize the structural and transport properties. Additionally,
other complex methods comprise measurements performed at large-scale facilities where
light is absorbed or scattered by the atoms in the material. Such advanced techniques
allow the tuning of photon energies, which are in resonance with specific electronic transi-
tions of the constituent elements. These experiments allowed us to subtract and quantify
microscopic parameters, such as the orbital polarization, which gives information about
the electronic configuration in transition metal oxides. We divide our analysis into two
main parts associated with the study of infinite-layer nickelates. The first part is related
to the design of a new material by a two-step process of heterostructuring and chemical
treatment of the parent perovskite form. To this end, we tested superlattice combina-
tions where the first compound was a nickelate material and the second was a band gap
insulator called the blocking material. In addition, the blocking (buffer) materials were
divided into three groups: the scandates, the La-based compounds, and the titanates.

We start our study by performing a detailed characterization of superlattices com-
bining nickelates and scandates. Our x-ray diffraction measurements show that reducing
superlattices is possible and that a system with mainly infinite-layer phase is consistently
achieved. Electrical transport measurements on the reduced samples show a metallic trend
with a non-Fermi liquid temperature dependence, similar to the one found in the normal
state of chemically doped nickelate superconductors, although no signs of superconductiv-
ity were found in our samples. X-ray absorption measurements performed on resonance
suggest that the reduction process is layer selective, given that there is no change in the
valence state of the elements in the buffer layers. Our spectroscopic experiments also
suggest the presence of a transition from a dominant 3d9 electronic configuration to a
mixed 3d8 + 3d9-like orbital polarization in the Ni ions when the buffer layers approach
to the two-dimensional limit (i.e., two unit cells). Furthermore, the same measurements
show that a change of the A-cation element in the buffer layers yields no significant alter-
ations to the superlattices’ structural, electronic, and transport properties. On the other
hand, changing the A-cation element in the nickelate layers leads to substantially different
reducing conditions for the superlattice, suggesting that the composition of the nickelate
slabs mainly drives the treatment process.

Next, we move to the study of nickelate superlattices where both constituent materials
have Lanthanum as A-cation element. Fit models of the diffraction measurements indicate
that each nickelate slab is divided into two regions, one with a pyramidal configuration
at the interfaces and the other with an infinite-layer phase in the center. Moreover, the
pyramidal structure accounts for approximately one unit cell at each interface, whereas
the rest of the layers within the nickelate slab have a square planar configuration. In
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addition, we found that the reduction process is reversible, which means that the treated
superlattices can go back to their unreduced state. This reversibility of the process points
towards the preservation of the structural frame and makes the nickelate superlattices a
good candidate for applications such as gas sensing. Furthermore, our x-ray absorption
measurements indicate that the superlattices are more susceptible to a B-cation substitu-
tion than to an A-cation change in the buffer layers. In particular, substituting Gallium
with Aluminium brings the orbital polarization of Ni from 3d9 to a mixed electronic
configuration, which resembles more a 3d8 state.

The third group of superlattices analyzed in this thesis includes the combination of
a nickelate together with SrTiO3. A systematic increase in the number of unit cells
in the nickelate slabs is consistent with a transition from an insulating to a metallic
state. This result is reproduced in both Neodymium and Lanthanum based nickelates.
Our experimental results yield slight differences between the two types of superlattices
except for minor variations in the preferential orbital occupation in favor of the 3dx2−y2

orbitals. Despite achieving unit cells with the infinite-layer phase and a 3d9 electronic
configuration, in analogy to cuprates and the newly discovered nickelate superconductors,
our superlattices do not show a superconducting transition. Comparing the normalized
linear dichroism produced by cuprates superconductors and our nickelates superlattices
yields similar lineshapes with substantially less intensity for the nickelates. This result
suggests a lower orbital polarization in Ni1+ compared to Cu2+, which is probably related
to effects originating at the interfaces and during the reduction process.

We employ resonant reflectivity to obtain the orbital occupation and valence state deep
profiles in our superlattices. The results indicate that the major contribution to the total
linear dichroism at the Ni-L2,3 edges originates from the inner layers within the nickelate
slabs. The same linear dichroism is obtained in a fitting model with interfacial Ni2+
and inner Ni1+ layers. These results are in good agreement with theoretical calculations,
which suggest that added holes will situate at the interface layers, whereas additional
electrons will distribute evenly in the nickelate block. In addition, using spectroscopic
measurements, we were able to quantify the orbital polarization in our superlattices and
the ratio of holes in the Ni eg orbitals. Substituting the buffer layer yields different values
of the orbital polarization, modifications in the transport properties and a change in
the number of interfacial nickelate layers. Comparing the O-K edge of all superlattices
allowed us to find common features associated with the different Ni valence states and
their hybridization with oxygen.

The second part of the thesis focuses on studying bulk LaNiO2 samples. We performed
various measurements on our samples to characterize their structural and magnetic prop-
erties. Specific heat, muon spin rotation, and susceptibility measurements confirm that
there is no long-range magnetic order at any measurable temperature, as was established
in previous scientific studies. Susceptibility measurements found a spin glass behavior
with a temperature onset obtained around 15K. A close observation of the intrinsic sus-
ceptibility shows a non-Curie-Weiss behavior similar to that observed in superconducting
cuprates. Moreover, further comparison between cuprates and nickelates indicates that
both materials present a spin glass behavior in the underdoped region, with no doping for
nickelates and small doping for cuprates.

The procedures we describe in this thesis manifest the viability of designing novel
materials by heterostructuring and the stabilization of exotic phases through topotactic
reactions. In addition, we demonstrate an example of how theoretical methods, in com-
bination with experiments and spectroscopic techniques, allow us to predict and describe
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the structural and electronic configuration in newly fabricated compounds. Our analysis
gives quantitative results on essential parameters that enable the comparison between our
materials and similar oxide compounds. One of such microscopic parameters is the orbital
polarization, which we have fine-tuned to produce changes in the macroscopic properties.
Therefore, this thesis opens a new route to modify the variety of physical properties in
transition metal oxides by combining synthesis methods to obtain next-generation com-
pounds.
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Zusammenfassung

Materialien aus Übergangsmetalloxiden besitzen verschiedene Eigenschaften, die sich aus
dem Zusammenspiel ihrer Elemente ergeben. Die Wechselwirkung zwischen den Kompo-
nenten dieser Materialien ergibt sich aus der Synergie von Spin-, Ladungs-, Orbital- und
strukturellen Freiheitsgraden. Daher wird die Kontrolle dieser Freiheitsgrade durch Her-
stellungsprozesse oder externe Stimuli wie Temperatur, Druck oder chemische Dotierung
zu einem zentralen Thema in der aktuellen Forschung der kondensierten Materie. Heutzu-
tage ermöglichen moderne technologische Entwicklungen und Synthesewege die Kombi-
nation von Materialien, um Modifikationen einer oder mehrerer ihrer individuellen Eigen-
schaften im resultierenden Verbundstoff zu erreichen. Diese Verfahren kann auch ver-
schiedene elektronische, magnetische und Gitterkorrelationen auslösen, die die Entste-
hung komplexer Phasen wie Multiferroizität, Ferroelektrizität und Spinglasigkeit sowie
die Beobachtung spannender Quantenphänomene wie Suprafluidität und unkonventionelle
Supraleitung ermöglichen. Im Besonderen ist eine Oxid-Heterostruktur ein Material, das
durch Abscheiden mehrerer Schichten aus einer oder mehreren Verbindungen auf einem
Einkristallsubstrat erzeugt wird, das normalerweise um Größenordnungen größer ist. Ein
besonders interessanter Bereich ist die Grenzfläche zwischen diesen Oxiden, in welchem
zusätzliche Effekte wie räumliche Begrenzung, Ladungstransfer, strukturelle Verzerrun-
gen und Austauschwechselwirkungen eine wesentliche Rolle spielen. Die richtige Mischung
von Parametern, die verwendet werden, um neue faszinierende Phänomene zu erzielen, er-
fordert jedoch ein tiefes Verständnis der komplexen Physik, die diese Systeme individuell
steuert. Neben der Heterostrukturierung besteht ein weiterer Weg, um neue Eigenschaften
in gewachsenen Materialien zu erhalten, darin, ihre Stöchiometrie zu ändern. Diese Modi-
fikation kann erreicht werden, indem eine chemische Reaktion erzeugt wird, die durch eine
Reaktantenverbindung gezündet wird. Bei oxidischen Materialien führt die Entfernung
von Sauerstoffatomen zu signifikanten Änderungen der elektronischen und strukturellen
Eigenschaften und dem Auftreten von Phasenübergängen.

In dieser Doktorarbeit konzentrieren wir uns auf die Untersuchung einer bekannten
Gruppe von Übergangsmetalloxiden, den unendlich schichtigen Seltenerd-Nickelaten mit
der Zusammensetzung RENiO2. Diese Materialien können derzeit nur durch die Synthese
des Perowskits RENiO3 und deren anschließende topotaktische Umwandlung gewonnen
werden. Ein Großteil der Forschung zu diesen Materialien wurde kristallinen Massen-
proben gewidmet; allerdings haben sich die Untersuchungen in den letzten Jahrzehn-
ten auch auf die Dünnschichtform konzentriert. Die Perowskit-Seltenerd-Nickelate, die
der Vorläufer der unendlichen Schichtphase sind, sind Materialien, die einen robusten
Metall-zu-Isolator-Übergang und eine exotische antiferromagnetische Ordnung aufweisen.
Diese Eigenschaften und ihre Korrelation werden seit vielen Jahren untersucht, und die
Ergebnisse der Analyse wurden in einem reichhaltigen Phasendiagramm dargestellt. An-
dererseits wurden die im Vergleich zu ihren Ausgangsverbindungen relativ unerforschten
Nickelate mit unendlichen Schichten als paramagnetische Metalle ohne magnetische Fer-
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nordnung in ihrer Dünnschichtform betrachtet. Jüngste wissenschaftliche Studien zu
chemisch dotierten Nickelatfilmen mit unendlichen Schichten ergaben unkonventionelle
Supraleitfähigkeit, einen exotischen Zustand der Materie mit potenziellen Anwendungen
für neue Technologien. Im Gegensatz dazu zeigen die polykristallinen Gegenstücke der
Schichten mit unendlichen Schichten einen paramagnetischen und halbleitenden Trend
ohne Anzeichen einer magnetischen Ordnung. Dieser Unterschied überträgt sich auch auf
die chemisch dotierten Nickelate, bei denen bis heute keine Anzeichen von Supraleitung
in der Masse gefunden wurde. Die Diskrepanz zwischen Heterostrukturen und Volumen
weist darauf hin, dass viel Arbeit erforderlich ist, um die intrinsischen Eigenschaften der
Materialien mit unendlichen Schichten zu verstehen.

Hier schlagen wir neue Wege vor, die die Stabilisierung der Supraleitung in Übergit-
tern aus Nickelaten und Bandlückenisolatoren und die Analyse der unendlichen Nickelat-
Massenverbindung durch mehrere Methoden verfolgen. Unsere Ergebnisse ermöglichten
es uns, ein robustes Spin-Glas-Verhalten in den polykristallinen Proben zu identifizieren,
das zuvor nicht im Detail untersucht wurde. Darüber hinaus haben wir eine neue Art von
Übergittern mit einer großen Orbitalpolarisation synthetisiert, eine Eigenschaft, die in
vielen korrelierten Oxiden relevant ist. Desweiteren, hinaus präsentieren wir eine Samm-
lung von Festkörpertechniken, die entwickelt wurden, um Änderungen der physikalischen
Eigenschaften der Proben während des Transformationsprozesses zu überwachen. Diese
Techniken umfassen Experimente, die zur Charakterisierung der Struktur- und Trans-
porteigenschaften entwickelt wurden. Außerdem hinaus umfassen andere komplexe Meth-
oden Messungen an Großanlagen, bei denen Licht von den Atomen im Material absorbiert
oder gestreut wird. Solche fortschrittlichen Techniken ermöglichen die Abstimmung von
Photonenenergien, die in Resonanz mit spezifischen elektronischen Übergängen der kon-
stituierenden Elemente stehen. Diese Experimente ermöglichten es uns, mikroskopische
Parameter wie die Orbitalpolarisation, die Informationen über die elektronische Konfigu-
ration in Übergangsmetalloxiden liefert, zu subtrahieren und zu quantifizieren.

Wir unterteilen unsere Analyse in zwei Hauptteile, die mit der Untersuchung von
Nickelaten mit unendlichen Schichten verbunden sind. Der erste Teil bezieht sich auf
das Design eines neuen Materials durch einen zweistufigen Prozess aus Heterostruk-
turierung und chemischer Behandlung der Ausgangsform des Perowskits. Zu diesem
Zweck haben wir Übergitterkombinationen getestet, bei denen die erste Verbindung ein
Nickelatmaterial und die zweite ein Bandlückenisolator war, der als Sperrmaterial beze-
ichnet wird. Außerdem wurden die blockierenden (Puffer-)Materialien in drei Gruppen
eingeteilt: die Scandate, die La-basierten Verbindungen und die Titanate. Wir begin-
nen unsere Studie mit einer detaillierten Charakterisierung von Supergittern, die Nick-
elate und Scandate kombinieren. Unsere Röntgenbeugungsmessungen zeigen, dass die
Reduktion von Übergittern möglich ist und dass durchgängig ein System mit hauptsäch-
lich unendlich schichtiger Phase erreicht wird. Elektrische Transportmessungen an den
reduzierten Proben zeigen einen metallischen Trend mit einer Nicht-Fermi-Flüssigkeits-
Temperaturabhängigkeit, ähnlich derjenigen, die im Normalzustand von chemisch dotierten
Nickelat-Supraleitern gefunden wird, obwohl in unseren Proben keine Anzeichen von
Supraleitung gefunden wurden. Bei Resonanz durchgeführte Röntgenabsorptionsmessun-
gen legen nahe, dass der Reduktionsprozess schichtselektiv ist, da es keine Änderung des
Wertigkeitszustands der Elemente in den Pufferschichten gibt. Unsere spektroskopischen
Experimente deuten auch auf das Vorhandensein eines Übergangs von einer dominanten
elektronischen 3d9-Konfiguration zu einer gemischten 3d8 + 3d9-ähnlichen Orbitalpolar-
isation in den Ni-Ionen hin, wenn sich die Pufferschichten der Grenze der Zweidimen-
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sionalität annähern (d. h. zwei Einheitszellen). Darüber hinaus zeigen dieselben Mes-
sungen, dass eine Änderung des A-Kationen-Elements in den Pufferschichten keine sig-
nifikanten Änderungen der strukturellen, elektronischen und Transporteigenschaften der
Übergitter ergibt. Andererseits führt die Änderung des A-Kationen-Elements in den Nick-
elatschichten zu wesentlich unterschiedlichen Reduktionsbedingungen für das Übergitter,
was darauf hindeutet, dass die Zusammensetzung der Nickelatplatten hauptsächlich den
Behandlungsprozess antreibt.

Als nächstes gehen wir zur Untersuchung von Nickelat-Übergittern über, bei denen
beide konstituierenden Materialien Lanthan als A-Kationenelement aufweisen. Angepasste
Modelle der Beugungsmessungen zeigen, dass jede Nickelatplatte in zwei Bereiche un-
terteilt ist, einen mit einer pyramidenförmigen Konfiguration an den Grenzflächen und
den anderen mit einer unendlichen Schichtphase in der Mitte. Darüber hinaus macht die
Pyramidenstruktur etwa eine Einheitszelle an jeder Grenzfläche aus, während der Rest
der Schichten innerhalb der Nickelatplatte eine quadratische planare Konfiguration hat.
Außerdem fanden wir heraus, dass der Reduktionsprozess reversibel ist, was bedeutet,
dass die behandelten Übergitter in ihren nicht reduzierten Zustand zurückkehren können.
Diese Reversibilität des Prozesses weist auf die Erhaltung des strukturellen Rahmens hin
und macht die Nickelat-Übergitter zu einem guten Kandidaten für Anwendungen wie
Gassensorik. Dass die Übergitter anfälliger für eine B-Kationen-Substitution als für eine
A-Kationen-Änderung in den Pufferschichten sind, zeigen uns darüber hinaus die Röntgen-
absorptionsmessungen. Insbesondere das Ersetzen von Gallium durch Aluminium bringt
die Orbitalpolarisation von Ni von 3d9 zu einer gemischten elektronischen Konfiguration,
die eher einem 3d8-Zustand ähnelt.

Die dritte Gruppe von Übergittern, die in dieser Arbeit analysiert wird, beinhaltet
die Kombination eines Nickelats zusammen mit SrTiO3. Eine systematische Erhöhung
der Anzahl von Einheitszellen in den Nickelatplatten steht im Einklang mit einem Über-
gang von einem isolierenden in einen metallischen Zustand. Dieses Ergebnis wird sowohl
bei Nickelaten auf Neodym- als auch Lanthanbasis reproduziert. Unsere experimentellen
Ergebnisse zeigen geringfügige Unterschiede zwischen den beiden Arten von Übergittern,
abgesehen von geringfügigen Abweichungen in der bevorzugten Orbitalbesetzung zugun-
sten der 3dx2−y2-Orbitale. Obwohl Einheitszellen mit der unendlichen Schichtphase und
einer elektronischen Konfiguration von 3d9 erreicht werden, zeigen unsere Übergitter in
Analogie zu Cupraten und den neu entdeckten Nickelat-Supraleitern keinen supraleiten-
den Übergang. Ein Vergleich des normalisierten linearen Dichroismus, der von Cuprat-
Supraleitern und unseren Nickelat-Übergittern erzeugt wird, ergibt ähnliche Linienformen
mit wesentlich geringerer Intensität für die Nickelate. Dieses Ergebnis deutet auf eine
niedrigere Orbitalpolarisation in Ni1+ im Vergleich zu Cu2+ hin, was wahrscheinlich mit
Effekten zusammenhängt, die an den Grenzflächen und während des Reduktionsprozesses
entstehen.

Wir verwenden resonante Reflektivität, um die tiefen Profile der Orbitalbesetzung
und des Valenzzustands in unseren Übergittern zu erhalten. Die Ergebnisse zeigen, dass
der Hauptbeitrag zum gesamten linearen Dichroismus an den Ni-L2,3-Kanten von den in-
neren Schichten innerhalb der Nickelatplatten stammt. Derselbe lineare Dichroismus wird
in einem Anpassungsmodell mit Ni2+-Grenzflächen und inneren Ni1+-Schichten erhalten.
Diese Ergebnisse stimmen gut mit theoretischen Berechnungen überein, was darauf hin-
deutet, dass sich zusätzliche Löcher an den Grenzflächenschichten befinden, während sich
zusätzliche Elektronen gleichmäßig im Nickelatblock verteilen. Außerdem können wir
durch spektroskopische Messungen die Orbitalpolarisation in unseren Übergittern und das
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Verhältnis der Löcher in den Ni eg-Orbitalen quantifizieren. Der Austausch der Puffer-
schicht führt zu anderen Werten der Orbitalpolarisation, zu Modifikationen der Trans-
porteigenschaften und zu einer Änderung der Anzahl der Nickelat-Grenzflächenschichten.
Der Vergleich der O-K-Kante aller Übergitter ermöglichte es uns, gemeinsame Merkmale
zu finden, die mit den verschiedenen Ni-Valenzzuständen und ihrer Hybridisierung mit
Sauerstoff verbunden sind.

Der zweite Teil der Arbeit konzentriert sich auf die Untersuchung von LaNiO2 Massen-
proben. Wir haben verschiedene Messungen an unseren Proben durchgeführt, um ihre
strukturellen und magnetischen Eigenschaften zu charakterisieren. Spezifische Wärme,
Myon-Spin-Rotation und Suszeptibilitätsmessungen bestätigen, dass es bei keiner mess-
baren Temperatur eine magnetische Ordnung mit großer Reichweite gibt, wie in früheren
wissenschaftlichen Studien festgestellt wurde. Suszeptibilitätsmessungen ergaben ein Spin-
Glas-Verhalten mit einem Temperatureinsatz von etwa 15K. Eine genaue Beobachtung
der intrinsischen Suszeptibilität zeigt ein Nicht-Curie-Weiss-Verhalten ähnlich dem, das
bei supraleitenden Cupraten beobachtet wird. Darüber hinaus zeigt ein weiterer Vergle-
ich zwischen Cupraten und Nickelaten, dass beide Materialien ein Spin-Glas-Verhalten in
dem unterdotierten Bereich zeigen, ohne Dotierung für Nickelate und geringer Dotierung
für Cuprate.

Die Verfahren, die wir in dieser Dissertation beschreiben, demonstrieren die Realisier-
barkeit des Designs neuartiger Materialien durch Heterostrukturierung und die Stabil-
isierung exotischer Phasen durch topotaktische Reaktionen. Darüber hinaus geben wir
ein Beispiel dafür, wie theoretische Methoden in Kombination mit Experimenten und
spektroskopischen Techniken es uns ermöglichen, die strukturelle und elektronische Kon-
figuration in neu hergestellten Verbindungen vorherzusagen und zu beschreiben. Unsere
Analyse liefert quantitative Ergebnisse zu wesentlichen Parametern, die den Vergleich
zwischen unseren Werkstoffen und ähnlichen Oxidverbindungen ermöglichen. Einer dieser
mikroskopischen Parameter ist die Orbitalpolarisation, die wir fein abgestimmt haben,
um Änderungen in den makroskopischen Eigenschaften zu erzeugen. Daher eröffnet diese
Dissertation einen neuen Weg, um die Vielzahl physikalischer Eigenschaften in Über-
gangsmetalloxiden zu modifizieren, indem Synthesemethoden kombiniert werden, um
Verbindungen der nächsten Generation zu erhalten.
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Abbreviations

AFM Antiferromagnet/antiferromagnetic

ARPES Angle-resolved photoemission spectroscopy

a. u. arbitrary units

BESSY II Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung II,
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Introduction: Transition Metal Oxides

Strongly correlated materials like the transition metal oxides (TMOs) are among the most
studied functional systems in modern physics. They possess a large variety of structural,
electronic, magnetic, and optical properties that can be controlled to produce coopera-
tive effects which give rise to novel and fascinating phenomena. Among these alluring
phenomena appear the metal-to-insulator transition (MIT), multiferroicity, colossal mag-
netoresistance, ferroelectricity, and high-temperature superconductivity. These effects
emerge when there is a specific combination of the spin, charge, orbital and structural
degrees of freedom, which in the TMOs are mainly governed by electrons in the d-orbitals.
More specifically, in the case of 3d TMOs, the transition metal strongly interacts with
the oxygen ligands, resulting in a distinct electronic behavior. This chapter will discuss
the structural and electronic properties of TMOs. However, a broader description of the
topic can be found in Refs. 1–3.

Crystal structure of the ABO3 perovskites

TMOs of the form ABO3 are perovskite materials composed of three elements, namely
a large cation A, which is usually (but not always) a rare-earth element, a small cation
B, i.e., the transition metal, and the oxygen anion O. These compounds derive from
the more general Ruddlesden-Popper series An+1BnO3n+1, for n = ∞. The ideal ABO3

perovskite structure belongs to the space group with Pm3m symmetry and consists of
a cubic lattice with one A cation at the center and one BO6 octahedron at each of the
corners of the cube (see Fig. 1 a). This configuration fulfills two conditions: (i) the
electrical neutrality condition, where cations A and B have a combined valence state of
+6 to account for the three O−2 in the chemical formula and (ii) a geometrical relation
a = (rB + rO) =

√
2 (rA + rO) that associates the ionic radii of each element (rA, rB, rO)

and the lattice constant a of the material, which in this case is the same for all three
crystallographic directions (a = ax = ay = az). The latter criterion requires that the
arrangement of atoms leaves the least amount of space in the unit cell, forming the most
optimal ionic configuration in this way.

The ABO3 crystal structure is very stable and allows various combinations of A and
B cations, which produce an extensive collection of physical properties. However, the
significant differences between the A and B cations radii cause that condition (ii) is not
fully satisfied for real systems such as the TMOs perovskites. Then, in these materials,
structural distortions usually occur to reduce the system to a minimum size and keep a
compact ionic filling. In order to describe the degree of distortion, one can employ a term
called the Goldschmidt tolerance factor [4], which is related to the cation-anion distances
dA−O and dB−O as

t =
(rB + rO)√
2 (rA + rO)

=
dB−O√
2 dA−O

(1)
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a) b) c)

d) B-O-B
θ

Figure 1: a) Ideal perovskite ABO3 structure with the cations A (yellow) and B (blue) and the
anion O (red). b) Structural distortion caused by the rotation of the rigid BO6 octahedra. c)
bond disproportionation in breathing mode occurring in some TMOs. d) The angle θ serves as a
parameter to describe distortions. The structures have been drawn with the program VESTA [7].

where t = 1 would correspond to the ideal perovskite structure. Thus, depending on
the values of t, materials will have tendencies to adopt different non-cubic phases. For
example, in the 0.9 < t < 1 region, although most compounds have the cubic perovskite
phase, cases with rhombohedral symmetry start to appear. For 0.7 < t < 0.9, both
rhombohedral and orthorhombic structures can be found. A threshold occurs at values
of t < 0.7 where materials substantially distorted adopt other phases different from the
perovskite-like structure. Finally, for t higher than 1, the material will tend to adopt a
hexagonal-type structure [3].

Common distortions of the cubic structure can be characterized by modifications to
the shape of the BO6 octahedra produced by the change of the dB−O distances or by the
rigid rotation of the BO6 octahedra along with translations of the A cation. For many
TMOs, the dB−O distances remain approximately constant as the A cation changes to one
with a lower ionic radius. Then, the distortions associated with a lowering or increasing of
the A cation size can be described in terms of the BO3 octahedral rotations (see Fig. 1 b).
However, there are cases of materials where a bond disproportionation scenario has been
proposed to describe distortions. One of such cases are the RENiO3, where a picture with
octahedra having different bond lengths was suggested [5] (see Fig. 1 c). Nevertheless, up
to a good approximation and in addition to the tolerance factor t, the magnitude of
distortion can be described in terms of the B-O-B angle θ (see Fig. 1 d) given that both
parameters are proportional [6] according to

∆θB−O−B ≈ c∆t ≈ −c (dA−Od
2
B−O

√
2)∆dB−O (2)

where c is a constant that depends on the material (i.e., 275 for RENiO3). According to
the previous expression, θ = 180 ◦ describes the perfect perovskite structure, and lower
values indicate distortions of the cubic lattice.

Electronic Structure of TMOs

The electronic properties of the TMOs are determined mainly by effects happening in
their d-orbitals. Therefore, a consistent description of these systems in terms of electronic
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Figure 2: Schematic representation of the 3d wave functions and the oxygen ligands. The
dark gray points indicate the six oxygen atoms surrounding the transition metal ion located in
the center of the octahedron. The blue and yellow colors represent different signs of the wave
functions. Figure was adapted from Ref. 8.

interactions implicates understanding the behavior of the d-electrons. In a 3d transition
metal, the orbitals have five different wave functions associated with the spherical har-
monics Y m

l (θ, ϕ) for l = 2 and −2 ≤ m ≤ 2 (see Fig. 2). For the ABO3 structures, the six
oxygen anions surrounding the metal ion produce a crystal field that removes the initial
degeneracy in the isolated ion and make some orbitals more energetically favorable than
others. More specifically, when the degeneracy is lifted, the orbitals divide into two groups,
i.e., the eg and t2g levels. The overlap between the p (Y m

l (θ, ϕ), l = 1, −1 ≤ m ≤ 1) and
d wave functions corresponding to the oxygen and transition metal governs the electronic
and magnetic interactions between charges and spins. Then, deformations associated with
the BO6 octahedra can increase or decrease the orbital overlap and lead to modified prop-
erties such as localization. The following paragraphs describe the scientific efforts made
in the last decades to understand the localization effects in TMOs and to classify these
materials according to their electronic properties.

One of the first approaches to characterize the electronic response of TMOs involved
band structure calculations. In this picture, a metallic or insulating ground state is
expected depending on whether the transition metal of the material has an odd or even
number of electrons [9]. However, in reality, many TMO perovskites with partially filled
d-orbitals are insulating despite being predicted to be metallic. Therefore, conventional
band structure theory alone cannot describe the electronic properties of TMOs. One of
the earliest works to give a step further in solving the problem was done by N. Mott.
In his study, Mott suggested that an insulating state will arise in TMOs with partially
filled d-orbitals due to strong electronic correlations [10, 11]. These correlation effects
can be described in terms of the electron-electron interaction, which was not included in
early band theory calculations. J. Hubbard used Mott’s results together with the tight-
binding approximation to explain transitions between metallic and insulating states in
partially occupied orbital systems in terms of the on-site Coulomb interaction U [12,13].
The Hubbard model describes interactions between moving charges in a periodic lattice
constituting a single electronic band. In this model, the Hamiltonian is composed of a
kinetic and a potential term, which describe the hopping of particles between lattice sites
and that account for the on-site interaction as

H = −t
∑
i,j, σ

c†i,σcj,σ + U
∑
i

ni,↑ni,↓ (3)
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Figure 3: Schematic representation of the energy versus density of states (DOS) diagram for two
types of materials a) Mott-Hubbard insulator and b) charge-transfer insulator. The occupied
and unoccupied d-bands are equivalent to the LHB and UHB respectively. Figures have been
reproduced from Ref. 14. c) Modified Zaanen-Sawatzky-Allen phase diagram reproduced from
Ref. 2.

where t is the hopping integral, U is the on-site interaction strength, c(i,j),σ are the spin-
only density operators and n(i,j),(↑,↓) are the density operators. For the TMOs case, the
Coulomb interaction U is defined as the energy required to produce charge fluctuations
of the form

dni + dnj −→ dn−1
i + dn+1

j , ∆E = U (4)

where n represent the d-orbital occupation and i and j correspond to the d TM sites.
Moreover, according to the Hubbard model, when the on-site interaction increases, the
band structure splits into two regions above and below the Fermi surface called the
upper Hubbard band (UHB) and lower Hubbard band (LHB). These two bands corre-
spond to the electron-addition and electron-removal spectrum which in a non-interacting
system coincide with the unoccupied and occupied density of states respectively (see
Figs. 3 a, b). Therefore, localized systems characterized by the d−d excitations are called
Mott-Hubbard insulators, and their band gap is mainly controlled by the interaction term
U .

The Mott-Hubbard model (and its extensions) succeeds in describing the electronic
properties of various TMOs in the early 3d-series, such as the titanates and vanadates.
However, for later 3d-transition metals such as Ni and Cu, the insulating state cannot be
described only in terms of the Coulomb interaction and the hopping term. In this regard,
A. Fujimori and F. Minami proposed the incorporation of interactions between the oxygen
2p and the transition metal 3d states [15]. This incorporation can be accomplished by
introducing a new energy parameter ∆ that account for the transfer of electrons from the
filled oxygen 2p levels to the unoccupied TM 3d orbitals. Then, the charge excitation
process leaves a ligand hole L in the oxygen band when relocating the electron at the
transition metal site as follows

dni + dnj −→ dni + dn+1
j L, ∆E = ∆ (5)
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Figure 3 a shows the schematic representation of a Mott-Hubbard insulator, where the
UHB and LHB are separated by the on-site energy U and the UHB and O 2p states are
divided by the charge transfer energy ∆, with ∆ > U . On the other hand, Fig. 3 b shows
the scheme of a charge-transfer insulator, where the O 2p states lie between the UHB and
LHB, with ∆ < U . In this case, the transition between the metallic and insulating phases
is determined by the magnitude of ∆ rather than U .

The ideas described above were comprised in a phase diagram (see Fig. 3 c) by J.
Zaanen, G. A. Sawatzky, and J. W. Allen [16]. The comparison of parameters involving
the Coulomb interaction U , the charge transfer energy ∆, and the ligand and metal
bandwidths determine whether a TMO is a Mott-Hubbard or charge transfer insulator.
Through the 3d transition metal series, ∆ decreases consistently, whereas U is known
to increase [17, 18]. This tendency leads to the identification of oxide materials from
the early 3d transition metal series as Mott-Hubbard insulators, whereas the late 3d
transition metals fall into the charge transfer regime [2]. Figure 3 c shows the phase
diagram where a dashed diagonal line separates the charge transfer and the Mott-Hubbard
regions. According to the diagram, if U is sufficiently small, the material will become a
metal (of d type), in agreement with the description of the MIT proposed by Mott (see
Fig. 3 a). However, on the charge transfer side, a small (and even negative) ∆ will not
yield a metallic state. Although the UHB and the O 2p states might overlap, the metallic
state is not achieved because a band gap opens due to intermixing effects. The region
where the insulating behavior remains despite ∆ being negative is called the covalent or
negative charge transfer regime, [19–21] and it corresponds to the purple area observed
in Fig. 3 c. In contrast to Mott-Hubbard insulators where the charge fluctuations are
described by Eq. 4, a negative charge transfer energy ∆ will lead to a preferential dn+1L
state over the dn. Then, the expected charge fluctuations in the metallic state will be of
the type

dn+1L+ dn+1L −→ dn+1 + dn+1L2, ∆E = ∆, ∆ ≲ 1 (6)

where the band gap arises due to the presence of p − p hole correlations. Finally, it is
essential to point out that in addition to the localization effects mentioned above, other
mechanisms not described in this chapter, such as the spin-orbit coupling and the crystal
field effects, alter the bandwidth of certain systems producing delocalization.
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Chapter 1

The Rare-Earth Nickelates

1.1 Bulk properties of perovskite nickelates

1.1.1 Introduction

The rare-earth nickelate perovskites are the family of materials with chemical formula
RENiO3, where RE = La, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Y, and Lu. Interest in these
materials derives from their well established phase diagram, which includes a distinct
metal-to-insulator transition (MIT). In addition, these compounds are appealing given
their relation to other perovskite systems like cuprates, which show high-temperature su-
perconductivity, and the manganites, which show colossal magnetoresistive effects. With
the exception of LaNiO3, all nickelates are characterized by having a very sharp transi-
tion from paramagnetic metal at high temperatures to antiferromagnetic insulator at low
temperatures. The conductivity change at the MIT is also accompanied by a modification
of the structure and a reduction of the symmetry from orthorhombic to monoclinic.

In this section, we present the development of research on bulk rare-earth nickelate
perovskites from early-days synthesis and characterization to the description of the pos-
sible origins of the magnetic and electronic structures.

1.1.2 Synthesis

In the early days, synthesizing perovskite nickelates in polycrystalline bulk form required
unusual external conditions. Contrary to nickel oxide, which was relatively straightfor-
ward to produce at temperatures close to 1000 ◦C and pressures below 1 bar, the RENiO3

series required normally lower temperatures and/or higher pressures to attain the right
oxidation state (i.e. Ni3+). Wold et al. applied the low temperature approach to syn-
thesize LaNiO3 at 800 ◦ with equal amounts of NCaO3 and rare earth oxide [22]. By this
approach, LaNiO3 was found to have a Ni3+ valence state and a R3m crystal structure,
whereas NdNiO3 was not stoichiometric. On the high pressure side, Demazeau et al.
were one of the first groups to produce most of the RENiO3 series by heating together
the initial ingredients at 950 ◦C under a local pressure of 60 kbar. The authors combined
RE2O3, NiO and KClO3 in such a proportion that when heated, the potassium chlorate
thermally decomposed to produce the high in situ oxygen pressure required to stabilize
the perovskite phase and the Ni3+ oxidation state [23]. At the time, these procedures
were difficult to reproduce because they required very special equipment and several runs
to provide a significant amount of material, so it was unappealing for other groups to
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follow the same route. Vassiliou et al. were able to synthesize NdNiO3 at 1 bar O2 and
a temperature of 650 ◦C with the subsequent study of its magnetic and electronic prop-
erties. In this study various methods were performed, namely decomposition of solid
nitrates, sol-gel precipitation decomposition, reaction of oxides and coprecipitation and
rapid evaporation, with the former two being the successful ones [24]. Two years later,
Lacorre et al. prepared PrNiO3 for the first time and compared its properties with those
of LaNiO3, NdNiO3 and SmNiO3. To this end, the authors decomposed the correspond-
ing nitrates together in a solution with the stoichiometric oxides and then created pellets
which were kept at 1000 ◦C and 200 bar of oxygen pressure for several days [25]. More
recent methods, like the one performed by Alonso et al. require the combination of metal
nitrates Nd(NO3)3 · 6H2O and Ni(NO3)2 · 6H2O together in a solution with destilled wa-
ter [26]. This citrate-nitrate method is currently used by serveral groups for the sinthesis
of policrystalline RENiO3. At present, these and other modern synthesis methods and ad-
vanced equipment and techniques allow the growth of nickelates in various forms, such as
thin films, superlattices and single crystals. In this section, the structural, electronic and
magnetic properties of bulk rare-earth nickelates will be described, and in later sections
some of their other forms will be discussed.

1.1.3 Structural properties

As mentioned in earlier sections, the ideal ABO3 perovskite structure consists of a unit
cell with a cubic lattice shape where one A element resides at the center and four BO6

octahedra are located at the corners. In the case of nickelates, this ideal structure is not
achieved because of the smaller size of the RE ion in comparison with Ni. The structure
will then have a reduced size and the NiO6 octahedra will have to either change in shape
or rotate to occupy the space difference. It has been experimentally observed that the
Ni-O-Ni distances remain constant in many nickelates [27]. Therefore, the NiO6 octahedra
can be regarded as a rigid structure and the changes of the system as a function of the
rare earth ion can be described in terms of the Ni-O-Ni rotation angle. As will be seen in
the next subsection, the reduction of the Ni-O-Ni angle will decrease the orbital overlap,
pushing the system from a metallic-like behavior to an insulating one. In addition, one
can introduce a term called the tolerance factor as in Eq. 1, which for the specific case of
nickelates results.

t =
dRE−O√
2dNi−O

,

where t = 1 for the ideal perovskite structure and t < 1 for the rare earths, as they
correspond to smaller dRE−O distances. For example, for LaNiO3, t is slightly less than 1
and the NiO6 octahedra can be considered to tilt around the [111] cubic direction from
the ideal perovskite structure [22]. For smaller rare earth ions, the octahedra will form an
orthorhombic structure by rotating around the [001] and [110] cubic axes. In this regard,
nickelates are described as orthorhombically distorted perovskites [27].

The phase diagram of the rare earth nickelates plotted as a function of temperature,
tolerance factor (t) and the Ni-O-Ni angle (◦) is shown in figure 1.1a. From this diagram it
is possible to see that the tolerance factor and the bond angle decrease as the ionic radius
goes from La to Lu. This change is accompanied by structural transformations such that
for LaNiO3 the crystal structure is rhombohedral with space group R3c and for the rest
of the series (i.e. Pr - Lu) it becomes orthorhombic with symmetry Pbnm above the MIT
line. Assuming purely ionic bounding, the borderline between these two space groups is
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Figure 1.1: a) The phase diagram of bulk rare-earth nickelates divided into three regions: the
paramagnetic metal (grey), the paramagnetic insulator (purple) and the antiferromagnetic in-
sulator (green) phases of temperature as function of tolerance factor and Ni-O-Ni angle. The
values for the tolerance factor were obtained from experiments and the scale for the Ni-O-Ni is
not linear (reproduced from Ref. 3). The three main crystal structures present in the rare-earth
nickelate perovskites, b) rhombohedral (LaNiO3), c) orthorhombic and d) monoclinic (NdNiO3),
at different temperatures above and below the MIT, respectively. The data for the three struc-
tures were taken from Refs. 23, 26 and 28, and then drawn with the program VESTA [7].

drawn approximately around t ≈ 0.985 [25]. However, as can be seen from Fig. 1.1 a, the
experimentally observed values of the tolerance factor are significantly lower [3]. Below
the MIT border, PrNiO3 and the rest of the series undergo a structural transition to mon-
oclinic with symmetry P21/n (see Fig. 1.1 b). This monoclinic structure is accompanied
by the formation of two inequivalent Ni sites in a bond-disproportionate (BD) state with
short and long Ni-O bonds. The BD state can be described as a breathing distortion
mode of the NiO6 octahedra. In addition, as the ionic radius of the rare earth goes from
La to Lu, the temperature at which the transition from orthorhombic to monoclinic takes
place increases such that for Pr and Nd it occurs below room temperature, and for the
rest of the series, above it. A related effect has been observed for samples under exter-
nal pressure; for example, NdNiO3 changes symmetry from Pbnm orthorhombic to R3c
rhombohedral above 40 kbar [29]. Therefore, for the structure of the RENiO3, applying
high external pressures would have a similar effect as changing the rare earth for one with
higher ionic radius (chemical pressure).

1.1.4 Transport and optical properties

Regarding the transport properties, and more specifically the electrical conductivity,
Fig. 1.1 a shows that LaNiO3 behaves like a metal down to the lowest measurable temper-
atures. In contrast, the rest of the rare-earth series undergoes a MIT with increasing tem-
peratures. This transition as function of temperature is indeed one of the key properties
of the rare-earth nickelates and is also accompanied by a crystallographic transformation
(see previous section and figure 1.1a). Electrical resistivity measurements performed on
NdNiO3 and PrNiO3 revealed that these materials present a thermal hysteresis around
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Figure 1.2: a) Logarithmic resistance vs temperature measurement of NdNiO3 for warming
(circles) and cooling (squares) curves, reproduced from Ref. 31. The inset shows a magnification
of the region near the first inflection point (see text) b) Optical conductivity (σ) for NdNiO3 as
function of energy (ℏω) at various temperatures obtained from Ref. 34. Although distinct, both
measurements show an abrupt change at TMIT ≈ 180K.

TMIT . This phenomenon, which is consistent with a first order phase transition, was
described by Granados et al. as the cumulative effect of various phases, i.e. the coexis-
tence of the insulating (or semiconducting) and metallic phases over a small temperature
range [30, 31]. The hysteresis behavior can be conveniently described if the resistivity
versus temperature plot is divided into various regions: (i) for high temperatures only
the metallic phase is observed; (ii) around TMIT there is a first inflection point indicating
that the semiconducting phase starts to appear, but with numerous metallic paths still
active; (iii) for slightly lower temperatures there is a second inflection point suggesting
the last metallic paths are vanishing and the semiconducting phase is consolidating; (iv)
and finally, at low temperatures a single phase is again established, but in this case it is an
insulating one (Fig. 1.2 a). In contrast, the same effect is not observed or is barely visible
in the rest of the nickelate series [32, 33]. The possible explanation for this phenomenon
is the increase of the thermal fluctuations at higher TMIT that weaken the hysteresis.

Transport measurements also show that in both the metallic and semiconducting
phases of RENiO3 the charge carriers are electrons [30,31]. Moreover, the charge carrier
density in both phases is considerably low in comparison with single 3d transition metals.
This contrast between materials allows for the classification of the rare-earth nickelates
as poor metals. Despite this difference, it is important to mention that RENiO3 are one
of the few families of TMOs to show metallic behavior, which makes them attractive to
study by means of theoretical models.

Study of the insulating state of the RENiO3 (RE ̸= La) gives quantitative and quali-
tative information about the size of the band gap. For instance, the resistivity curves of
PrNiO3 and NdNiO3 can be fitted assuming a simple activated behavior within a specific
temperature range. Fittings performed at low temperatures (below TMIT ) give activa-
tion energies for NdNiO3 and PrNiO3 of 25-28 meV and 22meV, respectively [30, 31]. In
comparison, optical measurements indicate the opening of a band gap as the temperature
decreases, in accordance with the MIT observed in resistivity measurements (Fig. 1.2 b).
The values of the band gap obtained from optical experiments oscillate around 200meV
and are distinct from the activation energies for the same materials [34].
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Figure 1.3: a) Schematic representation of the ground state of Ni3+ in the ionic picture with
the corresponding crystal field splitting and different orbitals (in blue). Three distinct cases
can be observed: (i) charge distributed uniformly, (ii) octahedral configuration (NiO6) with
the splitting of the energy levels into eg and t2g orbitals, and (iii) an elongated octahedral
Jahn-Teller distortion which splits the energy levels into further orbitals. b) Sketch of the single-
particle density of states for (left) Mott-Hubbard, (center) charge-transfer and (right) negative
∆ insulators reproduced from Ref. 35. The dashed and open areas represent ligands from the 3d
and 2p orbitals, respectively. X-ray absorption measurement of various RENiO3 performed at
the c) O K-edge and d) Ni L-edges (reproduced from Ref. 36).

1.1.5 Electronic Structure

From a purely ionic point of view, the nominal valence state of Ni in the RENiO3 should
be 3+ with a 3d7 low spin electronic configuration t62ge

1
g (see Fig. 1.3 a). However, it is

well known that this simple picture cannot entirely explain the phenomena of various
TMOs, including the nickelates. Nevertheless, theoretical works such as the one done by
Zaanen et al. help to classify materials in a comprehensive way (see Fig. 3). According
to the Zaanen-Sawatzky-Allen phase diagram, the rare earth nickelate perovskites fall
into the charge transfer insulator regime, but very close to the metallic region with small
charge transfer energy. The transition between the metallic and insulating states is then a
consequence of the opening of a band gap with charge-transfer nature. As it was mentioned
in earlier sections, the reduction of the Ni-O-Ni angle implies a decrease of the orbital
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overlap between the O 2p and the Ni 3d orbitals. This reduction of the superexchange
angle can be achieved via the substitution of the rare earth by another with smaller ionic
radius or by decreasing the temperature to produce a structural change that goes from
orthorhombic to monoclinic. Within the charge transfer scheme, this effect will narrow
the O 2p valence band, making the material an insulator. However, the charge transfer
insulator is not the only scenario that has been proposed to explain the electronic structure
of nickelate perovskites (Fig. 1.3 b).

Mizokawa et al. performed x-ray photoemission spectroscopy (XPS) together with
cluster configuration-interaction calculations on NaCuO2 and found that the charge trans-
fer energy (∆) was negative [35]. In addition, the authors suggested that ∆ might behave
in a similar manner with other uncommon valence states such as Fe4+ and Ni3+. Then, a
localized state will originate by charge fluctuations such as the ones presented in Eq. 6.
Under these conditions, for nickelate perovskites, the 3d8L configuration will be as prob-
able as the ionic 3d7 and the band gap will neither be of the charge-transfer (p− d) type
nor the Mott-Hubbard (d− d) type, but rather negative-∆ (p− p) [35].

X-ray spectroscopy experiments have helped to draw a more accurate picture by in-
cluding the hybridization between the Ni-3d and O-2p orbitals. X-ray absorption mea-
surements on the O K-edge of LaNiO3, PrNiO3 and NdNiO3 show a characteristic peak
around 528.6 eV (Fig. 1.3 c). The origin of this pre-peak can only be explained by intro-
ducing the Ni 3d and O 2p hybridization. In this regard, the configuration interaction
method indicates that partial charge transfer from the anion to the cation is described by
adding an admixture of configurations to the original ionic configuration, in which one or
more electrons have been transferred [36]. In the case of the RENiO3 the covalent ground
state for a NiO6 octahedra can be obtained by extending the ionic picture (see Fig. 1.3 a)
as

|ΨG
covalent⟩ = α|3d72p6⟩+ β|3d8L⟩+ γ|3d9L2⟩+ δ|3d10L3⟩, α+ β + γ + δ = 1 (1.1)

where α, β, γ and δ are constants that can be obtained from measurements. By taking
these considerations into account and comparing NiO with the RENiO3, Medarde et al.
concluded that the hybridization between Ni 3d and O 2p in the former is weaker than
in the latter [36]. Moreover, the authors stressed that in the RENiO3 series, the weight
of the 3d7 configuration was more important than that of the 3d8L in contrast to the
scenario suggested by Mizokawa and coworkers.

Further spectroscopic measurements, such as soft x-ray absorption at the Ni L-edges
(E = 850 − 875 eV), also contribute to the understanding of each component of the
covalent ground state (Eq. 1.1). Fig. 1.3 d shows the spectra of the Ni L3,2-edges for
NdNiO3, PrNiO3 and NiO. In the case of NiO, each feature has been broadly studied such
that it is possible to associate the main peak around 854 eV to the 3d8 configuration and
the two small adjacent satellites to the contribution of 3d9L and 3d10L2, respectively. By
simple inspection of the spectra of NdNiO3 and PrNiO3 it is possible to see a two-peak
structure around 854 eV. This double-peak feature suggests relatively equal contribution
from two configurations, which in this case could correspond to 3d7 and 3d8L. This
result is in contrast to the results obtained by previous authors, where the weight of
one configuration was more important than the other [35, 36]. However, in light of these
spectroscopic results, the negative ∆ model (p − p) seems to be less probable than the
charge transfer model (p − d). These discrepancies will be further addressed in the next
section when we describe the results from measurements performed on epitaxial thin films.
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a) c)b)

Figure 1.4: a) G-type antiferromagnetic structure proposed for NdNiO3 by Demazeau et al.
(Ref. 23). b) Antiferromagnetism with ordering vector kpc = (1/4, 1/4, 1/4) suggested by Garcia-
Munoz et al. for very low temperatures (T < 30K) drawn with the program VESTA (Refs. 7,37,
38). The color code for the atoms is the same as in Figs. 1.1c,d. Both Nd and Ni have an effective
magnetic moment represented by the (small = Ni, large = Nd) green arrows. c) Two possible
scenarios for the origin of the magnetism observed in the RENiO3: (top) orbital sublattice and
(bottom) Jahn-Teller distortion (reproduced from Ref. 39).

1.1.6 Magnetic structure and magnetic properties

Magnetic susceptibility and neutron difraction measurements on LaNiO3 demonstrated
that this compound behaves like a paramagnet with no observable magnetic ordering
down to the lowest temperatures [40,41]. For NdNiO3 and PrNiO3 there is a change from
the paramagnetic to antiferromagnetic phase that occurs at the same temperature as the
MIT (TN = TMIT ), indicating a first order phase transition. For the rest of the series
(i.e. fro Sm to Lu) the transition to the antiferromagnetic state occurs at temperatures
lower than the MIT, with the difference between TN and TMIT increasing as the ionic
radius becomes smaller (see figure 1.1a). The first magnetic measurements performed on
rare earth nickelates suggested an antiferromagnetic G-type structure (Fig. 1.4 a) [23].
For the orthorhombic structure of the RENiO3 (RE ̸= La), where the eg energy levels
split into x2 − y2 and 3z2 − r2, the low-spin orbital filling will place a single electron in
one of these orbitals (Fig. 1.3 a). Considering the Goodenough-Kanamori rules for this
case, an atiferromagnetic ordering of the Ni magnetic moments is expected for perovskite
nickelates. However, as it was described in the previous section, the electronic structure
of RENiO3 cannot be explained in terms of the ionic picture and therefore a more com-
plex magnetic structure could originate in these compounds. This notion was confirmed
later by Garcia-Munoz et al. using polarized neutron diffraction measurements. The au-
thors studied PrNiO3 and NdNiO3 and assigned a propagation vector k = (1/2, 0, 1/2) to
the observed magnetic Bragg reflections [37]. This propagation vector k = (1/4, 1/4, 1/4)pc

represents a very unusual magnetic structure where each Ni magnetic moment couples fer-
romagnetically to three of its six nearest neighbors and antiferromagnetically to the other
three remaining magnetic moments (Fig. 1.4 b). Shortly after, two possible explanations
were proposed: (i) the magnetic ordering is a consequence of the development of an or-
bital superlattice suggested by the coexistence of ferromagnetic and antiferromagnetic
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phases [37] and (ii) the observed magnetism is product of the orbital order induced by the
cooperative Jahn-Teller effect (Fig. 1.4 c). As will be seen in next section, recent experi-
ments performed on thin films enable the possibility to unveil the origin of the magnetic
ordering in nickelates. Finally, with respect to the magnetic moments in the rare earth,
studies indicate that in the case of Nd magnetic ordering appears below 30K (Fig. 1.4 b).
This polarization of the Nd magnetic moments is argued to arise due to the presence of
an exchange field produced by Ni rather than from the Nd-Nd interactions [38].
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1.2 Perovskite nickelate heterostructures

In the early days, the experimental study of RENiO3 was constrained to polycrystaline
samples (i.e., nm to mm sized crystal grains with different orientations). As it was de-
scribed in the previous section, preparation and characterization of these materials was
challenging due to the extreme conditions required in the synthesis process. Despite these
difficulties, valuable information was obtained from the study of the polycrystals, such as
the nickelate phase diagram. Nowadays, modern techniques allow for the fast production
of other forms of these materials. For example, Pulsed Laser Deposition (PLD), Molecular
Beam Epitaxy (MBE) and RF magnetron sputtering give the possibility of growing thin
films and multilayers with atomic scale precision. These forms enable new control param-
eters to modify the electronic and magnetic response in materials which otherwise would
behave differently in bulk. In addition, recent studies reported the successful growth of
NdNiO3 and LaNiO3 single crystals using high pressure techniques [42–44]. In this sec-
tion, we will focus on summarizing the recent studies regarding nickel oxide based thin
films and superlattices and their implications on the understanding of the magnetic and
electronic structures displayed by the nickelate family.

1.2.1 Epitaxial nickelate thin films

Electronic and magnetic properties

The synthesis of single crystal thin films has contributed remarkably to understanding
the origin of the electronic and magnetic properties of the rare earth nickelates. As it was
described in previous sections, various studies situated the ground state of bulk nickelates
either in the charge transfer (p− p) or negative ∆ (p− d) regime. However, recent theory
and experimental studies performed on RENiO3 thin films have strengthened the idea
that the charge transfer energy can be small or even negative, indicating a prevalent con-
tribution of the 3d8L configuration [45–47]. Moreover, a combination of resonant inelastic
x-ray scattering and x-ray absorption measurements together with cluster calculations
show that the electronic structure of the RENiO3 is characterized by the substantial con-
tribution of the oxygen 2p bands (see Fig. 1.5 a) and that these systems exhibit a negative
charge transfer energy [47]. This results are in line with various studies that suggest
the band disproportionation model as an explanation for the occurrence of the MIT in
nickelates. With respect to the metallic state, angle-resolved photoemission spectroscopy
(ARPES) measurements show that the Fermi surface is formed by an electron pocket
centered at the Γ point and by hole pockets at the M points (Fig. 1.5 b), suggesting two
conduction channels [48–50]. In addition, thermoelectric measurements together with the
Hall coefficient indicate the presence of p- and n-carriers, respectively, pointing towards a
multiband nature in rare earth nickelates [51–55]. Therefore, according to recent studies,
nickelates can be regarded as materials with both n- and p-charge carriers, where the
insulating state is governed by a negative charge transfer energy and the metallic state
presents at least two conduction bands.

Regarding the magnetic structure, measurements performed on bulk PrNiO3 and
NdNiO3 by Garcia et al. below TN yielded as a result an antiferromagnetic state with
ordering vector k = (1/4, 1/4, 1/4)pc. This wavevector is consistent with two scenarios
were the spin arrangement is either collinear (↑↑↓↓) or non-collinear (↑←↓→) along the
(111)pc planes. These two scenarios correspond to the orbital order model produced by
a Jahn-Teller distortion and the orbital sublattice model with ferromagnetic and anti-
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Figure 1.5: a) Sketch of the charge transfer (left) and negative charge transfer (right) scenarios
for the RENiO3 (reproduced from Ref. 47). b) Fermi surface maps in the ΓXM plane obtained
by ARPES (left) and GGA+DMFT (right) for two LaNiO3 samples subjected to compressive
(top) and tensile (bottom) strain (reproduced from Ref. 59). c) Non-collinear magnetic structure
suggested by Scagnoli et al. for NdNiO3 drawn with the program VESTA, (Refs. 7, 56,58).

ferromagnetic regions described in the previous section (see Fig. 1.4 c). Various experi-
mental studies performed on nickelates found no evidence of orbital ordering, but rather
indications of charge ordering, making the collinear antiferromagnetism the less likely sce-
nario [39,56,57]. Although Garcia et al. and other authors assigned a collinear (Fig. 1.4 b)
nature to the antiferromagnetism of bulk nickelates, more recent experiments on thin films
confirmed that the antiferromagnetic order in the nickelate family is non-collinear, as ob-
served in Fig. 1.5 c [56, 58].

Epitaxial strain and the MIT of RENiO3 (RE ̸= La)

The growth of RENiO3 materials in thin film form enables the appearance of a new control
variable that can substantially modify their structural, electronic and magnetic properties.
In this regard, epitaxial strain (εxx) is defined as the force exerted on a thin film that has
been grown on a single crystal substrate, which depends on the lattice mismatch between
them. For example, when an epitaxial thin film is grown onto a substrate oriented along
the (001)pc direction, its in-plane lattice parameters (a, b) will have to accommodate (by
elongation or shortening) in order to match those of the substrate. In this process, the
thin film layers are subjected to a strain which can be quantified as

εxx =
asub − abulk

abulk
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where asub and abulk represent the in-plane lattice parameters of the substrate and of
the material in bulk form, respectively [3]. In addition, the out-of-plane constant (c)
would have to readjust accordingly in order to keep the variation of the total volume to
a minimum value. The corresponding reduction or increase of the lattice constants can
then be achieved in two ways: (i) a Jahn-Teller distortion of the NiO6 octahedra, which
implies the elongation (compression) of the in-plane lattice constants and the compression
(elongation) of the out-of-plane lattice constant for tensile (compressive) strain, or (ii) the
rotation of the NiO6 octahedra towards a different symmetry configuration, which reduces
the Ni-O-Ni bond angle (See Fig. 1.1 a).

In nickelates, and more specifically for NdNiO3, SmNiO3 and EuNiO3 samples grown
on (001)pc oriented substrates, various authors have found that epitaxial strain has a huge
impact on the MIT to such an extent that it can consistently tune TMIT to different values
in comparison to bulk, depending on the choice of the substrate [60–67]. For example,
Liu et al. studied NdNiO3 thin films grown on various substrates and found that TMIT

decreased as the strain goes from tensile to compressive (see Fig. 1.6 a). The authors also
found that in the compressive strain regime, the antiferromagnetic phase is completely
suppressed and the sample becomes metallic down to low temperatures, resembling a
non-Fermi liquid state [68]. Similar results were obtained by Catalano et al. for SmNiO3,
where a regime with TN = TMIT was achieved [60]. This first order transition arises in
SmNiO3 thin films grown on a NdAlO3 substrate, which exerts a small copressive strain
of ε = −0.9% (see Fig. 1.6 b). Along these lines, Meyers et al. performed electrical dc
transport and resonant XAS together with first principles cluster calculations on EuNiO3

samples. The authors concluded that compressive strain enhances the covalence of the
Ni 3d and O 2p orbitals, leading to a shift of the second order Mott transition towards
lower temperatures and eventually to a room temperature metallic state [65]. The agree-
ment of these and other studies performed on different RENiO3 grown under tensile and
compressive strain points towards a common mechanism in response to epitaxial strain
for nickelate thin films.

Figure 1.6 c shows a comparison between the phase diagram of bulk nickelates (similar
as the shown in Fig. 1.1 a) and the phase diagrams for NdNiO3 and SmNiO3 for temper-
ature as function of strain. The first surprising observation is that for samples grown on
substrates with almost no lattice mismatch, the MIT occurs at a different temperature
as in bulk. In addition, all three diagrams show certain resemblance, indicating that at
least in the compressive strain side, the results are equivalent to increasing the tolerance
factor. The same is not true for the tensile regime, where an increase of the strain does not
imply an increase or separation of TMIT and TN . In this regard, Cochon et al. concluded
that the difference between compressive and tensile strain is due to the more energetically
favourable formation of structural defects, such as dislocations or oxygen vacancies in
the tensile regime [63]. Alternatively, Zhang et al. suggested that in contrast to tensile
strain, where thin films undergo a structural change from orthorhombic to monoclinic at
the MIT, in compressive strain the films are not allowed to change the symmetry to P21/n
and therefore a MIT is not observed [70]. As it was described in earlier sections for bulk
nickelates, applying external hydrostatic pressure will have the same effect as to increase
the Ni-O-Ni bond angle or, equivalently, to change the RE cation for one with larger
ionic radius. Since experimental results indicate that compressive strain produces similar
results as straightening the Ni-O-Ni bond angle, the increase of symmetry by rotation of
the NiO6 octahedra seems to be a more plausible scenario for nickelates than the Jahn
Teller distortion one.
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Figure 1.6: The effects of epitaxial strain: Electrical resistivity of different a) NiNiO3 and b)
SmNiO3 samples grown on different substrates. c) The phase diagram of nickelates as function of
tolerance factor compared with the phase diagram as function of strain for NdNiO3 and SmNiO3.
Figures a) and b) & c) are reproduced from Ref. 64 and Ref. 60 respectively. d) The nickelates
phase diagram as function of the Ni-O-Ni bond angle together with two NdNiO3 (111)pc oriented
samples grown under tensile and compressive strain (reproduced from Ref. 69).

In addition to the conventional growth of nickelate thin films on (001)pc oriented
substrates, various groups have also studied alternative substrate orientations, such as
(110)pc and (111)pc. These orientations also have profound effects on the MIT of the
nickelate thin films. For example, Liu et al. studied various NdNiO3 thin films grown
on NdGaO3 substrates oriented along (100), (001) and (110) and observed that the MIT,
occurred at different temperatures. The authors suggested that the anisotropic epitaxial
strain produced by substrates with different orientations can efficiently tune the MIT
given that an increasing averaged lattice mismatch causes the consistent shift of TMIT

towards higher values [71]. Along these lines, Catalano et al. found that NdNiO3 grown
on (111)pc oriented NdGaO3 displayed a separation of TN and TMIT consistent with the
TN ̸= TMIT of other members of the family with lower ionic radius. In this case the authors
attributed their observations to the additional lattice matching conditions imposed by the
substrate in this particular orientation [69]. In addition to the agreement with (001)pc

regarding epitaxial strain, samples grown on substrates with different lattice orientations
offer the possibility of exploring new electronic phases, such as the the polar metals and
honeycomb-like crystals experimentally realized for (111)pc oriented nickelates [72,73].
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Thickness dependent MIT in LaNiO3

As was mentioned earlier, bulk LaNiO3 is a paramagnetic metal that does not undergo
a MIT at any temperature. This behavior is in contrast to the rest of the rare earth
nickelate series, which experience a MIT as function of temperature. However, LaNiO3

thin films go through a transition from a metallic state to a strongly localized one as the
layer thickness reduces [49, 53, 74–78]. Son et al. who were one of the first groups to
study this phenomenon, observed that the critical thickness (tc) separating the metallic
and insulating states shifted as function of strain [53]. Scherwitzl et al. performed a
complementary detailed analysis in the region around tc and observed metallic behavior
with low-temperature resistivity upturns, which could be described in terms of the weak
localization theory (see Fig. 1.7 a). Moreover, the authors observed an isotropic behavior
of the magnetoresistance, which points towards a charge ordered antiferromagnetic state
similar to that observed in the other rare earth nickelates [74]. Photoemission spectroscopy
measurements performed by Sakai et al. showed that this weakly localized state resulted
from the opening of a pseudogap at the Fermi energy, which then evolved to a full gap as
the thickness was further decreased. These results indicated that the MIT as a function of
thickness originated as a consequence of the dimensional crossover from 3D to 2D. Finally,
combined studies of TEM, together with DFT calculations performed by Fowlie et al.
suggested that the LaNiO3 films separate into three regions (see Fig. 1.7 b) with different
types of local structures driven by the boundaries with the substrate and surface [78].

Although so far long-range magnetic order has not been observed in LaNiO3 thin films
grown on (001)pc oriented substrates, recent studies show that some types of magnetism is
present in other configurations of these materials. For example, Asaba et al. reported the
observation of ferromagnetism in LaNiO3 thin films grown on LaAlO3 (111)pc substrates
[80]. Anomalous Hall effect and magnetoresistance measurements (see Figs. 1.7 c& d)
suggest that the origin of the long-range order is due to ferromagnetic superexchange
interaction between Ni2+ and Ni3+ ions [79]. As it will be seen in the next section, the
electronic and magnetic behavior observed for LaNiO3 thin films can be translated to
LaNiO3-based superlattices with certain distinctions.

1.2.2 Nickelate superlattices

A Superlattice is a structure formed by the periodic arrangement of two or more material
films grown on a single crystal substrate. This structure usually consist of two parts, one
of which is conducting and the other of which is insulating. Heterostructures configured in
this way allow the appearance of new and exiting phenomena that are not found in single
thin films or bulk form, such as interfacial superconductivity, induced magnetism, quan-
tum confinement and interfacial charge transfer, among others. In the case of nickelates,
most of the research studies focus on LaNiO3 superlattices, although heterostructures with
other rare earths, like Pr, Nd and Sm, have also been explored. In this section we compile
a series of experimental and theoretical works performed on nickelate superlattices in the
last years which are relevant to the understanding of forthcoming results sections.

Dimensionality control and induced magnetism

As it was mentioned in earlier sections, LaNiO3 does not undergo a MIT as a function
of temperature but rather as a function of layer thickness (Sec. 1.2.1). A similar effect
is also observed in various LaNiO3-based superlattices [81–85]. For example, May et al.
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Figure 1.7: a) Sheet resistance plot for different LaNiO3 samples with different thicknesses.
The dashed line represents the quantum of resistance in 2D (reproduced from Ref. 74). b) ab
initio DFT results for the Ni-O-Ni bond angle for LaNiO3 thin films with different thickness
(reproduced from Ref. 78) c) and d) Anomolous Hall effect loops for (111)pc oriented LaNiO3

samples (reproduced from Ref. 79).

analyzed a series of LaNiO3/SmMnO3 superlattices with various LaNiO3 layer sizes and
detected a MIT transition as the thickness of the nickelate decreased [81]. In addition, Liu
et al. studied a group of LaNiO3/LaAlO3 superlattices with dc transport and soft x-ray
absorption spectroscopy and observed a transition from an itinerant electron behavior to
a localized state attributed to the crossing of the quantum confinement limit [82]. The
same configuration of materials was also probed with optical ellipsometry and low-energy
muon spin rotation and showed a clear transition from the known paramagnetic metal to
an antiferromagnetic insulator state as the LaNiO3 layers reduce to two unit cells [83]. Us-
ing resonant x-ray diffraction, Frano et al. developed a detailed picture of the magnetic
structure of these superlattices (see Fig. 1.8 a) and found a non-collinear 2D antiferro-
magnetism with the same ordering vector observed in the rest of the nickelate series and
consistent with the formation of a spin density wave predicted from theory [84]. Fur-
thermore, theory calculations describe the emergence of the spin density wave in terms
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of the suppression of the charge instability and the dominance of the spin stability at
q = (1/4, 1/4, 1/4)pc [86]. The previous results demonstrate the tremendous effect that het-
erostructuring and dimensionality control have on the electronic and magnetic properties
of materials, as antiferromagnetic ordering had not been observed in bulk or the (001)pc

oriented thin film counterpart of LaNiO3.

Control of the orbital polarization

The interest in the study of nickelate superlattices originates in great part from theoret-
ical predictions indicating the appearance of new phenomena when combining materials
with well defined properties. In this regard, various authors have proposed the emergence
of superconductivity in a combination of LaNiO3/LaMO3 (M = Al, Ga, Sc) superlat-
tices [87, 88]. Experimental realizations of these theoretical ideas have been made by
several authors with results that seem more complex than expected. For example, Jang
et al. grew and characterized a (LaNiO3)1/(LaAlO3)1 superlattice and observed a semi-
conducting behavior rather than a superconducting one within the studied temperature
range [89]. The authors attribute this behavior to the radical alteration of the electronic
structure of the NiO2 layers in the superlattice. Freeland et al. probed the electronic
structure with polarized X-ray absorption measurements and found a distinct asymmetry
between samples grown on substrates with tensile and compressive strain, such that the
later show a splitting of the orbital energies while the former does not [90]. In both cases,
the orbital polarization seems to be very small in comparison to predictions. Then, control
of the 3d orbitals seems to be crucial to the development of electronic structures similar to
the ones observed in high-Tc superconductors. A new methodology that serves to this end
is the orbital reflectometry approach, where it is possible to quantify the layer-resolved
orbital polarization by means of spectroscopic techniques [91]. This method was first used
to determine the orbital polarization of a LaNiO3/LaAlO3 superlattice and it could resolve
occupations with very high sensitivity (see Fig.1.8 b). Later on, the same group performed
a very detailed study of various LaNiO3 superlattices and obtained orbital polarizations
up to 25%. However, these experimental results indicate that the measured orbital po-
larization of the LaNiO3 superlattices is significantly lower than the values calculated
by theoretical studies [91, 92]. More recently, an alternative mechanism to doping the
nickelate layers proposed the introduction of a third material into the superlattice, which
would produce a large orbital energy splitting in the new heterostructure [93]. Along these
lines, the experimental realization of a LaTiO3/LaNiO3/LaAlO3 heterostructure yielded
an orbital polarization of 50% with an electronic structure similar to a single-band Fermi
surface [94].

Interfacial charge transfer

Superlattices containing a combination of nickelates and manganites have been extensively
studied due to the presence of various rich phenomena such as charge transfer, exchange
bias and interfacial magnetism [95–102]. Such effects can modify the spin and orbital
degrees of freedom in a way that they ignite the emergence of novel electronic and magnetic
states. In this regard, Gibert et al. studied various (LaNiO3)n/(LaMnO3)m superlattices
grown on (111) oriented SrTiO3 and observed exchange bias, as the amount of layers of
each material was m = n ≥ 3. This effect, at the interfaces between a paramagnet and a
ferromagnet, implies the formation of interfacial magnetism at the LaNiO3 layers and it
was not observed in the (001) oriented samples [95]. More specifically, for m = n = 7, the
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Figure 1.8: a) Temperature dependence of the magnetic peak at (1/4, 1/4, 1/4) for various super-
lattices together with the electrical conductance for 2/2 and 4/4 layer samples (reproduced from
Ref. 84). b) Schematic representation of a LaNiO3/LaAlO3 superlattice with an inhomogeneous
orbital occupation along the nickelate layers (reproduced from Ref. 91).

samples show antiferromagnetic interlayer coupling and negative and positive exchange
bias at different temperatures (see Fig. 1.9 a). The appearence of these effects can be
explained in terms of the materialization of an antiferromagnetic structure with q =
(1/4, 1/4, 1/4) at the LaNiO3 layers, which was also present in the thin films but only below a
certain critical thickness (tc < 7) [96]. Moreover, when the LaNiO3/LaMnO3 superlattices
are doped with Sr the exchange bias can also be observed in (001) oriented samples. X-
ray absorption experiments indicate that in these superlattices the valence state and the
magnetic behavior of Ni and Mn change such that they lead to the arrival of exchange
bias [97]. Along these lines, interfacial magnetism was also observed in a LaNiO3/CaMnO3

superlattice, but only when the nickelate layers are metallic, i.e. when the these layers are
above the critical MIT thickness. The appearance of this ferromagnetic state has also been
attributed to the double exchange between the Mn4+ and Ni3+. Finally, charge transfer
has been also observed in both Sr-doped and undoped LaNiO3/LaMnO3 superlattices
together with the formation of non-collinear magnetic structure at the nickelate layers
(see Fig. 1.9 b) [98, 99]. Thus, it seems that the structural configuration of the nickelate-
manganite superlattices is intimately related to the presence of various exotic phases that
can be tuned by means of layer thickness, chemical doping and substrate orientation.

Other RENiO3 heterostructures

Recent studies also include the analysis of non-La based nickelate superlattices. One such
studie incorporates the analysis of the charge transfer mechanism in variousRENiO3/GdTiO3

(RE = La, Nd, Sm) superlattices. X-ray absorption and magnetic scattering measure-
ments indicate hysteresis and ferromagnetic-like behavior [103]. A group of NdNiO3/LaAlO3

heterostructures with (111)pc orientation were studied with x-ray absorption and ab ini-
tio calculations by Middey et al. (see Fig. 1.9 c). In their work, Middey and coworkers
found antiferromagnetic correlations and orbital polarization that was not observed in
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Figure 1.9: a) Sketch of the magnetic structures for a) a LaNiO3/LaMnO3 (111)pc and b) a
LaNiO3/La1−xSrxMnO3 (111)pc oriented superlattice (reproduced from Refs. 96, 99). c) The
(111)pc orientation in a (top) perovskite unit cell and (bottom) a buckled honeycomb lattice in
a NdNiO3 heterostructure (reproduced from Ref. 73).

the (001)pc oriented samples [73]. Finally, Hepting et al. studied a PrNiO3/PrAlO3 su-
perlattice and found a magnetically ordered ground state together with the suppression
of the charge order when the heterostructures are grown under compressive strain [104].
These and previous experimental works on RENiO3 point towards a promising future for
modern electronics based on oxide heterostructures.

In this and previous sections we have presented a synthesised review of the evolution
of research regarding the rare-earth nickelate perovskites in their bulk and thin film forms.
For a more general description of these materials, we kindly refer the reader to reviews
done by Medarde [27], Catalan [105], Middey et al., [2] and Catalano et al. [3].
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1.3 Superconductivity in infinite-layer nickelates

Unconventional superconductivity refers to superconducting materials where the pairing
mechanism is not mediated by phonon exchange, but possibly by other means like an-
tiferromagnetic spin fluctuations or interlayer coupling [106, 107]. The most notorious
example of this phenomenon are the high-Tc cuprates, which were discovered more than
three decades ago and continue to be intensively studied at present. Despite the vast
amount of experiments, the mechanism by which high-Tc superconductivity takes place
in these compounds is still a mystery. However, these experiments have allowed scientists
to identify various crucial features for superconductivity in cuprates. These features are
a quasi-two dimensionality, strong antiferromagnetic correlations, no orbital degeneracy,
spin one-half and a broad doping range. Taking these characteristics into account, a new
path focused on finding cuprate-like superconductors can be explored. Many years after
the discovery of cuprates, scientists tried to find other materials with Tc comparable to the
cuprates until the iron-based superconductors were discovered in 2006 [108,109], a finding
which amplified the interest in the field. Although Fe-pnictides and cuprates have some
attributes in common, like being layered systems, having important d-electron physics
and a stable antiferromagnetic order, the former seem to be a distinct class of high-Tc
superconductors on their own. More recently, the nickelates were added to the list of
unconventional superconductors when superconductivity in Sr-doped Nd1−xSrxNiO2 thin
films was found by Li and coworkers [110]. Although at present, the transition tempera-
ture of these superconducting nickelates is substantially low (Tc ≈ 15K), their discovery
is considered of huge importance because it allows scientists to give a step forward in un-
veiling the mechanism of high-Tc superconductors and subsequently towards the ultimate
goal of room temperature superconductivity.

For decades, nickelates have been proposed to manifest superconductivity given that,
in many aspects, they are similar to the high-Tc cuprates. Theory studies have suggested
that Cu2+ could in principle be substituted by Ni1+ in layered cuprates because it has the
same crystal structure and identical eg filling with two electrons in the 3z2 − r2 and one
electron in the x2 − y2 orbitals. In addition, in a planar coordination like this, nickelates
and cuprates have the same 3d9 electronic configuration. Anisimov et al. performed a
detailed study using LDA+U calculations and found that the most promising nickelate to
show superconductivity was one with fourfold planar coordination and Ni1+/Ni2+ oxida-
tion state [111]. Some examples of compounds that fulfilled the description are LaNiO2,
SrNiO2 and LaSrNiO2Cl2, where an insulator with magnetic ordering was expected. Fig-
ure 1.10a shows the results from the LDA+U calculations performed by Anisimov et al.
on LaNiO2, where the O 2p states are completely filled and the Ni1+ 3d hole resides in
the x2 − y2 orbital.

Given all these similarities between nickelates and cuprates and the prospects of ma-
terials which could show high-Tc superconductivity, experimentalists acquire interest in
nickelates, such that many nickel oxide systems have been studied in the last decades.
Some of these systems include LaNiO2, La3Ni2O6 and La4Ni3O8, which are members of
the T’-type Lan+1NinO2n+2 layered series. The T’-type group can be described as a two
part structure with alternating blocks of infinite layer Lan−1Ni(NiO2)n and flourite-type
layers of La-O2-La. In this sense, LaNiO2 would correspond to n = ∞ with Ni1+ (3d9),
La3Ni2O6 to n = 2 and La4Ni3O8 to n = 3, both with a mixed valence state Ni1+/Ni2+
(3d9/3d8) (Fig. 1.10 b). These materials (except for LaNiO2) have been shown to have
a strong two-dimensional band character, with the rare earth 5d states completely de-
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Figure 1.10: a) Total and partial densities of states (DOS) corresponding to the O 2p and Ni
eg 3d of LaNiO2 from calculations by Anisimov et al. (reproduced from Ref. 111). b) The crystal
structure of three members of the T’-type series, namely La3Ni2O6 (n = 2), La4Ni3O8 (n = 3)
and LaNiO2 (n =∞) (reproduced fromRef. 68). c) The crystal structure of the superconductor
Nd6Ni5O12 reproduced from Ref. 115.

populated and a possible antiferromagnetic insulating ground state according to theory
calculations [68, 112, 113]. Although these layered materials seem to be in closer analogy
to cuprates than LaNiO2, none of the previous works found signs of superconductivity
in either of them. One reason for this might be the difficulty of obtaining highly pure
compounds because they require two steps, namely the synthesis of the parent perovskite
LaNiO3 phase or the Ruddlesden-Popper Lan+1NinO3n+1 series and the subsequent chem-
ical treatment to remove the apical oxygen. In addition to the La-based materials, other
rare earths like Nd and Pr and higher layer orders (n = 4, 5...) have been studied with
promising results. Zhang et al. found that (La,Pr)4Ni3O8 crystals carry various proper-
ties from the high-Tc superconducting cuprates, like a Ni low-spin state, a large orbital
polarization with predominantly x2 − y2 states and a significant hybridization with O 2p
states [114]. Very recently Pan et al. studied a quintuple-layer Nd6Ni5O12 and found
superconductivity around Tc = 13K [115]. According to calculations, this new super-
conductor has an electronic structure that is intermediate between that of cuprates and
infinite layer nickelates.

Following the technological advances in the synthesis of materials and heterostructures,
theory studies also proposed that LaNiO3/ABO3 superlattices could host a suitable envi-
ronment for superconductivity. In this case, the ordering of the x2 − y2 orbital, which is
of d7 type, is achieved by means of heterostructuring and strain. Chaloupka and Khali-
ullin suggested that a layered oxide LaNiO3/LaMO3 (M = Al, Ga) heterostructure could
develop a planar orbital order in x2 − y2 induced by epitaxial strain and reduced dimen-
sionality (Fig. 1.11 a) [87]. Moreover, the authors suggested that in superlattices with
3d7 nickelates and band gap insulators with trivalent cations as previously mentioned, an
orbitally non-degenerate spin one-half electronic structure is possible. In the same line,
based on LDA + DMFT calculations, Hansmann et al. found that the heterostructure
of (LaNiO3)1/(LaAlO3)1 has a single-sheet cuprate-like Fermi surface (Fig. 1.11 b) [88].
In this case, although both x2 − y2 and 3z2 − r2 orbitals play an important role, the
physics of this 3d7 nickelate-based superlattice still possess the main pieces of high-
temperature superconductivity. Motivated by these ideas, many studies have been made
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Figure 1.11: a) Sketch of the strain exerted on the NiO6 octahedra in a LaNiO3/LaMO3 super-
lattice proposed by Chaloupka et al. (reproduced from Ref. 87). b) The cross section of the
Fermi surface for LDA (top) and LDA + DMFT (bottom) by Hansmann et al. (reproduced from
Ref. 88). c) Comparison of the DOS of LaNiO2 and CaCuO2 calculated with LDA (reproduced
from Ref. 117).

on LaNiO3/LaAlO3 superlattices (see Sec. 1.2.2), but the experimental results do not
show promising results [82,89,90,116]. As a result, no superconductivity has been found
in any d7 nickelate heterostructure to date.

In addition to the marked similarities found between nickelates and cuprates, theoret-
ical studies also indicate that there are significant differences between them. Lee et al.
pointed out that even though Ni1+ and Cu2+ are isoelectronic, compounds like LaNiO2

show a different electronic and magnetic behavior compared to CaCuO2 [117]. For exam-
ple, LaNiO2 is weakly metallic with no long range magnetic order observed so far, while
cuprates show an insulating behavior in the undoped state with antiferromagnetic order-
ing at finite temperatures TN . There is a considerable mixing between the Ni 3d3z2−r2

and the La 5d3z2−r2 orbitals, which forms La 5d pockets at the Fermi surface that dope
the Ni 3d band. Intermixing with oxygen is also different for both compounds, such that
the hybridization of Ni 3d with O 2p is weak in comparison to the strong hybridization
of Cu 3d with O 2p in cuprates (Fig. 1.11 c). These differences are the ones that can help
to understand the key ingredients for superconductivity and special attention needs to
be given to them. The observations made so far raise the question of which components
are necessary for materials to show a superconducting state given that nickelates seem
not to carry all the crucial ingredients for superconductivity in cuprates, and yet they
show a superconducting transition at Tc ≈ 15K. However, current research indicates that
nickelates could be regarded as a distinct group of superconducting materials. In the
meantime, a lot of work is required regarding sample quality and reproducibility, since for
the moment only a few groups have been able to reproduce superconducting nickelates,
and their results, although comparable, have significant differences.

Taking the previous studies into account, the most comparable materials to the high-
Tc cuprates seem to be the isostructural RENiO2 with a nominal oxidation state of Ni1+,
which possess the same 3d9 electronic configuration as Cu2+ in cuprates. The process
of obtaining RENiO2 is very complex since it requires, at the first step, the synthesis of
the precursor RENiO3 and, second, the removal of apical oxygen by means of a process
called topotactical reduction. This chemical process adds a new degree of difficulty as it
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could give undesirable results, such as the formation of byproducts at the surface, regions
with excess or lack of oxygen atoms and the inclusion of other small atoms in the apical
sites. The first infinite layer nickelate to be synthesized was LaNiO2 in 1983 using H2 as
a reducing agent [118]. According to the authors, the temperature at which the reduction
takes place is crucial for obtaining the infinite layer LaNiO2 from perovskite LaNiO3. This
means that different temperatures might give rise to undesired phases like intermediate
La2Ni2O5, or a mixture of phases, like La2O3+Ni and La2NiO4. The work done by Crespin
and coworkers to obtain LaNiO2 was considered complex at the time, such that it required
several years until similar results were obtained by different authors [119, 120]. Hayward
et al. performed a low-temperature reduction with sodium hydride (NaH2) to obtain
LaNiO2 and studied its structural and electronic properties. Their results showed that
there was not long range antiferromagnetic order in contrast to isostructural cuprates.
Later on, in 2003, NdNiO2 was synthesized in bulk form and its properties could also
be subsequently explored [121]. Both NdNiO2 and LaNiO2 showed similar electronic and
magnetic properties with the resistivity displaying a semiconducting behavior rather than
a superconducting one and paramagnetism instead of the well-known antiferromagnetic
order in cuprates. More recently, Kawai et al. obtained thin films of LaNiO2 by reducing
epitaxial LaNiO3 films grown on a SrTiO3 substrate with CaH2 [122, 123]. Remarkably,
the topotactic reduction was so smooth that the structural framework was maintained and
the samples could be subsequently annealed to obtain again the perovskite phase. The
epitaxial film growth process adds an additional parameter to the group of variables that
can be modified when obtaining the infinite-layer phase. This parameter is strain, and
depending on the substrate it could be compressive or tensile. Kaneko et al. performed
a substrate dependence study and concluded that the lattice matching between LaNiO2

and the substrate is crucial for the stabilization of a c-axis oriented single phase [124].
Along these lines, both previous and other authors obtained a- and c-axis oriented films,
and performed substrate and reduction time dependence analysis [123–125].

Previous experiments performed on undoped infinite layer nickelates NdNiO2 and
LaNiO2 do not show any signatures of superconductivity1 in either the bulk or thin
film forms. However, it is well known that many cuprates are also not superconduct-
ing in their parent phase and superconductivity arises only when they are doped with
charge carriers. The doping process adds an another difficulty for the synthesis of nick-
elates since the addition of charge carriers pushes the oxidation state of Ni away from
stable 3+ in stoichiometric RENiO3. For example, Sr- or Ca-doping inclines the bal-
ance towards an unstable 4+ oxidation state. Despite all these challenges, in 2019 Li
et al. found superconductivity in a Sr-doped Nd0.8Sr0.2NiO2 thin film grown on a SrTiO3

substrate [110]. The authors grew first a perovskite Nd0.8Sr0.2NiO3 thin film and then
reduced it with CaH2 by means of a low-temperature topochemical reaction in order to
obtain the superconducting infinite layer Nd0.8Sr0.2NiO2 sample (Fig. 1.12 a). While the
parent reduced NdNiO2 shows a metallic behavior with an pronounced resistivity upturn
at low temperatures, the doped reduced sample Nd0.8Sr0.2NiO2 is metallic at room tem-
perature and undergoes a transition to zero-resistance at Tc ≈ 15K (Fig. 1.12 b). To date,
superconductivity has been observed in three members of the rare-earth series, namely
Nd1−xSrxNiO2, Pr1−xSrxNiO2 and La1−xSrxNiO2. Their corresponding phase diagrams of
temperature versus hole-doping are shown in Fig. 1.12 d. Although distinct, all of them
show a dome-like shape that covers a region between x > 0.1 and x < 0.25. The same
shape is observed in cuprate superconductors but with significant differences, like a more

1Recent results from Zeng et al. found superconductivity in undoped LaNiO2 (See Fig. 1.12 d)
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Figure 1.12: a) Sketch of the initial and final states of the reduction with CaH2 from the per-
ovskite Nd0.8Sr0.2NiO3 to the infinite layer Nd0.8Sr0.2NiO2. b) Resistivity measurement of re-
duced undoped NdNiO2 (red) and doped Nd0.8Sr0.2NiO2 (purple) samples. Both figures were
taken from Ref. 110. c) phase diagram of temperature versus Sr concentration for La2−xSrxCuO4.
d) Phase diagram for three rare earth infinite layer nickelates superconductors, Nd1−xSrxNiO2

(green), Pr1−xSrxNiO2 (blue) and La1−xSrxNiO2 (red). Figures c) and d) were taken from
Ref. 126 and Ref. 127, respectively.

extended region in both temperature Tc ≫ 15 and doping 0.05 < x < 0.25 (Fig. 1.12 c).
Samples with doping concentrations above and below the superconducting regime show
metallic behavior with a weak resistivity upturn at very low temperatures. This is in
notable contrast with cuprates, since they are insulators in the underdoped regime and
poor metals when overdoped.

After the first experimental report of superconductivity in Nd0.8Sr0.2NiO2 epitaxial
films, various groups have synthesized this compound in thin film form by two different
growth methods of the parent Nd0.8Sr0.2NiO3, namely Pulsed Laser Deposition (PLD) and
Molecular Beam Epitaxy (MBE), and obtained comparable values of the superconduct-
ing transition temperature [127, 129–131]. Figures 1.12c and 1.12d show measurements
performed by two different groups on various Nd1−xSrxNiO2 samples with different dop-
ing concentrations. From these results it is clear that the room temperature resistivity
strongly depends on the reduction process and/or the initial conditions of the pristine sam-
ple. Therefore, in order to obtain a unified phase diagram, more measurements and higher
sample quality are required. In comparison with the unreduced samples, the treated ones
display higher resistivity values, which makes them fall into the regime of bad metals or
even weak insulators. On the other hand, the study of (Nd, La)0.8Sr0.2NiO2 polycrystaline
and single crystals seems to be more challenging, such that, to date, no superconductivity
has been observed in these samples [132–134]. Given these observations in bulk samples,
Li et al. suggested that superconductivity in thin films might arise from effects happening
at the interface, like strain [132]. In addition, from transport measurements, the authors

28



a)

b)

e)

f)d)

c)

Figure 1.13: a) & b) Resistivity curves for various Nd1−xSrxNiO2 samples measured by two
different groups, reproduced from Ref. 126 and Ref. 127, respectively c) & d) Hall coefficient for
NdNiO2 measured as a function of temperature and Sr doping. (reproduced from Ref. 126), e)
& f) RIXS intensity maps of LaNiO2 and NdNiO2 parent compounds measured as a function of
the photon energy at T = 20K (reproduced from Ref. 128).

observed an insulating behavior in their polycrystaline samples that could be suppressed
by applying high pressure. Moreover, Wang et al. suggested that some reasons why the
samples were insulating and superconductivity was not observed in bulk include the lack
of compaction and the presence of nickel impurities likely resulting from the reduction
process, which is probably more disordered than in thin films [133]. In the single crys-
tals side, things look more promising since samples like La1−xCaxNiO2 show a metallic
behavior, comparable to that of weakly hole-doped thin films, making them a promising
candidate to display superconductivity with the right amount of doping [134].

In an attempt to understand the origin of superconductivity in infinite layer nicke-
lates, many experimental and theoretical works have been done. On the experimental
side, Hall coefficient measurements performed on Nd1−xSrxNiO2 and Pr1−xSrxNiO2 show
a change of sign as a function of temperature and hole-doping [126,135]. In regions were
the doping is x = 0.20 and above and for temperatures below 100K, the main charge
carriers change from electrons to holes (Figs. 1.13 c,d). This kind of behavior of the Hall
coefficient indicates a multiband character of nickelates that is different from cuprates.
Moreover, similar measurements on superconducting La1−xCaxNiO2 show the same trend
as in Sr-doped compounds but with a lower temperature threshold (35K) [136]. Here,
Zeng et al. suggested that the multiband structure of infinite layer nickelates is greatly
influenced by the lattice correlations. Additional evidence supporting the multiband char-
acter of nickelates comes from RIXS measurements performed on the parent (La,Nd)NiO2

compounds [128]. In addition to the main absorption peak associated with the presence
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of Ni 3d states at the Fermi surface, a second peak at lower energies is also visible that
can associated with the hybridization between Ni and the rare earth, and thus invoking
the contribution of multiple bands (Figs. 1.13e,f). Conversely, other RIXS measurements
performed on doped Nd1−xSrxNiO2 samples concluded that nickelates resemble a system
with a single Hubbard band, where doped holes localize in the x2−y2 orbital forming a d8
singlet state [137]. In this scenario, the behavior of the Hall coefficient is associated with
electron correlations that influence the shape of the Fermi surface and not with multiband
effects. Despite all these measurements, a conclusive interpretation of the effects of other
orbitals in the physics of superconducting nickelates is still required.

Regarding magnetic measurements, previous powder neutron diffraction observed no
long range magnetic order in either of the parent LaNiO2 and NdNiO2 compounds down to
low temperatures [119, 121]. Instead of the well established antiferromagnetism observed
in isostructural cuprates, infinite layer nickelates were regarded as paramagnets. More
recent experiments, however, found evidence of antiferromagnetic fluctuations in powder
doped Nd0.85Sr0.15NiO2 samples [138]. These results from Cui et al. suggest the presence
of short-range glassy antiferromagnetic behavior for temperatures below 40K in addition
to antiferromagnetic fluctuations at higher temperatures. In addition, Lu et al. used
RIXS at the Ni L3-edge to measure the dispersion of magnetic excitations in NdNiO2

[139]. These dispersive excitations in NdNiO2 were then fitted using the linear spin
wave theory obtained from a two-dimensional antiferromagnetic Heisenberg model. The
results featured the importance of the coupling with the rare-earth electrons and the
Mott-Hubbard nature of nickelates.

On the theory side, as early works have already pointed out, there are numerous
similarities and differences between nickelates and cuprates. However, a revision and
extension of previous ideas needs to be done in light of the discovery of superconductivity
in Nd0.8Sr0.2NiO2. In recent years, various studies focusing mainly on the electronic
structure have been performed using the currently available theoretical tools. For example,
single particle DFT calculations are in line with the experimentally proposed multiband
nature of infinite layer nickelates [140–148]. The results show that the Fermi surface has
electron pockets due to Ni 3d and the rare earth 5d states, which for the later can be
interpreted as an effect of self-doping guided by the hybridization between the Ni-3d and
RE-5d bands (Fig. 1.14 a). In cuprates this behavior is different, making the Fermi surface
substantially distinct from nickelates. In addition, ab initio GW+EDMFT calculations on
NdNiO2 agree with the multiband description of nickelates at low energies [149]. Moreover,
XAS and Hall coefficient experiments are consistent with the theoretical notion that the
RE 5d states play an important role in nickelates, and together they strengthen the idea
of multiband character for these materials.

DFT calculations, also give information about the difference of the on-site energy that
stimulates the migration of charge from the O-2p to the Ni-3d orbitals. In terms of the
Zaanen-Sawasky-Allen diagram [16], when this difference is compared to the Coulomb
interaction U, it determines whether a material belongs to the Mott-Hubbard or the
charge transfer regime. According to various literature, the nickelates have a charge
transfer energy close to 4 eV, a value that is substantially higher (at this energy scale)
than in cuprates (2 eV), situating them in different groups (Fig. 1.14 b) [150]. Ab initio
GW self-energy calculations performed by Olevano et al. on LaNiO2 found substantial
differences with respect to DFT for the La 4f and O 2p states, although the d-bands
and the Fermi surface were not drastically affected [151]. These results situated LaNiO2

within the charge transfer region rather than in Mott-Hubbard one. From the correlations
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Figure 1.14: a) Band structure, orbitally resolved density of states and Fermi surface of (top)
CaCuO2 and (bottom) LaNiO2 (reproduced from Ref. 140). b) Sketch of a Mott insulator
(nickelates) and a charge transfer insulator (cuprates), where ∆ is the charge transfer energy
parameter (reproduced from Ref. 150,154).

perspective, infinite layer nickelates can be described by two distinct scenarios. In the
first scenario, correlations are dominated by the Ni-3dx2−y2 orbitals, invoking a single
band Mott-Hubbard character [152]. The second scenario, the Ni-eg states couple with
the RE− 5d states, forming a bad metal that can be described within Hund’s framework
[149,153].

With respect to magnetism, various theoretical studies have obtained a magnetic
ground state [140, 155–158]. One of the main issues is, then, to understand why long-
range magnetic order is not observed in experiments. Using DFT calculations Choi et al.
obtained an antiferromagnetic ordered state but with a flat band one-dimensional-like
van Hove singularity that appears at the Fermi surface [159]. This singularity makes the
antiferromagnetic phase unstable to spin and charge density disproportionations and to
lattice distortions, which hinder the antiferromagnetic tendencies but do not cancel them.
Alternatively, Zhang et al. explains the suppression of the antiferromagnetic long-range
order in Nd1−xSrxNiO2 in terms of the Kondo effect [160]. At low temperatures, the
Nd-5d and Ni-3dx2−y2 conduction electrons couple to form Kondo spin singlets and thus
extinguish the antiferromagnetism (Fig. 1.15 a). Both the magnetic and electronic struc-
tures of the infinite layer nickelates are objects of intensive study at present and more
experiments are necessary to clarify the discrepancies found in theory.

An important aspect that can be theoretically addressed is the pairing mechanism of
the new infinite layer superconductors. Almost from the beginning, s-wave superconduc-
tivity was ruled out in these nickelates [161], and a scenario analogous to cuprates (given
their similarities), were spin fluctuations play an important role, was proposed [141,142].
From theory calculations using many-body correlations, like fluctuation exchange (FLEX),
random phase approximation (RPA), multiorbital DDFT+DMFT and standard t-J model
(Fig. 1.15 b), d-wave superconductivity was obtained [142, 162–164]. On the other hand,
contrary to the spin fluctuation scenario, Werner and Hoshino proposed that given the
multiband nature of infinite layer nickelates suggested by experiments and theory, super-
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Figure 1.15: a) Sketch of a two-dimensional NiO2 square lattice of NdNiO2. Blue and orange
arrows represent the Ni spin and a Nd 5d electron, respectively (reproduced from Ref. 160) b)
Band structure and density of states from first principles calculations for fully strained NdNiO2

grown on SrTiO3 (reproduced from Ref. 142) c) Illustration of the possible interfacial configura-
tions for the LaNiO2/SrTiO3 superlattices (reproduced from Ref. 166).

conductivity in these materials can be explained in terms of the spin-freezing theory [165].
Moreover, the authors found that Nd0.8Sr0.2NiO2 resides in a regime governed by two spin
borders, one that correspond to the highly doped region with multiorbital character and
the other to the low doped region with single-band nature.

Given that to date superconductivity in nickelates has only been observed in thin
films and not in bulk samples, many scientists started to investigate the relevance of the
reduction process as well as the possible surface and interface effects on these materials.
One of the first works included the study of RENiO2/SrTiO3 superlattices by means of
first-principle calculations (DFT) [166, 167]. Bernardini et al. studied a LaNiO2/SrTiO3

superlattice with special focus on the stability of the interfaces and found substantial
differences compared to bulk. For the synthesis of these materials, which require the
growth of a parent LaNiO3/SrTiO3 and its subsequent reduction, various interfacial con-
figurations are possible (LaO, SrO and Sr, see Fig. 1.15 c). In particular, LaO (which
is the most straightforward configuration) is found to be unstable upon reduction, and,
therefore, removing the apical oxygen would be energetically challenging. The chemical
reduction would then produce a sort of atomic reconstruction that affects the interface,
locally doping it with holes [166]. For these heterostructures, the band structure analysis
reveals that the contribution of the 5d orbital can be replaced by Ni-3d flat bands, which
could be considered as the origin of new orders that can either compete or cooperate
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with superconductivity [166]. A similar behavior was also obtained for thin films with
asymmetric interfaces [167]. Decoupled polar layers are formed at the interfaces and the
surface with the formation of a two-dimensional electron gas [168]. Here it is important
to mention that the previous results will be of great importance to understanding the
phenomena occurring in the heterostructures analyzed in this thesis.

In this section, we compiled the most relevant results for our thesis on the field of
superconducting nickelates. However, we stress that many other different experimental
and theoretical studies have also been performed in this rapidly growing field. For more
extended descriptions of superconductivity in nickelates, we kindly ask the reader to refer
to works done by, Botana et al. [169], Yaoyao et al. [170] and Gu et al. [171].
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Chapter 2

Synthesis: growth and chemical
treatment

This chapter is dedicated to the description of the techniques involved in the creation of
the nickelate materials studied in this thesis in all their forms. We outline each system
from the synthesis, the modification employing solid-state chemical processes, and the
monitoring at each stage. More specifically, we elucidate the basic principles of the fabri-
cation of films by pulsed laser deposition (PLD). Then, we explain how the materials are
treated by topotactic reactions until they reach their final optimized form. In chapter 5,
we will briefly discuss the synthesis of polycrystalline nickelates performed by our collab-
orator A. Fuchs. So far, the materials studied in this thesis cannot be directly synthesized
in a single step by any of the available growth techniques. Instead, the samples must un-
dergo at least one additional step to transform into a new phase. The second step involves
the topochemical treatment, which is a well-established method for the transformation of
ABO3 perovskite TMOs into either brownmillerite or infinite-layer phases [172–175].

2.1 Pulsed Laser Deposition (PLD)

At present, the successful growth of epitaxial films and heterostructures can be achieved
by employing various techniques such as molecular beam epitaxy (MBE), chemical vapor
deposition (CVD), sputtering deposition (SD), and pulsed laser deposition (PLD). All
nickelate heterostructures studied in this thesis are synthesized using the latter system,
given that the growth parameters for these materials are well established in our research
group [84,91,92,104]. The PLD is a physical vapor deposition process usually performed
in vacuum conditions or in the presence of a gas like oxygen for the case of films such
as the RENiO3. Fig. 2.1 shows the schematic representation of a typical PLD system
composed of various internal and external elements to the main vacuum chamber. Among
the external elements are the optical ones, including a high-energy laser source, mirrors
that correct the laser beam orientation, and a focusing lens that increases or reduces the
laser spot size. Other external equipment includes the temperature control and those
generating adequate internal pressure, such as the vacuum system and the background
gas (usually oxygen or argon). Inside the main chamber are the heating plate and the
substrate where the thin film will be deposited. In addition, the target material connected
to a rotating arm is situated vertically in line with the substrate such that the deposition
process covers the entire surface. For the growth of superlattices and heterostructures,
the upper holder (rotating arm) has space for allocating various material targets, which
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Figure 2.1: Schematic of a PLD system. The internal mechanism consists of a rotating upper
holder for the target(s) and bottom holder for the substrate and the heating system. The external
equipment includes the vacuum system, the gas container and the laser together with the focusing
lens and the directional mirrors, .

can be alternated to form periodic structures. To improve homogeneity, each target can
rotate around its edge during the growth process.

The basic operation principle of the PLD involves pulses originating from a high-
power laser and hitting a target of the material that needs to be deposited. As the
laser hits the target, it goes through the material’s surface with a certain penetration
depth. This parameter depends on the absorption coefficient of the material and the laser
wavelength, which is usually in the range of nanometers. At the surface of the material,
the electrons oscillate resonantly with the electromagnetic field produced by the laser
and transfer their kinetic energy to the lattice producing local heat and eventually the
ejection of atoms. Then, at a specific energy density of the laser, the pulses ablate a small
volume of the material, which then becomes a plasma plume. The shape of the plasma
plume strongly depends on the pressure inside the PLD main chamber, and its density
can be described in terms of the cosn(x) law. The vaporized plume, which carries the
essential elements for the growth process, is directed towards a heated substrate where
the film will be deposited. When the ejected particles hit the substrate, they generate a
region of condensation covering the entire heated surface. After a specific condensation
rate, the films start to grow on the substrate, and thermal equilibrium is reached. The
growth rate is determined by several parameters such as the laser fluence, measured in
J/cm2, the background pressure, measured either in mbar or Torr, the morphology of
the surface where the film will be deposited, i.e., substrate termination and miscut, and
the temperature of the substrate (measured in ◦ C) [176]. The process described above
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occurs in a chamber with high vacuum conditions (Fig. 2.1). The PLD environment is
compatible with a broad range of pressures going from 1Torr to ultrahigh vacuum (UHV)
≈ 10−8 Torr. In the growth of oxide films, a small amount of oxygen pressure is allowed
to be present inside the chamber.

In order to attain an optimal growth of films via PLD, it is essential to control the
rate at which the ablated material is deposited on the substrate. This deposition rate
is affected by various parameters, and they need to be determined individually for each
material. For example, the temperature of the substrate is crucial for obtaining a thermal
equilibrium of deposition [177]. This condition means that below a specific temperature,
no film is deposited onto the substrate independently of the amount of time the plume is
active. The type of pressure and gas inside the chamber also plays a vital role because
they modulate the shape of the plume. In principle, the presence of a gas in the main
chamber reduces the internal pressure and demands more laser energy to ablate the target.
As was previously mentioned, laser fluence is an essential parameter for generating the
plume for deposition. More specifically, the laser fluence determines whether the material
from the target becomes the plume or just an evaporated flux. Another critical parameter
is the distance between the substrate and the target, which controls the area hit by the
plume. Given that the plume has a specific shape, the distance between the target and
the substrate should not be higher than its extension; otherwise, the film’s distribution
on the substrate will not be homogeneous. Concerning the material used, the density
of the target is relevant to determine the composition of the plume and, therefore, the
phase that is formed on top of the substrate. In contrast with other parameters, the
density of the target and its distance from the substrate can not be controlled during the
growth process and are therefore assumed to be fixed. Finally, a parameter that is also
necessary for determining an optimal deposition is the repetition rate of the laser [178].
The repetition rate is defined as the number of pulses generated by the laser per time
unit. In the next section, we will discuss the procedure followed to obtain the optimal
values of these parameters for the RENiO3.

Compared with other epitaxial film growth techniques, PLD possesses various features
that make it suitable for sample production. For example, the material released from
the target as the laser impacts is stoichiometrically transferred to the substrate [176].
This mechanism is possible because the vaporization of the material is a non-equilibrium
process where a small volume of the target absorbs a large amount of laser energy. In
order to achieve consistent vaporization of the materials, the laser fluence should be above
a specific value called the ablation threshold, which is determined by the absorption
coefficient of the material. Below this limit, the laser pulses will only generate heat and a
thermally evaporated flux dependent on the constituent cations’ vapor pressure. Another
feature of PLD is that material films with multiple cations can be deposited either using
multiple targets of each element constituent or employing a single stoichiometric target of
the material. These targets can be composed of polycrystalline ceramics, single crystals, or
cations-only materials. In contrast with other growth techniques, PLD requires relatively
low temperatures to operate due to a large amount of energy in the vaporized plume.

Growth of RENiO3 heterostructures

We have used various targets for the growth of perovskite nickelates heterostructures, i.e.
NdNiO3 and LaNiO3 together with the buffer layer targets of DyScO3, GdScO3, LaAlO3,
LaGaO3 and SrTiO3. Since all of them are oxide materials, adding oxygen as background
gas is required during the growth process. Previous studies on RENiO3 indicate that
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the crystallinity of the target and the manipulation of the irradiation of excimer laser
influence and develop the MIT in the nicklelates due to cation off-stoichiometry [179–181].
Our experimental results indicate that both the La- and Nd-based as-grown samples are
stoichiometric and that a sharp MIT is observed in transport measurements of the NdNiO3

(see Section 4.4 and Appendix B).
The process we followed for synthesizing nickelate heterostructures is described as

follows: First, we prepared the stoichiometric target by attaching it to a target holder
with a platinum paste. In order to fix the target to the holder, it was necessary to heat
them together with the paste at 200 ◦C for 2 h. The target was then polished before
every process run to improve the surface homogeneity. Second, we cleaned the substrate
with acetone (CH3COCH3) in an ultrasound sonicator for 10min and then dried it with a
pressurized N2 gun. After the initial preparation, we placed the target and the substrate
inside the main chamber (see Fig. 2.1) and proceeded to activate the vacuum pump to
reach the desired pressure (p ≈ 1×10−5 mbar). Once the required pressure is reached, we
allow the flow of a small amount of oxygen (pO2 ≈ 300bar). After reaching the equilibrium
state, we continued the preparation process by setting the temperature. For nickelates,
a small range of temperatures is suitable, i.e., between 600 and 700 ◦C. As additional
steps, we set the frequency of each pulse (usually 4Hz) and the total number of pulses
for the growth depending on the desired thickness. Finally, we activated and adjusted
the laser fluence by measuring the averaged energy provided by the laser (a common
value for perovskite nickelates is F ≈ 1.6 J/cm2). We employed a KrF excimer laser with
wavelength λ = 248 nm for the ablation. The PLD used for synthesizing nickelates also
possesses a shutter that we can open and close during the growth process. This device
is particularly useful for the growth of superlattices as it can be activated during the
time we switch between the target materials of the desired heterostructure. In the case
of superlattices, the first block to be deposited was always the nickelate, and the last was
the blocking layer.

To obtain the desired thickness of the heterostructure, we optimized the growth rate
parameter (Å/pulse). This optimization is done by first using growth parameters from
previous samples or similar materials to fabricate test specimens and then measuring the
thickness or bilayer thickness of the thin film or superlattice. The growth rates are related
to the thicknesses in the following way:

thtf = ρLNO · n (2.1)

and for the superlattices

thSL1 = ρLNO · n+ ρABO ·m,
thSL2 = ρLNO ·m+ ρABO · n

(2.2)

where n and m represent the number of pulses used for the growth of the test samples,
ρLNO and ρABO represent the growth rates of the nickelates and the blocking layer respec-
tively and thtf,SL represent the thicknesses of the thin film and the superlattice. For the
determination of the growth rates in our superlattices we usually used the combination
SL1 = (RENiO3)8/(ABO3)4 and SL2 = (RENiO3)4/(ABO3)8 to keep sufficient difference
between the components of the heterostructure.
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2.2 Topochemical reactions in oxides

The chemical processes involving oxygen reduction have recently attracted considerable
attention, especially in the field of solid state research [172–175]. This increased interest
is mainly associated with the possibility of synthesizing new materials with meta-stable
phases, high homogeneity, and preservation of the structure, due to the low temperatures
at which the transformation process takes place [182]. In the specific case of TMOs,
which can have various non-stoichiometric oxygen ordered phases, these mechanisms can
lead to new physical properties and phases with different symmetries without abruptly
changing the structure. Furthermore, the removal and deficiency of oxygen in TMOs are
intrinsically related to a lower oxidation state of the transition metal ions which means
that rare valence states (not synthesized by conventional techniques) can be achieved.
Along these lines, Sr-doped nickelates have been found to display superconductivity as
the perovskite phase with Ni3+ valence is transformed to the infinite-layer phase with
Ni1+ via the topochemical reaction that removes oxygen from the apical site [110]. In this
context, the topochemical reaction is defined as a process associated with a definite site in
the lattice and characterized by a profound relationship between the structural thermo-
dynamic and kinetics aspects of the starting material and the resulting product [183]. In
this thesis, we applied two distinct methods for the oxygen reduction from the nickelate
heterostructures, namely the solid-to-solid topochemical reaction with calcium hydride
(CaH2), lithium hydride (LiH), lithium deuteride (LiD) and sodium hydride (NaH) and
the hydrogen (H2) gas-to-solid reaction, the former being the most successful from the
two.

Solid-solid topochemical reaction

Calcium hydride is a chemical compound with a salt-like structure distinguished for be-
ing widely applied as a dissecant. This alkaline earth hydride, usually presented in the
pure form of white powder, reacts violently with water and air releasing hydrogen gas. In
recent years, it has been extensively used to reduce various TMO materials, including nick-
elates [122,123,125,173,184–187]. In the absence of any source of oxygen, this compound
starts to decompose at temperatures above 800 ◦C to metal and gas CaH2 → Ca(s)+H2(g).
On the other hand, in the presence of an oxide material such as the rare-earth nickelates,
two products are possible according to the one-electron and two-electron processes, re-
spectively

RENiO3 + CaH2 → RENiO2 + CaO + H2, 2H− → H2 + 2e− (2.3)

RENiO3 + CaH2 → RENiO2 + Ca(OH)2, H− → H+ + 2e− (2.4)

which in both cases will lead to a reduced valence state of the transition metal ion as
Ni3+ + 2e− → Ni1+. Similar processes have been studied for the reduction of SrFeO3

with CaH2 [188]. In their work, Kobayashi et. al., concluded that the dominance of the
one-electron or two-electron processes depends most likely on the amount of oxide being
reduced and not on the temperature of the reduction. In addition, the authors found
that the reaction rate does not change with an increased amount of CaH2, whereas it is
inversely proportional to the distance between the treated material and the reducing agent.
Interestingly, the two materials involved in the chemical process do not have to be in direct
contact to reduce the oxide due to the local generation of H2 gas. Additional studies on
nickelate thin films established optimal reduction parameters to obtain the infinite layer
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phase with a minimum molar ratio of 1 : 2 in favor of the reducing agent [122,123,185–187].
In principle, a 1 : 1 molar ratio should be sufficient for the reduction; however, the
studies mentioned above did not obtain satisfactory results. For the specific case of
LaNiO2, it forms in a range of temperatures between 250 and 350 ◦C with an optimal
value of 280 ◦C. Below these temperatures, La2Ni2O5 is the dominant phase, and above
them, the perovskite phase starts to decompose into La2O3 and Ni metal. Regarding
time, LaNiO2 thin films can be easily obtained after 120min of reduction, whereas the
bulk samples require several days of treatment [124, 189]. Naturally, these reduction
times represent values observed in the literature, and they will vary depending on the
preparation conditions.

Although we describe CaH2 as a versatile compound to reduce TMOs, we have to
point out that it is not the only hydride scientists have employed to treat these materials.
For example Hayward and coworkers broadly used NaH to obtain LaNiO2 and NdNiO2

powders [119, 121]. Ikeda et. al., compared the use of carbon powder, CaH2, and TiH2

for the reduction of thin films and concluded that the latter two produced the samples
with the lowest resistivity in LaNiO2 [125]. Apart from nickelates, other materials such
as the oxychloride Sr3Fe2O5Cl2 were reduced by Dixon et. al., employing LiH to obtain
Sr3Fe2O4Cl2 [190]. As was mentioned earlier, we have also performed reductions using
LiH, LiD, and NaH. For example, we reduced nickelate superlattices with LiH and LiD
to study the incorporation of hydrogen in the samples, given that neutron diffraction
experiments can easily identify differences between the scattering factors of hydrogen and
deuterium. Furthermore, in a similar way as Hayward and coworkers, we employed NaH
to reduce powder NdNiO3 samples, but we did not manage to reproduce the infinite-layer
phase with this reactant. The three reducing agents mentioned above were used only for
a few samples due to the complexity of the handling and the difficulties of removing their
byproducts after reduction.

Finally, on the safety side, it is essential to keep in mind that these compounds should
be handled under a controlled atmosphere, given the sensitivity of hydrides to air and the
hazards related to releasing hydrogen (for example, a glove box with Ar gas). Indeed,
as we will see in the next sections, we have followed a safety procedure to prepare the
samples that were subsequently reduced.

Solid-gas reaction with hydrogen

The first oxygen reductions performed on nickelates are attributed to Crespin et. al.,
who used hydrogen gas to obtain bulk LaNiO2 from its perovskite form [118]. Unfortu-
nately, due to the difficulty of the setup and reduction process, many scientists could not
reproduce the results and attempted similar experiments with different reducing agents.
Nevertheless, although these difficulties illustrate the complexity of the process when han-
dling H2 gas, many other experimentalists have applied hydrogen as a reducing agent on
powder and thin-film samples [120,124,125]. Compared with hydrides, H2 requires much
less reduction time to reach the infinite-layer phase. This reduction process, which in-
volves a solid-gas reaction, must be carried out at higher temperatures than the hydrides,
i.e., between 350 - 600 ◦C. Given this temperature range, it is straightforward to identify
why it is challenging to optimize the process, i.e., at such elevated temperatures, many
TMOs start to decompose even without the presence of a reducing agent, narrowing down
the optimal reduction window. The reaction process between perovskite nickelates and
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Figure 2.2: Schematic representation of the furnaces used for the oxygen reduction with a)
hydrides and b) hydrogen gas.

H2 can be described as follows

RENiO3 + H2 → RENiO2 + H2O (2.5)

where water is generated as a byproduct, probably in the form of condensate at the surface
of the samples. Since experiments involving H2 include the constant flow of the gas, it is
conceivable to think that this is a cleaner process compared with the hydrides, which are
typically (but not necessarily) in contact with the sample and encapsulated in a sealed
glass.

Safety procedures require using H2 with extreme care due to its explosive potential.
This precaution means that high purity H2 requires special equipment to be employed.
To avoid this complication, a mixture of hydrogen with inert gas can be used to reduce
the risk of accidents (i.e., 95% Ar - 5% H2). An example of a setup for the H2 reduction
process can be the use of a furnace able to contain a mechanism of constant gas flow
which will have the advantage of immediately renewing the reducing agent and removing
the byproduct.

Fig. 2.2 shows the equipment used to reduce the nickelate samples using hydrates and
hydrogen gas. The treatment procedure with powder reactants involves a conventional
ceramic lab furnace inside, which is then sealed in a glass tube with the sample to be
treated (Fig. 2.2 a). To avoid the direct contact between the reducing agent and the
sample, we use a small box of Al, Au, or Ag that lies on the powder with the sample
inside. Under these conditions, the thickness of the box would determine the distance
between the sample and the powder. The preparation of the content of the glass tube
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is made inside a glove box under an inert gas atmosphere to prevent the hydride from
reacting before being heated together with the sample. For the case of reductions with
hydrogen gas, we connect a bottle containing low percentages of H2 to the tube furnace
(Fig. 2.2 b). The samples lie inside the tube previously vented with a turbo pump. The
tube furnace guarantees a continuous flux of gas that will react with the sample. Both
setups mentioned above are suitable for reducing powders, thin films, and superlattices
and for the reoxidation of samples, considering the appropriate modifications.
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Chapter 3

Characterization Techniques

In this chapter, we will discuss the group of techniques used to characterize the samples
studied in this thesis. Among the techniques used to investigate nickelate-based materials
are in-house systems such as x-ray diffraction (XRD). In addition, the transport properties
measurements and electrical resistivity experiments were performed in the physical prop-
erty measurement system (PPMS). Experiments involving x-ray absorption spectroscopy
(XAS), resonant x-ray scattering (REXS), and resonant x-ray reflectivity (RXR), were
performed at the BESSY II synchrotron in Berlin. Additionally, methods and techniques
used by collaborators, which are important for our results, will not be described in this
chapter. However, if needed, a summary of their operating principles will be given in the
corresponding sections.

3.1 Elastic x-ray scattering

Elastic x-ray scattering is a family of techniques used to obtain information about materi-
als’ physical properties and crystal structure. These techniques include x-ray diffraction,
resonant x-ray scattering, and resonant x-ray reflectivity. Elastic x-ray scattering involves
processes where the energy of the incident light remains unchanged after interacting with
the sample. The following sections discuss the basic principles of x-ray scattering and
the interaction between light and matter. A more extended description of the theory of
x-rays and matter can be found in Refs. 191,192.

3.1.1 X-ray diffraction

X-ray diffraction is a powerful technique that has been widely employed to characterize
the crystal structure of samples without causing damage to them. In a typical diffraction
measurement, a beam of x-rays is directed towards the sample that needs to be analyzed.
The interaction between the electrons in the periodic arrangement of atoms from the
sample and the electromagnetic radiation in the incident beam produces the scattering of
waves in various directions. The scattered rays, which travel through unequal optical path
lengths, interfere with each other to produce a diffraction pattern. The pattern is then
collected by a detector that can move radially around one of the sample’s edge or rotation
(see Fig. 3.1 a). The diffracted intensity measured with the detector can be described in
terms of a momentum transfer vector, which depends on the momenta of the incoming
and outgoing waves q⃗ = k⃗f−k⃗i. This vector q⃗ represents the momentum transferred to the
photon, which has the same magnitude but opposite sign as the momentum transferred
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Figure 3.1: a) Schematic representation of an x-ray diffraction measurement in real space. The
waves are scattered in all directions, but only those hitting the detector contribute to the mea-
sured diffraction pattern. The bottom part shows a representation of the events happening at the
atomic level. b) Schematic representation of the reciprocal space where the limit of the diffrac-
tometer is described by the green circle and the geometric limits of the sample are described
by the white circles. The purple circle is the so-called Ewald’s sphere whose radius is equal to
|⃗kf | = |⃗ki| [193].

to the scatterer. Then, the information about the spatial distribution of charges in the
sample can be obtained through a scattering factor defined in terms of the charge density.
From a classical point of view, an atom can be modeled as an electron density of spherical
symmetry ρ(r⃗). In the particular case of non-resonant, elastic scattering from a single
atom, the form factor is described as

f(q⃗) =

∫
ρ(r⃗)eiq⃗·r⃗dr⃗ (3.1)

with the integral carried out over all scattered waves from all positions r⃗i in the electron
cloud. In the limiting case of q⃗ = 0, which correspond to the contribution of all electrons
excited by high-energetic x-rays, the integral yields simply the number of electrons in the
atom f(q⃗ → 0) = Z. Eq. 3.1 is valid for an energy-independent form factor; however, for a
more complete expression, it is necessary to include the energy of the incident photons ℏω
which becomes important for energies close to the resonant edges. The energy-dependent
form factor is expressed as,

f(q⃗, ℏω) = f(q⃗) + f ′(ℏω) + if ′′(ℏω) (3.2)

where f ′ and f ′′ account for the particular response of the electrons with different binding
energies to the incoming field and the damping effect of the binding energies on the
electron cloud, respectively. In the case of crystals, the atoms are arranged in the form of
a periodic lattice, and the contribution of each atom must be summed over the amount
of smallest repeating units to obtain information about the spatial distribution of ions.
This sum yields the crystal structure factor

F (q⃗) =
∑
R⃗i

f(q⃗)eiq⃗·R⃗i (3.3)
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here R⃗i = n1a⃗1 + n2a⃗2 + n3a⃗3 is the vector that describes the position of an atom in
the unit cell of the crystal. The scattered intensity Is = |F (q⃗)|2 will be large when
all scattered waves are in phase and the momentum transfer together with R⃗i fulfil the
following condition

q⃗ · R⃗i = 2πn, n ∈ Z (3.4)

Eq. 3.4 is known as the Bragg’s condition where all q⃗ coincide with a reciprocal space
vector defined as

b⃗∗1 = 2π
a⃗2 × a⃗3

a⃗1 · (⃗a2 × a⃗3)
b⃗∗2 = 2π

a⃗3 × a⃗1
a⃗1 · (⃗a2 × a⃗3)

b⃗∗3 = 2π
a⃗1 × a⃗2

a⃗1 · (⃗a2 × a⃗3)
(3.5)

where a⃗1·(⃗a2×a⃗3) = V is the volume of the unit cell in the real space and the b⃗∗i (i = 1, 2, 3)
form a reciprocal space (see Fig. 3.1 b) described by the vector G⃗ = h⃗b∗1 + k⃗b∗2 + l⃗b∗3. A
graphical representation of the condition in Eq. 3.4 is given in terms of a geometrical
construction called the Ewald sphere (see Fig. 3.1 b) where diffraction will be possible
only if the momentum transfer q⃗ coincides with one of the points in the reciprocal space
map. According to Eq. 3.1 and Eq. 3.3, the crystal structure factor becomes the discrete
Fourier transform of the atomic form factors which in turn is the continuous Fourier
transform of the charge density. However, when the unit cell of the crystal is composed
by different atoms, the energy dependent structure factor becomes

F (q⃗, ℏω) =
J∑
r⃗j

N∑
R⃗i

f(q⃗, ℏω)eiq⃗·r⃗jeiq⃗·R⃗i (3.6)

with J corresponding to the number of different atoms in the unit cell and N to the
number of unit cells in the crystal. Eq. 3.6 can be further generalized by including factors
related to the polarization dependence of the beam source, absorption effects, the sample’s
preferential orientation, and the external equipment itself. Along these lines, an expression
for the intensity in terms of the structure factor is given by

Is ∝ F (q⃗, ℏω) · F ∗(q⃗, ℏω) = |F (q⃗, ℏω)|2 (3.7)

where F ∗(q⃗, ℏω) is the complex conjugate of the crystal structure factor. For an ideal
scenario F (q⃗, ℏω) becomes a Dirac delta function as N tends to infinity (see Fig. 3.2 a).
However, for real systems such as single crystal substrates, a broadening of this function
has to be taken into account (see Fig. 3.2 b). Moreover, the analysis of thin films and
superlattices studied in this thesis involves the observation of additional features such as
the Laue fringes, which determine the total thickness of the sample, and the superlattice
Bragg peaks, which determine the size of the bilayer formed by two distinct materials
(see Figs. 3.2 c,d). All points in the reciprocal space will be allowed for samples with
high symmetry, i.e., cubic structures. However, lower symmetries yield combinations of
hkl-values which suppress the term eiq⃗·R⃗i . These are the well-known "selection rules" for
x-ray diffraction, which allow for the identification of the crystallographic space group of
a particular material. The previous observations are valid when the energies of the used
x-rays are much higher than the energy required to excite the core electrons. However,
when the energy of the photons is tuned to the resonance of the corresponding atomic
absorption edges, the reflections prohibited by the selection rules can be observed. This
phenomenon indicates anisotropy in the crystal and the distortion they produce on the
electronic wave function.
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Figure 3.2: a) Dirac delta function for the ideal case where limN→∞ F (q⃗, ℏω) which would appear
in each of the points (yellow) of the reciprocal space in Fig. 3.1 b. b) Typical pattern of an XRD
measurement performed on a single crystal substrate where a clear broadening can be observed.
This curve can be modelled by the function csc2(2πaz sin(θ)/λ). c) XRD pattern of a thin
film grown on a substrate. The smaller peaks are called Laue oscillations and the spectra can be
modelled using the function sin2(2πnaz sin(θ)/λ)/ sin

2(πaz sin(θ)/λ) known as the Laue function.
d) XRD pattern of a superlattice composed of two materials grown on a substrate. In contrast
to c) here, there are additional peaks associated with the superlattice and useful for determining
the thickness of the bilayer. The independent axis is represented as 1/d = 2 sin(θ)/λ.

3.1.2 Theory of the interaction between light and matter

Spectroscopy is defined as the study of the interaction between matter and light, including
the entire spectra of electromagnetic radiation. Based on this concept, spectroscopy tech-
niques are used to obtain information about the physical properties of condensed matter
systems by employing light as a probing mechanism. When a sample is exposed to exter-
nal electromagnetic waves, its local properties deviate momentarily from the equilibrium.
In the sub-atomic regime, when the incident photon reaches an atom, it couples a core
electronic state with an unoccupied higher energy state. Depending on the energy of the
incoming photon, it will be emitted, absorbed, or scattered, and the associated electron
will be either ejected or just excited to another energy state within the atom. During this
process, specific probing techniques can measure the excitations produced by the external
field. The magnitude of the excitations will be proportional to that of the external field,
and its duration will be determined by the interaction time. In this section, we focus
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mainly on describing two spectroscopic techniques, i.e., resonant elastic scattering and
x-ray absorption employing the linear response theory.

In a similar fashion as with x-ray diffraction, electrons inside an ion will be perturbed
by the presence of an external field E⃗i(r⃗, t). The polarization vector of such electrons will
then respond linearly to the incoming field:

P⃗ = χE⃗i(r⃗, t), E⃗i(r⃗, t) = ϵ̂E0e
−i(ωt−k⃗·r⃗) (3.8)

where χ is known as the electric susceptibility of the electron, ϵ̂ is a unitary vector directed
along the polarization direction of the electromagnetic wave, E0 is the amplitude of the
field, and ω is its corresponding frequency. From the previous equation, it is possible to
define an expression for the velocity and the acceleration of the electron as

j⃗ =
∂P⃗

∂t
= −iωχE⃗i(r⃗, t), a⃗ =

∂j⃗

∂t
= ω2χE⃗i(r⃗, t) (3.9)

In this sense, the interaction of the electron and the electromagnetic field can be regarded
as a harmonic oscillator with frequency ω. Then, the absorption process will be associated
with the damping of the oscillatory motion of the electron. The power absorbed by the
electron is obtained from the time-averaged work done in this process

W =
1

T

∫ T

0

F⃗ · j⃗ dt = ⟨E⃗i · j⃗⟩ =
1

2
Re[E⃗∗

i · (−iωχ)E⃗i] (3.10)

this expression can be further simplified by introducing the conductivity σ(ℏω) = ωχ,
which is generally not a scalar but a tensor of the second rank with complex components.
The real and imaginary parts of this tensor are Kramers-Kronig related, and they are
obtained by solving the differential equation of the damped oscillator. From Eq. 3.10 it
is possible to derive an expression for the intensity of the absorption process:

IXAS(ℏω) =
1

2
Im[ϵ̂∗ · σ(ℏω) · ϵ̂] (3.11)

In contrast to the absorption mechanism, the scattering process involves the fields present
before and after the interaction. Then, the intensity of the resonant scattering will be
given by the ratio between the radiated field from the electron and the initial incoming
field as

IREXS(ℏω) =
|E⃗o|2

|E⃗i|2
∝ |ϵ̂∗o · σ(ℏω) · ϵ̂i|2 (3.12)

Equations 3.11 and 3.12 evidence the close relation between the scattering and absorption
processes through the conductivity tensor σ. In addition, σ is associated with the atomic
form factor f(q⃗, ℏω) such that

σ(ℏω) ∝ f ′(ℏω) + f ′′(ℏω) (3.13)

where the absorption process corresponds to the f ′′(ℏω) term. In the next section, we will
extend the description of absorption spectroscopy and how it is applied to the particular
case of TMOs.
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3.1.3 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a fundamental technique used to determine the
materials’ local geometric, electronic and orbital structure. This section will give a quan-
tum mechanical description of the interaction between light and matter, along with the
derivation of the XAS cross-section. According to the first-order perturbation theory [194],
a system in which light and matter interact can be described by a Hamiltonian of the
form

H = H0 +Hext (3.14)

where H0 is the term corresponding to the non-interacting system and Hext appears from
external perturbations such as the potential field produced by the light A⃗(r⃗, t). Since
the light-matter interaction involves several processes, Hext will be constituted by various
factors

Hext = H1 +H2 +H3 +H4

=
e2

2m
A⃗2 − e

mc
p⃗ · A⃗− eℏ

mc
s⃗ ·
(
∇× A⃗

)
− eℏ

2m2c3
s⃗ ·

(
∂A⃗

∂t
× e

c
A⃗

)
(3.15)

which account for processes such as the Thomson scattering, the resonant scattering, and
the non-resonant magnetic scattering. Here H2 = − e

mc
p⃗ · A⃗ is the most relevant term for

the resonant absorption process.
The rate of transition between different states produced by a perturbation of the

system is given by the Fermi’s Golden Rule, expressed as

IXAS =
∑
f

|⟨f |Hext|i⟩|2[δ(ℏω + Ei − Ef ) + δ(ℏω − Ei + Ef )] (3.16)

where i and f represent the initial and final states of the transition and Ei and Ef the
respective energies. Here, Hext ≈ H2 and the delta function δ is introduced to preserve
the energy conservation theorem. In addition, the Dirac function can be replaced by a
Lorentzian function to account for the lifetime-broadening of the states occurring in real
experiments by using the following transformation

δ(x) = −Im
[
lim
Γ→0

1

π(x+ iΓ/2)

]
(3.17)

where Γ is a parameter specifying the width of the Lorentzian function. Combining the
two previous equations leads to an expanded expression for the intensity as

IXAS = − eE
2
0

2m2
Im
{
lim
Γ→0

〈
i

∣∣∣∣(ϵ̂ · r⃗eik⃗·r⃗)† [ 1

π(ω + Ei −H + iΓ/2)

]
+

(
1

π(ω − Ei +H + iΓ/2)

)[
ϵ̂ · r⃗eik⃗·r⃗

]∣∣∣∣i〉} (3.18)

By comparing Equations 3.18 and 3.11 it is possible to obtain an expression for the
conductivity as follows

σ =
eE2

0

2m2

〈
i

∣∣∣∣ r⃗( 1

ω + Ei −H + iΓ/2
+

1

ω − Ei +H + iΓ/2

)
r⃗

∣∣∣∣i〉 (3.19)
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Figure 3.3: Schematic description of the 2p core-level spectroscopy in a 3d-TMO for a) the
equilibrium state and b) the excited state where a photon induces a 2p→ 3d transition. In this
particular case a 2p3/2 electron is excited to the 3d states (L3-edge). c) Plot of the real (red)
and imaginary (blue) parts of the conductivity σ described by equation 3.20. Figure reproduced
from Ref. 195.

where the Hamiltonian H appears twice in the equation because it acts two times on the
system, one to drive it to an excited state and the other to return it to its original unper-
turbed state. Then, the conductivity σ can be calculated by obtaining the eigenvalues of
the Hamiltonian.

In this thesis, the XAS analysis is mainly centered at the L absorption edge of 3d
TMOs with the formula ABO3. At the L edge, XAS can probe the 3d states of the TM
ion by exciting 2p core-electrons to the unoccupied 3d states. More specifically, since the
spin-orbit coupling divides the 2p states in to well separated 2p3/2 and 2p1/2 levels, the
corresponding transitions become the L2 (2p1/2 → 3d) and L3 (2p3/2 → 3d) edges (see
Figs. 3.3 a,b). In addition, it is possible to probe the oxygen anion K-edge and the A-site
cation absorption edges, provided they lie withing the XAS energy range.

The conductivity σ can be further simplified by assuming a two-level system where
a transition such as |s⟩ → |p⟩ takes place. Then, applying the previous condition to
Eq. 3.19, it becomes

σ =
e

2πm2

(
1

ω + ω0 + iΓ/2
+

1

ω − ω0 + iΓ/2

)
(3.20)

where ω0 is the difference of energy Ef −Ei between the two states. When the energy ℏω
matches ω0, the denominator in the previous equation diverges, enhancing the scattering.
Furthermore, the expression for σ in Eq. 3.20 can be separated into its real and imaginary
parts through a Kramers-Kronig transformation. Fig. 3.3 c shows a plot of the real and
imaginary parts of the conductivity σ, with ω0 = 854 eV and Γ = 0.5 eV. In general,
the conductivity σ is not a scalar but a tensor with a specific symmetry depending on
the material. A common symmetry exhibited by many TMOs is tetragonal, and the
corresponding conductivity tensor obtained from the absorption process is given by

σtetra =

σxx 0 0
0 σxx 0
0 0 σzz

 (3.21)
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Figure 3.4: a) Schematics of an XAS experiment performed on a 3d material (blue) grown on
a substrate single crystal (grey) using unpolarized light approaching at a certain angle with
respect to the sample’s surface. Two detection mechanisms are depicted: the total electron
yield (TEY) and fluorescence yield (FY). The light in a) can be separated into b) polarization
E ⊥ qz, which probes unoccupied states in the 3dx2−y2 orbitals, and c) polarization E ∥ qz,
which probes unoccupied states in the 3d3z2−r2 orbitals, following the electric dipole selection
rules and assuming filled t2g levels and partially filled eg orbitals.

which produces at least two distinct types of spectra that can be collected by analyzing
the system with light polarized parallel and perpendicular to the tetragonal arrangement.
The difference between the two types of spectra is called linear dichroism and is often
expressed in the normalized form

Norm. Lin. Dic. =
IE⊥qz − IE∥qz

(2I ′E⊥qz
+ I ′E∥qz)/3

(3.22)

where IE⊥qz and IE∥qz represent the polarization parallel and perpendicular to the plane
of the sample and I ′E⊥qz ,E∥qz =

∫
IE⊥qz ,E∥qz(E)dE are the integrated intensities at the

absorption edges (i.e. between the L3,2-edges) (see Fig. 3.4 a). This quantity is a mea-
surement of the preferential orbital occupation and the orbital energy level splitting of
non-degenerate levels in many materials such as the TMOs. Moreover, these distinct po-
larizations couple with particular orbitals in the 3d states. For example for a system with
the t2g levels completely filled, the IE⊥qz probes unoccupied states in the 3dx2−y2 orbitals
whereas the IE∥qz probes unoccupied states in the 3d3z2−r2 orbitals (see Figs. 3.4 b,c).

The dichroism obtained in Eq. 3.22 can be further analyzed for the specific case of
3d TMOs by taking into account sum rules considerations. The sum rules arise from the
characteristic of the dipole operator, which are related to the symmetry of the system.
According to the electron-dipole approximation, Eq. 3.18 is equivalent to

IXAS ∝ ⟨ψi|ϵ̂ · r⃗ | |ϵ̂ · r⃗ |ψi⟩ (3.23)

where ψi and ψf represent the wavefuctions of the initial and final states respectively and
ϵ̂ · r⃗ is the dipole operator. These elements can be expressed in terms of the spherical
harmonics [196] as ψ = Y m

l and ϵ̂· r⃗ = rC1
q , where q = −1, 0,+1 depending on whether the

incoming light is z-linearly (q = 0) or circularly (q = ±1) polarized. Then, the evaluation
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of the integral ⟨Y m
l |C1

q |Y m′

l′ ⟩ will give the selection rules for the allowed transition process
as

∆l = ±1 ∆m = 0,±1 (3.24)

The sum rules can be written in terms of real orbitals for the case of intensities measured
with linear polarized light in materials with excitations from the p to the d states

Ix =
1

h

[
1

2
hxy +

1

2
hxz +

1

6
hz2 +

1

2
hx2−y2 −

√
1

12

(
dz2d

†
x2−y2 + d†z2dx2−y2

)]

Iy =
1

h

[
1

2
hxy +

1

2
hyz +

1

6
hz2 +

1

2
hx2−y2 +

√
1

12

(
dz2d

†
x2−y2 + d†z2dx2−y2

)]

Iz =
1

h

(
1

2
hxz +

1

2
hyz +

2

3
hz2

)
(3.25)

where the hij represents the hole occupation in the respective orbital and h is the total
hole occupation. A more detailed description of the derivation of previous expressions is
given in Refs. 197 and 198. For the particular case of a 3d7 : t62ge

1
g system, such as for the

Ni3+ ion with tetragonal symmetry, the intensities are given by the following expressions

Ix = Iy ≡ IE⊥qz =
1

6
h3z2−r2 +

1

2
hx2−y2

Iz ≡ IE∥qz =
2

3
h3z2−r2

(3.26)

where hx2−y2 and h3z2−r2 are the number of holes in the 3dx2−y2 and 3d3z2−r2 orbitals,
respectively. To obtain a quantitative measure of the imbalance between the eg orbitals,
it is possible to introduce a parameter X derived from the sum rules for linear dichroism,
which relates the number of holes in each eg orbital with the corresponding polarized
intensities obtained from XAS [91,199,200]. Then, the hole ratio X is defined as

X =
h3z2−r2

hx2−y2
=

3I ′Ez

4I ′Ex
− I ′Ez

(3.27)

where I ′Ex,Ez
=
∫
Ix,z(E)dE are the energy-integrated intensities at the absorption edges

obtained from the XAS measurement. In addition, to quantify the unequal electronic
occupation of orbitals, the orbital polarization P is defined as

P =
nx2−y2 − n3z2−r2

nx2−y2 + n3z2−r2
=

(
4

neg

− 1

)
X − 1

X + 1
(3.28)

where nx2−y2 = 2 − hx2−y2 and n3z2−r2 = 2 − h3z2−r2 are the number of electrons in the
3dx2−y2 and 3d3z2−r2 orbitals, respectively, and neg = 4−heg is the total number of electrons
in the eg orbitals [92,201,202]. Both the hole ratio X and the orbital polarization P can
be used to compare different heterostructures with the same Ni valence state. However,
for comparing superlattices with different valence states it is preferable to only use X
because it does not depend on the total number of electrons in the eg orbitals.
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3.1.4 Resonant x-ray reflectivity

X-ray reflectivity (XRR) is a technique used to characterize the surfaces and interfaces of
thin films and superlattices. XRR is based on the principle of reflection of x-ray from a
surface following the Fresnel equations. These equations are given in terms of the refrac-
tive indexes N(ω) of the different materials forming the heterostructure being analyzed.
The refractive indexes are complex numbers that depend on the specific material’s atomic
number and the atomic form factor. From the optical approach described in section 3.1.2
and the theory for x-ray scattering presented in section 3.1.1, it is possible to obtain an
expression for the refractive indexes in terms of the atomic form factor. Starting from
the expression for the atomic form factor and assuming only forward scattering (q⃗ = 0)
Eq. 3.2 becomes

f(q⃗ = 0, ℏω) = Z∗ + f ′(ℏω) + if ′′(ℏω) (3.29)

where Z∗ ≈ (Z/82.5)2.37 is a small relativistic correction for the atomic number Z and
f ′(ℏω) and f ′′(ℏω) are the real and imaginary parts of the dispersion corrections, respec-
tively. For x-rays, the complex refractive index [203] is defined as

N(ω) = 1− δ(ω) + iβ(ω) = 1− ρNAr0λ
2

2πA
(f ′(ℏω)− if ′′(ℏω)) (3.30)

where δ and β are denoted as the optical constants, ρ is the mass density, NA is the
Avogadro’s number, r0 is the classical electron radius, λ the light’s wavelength, A is the
atomic mass and ℏω = E. In addition, f ′ and f ′′ are Kramers-Kronig related by the
following expression

f ′(E) = Z∗ +
2

π

∫ ∞

0

εf ′′(ε)

E2 − ε2
dε (3.31)

Then, a direct correspondence between the optical constants and the components of the
dispersion correction [203] is given by

δ(E) =
ρNAr0λ

2

2πA
f ′(E), β(E) =

ρNAr0λ
2

2πA
f ′′(E) (3.32)

For the specific case of reflectivity, we use the dielectric function ϵ = ϵ1 + iϵ2 which is
related to the complex refractive index by the expression N =

√
ϵ. This complex linear

response function is related with the optical constants by the following expressions

ϵ1 = (1 + δ)2 − β2, ϵ2 = 2(1 + δ)β (3.33)

Similar to the definition of the conductivity σ in section 3.1.2, ϵ is a tensor with complex
entries ϵij = (ϵ1)ij + i(ϵ2)ij, where i, j = x, y, z. Therefore, the dielectric function can be
expressed as

ϵ =

ϵxx ϵxy ϵxz
ϵyx ϵyy ϵyz
ϵxz ϵyz ϵzz

 (3.34)

where some ϵij terms can be simplified depending on the symmetry of the material. For
example, for cubic, tetragonal and orthorhombic symmetries, the non-diagonal terms
(i ̸= j) become zero and the diagonal elements (i = j) are defined as

ϵcubic =

ϵxx 0 0
0 ϵxx 0
0 0 ϵxx

 ϵtetra =

ϵxx 0 0
0 ϵxx 0
0 0 ϵzz

 ϵortho =

ϵxx 0 0
0 ϵyy 0
0 0 ϵzz

 (3.35)
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For lower symmetry systems such as monoclinic (ϵxz = ϵzx ̸= 0) and triclinic (ϵij ̸= 0, i ̸=
j) some or all of the non-diagonal elements are different from zero [204]. In addition, in
the case of magnetic materials such as, for example, a ferromagnet with cubic symmetry
(ϵyx = −ϵxy ̸= 0), some of the non-diagonal elements are also non-zero [205].

Orbital reflectometry of superlattices

Orbital reflectometry relates to the study and characterization of samples using light
reflection as a mechanism. With this method, it is possible to quantitatively derive the
layer resolved orbital polarization profiles obtained from resonant x-ray reflectivity and
absorption data [91]. In this section, we describe the procedure to calculate the form
and structure factors of TMOs heterostructures, taking a nickelate superlattice as an
example. Similar to the relations obtained for x-ray diffraction in Sec. 3.1.1, the intensity
in a reflectivity measurement is determined by the crystal structure factor

F(hkl) =
∑
j

fje
2πi(hx+ky+lz) (3.36)

where h, k, and l are known as the Miller indices, and the x, y, and z are the corresponding
space coordinates of a particular layer. The above expression can be further simplified
by assuming the general case of specular reflection where all components are zero except
for the out-of-plane lz. To explain the procedure of obtaining the structure factor of a
given superlattice, we will take the particular case of a heterostructure with eight layers of
material No. 1 (i.e., RENiO2+δ) and four layers of material No. 2 (i.e., ABO3). In addition,
we will assume that material No. 2 is homogeneous, whereas material No. 1 is not. These
assumptions are possible in systems such as RENiO2+δ/ABO3 where ABO3 is a band gap
insulator with similar electronic properties in all its layers. In the case of RENiO2+δ,
the electronic structure is expected to be different for the interface layers compared with
the inner layers due to effects such as polar discontinuity, spatial confinement, electronic
reconstruction, layer intermixing, or oxygen deficiency.

𝐌𝐨𝐝𝐞𝐥 𝑨 𝐌𝐨𝐝𝐞𝐥 𝑩 𝐌𝐨𝐝𝐞𝐥 𝑪 𝐌𝐨𝐝𝐞𝐥 𝑫

𝒇𝐀𝐁𝐎

𝒇𝐑𝐍𝐎
𝐈𝐍

𝒇𝐑𝐍𝐎
𝐈𝐅

𝒇𝐑𝐍𝐎
𝐈𝐅

… … … …

… … … …

Figure 3.5: Schematic representation of four different models of interface (IF ) and inner (IN)
layers combinations for a (RENiO2+δ)8/(ABO3)4 superlattice. The ellipsis indicates that the
structure is repeated several times, and the slabs shown represent the basic bilayer of the whole
structure.
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Fig. 3.5 shows the possible configurations of different amounts of interface and inner
layers for the specific case of an 8//4 superlattice. We consider four models: homoge-
neous case (no interface layers) and one, two, or three interface layers at each side of the
superlattice. Then, following Eq. 3.36 and the assumptions made above, the complete
structure factor for each reflection (superlattice peak) of (RENiO2+δ)8/(ABO3)4 is given
by

F(00l) = fABO e
2πi( 0

12
·l) + fABO e

2πi( 1
12

·l) + fABO e
2πi( 2

12
·l) + fABO e

2πi( 3
12

·l)

+ f IN(IF)
RNO e2πi(

4
12

·l) + f IN(IF)
RNO e2πi(

5
12

·l) + f IN(IF)
RNO e2πi(

6
12

·l) + f IN(IF)
RNO e2πi(

7
12

·l)

+ f IN(IF)
RNO e2πi(

8
12

·l) + f IN(IF)
RNO e2πi(

9
12

·l) + f IN(IF)
RNO e2πi(

10
12

·l) + f IN(IF)
RNO e2πi(

11
12

·l)

(3.37)

The previous equation can be conveniently simplified by employing the unit circle depicted
in Fig. 3.6 a. The circle has been divided into 12 slices to account for the 8 + 4 layers
of materials No. 1 and No. 2, respectively. Then, applying equation 3.37 and Fig. 3.6 for
the first three superlattice reflections, the corresponding structure factors for model A are
given by

F(001) = (fABO − fRNO)

(√
3 + 3

2

)
(1 + i) (3.38)

F(002) = (fABO − fRNO)
√
3 i (3.39)

F(003) = 0 (3.40)

In this case, the RENiO2+δ layers are assumed to be homogeneous and therefore there
is no difference between interface and inner layers. Both F(001) and F(002) depend on the
difference between fABO and fRNO multiplied by a constant factor whereas F(003) is zero.
Therefore, the information about effects arising at the fABO/fRNO interface is given by the
first two superlattice reflections. Furthermore, a possible indication of the homogeneity
of the system is the presence or absence of the F(003n) (n = 1, 2, ...) reflections.

A similar procedure as the one described above yields the first three structure factors
of model B

F(001) =

[
fABO

(√
3 + 3

2

)
− f IN

RNO

(√
3 + 1

)
+ f IF

RNO

(√
3− 1

2

)]
(1 + i) (3.41)

F(002) = (fABO − f IF
RNO)
√
3 i (3.42)

F(003) = (f IF
RNO − f IN

RNO)(1− i) (3.43)

where F003 is graphically represented in Fig. 3.6 b. In this case, F(001) depends on the con-
tribution from all layers, F(002) is sensitive to effects happening a the fABO/f

IN
RNO interface

and F(003) is perceptive to effects at the f IF
RNO/f

IN
RNO interface exclusively. Therefore, a layer

resolved description of the RENiO2+δ part of the superlattice will be given by the analysis
of F(002) and F(003) structure factors since they give an disentangled characterization of
the relevant interfaces. For completeness, models C and D where also calculated and
their results are shown in Appendix A.

The models proposed in Fig. 3.5 are made assuming integer amounts and symmet-
ric distribution of layers on both sides of the superlattices. However, in real systems,
it is plausible to observe asymmetry produced by conditions such as the substrate ter-
mination, which translate into the films as the growth process occurs. In other words,
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Figure 3.6: a) Unit circle divided into 12 pieces to represent the complex coefficients e(2πi l z) =
cos (2π l z)+ i sin (2π l z) of a superlattice with 8 layers of material No. 1 plus 4 layers of material
No. 2. The horizontal and vertical axis represent the real and imaginary parts respectively. b)
Application of the unit circle for the calculation of the structure factor of the third superlattice
reflection F003 in model B from Fig. 3.5.

it is conceivable to have systems with an odd number of interface layers, which will be
equivalent to assigning a fraction number of layers on each side of the superlattice. For
example, a (RENiO2+δ)8/(ABO3)4 sample with 3 interface and 5 inner nickelate lay-
ers can be obtained from equally distributed amounts of the mathematical equivalent
2 ∗ f IF

RNO : 5 ∗ f IN
RNO : 1 ∗ f IF

RNO, 1 ∗ f IF
RNO : 5 ∗ f IN

RNO : 2 ∗ f IF
RNO and 1.5 ∗ f IF

RNO : 5 ∗ f IN
RNO : 1.5 ∗ f IF

RNO

configurations. In chapter 4 we will explore the appearance of asymmetric interfaces in
the reflectivity analysis of superlattices with polar interfaces. Finally, it is important to
point out that a standard reflectometry analysis like the one described above includes the
evaluation of at least the four models presented in Fig. 3.5 and the choice of the adequate
model is made based on the agreement between simulated and experimental data.

The formalism involved in x-ray reflectivity analysis

The XRR measurements have depth-resolved information about the system being ana-
lyzed; however, this knowledge is not immediately available after the measurement and
needs to be extracted from the data. This proceeding is possible by performing a simu-
lation of the reflectivity data for the different possible models (such as in Fig. 3.5) and
then comparing the results with the measured data. This section describes the process of
simulating the XRR spectra from the obtainment of the optical constants from the mea-
sured XAS data, the fitting of the reflectivity data using a program specifically designed
to this end, and the derivation of the layer-resolved XAS spectra.

An XRR experiment intended to obtain the depth-resolved electronic structure of a
heterostructure consist of two sub-type of measurements: (i) qz-dependent scans attained
by changing the incident angle of the beam (θ) while keeping the energy (E) constant and
(b) E-dependent scans performed at specific qz-values. The qz-dependent scans, which can
be either performed at resonant or non-resonant energies, are used to obtain the structural
model of the sample. Then, the structure factors of the heterostructure are obtained by
fitting the thicknesses and roughnesses of the different layers. After the fitting is done,
the structural model parameters are kept fixed for the rest of the analysis. In the case
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of the E-dependent scans, which usually (but not always) coincide with the position of
the superlattice reflections, they are used to extract the element and depth-dependent
electronic structure of the heterostructure.

There are various programs commercially available to simulate reflectivity spectra
[206–209]. In this thesis, we used the software tool RegMagX [208, 210] to perform the
above fitting process. This program is based on both Parratt and full matrix formalisms
to calculate the reflectivity data. Parratt’s recursive method [211,212], whose author was
one of the first to employ reflectivity for the analysis of surfaces of solids, uses a dynamical
scattering approach including multiple reflections originating from each layer. Then, the
total reflectivity rj−1,j between adjacent j − 1 and j layers is given by

rj−1,j =
r′j−1,j + rj,j+1 e

izjqj

1 + r′j−1,j rj,j+1 eizjqj
(3.44)

where qj and zj are the momentum transfer and the thickness of layer j respectively. The
expression eizjqj represents the phase shift between the reflected (j − 1, j) and (j, j + 1)
beams. r′j−1,j is known as the Fresnel coefficient and it is related to the momentum transfer
vector through

r′j−1,j =
qj−1 − qj
qj−1 + qj

, , qj = 2kj sin θj (3.45)

where kj is the incoming wave vector and θj is the incident angle at the j interface, which
is related to the refraction index via the following expression

θj = 2π
√
n2
j − 1 + sin θ (3.46)

here θ represents the angle formed between the incoming beam and the sample’s surface.
Assuming that the substrate has an infinite thickness and that the incident light can be
separated into perpendicular (σ) and parallel (π) polarizations to the reflecting plane, the
Fresnel equations are given by

r′,σj−1,j =
qj−1 − qj
qj−1 + qj

, t′,σj−1,j =
2 qj−1

qj−1 + qj

r′,πj−1,j =
n2
jqj−1 − n2

j−1qj

n2
jqj−1 + n2

j−1qj
, t′,πj−1,j =

2n2
j qj−1

n2
jqj−1 + n2

j−1qj

(3.47)

In addition, the roughness, a measure of the smoothness of the interfaces, is calculated
using the Nevot-Croce method. This method is based on the assumption that the dielectric
constant is related to depth according to measurements of the mean plane of the surface
and that a Gaussian distribution can model the surface roughness [213].

r′N-C
j−1,j = r′j−1,je

−2kj−1kjγ
2

(3.48)

where γ is the roughness between layers j−1 and j, Parratt’s formalism is suitable for fit-
ting the qz-dependent reflectivity curves and, therefore, for obtaining the structural model
with the polarization averaged optical constants. However, for comparing experimental
and calculated E-dependent data, it is necessary to employ a method that includes the
full dielectric tensor (see Eq. 3.34). The full matrix formalism uses matrix representations
of the incident and reflected wavevectors and includes both σ and π polarizations related
to the plane of incidence. The propagation of the field vectors in a medium is described
by the boundary field vector

F⃗ = A× P⃗ (3.49)
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where A is the medium boundary matrix and P is the wave propagation vector. Accord-
ing to Maxwell’s equations, the field vector components tangential to the interfaces are
continuous. Then, neighboring layers fulfill the following relation

A1P⃗1 = A2P⃗2 (3.50)

In the case of multiple interfaces, the relation between the first and the last layer will be
given in terms of a propagation matrix D̃ as

P⃗iAi =
∏
m

(
Am D̃m A−1

m

)
P⃗jAj (3.51)

where the substrate is assumed to have infinite thickness. The full matrix approach
calculates the roughness by segmenting the layers and assuming gradual changes in the
optical constants close to the interfaces. [214,215].

Simulation of the x-ray reflectivity spectra

A depth-resolved analysis of the electronic properties of a sample includes the realization
of both XRR and XAS measurements. The first step of this analysis consists of obtaining
the optical constants from the measured XAS data. This procedure is possible because
the imaginary part of the refractive index is related to the intensity of the XAS according
to the following expression

IXAS(E) = −
1

E

N∑
j=1

Cjf
′′
j (E)→ IXAS(E) ∝ Eβ(E) (3.52)

where Cj are the number of atoms of type j per formula unit and N are the number
of different atoms of the compound. Then, δ can be derived using the Kramers-Kronig
transformation (see Eq. 3.31) and their relation with the form factors. The optical con-
stants used for reflectivity need to include a sufficiently large energy spectrum usually not
covered by a typical XAS measurement. Therefore, it is necessary to include theoretical
values of β (or f ′′), which can be obtained from tables of data such as the ones calculated
by Henke [216] and Chantler [217, 218]. The authors use self-consistent Dirac-Hartree-
Fock calculations for isolated atoms to obtain the absorption cross-section in the region
between 10 eV and 40 keV, which agrees with experimental data taken at non-resonant
energies. However, at resonant energies, the calculated data does not show the character-
istic details of the fine structure at the absorption edges. Then, theory and measurements
need to be merged by scaling and inserting the converted XAS (β) into the calculated
data. Once both δ and β are calculated, they can be used as input for the reflectivity
fitting. The analysis of the qz-dependent reflectivity data is carried out using averaged
(unpolarized) optical constants obtained according to

Iav =
1

3
(2 · IE⊥qz + IE∥qz) (3.53)

where IE⊥qz and IE∥qz can be derived from Iσ and Iπ polarizations according to the
following relations

Iσ = IE⊥qz , Iπ = IE⊥qz cos
2 θ + IE∥qz sin

2 θ (3.54)
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with θ representing the angle between the incoming light and the plane of the sample.
Once the qz-dependent reflectivity fitting is satisfactory, the structural model is fixed

and kept in this way for the rest of the analysis. The next step after obtaining the
structural model is translating it from the Parratt method to the full matrix formalism.
This adaptation is achieved by calculating the dielectric tensor elements according to
Eq. 3.33 and taking into account the system’s symmetry. In this thesis, we study mainly
tetragonal systems where ϵxx = ϵyy and ϵij = 0, i ̸= j (see Eq. 3.35). Now, since the
structural model has to be kept fixed, the E-dependent reflectivity and the calculated
data must be compared by modulating the dielectric tensor without modifying structural
parameters. A method of modulation for heterostructures with four u.c. of each material
was established by Benckiser et. al. [91] and subsequently applied by Wu et. al. [92,
197]. This modulation approach consists of the introduction of a parameter α, which
determines whether the contribution to the total dichroism obtained by subtracting the
polarization (IE⊥qz − IE∥qz) originates mainly from the interface layer or the inner layers.
The modulation employing a parameter α was further extended by Radhakrishnan et. al.
[219] to include superlattices with a dissimilar number of layers of each material. Then,
the dielectric tensor is modified to redistribute the total dichroism observed in the XAS
measurement to either the interface or inner layers. In this process, the calculated data
and the measured E-dependent reflectivity data will either coincide or deviate depending
on the conditions of the real system.

As an example of the modulation method, lets take the same heterostructure used
in the previous section (RENiO2+δ)8/(ABO3)4. The RENiO2+δ slab can be divided into
different numbers of interface and inner layers according to the models seen in Fig. 3.5.
Then, the elements of the dielectric tensor for the interface and inner layers will be given
by the following expressions

ϵIFjj = (1 +mα) ϵjj −mα ϵcubic, ϵINjj = (1− nα) ϵjj + nα ϵcubic (3.55)

where ϵjj are the averaged elements of the dielectric tensor obtained from XAS, the
subscript j = x, y, z, ϵcubic = 1/3 (2 · ϵxx + ϵzz) and n : m is the ratio between interface and
inner layers respectively. The corresponding ratios of the models presented in Fig. 3.5 are
1 : 3 (model B), 1 : 1 (model C) and 3 : 1 (model D). Moreover, in order to keep the
measured XAS unchanged, m and n must fulfill the following condition

mϵIN + n ϵIF = (m+ n)ϵXAS (3.56)

In addition α is the modulation parameter with α ∈ [−1/m, 1/n]. The values of α can
be interpreted as follows: for α = 0 the values of ϵIFjj and ϵINjj are the same and therefore
there is no difference between interface an inner layers. For α = 1/n, ϵINjj ∝ ϵcubic and ϵIFjj
carries the majority of the total dichorism. Furthermore, for α = −1/m, ϵIFjj ∝ ϵcubic and
most of the dichroism is produced by ϵINjj [219].

The modulation method presented above allows the fitting between the calculated and
experimental E-dependent reflectivity data. The redistribution of the total dichroism
achieved by the parameter α and by testing the possible models produce two distinct
spectra corresponding to the interface and inner layers. The optical constants and the
associated XAS intensities can be obtained by using the following relations

δ = 1−

√(
ϵ1 +

√
ϵ21 + ϵ22

)
/2, β =

√
(1− δ)2 − ϵ1 (3.57)
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Figure 3.7: Description of the steps involved in the reflectivity analysis. The process starts with
the treatment of the XAS raw data, followed by the preparation of the optical constants. Then
β and δ are used as input for the qz-dependent reflectivity fitting. The process continues with
the modulation of α to fit the E-dependent reflectivity spectra. Finally, when the modulation is
satisfactory, the layer-resolved XAS is plotted.

which are expressions derived from Eq. 3.33. Fig. 3.7 displays a detailed graphical de-
scription of the complete reflectivity analysis for the case of (NdNiO3)8/(SrTiO3)4. In
Chapter 4, this method will be used to analyze infinite-layer nickelate superlattices.
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3.2 X-ray sources

3.2.1 X-ray tube

The diffraction measurements described in section 3.1.1 are performed using x-rays gen-
erated by a high-energy source. This device is called the x-ray tube, and it is composed
of an anode and cathode enclosed in a vacuum tube (see Fig. 3.8 a). Additional compo-
nents include a high-voltage source connected to the ends of the anode and cathode and
a cooling system attached to the former.

The generation of x-rays can be described as follows: A high voltage source generates
the needed current to release electrons from the cathode. These electrons travel in vacuum
towards an anode plate, where they impact with high velocity. At the atomic level, the
electrons penetrate the plate and ionize the atoms by kicking out some core electrons. The
ejected electrons leave holes that are immediately occupied by other electrons arriving
from higher energy levels such that the equilibrium state is reached again. This process
where the electrons fill the unoccupied states leaves, as a consequence, the production of
x-rays.
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Figure 3.8: a) Schematic representation of an x-ray tube constituted by a cathode, an anode,
and a vacuum chamber. The x-rays are generated when the charged particles originating at the
cathode hit the anode and release radiation. A high-voltage source is connected to the ends of
the anode and cathode b) Typical x-ray spectrum for Mo and Cu with various distinct features:
two intense peaks (Kα,Kβ) and a continuum called "Bremsstrahlung." The Kα is composed by
a two-peak structure labeled as Kα1 and Kα2 corresponding to the 2p3/2 → 1s and 2p1/2 → 1s
transitions respectively.

More specifically, at the atomic level, electrons located at the 3p and 2p3/2,1/2 levels
fill the empty places left by the 1s electrons in events denoted as Kβ and Kα1,2 lines.
The most common materials used for the anode are molybdenum and copper, and their
emission spectrum is shown in Fig. 3.8 b. The Kα and Kβ for Mo appear around 0.7093Å
and 0.6323Å respectively whereas the corresponding wavelengths for Cu are 1.5406Å
and 1.3922Å respectively. For x-ray diffraction measurements, only one of these lines is
needed (usually Kα). Therefore, additional devices are used to suppress the Kβ line, such
as Ni filters located in front of the beam. The beam left after the filtering process is used
to probe the samples.
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3.2.2 Synchrotron radiation

Measurements performed at the resonant energies of transition metal oxides like those
studied in this thesis need to be performed in large-scale facilities. The small dimensions
of the samples analyzed to yield a poor scattering signal which cannot be collected by
in-house equipment. In addition, signals appearing due to charge, magnetic and orbital
order are very small in intensity, and they need apparatus with high brilliance to capture
such phenomena. The x-ray absorption spectroscopy, resonant x-ray scattering, and res-
onant x-ray reflectivity experiments discussed in the previous sections were performed at
a synchrotron that can generate x-rays with variable energy and polarization.

A synchrotron is a particle accelerator where electrons reach relativistic speed, gen-
erating x-ray radiation. Figure 3.9 a shows a schematic representation of the parts of a
typical synchrotron. The generation of x-rays in these facilities is constituted by various
steps, which can be described as follow: First, the electrons emitted from an electron
gun are accelerated by a linear accelerator and directed towards a booster ring. When
the electrons reach relativistic speeds, they leave the booster ring and pass to the storage
ring, where they are confined. While the electrons travel through the storage ring, various
devices are used to control their direction and shape. For example, radio-frequency (RF)
cavities are used to keep the energy of the electrons stable. In addition, various types
of dipole and quadrupole magnets are used to regulate the shape and direction of the
electron beam.

a) b)

c)

d)

∝ 1/𝛾

Figure 3.9: a) Schematic representation of a synchrotron and its essential components, the
booster and storage rings, the bending magnets, the insertion devices, and the experimental
hutch where measurements are performed. The three types of magnets that produce x-ray in
a synchrotron b) bending magnets, which change the electron’s trajectory to circulate in the
storage ring c) wigglers, formed by alternating magnetic dipoles that accelerate electrons in a
sinusoidal path and c) undulators, which enhance the brilliance and intensity of the electron
beam by constructive interference of the wavefronts. All figures were reproduced from Ref. 220.

The dynamics of the electrons and the radiation they produce in a synchrotron are
governed by the relativistic Doppler effect. By this effect, the wavelength of light changes
due to the relative motion of the electrons with respect to the observer. Then, the
radiation generated by the fast-moving electrons is blue-shifted, and its emission is focused
in the forward direction. In addition, at such high velocities, the Lorentz contraction
narrows the dipole radiation shaped in the form of a cone which opens according to an
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Figure 3.10: Schematic representation of the magnetic dipole arrays of undulators, a) horizontal
polarization with no phase shift, b) vertical polarization with a phase shift of λu/2 and c) circular
polarization with a phase shift of λu/4, where λu is the period of the undulator. All figures were
adapted from the UE56 BESSY synchrotron facility website [221].

angle 1/γ =
√
1− v2/c2, where γ is called the Lorentz factor (see Fig. 3.9 b). Therefore,

as a result of the effects mentioned above, the x-ray produced possesses a high intensity
and a low divergence. This radiation is characterized by various parameters such as the
beam size, the intensity, the degree of collimation, and the spectra distribution. All of
these variables can be comprised of a single parameter called the brilliance, defined as

B =
photon/s

(mrad)2(mm2 source area)(0 : 1% bandwidth)
(3.58)

which is also regarded as the flux per unit solid angle and unit source area.
The radiation required to perform experiments is produced in various types of magnets.

For instance, the bending magnets are used to guide the electron beam through the storage
ring (Fig. 3.9 b). In this case, the x-rays are generated due to the change in the direction
of the electrons. In addition, special arrays of magnets called insertion devices are used to
modify the characteristics of the beam according to the experimental requirements. One
of such devices is the wiggler, which consists of a series of alternating magnets (similar
to the bending magnets) that amplify the incoming intensity by a particular factor (see
Fig. 3.9 c). On the other hand, the undulator is a device where the emitted radiation has
increased intensity and narrowed dimensions such that the beam is focused in a smaller
region (see Fig. 3.9 d). The undulator also consists of alternating magnets, however, the
amplitude of oscillations of the electrons is much smaller, producing a more coherent
beam. The insertion devices are classified according to a parameter

K =
eB λu
2πme c

(3.59)

where e and me are the electron’s charge and mass, B is the applied magnetic field, λu is
the phase shift between the arrays of magnets, and c is the speed of light. According to
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this parameter, typical values of K ≫ 1 correspond to wigglers, and K ≤ 1 are assigned
to undulators. In addition, the intensity in a wiggler is given by I ∝ N , whereas for
the undulator, the intensity scales as I ∝ N2, where N is the number of dipoles in the
insertion device. For the particular case of the undulators, the emitted spectral range
∆E/E is very narrow, which translates into a higher brilliance. Moreover, the energy
of the photons emitted by the undulator is discrete, given the sinusoidal nature of the
electron’s pathway. This energy is given by

En(eV) = 950
nE2

e (GeV)

λu(cm)(1 +K2/2 + λ2θ2)
(3.60)

where n is the n-th odd harmonic, Ee is the energy of the electrons, K is the parameter
defined in equation 3.59, γ is the relativistic factor of the electrons, and θ is the polar
angle of the undulator. The parameter K can be modified by adjusting the space between
the magnetic dipoles in the undulator, changing the wavelength of the electron wave and
thus the magnetic field strength.

Figure 3.10 shows the configuration of three types of undulators. These configurations
produce linearly polarized light either parallel or perpendicular to the plane of the elec-
trons by changing the phase shift of the array of magnets from 0 to λ/2 respectively (see
Fig. 3.10 a&b). Furthermore, circular polarized light can be produced by changing the
phase shift to λ/4 (see Fig. 3.10 c). The polarization of light is essential for probing the
electronic and magnetic properties of materials. This requirement is because light can
couple to specific orbitals in the material depending on its polarization. Depending on
the geometry of the sample and its disposition in the experimental set-up, the incoming
light can be divided into two components. However, for an electromagnetic wave, it is
customary to define two polarization directions based on the direction of the electric field
vector. The polarization perpendicular to the plane of the particle’s direction is called σ,
and the polarization parallel to it is named π. The (σ,π) notation will be useful for the
next chapters when samples are analyzed with synchrotron radiation. A more extended
description of the topics described above regarding synchrotron radiation can be found in
Ref. 220.
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3.3 Transport Measurements: Resistivity
Electrical resistivity is a property of materials describing how they oppose the flow of
electrical current through them. A typical resistivity versus temperature measurement
determines whether a material is metallic or insulator. The resistivity of the heterostruc-
tures analyzed in this thesis was measured using the physical property measurement
system (PPMS). Among the type of measurements performed in the PPMS are the two-
and four-point probe and the van der Pauw method [222, 223], the latter being the one
used most often in this thesis.
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Figure 3.11: a) Sketch of an mm-sized sample with four contacts MNOP usually made from Au or
Ag. Typical two-channel configuration for the van der Pauw measurement corresponding to sam-
ple in a). c) Curve describing the relation between the factor f and the ratio RMN,OP /RNO,PM

in Fig. 3.62 (reproduced from Ref. 223). d) Curve of resistivity versus temperature for two ma-
terials, an insulator (red) and a metal (blue), fitted with an expression representing a non-Fermi
liquid and a localization activated by the variable range hopping.

The first step to performing a van der Pauw measurement is to put metallic contacts
on the four edges of the sample that needs to be analyzed, as shown in Fig. 3.11 a.
Then, we select two points where the current is supplied and two points where the PPMS
collects the voltage. At least two independent configurations can be measured based on
the desired combinations of MNOP points. For example Fig. 3.11 b shows one channel
where the current goes from M to N and the voltage is collected in O and P giving rise to
the resistance RMN,OP . Similarly, one can obtain the corresponding resistance RNO,PM .
Then, the resistivity of the sample is given by the following expression

exp(−πd
ρ
RMN,OP ) + exp(−πd

ρ
RNO,PM) = 1 (3.61)

where ρ is the resistivity of the sample and d is its thickness. Eq. 3.61 can be further
simplified by introducing a proportionality factor f which relates the ratio between the
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resistances as shown in Fig. 3.11 c. The resistivity is then given by

ρ =
πd

log(2)

RMN,OP +RNO,PM

2
f (3.62)

For most of our samples, the values of f were close to unity, indicating that the factor
can be disregarded.

Electrical transport properties of nickelates

Several authors have widely studied the electrical transport properties of perovskite nick-
elates [224–229]. Among the rare-earth nickelates, the one that has been mainly studied is
LaNiO3, as it exhibits a metallic behavior at all measurable temperatures. However, works
like the one done by Herranz et. al. state that an insulating behavior can be observed due
to disorder that leads to Anderson-type localization [224]. In this sense, localization is
assumed to be activated by the variable range hopping (VRH) process leading to

ρ(T ) = ρ0 e
(T0

T )
1/4

, T0 =
5.7α3

kBN(EF )
(3.63)

where ρ0 is a constat denoted as the residual resistivity, N(EF ) is the density of states at
the Fermi level, and α is the localization length. Nevertheless, most recent studies regard
nickelates as non-Fermi liquids (NFL) [64, 230] with a temperature-dependent resistivity
given by

ρ(T ) = ρ0 + b Tα (3.64)

where α < 2 will correspond to the non-Fermi liquid regime, and α = 2 will characterize
the material as a Landau Fermi liquid (LFL).

At low temperatures, quantum corrections to the conductivity are expected, since
some samples present a small resistivity upturn. These corrections can originate due
to weak localization effects (WLE), the Kondo effect based on spin-dependent scatter-
ing or localization caused by the renormalized electron-electron interaction (REEI) or a
combination of these effects [229]. For example, a combination of the WLE and REEI
contributions [230] leads to expressions for the resistivity such as

ρ3D(T ) =
1

σ0 + a1T p/2 + a2 T 1/2
+ b T 2, ρ2D(T ) =

1

σ0 + a lnT
+ b T 2 (3.65)

where σ0 = 1/ρ0 is the residual conductivity, a1T p/2 is the term corresponding to WLE
(with p = 2 for electron electron interactions and p = 3 for electron-phonon interactions),
a2T

1/2 is the term related to REEI, a lnT includes both WL and REEI effects, and
bT 2 is the electron-electron Boltzmann term [225]. For some doped systems, the above
expressions will be modified to include contributions originating from the Kondo effect (i.e.
a logarithmic term such as c1 lnT ) [229]. In the next chapter we will use these equations
to fit both the perovskite and infinite-layer phases of the nickelates superlattices.
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Chapter 4

Infinite-layer nickelate heterostructures

4.1 Introduction

The discovery of unconventional superconductivity in cuprates with an unusually high-Tc
initiated much research on similar 3d TMOs with the hope that they can also show this
fascinating state of matter. In this regard, nickelates became an excellent candidate given
that they can possess similar properties such as a spin s = 1/2 in a planar d orbital and a
comparable crystal structure. Recently, the scientific efforts to reproduce the properties
characteristic of cuprates in other compounds yielded good results with the detection of
superconductivity in a NdNiO2 thin film doped with Sr [110]. However, these results were
initially difficult to reproduce, and it took time until other groups obtained similar out-
comes on their samples [127,136,231–233]. The reasons for this delay in the reproduction
are associated with the narrow growth conditions and the subsequent chemical treatment
that is required [234].

Nowadays, experiments have allowed visualizing the phase diagram of the infinite-layer
nickelates, which shows a dome-like shape of the transition temperature as a function
of doping concentration, another essential characteristic of cuprates [126, 127, 135]. The
highest point of this dome is at Tc ≈ 15K for the Nd0.8Sr0.2NiO2 compound, which is much
lower than the corresponding value for cuprates (See Fig. 4.1). This nickelate material can
be obtained by a two-step process in which a Nd0.8Sr0.2NiO3 thin film is first grown and
then topochemically reduced with CaH2. Each of the previous steps are difficult to attain
because they require specific conditions that different set-ups can easily miss. First, the
addition of Sr to the synthesis of nickelates decreases the growth window for the perovskite
phase and increases it for other phases such as the Ruddlesden-Popper [234]. Second, the
reduction process leaves room for the appearance of phases with excess or deficiency of
oxygen in the treated films, which might be undetectable for certain characterization
techniques. Although, at present, Pr- and La-based nickelates have also been found to
show superconductivity, and their corresponding phase diagrams have been drawn (see
Fig. 4.1 b), many questions about the magnetic and electronic properties of these new
materials still need to be addressed [135,136,235].

The topotactic chemical treatment to extract oxygen from nickelates has been studied
for many years, and in the specific case of LaNiOx, various stable states have been found.
[118–120, 122, 124, 187, 236]. Between the perovskite LaNiO3 and the desired infinite-
layer LaNiO2 phase, there are at least two other stable phases. As the oxygen atoms
are removed, these phases are obtained by substituting some octahedral columns with
square planar chains. In the LaNiO2.75, a ferromagnetic insulator, the ratio of perovskite
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b)a)

Figure 4.1: a) Phase diagram of the superconducting cuprates (top) and layered T’-type nicke-
lates (bottom). The n originate from the formula REn+1NinO2n+2, AFI and SC are the antifer-
romagnetic insulator and superconducting regions respectively. Figure reproduced from Ref. 115.
b) Combined phased diagram for the RE1−x[Sr/Ca]xNiO2, (RE =Nd, Pr, La). Figure repro-
duced from Ref. 136.

and square-planar chains is 3 : 1, whereas in LaNiO2.5, an antiferromagnetic insulator,
the corresponding ratio is 1 : 1 (see Fig. 4.2) [26, 237]. With respect to the pseudo-
cubic lattice parameters, the out-of-plane constant changes considerably from 3.84Å in
LaNiO3 to 3.38Å in LaNiO2 whereas the in-plane parameters shift from 3.84Å to 3.96Å
respectively [118,187]. This relatively large difference in the out-of-plane lattice constants
allows the detection of changes by characterization techniques such as x-ray diffraction.

The numerous similarities between superconducting nickelates and cuprates, reinvig-
orate the theoretical interest in the former materials [88, 111, 140, 146, 154, 156, 238–243].
In addition, the differences between these materials can provide important clues for un-
derstanding unconventional superconductivity. Some theories suggest similar magnetic
correlations as in cuprates [238] in agreement with recent results from paramagnon dis-
persion analysis [244]. Other theoretical studies arrive to different conclusions regarding
the magnetic properties [245]. More specifically, the antiferromagnetic coupling between
spins is believed to be smaller in nickelates than in cuprates, which might hinder magnetic
ordering tendencies. Along these lines, experimental results regard undoped infinite-layer
nickelates as paramagnetic metals with a weak insulating behavior at low temperatures
and no signs of long-range magnetic order, whereas cuprates are well-known antiferromag-
netic insulators. Furthermore, the hybridization strength between Ni1+ and the oxygen
ligands appears to be smaller than the one of Cu2+ in cuprates [117, 128]. Finally, it is
important to point out that despite the absence of long-range order in the parent NdNiO2

compound [121], it shows magnetic modes that agree with the model of a Mott insulator
upon doping [139].

In this chapter, we propose an alternative approach to hole doping infinite-layer nicke-
lates that relies on the layer-selective reduction [248] of various [(La,Nd)NiO3]m/[ABO3]n
superlattices grown on different perovskite substrates. The proposed idea can be ex-
plained as follows: an oxygen-deficient nickelate/band-gap insulator superlattice is ob-
tained through a layer-selective reduction process, which results from the different sta-
bility of the layers upon CaH2 reduction. In case that the band insulator slabs remains
unchanged, an interesting situation arises in the nickelate layers, where the apical oxygen
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a) b)

Figure 4.2: Crystal structure of the oxygen deficient a) LaNiO2.5 and b) LaNiO2.75 compounds.
The crystallographic data for the structrures have been obtained from Refs. 246 and 247 respec-
tively. Figures have been drawn with the program VESTA [7].

in the interfaces layers remain, while the inner layers of the nickelate slab are reduced to
the square-planar structure (see Figs. 4.3 d, e, f). This assumption is supported by density
functional theory calculations, which study the interface between an ABO3 insulator and
the RENiO2 [146, 167]. Suppose we now assume the additional charge induced by the
remaining apical oxygen ion is homogeneously redistributed across the entire LNO layer
stack. In that case, this will allow tuning the doping level by controlling the number
of m layers. Then the nickel valence state is given by Ni1+

2
m (see Figs. 4.3 d, e, f). In

addition, a similar doping mechanism is expected to occur in reduced Ruddlesden-Popper
single crystals of (La, Pr)4Ni3O8 [114], and in the newly discovered superconducting T’-
type structure Nd6Ni5O12 [115]. Furthermore, it is important to mention that supercon-
ductivity was found in analogous infinite-layer cuprate superlattices [249–251]. In these
heterostructures, superconductivity arises due to the injection of charge carriers into the
CuO2 planes either by a metallic buffer layer or by the interface between the cuprate and
the band gap insulator, which act as a charge reservoir. Finally, contrary to the diffi-
cult growing conditions in the chemically doped infinite-layer nickelates, the synthesis of
the pristine superlattices has been widely studied, the growth conditions are much more
stable, and the required parameters are well-known [92].

In this thesis, we describe the study of various nickelate pristine and reduced superlat-
tices in combination with band-gap insulting perovskite compounds (also called blocking
layers), such as GdScO3, DyScO3, LaGaO3 LaAlO3, and SrTiO3. Our main objective
is to produce a heterostructure with nickelate layers in the square-planar configuration,
which can be doped through the interface with the blocking layers to attain superconduc-
tivity. The superlattice configuration includes control parameters that can facilitate the
doping of the square-planar nickelate layers, such as electronic and spatial confinement,
charge transfer, superexchange interactions, and structural distortions. The different su-
perlattices are divided into three groups: (i) La- and Nd-based nickelates combined with
scandates grown on the same material as the blocking layer (see Figs. 4.3 a, d). This
group of materials was chosen considering the lattice matching between the infinite-layer
nickelates and scandates, which is believed to produce small structural distortions. (ii)
La-based nickelates together with materials that make no A-cation change across the
interface, i.e. LaBO3 (see Figs. 4.3 b, e). The continuity of the A-cation atomic layers
between the nickelate and the blocking layer is expected to yield less disorder at the
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Figure 4.3: The three types of nickelate superlattices analyzed in this thesis. The yellow arrows
describe the distinctiveness of each group. a) & d) nicklelate/scandate superlattices are expected
to have a good in-plane lattice matching upon reduction in addition to the cooperative tensile
strain produced by the substrate. b) & e) nickelate/LaBO3 superlattices keep the A-cation
site unchanged across the interface. c) & f) nickelate/titanate have charge discontinuity at
interfaces which can lead to charge doping. The structures correspond to LaNiO2+δ/DyScO3,
LaNiO2+δ/LaGaO3 and LaNiO2+δ/SrTiO3, where δ = 1 for a), b) & c) and it is expected that
δ ≈ 0.25 for d), e) & f) respectively.

interface. (iii) La- and Nd-based nickelates combined with and grown on SrTiO3 (see
Figs. 4.3 c, f). Perovskite oxides of the form RE3+Ni3+O3 are polar materials, whereas
Sr2+Ti4+O3 is considered to be a non-polar compound. This polarity is based on the
charge difference between the AO and BO2 planes, which leads to 0 in STO and +1/− 1
in LNO. Therefore, a nickelate/titanate superlattice has a charge discontinuity at the
interface that might lead to an effective hole or electron doping. In this regard, systems
such as the nickelate/titanates are prone to charge transfer, which seeks to counterbal-
ance the polar discontinuity at the interface by injecting charge from one B-cation to the
other. As we will see in the next sections, the reduced structures depicted in Figs. 4.3 are
different from the real structures obtained from the experimental analysis, except for the
LaNiO2+δ/LaBO3 superlattices case.
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4.2 Nickelate/scandate superlattices

We start our study of infinite-layer nickelate superlattices by analyzing heterostructures
combined with scandates. Although our main objective is to find a heterostructure that
shows superconductivity, our first task is to see if the structure depicted in Figs. 4.3 d, e, f
can be achieved by a topochemical treatment. In this regard, we selected the nicke-
late/scandate configuration as the first candidate to attain the infinite-layer phase in the
nickelate part and the layer-selective reduction of the superlattice. The choice of scandates
as blocking layers was made based on the small difference in the in-plane lattice mismatch
expected upon reduction, which might lead to more stable structures. In addition, nick-
elates and scandates have the same polarity of atomic layers along (001)pc

1. Moreover,
DyScO3 and GdScO3 are considered to be very stable against reduction, and their growth
conditions are well established in our group [84, 92, 252]. Earlier experimental studies
on similar heterostructures include x-ray absorption, resonant reflectivity, and diffraction
on a series of LaNiO3/DyScO3 superlattices. For example, Frano et al. found a quasi-
two-dimensional noncollinear antiferromagnetic structure in the (LaNiO3)m/(DyScO3)n
superlattice (m = n = 2) [84]. In addition, Bluschke et al. studied the interaction be-
tween the magnetic moments of Ni and Dy in a group of (LaNiO)2/(DyScO)2 superlattices
and found that exchange interactions between the 3d and 4f spins influence the nicke-
late order and in turn induce a similar periodicity in the interfacial Dy sublattice [252].
In a (LaNiO3)4/(DyScO3)4 sample, Wu et al. obtained orbital polarization as high as
22% and 16% for the interface and inner nickelate layers respectively, showing the im-
pact of epitaxial strain on the enhancement of a preferential orbital occupation [92]. On
the theoretical side, a recent study suggest that superconductivity can be achieved in
a (LaNiO3)1/(DyScO3)3 superlattice [253]. The reason for choosing this configuration
resides in a group of effects produced at the interface, such as the tensile strain, oxy-
gen octahedral distortions, and a polarized internal electric field. The studies mentioned
above describe two important phenomena: (i) the magnetic moments of Ni are aligned for
superlattices with two nickelate and scandate layers, and (ii) the tensile strain exerted by
the substrate (in this case, DyScO3 or GdScO3) on the epitaxially grown superlattice pro-
duces a significantly large polarization of about 25% in favor of the dx2−y2 orbitals for the
nickelate slabs. Later in this chapter, we will compare the orbital polarization values from
Ref. 92 with the corresponding percentages obtained in our samples to determine if the
layer stacking impacts the measured orbital polarization. Additionally, we will contrast
the orbital polarization produced by strain and oxygen removal.

In this section, we study three types of superlattices, namely LaNiO2+δ/DyScO3

(LNO/DSO), NdNiO2+δ/DyScO3 (NNO/DSO), and LaNiO2+δ/GdScO3 (LNO/GSO). The
first successful reduction of superlattices occurred in a group of nickelate/scandate het-
erostructures, including LNO/GSO, which were grown on a (110) oriented GdScO3 sub-
strate [254]. We attribute this to the specific epitaxial conditions of the pristine samples
and the lattice matching between the components of the expected reduced superlattice.
Pristine LNO has a bulk pseudocubic lattice constant of 3.840Å [255], whereas GSO and
DSO have pseudocubic lattice parameters of 3.965Å and 3.945Å, respectively [256–259].
This difference produces a significant amount of tensile strain (3.3%, 2.8% respectively,
see Eq. 1.2.1) that could facilitate the removal of apical oxygen in the subsequent reduc-
tion process since the reduced infinite-layer LNO has bulk in-plane lattice constants of
3.960Å [236], which is close to the pseudocubic in-plane values of the scandates. This

1Here pc refers to pseudo-cubic, for orthorhombic indexing, no subscript will be used
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agreement of lattice parameters might be useful to reduce the formation of distortions
and structural faults in the reduction process that could originate from lattice mismatch.

The considerations mentioned above made the nickelate/scandate superlattices the
most promising candidates for the realization of infinite-layer/blocking-layer heterostruc-
tures and motivated their synthesis, characterization, and reduction. The superlattices
were synthesized by pulsed-laser deposition (PLD) using high-density stoichiometric tar-
gets of LaNiO3, NdNiO3, DyScO3 and GdScO3, and following the growth conditions
established in Ref. 92. The samples with initial dimensions of 5 × 5mm2 were cut into
four equal pieces, one of which was kept pristine, and the rest were used to optimize the
reduction process. This procedure is expected to decrease the effect of subtle differences
between the structure of superlattices obtained in different PLD growth runs. The re-
duced samples were obtained by using CaH2 powder as a reductant. The reduction process
can be described as follows: The cut pieces were prepared inside a Glove Box under Ar-
atmosphere and placed in an open box usually made of gold or aluminum foil. Then, the
boxes were placed inside a small glass/quartz tube on top of approximately 50− 100mg
of CaH2 powder. Later, the tubes were sealed in a vacuum (10−6 to 10−7 mbar) and
subsequently annealed in an oven at 280◦C for various times ranging from 12 − 192h.
After this time, the samples were carefully subtracted from the glass tubes and washed
in acetone (CH3COCH3).

Based on all reduction attempts, we concluded that not all layer combinations are pos-
sible [254]. A careful study of the successfully reduced superlattices reveals two trends:
(i) In general, it was more challenging to reduce samples where the number of nickelate
layers (mLNO) was equal or lower than the number of blocking layers (nDSO(GSO)). A pos-
sible explanation for this phenomenon is that a large number of DSO (GSO) layers can
produce structural distortions at the interfaces with the LNO layers that slow down or
completely prevent the reduction process from happening. (ii) Samples with less than
four nickelate layers could not be reduced. This observation could be linked to the re-
strictions imposed by the buffer layers regarding oxygen removal, which could extend
to more than one layer, making less efficient the reduction process in superlattices with
m ≤ 4. Keeping in mind the previous considerations and in order to perform a com-
plete study of the reduced nickelate superlattices, various layer combinations need to be
tested. In our previous work, we performed successful reductions on various LNO/GSO
and LNO/DSO superlattices, where the number of nickelate (m = 4, 6) and scandate
(n = 1, 2, 3, 4) layers varied methodically. Although the samples changed structurally
upon reduction, no signs of superconductivity were found; instead, a metallic or semi-
conducting behavior was observed [254]. In this section, we continue the analysis of the
nickelate/scandate superlattices for other layer combinations in the search for a system
that shows superconductivity.

LaNiO2+δ/DyScO3

We start our analysis with a specific type of superlattices, where we keep the number
of LNO layers fixed, and the amount of DSO is changed systematically. At first sight,
one might expect no change in the structural and electronic properties of the Ni ions
as a function of the number of blocking layers, but given the observation (i) described
above, it becomes necessary to test different amounts of buffer layers in search of the
most stable structure. Fig. 4.4 shows a group of x-ray diffraction and electrical resistivity
measurements of various LNO/DSO samples. We studied three different configurations,
namely (LNO)8/(DSO)2, (LNO)8/(DSO)4 and (LNO)8/(DSO)6 grown on (110) oriented
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Figure 4.4: a) XRD of a group of pristine and reduced (LNO)m/(DSO)n superlattices. The
region comprises the (001)pc and (002)pc substrate peaks. The dashed vertical line represent the
position of the main Bragg peak of the reduced samples. The asterisks mark peaks arising due
to the gold contacts on some samples used for transport measurements. b) Resistivity of the
same group of (top) pristine and (bottom) reduced samples. The orange dashed lines represent
fittings of the data according to Eq. 3.64. Data in a) has been vertically translated for clarity.

DyScO3 in order to investigate how the structural and transport properties of the reduced
superlattices change as a function of the number of DSO layers. We observed that samples
with n = 2 DSO layers required substantially less treatment time than samples with n = 4
and 6, which required comparable times. Although all samples analyzed had the same
repetition and, therefore, significantly different thicknesses, we believe that the contrasting
reduction times are not related to this thickness difference due to the large time scale used
in the topotactic process (1-8 days).

X-ray diffraction measurements to characterize the samples were performed in a four-
circle single-crystal diffractometer, equipped with a Cu-Kα1 source and a Dectris MYTHEN
line detector (see Fig. 4.4 a). Compared with the pristine samples, all peaks of the reduced
samples are shifted to higher values of 1/d, consistent with a smaller out-of-plane lattice
constant. In particular, next to the (001)pc substrate reflection, all reduced samples show
a peak around c ≈ 3.69Å. The out-of-plane parameter of a superlattice Bragg peak is
given by the average of its constituent layers [260]. This result arises from the fact that
the individual out-of-plane parameter (cpc) of LNO and DSO are not resolvable along the
stacking direction due to the resolution limits imposed by the quasi-two dimensionality
of the structure. Therefore, the peak center is determined by the averaged value:

cSL =
mLNOcLNO + nDSOcDSO

mLNO + nDSO

(4.1)

where mLNO and mDSO are the number of layers of LNO and DSO respectively and cLNO

and cDSO, the corresponding out-of-plane lattice constants. Assuming that the lattice
constant of the DSO layers is approximately the same as the substrate (bulk) and that we
can subtract the DSO contribution (i.e. by solving Eq. 4.1 for cLNO), the averaged LNO
out-of-plane lattice constant is cLNO = 3.55Å, which is far from the value for bulk LaNiO2

cLNO,bulk ≈ 3.38Å [236] and thin films cLNO,TF ≈ 3.40Å [122]. This result indicates that
probably not all nickelate layers are reduced. However, we rule out that further reduction
is possible, as the diffraction patterns observed in XRD did not change significantly after
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a certain minimum reduction time. Therefore, we infer that interfacial effects prevent the
complete reduction of the LNO part in the superlattices. In addition, while literature data
do not indicate a significant variation between samples grown on different substrates [124],
we conclude that strain cannot account for such a difference between the LNO lattice
constants of bulk and superlattices.

Once we calculated cLNO for all superlattices, we would like to estimate how many
layers, on average, have been reduced to the infinite-layer phase. To accomplish this, we
assume that the LNO slabs are structurally composed only by integral layers of the known
reduced stable forms, i.e., LaNiO2.5 and LaNiO2. In principle, the reduced part of the
superlattice might be constituted by various intermediate phases of LaNiO2+δ; however,
here, we will only employ δ = 0, 0.5 as an approximation of the actual scenario. In the
following sections, we will see that this is a reasonable assumption as the results agree
with the fitting performed on the XRD data and spectroscopic measurements. We use
the formula

cLNO =
pLNO2.5cLNO2.5 + qLNO2cLNO2

pLNO2.5 + qLNO2

(4.2)

where cLNO2.5 and cLNO2 are the out-of-plane lattice constants of the epitaxial strained
LaNiO2 and LaNiO2.5 thin films respectively and pLNO2.5 and qLNO2 , their corresponding
number of layers. Using values of cLNO2 = 3.40Å and cLNO2.5 = 3.74Å [122, 123, 125], we
find that the best agreement between the cLNO obtained with Eqs. 4.1 and 4.2 occurs when
pLNO2.5 = 4u.c. and qLNO2 = 4u.c. With this information, we can obtain the corresponding
chemical formula and valence state of the reduced LNO part of the heterostructure. Then,
the nickelate slab can be written as LaNiO2+δ with δ ≈ 0.25 and a corresponding valence
state of Ni1.5+. The previous results are only an estimation of the approximate value of
the out-of-plane lattice constant and the averaged valence state and represent an indirect
measure of the amount of oxygen vacancies, which helps to compare different superlattices
and their maximum reduction stages.

Figure 4.4 b shows the electrical resistivity measurements of the (LNO)8/(DSO)n,
(n = 2, 4, 6) pristine and reduced samples. The pristine samples plotted in the top
panel have comparable curves from 300K to 2K. On the other hand, the reduced samples
plotted in the bottom panel present a metallic behavior with small upturns at low temper-
atures. Various authors have done a detailed analysis of the resistivity versus temperature
dependence in LaNiO3 thin films [225,227,228,230,261]. At relatively high temperatures,
the curves can be fitted by equation 3.64 and depending on the value of α, the materials
will be classified as non-Fermi liquids (α < 2) or Landau Fermi-liquids (α = 2). Our
fittings performed on the untreated samples yielded values of α ≈ 4/3, whereas, in the
case of the reduced samples, they gave α ≈ 3/2, in good agreement with literature val-
ues [225,230]. Moreover, the value of α for the reduced samples is in close agreement with
fitting results performed on the normal state of the infinite-layer Nd1−xSrxNiO2 [262].
At low temperatures, however, there are other effects involved, and quantum corrections,
including renormalization of electron-electron interaction (REEI) and weak localization
effects (WLE), have to be taken into account (see Sec. 3.3) [224, 263]. If we consider
both REEI and WLE effects, the fitting procedure for the pristine samples gives a good
agreement with the 3D case, whereas the reduced samples are best described by the 2D
case (see Eq. 3.65) [224].

74



0.2 0.3 0.4 0.5 0.6
100

102

104

106

108

1010

In
te

n
s
it
y
 (

a
.u

.)

1/d (Å-1)

 m=8//n=2 Pri.

 m=8//n=2 Red.

 m=8//n=4 Pri.

 m=8//n=4 Red.

 m=6//n=4 Pri.

 m=6//n=4 Red.

(001)pc (002)pc
a) b)

0 50 100 150 200 250 300
103

105

107
Reduced

 m=8//n=2

 m=8//n=4

 m=6//n=4R
e
s
is

ti
v
it
y
 (
m
W
c

m
)

Temperature (K)

3x102

6x102

Pristine

 m=8//n=2

 m=8//n=4

 m=6//n=4

 Fittings

Figure 4.5: a) XRD of a group of pristine and reduced (LNO)m/(GSO)n superlattices. The
region comprises the (001)pc and (002)pc substrate peaks. The dashed vertical line represent the
position of the main Bragg peak of the reduced samples. b) Resistivity of the same group of
(top) pristine and (bottom) reduced samples. The red dashed lines represent fittings of the data
according to Eq. 3.64 and 3.63. Data in a) has been vertically translated for clarity.

LaNiO2+δ/GdScO3

As a part of the study of nickelate/scandate superlattices, we also used GSO as a block-
ing layer to investigate the effects of the A-cation change (Dy→Gd) on the crystal and
electronic structure of the superlattices. In this regard, we studied three different config-
urations, namely (LNO)8/(GSO)2, (LNO)8/(GSO)4 and (LNO)6/(GSO)4 grown on (110)
oriented GdScO3. Fig. 4.5 shows a set of XRD and electrical transport measurements for
the pristine and reduced LNO/GSO heterostructures. Similar to the LNO/DSO samples,
the LNO/GSO superlattices show high crystallinity in both pristine and reduced forms.
A careful study of the region around the (001)pc substrate reflection retrieves an averaged
LNO/GSO out-of-plane lattice constant of 3.68Å, which is very close to the value obtained
for the LNO/DSO superlattices. However, given that GSO posses slightly larger lattice
constants, the c-axis lattice parameter for the LNO slab will be lower i.e. cLNO = 3.53Å
(see Eq. 4.1) suggesting a lower oxygen content than in LNO/DSO. In addition, Fig. 4.5 b
shows the electrical transport measurements for the pristine (top) and reduced (bottom)
LNO/GSO superlattices. Again, the pristine samples show the same resistivity range for
both LNO/DSO and LNO/GSO superlattices. Concerning the reduced heterostructures,
the results are comparable to the LNO/DSO superlattices except for the (LNO)8/(GSO)2
sample, which shows a semiconducting trend. In this case, the behavior of the sample is
best described by the variable range hopping mechanism (VRH) with the characteristic
temperature dependence of ρ(T ) = ρ0 exp (T0/T )

1/(d−1) (see Eq. 3.63), where d = 3 is
used for the three-dimensional resistance. In this regard, the Mott VRH model describes
how resistivity behaves as a function of temperature in disordered systems with local-
ized charge carriers, and it has been already applied to nickelates case [224, 264]. Then,
the high resistivity values together with the low-intensity Bragg peaks (see Fig. 4.5 a) of
the sample with n = 2 suggest the presence of structural disorder appearing after the
reduction process.

In order to get insight into the local, electronic structure of the involved elements
in the nickelate/scandate superlattices, we performed X-ray absorption measurements on
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all previous samples. The experiments were performed at the UE46 PGM-1 undulator
beamline of the BESSY-II synchrotron at Helmholtz-Zentrum Berlin, which provides two
types of linear polarization, i.e., σ and π-polarized light. For all XAS measurements, we
used the averaged XAS spectra obtained for each polarization (σ, π). The two distinct
spectra were measured alternately and at least twice to increase the accuracy of the
results. In addition, a background line and a normalization factor after the Ni-L2 edge
were applied, and in all cases the La-M4 line was also subtracted by a Lorentzian fit.
Finally, to obtain Ix and Iz, we employed the Eq. 3.54 defined in section 3.1.4.

Fig. 4.6 shows the polarization-dependent XAS and linear dichroism of various re-
duced LNO/DSO and LNO/GSO samples at the Ni-L2,3 edges. For completeness, the
corresponding XAS spectra for the pristine samples are shown in the Appendix B.1,
and they are in qualitative agreement with previous measurements of Ni3+ heterostruc-
tures [92]. Moreover, XAS measurements at the Dy-M4,5, Gd-M4,5, and Sc-L2,3 edges,
which are shown in the Appendix C.1 and C.2, display no difference between the treated
and non-treated samples, indicating the layer selectness of the reduction process in the
nickelate/scandate superlattices. Both graphs in Fig. 4.6 show various features that need
to be discussed in detail. For example, LNO/DSO and LNO/GSO samples with n = 2
show low-intensity peaks at the Ni-L2,3 edges and a subtle preferential hole occupation of
the dx2−y2 orbitals. However, there are some regions where the d3z2−r2 orbitals are also
dominant (e.g., ≈ 852.9 eV). One possible explanation for these results is that a low num-
ber of buffer layers (n ≤ 2) allow regions with a- and c-axis oriented infinite layer planes
resembling the thin film case [122]. However, evidence of such regions was not found
on the corresponding XRD measurements, probably because the Bragg reflections of this
phase might be buried under the superlattice peaks. Another possible interpretation of
the results could be that for this configuration, other phases, such as the ones containing
Ni2+ dominate the spectrum at the resonant edges. In this regard, we have inspected our
diffraction measurements for Bragg reflections belonging to La2NiO4 and NiO, but we
found no evidence of these phases. On the other hand, samples with n > 2 show a clear
peak structure at the Ni-L2,3 edges. These peaks indicate a higher hole density in the
dx2−y2 orbitals resembling a 3d9 system, which is remarkably similar in all samples, albeit
such peaks are slightly more intense in the LNO/DSO than in the LNO/GSO samples.

NdNiO2+δ/DyScO3

In this section, we focus on a group of nickelate/scandate superlattices where we employ
NNO (Nd-based nickelate) instead of LNO. Interestingly we found that these superlattices
require substantially less reduction temperature and time in comparison with their LNO
counterparts (T = 260 ◦C, t < 1 day). In the following, we describe the result obtained
from a pair of pristine and reduced pieces of the same cut sample with the stacking
(NNO)8/(DSO)4. The x-ray characterization of the pristine and reduced samples is shown
in Fig. 4.7 a. As in the LNO superlattices, the NNO/DSO samples show well-defined
structural patterns, and their main Bragg peaks are shifted with respect to each other.
Similarly, as for the LNO superlattices, we can assume that the treated sample is composed
only of the known reduced stable forms Nd3Ni3O7 (Ni1.66+) and NdNiO2 (Ni1+). In
terms of single-phase layers, separating the DSO contribution with Eq. 4.1, and using
cNNO2 = 3.30Å and cNNO2.33 = 3.765Å [265,266] in Eq. 4.2, we obtain results that suggest
that only three layers from the nickelate slab are reduced to the infinite-layer phase
and that intermediate reduction phases might dominate the electronic properties of the
superlattice.
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Figure 4.6: Polarization dependent XAS (Ix, Iz) at the Ni-L2,3 edges of a group of reduced a)
LNO/DSO and b) LNO/GSO superlattices. In both sets of data, the La-M4 line and the edge
jumps (Ni-L2,3) have been removed. The top parts of the spectra have been vertically translated
for clarity. The bottom parts of the spectra are the normalized linear dichroism calculated
according to Eq. 3.22 and multiplied by a factor of 300.

Contrary to LNO, which has no magnetic ordering transition unless the amount of
layers is very small, NNO possesses an antiferromagnetic ordering below TN ≈ 200K
[64, 84]. This condition makes NNO suitable for magnetic studies on oxygen deficient
samples. A similar analysis of the oxygen vacancies in SmNiO2+δ thin films was done
by Li et. al. [267]. In their work, the authors found that the magnetic order represented
by a Bragg peak at q = (1/4, 1/4, 1/4), is rapidly diminished upon oxygen removal. We
have performed resonant x-ray scattering to achieve a detailed characterization of the
magnetic ordering in pristine and reduced NNO/DSO superlattices. Fig. 4.7 b shows
resonant reciprocal space scans at the Ni-L3 edge (E = 853.4 eV) for both pristine and
reduced samples. At base temperature (T = 10K), the pristine sample shows a small, but
visible resonant Bragg reflection at q0 = (1/4, 1/4, L), in accordance to similar experiments
on NNO heterostructures [64,268]. On the other hand, the reduced sample shows a more
intense peak at a similar q0. We performed temperature and polarization dependence
measurements on the reduced sample to understand the nature of the observed peak. On
the temperature side, Fig. 4.7 c indicates that the peak detected in the reduced sample,
persist even at high temperatures (T = 300K). In addition, while the treated sample
shows almost no difference between distinct polarizations (Iσ, Iπ) at T = 10K, it clearly
displays a small difference at T = 300K (see Fig. 4.7 b). Moreover, a comparison of the
energy dependence of the diffracted intensity at q0 with the XAS yields similar results
with small but clear differences between Iσ and Iπ at both temperatures (see Fig. 4.7 d).
Determining whether the origin of the peak observed in the treated sample is magnetic
or structural related is difficult. Nevertheless, hereunder we briefly discuss the possible
source of this Bragg reflection. Given that in nickelates, the magnetic order seems to
decrease abruptly as a function of oxygen content [267] and that no long-range magnetic
order has been observed in NdNiO2 [139, 269], we conclude that the square planar phase
is probably not the source of such Bragg reflection. Based on the out-of-plane lattice
constant calculations, it is possible that the treated superlattice possesses intermediate
phases such as Nd3Ni3O7 [266, 270]. According to Moriga et. al., Nd3Ni3O7 is a weak
ferromagnet with TC = 340K and it could be the responsible for the appearance of such
peak [270]. Additionally, the Nd3Ni3O7 structure can be regarded as a supercell with
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Figure 4.7: a) XRD of a pair of pristine and reduced (NNO)8/(DSO)4 superlattices around the
(001)pc substrate peak. b) Polarization-dependent scans around q0 = (1/4, 1/4, L) for the same
pristine and reduced samples at T = 10K and E = 853.4 eV. The dashed line is used as a guide.
c) Polarization-dependent comparison between the XAS (multiplied by a factor of 3.5) and the
photon energy dependence of the magnetic Bragg intensity at q0 around the Ni-L3 edge of the
reduced sample, which shows similar line shapes for 10 K and 300 K. d) The Bragg peak of the
reduced sample at various temperatures as a function of the angle of incidence.

3a0 × a0 × 3a0, where a0 is the perovskite subcell, which could structurally produce such
observed Bragg reflection [266]. Therefore we suggest that the possible origin of this Brag
reflection is an intermediate phase between NdNiO3 and NdNiO2, although further work
is required for a conclusive statement.

Our study of nickelate/scandate heterostructures led us to create a new type of super-
lattice where various layers within the nickelate slab are reduced to in the square-planar
configuration. In addition, we found that the amount of blocking layers is an essential
parameter in modifying the physical properties in our superlattices. Given that samples
with n = 2 might be affected by structural disorder upon reduction or intermixing effects
at the interfaces and samples with n = 6 (or more) are unsuitable for surface-sensitive
experiments (as the blocking layer is the last deposited slab), we conclude that the most
favorable amount of blocking layers is n = 4. In the following sections, we will see similar
results with other materials used as blocking layers. The substitution of the A-cation
(Dy→Gd) in the buffer layer produces no significant changes in the XAS spectrum at
the Ni resonant edges for samples with the same stacking. In contrast, a change from
n = 2 to n ≥ 4 gives a distinct spectrum at the Ni-L2,3 edges in both LNO/DSO and
LNO/GSO. On the other hand, a substitution of the A-cation (La→Nd) in the nickelate
side of a superlattice with the same stacking yields significantly different reduction con-

78



ditions. Our study of the main Bragg reflections in our superlattices observed by XRD
indicates that our initial assumption depicted in Fig. 4.3 d is not correct and that fewer
layers are reduced to the infinite-layer phase. Moreover, the analysis of the c-axis lattice
parameter in all superlattices suggests that only four layers in LNO/(D,G)SO and three
layers in NNO/DSO are in the square-planar configuration.

Despite the treatment of various superlattice configurations, superconductivity has not
been observed in any samples. Our assumption of homogeneous charge distribution and
the analysis of the transport data, the averaged c-axis parameter, and estimated valence
state yield a possible explanation: The superlattices reduced so far show poor metallicity
with small resistivity upturns at low temperatures and probably lie on the over-doped
or in principle also, the under-doped regime in comparison to the superconducting nicke-
late (and cuprate) thin films (see Fig. 4.1). A complete study of the charge distribution
within the nickelate blocks will be given in the next section with the help of theoreti-
cal calculations performed by collaborators. On the other hand, the NNO/DSO sample
shows a surprising result where a clear Bragg reflection at q0 = (1/4, 1/4, 1/4) appears on
the reduced sample. This Bragg peak has a small polarization dependence and persists
up to room temperature (see Fig. 4.7). We attribute the possible origin of such peak
to intermediate states between the pure perovskite and square planar phases, although
additional measurements will be necessary to demonstrate this interpretation.
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4.3 LaNiO2−δ/LaBO3 (B = Ga, Al) superlattices
Our search for a heterostructure composed of infinite-layer nickelate slabs, which have a
similar doping level as the superconducting Nd1−xSrxNiO2 thin films (in contrast to the
nickelate/scandate superlattices, which were regarded as overdoped) led us to perform a
study on LaNiO2+δ/LaBO3, (B = Ga, Al) superlattices. In particular, we focus on the
(LaNiO2+δ)m=8/(LaBO3)n=4 superlattices grown on a (001) oriented SrTiO3 substrate
(see Fig. 4.8 a). The substrate with pseudocubic lattice constants of cSTO = 3.905 exerts a
moderate tensile strain over the pristine samples while it induces a substantial amount of
compressive strain on the reduced samples. We selected LaGaO3 and LaAlO3 as blocking
layers to promote the layer-selective reduction, given that the Ga3+ and Al3+ ions have
a closed-shell configuration and are therefore less prone to reduction. In addition, the
A-cation site is kept unchanged across the interfaces, as La is used in the two materials
forming the superlattice. This condition is believed to reduce the structural disorder gen-
erated due to cation intermixing at the interface. In this section, we show experimental
results obtained for the LNO/LGO samples; however, similar measurements and compa-
rable results are shown in Fig. 4.13 for the case of the LNO/LAO superlattices at the end
of this section.
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Figure 4.8: a) Schematic representation of the (LaNiO2+δ)m/(LaGaO3)n superlattices with m =
8 and n = 4, for the pristine/re-oxidized (left) and reduced (right) samples grown on a (001)
oriented SrTiO3 substrate. The layers of the nickelate slab are labeled L1 to L4, and the rest
are a mirror image (indicated by the dashed line) within the LNO block. b) XRD spectra of
a group of pristine, reduced, and re-oxidized heterostructures. The plot includes the (001) and
(002) reflections of the SrTiO3 substrate. The asterisks indicate peaks originating from the Kβ1

reflection arising from the substrate. c) Resistivity of the same group of samples. The inset
shows schematics of the cut samples.

The superlattices were grown by PLD following the conditions established in Ref. 92.
The reduction process was performed in a similar way as for the nickelate/scandate
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Figure 4.9: a) Resistivity of a group of pristine (dark crosses) and reoxidized (light circles)
nickelate superlattices with different stacking and buffer layer compositions. All reoxidized
samples show lower resistivity as their pristine counterparts. b) XRD of a group of reduced
(LNO)8/(LGO)4 superlattices. The region comprises the (001) and (002) substrate peaks. The
data has been vertically shifted for clarity.

superlattices. One of the reduced samples was subsequently used for reoxidation (see
Fig. 4.8 b, c). The reoxidized stage was achieved by heating the reduced samples in an
oven that was open to the atmosphere. The reoxidation is simpler than the reduction
process in terms of preparation and time, as it only requires the heating of the sample
under an O2 atmosphere during a 2 h period.

XRD measurements (see Fig. 4.8 b) show that both pristine and reduced samples have
good crystalline quality as the corresponding Bragg/SL peaks around the substrate main
reflections are well resolved. Both XRD and resistivity measurements show that the re-
duction process is reversible and therefore that the structural frame is preserved during
the chemical treatment (see Figs. 4.8 b, c). The reversibility of a topotactic reduction
process has also been observed in nickelate thin films [122], and other TMOs-based su-
perlattices [248]. The electrical transport of pristine and reoxidized samples performed
in Van der Pauw mode (see Section 3.3) shows metallic behavior in agreement with mea-
surements performed on the LNO/DSO and LNO/GSO superlattices and comparable to
literature values for LaNiO3 thin films and bulk samples [122,124,237,271]. The resistiv-
ity of the reduced superlattices shows a semiconducting temperature dependence, which
can be fitted by Eq. 3.63 (Fig. 4.8 c). A comparative study between the transport data of
pristine and reoxidized samples indicates that the resistivity is consistently lower in the
latter ones (see Fig. 4.9 a). The previous results, together with the slightly larger c-axis
parameter observed in the reoxidized samples, suggest that there are oxygen vacancies
present in the as-grown samples. These findings are surprising given that the last step
of the growth process is to anneal the samples at 690◦C in a 1 bar oxygen atmosphere.
Then, the direct annealing of samples after deposition is less efficient than the reduction
and subsequent ambient annealing in an oven. This behavior occurs because the imme-
diate annealing of pristine samples is limited by oxygen diffusion, whereas for reoxidized
samples, the restrain disappears when the apical oxygen sites are first emptied and then
refilled.

A fitting performed with the simulation software QUAD [272] on the XRD data from
Fig. 4.8 b provides further insight into structural details through the evaluation of relative
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Figure 4.10: Simulations of the XRD data shown in Fig. 4.8 for the (002) SrTiO3 substrate
region performed with the program QUAD. a) LaNiO3 with octahedral structure b) LaNiO2+δ

with two possible configurations, the interfacial quadratic pyramidal plus inner square planar
structure (black box inset) and the pure square planar (grey box inset) configuration.

peak intensities of the diffraction pattern. Figs. 4.10 a, b show the results plotted around
the (002) substrate peak, which confirm the interfacial structure proposed in Fig. 4.8 a
(right). More specifically, the relative intensities of the (0023), (0024) and (0025) super-
lattice reflections (high-low-high) of the reduced samples are in good agreement with the
simulation of a structure with inner square planar plus interfacial quadratic pyramidal
Ni-O coordination. On the other hand, a monotonic increase in the intensity pattern for
the same group of superlattice reflections, which indicates square-planar coordination, dis-
agrees with the experimental data. This intensity pattern was consistent in several treated
samples after the topotactic reduction (see Fig. 4.9 b). The averaged lattice constant of
the superlattice (cSL = 3.61Å) obtained with XRD is in good agreement with the results
from TEM measurements, and DFT calculations performed on the same samples [273].
Moreover, an analysis performed following equations 4.1 and 4.2 yields an averaged out-
of-plane lattice constant cLNO = 3.47Å, which can be obtained by using pLNO2.5 = 2 and
qLNO2 = 6. This result is in agreement with the fittings performed to the XRD data and
to the structure proposed in Fig. 4.3 e.

X-ray absorption spectroscopy

We use soft x-ray absorption spectroscopy (XAS) to analyze the differences in the elec-
tronic configuration of all ions in the pristine and reduced samples. All measurements
were carried out at room temperature and energies covering relevant element-specific ab-
sorption edges. We recorded data from two types of detection modes at the same time.
The first one, total-electron yield (TEY), is a surface-sensitive detection mode with a
sampling depth of a few nm due to the small escape depth of the electrons. The second,
fluorescence yield (FY), has a much larger probing depth (about the attenuation length);
however, it can be influenced by saturation effects, and self-absorption effects [274]. The
XAS measurements with distinct polarizations were executed at a fixed angle of 45◦. Ac-
cording to this geometry (see inset of Fig. 4.11 d) the E ∥ c and E ⊥ c polarizations will
be given by

IE⊥c = Iσ, IE∥c = 2Iπ − IE⊥c,
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Figure 4.11: Polarization-averaged XAS spectra (see Eq. 3.53) around a) the La-M5,4 and Ni-L2,3

edges, b) the Ga-L2,3 edges (smoothed due to the lower flux provided at these high energies), and
c) the O-K edge. The data for pristine (blue) and reduced (red) samples are vertically translated
for clarity. d) Polarization-dependent XAS for pristine and reduced samples across the Ni-L2,3

absorption edges, where the La-M4 lines have been subtracted. The top and middle panels show
spectra taken with x-ray polarization E ∥ c and E ⊥ c. The bottom panel shows the normalized
linear dichroism obtained from the difference of intensities as in Eq. 3.22. The spectra for a),
b), and c) were measured in total-electron yield detection mode, whereas the spectra in d) were
measured in fluorescence yield mode.

where the previous expressions have been obtained from the general formula 3.54 [275].
The previous expressions allow the determination of the linear dichroism, which is a
measure of the preferential orbital occupation in partially filled energy levels.

Fig. 4.11 a shows polarization-averaged spectra, calculated according to Eq. 3.53,
around the La-M5,4 (3d → 4f) and Ni-L2,3 (2p → 3d) absorption edges. The center
of mass of the Ni-L spectra in the reduced samples is shifted towards lower energies with
respect to the pristine sample. This displacement of the white lines of approximately
1.5 eV indicates a reduced valence state that goes from Ni3+ in the as-grown samples
towards Ni1+ in the treated samples. No changes are observed in the La-M and Ga-L
spectral regions, which indicates an invariant valence state of these ions upon reduction
(see Fig. 4.11 b, c). These results agree with transmission electron microscopy (HRTEM)
images taken by our collaborators F. Misják and U. Kaiser, which show thinner LNO
slabs, but equally thick LGO blocks in the reduced samples compared to the untreated
samples [273]. Concerning the O-K edge, the reduced samples show the absence of a
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pre-peak, which is present in the as-grown samples around 528 eV (Fig. 4.11 c). Given
that perovskite nickelates are regarded as charge-transfer materials, the Ni ground state
is dominated by the 3d8L configuration, where L denotes a ligand hole (see Eq. 4.7 and
1.1) [5]. This configuration is translated into a strong hybridization between Ni-O, result-
ing in a pronounced pre-peak at the O-K edge. A close inspection of the spectra for the
reduced sample indicates that the pre-peak is substantially decreased and shifted towards
higher energies, suggesting a loss of hybridization and a change in the valence state of Ni
and the ligand coordination. Similar behavior has been observed with resonant inelastic
x-ray scattering in other infinite-layer nickelates samples [128]. In their work, Hepting
et. al. studied LaNiO2 and NdNiO2 thin films with XAS and found that the pre-peak in
the O-K edge was absent. In addition, theory calculations classify infinite-layer nickelates
as Mott-Hubbard materials instead of the negative-∆ nature of the perovskite counter-
parts [150]. This designation is in agreement with the semiconducting behavior observed
in the resistivity measurements of the reduced samples (see Fig. 4.8 c) as Mott-Hubbard
systems are prone to localization.

The top and middle panels of Fig. 4.11 d show the polarization-dependent XAS spec-
tra for the pristine (blue) and reduced (red) samples. For LaNiO3 with 3d8L electronic
configuration in a cubic ligand field, the expected dichroism is much smaller [91,92], since
the hole occupation of dx2−y2 and d3z2−r2 is very similar. In superlattices similar to the
studied in this chapter, there is a small variation associated with effects such as the ten-
sile strain produced by the substrate and the electronic confinement from the insulating
blocking layers [92]. This variation is what we observe in the normalized dichroism (de-
fined as in Eq. 3.22) of the pristine sample plotted in the bottom panel of Fig. 4.11 d
(blue curve). Concerning LaNiO2, a large anisotropy between measurements performed
with perpendicular polarizations (IE∥c, IE⊥c) is anticipated in analogy to cuprates where
the Cu2+ ions (similarly to Ni1+) are surrounded by oxygen in the square planar coordi-
nation. More specifically, the single hole in the dx2−y2 orbital will result in spectral gain
at the Ni-L3,2-edges for IE⊥c whereas for IE∥c, no spectral gain is expected due to full
occupancy of the d3z2−r2 orbitals. As expected, the dichroism observed in the reduced
sample implies a preferential occupation of holes in the dx2−y2 . This dichroism is com-
parable in shape to the corresponding pattern observed in the Cu2+ ions of the high-Tc

cuprates [276]. Then, the dichroism observed for the reduced samples could be regarded
as a characteristic of 3d9 systems. However, comparing the normalized dichroic signals
in both materials yields a large difference in favor of Cu2+ [276]. A possible explana-
tion for this difference is that charge could be non-homogeneously distributed within the
LaNiO2+δ blocks. The theory calculations performed by collaborators and described in
the following paragraphs will address this issue. Furthermore, in section 4.5 we will apply
resonant x-ray reflectivity to extract the deep layer-resolved valence profiles in various
infinite-layer nickelate superlattices.

Theory: Model and methods

In order to understand how the dopants distribute across the nickelate layers of the re-
duced superlattices, our collaborators H. Menke and P. Hansmann performed calculations
for the superlattice structure depicted in Fig. 4.8 a (right). Two aspects were addressed:
(i) a non-interacting reference model and (ii) the effect of electronic correlations within
Dynamical Mean-Field Theory (DMFT). From the non-interacting Density Functional
Theory (DFT) calculations, they obtained the layer (L1-L4) and orbital resolved partial
Density of States (pDOS). Fig. 4.12 a shows that the Ni 3d states are partially filled be-
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a)

b) c)

𝑆 = 1

𝑆 = 1/2

Figure 4.12: a) Partial density of states for the LaNiO2+δ layers in the LNO/LGO superlattice
with respect to electronic orbitals near the Fermi level εF obtained from DFT calculations. b)
Layer- and orbital-resolved distribution of the density ∆n at the different Ni sites for cases
including additional charge ∆N . c) Layer-resolved spin density ρ(S) as a function of the spin S.
Figures were made by colaborators H. Menke and P. Hansmann (see Ref. 273).

tween the O 2p and the La 5d states and the most prominent states around the Fermi
energy εF are the Ni dx2−y2 . Given that one apical oxygen is present in the interface
layers (L1) but not in the inner ones (L2-L4), there are clearly significant differences
between these two groups of layers from the electronic structure point of view. For L1,
peaks near the Fermi level appear for d3x2−r2 and dx2−y2 due to antibonding combination
and hybridization with 2pz respectively. Concerning the dxz/dyz orbitals, they are also
affected by the apical oxygen such that their spectral weight is pushed towards the Fermi
level at the interface. For L2-L4, the pDOS of the d3x2−r2 orbitals are significantly lowered
compared to L1 due to the missing apical oxygen. A comparison of L1 and L2-L4 through
electronic configuration considerations in the ionic limit shows that the hybridization with
apical oxygen at the interface layer increases the Ni-projected charge. In contrast, the
absence of this hybridization in the inner layers depletes it. More interesting is the ligand
field effect on d3z2−r2 orbitals, whose spectral weight is pushed towards or away from the
Fermi level for the interface and inner layers, respectively, due to the presence or absence
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Figure 4.13: a) XRD of a group of pristine and reduced (LNO)8/(LAO)4 superlattices. b)
resistivity of the same group of samples. c) Polarization-averaged XAS spectra (see Eq. 3.53)
around the O-K edge. The data for pristine (blue) and reduced (red) samples are vertically
translated for clarity.d) Polarization-dependent XAS for pristine and reduced samples across the
Ni-L2,3 absorption edges, where the La-M4 lines have been subtracted. The top and middle
panels show spectra taken with x-ray polarization E ∥ c and E ⊥ c. The bottom panel shows
the linear dichroism obtained from the difference in intensities as in Eq. 3.22.

of apical oxygen.
To explain how the charge is distributed across the reduced nickelate layers, our col-

laborators performed DMFT calculations, including the addition of electrons and holes.
Fig. 4.12 b shows an histogram of the layer- and orbital-resolved projected densities of
each Ni site. When electrons are added to the system, they distribute evenly across the
layers, filling up the dx2−y2 states. In contrast, when the system is doped with holes, they
get trapped at the interface layers, initially in the d3z2−r2 and then in the dxz/yz when the
d3z2−r2 becomes half-filled. The reason for this difference can be explained by considering
the spin configurations of the local Ni moments, which indicate the formation of a strongly
correlated Hund’s metal and local high-spin configurations (see Fig. 4.12 c).

An analogous study performed on the LNO/LAO superlattices yields various similar-
ities but also some differences with respect to LNO/LGO. In the case of the pristine sam-
ples, the measurements show qualitative agreement between LNO/LGO and LNO/LAO,
while this is not the case for the treated samples. For example, the XRD pattern of
the reduced LNO/LAO superlattices (Fig. 4.13 a) shows low intensity but visible Bragg
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peaks, which seem no to follow the same pattern as in the LNO/LGO superlattices.
An analysis of the out-of-plane lattice constant yields cLNO = 3.52Å, which translates
into pLNO2.5/qLNO2 = 3/5 in contrast to pLNO2.5/qLNO2 = 2/6 for LNO/LGO. This differ-
ence might be the reason for the distinct XRD pattern observed between the two super-
lattice types. Concerning the transport measurements, the LNO/LAO reduced sample
(Fig. 4.13 b) shows a semiconducting behavior that is an order of magnitude larger than
in the LNO/LGO counterparts. Measurements at the O-K edge for the reduced samples
(Fig. 4.13 c) show a significantly lower pre-peak around 530 eV in both LNO/LGO and
LNO/LAO superlattices. This pre-peak could originate from the interaction between the
Ni ion and the remaining apical oxygen at the interface with the buffer layer (see sec-
tion 4.6). Finally, the normalized dichroic signal (Fig. 4.13 d) in the reduced LNO/LAO
sample is substantially lower than in the LNO/LGO superlattices with the appearance
of regions where the hole occupation is preferentially siting a the d3z2−r2 orbitals. In
contrast to the comparison made between LNO/DSO and LNO/GSO, where a change in
the A-cation element of the buffer layer produces almost no change in the Ni electronic
configuration, the change of Ga for Al in the blocking layers leads to a distinct hole occu-
pation at the Ni eg orbitals. These results evidence the effect produced by different buffer
layers on the structural and electronic properties of such nickelate systems.

Our study of the LNO/LGO superlattices leads us to the realization of a heterostruc-
ture where the nickelate slabs are composed of inner square-planar and interfacial pyra-
midal layers as predicted in Fig. 4.3 e. Transport measurements show that the reduced
LNO/LBO samples are semiconducting in contrast to the metallic trend displayed by
the nickelate/scandate superlattices. However, these experiments, together with XRD
measurements, indicate that the reduction process can be reversed to obtain samples
with similar properties as the pristine ones. Spectroscopic measurements show similar
results between LNO/LGO and LNO/(D,G)SO superlattices. For example, we confirm
the selectiveness of the reduction process by observing no changes in the Ga-L2,3 absorp-
tion edges. In addition, the normalized dichroism obtained from polarization-dependent
measurements is similar for both nickelate/gallate and nickelate/scandate superlattices,
although it is slightly higher in the samples containing scandates. Theory calculations
indicate that our superlattice cannot achieve the desired doping concentration because the
doped holes do not distribute homogeneously within the nickelate block. However, the
same calculations yield insight into the electron doping, which distributes evenly across
the nickelate slabs.
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4.4 Nickelate/SrTiO3 superlattices

So far, we have discussed two types of infinite-layer superlattices (nickelate/scandate and
LNO/LBO) and find that the excess of charge resulting from the reduction process seems
not to distribute evenly. Our next objective is to find a blocking layer that we can combine
with the nickelates to produce an even charge distribution, i.e., more homogeneous doping
of the infinite-layer stacks. This blocking layer could be the case of SrTiO3, a non-polar
material that could produce an excess of holes at the nickelate layers due to charge trans-
fer as it occurs in other titanate superlattices [277, 278]. In this section we focus on the
study of (La,Nd)NiO2+δ/SrTiO3 (L,N)NO/STO superlattices grown on a (001) oriented
SrTiO3 substrate. However, before describing these heterostructures, it is important to
review the literature regarding their parent compounds (δ = 1). There are various exper-
imental and theoretical studies on nickelate/titanate superlattices, with the majority of
them focusing on LaNiO3/SrTiO3 and a few studying NdNiO3 and BaTiO3 [279–288]. Un-
like the non-polar structures analyzed in previous sections, (i.e., LNO/DSO, LNO/GSO,
LNO/LGO and LNO/LAO) the interfaces of these heterostructures are characterized by
a discontinuity which can lead to either a n-type or p-type doping. This discontinuity
arises because the superlattices combine the correlated polar metals (La,Nd)NiO3 with
the non-polar band insulator SrTiO3. When stacked along the (001)pc direction, LNO has
LaO+1 and NiO−1

2 atomic layers, while STO shows charge-neutral SrO and TiO2 layers.
Earlier experimental studies like the one performed by Son and coworkers demon-

strated an enhancement of the conductivity by changing the number of bilayers (p) in a
[(LaNiO3)4/(SrTiO3)3]p superlattice grown on (001) oriented (LaAlO3)0.3(Sr2AlTaO6)0.7
(LSAT) [279]. The authors proposed two mechanisms to explain such phenomenon, i.e.,
the conduction via parallel-connected layers and the coupling of layers, each of which is
close to the MIT threshold. Using standing-wave soft x-ray photoelectron spectroscopy
(SXPS), Kaiser et. al. found a suppression of the electronic states around the Fermi level
of the LNO interface layers of the same configuration of superlattices with p = 10. This
suppression of charge carries, which extends over one u.c., is believed to be the origin of
the MIT in LNO thin films [280]. These results, where the depletion of DOS near the
Fermi energy is associated with the MIT, were later confirmed by ARPES [285]. Along
these lines, scanning transmission electron microscopy (STEM) experiments performed by
Hwang et. al. yielded important results regarding the structural properties of these het-
erostructures. Contrary to the LNO thin films grown on STO, which have a non-bulk-like
structure near the substrate interface, the LaNiO3 layers in an LNO/STO superlattice
relax their octahedral tilts pattern towards bulk values, resulting in an enhanced con-
ductivity in comparison to the LNO thin films [281]. More recently, a similar study was
performed by Chen et. al. for a combination of NdNiO3/SrTiO3 superlattices grown on
(001)pc oriented NdGaO3. The study consisted on measuring various (NNO)m/(STO)n
superlattices for which the amount of STO layers were kept fixed at n = 4, while the
NNO layer number was varied from m = 2 to m = 8. Using STEM, the authors found
a crossover from a modulated octahedral superstructure at m = 8 to an uniform non-tilt
pattern at m = 4 [287]. This crossover indicates that the layer-thickness dependence
of the oxygen octahedral rotations may cause the observed MIT and antiferromagnetic
transitions found at lower temperatures as the octahedra are straightened. Altogether, we
note that oxygen octahedral rotations and reduced dimensionality are important effects
that determine the physical properties of these superlattices.

Theoretical studies have concentrated on the effects at the interface between the nick-
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elate and STO layers. Using first-principles DFT calculations, Han et. al. found that the
reduction of the DOS at the Fermi level observed by experiments such as XPS and ARPES
occurs without charge transfer across the interface to the insulating STO. In contrast to
other interface effects such as the orbital and valence reconstruction, in the LNO/STO
superlattices, the Fermi level DOS is strongly modulated depending on the position of
the Ni atoms with respect to the interface. This modulation was found to originate from
heterostructuring itself without any change in the valence or oxidation state [283]. Kim
et. al. studied an (LNO)1/(STO)1 heterostructure employing first-principles DFT con-
sidering different doping simulation methods. Experimentally, doping could be realized
through chemical doping, electric field, and even oxygen vacancies, the latter producing
structural distortions that originate from the removal of the apical Ni-O bond. The results
indicate an increase of the apical oxygen to Ni distance and a decrease of the orbital po-
larization as more electrons are introduced to the system [284]. A recent study analyzed
the charge discontinuity at the LNO/STO interface, leading to either n-type or p-type
doping. Using DFT+U, Geisler et. al. found that both n- and p-type doping are accom-
modated by changing the occupation of bands within the LaNiO3 slab. In addition, two
important observations are made: the oxygen octahedral rotations of LNO are extended
to the STO layers, and an electric field is generated at the interface between materials
of opposite polarity [286]. The experimental and theoretical studies described above not
only shed light on the effects at the interface of pristine perovskite (L,N)NO/STO super-
lattices but also help to envision the behavior of their large oxygen-deficient counterparts,
the infinite-layer nickelate heterostructures.

This thesis presents results from two types of nickelate-titanate superlattices, namely
LNO/STO and NNO/STO. However, in this section, we will focus mainly on the NNO/STO
samples as the results seem to be in close analogy with the LNO/STO counterparts (see
Appendix D). Our study of NNO/STO superlattices compiles a layer-dependent analysis
divided into two groups: the first with n = 2 and the second with n = 4 STO layers. Our
goal is to study the changes in the electronic and transport properties of the superlat-
tices as a function of the number of NNO layers (m). In addition, we test two different
amounts of STO layers (n) to compare the results with the nickelate/scandate superlat-
tices discussed in Sec. 4.2. We start with the analysis of superlattices, where the amount
of STO layers is kept fixed at n = 2, and the NNO layers vary from m = 4 to m = 8.
Figs. 4.14 a, b show the XRD and electrical resistivity measurements on three pairs of
pristine and reduced samples: (NNO)4/(STO)2, (NNO)6/(STO)2 and (NNO)8/(STO)2.
All pristine samples show well-resolved Bragg peaks and Laue fringes, signaling a high
crystallinity and smooth interfaces (see Fig. 4.14 a). For the reduced samples, the Bragg
peaks are shifted towards higher 1/d values, in agreement with the results obtained for
other infinite-layer nickelate superlattices. The top panel in Fig. 4.14 b show the cor-
responding resistivity curves of the pristine superlattices, where it seems that the MIT
together with the hysteresis disappear (or shift) as the amount of NNO layers decreases. A
similar change in the resistivity as a function of the number of NNO layers is also observed
in Ref. 287 although with a lower MIT, probably due to the reduced epitaxial strain pro-
duced by the substrate (NdGaO3). For the reduced samples, an NNO thickness-dependent
trend is also observed (bottom panel of Fig. 4.14 b), where the resistivity increases as the
number of NNO decreases. In addition, the temperature dependence also changes, from
metal (decreasing with T) for m = 8 to semiconducting in m = 4. Here is important
to point out that these results on the XRD pattern and the transport measurements are
consistent and not related to the reduction stage of the samples as we have prepared and
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Figure 4.14: XRD of a group of (NNO)m/(STO)n superlattices with variable NNO and STO
fixed at a) n = 2 and c) n = 4. b) & d) The corresponding electrical resistivity measurements
of the NNO/STO (top) pristine and (bottom) reduced superlattices. The solid (open) circles
represent measurements upon cooling (warming) for the pristine samples. The XRD data has
been vertically translated for clarity.

reduced different superlattices with the same stacking, and all of them give similar results
after certain reduction time threshold (see Fig. 4.15).

Now we turn to superlattices with thicker buffer layers, namely (NNO)6/(STO)4,
(NNO)8/(STO)4, (NNO)10/(STO)4 and (NNO)12/(STO)4. Figs. 4.14 c, d show the corre-
sponding XRD and electrical resistivity curves for the four pairs of pristine and reduced
samples. The XRD measurements show well-defined peaks for all pristine and reduced
samples, although it seems that the intensity of the Bragg reflections decreases as a func-
tion of the LNO layers in the treated samples. Regarding the electrical transport data, all
pristine samples show a clear MIT together with visible hysteresis at around TN ≈ 175K.
Interestingly, all reduced samples with n = 4 show a metallic behavior with the resistivity
curves having a similar shape around the same order of magnitude. A careful examina-
tion of the averaged lattice parameter (cSL) of all NNO/STO superlattices yields values
between 3.66 and 3.54Å with the larger values belonging to superlattices with m = 4
and 6 NNO layers. Subtracting the contribution of STO from these values, the lattice
constant (cNNO) for the NNO slabs gives values between 3.40 and 3.54Å, which are very
close to the experimentally observed value for infinite-layer nickelates c = 3.30Å grown
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Figure 4.15: a) XRD measurements of a group of (NNO)m/(STO)n superlattices with (top)
m = 8/n = 2 and (bottom) m = 8/n = 4 stacking, reduced at different times. b) Resistivity of
the same group of superlattices with (top) m = 8/n = 2 and (bottom) m = 8/n = 4 stacking.

on STO [265]. These results indicate (as in the previous section) that regions within the
nickelate slab have or cannot be reduced independently of the treatment time. In the next
sections, and similarly, as for the LNO/LGO superlattices, we will see that these layers
with different oxygen coordination regions are confined at the interfaces with the buffer
layers.

In addition to the XRD and transport measurements described above, XAS contributes
with valuable information regarding the valence electron configuration. Fig. 4.16 shows
the XAS measurements at the Ni-L2,3 edges for the two groups of reduced NNO/STO
samples. For the case of the heterostructures with n = 2 (Fig. 4.16 a), the normalized
linear dichroism shows regions with multiple-peak structures in both absorption edges. For
example, the Ni-L3 edge, there are two peaks at 853.8 and 855.6 eV with hole-occupation
being predominantly at the dx2−y2 orbitals and a peak at 852.5 eV with d3z2−r2 character.
Moreover, for the Ni-L2 edge, the samples show a triple peak structure at 869.0, 870.7
and 871.8 eV respectively, all with dx2−y2 nature. Things are significantly different for
the samples with n = 4 as only two peaks at 853.3 and 870.0 eV corresponding to the
Ni-L3 and -L2 edges are observed. Additionally, the observed peaks in the samples with
n = 4 seem to be shifted toward lower energy values with respect to the samples with
n = 2, indicating a lower valence state of Ni or a stronger crystal field effect in the
former. Moreover, a change from a multiple peak structure to a single peak structure
at each Ni edge from m = 2 to m = 4 suggests that the contribution to the spectral
weight originates mainly from a single valence state such as Ni1+. However, both groups
of samples show a significant negative dichroism in the region between the Ni-L2,3 edges.
This negative dichroism is also observed in the region around the Cu-L2,3 absorption edges
of the cuprates superconductors [276]. For completeness, the corresponding XAS spectra
of the pristine samples are shown in Appendix B.2.

We have performed a similar analysis with x-ray diffraction, electrical transport and x-
ray absorption measurements for a series of (LNO)m/(STO)n superlattices (see Appendix
D.1&D.2). As in the (NNO)m/(STO)4 superlattices, the x-ray diffraction measurements
show clear Bragg reflections in both pristine and reduced samples. Concerning the resis-
tivity measurements, all pristine and reduced samples show a metallic behavior, with the
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Figure 4.16: Polarization-dependent XAS for a group of (NNO)m/(STO)n with a) n = 2 and b)
n = 4, superlattices. The data in the upper panels have been vertically translated for clarity.
The bottom panels are the normalized dichroism obtained from Eq. 3.22 and multiplied by a
factor of 300.

treated samples being one order of magnitude less conducting and without any electronic
transition. Furthermore, the XAS measurements show remarkably similar spectral shapes
between NNO/STO and the LNO/STO heterostructures and their respective stacking, al-
though the LNO/STO samples seem to have lower orbital polarization.

Although, so far, we have studied in detail the structural and electronic properties
of various infinite-layer nickelate superlattices, indications of superconductivity have not
been observed. However, we have identified clear trends where the pristine samples show a
shift of the MIT as a function of NNO layers (i.e., a decrease in TMI with decreasing NNO
thickness), similarly to in Ref. 287. Concerning the reduced superlattices, for samples
with n = 2 STO layers, conductivity is enhanced as the number of NNO layers increases.
For samples with n = 4 STO layers, resistivity shows a minimum in the case of the
8//4 stacking sequence. The differences observed by XAS between samples with n = 2
and n = 4 are also seen in the nickelate/scandate superlattices, suggesting a threshold
between these two amounts of buffer layers. A comparison of NNO and LNO superlattices
shows a subtle shift of the dichroic peaks as a function of the number of nickelate layers
indicating the presence of more low valence Ni1+ in the thicker nickelate slabs. Finally,
Fig. 4.17 shows a direct comparison between XAS spectra of our NNO/STO superlattice
and La1.84Sr0.16CuO4, a member of the family of cuprate superconductors. The intensity of
the dichroism produced by the cuprate superconductor is approximately four times larger
than the one originating from the superlattice. This result is surprising given that one
might expect a similar hole occupation for systems with the same electronic configuration
(3d9). Therefore, we assume that other effects occurring probably at the interfaces or
during the reduction process might weaken the observed polarization in the superlattice.

As was mentioned in previous sections, the calculations obtained from the averaged
c-axis lattice parameter give us only an estimated value of the valence state in all lay-
ers assuming a homogeneous charge distribution. However, theoretical studies indicate
the segregation of charge towards the interfaces, which cannot be reconciled with the
homogeneous charge distribution scenario. These results call for the employment of an
experimental technique that allows us to accurately determine the valence state in a
layer-resolved fashion in the nickelate part of the superlattices. One of the techniques
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Figure 4.17: Polarization dependent XAS for a pair of a) La1.84Sr0.16CuO4 and b)
(NNO)8/(STO)4 samples. The bottom panels are the normalized dichroism obtained from
Eq. 3.22.

that could be used is electron energy loss spectroscopy (EELS), which can measure the
valence state of certain atoms with very high spatial resolution. However, EELS requires
TEM specimen preparation and high electron energies to reach an atomic resolution, both
requirements that can cause damage or modify the sample, leading to inaccurate results.
Another technique that can be used is resonant x-ray reflectivity, which can perform a
layer-resolved characterization of heterostructures and is particularly efficient for analyz-
ing surfaces and interfaces. We have chosen this technique because of its non-destructive
nature, although it has uncertainties (which will be discussed in the next section). More
specifically, we will experimentally resolve the electronic configuration at the interfaces
and inner layers of the nickelate/titanate superlattices employing x-ray reflectometry.
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4.5 Orbital reflectometry of infinite-layer nickelate su-
perlattices

In this section, we present the analysis of resonant x-ray reflectivity (RXR) made to
obtain the orbital polarization and valence state depth profiles of different infinite-layer
(La,Nd)NiO2+δ/ABO3 superlattices (ABO3 = LaGaO3, SrTiO3). The infinite-layer phase
was obtained by reducing the precursors (La,Nd)NiO3/ABO3 with CaH2. The charac-
terization employing x-ray diffraction, electrical transport, and soft x-ray absorption was
discussed in the previous sections (see Secs. 4.3, 4.4). Our data analysis, which involved
two distinct methods for obtaining the local Ni electronic structure, reveals that the av-
erage hole occupation of dx2−y2 and d3z2−r2 orbitals in the interface layers next to ABO3

is different compared to the inner layers in the reduced (La,Nd)NiO2+δ slabs. The same
effect can be reproduced by a structure with interfacial Ni2+ and inner Ni1+ layers whose
spectra were calculated from cluster calculations with tight-binding parameters obtained
from a fit to the DFT band structure. These experimental results agree with the conclu-
sions obtained in Sec. 4.3, where the reduced superlattices contain regions with segregated
charges in the nickelate slabs with both pyramidal and square-planar ligand coordination
(see Fig. 4.18 a).
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Figure 4.18: a) Proposed electronic configuration for the nickelate layers in a pristine and reduced
superlattice. b) Hole ratio XAV obtained by sum rule considerations (see Eq. 3.27) versus the
out-of-plane lattice constant cSL of (square) (NNO)m/(STO)n, (circle) (LNO)m/(LGO)n and
(triangle) (LNO)m/(STO)n, all with m = 8 and n = 4.

We focus our analysis on three different types of infinite-layer nickelate superlattices
with equal layer stacking, namely (LaNiO2+δ)8/(LaGaO3)4, (LaNiO2+δ)8/(SrTiO3)4 and
(NdNiO2+δ)8/(SrTiO3)4. XAS and RXR measurements using linear polarized soft x-rays
(with σ and π polarizations) were performed on all samples at the UE46 PGM-1 beamline
of the BESSY-II synchrotron at Helmholtz-Zentrum Berlin. To obtain E ∥ c and E ⊥ c,
we applied Eq. 3.54 to the corresponding XAS measurements, which were performed in
TEY mode, and at two angles, i.e θ = 30 ◦, 45 ◦. We compare the XAS results obtained
for all samples by calculating the hole ratio (Xav) introduced in Eq. 3.27. Xav is a quantity
that relates the amount of holes in each eg band and it can give an estimate of the orbital
polarization in our superlattices. More specifically, Xav will be greater than unity when
the amount of holes in d3z2−r2 exceed the number of holes in dx2−y2 , and it will be less than
unity in the opposite case. The corresponding values are shown in Fig. 4.18 b as function
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of the out-of-plane lattice constant. All pristine samples show a value of Xav ≈ 1 which
translates into a small orbital polarization due to strain and confinement, in agreement
with previous studies [91, 92, 197]. The reduced samples, on the other hand, show a
clear preferential orbital polarization with Xav ≲ 0.75. The regions where the pristine
and reduced samples are located are clearly separated in Fig. 4.18 b (white areas). This
separation between regions, suggest that the treated and non-treated samples can be
easily identified based on the values of cSL and XAV.

Resonant x-ray reflectivity

The need to understand the electronic configuration of individual atomic layers in the
nickelate slabs led us to employ RXR, a surface- and interface-sensitive technique used
to obtain the spin, charge, and orbital deep profiles in heterostructures such as the ones
considered in this chapter. The complete set of reflectivity measurements consists of
two groups of experiments performed in specular mode (q is always perpendicular to the
surface of the sample) at constant energy and momentum transfer. The first reflectivity
experiment (E = const.) involved measurements taken at three different energies, i.e., one
off-resonant energy of 8047 eV, and two resonant energies at the Ni-L2,3 edges. All spectra
show well-resolved thickness fringes (also called Kiessig fringes) and up to three super-
lattice peaks (Figs. 4.20 a, b, c). While Kiessig fringes reflecting the vacuum-sample and
sample-substrate contrast are pronounced at all energies, the superlattice reflections are
enhanced at Ni energies, exemplifying the resonance effect. The second measurement type
(Figs. 4.20 d, e, f) was made at constant qz values, which corresponded to positions of the
superlattice peaks observed in the energy-fixed scans (see orange dashed lines in Fig. 4.20).
We measured the spectra at two different qz values for each sample to get information
about the nickelate/buffer-layer and the (interfacial)nickelate/(inner)nickelate interfaces.
In order to obtain this information, we have to fit both sets of data simultaneously, some-
thing that a reflectivity fitting program such as ReMagX can accomplish [208, 210]. To
prevent the alteration of our measurements due to possible charging effects, we decided to
perform all experiments at room temperature. Sample charging is an effect appearing in
systems with insulating regions, which can modify the spectra originating from intrinsic
properties.

As a preliminary step of our analysis, we obtained the optical constants required for
fitting the reflectometry data. To this end, we used the averaged XAS spectra obtained
for each polarization (Fig. 4.19 a). These spectra have been already presented in previous
sections in Figs. 4.11 d, 4.16 b and D.2 b. Then, we merged the averaged data, which
was scaled with the energy (E), together with data of atomic scattering factors found in
literature, i.e., Chantler tables (Fig. 4.19 b, c) [217, 218]. To obtain the real part of the
merged spectra, we used the program dbEditor designed by S. Brück and S. Macke [289],
which is able to perform the Kramers-Kronig transformation (Fig. 4.19 d). Finally, to
obtain the optical constants (δ, β), we applied Eqs. 3.32 to the data obtained in the
previous step. We point out that this process is not uncertainty-free, and that small
errors in the merging process might occur. However, we indicate that within the energy
resolution, all features present in the measured spectra are displayed in the final merged
data.

Once we generated the optical constants for each block of pristine and reduced samples,
we used them as input of the ReMagX software [208,210]. We obtained each superlattice’s
structural model by simultaneously fitting all qz-dependent reflectivity curves. The fittings
(solid black lines) in Figs. 4.20 a, b, c were obtained using the polarization averaged optical
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Figure 4.19: a) Averaged XAS spectra taken with linearly polarized light. b) Scattering factors
obtained from Chantler table [217,218]. c) Scattering factor obtained from merging the data in
a) and b). d) Scattering factors obtained by Kramers-Kronig transformation using the program
dbEditor [289].

constants (see Eq. 3.53) as inputs under the Parrat formalism [211] plus a line to account
for the background signal appearing in the measurement. For all superlattices, the best
agreement was obtained when the first nickelate and the last blocking layer slabs were
allowed to have different thicknesses and roughness, and the rest of the blocks were coupled
to the same thickness [91]. After a good fitting was found, the structural model was kept
fixed for the rest of the analysis. The structural parameters derived from the reflectivity
fittings are summarized in the table of Appendix E.1. In addition, we performed the same
procedure for the pristine samples, and the results are in good agreement with experiments
performed in Ref. 92 (see Appendix E.1).

The second step simulates the energy-dependent reflectivity at constant qz and com-
pares the results to the experimental curves. A direct comparison between theE-dependent
fits generated by the averaged XAS optical constants in the fitting program and the ex-
perimental data yields a large discrepancy between the two data sets (see Appendix F.1).
This outcome agrees with the results obtained in previous sections, where the interfacial
and inner layers of the nickelate slabs are found to have different electronic properties.
Therefore, we require a mechanism to redistribute the averaged E-dependent spectra be-
tween the layers within the nickelate slabs in order to fit the measured spectra. This
redistribution is accomplished by: (i) separating the nickelate blocks into two groups (in-
terface and inner layers) and assigning them a specific number of layers, which account
for a total of eight unit cells, and (ii) by finding a method that changes the weight of the
spectra between the two groups of layers.

We start by addressing (i) with the initial assumption that the nickelate layer stacks
are composed of two interface layers with scattering factor fIF and six inner layers with
fIN (see Fig. 4.8 a). For a non-symmetric superlattice, the intensity of the (003) and (002)
superlattice reflections, which were derived in Eqs. 3.41 and 3.43, are determined by

F (002) = (fABO − fRNO,IF)
√
3 i, F (003) = (fRNO,IF − fRNO,IN)(1− i)

where fABO is the scattering factor of the blocking layer, and fRNO,IF and fRNO,IN are the
scattering factors of the interface and inner nickelate layers, respectively [290]. Given
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Figure 4.20: Reflectivity as a function of qz for the reduced a) NNO/STO, b) LNO/STO, and
c) LNO/LGO superlattices. Each panel shows three curves corresponding to one off-resonant
(green) and two resonant (blue and red) measurements at the Ni-L2,3 edges. The dashed vertical
lines correspond to the position of the (001), (002), and (003) superlattice peaks. Reflectivity
constant-qz energy scans for the d) NNO/STO, e) LNO/STO, and f) LNO/LGO superlattices.
All measurements were performed at the (002) and (003) superlattice peaks except e), where
the (001) peak was investigated. The dashed lines in e) and f) correspond to the position of the
La-M4 line. π∗ corresponds to πpol × [cos(2θ)−2] which is a correction to the intensity minimum
in the proximity of the Brewster angle.
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that these superlattice reflections are particular sensitive to fIF/fIN and fABO/fIF inter-
faces, we will study the polarization dependence at the (002) and the (003) superlat-
tice peaks (Figs. 4.20 d, e, f). In principle, one can also use the (001) superlattice peak
(F (001) = fABO c1− fRNO,IN c2+ fRNO,IF c3) in the analysis, however, its structural factor has
contributions from both interfaces, making it less suitable for investigation.

A close inspection of the spectral shape in the qz-fixed scans of Fig. 4.20 indicates
that they strongly depend on the value of qz and, therefore, are different from the XAS
profiles. The spectra also indicate that interface and inner layers might contribute with
different weights to the measured XAS. Moreover, the single-peak lineshape observed for
π-polarization at the Ni-L3 edge is significantly more prominent than for the σ-polarization
giving rise to pronounced negative dichroism. The Parrat formalism used to obtain the
structural model is based on scalar scattering factors, i.e., it is impossible to treat any
dichroism requiring a scattering tensor of at least tetragonal symmetry. Therefore for
this second step, we used the Full Matrix Formalism (FMF) that requires individual
optical constants in each spatial direction as an input [91]. The reduced superlattices
of interest here pose a particular challenge to this form of modeling since not only the
orbital polarization of nickel in the individual atomic layers can be different, but also
its valence state and the ligand field in which the ions are located can change at the
same time. Since the resonant scattering tensors cannot be calculated exactly, they are
usually obtained from the experimental XAS spectra described above. Given that in
XAS, a layer-averaged spectrum is measured (with a certain depth weighting), it cannot
be readily broken down into the individual contributions required as input for a proper
model for these superlattices. Hence, we use two distinct methods to obtain the optical
constants for the scattering factors fIF and fIN and to address point (ii).

The first method is the one introduced in Ref. 91, where a parameter α was defined to
redistribute the orbital polarization (dichroism) from the XAS data between the central
and outer nickelate layers as

(εIN(IF))jj = (1∓ α) εjj ± α εcubic, α ∈ [0, 1], (4.3)

where εjj = εjj1 +iεjj2 (j = x, z) are the complex entries related to the scattering factors fIF

and fIN, and εcubic = 1/3 (2εxx+εzz). This approach will not capture any energy-dependent
variations of the dichroism since possible spectra changes due to different Ni valence or
ligand fields are not captured. According to Benckiser et al., a value of α = 0 represents
the homogeneous case, where both interface and inner layers produce the same dichroism.
On the other hand, a value of α = 1 corresponds to dichroism produced by the interface
layers only [91]. However, for our superlattices, we would like to include values of α that
allow the majority of dichroism to be produced by the inner layers. This result is achieved
by extending the original range to [−1, 1]. In addition, the case presented in Ref. 91 (and
also in Ref. 92) corresponds to a symmetric distribution of interface and inner layers (i.e.,
two interface and two inner layers), whereas the stacking of our superlattices incorporates
additional possibilities (see Sec. 3.1.4). In order to include those additional cases, we
introduce pIF and pIN, which represent the number of interface and inner layers (or unit
cells), respectively [290]. Then, the corresponding components of the dielectric tensor for
our superlattices will be given by:

(εIN(IF))jj = (1∓ pIF(IN)β) ε
jj ± pIF(IN)β εcubic (4.4)

where the total amount of dichroism is kept fixed and equal to the measured spectra. Here,
β serves as the parameter that redistributed the linear dichroism between the two groups
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Figure 4.21: Fittings of the reflectivity at constant-qz energy scans for the a) NNO2+δ/STO3,
b) LNO2+δ/STO3 and c) LNO2+δ/LGO3 superlattices using the cluster calculations optical con-
stants of Ni1+ and Ni2+.

of layers in a similar way as α with certain differences. For example, a value of α = −1 in
Eq. 4.3 will correspond to β = −1/pIN in Eq. 4.4. In addition, values of β below −1/pIN

(or α < −1) will lead to small negative dichroism at the interface layers and positive
dichroism in the inner layers, larger than the average dichroic signal obtained from the
experiment. Our fitting results agree with those of Refs. 91,92 for the case of the pristine
samples, where a positive α was found with a preferential hole occupation of d3z2−r2 that
is higher in the interface layers as compared to the inner layers of the nickelate stack.
For all reduced samples, we obtained negative values of β, which suggest an averaged
preferential hole occupation of the d3z2−r2 orbitals in the interface layers, whereas a large
hole occupation at the dx2−y2 orbitals is observed for the inner layers. For completeness,
various negative and positive values of β were tested to fit the reflectivity profiles of the
reduced samples, and a single solution was found for each case (see Appendix H.2). The
results obtained using this method (solid black and grey lines) and the corresponding
values of β are presented in Figs. 4.20 d, e, f. Surprisingly, the values of β are similar for
all three superlattices, indicating that the reduction process yields comparable results.

For the second method, we used two optical constants obtained from the cluster calcu-
lations with the program Quanty [291, 292]. Here, instead of redistributing the averaged
optical constants taken from the XAS measurement as in the previous method, we assign a
valence state of Ni2+ to the interface layers and Ni1+ to the inner ones (see Appendix F.2).
It is important to mention that the crystal and ligand fields are also different. The ligand
field parameters were obtained from a tight-binding model fit to the layer-resolved DFT
band structure obtained for LNO/LGO as described in Sec. 4.3 and Ref 273. Then, we
use a similar formula as Eq. 4.4 but with a modified cubic tensor

ε′cubic = (pIF ε
2+
cubic + pIN ε

1+
cubic)/(pIF + pIN) (4.5)

where ε1+cubic and ε2+cubic are the cubic scattering factors of Ni1+ and Ni2+, respectively. This
definition is made to keep the total dichroism produced by the two valence states constant
and as close as possible to the dichroism observed in XAS. In addition, to improve the
fittings we added small spectral weight at the Ni-L2,3 edges for the π-polarization of
the Ni1+ spectra to simulate a more realistic scenario as observed in the experimental
data (see Iz(E)IN in the second row of Fig. 4.18). This additional spectral weight can
be regarded as the effect produced by small amounts of impurities or by a-axis oriented
regions as discussed in section 4.2. The results of the fits are shown in Fig. 4.21, and they

99



0

5x10-2

1x10-1
 IX(E)IN

 IZ(E)IN

d) e) f)
 IX(E)IN

 IZ(E)IN

 IX(E)IN

 IZ(E)IN

855 860 865 870 875

0

4x10-2

8x10-2

Energy (eV)

N
. 
L
. 
D

. 
(a

.u
.)

 IX(E)-IZ(E)IN

 IX(E)-IZ(E)IF

855 860 865 870 875

Energy (eV)

 IX(E)-IZ(E)IN

 IX(E)-IZ(E)IF

855 860 865 870 875

Energy (eV)

 IX(E)-IZ(E)IN

 IX(E)-IZ(E)IF

0

5x10-2

1x10-1

N
. 
X

A
S

 (
a
.u

.)

 IX(E)IF

 IZ(E)IF

 IX(E)IF

 IZ(E)IF

 IX(E)IF

 IZ(E)IF

0

3x10-2

6x10-2

NNO2+d-STO3 Ni-L2,3
N

. 
X

A
S

 (
a

.u
.)

a) b) c)
 IX(E)IN

 IZ(E)IN

LNO2+d-STO3 Ni-L2,3

 IX(E)IN

 IZ(E)IN

LNO2+d-LGO3 Ni-L2,3

 IX(E)IN

 IZ(E)IN

855 860 865 870 875

0

2x10-2

4x10-2

Energy (eV)

N
. 
L

. 
D

. 
(a

.u
.)

 IX(E)-IZ(E)IN

 IX(E)-IZ(E)IF

855 860 865 870 875

Energy (eV)

 IX(E)-IZ(E)IN

 IX(E)-IZ(E)IF

855 860 865 870 875

Energy (eV)

 IX(E)-IZ(E)IN

 IX(E)-IZ(E)IF

0

3x10-2

6x10-2

 IX(E)IF

 IZ(E)IF

 IX(E)IF

 IZ(E)IF

 IX(E)IF

 IZ(E)IF

Figure 4.22: First Row: Layer resolved XAS at the Ni-L2,3 edges for three types of superlattices:
a) NNO2+δ/STO3, b) LNO2+δ/STO3 and c) LNO2+δ/LGO3. The curves in the upper panels
show the XAS spectra for the inner layers, the curves in the middle panels correspond to the
interface layers, and the bottom panels correspond to the dichroism of both inner and interface
layers. The curves were obtained following a similar procedure (α) as the one used in Ref. 91.
Second Row: Layer resolved XAS at the Ni-L2,3 edges for the same type of superlattices: d)
NNO2+δ/STO3, e) LNO2+δ/STO3 and f) LNO2+δ/LGO3 obtained using the cluster calculations
optical constants of Ni1+ and Ni2+.

are in good agreement with the experimental results. Moreover, the fittings performed
using separated Ni2+/Ni1+ seem to adjust better to the experimental data than those
obtained by redistributing the total linear dichroism. Therefore, based on the similarities
between the experimental and calculated qz-fixed reflectivity curves, we conclude that in
the reduced samples, the charge redistributes between values close to Ni2+ at the interface
and Ni1+ in the inner layers among the nickelate slabs.

In addition, for this second method, we performed two tests to demonstrate the ac-
curacy and uniqueness of our modeling. In the first test, we created interfacial and inner
optical constants with a homogeneous distribution of charge, i.e., Ni1.25+ but the fittings
were not adequate, suggesting that the superlattices do not consist of a homogeneous
mixture of Ni1+ in all inner layers and Ni2+ in one interfacial unit cell thick layer (see
Appendix G.1). For completeness, we have also tried to use only Ni1+ to fit the Ni profiles
in all reflectivity data, but the results were also not satisfactory (see Appendix G.2). Al-
though the optical constants used in both methods are obtained differently, only minimal
modifications had to be performed to the structural model for this second method (see
Appendix E.2), which underpins the robustness of the structural model.
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and (L,N)NO superlattices respectively.

Layer-resolved configuration of the reduced superlattices

The XAS spectra and XLD profiles, derived from the imaginary parts of the modeled
scattering factors fIN and fIF are shown in Fig. 4.22. Although the results in rows one
and two were obtained with two different approaches, the dichroic data match very well
for each sample. A more surprising result is the opposite dichroism observed between
interface and inner layers, the former being slightly negative. The linear dichroism ob-
served in Figs. 4.22 a, b, c coincides with the lineshape of Ni1+ (purple) and Ni2+ (coffee)
in Figs. 4.22 d, e, f. These results strengthen the idea that reduced RNiO2+δ/ABO3 form a
nickelate sublattice composed of interfacial pyramidal Ni2+ and inner square-planar Ni1+
layers. These results also reveal that the orbital polarization of NNO/STO in both inner
and interfacial layers is larger than in the samples with LNO. This behaviour could be
directly related to the electronic response observed in the transport measurements (see
Fig. 4.14 d and Fig. 4.8 c) where NNO/STO is the superlattice with the highest conduc-
tivity.

In contrast to similar studies using the same technique on pristine superlattices [91,
92, 197, 219], here it is not possible to compare the orbital polarization P (see Eq. 3.28)
corresponding to the interface and inner layers of the reduced samples because each layer
group is assumed to have a distinct 3d-filling and crystal field (C4v/D4h) environment (see
Fig. 4.18 a). In the same line, the hole ratio Xav is a better value to compare as it is the
integral of the spectra across the Ni-L2,3 region. However, its estimation using Eq. 3.27
does not yield a good agreement between the two methods used above, possibly because
the calculated optical constants do not account for the small but significant spectral
weight appearing between the Ni-L2,3 edges in the measured XAS data. Nevertheless,
both approaches have a qualitative agreement where values of Xav ≈ 1 and Xav ≪ 1 are
obtained for the interfacial and inner layers, respectively (see Fig. 4.23 a).

The results for both methods discussed above were tested for different combina-
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tions (pIF + pIN = 8) of interface an inner layers (see Appendix H.1). In both ap-
proaches we find that the best results are obtained when (pIF/pIN)LNO/LGO = 2/6 and
(pIF/pIN)LNO/STO = (pIF/pIN)NNO/STO = 3/5. These results indicate that the additional
charge stemming from the remaining apical oxygen at the interface is fully accommo-
dated in the interface Ni atoms, in agreement with the DFT+DMFT results (see Sec. 4.3).
Therefore, the LNO/LGO superlattice can be described as in Fig. 4.23 b where the oxy-
gen in the Ni-O-Ga bond remains upon reduction. On the other hand, for NNO/STO
and LNO/STO, the interface layers account for 3 unit cells. This value of 3 u.c. can be
interpreted as a homogeneous distribution of two and one unit cells originating from the
mixed termination across the superlattice. In this regard, we tested three combinations
of IF-IN-IF layers, namely 2-5-1, 1-5-2, and 1.5-5-1.5, all resulting in very similar fittings
(see Appendix H.1). These different results observed for the heterostructures with SrTiO3

can be associated with diverse sources such as spatial confinement, strain, structural dis-
tortions, electronic reconstruction, and intermixing effects. The first two effects seem less
likely given that all superlattices have the same stacking (8//4) and are grown on the same
substrate. However, one will expect fewer structural distortions in the LNO/LGO super-
lattices compared to LNO/STO or NNO/STO, given that the former one has an invariant
A-cation. Moreover, A polar/non-polar interface such as (L,N)NO/STO is expected to
reconstruct according to electrostatic considerations, which can explain the unexpected
value of three interfacial layers. STEM investigations performed by collaborator C. Yang
strongly suggest the presence of mixed (Sr,Nd)O atomic layers at the interface and no
apical oxygen removal in these atomic layers [293]. This scenario is depicted in Fig. 4.23 c,
where the reconstruction process counteracts the polar discontinuity through a change in
the valence of the 3d-material. From this picture, two possibilities are probable: The first
one, with no Ti valence change, will lead to an averaged valence state for the interface
layers of Ni1.67+. The second, which involves a small decrease in the Ti oxidation state,
will result in a valence of Ni1.83+. Given that no significant changes between the pristine
and reduced samples have been observed in the Ti-L2,3 edges (see Appendix C.2), we
suggest that the former case is the most likely scenario.

Our quantitative x-ray absorption and reflectivity study on various reduced superlat-
tices allowed us to understand the results of the reduction process in the nickelate part of
the heterostructures and at their corresponding interfaces with the buffer layers. As a first
observation, we see a clear tendency of the hole ratio XAV which decreases proportionally
as the c-axis lattice constant of the reduced samples becomes smaller than the prisitine
ones. The average polarization measured in XAS shows an overall, preferential electron
occupation of the d3z2−r2 , however, the RXR results reveal that a redistribution of the
charge with Ni2+ at the layers close to the interfaces and Ni1+ in the rest of nickelate lay-
ers is realized. The layer-resolved XAS spectra produced from the fitting of the qz-fixed
reflectivity scans show that the averaged occupation of the d3z2−r2 and dx2−y2 orbitals in
the interface with the buffer layers is substantially different compared to the central part
of the nickelate layers (see Fig. 4.18 b). This difference is related to the different fillings,
Ni1+ with one hole in the dx2−y2 , and Ni2+ with one hole in each of the eg orbitals (Hund’s
coupled S = 1). In the latter case, the energy integral over the dichroism should vanish
or be close to zero. The experimental results for the LNO/LGO agree with the model and
theoretical predictions established in Sec. 4.3 where exactly one layer, which is not square
planar, sits next to the interface. Finally, the reflectivity analysis on the LNO/STO and
NNO/STO superlattice indicates a strong effect of the electronic reconstruction at the
polar interfaces with the possibility of intermixing at the Sr-Nd-O layers.

102



4.6 Comparative study of infinite-layer nickelate super-
lattices

In this section, we summarize and compare the results from spectroscopic experiments
on superlattices with various compositions [(La,Nd)NiO2+δ]8/[ABO3]4, but with the same
stacking. We begin with observing the spectral region around the Ni-L2,3 edges, which
gives information about the electronic configuration. Then, we analyze the x-ray absorp-
tion data of the O-K edge in detail, which allows the study of the Ni-O hybridized states.
In previous sections, we studied numerous superlattice combinations and sequences, in-
tending to find a configuration that leads to a superconducting state. Although no signs
of superconductivity were found, our investigation granted us a better understanding of
the electronic and structural properties of the infinite-layer nickelate heterostructures.
Our diffraction measurements indicate that superlattices with a nominal stacking of eight
nickelate unit cells (u.c.) and four u.c. of the blocking layers show good crystallinity.
Therefore, we decided to keep these numbers fixed and study the blocking layer composi-
tion dependence. Our main goal here is to understand how different blocking layers affect
the electronic structure of nickelates and the environment at the interface between the
two materials.

In Fig. 4.24, we compare a series of x-ray absorption spectra at the Ni-L2,3 edge,
measured in TEY mode. The measurements were performed on a series of reduced
(La,Nd)NiO2+δ/ABO3 superlattices with the insulating buffer layers ABO3 = LaGaO3

(LGO), LaAlO3 (LAO), DyScO3 (DSO), GdScO3 (GSO), and SrTiO3 (STO). All samples
were grown on the same substrate as the insulating buffer layer, except for LNO/LGO
and LNO/LAO, which were grown on STO and LSAT, respectively. We followed the same
procedure for each composition, where pristine and reduced samples were cut out from
the same piece. All superlattices are grown so that we start with a nickelate slab next to
the substrate and end with a blocking layer. The oxide bilayer composed of the nickelate
slab and the buffer layers is repeated at least eight times for all superlattices.

Fig. 4.24 a, shows the compared spectra of all LaNiO2+δ superlattices together with
their corresponding normalized linear dichroism. This set of data allows us to make var-
ious important observations. For example, LNO/LAO is the superlattice with the least
orbital polarization, followed by LNO/LGO. Although La(Al,Ga)O3 was used to produce
minimal changes at the interfaces and thus avoid structural distortions, the absorption
measurements indicate that they have a minor contribution to the preferential occupation
of orbitals compared with the rest of heterostructures. On the other hand, the sample
with the larger orbital polarization is LNO/DSO, followed very closely by LNO/STO and
LNO/GSO, where the substrate exerts tensile strain. Moreover, the linear dichroism in
the latter heterostructures falls almost on top of each other, although LNO/STO has more
negative dichroism in the region between the two Ni absorption edges. This similarity in
the linear dichroism is surprising given the differences between heterostructures substrates
and blocking layers. The calculated hole ratio of each superlattice seems to decrease as
a function of strain, suggesting that the substrate’s choice might influence the observed
orbital polarization. However, a comparison between LNO/STO and LNO/LGO (both
grown on STO) displays a significant difference in the linear dichroism, indicating that the
major contribution to the orbital polarization originates mainly from the nickelate/buffer-
layer interaction and not from the choice of the substrate. This result agrees with the
transport measurements where both LNO superlattices grown on STO show different
transport properties. Furthermore, a change from LNO to NNO also increases the prefer-
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Figure 4.24: X-ray absorption measurements at the Ni-L2,3 edges for a group of a) LaNiO2+δ

and b) NdNiO2+δ superlattices with eight nickelate and four blocking layers. The curves in the
top panels have been vertically translated for clarity. The bottom panels contain data that has
been normalized according to Eq. 3.22. Xav is the hole ratio calculated according to Eq. 3.27.

ential orbital occupation, as can be seen in the NNO/STO sample (Fig. 4.24 b). Finally, a
comparison between Fig. 4.24 and the transport data presented in previous sections yields
a direct correlation between the hole ratio and the conductivity in all heterostructures.
More specifically, reduced samples with a hole ratio lower than one at the Ni absorption
edges are metallic, whereas those with a hole ratio closer to one are semiconducting or
insulating. In other words, one can establish a numerical threshold between the metallic
and insulating states in the following way: Samples with Xav ≲ 0.75 are metallic, whereas
samples with Xav ≳ 0.75 are insulating. Although the previous statement seems consis-
tent for several samples, we stress that the obtained numerical boundary only estimates
the observed results and is not intended to be a general rule for infinite-layer nickelate
superlattices.

Oxygen hole character in reduced nickelate superlattices

In Fig. 4.25 a, we compare a series of x-ray absorption spectra at the O-K edge performed
on the same group of samples as in Fig. 4.24 together with their pristine counterparts. Pre-
vious results from x-ray diffraction and x-ray absorption have confirmed the layer-selective
nature of the reduction process in LNO/DSO, LNO/GSO, LNO/LGO, LNO/STO, and
NNO/STO (see Sec. 4.3). Our spectroscopy experiments at the O-K edge region show
that the major loss of spectral weight occurs in all spectra at the pre-peak A at 528.3 eV,
which is associated with the Ni3+-O hybridized states. In Fig. 4.25 b we compare pairwise
the difference spectra of reduced and pristine samples obtained from Fig. 4.25 a. The top
panel compares all samples with scandates as blocking layers (NNO/DSO, LNO/DSO,
and LNO/GSO), while the second panel compares those superlattices with no A-cation
change between interfaces (LNO/LGO and LNO/LAO). The third panel compares the po-
lar superlattices with SrTiO3 as the blocking layer. Finally, the bottom panel compares
the Nd-based nickelate heterostructures together with results from a superconducting
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Figure 4.25: a) Averaged XAS spectra at the O-K edge for a group of pristine (P) and reduced
(R) (La,Nd)NiO2+δ/ABO3 superlattices with eight nickelate and four blocking layers. b) The
intensity difference between pristine and reduced superlattices of a). The panels (top to bottom)
separate the samples by Sc-, La-, Ti-, and Nd-based superlattices. The two regions with spectral
weight loss (A, C) are marked in orange, and the two regions with spectral weight gain (B, D)
are depicted in light blue. Data from sample NSNO (Nd0.8Sr0.2NiO2) was adapted from Ref. 294.

Nd0.8Sr0.2NiO2 thin film reported in Ref. 294.
The first observations we can make from Fig. 4.25 b are that spectral weight is re-

distributed and that the fine structure shows a strong resemblance. Further inspection
allows us to identify various regions, i.e., A, C, and D, which have similar lineshapes and
peak structures, independently of the blocking layer used. On the other hand, region B
is the zone where most differences occur, indicating a substantial change in the cation-
oxygen correlations. Since, in this range, contributions from all elements other than Ni
which hybridize with oxygen are expected, we attempted to disentangle those by pairwise
comparing the difference spectra of samples with different compositions (Fig. 4.25 b). In
Sec. 4.3 we found that while in the inner part of the LNO layer stack, an infinite-layer
structure is realized, the interfacial Ni layers have pyramidal oxygen coordination. The
hybridization of Al or Ga with this interfacial oxygen of the pyramid is expected to be
slightly different only because of the different ionic radii. Except for this distinction
between Al and Ga, the difference spectra LNO/LAO and LNO/LGO superlattices fall
almost on top of each other. A similar observation is made on the top panel, where all
curves coincide in the A, B and C regions, while DSO-based structures significantly differ
from the GSO-based ones at B. Furthermore, Although the dichroic data for the Ni-L2,3

edges shows significant differences between NNO/STO and NNO/DSO superlattices, the
O-K edge spectra show very similar curves, especially above 535 eV. We take these ob-
servations as evidence that the loss of spectral weight up to 530 eV and between 542 and
547 eV, together with the spectral weight gain between 530 and 540 eV and around 550 eV
can be mainly attributed to the reduction of Ni3+ in (La,Nd)NiO3 (pristine samples) to
Ni1+ and Ni2+ in (La,Nd)NiO2+δ (reduced samples). However, as the La-O and Nd-O
distances change in the nickelate slabs upon reduction, we also expect small features
associated with these elements.

As it was pointed out by Abbate et. al. in a previous work, various energy regions
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Energy (eV) Associated with Transition Proposed origin
A1 528.3 Ni3+ 3d8L→ c3d8 Ni3+: Oh, (e.g. LaNiO3) †
B1 530.0 Ni3+ 3d8L→ c3d8 Ni3+: D4h, (e.g. LaNiO3) †
B2 531.7 Ni2+ 3d9L→ c3d9 Ni2+: Oh, (e.g. NiO) †
B3 532.5 Ni2+ 3d9L→ c3d9 Ni2+: C4v, (e.g. NiO)
B4 533.8 Ni2+ 3d9L→ c3d9 Ni2+: D4h, (e.g. La2Ni2O5) †
B5 535.2 Sr → Sr-O 4d Proposed ‡
B6 536.0 La-O → La 5d Proposed †
B7 537.4 Ni1+ 3d10L→ c3d10 Proposed ‡
B8 538.6 Nd-O → Nd 5d Proposed ‡
B9 539.6 Ni1+ 3d10L→ c3d10 Proposed ‡
C1 540.8 Ni3+ 4sp Assigned in Ref. 295
C2 543.5 Ni2+ 4sp Assigned in Ref. 295
D1 550.0 Ni1+ 4sp Proposed †

Table 4.1: Assignment of absorption features in the O-K spectra region. L represents a O-2p
ligand hole and c an O-1s core hole. † and ‡: peaks assigned or proposed based on comparisons
with data from Refs 295 and 294, respectively.

can also be identified, consistent with analysis performed on different perovskite materi-
als. For example, peaks appearing in the region between 527 and 535 eV correspond to
transitions in the Ni 3d band. The small but clear peak around 536 eV can be directly
attributed to the La-5d band region as it is not present in the Nd-based superlattices
panel. The bumps in C can be assigned to the Ni 4sp band region [295]. Furthermore,
the small feature at the intersection between regions A and B occurs prominently in the
LNO/L(Al,Ga)O superlattices and is attributed to the self-doped holes that get trapped at
the interfacial pyramidal coordinated nickel ions with electron configuration dominated
by 3d9L. Table 4.1 shows a resume of all features identified in Fig. 4.25 b. The peak
identification was made by direct contrast between the spectra of all superlattices and
with previous experimental works performed on similar samples (Ref. 295, Ref. 294 and
Ref. 244).

Understanding the O-K spectra

The nickel ground state configuration in ligand-field theory is given by

|Ψ0⟩ =
∑
i

ci|dn+iLi⟩, (4.6)

where
∑

i c
2
i = 1 with ci being the weight of configuration i.

For RENiO3 there are four terms (similarly as in Eq. 1.1):

|ΨRENiO3⟩ = c0|Ni 3d7⟩+ c1|Ni 3d8L⟩ + c2|Ni 3d9L2⟩+ c3|Ni 3d10L3⟩ (4.7)

For RENiO3, which is a negative charge transfer system, values of (c1)2 = 0.25, (c2)2 =
0.57, (c3)

2 = 0.17, and (c4)
2 = 0.03 have been reported [5] (single cluster, interacting

approximation), indicating that the leading configuration is 3d8L. Here, we will neglect
the |Ni 3d10L3⟩ term because it is probably situated a very high energies and mainly due
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to the low value of the c4 in comparison with the rest of parameters. For the other
two terms, a small but negative effective charge transfer energy from d7 to d8L of about
2 eV [46], and the 3d9L2 state being about 2 or 3 eV higher in energy than the 3d8L state,
have been observed. Therefore 3d8L is the lowest energy state and 3d9L2 and d7 both
mix with 3d8L via the pd hopping which are 2 or 3 eV higher in energy, and c2 > c1 ∼ c3.
We also know that in the O-K XAS, the broad band part of the spectrum is determined
by the O p hybridizing with the broad bands formed by O-3p, Ni-4s, 4p and RE-5d, 6s.
However, theses broad bands are rather high in energy and well separated from the local
O 1s− 2p transitions.

For RENiO2, the ground state configuration to begin with is closer to that of the
cuprates:

|ΨRENiO2⟩ = c′′1|Ni 3d9⟩+ c′′2|Ni 3d10L⟩, (4.8)

but the energies of the d10 state in Ni1+ would be about 5 eV higher in energy than the
d10 state of Cu2+ because of the more significant nuclear charge of Cu [150]. In O-K XAS,
we can reach only the final d10 state, which is very high in energy and well inside the broad
continuum. So it is possible that the associated transition cannot be detected in NdNiO2

or LaNiO2. This energy difference suggests that Ni 3d9 is the dominant configuration.
Reduced superlattices have an additional complexity due to the interfacial reconstruc-

tions that, depending on the buffer material composition (DSO, GSO, LAO, LGO, or
STO), introduce a Ni2+-type configuration, i.e., we have to distinguish interface layers L1
with

|ΨRENiO2+δ(L1)⟩ = c′1|Ni 3d8⟩+ c′2|Ni 3d9L⟩+ c′3|Ni 3d10L2⟩ (4.9)

from infinite-layer-type inner layers L2− 4 with

|ΨRENiO2+δ(L2−4)⟩ = c′′1|Ni 3d9⟩+ c′′2|Ni 3d10L⟩ (4.10)

Assuming the L1 layers have a pure Ni2+ configuration, one can compare the weight of
each configuration with materials with a similar valence state, such as NiO. For NiO with a
positive charge-transfer nature of the gap (band gap about ∼ 4 eV) values of (c′1)2 ≈ 0.82,
(c′2)

2 ≈ 0.18 and (c′3)
2 ≈ 0.0 have been found, with Ni 3d8 being the leading configuration

[296]. This result is in clear contrast to calculations made by collaborators where the
3d9L was the prevailing configuration [273]. Then, we can use the same reasoning as in
Eq. 4.8 for layers L2-4 where c′′1 was the dominant configuration. Finally, the ground state
configuration observed in the XAS measurements will be a combination of Eq. 4.9 and
Eq. 4.10. The terms discussed above are present in the O-K edge spectra in the form of
small peaks in the energy region between 530 and 540 eV.
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Chapter 5

Polycrystalline infinite-layer nickelates

In this chapter, we focus on the study of polycrystalline infinite-layer nickelates obtained
from their perovskite pristine compounds (La,Nd)NiO3. In comparison with the films
and heterostructures analyzed in the previous chapter, the study of polycrystalline sam-
ples has significant differences. For example, in contrast to PLD growth which requires
a couple of hours, the citrate-nitrate method used for synthesizing powder perovskite
samples needs several days. When characterizing, the powder X-ray diffraction (PXRD)
experiment can record simultaneously various crystallographic reflections in polycrystals,
whereas for films, it measures Bragg peaks along with a specific lattice orientation. In
addition, the amount of material provided in powder form is significantly larger than in
thin films (various orders of magnitude), making the polycrystalline samples more suitable
for certain experiments such as neutron scattering and muon spin rotation. On the other
hand, while electrical transport measurements performed on infinite-layer nickelate films
show a metallic behavior, powder measurements display a semiconducting or insulating
trend which is most likely due to extrinsic effects such as planar anisotropy, and the lack
of contact between grain boundaries [119,297].

Early studies of the infinite-layer phase include the characterization with x-ray diffrac-
tion and neutron powder diffraction performed by Crespin and coworkers [118]. Further
studies comprise magnetic susceptibility and magnetization measurements done by Hay-
ward et. al., who found no long-range antiferromagnetic order but instead a paramagnetic
trend. The authors also performed resistivity measurements which were orders of mag-
nitude higher than those on the pristine samples [119, 121], a result that was in contrast
with subsequent studies on thin films [297]. More recently, motivated by the discovery of
superconductivity in Sr-doped NdNiO2 epitaxial films, experimental works have been per-
formed on doped infinite-layer nickelates polycrystals in an attempt to reproduce similar
results in the bulk [132, 133], however, no signs of superconductivity have been found in
powder samples so far. Possible explanations for this could be the interference of metallic
nickel impurities as well as the lack of polycrystalline compaction. Along these lines, Li
et. al., performed resistivity measurements on Nd1−xSrxNiO2 (x = 0, 0.2, 0.4) under high
pressure to improve the grain compaction, and they observed and substantial suppression
of the insulating behavior detected at ambient pressure but no clear metallic or supercon-
ducting trends. In addition, Wang et. al., performed in situ synchrotron x-ray diffraction
during the reduction process to track the changes in the structure of the treated nicke-
late samples. The authors concluded that the addition of Sr makes the pristine samples
metallic and facilitates the achievement of the infinite-layer phase, although they become
semiconducting without doping [133]. We will focus our study on the parent compounds
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Figure 5.1: Powder x-ray diffraction (PXRD) measurements of various treated a) LaNiO2+δ and
b) NdNiO2+δ polycrystalline samples. Samples in black represent the untreated samples (δ = 1).
The circles enclose peaks corresponding to La2O3 and Ni.

(La,Nd)NiO2+δ, given that many of their properties are still not well understood. More-
over, it is worth mentioning that superconductivity has also been observed in pure LaNiO2

thin films, and some insights into this enigmatic behavior could be found in the powder
counterpart [127]. In the next sections, we will first study the optimization process for ob-
taining high-quality infinite-layer powder samples and, second, the magnetic correlations
in these compounds by means of various experimental techniques.

5.1 LaNiO2+δ and NdNiO2+δ samples

Polycrystalline LaNiO3 powder was synthesized via the citrate-nitrate method by R.
Merkle and A. Fuchs. The synthesis process can be described as follows: aqueous solu-
tions of the metal-nitrides Ni(NO3)2 and La(NO3)3 were mixed with an aqueous solution
of citric acid to obtain a mixture of the nickel-oxides. Then, the resulting material was
heated to 500 ◦C, and various steps of grinding and calcination at 750 ◦C for at least 12 h
were performed. Finally, the powder was treated in an autoclave with 400bar O2 pressure
at 450 ◦C to guarantee phase purity and complete oxygenation. A similar procedure as
the one described above was conducted for NdNiO3.

We obtained the (La,Nd)NiO2 infinite-layer phase through topotactic reduction of the
(La,Nd)NiO3 perovskite phase using CaH2 as a reducing agent. Batches of 50 to 200mg
of (La,Nd)NiO3 powder were wrapped in aluminum foil with an opening at one end and
loaded into quartz tubes with approximately 250mg CaH2 powder. To prevent the CaH2

from reacting with air, the procedure was performed in an Ar-filled glove box, and the
quartz tubes were sealed under vacuum (≈ 10−7 mbar). After sealing, the tubes were
heated in a furnace with a ramp rate of 10 ◦C/min and kept at 280 ◦C for LaNiO3 and
260 ◦C for NdNiO3 at various times. Finally, the samples were cooled at a similar rate,
and the reduced powder was extracted. During the entire process, the nickelate and CaH2

powder have not been in direct contact. The high quality of pristine and reduced powder
samples was corroborated by powder x-ray diffraction measurements. This experimental
technique was also used to characterize the results from the different reduction phases.

Fig. 5.1 a shows various LaNiO2+δ samples reduced at different times. The black and
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grey curves correspond to LaNiO3 and LaNiO2.5. We see that LaNiO2.5 can be obtained
after a relatively short reduction time t ≤ 96 h whereas it requires more than double of
time to obtain highly pure LaNiO2. Moreover, after a certain reduction time (t ≥ 348h),
the treatment process starts to generate impurity phases like La2O3 and Ni metal, which
can be identified by small peaks around 30 ◦ and 40 ◦ respectively.

While optimizing our process, we found various aspects that are worth mentioning.
Given that there are several variables that influence the final results of the reduction
process, namely time, pressure, temperature, the amount of CaH2 and the amount of
(La,Nd)NiO3, we decided to keep the first two parameters fixed to reduce the number
of variables (T = 280K and p = 1 × 10−7 mbar). In addition, we observed that for
our setup, when large amounts of material were reduced (≥ 200mg), the final product
presented impurity phases such as La2O3 and Ni, indicating that the topochemical process
with CaH2 was not homogeneous and it decomposed certain regions of the sample while it
partially reduced other zones. Therefore we decided to keep the amount of material below
150mg to improve sample homogeneity. Moreover, we found that a stoichiometric excess
of CaH2 greater than 2.5:1 is required to obtain a reduced material with good diffraction
patterns and crystallinity. With all previous parameters fixed, this leaves the reduction
time t as the most important variable for optimizing the reduction mechanism (Fig. 5.1).

Fig. 5.1 b shows a systematic study of the different reduction stages for NdNiO2+δ.
According to data obtained from the refinement process, a single-phase NdNiO2 was not
achieved probably because the reduction conditions (temperature and time) have not been
completely optimized. However, the graphs plotted as a function of time indicate a clear
formation of a pair of asymmetric Bragg peaks around 33 ◦ which are well separated in
the LaNiO2 counterpart and that represent a qualitative indication of the reduction stage.
As stated by Wang et. al., the transition between NdNiO3 and the intermediate state can
be achieved at relatively low temperatures (200 ◦C) but the change from Nd3Ni3O7 to
pure NdNiO2 required temperatures higher than 260 ◦C [133]. Our PXRD results suggest
that the obtained powders have mainly the Nd3Ni3O7 phase in qualitative agreement with
previous experimental results [133, 266, 270]. In terms of oxygen stoichiometry, it makes
sense that La2Ni2O5 requires less reduction time than Nd3Ni3O7 as their structures have
different square-planar/octahedral configuration ratios (1 : 1 and 2 : 1 respectively). This
difference in stoichiometry could be the reason why NdNiO2 requires substantially different
reduction times and temperatures compared with LaNiO3 to reach the infinite-layer phase.

Finally, we would like to point out that the optimized times found in this section
might vary slightly depending on the sample preparation conditions, the synthesis of
the precursor phase, and, naturally, from the variables mentioned above. Therefore, we
propose a basic procedure for obtaining the infinite-layer phase for nickelate polycrystals:
After a proper synthesis and characterization of the perovskite phase, we separate the
powder into two batches. The first batch, which accounts for less than 20% of the
whole powder, will serve as a "dummy" portion for a trial reduction. A good starting
point for this trial reduction is to use the optimized values we have found in this section
(t ≈ 316h). Once the results are satisfactory, we proceed with the reduction of the rest
of the powder. This way, we ensure an optimal procedure to obtain large amounts of
high-quality infinite-layer polycrystals without the loss of material due to the presence
of undesired impurity phases, which are prompt to appear in each new sample. In the
next section, we investigate the magnetic correlations in our optimally reduced LaNiO2

samples by performing various measurements such as specific heat, muon-spin rotation,
and susceptibility.
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5.2 Magnetic correlations in bulk infinite-layer nicke-
lates

One of the current challenges in condensed matter physics is to understand the pairing
mechanism of unconventional superconductors. In cuprates and iron pnictides, the weak
coupling of antiferromagnetic paramagnons seems to be the most likely scenario [298–301].
However, in the newly discovered nickelate superconductors, there is still debate regard-
ing the possible mechanism. From the theoretical point of view, the appearance of spin
fluctuations has been predicted in infinite-layer nickelates [141,142,156,162,164,165,238].
On the experimental side, a long-range magnetic order (which is clearly visible in undoped
cuprates) has not been observed in bulk [118, 119, 121]. Nevertheless, very recently, un-
doped and Sr-doped NdNiO2 thin films were found to display magnetic excitations [139]
and intrinsic magnetism [269] respectively. Then, based on the new developments and
previous results, a combined study between theory and experiment regarding the magnetic
correlations in infinite-layer nickelates is highly desired. Moreover, a thorough comparison
between the properties of the parent compounds of nickelates and cuprates needs to be
addressed.

In this section, we describe the study of magnetic correlations in bulk polycrystals of
LaNiO2. This material is one of the parent compounds of the infinite-layer nickelate su-
perconductor family recently discovered in thin-film form [135]. The comprehensive study
includes a collection of experimental and theoretical methods performed in collaboration
with partner research groups. Our optimally reduced polycrystalline samples analyzed
in the previous section were used for specific heat (cp), muon-spin rotation (µSR), and
magnetic susceptibility (χ) experiments.

Characterization and refinement

The infinite-layer phase LaNiO2 was obtained following the optimized procedure described
in the previous section, which yielded high-quality samples within a time of approximately
316h. Fig. 5.2 shows the PXRD measurements of pristine LaNiO3 and reduced LaNiO2

together with the fitted data and their corresponding difference. The experiments needed
for characterization of the samples were conducted by C. Stefani at room temperature
using a Rigaku Miniflex diffractometer equipped with Cu Kα radiation and in a range of
20 ◦ < 2Θ < 90 ◦. To fit the samples, Rietveld refinements were performed by P. Puphal
using the FullProf software suite [302]. While the refinement process corresponds to a
rhombohedral space group R3̄c for LaNiO3, it required a tetragonal P4/mmm configura-
tion for LaNiO2 to ensure a good fit. Moreover, fits done with other space groups yielded
less agreement with the experimental data. The refinement of LaNiO3 (Fig. 5.2 a) indi-
cates that the synthesis method yields highly pure powders without traceable secondary
phases, such as the Ruddlesden Popper structure. On the other hand, the reduced sam-
ples were refined assuming a single phase of infinite-layer LaNiO2 given that no visible
traces of phases such as NiO, La2O3 or LaNiO2.5 were found (Fig. 5.2 b). The resulting
parameters provided by the refinement process (Tab. 5.1) are in good agreement with pre-
vious experimental reports [37, 119, 120]. Although no impurity phases were detected in
the PXRD data, less than 2wt% of ferromagnetic Ni inclusions are believed to be present
in the LaNiO2 powders, which could originate from the reduction process.
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Figure 5.2: Powder X-ray diffraction measure-
ments of a) LaNiO3 and b) LaNiO2. The black
and grey lines correspond to the fittings ob-
tained from the Rietveld refinement and the
difference between experimental and calculated
intensities respectively. The vertical bars indi-
cate the calculated Bragg peak positions. [189].

(a) LaNiO3 | a, b = 5.45095(4) Å, c = 13.13313(11) Å

Atom x y z U
(
Å2
)

La (6a) 0 0 0.25 1.097(8)
Ni (6b) 0 0 0 0.674(17)
O (18e) 0.54430(62) 0 0.25 1.637(64)

Reliability factors χ2 RB Rf Rwp

7.53(2) 6.67 6.22 12.7

(b) LaNiO2 | a, b = 3.95496(4) Å, c = 3.36582(5) Å

Atom x y z U
(
Å2
)

La (1d) 0.5 0.5 0.5 0.644(10)
Ni (1a) 0 0 0 0.494(31)
O (2f) 0 0.5 0 0.039(67)

Reliability factors χ2 RB Rf Rwp

6.61(2) 7.34 5.06 21.0

Table 5.1: The refined atomic positions of
a) LaNiO3 with rhombohedral space group
R3̄c and b) LaNiO2 in tetragonal space group
P4/mmm extracted from fittings of the powder
X-ray diffraction measurements [189].

Experiments regarding the magnetic properties

After performing a proper characterization to determine the quality of our samples, we
continue our study by exploring the magnetic correlations in LaNiO2 by gathering in-
formation from a series of experiments dedicated to this end. Together with P. Puphal
and M. Hepting, we determine the temperature dependence of the specific heat (cp) in
both pristine and reduced samples (Fig. 5.3 a). Both curves increase monotonically and
smoothly in the temperature range from 2 to 300K. Since there are no spikes or disconti-
nuities (called λ-anomalies) that would be indicative of structural or magnetic transitions,
we conclude that there is no long-range magnetic order nor symmetry change in these sam-
ples as a function of temperature. These results are in agreement with neutron diffraction
experiments on polycrystalline LaNiO2 and NdNiO2, which found no evidence of mag-
netic Bragg reflections [119,121]. In addition, a comparison between pristine LaNiO3 and
reduced LaNiO2 samples yields some insights into the changes in the structural properties
upon reduction. For example, in the region between 2 and 120K, the specific heat of
both materials is very similar. Given that at low temperatures, the main contribution to
cp originates from the lattice configuration, we conclude that this resemblance is due to
the La-Ni sublattice, which is expected to be the one that remains almost unaltered after
the treatment. On the other hand, above 120K the curves start to deviate from each
other with cp(LaNiO3) > cp(LaNiO2). At high temperatures, phonons (associated with
the oxygen sublattice) start to play an important role in the value of cp. Then, since the
reduction process subtracts oxygen atoms from the sample, it is expected to have a lower
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Figure 5.3: a) Specific heat Cp of a pair of polycrystalline pristine LaNiO3 (blue) and re-
duced LaNiO2 (orange) samples from 2 to 300K. b) Zero-field µSR spectra of LaNiO2 at
various temperatures. The solid black lines represent the fits of polarization according to
P (t) = P0e

(λDynt)
β
, T > 75K and P (t) = 1/3 e−λLt + 2/3 cos(2πνt)e(λT t)β , T < 75K [189].

cp in LaNiO2 as observed in Fig. 5.3 a at high temperatures.
Next, we turn to the muon spin rotation (µSR) measurements, which give information

about the quasi-static and dynamical magnetic processes. In this type of experiment, spin-
polarized positive muons (µ+) are fired into the sample and implanted at the interstitial
lattice sites, where they stop momentarily and acquire information about the magnetic
environment. Then, the muons become a sensitive local probe for small internal magnetic
fields by quantifying the polarization P (t). The µSR measurements were performed by F.
Hotz, R. Khasanov, and H. Luetkens with the General Purpose Surface-Muon Instrument
(GPS) [303] at the Paul Scherrer Institute (PSI) in Switzerland. The data analysis was
carried out employing the free software package musrfit [304]. Figure 5.3 b shows the
measured polarization P (t) of LaNiO2 as function of time for various temperatures ranging
from 5 to 290K. Since there are no persistent oscillations in the spectra, we conclude that
long-range magnetic ordering is absent within the temperature range. This conclusion is in
agreement with our previous results regarding the specific heat measurements. Although
infinite-layer nickelates seem not to show macroscopic magnetism, long-range magnetic
order has been observed with µSR in AFM trilayer nickelate La4Ni3O8 [305]. A close
inspection of Fig. 5.3 b shows a strongly damped oscillation in the spectra of 5K. This
oscillation, which presents a local minimum around t ≈ 0.25µs is an indication of short-
range order at this temperature. In addition, at longer times, the 5K spectra shows a tail
with polarization values close to 1/3 of the initial polarization (i.e. Pt→∞(5K) ≈ 1/3P0(T )).
This behavior suggests a quasi-static magnetism such as the one associated with spin
glasses below a freezing temperature (Tf ) [306]. Moreover, further analysis of the µSR
data indicates that the spin glass behavior, if present, is arising from the bulk of the
sample (see Ref. 189 for more details).

Besides cp and µSR experiments, we analyzed the static magnetic susceptibility of
LaNiO2. The low-temperature dc susceptibility measurements were performed using a
vibrating sample magnetometer (MPMS VSM SQUID, Quantum Design) by collaborators
P. Puphal and M. Hepting. Figure 5.4 a shows χ(T ) of LaNiO2 measured in a small
external field of 0.1T. The magnetization curve shows no signs of long-range magnetic
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Figure 5.4: Static susceptibility χ of LaNiO2 measured as function of temperature for two modes:
zero-field cooling (ZFC, solid line) and field-cooling (FC, dashed line), in external fields of a)
µ0H = 0.1T and b) µ0H = 7.0T. c) Isothermal magnetization of LaNiO2 measured between
0T and 7T at various temperatures from 2K and 650K. The gray area represents the region
where the ferromagnetic Ni signal is assumed to be saturated and where the linear fits for the
Honda-Owen method are performed (5 - 7T) d) Paramagnetic susceptibility of LaNiO3 (blue
triangles) and LaNiO2 (orange circles) obtained from measurements and the Honda-Owen method
respectively [189].

order between 4 and 300K in good agreement with our cp and µSR measurements and with
previous experiments [118–121, 153]. In addition, we observed the irreversibility of the
magnetization curves measured with the zero-field cooled and field-cooled modes at low
temperatures (< 20K). When the sample is cooled under a small magnetic field (FC), its
magnetization increases following Curie’s Law. However, when the sample is first cooled
and then warmed up under a small magnetic field (ZFC), its magnetization increases up to
a maximum value and then follows a paramagnetic trend. This behavior is characteristic
of a spin glass with the spin freezing temperature (Tf ≈ 17K) corresponding to the
maxima of the ZFC curve. A similar response of the magnetization in the ZFC-FC curves
has been also reported in recent studies on RENiO2 and Pr4Ni3O8 polycrystals [307,308]
as well as La1−xCaxNi2+δ single crystals [134].

In principle, the origin of the observed spin glass state could be an intrinsic property
of the material, or it could arise due to the existence of impurities or secondary phases.
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To address this issue, we performed two types of experiments, i.e., a susceptibility mea-
surement at high magnetic fields and a magnetization versus field measurement at various
temperatures (see Figs. 5.4 b,c). From the χ measured at high magnetic fields (Fig. 5.4 b)
is possible to see that the spin glass behavior does not dominate in this regime, but it has
been suppressed. Moreover, the ZFC-FC curves have features, such as the slight upturn
at low temperatures and a ∂χ/∂T > 0 behavior that is not seen in the χ obtained under
small magnetic fields. These results suggest that the observed spin glass behavior is not an
intrinsic property of the system but that it arises from other sources. In addition, it seems
improbable that an intrinsic square planar spin glass system could be realized in nicke-
lates due to the precise fine-tuning required for the nearest and next-nearest neighbors
exchange to realize such a frustration.

Figure 5.4 c shows the isothermal magnetization-field measurements at various temper-
atures. The curves show a clear non-linearity between the low-field and high-field regions
that vanishes for 650K and higher temperatures. Given that the Curie temperature of Ni
is Tc ≈ 620K, we attribute the observed non-linearity to the presence of a small amount of
Ni impurities. However, according to Refs. 307,308 and our µSR results, the appearance
of a spin glass state in nickelates due to a dilute distribution of Ni impurities is unlikely.
Moreover, a more likely scenario for the origin of the spin glass state is the presence of
local oxygen disorder in the form of remaining apical oxygen after the reduction process.
In this scheme, the effective moment is produced by Ni2+ atoms sitting in regions with an
excess of oxygen. Here, it is important to point out that although the previous scenario is
possible in our system, there are other possible sources for magnetic clusters, such as re-
maining LaNiO2.5 inclusions or domain walls separating regions with different NiO2 plane
orientations. Therefore, further work is necessary to conclusively determine the source of
the spin glass state in LaNiO2 polycrystals.

The susceptibility observed in Fig. 5.4 b seems to be the result of collective effects,
including the intrinsic properties of the sample and the Ni impurities; however, the latter
can be corrected by employing the Honda-Owen method, which subtracts the intrinsic sus-
ceptibility from an isothermal magnetization-field measurement (see Fig. 5.4 c) provided
it can be expressed as

M

H
= χcorr + Csat

Msat

H
, → lim

H→∞

M

H
= χcorr (5.1)

where M is the measured magnetization, H is the applied magnetic field, χcorr the cor-
rected, intrinsic susceptibility, Csat the presumed magnetic impurity content and Msat its
saturation magnetization. In other words, the magnetization signal of magnetic impurities
is expected to saturate in sufficiently strong fields, resulting in a constant contribution
above a certain threshold value of the magnetic field [119].

Figure 5.4 d shows the temperature dependence of χ for LaNiO3 and of the χcorr for
LaNiO2 obtained using Eq. 5.1, which is different from χ(T ) in Fig. 5.4 a. For LaNiO3, χ
shows a characteristic Curie-Weiss behavior in agreement with previous results [309,310].
However, for LaNiO2, χcorr(T ) presents a minimum value around 65K, and then, it has
a roughly linear increase towards room temperature and above, indicating a clear non-
Curie-Weiss behavior. This trend is also observed in the magnetic Knight shift of a 139La
nuclear magnetic resonance (NMR) measurement performed on LaNiO2 polycrystals [311].
This result also confirms that the χcorr(T ) signal is intrinsic and not affected by the
presence of Ni impurities since they were removed by the Honda-Owen method. The
behavior observed in Fig. 5.4 d for LaNiO2 is in contrast to previous studies on similar
polycrystals where a paramagnetic Curie-Weiss comportment was reported in the same
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temperature range [119]. Moreover, the authors identified two Curie-Weiss regions divided
by a boundary around 150K, which could be linked to distinct impurity phases in their
samples. This discrepancy in the susceptibility can be related to the reduction process
itself, given that we employed CaH2 instead of NaH as a reducing agent and our powders
were not in direct contact as in the NaH-LaNiO3 chemical process. Since we determine
a shorter c-axis lattice parameter for our LaNiO2 powders (see Tab. 5.1 b) and we apply
longer reduction times in our treatment process, we conclude that our samples possess
less apical oxygen remnants. Despite the differences observed, it is important to notice
that the extracted absolute value of χcorr at room temperature is comparable in the two
groups of samples (CaH2- and NaH-treated) and also in the same order of magnitude as
the susceptibility of perovskite LaNiO3 (see Fig. 5.4 d).

The behavior of χcorr(T ) obtained for LaNiO2 has also been observed in polycrystalline
cuprates. For example, La2−xSrxCuO4 with x ≥ 0.04 show an almost linear increase of
the susceptibility as a function of temperature after a local minimum, which changes as
a function of doping concentration [312]. Moreover, the analogy between bulk nickelates
and cuprates can be extended even further as materials such as La2−xSrxCuO4 show
a spin glass state for doping concentrations between 0.02 < x < 0.06, which is the
region between the AFM and superconducting phases [313, 314]. In cuprates, the spin
glass state is believed to arise due to the charge segregation into hole-rich, and hole-poor
regions, which generates AFM clusters [315]. This observation seems to be in contrast
with nickelates, although the charge separation scenario cannot be entirely ruled out from
our experiments.

Finally, our collaborators studied the same LaNiO2 system from the theoretical point
of view. M. Klett, P. Hansmann, and T. Schäfer applied theory calculations within the
framework of DΓA, a diagrammatic extension of DMFT customized to include system-
atically spatial correlations on all length scales. The calculated susceptibility from DΓA
qualitatively resembles the obtained susceptibility χcorr(T ) shown in Fig. 5.4 d. In ad-
dition, the calculated χ was obtained without the appearance of long-range magnetic
order but with the presence of a maximum centered around TDΓA

∗ ≈ 900K below which a
Curie-Weiss behavior is observed. These results support the concept that strong magnetic
fluctuations quench the possible ordering in parent infinite-layer nickelates and hinder the
appearance of long-range magnetic order at any measurable temperature. Moreover, the
similarities between calculated and measured susceptibilities strengthen the idea that
infinite-layer nickelates are a close realization of the single-band Hubbard model (see
Ref. 189 for more details).
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Chapter 6

Summary and outlook

In this thesis, we have employed various methods and techniques to gain insights into the
microscopic and macroscopic properties of a well-known group of TMOs, i.e., the rare-
earth nickelates. We focused on two RENiO2+δ sample types, i.e., the superlattice and
polycrystalline forms. We obtained the infinite-layer phase departing from the perovskite
phase in both systems, which underwent a topotactic chemical treatment. Our samples
passed through a characterization procedure to trace the quality of the synthesis and the
outcome of the treatment process. In addition, we obtained valuable information about
our samples’ properties using modern spectroscopic techniques, such as resonant x-ray
scattering, absorption, and reflectivity, together with theoretical models and calculations.
Therefore, we evidence the versatility of light scattering in probing the nickelates’ struc-
tural, electronic, and magnetic properties in their various forms. This section summarizes
the most important findings of this thesis and compares them with current research topics
regarding similar methods and compounds. In addition, we also discuss the possible di-
rections to follow in the future concerning TMOs heterostructures as promising quantum
materials.

Chapter 4 has been dedicated to studying the structural and electronic properties
of various rare-earth nickelate superlattices. Our main goal was to create a new su-
perconductor by combining two materials with various properties present in well-known
superconducting materials, such as cuprates. We succeeded in synthesizing a new type
of superlattice fabricated by heterostructuring two oxide materials together and subse-
quently chemically treating the resultant compound to selectively remove oxygen ions
from one of its constituents. The oxide materials were chosen such that one of them is
prompt to lose oxygen (i.e., the nickelate), whereas the other is very stable against oxygen
removal (i.e., the band-gap insulator). Our material of interest is the nickelate, which was
recently found to exhibit superconductivity upon chemical doping and reduction. Oxygen
anions can be removed from nickelate materials, yielding new properties without severely
altering the structural frame. On the other hand, we selected various band-gap insulators
to form the buffer layers (also called blocking layers). These materials can either confine
the nickelate layers or act as charge reservoirs and a doping source.

In section 4.2, we study our first group of superlattices composed of nickelates and scan-
dates. Our analysis of the diffraction intensity patterns in the LaNiO2+δ/(Dy,Gd)ScO3

superlattices allowed us to extract the averaged lattice constant cSL, which suggests that
only a part of the nickelate layers achieve the square-planar phase after the reduction
process. Since it is not possible to achieve reductions where the lattice constant of the
nickelate slabs matches that of the thin films and bulk samples [118, 119, 122, 124], we
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conclude that it is not possible to achieve a "full" transformation of the nickelate slabs
into the square planar configuration. The explanation for this is straightforward; the
buffer layers prevent the removal of oxygen at and close to the interfaces. Moreover, we
have also estimated our reduced samples’ valence state and chemical composition from
lattice constants considerations. Compared to similar structures such as the superconduct-
ing self-doped T’-type phase [115], and the chemically doped infinite-layer nickelate thin
films [110], our samples have a higher averaged valence state, which situates them in the
overdoped regime. The transport measurements indicate that the pristine samples follow
a non-Fermi liquid behavior at high temperatures, with 3D quantum corrections influenc-
ing the low-temperature regime. These results are in good agreement with measurements
performed on perovskite nickelate thin films. The reduced samples show a similar non-
Fermi liquid trend (although with a lower exponent) as the untreated samples for high
temperatures. However, a 2D model with weak localization effects and electron-electron
interactions best fits the curves at low temperatures. Our spectroscopic experiments indi-
cate that the reduced samples have valence states close to the Ni1+ and that no traces of
Ni3+ are detected. In addition, our XAS measurements suggest that the reduction process
is layer selective as the valence state of the A- and B-cations in the blocking layers do
not change within the experimental energy resolution. The spectroscopic measurements
also show that there are significant changes in the Ni valence when the amount of buffer
layers increases from two to four and higher. In contrast, a substituting the A-cation in
the buffer layers yields no considerable alterations in the electronic structure of the Ni
ions.

We also studied nickelate/scandate samples where a magnetic ordering is expected to
originate from the nickelate part of the superlattice, i.e., NdNiO2+δ/DyScO3. Resonant
scattering measurements on the pristine sample yielded a small but clear peak appearing
around the momentum transfer q⃗ = (1/4, 1/4, 1/4). This q⃗ is widely known as the vector rep-
resenting the magnetic Bragg reflection corresponding to the antiferromagnetic ordering
observed in nickelates. Surprisingly, the reduced sample shows a very intense peak around
the same value q⃗ = (1/4, 1/4,≈ 1/4), indicating that this peak might have the same origin as
the one observed in the pristine samples. Moreover, the reduced sample’s resonant peak
is higher in intensity and persists up to room temperature. Altogether, our measurements
suggest that the resonant Bragg reflection might originate from intermediate states of the
reduced NdNiO2+δ such as Nd3Ni3O7 although additional measurements will be needed
to reach a definitive conclusion.

Section 4.3 describes two types of superlattices where the blocking layer was cho-
sen such that the A-cation site is the same as in the nickelate mataerial. Similarly,
as for the nickelate/scandate superlattices, the XRD measurements performed on the
LaNiO2+δ/La(Ga,Al)O3 superlattices yielded crystalline samples for both pristine and
reduced heterostructures. However, the transport measurements show a semiconduct-
ing behavior for the reduced samples in contrast to the metallic behavior of the nick-
elate/scandate samples. Furthermore, our results show that the reduction process is
reversible as the reduced samples can be reoxidized to display similar properties as the
pristine samples. A close analysis of the diffraction data of LaNiO2+δ/LaGaO3 allowed us
to identify the structure in the reduced superlattices. The fitting process indicates that
the nickelate part of the superlattices is composed of an infinite-layer core surrounded by
interfacial pyramidal coordinated layers. Except for a small translation due to the differ-
ent lattice constants, the configuration is consistently reproduced in various samples, even
for heterostructures where the A-cation has been changed in both oxide materials. The
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spectroscopic measurements confirmed that the reduction process is layer selective, as the
valence spectra of the blocking layers seem to be not affected by the treatment process.
Finally, collaborators who performed theory calculations on the reduced structures con-
cluded that adding extra holes to the system would lead to charge segregation as the holes
are not evenly distributed within the nickelate slabs but are stock at the interface. On
the contrary, doping the system with electrons yields a homogeneous charge distribution
across the whole nickelate slab.

In section 4.4, we present the study of the third group of superlattices analyzed in this
thesis, namely the nickelate/SrTiO3 superlattices. The transport measurements show
a consistent conductivity increase as a function of the number of nickelate layers, the
amount of SrTiO3 layers, and the A-cation element. While samples with m ≤ 6 and
n = 2 show a semiconducting behavior, samples with more nickelate layers are metallic.
In contrast, all samples studied with n = 4 are metallic with small upturns at low tem-
peratures. Moreover, Nd-based samples have a higher conductivity than the La-based
superlattices. This result is also consistent with a higher orbital polarization observed by
XAS in NdNiO2+δ/SrTiO3 with respect to LaNiO2+δ/SrTiO3. The spectroscopic results
obtained for n = 2, 4 agree with those obtained for the nickelate/scandate superlattices,
accentuating the strong differences between samples with n = 2 and n = 4 blocking layers.
A comparison between XAS spectra of the infinite-layer nickelate superlattices and the
cuprate superconductors yields a puzzling result; the normalized intensity of the linear
dichroism produced by the cuprates is at least four times larger than the one of nickelate
superlattices, even though they have the same 3d9 electronic configuration. A possible
explanation for this result is that the reduction process and the interfacial regions are
responsible for this difference. For example, the reduction process might leave regions
with an excess of oxygen which could generate less orbital polarization. In addition, the
orbital occupation on the layers near the interface with the band-gap insulator might be
different to the one produced by the 3d9 system at the Ni-L2,3 edges.

In section 4.5, we studied the layer resolved orbital polarization and valence state
profiles in various nickelate superlattices employing resonant x-ray reflectivity. Our results
indicate that within the nickelate slabs, the interface layers have a small but significant
hole occupation in the dz2−r2 orbitals. In contrast, the holes largely occupy the dx2−y2

orbitals in the inner layers. Further calculations also indicate that the same system can
be consistently reproduced by assigning a valence state of Ni2+ to the interface layers
and a valence state of Ni1+ to the inner layers. These results agree with the proposed
behavior obtained from theory calculations, where additional dopants will separate or
distribute evenly within the nickelate slabs, depending on their charge. More specifically,
for the case of hole-doping, the electronic structure will be composed of Ni2+ layers at the
interfaces and Ni1+ layers in the center of the nickelate block.

In section 4.6 we performed a comparison of various reduced nickelate superlattices
with the same stacking (i.e., m = 8/n = 4) and the exact repetition (i.e., x8) but with
different buffer layers. The results indicate that the hole occupation in the eg orbitals in-
creases as a function of strain. However, comparing samples grown on the same substrate
yields significant differences between their corresponding orbital occupations. This result
indicates that the buffer layer contributes more than strain in enhancing the hole occu-
pation. In addition, in this section, we analyzed in detail the oxygen-nickel hybridization
and identified all the features present around the O K-edge.

In chapter 5 we focused on studying the parent compound of the superconducting
infinite-layer nickelates RENiO2. More specifically, we studied the bulk form of these
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materials to learn about the magnetic environment of the Ni ions in the square pla-
nar configuration and to gain some insights into why this form of synthesis does not
show superconductivity in contrast with their thin film counterparts. Before perform-
ing magnetic measurements, we optimized the reduction process for the bulk samples by
treating multiple groups of powders. This optimization was straightforward for LaNiO2

(0 ≤ δ ≤ 1), probably because the material has very stable intermediate states, estab-
lishing the boundaries for the respective reduction times. Once high-quality LaNiO2 was
obtained, we performed various measurements to characterize the samples in collabo-
ration with partner institutions. Our results on specific heat, muon-spin rotation, and
susceptibility experiments strongly indicate the absence of long-range magnetic order in
the powder samples. In addition, the susceptibility and muon-spin rotation measurements
signal a clear spin glass behavior at low temperatures, which is believed to arise from the
bulk of the samples, but that it is probably not an intrinsic property of the infinite-layer
phase. We suggest that these effects appear due to the reduction process, which can pro-
duce small regions with an excess of oxygen. Although our samples were not impurity-free,
we obtained the intrinsic susceptibility of the system, which resembles the susceptibility
observed in cuprates in the underdoped regime. Therefore, cuprates and infinite-layer
nickelates show similar features such as a spin 1/2 state, a 3d9 electronic configuration,
magnetic excitations, and a spin glass state and non-Curie-Weiss behavior of the suscepti-
bility when underdoped. These analogies might serve as essential information for solving
both compounds’ unconventional superconductivity paradigms.

Based on our experimental results and the outcome of related studies, we believe
that the realization of superconductivity in nickelates through heterostructuring is fea-
sible. A similar scenario occurs in various cuprate superlattices, where superconduc-
tivity appears without chemical doping. In this regard, Balestrino et. al., who studied
(BaCuO2)m/(CaCuO2)n and Di Castro et. al., who analyzed (CaCuO2)m/(SrTiO3)n, ob-
served superconductivity in heterostructures where the number of buffer layers were fixed
at 2 u.c. [249, 250]. Along these lines, Ikeda et. al. found superconductivity in a group
of (CaCuO2)m/(CaFeO2.5)n superlattices for 2 < n < 5 [251]. Interestingly, the authors
found that samples with different amounts of layers (n = 2, n = 5) show insulating be-
havior. This behavior appears in most of our superlattices with two buffer layers, which
display a clear semiconducting trend. In contrast, most samples with four buffer layers
show a metallic behavior except for the superlattices with no change in the A-cation site.
In the future, it will be interesting to investigate different numbers of blocking layers to
those studied in this thesis to see if a superconducting state is stabilized. In addition, the
CaCuO2 superlattices studied by previous authors possess superconductivity in combina-
tion with metals (i. e. BaCuO2) as well as with insulators (i. e. SrTiO3 and CaFeO2.5),
which evidences the importance of the choice of the material selected as blocking layer.
Therefore, it will be equally interesting to consider different materials together with the
nickelates such that the combined system is doped in a way that allows superconduc-
tivity to emerge. In this regard, two promising materials are SrIrO3 and LaMnO3 for
which charge transfer has been observed when combined with nickelates in the perovskite
form [316–318].

A few years ago, nickelates became the new group of materials where unconventional
superconductivity takes place, besides their close neighbors’ cuprates and iron pnictides.
However, the low-temperature onset of the superconducting transition indicates that much
work still needs to be done concerning sample quality and system understanding. In this
regard, heterostructures can open the doors to new degrees of freedom not accessible in
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chemically doped thin films, such as reduced dimensionality, spatial confinement, charge
transfer, and interfacial reconstruction. One of these properties might help increase the
current transition temperature to values comparable to iron-pnictides or even cuprates,
their nearest analogs. Moreover, the proximity of Ni to Cu and Fe in the periodic table
might be crucial to understanding the origins of the pairing mechanism in these uncon-
ventional superconductors with high transition temperatures. The key to understanding
the pairing mechanism might be hiding behind their similarities but also their differences.
Our experimental results show similarities between our heterostructures and bulk samples
and the cuprate materials, which were not reported before. We hope our novel results help
the research field to give a step further toward unveiling the superconductivity mystery
in both materials.

In addition to the possibility of exploring unconventional superconductivity, nickelates
possess a plethora of other exciting properties. More specifically, nickelate heterostruc-
tures show various uncommon phases such as the coexistence of antiferromagnetism and
the metallic phases, a non-Fermi liquid metallic state, and a non-charge-ordered local-
ized state, which cannot be obtained in single crystals or powder samples. Furthermore,
besides superconductivity, nickelates are promising compounds for applications in other
areas of physics, which are already being explored. For example, since LaNiO3−δ is a com-
pound with high conductivity, it can be used as an electrode material [319]. Moreover, the
various oxygen-deficient stable states of LaNiO3−δ make it ideal for gas sensing [320,321].
SmNiO3 and NdNiO3 have already been proposed as versatile materials for tuning pho-
tonics in optoelectronics [322], as fuel cells with high ion-conduction [323] and as Mott
transistors for resistance switching [54].

The properties and applications mentioned above make nickelates a very appealing
group of materials to create new devices for energy conversion and storage. Based on the
studies we have performed over the last years, we are optimistic that these compounds
will be crucial for understanding long-time unsolved solid state research problems, such
as unconventional superconductivity. In addition, We believe that nickelates will be an
essential component of the next-generation materials destined for large-scale applications
that help us visualize a better future.
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Appendix A

Crystal structure factors

Model C: 4 interface layers and 4 inner layers

F001 = (fABO − fRNO,IN)

(√
3 + 3

2

)
(1 + i) (A.1)

F002 = (fABO − 2fRNO,IF + fRNO,IN)
√
3 i (A.2)

F003 = 0 (A.3)

Model D: 6 interface layers and 2 inner layers

F001 =

[
fABO

(√
3 + 3

2

)
− fRNO,IN

(√
3 + 1

2

)
− fRNO,IF

]
(1 + i) (A.4)

F002 = (fABO − 2fRNO,IF + fRNO,IN)
√
3 i (A.5)

F003 = (fRNO,IN − fRNO,IF)(1− i) (A.6)

Model E: 3 interface layers and 5 inner layers

F001 =

[
fABO

(√
3 + 3

2

)
− fRNO,IN

(
3
√
3 + 5

4

)
+ fRNO,IF

(√
3− 1

4

)]
(1 + i) (A.7)

F002 =

(
fABO −

3

2
fRNO,IF +

1

2
fRNO,IF

)√
3 i (A.8)

F003 =
1

2
(fRNO,IF − fRNO,IN)(1− i) (A.9)
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Appendix B

XAS of pristine nickelate superlattices
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Figure B.1: Polarization dependent XAS for a group of pristine a) LNO/DSO and b) LNO/GSO
superlattices. The data in the upper panels have been vertically translated for clarity. The
bottom panels represent data that has been normalized according to Eq 3.22.
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Figure B.2: Polarization dependent XAS for a group of pristine a) NNOX/STO2 and b)
NNOX/STO4 superlattices. The data in the upper panels have been vertically translated for
clarity. The bottom panels represent data that has been normalized according to Eq 3.22.
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Appendix C

XAS at the Gd, Dy, Sc and Ti
absorption edges
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Figure C.1: Polarization-averaged XAS spectra (Iaverage = 1/3(2IE⊥c+IE∥c)) of the energy range
covering a) Dy-M4,5 edges and b) of the Gd-M4,5 edges.
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Figure C.2: Polarization-averaged XAS spectra (Iaverage = 1/3(2IE⊥c+IE∥c)) of the energy range
covering a) Sc-L2,3 edges and b) of the Ti-L2,3 edges.
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Appendix D

LaNiO2+δ/SrTiO3 superlattices
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Figure D.1: a) XRD of a group of pristine and reduced LNO/STO superlattices. The region
comprises the (001) and (002) substrate peaks. b) resistivity of the same group of (top) pristine
and (bottom) reduced samples. Data in a) has been vertically translated for clarity.
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Figure D.2: Polarization dependent XAS for a group of LNOX-STO4 a) pristine and b) reduced
superlattices. The data in the upper panels have been vertically translated for clarity. The
bottom panels represent data that has been normalized according to Eq 3.22.
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Appendix E

Structural model and fittings from
reflectivity

Fit Parameters
Thickness (Å) Roughness (Å)

NNO/STO LNO/STO LNO/LGO NNO/STO LNO/STO LNO/LGO
7 layers (Nd, La)NiO2+δ 27.4 23.6 27.6 3.4 4.3 7.6
7 layers of STO3 (LGO3) 15.2 16.8 16.0 3.1 3.6 7.2
STO3 substrate ∞ ∞ ∞ 2.7 2.7 1.1
(Nd, La)NiO2+δ buffer layer 25.2 30.6 36.8 1.1 3.1 4.8
STO3 (LGO3) capping layer 13.3 14.8 12.3 4.5 5.8 1.9

7 layers (Nd, La)NiO3 29.1 29.5 30.0 5.9 7.4 4.4
7 layers of STO3 (LGO)3 15.2 15.0 15.7 5.6 6.0 3.9
STO3 substrate ∞ ∞ ∞ 3.9 3.9 2.1
(Nd, La)NiO3 buffer layer 30.9 28.5 28.7 2.1 1.5 1.8
STO3 (LGO3) capping layer 13.5 13.8 17.8 6.7 7.6 2.2

Table E.1: Parameters for the structural model of the reduced (upper row) and pristine (lower
row) samples (α method). The corresponding fittings from these values are shown in panels a),
b) and c) of figure 4.20.

Fit Parameters
Thickness (Å) Roughness (Å)

NNO/STO LNO/STO LNO/LGO NNO/STO LNO/STO LNO/LGO
7 layers (Nd, La)NiO2+δ 27.4 23.6 27.0 1.4 3.8 7.6
7 layers of STO3 (LGO3) 15.2 14.8 16.0 2.1 4.0 7.2
STO3 substrate ∞ ∞ ∞ 2.7 3.5 1.1
(Nd, La)NiO2+δ buffer layer 25.2 30.6 36.8 1.1 1.6 4.8
STO3 (LGO3) capping layer 13.3 14.8 15.3 4.5 2.8 1.9

7 layers (Nd, La)NiO3 29.1 29.5 30.0 5.9 7.4 4.4
7 layers of STO3 (LGO)3 15.2 15.0 15.7 5.6 6.0 3.9
STO3 substrate ∞ ∞ ∞ 3.9 3.9 2.1
(Nd, La)NiO3 buffer layer 30.9 28.5 28.7 2.1 1.5 1.8
STO3 (LGO3) capping layer 13.5 13.8 17.8 6.7 7.6 2.2

Table E.2: Parameters for the structural model of the reduced (upper row) and pristine (lower
row) samples in the cluster calculations method. For this method some values (in bold) had to
be slightly adjusted from table E.1.
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Figure E.1: Reflectivity as a function of qz for the pristine a) NNO/STO, b) LNO/STO and
c) LNO/LGO superlattices. Each panel shows three curves corresponding to one off-resonant
(green) and two resonant (blue and red) measurements at the Ni-L2,3 edges. The dashed vertical
lines correspond to the position of the (002) and (003) superlattice peaks. Reflectivity constant-
qz energy scans for the d) NNO/STO, e) LNO/STO and f) LNO/LGO superlattices. The
dashed lines in e) and f) correspond to the position of the La-M4 line. π∗ corresponds to
πpol × (Cos(2θ)−2) which is a correction that accounts for the error produced by the proximity
of the measurement to the Brewster angle.
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Appendix F

Reflectivity preliminary data
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Figure F.1: Fittings of the reflectivity at constant-qz energy scans for the a) NNO2+δ/STO3, b)
LNO2+δ/STO3 and c) LNO2+δ/LGO3 superlattices using the optical constants of the averaged
XAS spectra.
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Figure F.2: Optical constant obtained from cluster calculations for the a) NNO2+δ/STO3, b)
LNO2+δ/STO3 and c) LNO2+δ/LGO3 superlattices.
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Appendix G

Reflectivity homogeneous charge fits
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Figure G.1: Fittings of the reflectivity at constant-qz energy scans for the a) NNO2+δ/STO3,
b) LNO2+δ/STO3 and c) LNO2+δ/LGO3 superlattices using the cluster calculations optical con-
stants of homogeneous Ni1.25+.
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Figure G.2: Fittings of the reflectivity at constant-qz energy scans for the a) NNO2+δ/STO3,
b) LNO2+δ/STO3 and c) LNO2+δ/LGO3 superlattices using the cluster calculations optical con-
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Appendix H

Reflectivity uniqueness test results
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Figure H.1: Polarization dependent reflectivity at constant qz of the (003) superlattice peak for
NdNiO2+δ/SrTiO3: a) Tests for various amount of interface and inner layers b) Tests for various
distributions of the 3 interface layers.
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Figure H.2: Polarization dependent reflectivity at constant qz of the (003) superlattice peak for:
a) alpha test of LaNiO2+δ/LaGaO3 and b) alpha test of NdNiO2+δ/SrTiO3.
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